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Heterozygous Loss-of-Function SEC61A1 Mutations
Cause Autosomal-Dominant Tubulo-Interstitial and
Glomerulocystic Kidney Disease with Anemia

Nikhita Ajit Bolar,1,13 Christelle Golzio,2,13 Martina �Zivná,3,13 Gaëlle Hayot,2 Christine Van Hemelrijk,4

Dorien Schepers,1 Geert Vandeweyer,1 Alexander Hoischen,5 Jeroen R. Huyghe,1,14 Ann Raes,4

Erve Matthys,6 Emiel Sys,7 Myriam Azou,7 Marie-Claire Gubler,8 Marleen Praet,9 Guy Van Camp,1

Kelsey McFadden,2 Igor Pediaditakis,2 Anna P�ristoupilová,3 Kate�rina Hoda�nová,3 Petr Vylet’al,3

Hana Hartmannová,3 Viktor Stránecký,3 Helena H�ulková,3 Veronika Bare�sová,3 Ivana Jedli�cková,3

Jana Sovová,3 Ale�s Hnı́zda,10 Kendrah Kidd,11 Anthony J. Bleyer,11 Richard S. Spong,12

Johan Vande Walle,4 Geert Mortier,1 Han Brunner,5 Lut Van Laer,1 Stanislav Kmoch,3

Nicholas Katsanis,2 and Bart L. Loeys1,5,*

Autosomal-dominant tubulo-interstitial kidney disease (ADTKD) encompasses a group of disorders characterized by renal tubular and

interstitial abnormalities, leading to slow progressive loss of kidney function requiring dialysis and kidney transplantation. Mutations

in UMOD,MUC1, and REN are responsible for many, but not all, cases of ADTKD.We report on two families with ADTKD and congenital

anemia accompanied by either intrauterine growth retardation or neutropenia. Ultrasound and kidney biopsy revealed small dysplastic

kidneys with cysts and tubular atrophy with secondary glomerular sclerosis, respectively. Exclusion of known ADTKD genes coupled

with linkage analysis, whole-exome sequencing, and targeted re-sequencing identified heterozygous missense variants in SEC61A1—

c.553A>G (p.Thr185Ala) and c.200T>G (p.Val67Gly)—both affecting functionally important and conserved residues in SEC61. Both

transiently expressed SEC6A1A variants are delocalized to the Golgi, a finding confirmed in a renal biopsy from an affected individual.

Suppression or CRISPR-mediated deletions of sec61al2 in zebrafish embryos induced convolution defects of the pronephric tubules but

not the pronephric ducts, consistent with the tubular atrophy observed in the affected individuals. HumanmRNA encoding either of the

two pathogenic alleles failed to rescue this phenotype as opposed to a complete rescue by humanwild-typemRNA. Taken together, these

findings provide a mechanism by which mutations in SEC61A1 lead to an autosomal-dominant syndromic form of progressive chronic

kidney disease. We highlight protein translocation defects across the endoplasmic reticulummembrane, the principal role of the SEC61

complex, as a contributory pathogenic mechanism for ADTKD.
Introduction

Autosomal-dominant tubulo-interstitial kidney disease

(ADTKD) is a broad term that encompasses a group of

largely monosystemic disorders that typically lead to

progressive deterioration of kidney function and renal

failure.1 To date, mutations in three genes, REN (MIM:

613092), UMOD (MIM: 603860), and MUC1 (MIM:

174000), have been implicated in ADTKD,2 accounting

for the majority of affected individuals with ADTKD. De-

pending on the mutated gene involved, other phenotypes

have also been observed. Individuals with REN mutations

suffer from anemia, mild hyperkalaemia, and hyperurice-

mia due to a decreased renal urate excretion.3–7 Affected

individuals with UMOD mutations often develop gout
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due to low urinary excretion of uric acid. Notably, clinical

overlap also exists in individuals with mutations in TCF2

(MIM: 137920) encoding the transcription factor hepato-

cyte nuclear factor 1 (HNF1B), in whom hyperuricemia,

gout, and cystic kidney disease have been observed.8 In

contrast, families with MUC1 mutations have no other

clinical manifestations.9

Here we describe two families with ADTKD and congen-

ital anemia caused by missense mutations c.200T>G

(p.Val67Gly) and c.553A>G (p.Thr185Ala) in SEC61A1

(GenBank: NM_013336.3), encoding the alpha subunit of

the integral endoplasmatic reticular membrane translocon

SEC61. Taking advantage of its recently reported tertiary

structure, we demonstrate that p.Thr185Ala residue lies

in the constriction ring of the SEC61 translocon pore
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and the p.Val67Gly residue is located in the plug domain.

Since mutations in SEC61A1 have not been reported, to

date, in ADTKD, we transiently expressed both mutant

proteins in HEK293 cells. We found that both mutant

and wild-type SEC61A1 proteins are localized in the endo-

plasmic reticulum; however, the mutant was delocalized

partly to the Golgi. Likewise, SEC61A1 was abnormally ex-

pressed and localized in the Golgi also in a kidney biopsy

from an affected individual. We also performed in vivo as-

says to determine the role of SEC61A1 in the development

of the kidney. Knockdown or CRISPR-mediated deletions

of the human SEC61A1 ortholog, sec61al2, in zebrafish

perturbed the development of the pronephros leading to

an absence of convolution of the pronephric tubules, con-

firming that the SEC61 complex and its translocon func-

tion is necessary for normal renal development. Further,

in vivo complementation showed that both mutant

mRNAs failed to rescue the renal phenotype compared to

the observation of a complete rescue by the wild-type,

suggesting that both variants are pathogenic mutations.

Taken together, our data expand the genetic spectrum of

tubulo-interstitial kidney disorders and highlight a hith-

erto unknown role for SEC61A1 in the formation of the

minimal filtration unit of the kidney, the nephron.
Material and Methods

Clinical Evaluation
Family 1 was ascertained by A.R., J.V.D.W., and B.L.L. at the Uni-

versity Hospital Ghent. Family 2 was ascertained by A.J.B. at the

Section on Nephrology, Wake Forest University School of Medi-

cine. Medical histories were obtained as a part of the affected

individual’s clinical workup. Investigations were approved by

the Institutional Review Boards of the participating centers and

were conducted according to the principles of the Declaration of

Helsinki. Karyotyping, array comparative genomic hybridization,

and fluorescent in situ hybridization for the velocardiofacial

syndrome were performed by standard methods.
Genome-wide Linkage Analysis and Sequencing

Analysis
DNA was extracted by standard methods. 12 family members

(family 1) were genotyped using the Illumina Human CytoSNP12,

containing approximately 300,000 SNPs, according to the manu-

facturer’s guidelines (Illumina). Assuming complete penetrance

and dominant inheritance, we estimated power to detect linkage

via FastSLINK.10–12 The maximum LOD score encountered in

simulation replicates was 2.71. Multipoint parametric linkage

analysis was carried out with Merlin13 using a subset of 10,521

SNPs, with an average inter-marker spacing of 250 kb.

Whole-exome sequencing was performed using the 50 Mb

SureSelect Enrichment Kit (Agilent Technologies) for enrichment

followed by next-generation sequencing on a SOLiD 4 (Life Tech-

nologies). The resulting data were analyzed using an in-house

analysis pipeline for variant identification and interpretation

(Radboud University Medical Center).14–19

A custom gene panel was designed to target coding regions

(6.88 Mb) of 3,616 genes associated with known inherited meta-
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bolic diseases, all known genes encoding mitochondrial proteins,

all OMIM genes with known phenotype, and a set of genes causing

nephrologic (including SEC61A1) and neurologic diseases. DNA

enrichment was performed using the Nimblegen SeqCap EZ

Choice Library kit (Roche) according to the manufacturer’s proto-

col. DNA sequencing was performed on the captured barcoded

DNA library via an Illumina Hiseq 1500 system. The resulting

FASTQ files were aligned to the human Genome Reference

(hg19) via Novoalign (3.02.10). After genome alignment, conver-

sion of SAM format to BAM and duplicate removal were performed

using Picard Tools (1.129). The Genome Analysis Toolkit, GATK

(3.3),20–22 was used for local realignment around indels, base reca-

libration, and variant recalibration and genotyping. Variant anno-

tation was performed with SnpEff23 and GEMINI.24

The SEC61A1 and the NPHP3 (MIM: 267010, 604387) candidate

causal variants were amplified using the primers listed in Table S1

and standard PCR conditions. PCR products were bi-directionally

sequenced using the BigDye Terminator Cycle Sequencing

kit (Applied Biosystems) and separated on an ABI 3130XL

Genetic Analyzer (Applied Biosystems). Sequence numbering for

SEC61A1 is based on Ensembl transcript ENST00000243253, with

the A nucleotide of the start codon ATG indicated as position þ1.
Immunohistochemistry of Kidney Biopsies
Paraformaldehyde-fixed kidney biopsies of family members 1-II:3

and 1-III:5 were investigated. Immunodetections of UMOD, REN,

and MUC1 were performed as previously described.3,9,25 URAT-1

was detected with rabbit polyclonal SLC22A12 antibody (Sigma-

Aldrich cat# HPA024575, RRID: AB_1858650) diluted 1:25 in 5%

BSA in PBS. SEC61A1 was detected with rabbit recombinant

monoclonal SEC61A antibody (EPR14379) (ab183046, Abcam)

diluted 1:100 in 5% BSA in PBS. The sections were incubated

with primary antibodies overnight at 4�C. Detection of bound pri-

mary antibody was achieved using Dako EnVision þ TM Peroxi-

dase Rabbit Kit (DAKO) with 3,30-diaminobenzidine as substrate.
Transient Transfection of SEC61A1 in Human

Embryonic Kidney 293 Cells
Wild-type SEC61A1 cDNA was synthesized by GenScript. A single

C-terminal flag-tag sequence was appended to the originally syn-

thesized wild-type cDNA using polymerase chain reaction (PCR)

with specific oligonucleotide primers. Resulting PCR product was

cloned into pCR3.1 vector (Invitrogen) and introduced into the

Escherichia coli TOP 100F strain (Invitrogen). The wild-type

SEC61A1-flag clones (SEC61A1_FLAG/wt) were selected by

sequencing. Mutant constructs c.553A>G (SEC61A1_FLAG

/185A) and c.200T>G (SEC61A1_FLAG /67G) were prepared by

site-directed mutagenesis. HEK293 cells were maintained in

DMEM High Glucose medium supplemented with 10% (vol/vol)

fetal calf serum (PAA), 100 U/mL penicillin G (Sigma), and

100 mg/mL streptomycin sulfate (PAA Laboratories GmbH). Trans-

fections were carried out using Lipofectamine 2000TM (Invitro-

gen) with either 1.5 mg or 4 mg DNA for 1.5 3 105 or 8 3 105 cells,

respectively. Expression of SEC61A1_FLAG proteins was assessed

by standard western blot analysis with mouse monoclonal anti-

FLAG antibody (F1804, Sigma-Aldrich). Endogenously expressed

SEC61A1, SEC61B, and tubulin were detected with rabbit mono-

clonal Anti-SEC61A antibody (ab183046, Abcam), rabbit

polyclonal anti-SEC61B antibody (ABIN2707013, Antibodies On-

line), and mouse monoclonal anti-acetylated tubulin antibody

(Sigma-Aldrich cat# T7451; RRID: AB_609894), respectively. Goat
merican Journal of Human Genetics 99, 174–187, July 7, 2016 175



anti-rabbit IgG (Thermo) and goat anti-mouse IgG (Sigma) were

used as secondary antibodies. Chemiluminiscent signal for

SEC61B and SEC61A1-FLAG detection was generated using Super

Signal West Femto (Pierce). Super Signal West Pico (BioRad) was

used for detection of SEC61A and acetylated tubulin. Correspond-

ing band intensities were measured by GeneTools (Syngene) and

normalized to acetylated tubulin. The measurements were per-

formed at 36 hr after transfection in three biological replicates.

Intracellular Localization of SEC61A1 in Transiently

Transfected HEK Cells and Kidney Biopsies
For immunofluorescence labeling, the transfected cells were

grown on 1.8 cm2 glass 4-chamber slides (BD Falcon) for 24 hr.

The cells were fixed with 100% ice cold methanol for 10 min in

�20�C, washed, blocked with 5% BSA in PBS, and incubated in a

humidified chamber at 4�C overnight with one of the following

antibodies: the mouse monoclonal anti-FLAG M2 antibody

(Sigma-Aldrich cat# F1804; RRID: AB_262044) for SEC61A1_FLAG

detection, the rabbit polyclonal anti-PDI antibody (Cell Signaling

cat# 3501; RRID: AB_2156433) for endoplasmic reticulum detec-

tion, the rabbit polyclonal anti-GM130 antibody (Sigma-Aldrich

cat# G7295; RRID: AB_532244) for Golgi detection, and the rabbit

polyclonal pan Cadherin antibody (Abcam cat# ab6529; RRID:

AB_305545) for plasma membrane detection.

For intracellular localization in kidney biopsies, SEC61A1 was

detected with rabbit recombinant monoclonal SEC61A antibody

as described above. The Golgi was detected with mouse mono-

clonal anti Golgi 58K Protein/Formiminotransferase Cyclo-

deaminase (FTCD) antibody (Sigma-Aldrich cat# G2404; RRID:

AB_477002). Endoplasmic reticulumwas detected with the mouse

monoclonal anti-PDI antibody (Enzo Life Sciences cat# ADI-SPA-

891; RRID: AB_10615355).

For fluorescence detection, species-specific secondary antibodies

Alexa Fluor 488 or 555 (Molecular Probes, Invitrogen) were used.

Slides were mounted in the fluorescence mounting medium

ProLong Gold Antifade Mountant with DAPI (Molecular Probes,

Invitrogen) and analyzed by confocal microscopy. XYZ images

were sampled according to Nyquist criterion using a Leica SP8X

laser scanning confocal microscope, HC PL Apo objective (633,

N.A.1.40), 405 nm diode/50 mW DMOD Flexibl, and 488 and

555 laser lines in 470–670 nm 80 MHz pulse continuum WLL2.

Images were restored using a classic maximum likelihood restora-

tion algorithm in the Huygens Professional Software (SVI). The

colocalization maps employing single pixel overlap coefficient

values ranging from 0 to 1 were created in the Huygens Profes-

sional Software. The resulting overlap coefficient values are

presented as the pseudo color whose scale is shown in the corre-

sponding lookup tables (LUT).

Structural Impact of Identified Mutations
Mutations were mapped into the recently resolved 3D structure of

Sec6126 determined in various states, namely, Sec61 complex

translating hydrophilic peptide (PDB: 4CG5), translating peptide

being inserted into membrane (PDB: 4CG6), and an idle protein

complex (PDB: 4CG7). Structural models were visualized with

Pymol Viewer (DeLano Scientific).

Knockdown, Rescue Experiments, Immunostaining,

and Embryo Manipulations
Zebrafish (Danio rerio) embryos were raised and maintained as

described.27 A splice-blocking morpholino (MO) against the
176 The American Journal of Human Genetics 99, 174–187, July 7, 20
fourth exon-intron junction of sec61al2: (50-TGCTCATTCAGTAG

TACACACCTCT-30) was designed and obtained from Gene Tools.

We injected 4 ng of MO and/or 100 pg RNA into wild-type zebra-

fish embryos at the 1- to 2-cell stage. Injected embryos were scored

at 4 days post-fertilization (dpf) and classified into three groups—

normal, V-shaped, and straight—based on the phenotype

compared with an age-matched control group from the same

clutch. For wild-type andmutant rescue experiments, site-directed

mutagenesis was performed to introduce the variants into the

mouse wild-type sec61a1 transcript (100% identity with the hu-

man transcript at the protein level). Wild-type and mutant full-

length messages were Sanger sequenced and were cloned into

the pCS2 vector and transcribed in vitro using the SP6 Message

Machine kit (Ambion). All the experiments were repeated three

times, and a chi-square test was used to determine significance.

Suppression of endogenous message was shown by PCR amplifica-

tion of cDNA reverse transcribed from extracted total mRNA

(primers available upon request). Whole-mount immunostaining

with the anti-Naþ/Kþ ATPase alpha-1 subunit antibody (a6F;

DSHB) was performed for examining pronephric tubules and

ducts. Embryos were fixed in Dent’s fixative (80% methanol,

20% dimethylsulphoxide [DMSO]) overnight. After rehydration

with decreasing series of methanol in PBS, embryos were washed

with PBS, permeabilized with 10 mg/mL proteinase K, and post-

fixedwith 4% PFA. Embryos were thenwashed twice with IF buffer

(0.1% Tween-20, 1% BSA in 13 PBS) for 10 min at room tempera-

ture. After incubation in blocking solution (10% FBS, 1% BSA in

13 PBS) for 1 hr at room temperature, embryos were incubated

with the anti-a6F antibody (1:20) in blocking solution overnight

at 4�C. After two washes in IF buffer for 10 min each, embryos

were incubated in the secondary antibody solution, 1:1,000 Alexa

Fluor rabbit anti-mouse IgG (Invitrogen), in blocking solution for

1 hr at room temperature.

Plasmids and Generation of sec61al2 Guide RNAs
The pT7-gRNAwere generated by the W. Chen lab28 and obtained

from Addgene (Addgene plasmid numbers 46759). Guide RNA

(gRNA) was designed to target exon 4 of sec61al2 utilizing the

CHOP CHOP design tool. Oligonucleotides were annealed and

cloned into the pT7-gRNA vector digested by BsmBI: sec61al2-

gRNA2, 50-GTGATCATGGCATCCAACAG-30 and 50-CTGTTGG

ATGCCATGATCAC-30. For making gRNA, template DNA was line-

arized with BamHI and gRNA was generated by in vitro trans-

cription using MEGAshortscript T7 kit (Invitrogen). To test the

efficiency of the gRNA, a mix of gRNA (100 ng) and purified

CAS9 protein (PNABio, cat# CP01) was injected directly into 100

1-cell-stage embryos. We phenotyped three independent clutches.

To observe directly genetic editing mediated by our gRNA2 s61al2-

CRISPR/Cas9 system in injected embryos (founders, F0), genomic

DNA was prepared from 30 randomly selected individuals and a

short stretch of DNA (exon 4 of zebrafish sec61al2) flanking the

target site was PCR amplified from the genomic DNA. A T7 endo-

nuclease I (T7EI) assay was then performed as described28 followed

by Sanger sequencing; the percentage of mosaicism was estimated

at ~50% in the F0 population.
Results

Clinical Investigations

A three-generation family (family 1; Figure 1A) presented

with autosomal-dominant progressive chronic kidney
16



Figure 1. Pedigrees, Schematic Protein Representation, and Conservation of SEC61A1
(A) Circles indicate women, squares indicate males; filled symbols indicate affected individuals; plus sign indicates presence of SEC61A1
variation; minus sign indicates absence of SEC61A1 variation.
(B) Position of the p.Val67Gly change in the plug region and the p.Thr185Ala change in the fifth transmembrane region of the trans-
locase-transmembrane domain of SEC61A1.
(C) Conservation of the Val67 and Thr185 amino acids throughout evolution.
disease associated with congenital anemia and intrauterine

and postnatal growth retardation (Table 1). At term, birth

weights ranged from 1,800 to 2,400 g (normal range

2,700–4,600 g). Variable findings on physical examination

included cleft palate or bifid uvula (1-I:2 and 1-II:6), velo-

pharyngeal insufficiency (1-II:6), pre-axial polydactyly

(1-II:6), and mild cognitive impairment (1-II:1, 1-II:3,

1-II:5, and 1-II:6). Blood pressures were consistently in

the normal range. Significant laboratory findings included

normochromic, normocytic anemia that was responsive to

erythropoietin, elevated serum creatinine levels, mild

hyperuricemia, and the absence of proteinuria. Hemato-

logical and biochemical parameters for the three youngest

affected individuals (1-III:4, 1-III:5, 1-III:7) are summarized

in Table 1. Affected individuals 1-III:4 and 1-III:7 were lost

to follow-up.

The proband (1-III:5) presented at 12 years with height

of 132 cm (< P3). Physical exam was otherwise unre-

markable. Laboratory studies revealed a serum creatinine

concentration of 1.46 mg/dL, blood urea nitrogen concen-

tration of 93 mg/dL, and serum uric acid level of 6.7 mg/dL

at last follow-up. The fractional excretion rates of sodium

and uric acid were normal and the urinary potassium/
The A
(urinary potassium þ sodium) ratio was low. Renin

(5–14 pcg/mL) and aldosterone (5–14 ng/dL) were always

in the low normal range. There was no hematuria or

proteinuria. Ultrasound examinations revealed small,

dysplastic kidneys without cysts.

At the age of 53 years, individual 1-II:1 has a serum creat-

inine concentration of 1.96 mg/dL, blood urea nitrogen

level of 109.6 mg/dL, and estimated glomerular filtration

rate (eGFR) of 27 mL/min/1.73 m2. She has a normal

hemoglobin level (12.7 g/dL) under erythropoietin treat-

ment. No proteinuria or hematuria was detected. Blood

pressure was borderline 150/80 mmHg. She measured

147 cm for a weight of 63 kg. Affected individual 1-I:2

died at the age of 73 years while being on dialysis. She

was admitted with acute sepsis (CRP 112 mg/L), lung

edema, and kidney failure (creatinine 5.13 mg/dL). No

gout or neutropenia was observed in family 1.

Kidney biopsies of family members 1-II:3 and 1-III:5

revealed multiple small foci of tubulo-interstitial lesions:

clusters of atrophic tubules, either featured by thickened

tubular basement membranes or those of endocrine type,

occasionally protein casts in tubular lumina and discrete

interstitial fibrosis (Figure 2A). Glomerular changes were
merican Journal of Human Genetics 99, 174–187, July 7, 2016 177



Table 1. Clinical, Hematological, Biochemical, and Genetic Investigation

Individual 1-III:4 1-III:5 1-III:7 2-III:1 2-II:2 Unit Reference Value

Age at investigation 11 8 4 27 61

Hematology

Leukocytes 8.45 8.4 7.89 3.4 3.5 103/mL 4.5–13.5

Hemoglobin 10.3 10 9.1 9.5 12.3 g/dL 11.5–15.5

Hematocrit 32.5 29.6 27.9 28.7 36.9 % 35.0–45.0

Biochemistry

Ureum 39.2 36.9 42.9 47 42 mg/dL 13–43

Creatinin 1.20 1.17 0.9 1.65 2.6 mg/dL 0.53–0.79

Uric acid 9.0 6.9 5.6 7.8 5.8a mg/dL 3.4–7.0

eGFR 52.2

Other characteristics

Birth weight 2,220 2,400 1,800 3,430 g

Birth length 45 47 45 cm

Onset nephropathy 11 1 4 18 year

Current weight P3 P3 P50

Current length P10 <P3 P25

Abbreviations are as follows: eGFR, estimated glomerular filtration; P, percentile
aIndividual with a history of hyperuricemia; value obtained while on allopurinol.
dominated by cystic dilatation of Bowmann’s spaces with

collapsed or rudimentary glomerular tufts and often filled

with precipitate of plasma proteins (Figure 2B). Focal peri-

glomerular fibrosis and focal glomerular sclerosis, arterial

intimal thickening, and luminal narrowing of blood

vessels were present. Cytogenetic analyses on affected

individual 1-III:5, including both karyotyping and

22q11-fluorescent in situ hybridization, to exclude veloc-

ardiofacial syndrome, revealed normal results. In addition,

whole-genome microarray analysis did not reveal any sub-

chromosomal deletions or duplications.

Family 2 was referred for evaluation of ADTKD occur-

ring in the father and daughter, but no involvement

of other affected family members (Figure 1A). Both

affected relatives suffered from congenital anemia

and neutropenia, gout in the second decade of life, and

chronic kidney disease. They had normal growth

and intelligence.

The proband 2-III:1 presented at 2 weeks of age, when

she was admitted for an abscess on the right buttock. The

white blood count at that time was 14.3 3 109/L with

4% neutrophils, 92% lymphocytes, and 4% monocytes.

The affected individual had persistent granulocyte stimu-

lating factor-unresponsive neutropenia and recurrent

admissions for cutaneous abscesses. Although the neutro-

penia persisted, infections were no longer present after

age 12. The affected individual developed gout at age 18

years, with a serum urate of 7.2 mg/dL and serum creati-

nine of 1.1 mg/dL (eGFR 73 mL/min/1.73 m2). At age 28,

she was diagnosed with hypotension (systolic blood pres-
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sure readings in the high 80s) and hyperkalemia (serum

potassium 5.7 mEq/L). There was no proteinuria or hema-

turia. The plasma renin activity was 1.0 ng/mL/hr (normal

range 0.5–5.9 ng/mL/hr), and the serum aldosterone level

was 9.0 ng/dL (normal range 5–80 ng/dL). She was treated

with fludrocortisone. Renal ultrasound showed the left

kidney to be 9 cm and right kidney 9.4 cmwith hyperecho-

genic parenchyma.

The father (2-II:2) also suffered from cutaneous ab-

scesses requiring hospitalization until age 12 years. He

demonstrated anemia and neutropenia. A bone marrow

biopsy performed at age 12 showed a decrease in normo-

blasts and white blood cell precursors with normal mega-

karyocytes. Gout was diagnosed at age 21, and the

affected individual presented for evaluation of chronic

kidney disease at 51 years with a serum creatinine of

1.4 mg/dL (eGFR 58 mL/min/1.73 m2). Over 10 years

the serum creatinine increased to 2.8 mg/dL (eGFR

23 mL/min/1.73 m2). Renal ultrasound revealed that

the right kidney is 11.6 cm and the left 13.9 cm, with

multiple bilateral simple cysts throughout the kidney.

Urinary uromodulin was decreased in both individuals

(Figure S1).

Molecular Genetic Analysis

Linkage Analysis and Whole-Exome Sequencing in Family 1

Based on the phenotypic similarities between the clinical

presentation of family 1 and individuals with REN muta-

tions (early-onset anemia, hyperuricemia, and progressive

kidney failure), we first excluded REN in the proband
16



Figure 2. Kidney Biopsy from Individual
1-II:3 with the p.Thr185Ala Substitution
(A) Clusters of atrophic tubules surround-
ing glomeruli with collapsed or rudimen-
tary capillary tufts (marked by asterisks).
A part of affected tubules shows thickening
of tubular basement membranes; the re-
maining are endocrine-type atrophic tu-
bules with narrowed lumina and simplified
epithelium. PAS staining.
(B) Prominent cystic dilatation of Bow-
mann’s spaces (marked by asterisks), which
are sometimes filled with finely granular
proteinaceous material. PAS staining.
(C andD) SEC61A protein was detected im-
munohistochemically in proximal tubules
(PT) and distal tubules (DT) in kidney tis-
sue in both affected individual (C) and a
control subject (D). Compare coarsely
granular intracytoplasmic staining in the
affected individual with finely granular
and less intensive pattern in the control
subject.
(E) Renin was undetectable immunohisto-
chemically in juxtaglomerular apparatus
(marked by arrows) in an affected individ-
ual but weak finely granular staining was
found in the cytoplasm of renal tubules.
(F) Comparison with strong renin positiv-
ity in juxtaglomerular apparatus and nega-
tivity in tubular epithelium in a control
subject.
Scale bars represent 100 mm in (A) and (B),
30 mm in (C) and (D), and 50 mm in (E)
and (F).
(1-III:5) by Sanger sequencing. Subsequently, we collected

DNA from 12 family members, including 7 affected indi-

viduals, and performed genome-wide multipoint para-

metric linkage analysis using SNP microarrays. Under a

dominant model of inheritance, we identified a candidate

region with a maximum LOD score of 2.7 on chromo-

some 3q14-25.1 (Figure S2). The region was confirmed

by microsatellite marker analysis (between markers

D3S3513 and D3S1299; results not shown). This 32-Mb

candidate region (genomic positions: 120M–152M; NCBI

build 37 [hg 19]) was gene rich with a total of 357

annotated genes. We next performed whole-exome

sequencing on the proband and focused on rare (<1%

minor allele frequency in the general population) and

non-synonymous coding changes within the critical in-

terval. We found two heterozygous nucleotide changes

within the linked region on chromosome 3: c.1189C>T

(p.Arg397Cys) in exon 7 of NPHP3 and c.553A>G

(p.Thr185Ala) in exon 7 of SEC61A1. The former did

not segregate with the disease in the family whereas the

latter did (Figure 1A). The Thr185 position is conserved at

the nucleotide (PhyloP score: 4.95) and amino acid levels

(Figure 1C). The variant was predicted to be pathogenic

by two prediction tools, SIFT29 and MutationTaster,30
The A
although it was benign according to PolyPhen.31 In

addition, the variant was absent from the 1000 Genomes

Project database,32 the Exome Variant Server, the ExAC

database, a series of 204 Belgian control chromosomes,

and internal exome databases curated in Prague (~600

exomes and 140 custom gene panels) and Nijmegen

(~500 exomes).

Screening for SEC61A1 Mutations in Individuals with a Similar

Phenotype

The second SEC61A1 variant was identified in 1 out of 46

unrelated probands with an ADTKD-like phenotype

using a custom gene panel sequencing developed at the

Institute for Inherited Metabolic Disorders in Prague.

The proband from family 2 carried a heterozygous

missense variant c.200T>G (p.Val67Gly) in SEC61A1.

The variant is also conserved at the nucleotide (PhyloP

score: 6.32) and amino acid levels (Figure 1C). The

variant was also predicted to be damaging by SIFT and

PolyPhen and disease causing by MutationTaster. The

p.Val67Gly change was reported once in the ExAC

database (1/121,410 alleles) and was absent from all

other databases mentioned above. Co-segregation of

the p.Val67Gly change in the family was confirmed by

Sanger sequencing (Figure 1A).
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Figure 3. Structural Topology of the
Mutations in Sec61
The cryo-EM based models of translocons
translating hydrophilic peptide with
opened pore (PDB: 4CG5) and translating
peptide inserted to membrane possessing
a pore sealed by a plug domain (PDB:
4CG6) were used for illustration. Regions
containing mutations are depicted with
cartoon representation, namely plug
domain (p.Val67Gly) in magenta and
TM5 (p.Thr185Val) in orange. Mutated
residues are highlighted as dots and/or
sticks.
(A) Overall structure of Sec61 and location
of the mutated residues.
(B) Orientation of the mutated residues in
the Sec61 structure with opened transloca-
tion pore (left) and with pore sealed by a
plug domain (right).
(C) Left: constriction ring formed by apolar
residues represented by green (TM2, TM7,
and TM10) and orange (positioned at
TM5 near Thr185 residue) spheres;
mutated residues are shown as red spheres.
Right: detail of TM5 illustrating hydrogen
bonding of hydroxyl Thr185 with car-
bonyls of Leu181 and Phe182.
Prediction of the Structural and Functional Impact of the

SEC61A1 Mutations

SEC61A1 encodes the protein transport protein Sec61 sub-

unit alpha isoform 1 (SEC61a) that assembles with the pro-

tein transport protein Sec61 subunit beta (SEC61b) and the

protein transport protein Sec61 subunit gamma (SEC61g)

to form the heterotrimeric protein-conducting channel

SEC61 that is a part of the mammalian ER translocon.

The Thr185 residue lies in the transmembrane helix 5

(TM5) that is located in the vicinity of translocated pep-

tides.33 Residues Ile179 and Ile183 are involved in the for-

mation of the constriction ring within a pore of the SEC61.

As such, the mutation p.Thr185Ala is likely to disrupt the

intrahelical hydrogen bond between the Thr185 side chain

and the carbonyls of Leu181 and Phe182 and thus affects

the structural integrity of the channel.34 Structural map-

ping of Val67 showed that this residue is located directly

in the translocon pore and is part of a plug domain that

seals and stabilizes the pore during the closed state

(Figure 3). The increased flexibility of the glycine residue

in this positionmay destabilize the pore structure and alter

ion permeability of the channel, affecting translocation ef-

ficiency and/or inducing abnormal signal peptide orienta-

tion. A similar effect on the post-translational modification

and sorting of secretory and transmembrane proteins has

been described for the neighboring Arg66 residue in

SEC61A1.35,36 Systematic mutagenesis of the conserved

and charged residues forming the constriction ring and

plug domain in bacteria and yeast demonstrated that these

alterations had no effect on translocon functionality and
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cell viability but affected translocation efficiency, integra-

tion of hydrophobic sequences into lipid bilayers, and sta-

bility of the translocon in the closed state.37,38

Immunohistochemical Analysis of SEC61A1 in

Kidney Biopsies

To assess the effect of identified mutations on the expres-

sion of SEC61A1, we performed immunohistochemical

analysis of a kidney biopsy obtained from family mem-

ber 1-II:3 with the p.Thr185Ala substitution. We

observed a strong coarsely granular cytoplasmic staining

in proximal and distal tubules and collecting ducts

(Figure 2C). Upon comparison to the finely granular

and less intensive intracellular staining observed in

control subjects (Figure 2D), this was suggestive of

abnormal intracellular localization and/or aggregation

of SEC61A1.

Given that translocon malfunction may affect cotra-

nslational translocation, post-translational processing,

and cellular trafficking of secretory and transmembrane

proteins, we also performed immunohistochemical anal-

ysis of renin, uromodulin, mucin-1, and urate transporter

SLC22A12. In the affected kidney, we observed absence of

renin staining in juxtaglomerular granular cells, which

was accompanied by mild granular positivity of renin

staining in the cytoplasm of tubular cells (Figure 2E). This

observation was similar to that made in renal tissue from

individuals with REN mutations.3 Expression patterns of

the other proteins were comparable with controls

(Figure S3). Atrophic cortical tubules were predominantly
16



Figure 4. Transient Expression and Intracellular Localization of SEC61A1_FLAG Variants in Human Embryonic Kidney 293 Cells
(A) Western blot detection of transiently expressed wild-type and mutated SEC61A1_FLAG proteins and endogenously expressed
SEC61A, SEC61B, and tubulin at 36 hr post-transfection.
(B) Quantitative image analysis of wild-type and mutated SEC61A1_FLAG proteins demonstrating decreased amounts of mutated pro-
teins compared to the wild-type. Results representmeans of fold change5 SD of the relative signal intensities of mutated proteins to the
wild-type protein from three biological replicates. Signal intensities of SEC61A1_FLAG proteins were normalized to that of a-tubulin.
Statistical significance was assessed using Student’s t test; *p < 0.05; **p < 0.01; ***p < 0.001.
(C) Quantitative image analysis of the endogenously expressed SEC61A and SEC61B demonstrating that overexpression of neither pro-
tein significantly affected relative amounts of the endogeneously expressed SEC61A1 and SEC61B transient expression of SEC61A1. Re-
sults represent means of fold change5 SD from three biological replicates of the relative signal intensities of SE61A over SEC61B in cells
expressing individual mutated SEC61A1_FLAG protein and empty vector compare to that of cells expressing the wild-type protein.
Signal intensities of SEC61A and SEC61B were normalized to that of a-tubulin. Statistical significance was assessed using Student’s t test.
(D) Immunofluorescence analysis showing that the wild-type SEC61A1_FLAG is present in a finely granular (subpanel A) or coarsely
granular (subpanel D) structures. Co-staining of wt-SEC61A1_FLAG with Golgi matrix protein GM130 (subpanel B) and with Protein
disulphide isomerase (PDI) (subpanel E), a marker of endoplasmic reticulum (ER), demonstrating absence of the wt-SEC61A1_FLAG
in the Golgi (subpanel C) but presence in the ER (subpanel F). p.Val67Gly (subpanels G and J) and p.Thr185Ala (subpanels M and P)
variants of SEC61A1_FLAG are present in a form of intracellular clumps that are more pronounced in the latter. Co-staining with
GM130 (subpanels H and N) and PDI (subpanels K and Q) demonstrating localization of both mutant proteins in the Golgi (subpanels
I and O) as well as in ER (subpanels L and R). The degree of SEC6A1A_FLAG colocalization with selected markers is demonstrated by the
fluorescent signal overlap coefficient values that range from 0 to 1. The resulting overlap coefficient values are presented as the pseudo
color which scale is shown in corresponding lookup table.
MUC1andpartiallyUMODpositive, suggesting their origin

in distal tubules and collecting ducts in kidney biopsy.

Intracellular Localization of SEC61A1 Variants in

Human Embryonic Kidney Cells and Kidney Biopsies

To determine their production, stability, and intracellular

localization, we transiently expressed wild-type SEC61A1
The A
(SEC61A1_FLAG/wt) and both mutant proteins (SEC61A1_

FLAG /185A, SEC61A1_FLAG /67G) in HEK293 cells. Quan-

titative western blot analysis demonstrated that, compared

to wild-type protein, production of the SEC61A1_FLAG/

67G and SEC61A1_FLAG/185A is decreased significantly

(Figures 4A and 4B). Overexpression of neither protein

affected relative amounts of the endogeneously expressed
merican Journal of Human Genetics 99, 174–187, July 7, 2016 181



Figure 5. Intracellular Localization of SEC61A1 in Affected Kidney
(A and D) In affected kidney, SEC61A1 is present in coarsely granular structures.
(B, C, E, and F) Co-staining of SEC61A1 with Protein disulphide isomerase (PDI) (B), a marker of endoplasmic reticulum (ER), and with
58k Golgi-protein (E) demonstrate localization of the SEC61A1 in the ER (C) and in the Golgi (F).
(G and J) In control kidney, SEC6A1A is present in finely granular structures.
(H, I, K, andL)Co-stainingwith (H)PDIand (K)GM130demonstrating localizationof SEC61A1 inER (I) butnot in theGolgi (L). Thedegree
of SEC6A1A colocalization with selected markers is demonstrated by the fluorescent signal overlap coefficient values that ranging from
0 to 1. The resulting overlap coefficient values are presented as the pseudo color which scale is shown in corresponding lookup table.
SEC61A1 and SEC61B (Figure 4C). Immunofluorescence

analysis and colocalization studies showed that wild-type

protein was present in finely granular structures that were

localized exclusively in the ER (Figure 4D). Bothmutant pro-

teins formed intracellular clumps localized in the ER

(Figure 4D, panels I and R) and partly also in the Golgi

(Figure 4D, panels I and O and in more detail in Figure S4).

To test the relevance of these findings in the setting of

the tissue from the affected individual, we compared the

intracellular localization of SEC61A1 in control and

affected kidney obtained from family member 1-II:3

with p.Thr185Ala substitution. In the affected kidney,

SEC61A1 is present in coarsely granular structures (Figures

5A and 5D). SEC61A1 was localized in the ER (Figure 5C)

and a significant proportion of the protein was also local-

ized in the Golgi (Figure 5F and in more detail in

Figure S5). In contrast, in control kidney sections,

SEC61A1 was present in finely granular structures (Figures

5G and 5J) and was located exclusively in the ER

(Figure 5I).

The presence of the mutant SEC1A1 proteins in the

Golgi thus suggests that these proteins are recognized as

abnormal and as such they are probably dislocated to the

ER-Golgi intermediate compartment (ERGIC) and sub-

jected to endoplasmic-reticulum-associated protein de-

gradation (ERAD).39

Functional Testing of SEC61A1 Variants in Zebrafish

Embryos

Our genetic data, the in silico analysis of the effect of the

variants on the structure of SEC61A1, and the abnormal

intracellular localization of the mutant proteins suggested
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that mutations in SEC61A1 is a strong candidate for the

dominant familial nephropathy in both pedigrees. To our

knowledge, mutations in SEC61A1 have not yet been asso-

ciated with renal phenotypes in humans, nor has it been

known to be necessary for the development of the kidney.

Thus, we sought to determine the pathogenicity of the var-

iants in vivo. Some of the pathologies observed in the

affected individuals, such as fibrosis and gout, cannot be

modeled reliably in early development. However, the

structure of the nephron is conserved between human

and zebrafish and one of the common features among

affected individuals is tubular atrophy.40 Therefore, we

asked whether SEC61A1 is involved in the development

of the pronephros by suppressing the zebrafish ortholog

of SEC61A1 and examining the complete system of paired

pronephric tubules and ducts at 4 days post-fertilization

(dpf).

Using reciprocal BLAST, we identified a single Danio rerio

SEC61A1 ortholog (sec61al2 on chromosome 6; 96%amino

acid identity). We designed a splice-blocking morpholino

(sbMO), targeting the splice donor site of exon 4, which

we injected into zebrafish eggs. Reverse-transcription poly-

merase chain reaction (RT-PCR) demonstrated that the

sbMOaffected the correct splicing of the sec61al2 transcript

(i.e., skipping of exon 4; Figure S6). To test whether sec61a1

suppression affects the development of the pronephros, we

stained the sbMO-injected embryos with an anti-Naþ/Kþ

ATPase alpha-subunit monoclonal antibody (a6F), an

enzyme expressed by the epithelial cells in the pronephric

tubules and ducts.41 The embryos were scored and binned

into three categories: normal convolution of the proneph-

ric tubules, V-shaped (partial convolution of the tubules),
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Figure 6. Suppression of SEC61A1 Leads to Pronephric Tubular Atrophy in Zebrafish
(A–C) Whole-mount immunostaining of 4 days post-fertilization (dpf) zebrafish larvae with anti-Naþ/Kþ-ATPase alpha subunit mono-
clonal antibody (a6F) shows the overall anatomy of the pronephric ducts (pd) and pronephric tubules (pt), which become progressively
convoluted in control larvae. Three levels of convolutionwere assessed: convoluted (normal) (A and A0), V-shaped (B and B0), and straight
pronephric tubule (C and C0). The pronephric ducts are normal.
(D) Qualitative scoring of the tubular atrophy was performed in larvae batches injected with sec61al2 MO alone; MO and mutant
(p.Thr185Ala) RNA or (p.Val67Gly) RNA; MO and wild-type (WT) capped-RNA; WT and mutant RNAs alone; and control.
(E) Results of Fisher’s exact test conducted between pairs of conditions. The significant p values (< 0.05) are highlighted in red.
or straight (absence of tubular convolution) (Figures 6A–

6C). Masked scoring of embryos at 4 dpf (60 embryos on

average per condition, repeated three times) showed an

overall percentageof 70%of affected embryos that included

30% with an absence of convolution of the pronephric

tubules and 40% with partial convolution (Figure 6D). By

contrast, the pronephric ducts were extended along the

trunk indistinguishably from control embryos (Figures

6A–6C). The tubular atrophy observed in the sec61al2mor-

phants was unlikely to be driven by overall developmental

delay; morphants had a normal appearance with regard to

their pigment cells and head size. In addition, there was

no appreciable pathology in other internal organs, such as

the heart or the swim bladder. Finally, their body length

was indistinguishable from control embryos from the

same clutch (Figures 6A–6C). The phenotype was also spe-

cific; the observed pathology could be rescued efficiently

with co-injection of wild-type mouse full-length sec61a1

mRNA (100% identity between human and mouse at the

protein level; p ¼ 2.2 3 10�16 between morphants and co-

injection with sbMO and wild-type message; Figures 6D

and 6E). Next, to test whether the variants identified in

the two pedigrees might be pathogenic, we co-injected

sec61al2 sbMO with the mouse sec61a1 mRNA harboring

the c.200T>G (p.Thr185Ala) or c.553A>G (p.Val67Gly)

variant and we scored for presence or absence of convolu-

tion of the pronephric tubules. Masked scoring at 4 dpf
The A
showed that the mutant messages failed to rescue the

tubular atrophy phenotype driven by the sbMO. Embryos

co-injected with sbMO and c.553A>G (p.Thr185Ala) were

indistinguishable from morphants, suggesting a complete

loss of function of the c.553A>G (p.Thr185Ala) variant

(p ¼ 0.64, Figures 6D and 6E). The second variant,

c.200T>G (p.Val67Gly), was found to be a partial loss-of-

function allele: we observed a partial rescue of the pheno-

type in embryos co-injected with sbMO and (c.200T>G

[p.Val67Gly]; Figures 6D and 6E). To validate our MO-

deriveddata,wedesignedand testedguideRNAs togenerate

a sec61al2 CRISPR mutant. After validation of the guide

RNA efficiency and evaluation of the percentage of mosai-

cism in the F0 founders (50%; Figure S7), we stained the

pronephric tubules. We found that the F0 CRISPR mutants

fully recapitulated the morphants; we observed convolu-

tion defects including V-shaped and straight tubules in

55% of the F0 founders injected with guide RNA and Cas9

(Figure S7). Taken together, our functional data suggest

that SEC61A1 is necessary for the proper tubular organiza-

tion of the nephron and that variants in SEC61A1 found

in the two families are pathogenic.

Discussion

Here, we present evidence that mutations in SEC61A1with

complete or partial loss of function compared to wild-type
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can cause autosomal-dominant progressive tubulo-inter-

stitial and glomerulocystic kidney disorder with anemia.

Combining linkage analysis with WES in one family, fol-

lowed by targeted testing and identification of a second

family with a similar phenotype, indicated that missense

mutations, predicted to affect the pore function of the

SEC61 translocon complex, segregate with the disorder

and are the likely drivers. Consistent with causality, one

of the discovered alleles was absent from 121,410 control

alleles, while the second was found only once. Notably,

SEC61A1 is evolutionarily conserved and intolerant to

deleterious variation in humans. There are no individuals

with truncating or nonsense mutations in the ExAC data-

base andmost of the 94 identified alleles carrying missense

variants represent changes that are structurally predicted

to be neutral.

To interrogate further the functional candidacy of the

discovered variants, we found that when expressed in

HEK293 cells, the wild-type protein localized exclusively

in the ER whereas both SEC6A1A variants are localized in

the ER and abnormally in the Golgi. These in vitro data

were then confirmed in kidney tissue from an affected in-

dividual. Taken together, this suggests that themutant pro-

teins probably do not interfere with translocons that are

formed by the remaining pool of wild-type proteins, but

rather they form translocons that are malfunctioning,

which causes disease. We also utilized zebrafish embryo

as an in vivo model. Consistent with our genetic and

in vitro findings, suppression of sec61a1 recapitulates the

tubular phenotype, while both discovered mutations

impede the ability of the protein to function. Of note,

the phenotype of the family bearing the functionally

determined null allele (c.553A>G [p.Thr185Ala]) appears

to have a more severe and more complex phenotype,

although caution is obviously warranted in extrapolating

genotype-phenotype correlations. The discovery of addi-

tional families with SEC61A1 mutations and the func-

tional stratification of new alleles will be necessary to test

this hypothesis. Likewise, we speculate that the SEC61A1

alleles probably contribute to some of the additional phe-

notypes (e.g., cognitive impairment, neutropenia) found

in the two families, though further laboratory investiga-

tion will be required to confirm this.

In contrast to the phenotype observed in the

Sec61a1Y344H/Y344H (GenBank: NM_016906.41) ENU-

inducedmouse homozygous for themutant allele at codon

344 encoding a histidine-to-tyrosine substitution,42 we did

not observe any glucose homeostasis or hepato-steatosis

problems in our affected individuals. To the best of our

knowledge, the renal tubular structures in homozygous

and heterozygous mice have not been investigated. This

discrepancy between phenotypic effects may be explained

by the structural mapping of the mutations. Mutations

described in our study affect directly the selectivity and

permeability of the pore of the translocon channel. This

implies that every translocon channel that contains the

mutated SEC61A1 subunit is dysfunctional; the mutations
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are therefore acting as complete or partial loss of function.

On the other hand, the recessive p.His344Tyr substitution

is located at the luminal helix, forming a patch for the

insertion of nascent peptides into membrane. Therefore,

we can speculate that this mutation should not alter trans-

locon pore functions per se. However, additional func-

tional experiments both in vitro and in vivo are required

to assess fully the pathogenicity of the p.His344Tyr substi-

tution in the context of the renal development.

The SEC61 complex is a major component of the

mammalian translocon, a complex that is needed to

transport newly synthesized secretory proteins into the

ER,43 integrate nascent proteins into membranes, and

maintain ER ion permeability barrier.44 Our study of the

structure of SEC61 translocon indicated that the two var-

iants have the potential to disrupt the function of translo-

con pore by affecting the integrity of the plug domain or

the constriction ring. We therefore speculate that altered

structural properties of SEC61A1 may destabilize the

translocon pore and lead to alterations in post-transla-

tional modifications, folding and sorting of various secre-

tory and transmembrane proteins, and/or alterations in

Ca2þ homeostasis. Such dysfunctions may induce ER

stress or prevent the cell from responding appropriately

to induced ER stress, with either ultimately leading to

apoptosis. Chronic ER stress is the major pathogenic

mechanism driving development and progression of

ADTKD caused by REN3 and UMOD mutations.45 Of

note, most identified REN mutations reduce the hydro-

phobicity of the signal peptide. Recent structural studies

of Sec61 complexed with signal peptide indicates that

aberrant interaction of the mutated signal peptides may

destabilize the opened SEC61 translocon pore during co-

translational translocation.46 This situation may therefore

represent a common pathogenetic mechanism leading to

similar clinical symptoms in affected individuals with

REN and SEC61A1 mutations. ER stress has been postu-

lated to play a mechanistic role in other disorders such

as diabetes and open angle glaucoma.47,48 Promising clin-

ical trial results indicate that the chemical chaperone so-

dium phenylbutyrate (BPA) is efficient on these diseases

and can alleviate the phenotypes in both mouse models

and humans.49,50 We therefore hypothesize that PBA

may provide therapeutic benefits in individuals with

SEC61A1 mutations and in other ER stress-related renal

diseases.

In conclusion, we report two deleterious mutations in

SEC61A1, a gene implicated in ADTKD. In light of previous

studies,51,52 our work provides additional evidence of the

importance of the translocon in the normal development

of the kidney.
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ABSTRACT

Objective: To critically re-evaluate cases diagnosed as adult neuronal ceroid lipofuscinosis (ANCL)
in order to aid clinicopathologic diagnosis as a route to further gene discovery.

Methods: Through establishment of an international consortium we pooled 47 unsolved cases
regarded by referring centers as ANCL. Clinical and neuropathologic experts within the Consor-
tium established diagnostic criteria for ANCL based on the literature to assess each case. A panel
of 3 neuropathologists independently reviewed source pathologic data. Cases were given a final
clinicopathologic classification of definite ANCL, probable ANCL, possible ANCL, or not ANCL.

Results: Of the 47 cases, only 16 fulfilled the Consortium’s criteria of ANCL (5 definite, 2 prob-
able, 9 possible). Definitive alternate diagnoses were made in 10, including Huntington disease,
early-onset Alzheimer disease, Niemann-Pick disease, neuroserpinopathy, prion disease, and
neurodegeneration with brain iron accumulation. Six cases had features suggesting an alternate
diagnosis, but no specific condition was identified; in 15, the data were inadequate for classifi-
cation. Misinterpretation of normal lipofuscin as abnormal storage material was the commonest
cause of misdiagnosis.

Conclusions: Diagnosis of ANCL remains challenging; expert pathologic analysis and recent molec-
ular genetic advances revealed misdiagnoses in .1/3 of cases. We now have a refined group of
cases that will facilitate identification of new causative genes. Neurology® 2016;87:579–584

GLOSSARY
ANCL5 adult-onset neuronal ceroid lipofuscinosis; CGP5 custom gene panel;NCL5 neuronal ceroid lipofuscinosis;WES5
whole-exome sequencing.

Diagnosis of neurodegenerative diseases in younger adults is challenging due to the relative rarity
of the problem, the heterogeneous causes, and the frequent absence of noninvasive diagnostic
clues, raising the question of brain biopsy. The neuronal ceroid lipofuscinoses (NCLs) are
a group of storage diseases presenting from infancy to adulthood.1 The stored material is largely
made up of subunit c of mitochondrial adenosine triphosphate synthase or saposin proteins A
and D—that is, of proteins so hydrophobic that they require special mechanisms for their
breakdown and disposal.2

Adult-onset NCL (ANCL) is a particularly demanding diagnostic problem. Childhood NCLs
have well-characterized clinical patterns typically involving brain and eye, abundant storage in
readily accessible peripheral tissues such as skin, and largely solved molecular genetic causes.3–5

In contrast, ANCL can present in a variety of ways with progressive myoclonus epilepsy,
dementia, or motor disorders and shows limited storage in peripheral tissue. Stored material
is usually only found in a subset of neurons, with the accumulation of age-related lipofuscin
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often confused with pathologic storage.6–13

Furthermore, molecular genetic characteriza-
tion of ANCL is at an early stage. Hindered
by the small number of cases, and the clinical
and pathologic challenges, ANCL is poorly
understood.

Kufs disease is the best-known form of
ANCL; it differs from most childhood-onset
forms because there is no retinal involvement,
and the inheritance can be either recessive or
dominant. It is widely accepted that the uncom-
mon teenage-onset cases without retinal
involvement are grouped with adult-onset cases.
The clinical presentation is variable with 2
broad forms identified. Kufs type A presents
with progressive myoclonus epilepsy, whereas
Kufs type B presents with dementia and motor
signs.6,13 Recessive mutations in CLN614–16 and
dominant mutations in DNAJC517–19 can cause
Kufs type A; Kufs type B can be caused by
recessive mutations in CTSF.20,21 Rare cases of
ANCL with retinal involvement are described
due to mutations in PPT1 (CLN1),22,23

CLN5,24,25 and GRN.26 Finally, some patients

with CLN3 mutations present with neurologic
manifestations in adult life, on a background of
visual failure in childhood.27

Despite these important molecular discover-
ies, many reported cases that receive a diagnosis
of ANCL remain unsolved. As ANCL is rare,
we formed a consortium to combine putative
unsolved cases from centers around the world
and analyzed them as one large cohort. We
aimed to refine the clinical spectrum of late-
onset NCL by implementing an expert clinical
and pathologic review process, followed by con-
sensus diagnosis. Here we report our somewhat
surprising results, in particular, the frequent
misdiagnosis of a broad spectrum of neurologic
disorders as Kufs disease. Our eventual aim is to
discover the remaining molecular causes of
ANCL.

METHODS Participants. We established the ANCL Gene

Discovery Consortium encompassing researchers with clinical, neu-

ropathologic, and molecular genetic expertise in ANCL from the

United Kingdom, Europe, United States, Canada, and Australia.

Consortium members pooled 47 unrelated, unsolved cases

into a shared database. These cases had been referred to individual

Consortium researchers for molecular genetic studies over a 20-

year period because of diagnosis or putative diagnosis of ANCL.

Clinicopathologic support for an ANCL diagnosis varied consid-

erably in these cases that remained unsolved despite study by

a variety of molecular genetic and enzymatic assays over time.

For familial cases, only the proband was included. No attempt

was made to sequence all known NCL genes before entry into

the study.

Standard protocol approvals, registrations, and patient
consents. Local institutional review boards at each contributing

site approved this research. Participants or their guardians pro-

vided informed consent.

Diagnostic criteria. We developed initial diagnostic criteria

based on a combination of clinical and pathologic features. These

criteria were based on review of the literature and the clinical

experience of Consortium members.6–13

Clinical and pathologic review of cases. Strenuous attempts

were made to source detailed clinical data from treating clinicians.

We deliberately used broad clinical criteria (table 1) that allowed

for retinal involvement.

Neuropathologic diagnosis remains the gold standard for this

group of disorders. A panel of 3 expert neuropathologists (J.F.S.,

S.C., G.W.A.) developed criteria to classify the pathologic data as

definite, probable, or possible NCL (table 1). Images of the path-

ologic material, where available, were subsequently shared with

each of the 3 neuropathologists. They provided independent

opinions, which were then discussed, and a consensus on the

classification reached.

Overall classification of cases. Each case was given a final

classification of definite ANCL, probable ANCL, possible ANCL,

or not ANCL based on clinical and pathologic data. This occurred

via regular Consortium teleconferences where the clinical criteria

and pathologic classification were integrated to determine an overall

classification (table 2).

Table 1 Adult-onset neuronal ceroid lipofuscinosis: Clinical and pathologic
criteria

Clinical criteria (all 4 criteria required)

Age at onset between 12 and 60 years

Normal development and cognition prior to disease onset

Presence of at least 2 of the following:
Seizures or myoclonus
Progressive cognitive decline
Ataxia
Pyramidal or extrapyramidal motor signs

Documented deterioration over more than 2 years

Pathologic criteria

Definite pathologic features

Ultrastructural demonstration of one or more characteristic membrane-bound storage
morphologies (granular osmiophilic deposits [GRODs], fingerprint profiles, curvilinear profiles,
or rectilinear complexes) in more than one cell type, including but not limited to eccrine
secretory and duct cells, endothelial cells, smooth and skeletal muscle cells, or neurons or
their proximal axons. Fingerprint profiles in vascular smooth muscle and pericytes are
excluded, since it has been shown that they accumulate there nonspecifically with aging35

Probable pathologic features

Ultrastructural demonstration of one or more characteristic membrane-bound storage
morphologies (GRODs, fingerprint profiles, curvilinear profiles, or rectilinear complexes) in
a single cell type AND

Demonstration, in standard histologic preparations, of cytoplasmic inclusions with broad-
range autofluorescence or Luxol fast blue positivity in well-differentiated sections in one or
more of above cell types, to a degree significantly greater than expected for age, OR
Demonstration, by standard immunohistochemistry, of characteristic cytoplasmic storage
material, i.e., subunit c of mitochondrial adenosine triphosphate synthase, saposin protein
A, or saposin protein D

Possible pathologic features (in absence of ultrastructural data)

Demonstration, in standard histologic preparations, of cytoplasmic inclusions with broad-
range autofluorescence or Luxol fast blue positivity in well-differentiated sections in one or
more of the above cell types, to a degree significantly greater than expected for age
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Molecular genetic studies. Screening for known ANCL genes

(CLN6, CTSF, DNAJC5, GRN, and PPT1) was performed by

both Sanger sequencing and high-throughput sequencing

technologies in the majority of the 16 cases (detailed in table

e-1 on the Neurology® Web site at Neurology.org). Genomic

DNA was extracted from venous blood using standard

methods. Briefly, for Sanger sequencing, coding exons and

flanking intronic regions including splice sites of the 3 genes

were PCR amplified using primers designed for all isoforms with

reference human gene transcripts (NCBI Gene; http://www.ncbi.

nlm.nih.gov/; primers available on request). Amplification reactions

were cycled on a Veriti Thermal Cycler (Applied Biosystems,

Carlsbad, CA) and bidirectional sequencing was completed using

BigDye v3.1 Terminator Cycle Sequencing Kit (Applied

Biosystems). Sequencing products were resolved using a 3730xl

DNA Analyzer (Applied Biosystems). Sequence chromatograms

were compared to published cDNA sequence with nucleotide

changes detected using Codon Code Aligner (CodonCode

Corporation, Dedham, MA).

A custom gene panel (CGP), designed to target coding regions

(6.88 Mb) of 3,616 OMIM genes with known phenotypes includ-

ing ANCL, and whole-exome sequencing (WES) was also per-

formed for the majority (table e-1). DNA enrichment was

performed according to the manufacturer’s protocol using either

SeqCap EZ Choice Library (Roche Nimblegen, Madison, WI) for

the CGP or Nimblegen SeqCap V3 (Roche Nimblegen) for WES.

DNA sequencing was performed on the captured barcoded DNA

libraries using either SOLiD 4 System (Applied Biosystems) or

Table 2 Adult-onset neuronal ceroid lipofuscinosis (ANCL) classification criteria
incorporating both clinical and pathologic criteria (see table 1) for 47
putative cases

ANCL
classification Clinicopathologic criteria

No. of
cases

Definite ANCL All clinical criteria met plus definite pathology classification 5a

Probable ANCL Atypical clinical presentation (e.g., late onset) plus definite
pathology classification

All clinical criteria met plus probable pathology classification

2

Possible ANCL Atypical clinical presentation plus probable pathology
classification

All clinical criteria met plus possible pathology classification

9

Not ANCL Clinical, pathologic, or molecular data strongly suggesting an
alternate diagnosis

Review of images or source material suggests no evidence
of neuronal ceroid lipofuscinosis

Pathology images unavailable (i.e., report only)

31

aOne case had a compound heterozygous CLN6 mutation.

Table 3 Summary of 10 cases with an initial diagnosis of adult-onset neuronal ceroid lipofuscinosis (ANCL) in which an alternate diagnosis
was later confirmed

Case Clinical features Initial ANCL diagnosis Diagnostic reevaluation Final diagnosis

KC23 Onset mid-20s with motor and intellectual
deterioration (dementia); no seizures;
progressive ataxia but no distinct chorea;
autosomal dominant family history

Clinical history consistent with ANCL;
skin biopsy interpreted as showing
fingerprint profiles

Pathology review: normal lipofuscin;
clinical review suggested Huntington
disease; genetic diagnosis: HTT expansion

Huntington disease

KC33 Onset 28 years with cognitive decline;
seizure history unknown; deceased in 40s

Clinical history consistent with ANCL; brain
biopsy interpreted as showing
autofluorescent inclusions and GROD-
like material

Pathology review: Normal lipofuscin;
genetic diagnosis: NPC1 mutation

Niemann-Pick
syndrome

KC51 Onset 34 years; dementia with frontal
features, subtle facial dyskinesia,
parkinsonian and mild cerebellar features
including limb ataxia; no seizures;
autosomal recessive family history

Clinical history consistent with ANCL;
skin biopsy interpreted as showing
fingerprint profiles in sweat glands

Pathology review: normal lipofuscin;
genetic diagnosis: PLA2G6 p.G551S
mutation

Neurodegeneration
with brain iron
accumulation

KC35 Onset 20s with progressive cognitive
decline followed by tremor, myoclonus,
and ataxia

Clinical history consistent with ANCL; skin
biopsy interpreted as showing membrane-
bound inclusions with granular material

Pathology review: images of source
material not available; genetic diagnosis:
c19orf12 mutation

Neurodegeneration
with brain iron
accumulation

KC10 Onset age 29 with rapidly progressing
dementia, motor deterioration, and
myoclonus

Clinical history consistent with ANCL; rectal
biopsy identified electron-dense structure
interpreted as fingerprints and curvilinear
pattern consistent with NCL

Pathology review: images of source
material not available; brain biopsy
revealed malignant lymphocytes

Cerebral
Lymphoma

KC24 Onset 22 years; myoclonus and tonic-clonic
seizures; cognitive decline; personality
change; unsteady gait from early 20s
leading to wheelchair dependence;
deceased at 26 years

Clinical history consistent with ANCL;
postmortem brain biopsy interpreted as
consistent with ceroid lipofuscinosis

Pathology review: extensive lesion of the
thalamus consistent with “familial” fatal
insomnia; immunohistochemistry: PrPSc

positive; genetic diagnosis: PRNP
insertion c.154_177(6_13)

Prion disease

KC29 Onset at 13 years with myoclonus; tonic-
clonic seizures and absences at 15 years;
progressive ataxia; wheelchair-bound at
22 years; late ophthalmoplegia; mild
learning disability

Clinical history consistent with ANCL;
skin and muscle biopsy negative

Pathology review: images of source
material not available; genetic diagnosis:
hypothesis free whole exome sequencing
showed SACS p.P2798Q; p.T458I
mutation36

Autosomal
recessive spastic
ataxia of
Charlevoix-
Saguenay

KC8 Onset at 33 years with gait ataxia and
subsequent dementia, dystonia, and
psychiatric symptoms; no seizures;
autosomal dominant family history

Clinical history consistent with ANCL;
premortem biopsies not done

Autopsy revealed classical Alzheimer
disease; genetic diagnosis: PSEN1
p.S170F; CTSD p.A58V37

Early-onset familial
Alzheimer disease

KC21 Onset at 13 years with behavioral changes
(frontal dysfunction) and declining school
performance; myoclonus with occasional
tonic-clonic seizures and poor coordination

Clinical history consistent with ANCL;
no pathology (biopsy not done)

Genetic diagnosis: hypothesis free whole
exome sequencing showed SERPINI1
p.G392E mutation36

Neuroserpinopathy

KC7 Onset age 19 years; progressive disease
with myoclonus, epilepsy, and ataxia

Clinical history consistent with ANCL; skin,
muscle, and brain biopsy negative

Pathology review: images of source
material not available; genetic diagnosis:
MTND3 mutation

Leigh syndrome
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Illumina HiSeq 1500. Data analysis was performed as previously

described.28 The data were inspected for variations in known

ANCL genes and the search for novel genes is ongoing.

Molecular diagnosis of cases initially suspected of having

ANCL, where other disorders were later established, were per-

formed at a number of commercial and research laboratories using

standard techniques.

RESULTS Of the 47 Consortium cases, 16 cases ful-
filled the Consortium’s clinical and pathologic criteria
for definite, probable, or possible ANCL disease (table
2). Of the 16 cases, 8 (2 definite) presented with seizures
as a main feature, usually with a progressive myoclonus
epilepsy (Type A Kufs). The remaining 8 cases (3 def-
inite) presented with dementia and motor signs (Type B
Kufs). None of the ANCL cases had retinal involve-
ment. The mean age at onset was 35 years (median
35.5 years). There were 2 clusters; 6 had onset in the
second decade of life and 10 in the fourth decade or
later. Both Type A and Type B cases were represented in
the 2 age clusters. Two cases fell outside of our arbitrary
12- to 60-years range for disease onset (onset at 10 and
62 years); these cases were considered clinically atypical
and classified overall as possible ANCL (table 2).

A family history suggestive of dominant inheri-
tance was found in 4/16 ANCL cases; in 12, there
was no family history. DNAJC5 mutations were not
found in the 4 dominant cases or the 10 other cases
that had this gene sequenced. CLN6 and CTSF,
known causes of recessive ANCL, were sequenced
in 15 cases and 1 case had probable pathogenic com-
pound heterozygous CLN6 variants identified. This
patient was classified as definite ANCL with a Type A
presentation. This leaves a subset of 15 genetically
unsolved ANCL cases (4 definite).

Our criteria for ANCL were not met in 31/47
(66%) cases, including 2 cases previously published
in detail as having ANCL.29,30 In 10 of these 31 cases,
detailed review with further investigation established
definitive alternate diagnoses (table 3). The main rea-
son for misdiagnosis as ANCL was overinterpretation
of normal age-related lipopigment as pathologic stor-
age material (figure). Six cases had features suggesting
that ANCL was not the correct diagnosis. Two of these
had storage material without the characteristics of the
lipopigment seen in NCL, but a specific diagnosis
could not be made. Two had other neuropathologic
abnormalities, again without leading to a specific diag-
nosis. In 2 cases, biopsy material reported as suggestive
of NCL was considered nonspecific on review, and the
clinical features were atypical. In the remaining 15
cases, the clinical and pathologic data were inadequate
for classification.

DISCUSSION In this study of 47 cases considered to
have ANCL, we found that the diagnosis could be sup-
ported in only 16 cases; of these, 9 were considered pos-
sible cases. Moreover, ANCL was confidently excluded
in 16 cases, of which 10 had secure alternative diagno-
ses established. The classification criteria developed by
the Consortium were useful in formalizing the
approach to problematic cases and has highlighted
the challenges and subtleties in diagnosing ANCL.

The pathologic diagnosis is challenging and is
compounded by the relative rarity of these disorders
such that most neuropathologists have very limited
experience with the condition. In general, misdiagno-
sis occurred by overinterpretation of ultrastructural
findings in biopsy samples, with failure to distinguish

Figure Pathologic diagnosis and misdiagnosis of adult-onset neuronal ceroid lipofuscinosis (ANCL)

(A) Electron micrograph of KC33 shows one of many deposits of lipofuscin in a cortical neuron. These deposits were orig-
inally considered to represent granular osmiophilic deposits (GRODs), leading to a diagnosis of ANCL. Lipid vacuoles, as seen
here, are numerous in lipofuscin, but not in GRODs, and the granules in lipofuscin are coarser and less uniform (bar5 5 mm).
The patient had cognitive decline beginning at age 28 years; NPC1 mutation was later found (table 3). (B) This electron
micrograph of KC15 shows fingerprint profiles from an eccrine secretory cell. The basic paired parallel line pattern even at
this magnification tends to appear as a single wide slightly fuzzy line, but the spacing, the wheeling ranks, and the focal
crystalline pattern where the ranks intersect (at the left of the asterisk) are very characteristic (bar 5 1 mm). Disease onset
was at 18 years with stimulus-sensitive and action-induced myoclonus, dementia, and parkinsonism on the background of
normal development. This case met out criteria for classification as definite ANCL. The molecular basis remains unknown.
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normal lipofuscin that accumulates with age, from
abnormal lipopigment seen in NCL, which may be
very limited in ANCL.6–13 In children, this distinction
is easier, contrasting abundant storage in disease
with minimal normal age-related pigment. Rather than
relying on the amount of lipopigment, accurate diag-
nosis depends on analysis of the particular ultrastruc-
tural features.7,31 In all late-onset neuronal storage
diseases, only a subset of neurons may be involved.
This becomes important when it comes to electron
microscopy on a brain biopsy. If the blocks have not
been trimmed to include involved neurons, the study
may be limited to normal neurons that inevitably con-
tain lipofuscin, and confusion with ANCL may result.

Importantly, the removal of these cases from the
cohort helps simplify the apparent clinical and patho-
logic heterogeneity of ANCL. The clinical profile of
our ANCL cases fit broadly into the previously
described categories of presentation as progressive
myoclonus epilepsy (Type A) and dementia withmotor
disturbances (Type B)6; the single case that was solved
molecularly with a CLN6 mutation had a Type A pre-
sentation, as has been previously described.14

The degree of genetic heterogeneity of ANCL re-
mains unclear. It is already known that contrary to
the childhood forms, which are essentially all recessive
disorders, the adult forms can have either recessive or
dominant inheritance.6,32,33 While it is now possible
to survey the whole exome (or genome) for genetic
variation with high-throughput sequencing technology,
determining which of the many thousand variants iden-
tified are pathogenic remains challenging. However,
this is still a good option for treating clinicians and
may avoid the need for brain biopsy should a plausible
variant be found in one of the known ANCL genes or
in a gene known to cause an alternative late-onset neu-
rologic disease. The efficacy of genetic testing for diag-
nostic purposes will only improve as further ANCL
genes are discovered. At this point in time, pathologic
diagnosis remains the gold standard practice.

Future research into the underlying genetic etiol-
ogy of the unsolved ANCL will be supported by the
removal of misdiagnosed cases that would hinder
these important efforts. By pooling together unrelated
ANCL cases that putatively may share the same caus-
ative gene, the genomic search space can be consider-
ably narrowed. This ongoing work, resulting in
a deeper understanding of the molecular genetic basis,
will provide improved guidance for the accurate
and early diagnosis of ANCL. We anticipate that
the recently accepted nomenclature for the NCL34

will be expanded as new genes are identified.
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Abstract
Adult-onset neuronal ceroid lipofuscinoses (ANCL, Kufs disease) are rare hereditary neuropsychiatric disorders characterized
by intralysosomal accumulation of ceroid in tissues. The ceroid accumulation primarily affects the brain, leading to neuronal
loss and progressive neurodegeneration. Although several causative genes have been identified (DNAJC5, CLN6, CTSF, GRN,
CLN1, CLN5, ATP13A2), the genetic underpinnings of ANCL in some families remain unknown. Here we report one family
with autosomal dominant (AD) Kufs disease caused by a 30 bp in-frame duplication in DNAJC5, encoding the cysteine-string
protein alpha (CSPα). This variant leads to a duplication of the central core motif of the cysteine-string domain of CSPα and
affects palmitoylation-dependent CSPα sorting in cultured neuronal cells similarly to two previously described CSPα variants,
p.(Leu115Arg) and p.(Leu116del). Interestingly, the duplication was not detected initially by standard Sanger sequencing due
to a preferential PCR amplification of the shorter wild-type allele and allelic dropout of the mutated DNAJC5 allele. It was also
missed by subsequent whole-exome sequencing (WES). Its identification was facilitated by reanalysis of original WES data and
modification of the PCR and Sanger sequencing protocols. Independently occurring variants in the genomic sequence of
DNAJC5 encoding the cysteine-string domain of CSPα suggest that this region may be more prone to DNA replication errors
and that insertions or duplications within this domain should be considered in unsolved ANCL cases.

Introduction

Adult-onset neuronal ceroid lipofuscinoses (ANCL) con-
stitute a group of rare genetic diseases characterized clini-
cally by the progressive deterioration of mental and motor
functions and histopathologically by the intracellular and
ultrastructurally distinct accumulation of autofluorescent
lipopigment—ceroid—in the brain and other tissues. Age of
onset, spectrum of neurological phenotypes, and disease
progression can vary even within families. Clinical hetero-
geneity of ANCLs is in line with diverse inheritance pat-
terns, increasing number of identified causal genes (e.g.,
DNAJC5 [1], CLN6 [2], CTSF [3], GRN [4], CLN1 [5],
CLN5 [6], ATP13A2 [7]), and various types of causative
variants and their combinations (NCL Resource—A Gate-
way for Batten Disease: http://www.ucl.ac.uk/ncl/new
nomenclature.shtml).

Diagnosis of ANCLs is challenging from a clinical,
histopathologic, as well as diagnostic perspective. Even
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with recent technological advances [8, 9], the causative
genetic variants(s) in some ANCL families have not been
identified. In order to improve genetic diagnosis in these
families, we recently established The Adult NCL Gene
Discovery Consortium. Within the Consortium we reviewed
clinical and histopathological data and classified recruited
cases as definite, probable, or possible ANCL or not
meeting the diagnostic criteria for ANCL [10]. ANCL cases
were then subjected to candidate gene and whole-exome
sequencing (WES) [11, 12].

Here we report and characterize a new variant—a 30
base pair in-frame duplication in DNAJC5, that we have
identified in one of the investigated ANCL families. The
identification of this variant was particularly challenging. It
was initially missed by Sanger sequencing of DNAJC5 and
WES, to be identified later by reanalysis of original WES
data that were shared within the Consortium. Our work thus
also provides a cautionary tale about the challenges in
identification of even relatively short insertions and dupli-
cations by standard genetic methods.

Materials and methods

Subjects

The study protocol was approved by the local Institutional
Review Boards and signed informed consent was obtained
from all subjects.

The Canadian family was ascertained at the Montreal
Neurological Institute, McGill University, Canada based on
clinical observation of three affected individuals: a mother
and two sons. The mother was diagnosed with Kufs disease
at the age of 42 and died at the age of 56 (no clinical details
are available). The affected sons presented with seizures,
memory loss, and disability (wheelchair bound) at the age
of 31 and 34. No biopsy material for pathological evalua-
tion was available at the time of investigation to examine for
the presence of typical lipopigment in tissues of affected
individuals.

DNA sequencing and variant analysis

Genomic DNA of the two brothers was extracted from
whole blood samples by a standard protocol. Coding
regions of DNAJC5 (NG_029805.2) were amplified by PCR
from genomic DNA of the two brothers and sequenced by
direct Sanger sequencing using the version 3.1 Dye Ter-
minator cycle sequencing kit (ThermoFisher Scientific) with
electrophoresis on an ABI 3500XL Avant Genetic Analyzer
(ThermoFisher Scientific). Data were analyzed using
Sequencing Analysis software (ThermoFisher Scientific).

Exome sequencing

Exome sequencing was performed using genomic DNA
from the two affected brothers (Fig. 1). For DNA enrich-
ment, the Sure Select Human All Exon V4 capture kit
(Agilent Technologies, Santa Clara, CA) was used accord-
ing to the manufacturer’s protocol. DNA sequencing was
performed on the captured barcoded DNA library via an
Illumina HiSeq 2000 system as a pair end library with the
read length of 100 bp. The resulting FASTQ files were
aligned to the human reference genome (hg19) via BWA-
MEM [13]. After genome alignment, conversion of SAM
format to BAM and duplicate removal were performed
using Picard Tools (1.129). The Genome Analysis Toolkit,
GATK (3.2.2) [14–16] was used for local realignment
around indels, base recalibration, variant recalibration, and
variant calling (HaplotypeCaller). Variant annotation was
performed with SnpEff 3.6 [17] and GEMINI 0.18.2 [18].

In silico analysis of the cysteine-string domain

Hydrophobicity and palmitoylation potential of the wild-
type (wt) cysteine-string domain (CSD) and the CSD car-
rying the DNAJC5 variant were analyzed with a
Kyte–Doolittle algorithm and CSS-Palm 2.0, respectively,
as described previously [1].

CSPα-expression vectors

DNAJC5/CSPα cDNA was amplified by RT-PCR from the
affected individuals’ leukocytes with specific primers.
Resulting PCR products were first cloned into PCR2.1
TOPO TA-cloning vector (Invitrogen) and, after sequencing
verification, the cDNA region containing the 30 bp dupli-
cation was subcloned into a pEGFP-C1/DNAJC5 wt vector
using BstXI and BsmBI restriction sites. The pEGFP-
C1/DNAJC5_wt, pEGFP-C1/DNAJC5_Leu115Arg, and
pEGFP-C1/DNAJC5_Leu116del vectors were generated as
described previously [1].

Transient expression of EGFP–CSPα

cDNA constructs were transfected into CAD5 cells
derived from Cath. -a-differentiated (CAD) cells (pro-
vided by Sukhvir Mahal, The Scripps Research Institute,
Jupiter, FL, USA). Four to seven days before transfection,
1 × 104 cells/cm2 were seeded with Opti-MEM medium
(Opti-MEM; Invitrogen) containing 10% FBS (HyClone,
Logan, UT), 90 units penicillin, streptomycin/ml. Cells
were transfected by either 0.8 or 4 μg of plasmid con-
structs with Lipofectamine 2000 (Invitrogen) in serum and
antibiotics free Opti-MEM medium according to the
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manufacturer’s protocol. Transfection experiments were
performed in more than three replicates.

Immunofluorescence analysis

Cells were fixed 24 h after transfection with chilled
methanol for 10 min, washed, blocked with 5% bovine
serum albumin (BSA), and incubated for 1 h at 37 °C with
antiprotein disulfide isomerase mouse monoclonal IgG1
(Stressgen, San Diego, CA) for endoplasmic reticulum
(ER) localization, anti-GS28 mouse IgG1 (Stressgen, San
Diego, CA) for Golgi localization, and anti-GFP rabbit
polyclonal IgG (Abcam) for EGFP-CSPα detection. For
fluorescence detection, corresponding species-specific
secondary antibodies Alexa Fluor 488 and Alexa Fluor
555 (Molecular Probes, Invitrogen, Paisley, UK) were
used. Prepared slides were mounted in ProLong® Gold
Antifade with 4ʹ,6-diamidino-2-phenylindole staining
nuclei (Life Technologies, Forster City, USA) fluores-
cence mounting medium and analyzed by confocal
microscopy.

Image acquisition and analysis

Prepared slides were analyzed by confocal microscopy.
XYZ images were sampled according to Nyquist criterion
using a LeicaSP8X laser scanning confocal microscope, HC
PL APO objective (63×, N.A. 1.40), 405, 488, and 543 laser
lines. Images were restored using a classic maximum like-
lihood restoration algorithm in the Huygens Professional
Software (SVI, Hilversum, The Netherlands) [19]. The
colocalization maps employing single pixel overlap coeffi-
cient values ranging from 0 to 1 were created in the Huy-
gens Professional Software [20]. The resulting overlap
coefficient values are presented as the pseudo color denoted
in the corresponding lookup tables.

Immunoblot analysis

Transfected CAD5 cells were harvested in PBS, centrifuged
at 610 × g for 5 min, resuspended in 50 mM Tris pH 6.8,
50 mM DTT, 2% sodium dodecyl sulfate (SDS), and
Complete Protease Inhibitor Cocktail (Roche) or PBS with

Fig. 1 Sanger sequencing and reads alignment of the DNAJC5
bearing the 30 bp duplication. a Pedigree of the Canadian family
suggesting an autosomal dominant inheritance. b Chromatograms of
DNAJC5 genomic DNA sequences showing normal DNAJC5
sequence in the proband using original protocol (Proband_sample 1)
and heterozygous duplication in the same DNA sample upon modified
PCR protocol (Proband_sample 2). Lower panel shows chromatogram
from control DNA. c The 30 bp duplication in DNAJC5 in the

Integrative Genomics Viewer (IGV2.3) before (upper panel) and after
a visualization of soft-clipped bases (lower panel). d In silico analysis
of the cysteine-string domain showing that compared with the wild-
type sequence (blue line), the duplication (red line) alters palmitoy-
lation potential (left panel) and hydrophobicity profile (right panel),
critical parameters of post-translational modification, and intracellular
localization of CSPα.

Autosomal-dominant adult neuronal ceroid lipofuscinosis caused by duplication in DNAJC5 initially. . .



Triton X-100, 0.1 or 0.5% and Complete Protease Inhibitor
Cocktail (Roche), homogenized by sonication using the
Covaris S2 Ultrasonicator, followed by denaturation at
100 °C for 10 min. The protein content in the supernatant
was determined using an infrared spectrometer Direct
Detect infrared (Millipore) according to the manufacturer’s
protocol. Protein lysates equivalent to 15 or 20 μg of protein
were incubated with and without 6M hydroxylamine for
CSPα depalmitoylation for 24 h at room temperature and
reduced at 100 °C for 5 min in sample buffer with or
without 1% beta-mercaptoethanol (βME) before SDS-
PAGE electrophoresis. After protein transfer to the poly-
vinylidene fluoride membrane, membranes were blocked by
5% milk and 0.1% Tween 20 in PBS over night at 4 °C.
CSPα or CSPα-EGFP protein was visualized by incubation
with rabbit CSP antibody (Stressgen) at 1:5000 in 0.1%
BSA and 0.1% Tween 20 in PBS for 60 min or rabbit green
fluorescent protein (GFP) antibody (Abcam) at 1:3000 in
0.1% BSA and 0.1% Tween 20 in PBS for 60 min, followed
by incubation with goat antirabbit HRP (Pierce) at 1:10,000
in 0.1% Tween 20 in PBS for 60 min and detection by
Clarity Western ECL Substrate (Bio-Rad).

Results

Identification of 30 base pair duplication in DNAJC5
by a combination of exome sequencing and sanger
sequencing

To identify the genetic lesion in affected family members
we initially Sanger sequenced and excluded DNAJC5, the
prevalent gene for autosomal dominant ANCL (AD-ANCL)
(Fig. 1b). Next we sequenced all coding exons and 5ʹ and 3ʹ
untranslated regions of their corresponding mRNAs (UTRs)
(Sure Select Human All Exon V4 capture kit, Illumina
HiSeq 2000) in both affected brothers. Considering an
autosomal dominant model of inheritance, we searched for
variants that had standard read count threshold ≥10, were
present in the heterozygous state in both affected indivi-
duals and had a minor allele frequency <0.5% in The
Exome Aggregation Consortium database [21]. These
parameters did not yield any functionally relevant candidate
variant. Lowering the standard read count threshold to ≥5,
we found a 30 bp in-frame duplication in DNAJC5. This
variant was however not seen in the IGV tool, which allows
visualization of sequence alignments. Essential for the
variant detection was a visualization of so called soft-
clipped bases, which are reads not matching with the
reference sequence in their whole length. Using the visua-
lization of soft-clipped bases we revealed the 30 bp in-frame
duplication: chr20:g.62562252_62562281dup (hg19);
NM_025219.2:c.370_399dup (p.(Cys124_Cys133dup)), in

exon 4 of DNAJC5. (Fig. 1c). We modified our original
PCR protocol and confirmed the presence of the duplication
using standard Sanger sequencing (Fig. 1a, upper panels).
The variant was submitted to ClinVar database under the
accession code VCV000689476 and to the Mutation and
Patient Database for Human NCL genes [22].

In silico analysis of the novel CSPα c.370_399dup (p.
(Cys124_Cys133dup)) variant

The duplication encodes for a duplication of the central core
motif of the CSD of CSPα. NM_025219.2:c.370_399dup
(p.(Cys124_Cys133dup)). The CSD is implicated in pal-
mitoylation and membrane trafficking of CSPα. In silico
analysis suggested that the duplication increases hydro-
phobicity (Fig. 1d, right panel) of the CSD and that the
presence of the additional seven cysteine residues changes
the palmitoylation potential (Fig. 1d, left panel). Changes in
these parameters can make the protein carrying the p.
(Cys124_Cys133dup) variant prone to aggregation [23].

The functional effect of the GFP-tagged CSPα p.
(Cys124_Cys133dup) variant in neuronal CAD5 cell
model

To assess the effect of the identified duplication on
CSPα expression and intracellular localization we tran-
siently expressed N-terminal GFP tagged CSPα with the
identified duplication p.(Cys124_Cys133dup), wt CSPα
(GFP_CSPα_wt) and GFP_CSPα with previously identified
variants NM_025219.2:c.344T>G (p.(Leu115Arg)) and
NM_025219.2:c.343_345del (p.(Leu116del)), both variants
located in exon 4 of DNAJC5 (the exon numbering starts
with exon 1 to exon 5), shortly p.(Leu115Arg) and p.
(Leu116del), in CAD5 cells. Immunofluorescence analysis
and colocalization studies showed that the GFP_CSPα_wt
and the endogenous CSPα are localized dominantly along
the plasma membrane in finely granular cytoplasmic
structures. All three GFP_CSPα proteins with the variants p.
(Cys124_Cys133dup), p.(Leu115Arg), and p.(Leu116del)
had reduced expression on the plasma membrane. They are
present mostly in cytoplasm, either in a diffuse form or as a
coarsely granular inclusions that colocalize to a certain
extent with markers of ER and Golgi apparatus (Fig. 2,
Supplementary Fig. 1).

Immunoblot analysis of GFP-CSPα transiently
produced in CAD5 cells

To assess the effect of the identified duplication we per-
formed western blot analysis of transiently transfected
CAD5 cell lysates before and after chemical depalmitoyla-
tion performed under different denaturing conditions
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(Fig. 3). We found that the GFP_CSPα protein carrying the
Cys124_Cys133dup is present exclusively in non-
palmitoylated form, whereas GFP_CSPα_Leu115Arg and
GFP_CSPα_Leu116del proteins can present in both, the
nonpalmitoylated or palmitoylated CSPα with the former
more abundant. All three GFP_CSPα_Leu115Arg, GFP_
CSPα_Leu116del, and GFP_CSPα_Cys124_Cys133dup
proteins formed high molecular weight aggregates that were
resistant to SDS and reducing agents (DTT, βME). The
aggregates became soluble by these procedures only upon
initial chemical depalmitoylation by hydroxylamine
(Fig. 3).

Discussion

In this work we identified a 30 bp duplication in DNAJC5
encoding CSPα in one family ascertained by The Adult
NCL Gene Discovery Consortium. The variant leads to a
duplication of the central core motif of the CSD and affects
palmitoylation-dependent CSPα sorting in cultured neuro-
nal cells similar to two other previously described single
nucleotide CSPα variants p.Leu115Arg and p.Leu116del.
CSPα acts as a co-chaperone in the formation of presynaptic
SNARE complexes (soluble N-ethylmaleimide-sensitive

factor attachment protein receptors) [24]. The SNAREs
are essential for docking of synaptic vesicles, their fusion
and recycling. There is accumulating evidence that disrup-
tion of the SNARE machinery leads to neurodegeneration
[25].

This family remained genetically undefined for decades.
Initially, the variant could not be detected by standard
Sanger sequencing of DNAJC5 probably due to a pre-
ferential PCR amplification of the shorter wt allele and
allelic dropout of the mutated DNAJC5 allele. It was also
missed by a subsequent analysis of WES. Its identification
was facilitated by reanalysis of the original WES data
shared within the Consortium and modification of the PCR
and Sanger sequencing protocols.

Independently occurring variants in the genomic
sequence of DNAJC5 encoding the CSD of CSPα [1] sug-
gest that this region may be more prone to DNA replication
errors and that insertions or duplications within this domain
should be considered in not yet solved ANCL cases.

Our work demonstrates the limitations of Sanger
sequencing and WES in detection of even relatively small
insertions and duplications and shows that analysis of next
generation sequence data still requires an individualized
approach and unique interpretations of the data. Continued
reanalysis of the data with a team of experienced scientists

Fig. 2 Immunofluorescence analysis of transiently expressed GFP-
tagged CSPα wt and variant proteins in CAD5 cells. All three
variant proteins (a–c, m–o) are present in a finely or coarsely granular
structures. Co-staining with (e–g) protein disulfide isomerase (PDI), a
marker of endoplasmic reticulum (ER), and (q–s) Golgi SNAP
receptor complex member 1 (GS28) demonstrates abnormal presence

of mutated proteins in ER (i–k) and Golgi (u–w). Wild-type protein
(d, h, l, p, t, x) is present exclusively on plasma membrane. The degree
of colocalization of GFP_CSPα with selected markers is demonstrated
by the fluorescent signal overlap coefficient values ranging from 0
to 1. The resulting overlap coefficient values are presented as the
pseudo color whose scale is shown in corresponding lookup table.

Autosomal-dominant adult neuronal ceroid lipofuscinosis caused by duplication in DNAJC5 initially. . .



may identify previously missed variants. Approximately
75% of patients with neurodegeneration subjected to WES
remain without a genetic diagnosis [26]. It is unclear how
many similar variants will be identified by continued rea-
nalysis, as demonstrated in this paper.

Data availability

The authors state that anonymized data will be shared by
request from any qualified investigator.
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The formation of the vertebrate brain is a complex process that 
requires the generation and migration of neurons, followed 
by their differentiation and survival1. In the case of the cortex 

and hippocampus, neurogenesis occurs in the proliferative ventric-
ular zones where radial glia and intermediate progenitors undergo 
extensive neurogenic divisions2. The resultant postmitotic neurons 
then begin a cellular journey, undertaking a series of genetically 
programmed morphological transitions before propelling them-
selves along the radial glia scaffold forming a laminar structure3. 
This migration requires the generation of polarity, extension of a 
leading process, translocation of the nucleus and retraction of the 
trailing process. Having reached their final destination, neurons 
mature through a process of differentiation that involves axon 
extension and the formation of dendritic processes.

Insight into the molecular mechanisms that mediate these criti-
cal cellular processes have been informed by the study of sponta-
neous and N-ethyl-N-nitrosourea (ENU)-induced mouse mutants4. 
For instance, the reeler mouse revealed the importance of the extra-
cellular signaling protein Reelin5, the scrambler mutant implicated 
the tyrosine phosphatase Dab16 and the Tuba1a mouse mutant has 
underlined the role of the microtubule cytoskeleton7. The study of 
engineered mouse mutants has also been pivotal, highlighting the 
role of nonreceptor protein kinases such as JNK and Cdk58. Cdk5 
sits at the intersection of a signaling pathway, phosphorylating 
molecules such as Dab1, Dcx, Map1b and Pak19. Pak1, which is an 

effector of Rac1 and Cdc42, has been implicated in the regulation 
of actin and microtubule dynamics. While these functional stud-
ies have advanced our understanding of the molecular mechanisms 
that mediate neuronal migration, it is nonetheless apparent that the 
picture is far from complete. In this study we established a genetic 
screen in mice to identify new genes required for telencephalic 
development, with a focus on neuronal migration. We report that 
mutations in Vps15 impair the migration and survival of neurons 
in mice depending on the protein dosage and that mutations in the 
human homolog are associated with neurodevelopmental disease.

Results
ENU screen, genetic mapping and rescue. We performed a reces-
sive ENU screen, undertaking a quantitative and qualitative analysis 
of structural brain phenotypes in the adult mouse brain (Fig. 1a). 
This screen employed Nissl staining and assessed such attributes as 
ventricular volume, cortical thickness, the thickness of hippocam-
pal layers, corpus callosal volume and the presence of ectopic cells 
(Supplementary Fig. 1a). We screened a total of 38 pedigrees, each 
with at least 12 animals per line. Based on the observed rate of ENU-
induced mutations, this represents approximately 2.7% coverage of 
the coding genes in the mouse genome10. We identified six pedi-
grees with a variety of neuroanatomical abnormalities, one of which 
presented with striking pyramidal cell ectopia in the hippocampus, 
reminiscent of Tuba1a, Dcx and Lis1 mutant mice (Fig. 1d,e,g,h)7,11,12. 

Mutations in Vps15 perturb neuronal migration in 
mice and are associated with neurodevelopmental 
disease in humans
Thomas Gstrein1, Andrew Edwards2, Anna Přistoupilová   3,4,5, Ines Leca1, Martin Breuss1,  
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The formation of the vertebrate brain requires the generation, migration, differentiation and survival of neurons. Genetic muta-
tions that perturb these critical cellular events can result in malformations of the telencephalon, providing a molecular window 
into brain development. Here we report the identification of an N-ethyl-N-nitrosourea-induced mouse mutant characterized by 
a fractured hippocampal pyramidal cell layer, attributable to defects in neuronal migration. We show that this is caused by a 
hypomorphic mutation in Vps15 that perturbs endosomal–lysosomal trafficking and autophagy, resulting in an upregulation of 
Nischarin, which inhibits Pak1 signaling. The complete ablation of Vps15 results in the accumulation of autophagic substrates, 
the induction of apoptosis and severe cortical atrophy. Finally, we report that mutations in VPS15 are associated with cortical 
atrophy and epilepsy in humans. These data highlight the importance of the Vps15–Vps34 complex and the Nischarin–Pak1 
signaling hub in the development of the telencephalon.
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To identify the causative mutation in this recessive line, nicknamed 
Marble, we adopted a traditional positional cloning strategy employ-
ing microsatellite markers. This approach narrowed the genomic 
interval to a 28.6-Mb region on distal chromosome 9 that contains 
439 genes (Supplementary Fig. 1b). Whole-exome sequencing failed 
to identify any coding variants within this region, but revealed the 
presence of a T-to-A substitution in the intron upstream of exon 4 
of Vps15 (GRCm38p4, chr9: 105,650,312; Fig.  1b). This mutation 
was not found in either of the strains used for mapping (C3H/HeH 
and C57/BL6J mice), nor is it reported to be a naturally occurring 
polymorphism in wild-type or inbred mice. The T-to-A mutation 
creates a novel splice acceptor site, which is predicted to introduce a 
premature stop codon resulting in a truncated protein of 289 amino 
acids (Fig. 1c). We extracted mRNA from the developing brain (at 
embryonic day (E) 14.5) of homozygous mutants (Mbe/Mbe) and 
confirmed the introduction of this stop codon into the transcript 
(Supplementary Fig.  1c). To formally test whether the mutation 
in Vps15 is responsible for the fractured pyramidal cell layer in 
the Marble line, we performed a rescue experiment by creating a 
bacterial artificial chromosome (BAC) transgenic mouse that has 
additional copies of Vps15. We selected a BAC (RP24-281C16) that 
contains the complete sequence of Vps15 and the partial sequence of 
the neighboring gene Col6a6. Following pronuclear injections and 
confirmation of germline transmission, we analyzed our BAC trans-
genic animals, confirming that the presence of additional copies of 
Vps15 does not result in a neurological phenotype (Supplementary 
Fig.  1d–m). We then crossed our BAC transgenic mice into the 
Marble line. We found that homozygous Mbe/Mbe mutants with 
the BAC transgene were indistinguishable from wild-type controls 

(Fig. 1d–i). Collectively, these data show that Vps15 is necessary for 
neuronal migration in the murine hippocampus.

The Mbe/Mbe mutation impairs the function of the Vps15–
Vps34 complex. Vps15 is known to form a complex with Vps34 
and Beclin1, catalyzing the formation of the phospholipid PI(3)P, 
which is important for the maturation of endosomes as well as the 
formation of autophagosomes13,14. Its essential role in vesicular pro-
cesses is reflected by its ubiquitous expression pattern, which we 
confirmed by quantitative PCR (qPCR) (Supplementary Fig. 2a–c). 
To assess whether the Marble mutation perturbs the Vps15–Vps34–
Beclin1 complex we extracted protein lysates from the develop-
ing mouse forebrain (E14.5) and mouse embryonic fibroblasts 
(MEFs) and performed western blot analysis. This revealed a large 
reduction in the total protein levels of full-length Vps15 and its 
binding partners Vps34 and Beclin1 in Mbe/Mbe mutants in the 
developing forebrain and in MEFs (Fig.  2a,b and Supplementary 
Fig. 2d,e). We were not able to detect a truncated form of the Vps15 
protein in Mbe/Mbe MEF lysates using an N-terminal antibody 
(Supplementary Fig. 2g,h). An assessment of Vps15 transcript levels 
in the developing forebrain (E14.5) of Mbe/Mbe mutants revealed 
a reduction in Vps15 mRNA consistent with nonsense mediated 
degradation; however, this reduction was not statistically signifi-
cant (P =  0.2; Supplementary Fig.  2f and Supplementary Tables  1 
and 2). Transcript levels of Vps34 and Beclin1 were similar in Mbe/
Mbe mutants and wild-type controls, indicating that the downregu-
lation of these proteins was a consequence of post-transcriptional 
dysfunction. To assess the effect of the Mbe/Mbe mutation on 
endosomal trafficking, we performed an epidermal growth factor 
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receptor (EGFR) assay in MEFs15. Treatment of MEFs with epider-
mal growth factor (EGF) results in a near complete degradation 
of the EGF–EGFR complex as internalized endosomes fuse with 
lysosomes. We pulsed MEFs with EGF and monitored the levels of 
EGFR over 4 h with normalization to Gapdh. We observed a rapid 
decrease in the levels of EGFR in wild-type cells that was absent in 
Mbe/Mbe mutants, most notably at 60 min (Fig. 2c,d). Consistent 

with this result, we observed an increased half-life of the PDGF 
receptor in Mbe/Mbe mutant MEFs following stimulation with the 
ligand PDGF-BB16 (Supplementary Fig. 2i,j). An assessment of lyso-
somal function using LysoTracker revealed no difference between 
genotypes (Supplementary Fig. 2k,l). Together, these data indicate 
that the mutation in Vps15 compromises endosome to lysosome 
trafficking but not lysosomal function.
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Next, we assessed the effect of the Mbe/Mbe mutation on autoph-
agy, by undertaking LC3 western blot analysis of protein lysates from 
MEFs (Fig. 2e–h). Autophagosomes are associated with the lipida-
tion of the cytosolic form of LC3 (LC3-I), forming LC3-II. Following 
the fusion of autophagosomes with lysosomes, LC3-II is degraded by 
lysosomal proteases17. Consistent with a reduction in the number of 
autophagosomes, we observed a decreased ratio of LC3-II to LC3-I 
in Mbe/Mbe mutants (Fig.  2e,f). We assessed autophagy flux by 
incubating Mbe/Mbe MEFs with bafilomycin A1, which inhibits the 
fusion of autophagosomes with lysosomes. Analysis of LC3-II levels 
at 2 and 4 h relative to Gapdh levels revealed no differences in the 
flux of autophagosomes in Mbe/Mbe MEFs. These data indicate that 
there is a reduction in the initial pool of autophagosomes in Mbe/
Mbe animals. Previous studies have shown that defects in autoph-
agy can result in the accumulation of ubiquitinated substrates18. To 
ascertain whether this occurs in Mbe/Mbe mutants, we performed 
western blot analysis of MEF protein lysates with a ubiquitin anti-
body. This revealed a mild, but significant, upregulation of ubiqui-
tinated proteins in Mbe/Mbe MEFs (n =  3, P =  0.01; Fig. 2i,j). These 
data show that the Mbe/Mbe mutation compromises the function of 
the Vps15–Vps34 complex, impairing endosomal-to-lysosomal traf-
ficking, accompanied by a reduction in the pool of autophagosomes.

Hippocampal proteomics reveals that Nischarin–Pak1 signaling 
is perturbed in Mbe/Mbe animals. To gain further insight into the 
molecular mechanisms, we assessed the impact of the Vps15 muta-
tion on the global proteome of the developing hippocampus in Mbe/
Mbe mutants. We chose to analyze mice at postnatal day (P) 0, as 
pyramidal cell neurogenesis peaks at E14 to E16 and the subsequent 
migration takes 5–7 d. Extracted protein samples from P0 hippo-
campi from wild-type and mutant animals (n =  3 replicates per geno-
type) were digested with trypsin, labeled with tandem mass tags and 
subjected to mass spectrometry (Fig.  3a). We generated a total of  
1.1 million spectra, enabling the identification of 51,506 unique pep-
tides. We observed at least 49,000 peptides in each sample, which 
were then mapped to 7,566 Swiss-Prot accessions. We employed this 
dataset as a discovery tool, applying a modified t test that incorporates 
a Bayesian approach19. We set a threshold of P <  0.01, resulting in the 
identification of 91 proteins that were more abundant and 96 that 
were less abundant in the Mbe/Mbe hippocampus (Supplementary 
Table 3). Consistent with results from our western blot experiments, 
we observed that Beclin1, Vps15 and Vps34 were all less abundant 
(Fig. 3b). We employed the Ingenuity software platform (Qiagen) to 
identify those proteins associated with cell movement (n =  18 pro-
teins). We then manually annotated each of these proteins, drawing 
on the published literature, and identified six dysregulated proteins 
known to be involved in neuronal migration (RhoA, Jam3, Nischarin, 
Slit2, Fgfr3 and Ephb3), one of which (Nischarin) also harbored a 
phosphoinositol binding domain (Fig.  3c). We confirmed that 
Nischarin is more abundant in the Mbe/Mbe hippocampus, cortex 
and E14.5 forebrain by western blot analysis (Fig. 3d,e). In contrast, 
the levels of Nischarin mRNA were similar when comparing Mbe/
Mbe mutants and controls, indicative of post-translational dysregula-
tion (Fig. 3f). Nischarin is broadly expressed at low levels in adult 
organs, but is enriched in the developing mouse brain (Supplementary 
Fig. 3a,b). It is a cytoplasmic protein with a PX domain that binds 
PI(3)P, and it is targeted to endosomes20. It is known to bind inte-
grins and inhibit cellular migration through a Rac1–Pak1 signaling 
pathway21. We asked whether the upregulation of Nischarin in the 
Marble mouse perturbs Pak1 activation by performing western blot 
analysis for the phosphorylated active (T422) form of Pak1 on P0 hip-
pocampal lysates. This experiment revealed a significant reduction 
in the amount of activated Pak1 in Mbe/Mbe mutants in compari-
son to controls (n =  3, P =  0.01; Fig. 3g,h). Taken together, these data 
show that the Mbe/Mbe mutation alters protein homeostasis within 
the developing hippocampus, perturbing Nischarin–Pak1 signaling.

Mbe/Mbe mutants have a severe defect in hippocampal neuronal 
migration and working memory. Next, we undertook a detailed 
examination of the neuroanatomical features of the Marble line, 
focusing on the hippocampus (Fig.  4a–i). Staining with the post-
mitotic neuronal marker NeuN and the calcium binding protein 
calbindin showed that the ectopic cells displaced in the stratum 
oriens layer of the hippocampus are excitatory pyramidal neurons 
(Fig. 4d–i)22. These ectopic clusters of neurons were most promi-
nent in the CA1 subfield (Fig. 4a–c). Notably, immunostaining in 
Mbe/Mbe mutants revealed an enrichment of Nischarin in ecto-
pic pyramidal cells compared with those cells that were correctly 
positioned (Supplementary Fig. 3c–g). Staining with calretinin and 
parvalbumin showed that the distribution of interneurons within 
the oriens layer and pyramidal cell layer is not altered in Mbe/Mbe 
animals (Supplementary Fig. 4a–n). Golgi staining revealed no dif-
ference in spine density when comparing control (+ /+ ) and Mbe/
Mbe pyramidal neurons (Supplementary Fig.  4o,p). In contrast, a 
Sholl analysis highlighted a significant decrease in dendritic com-
plexity in ectopic CA1 pyramidal cell neurons in Mbe/Mbe mutants 
that was not evident in correctly positioned neurons in Mbe/Mbe 
mutants or wild-type littermates (n =  3 animals per genotype, P <  
0.0001; Supplementary Fig. 4q,r). Staining of the dentate gyrus with 
sera against GFAP (which labels glial-like progenitors), Tbr2 (which 
labels intermediate progenitors), Dcx (which labels newly born neu-
rons) and Prox1 (which labels granule cells) revealed that the orga-
nization of the subgranular zone and granule cell layer is not affected 
in Mbe/Mbe mutants (n =  3; Supplementary Fig.  5a–x). To inves-
tigate the origin of the fractured pyramidal cell layer in Mbe/Mbe 
mutants, we performed birthdate labeling, injecting BrdU at E14.5, 
a peak time for hippocampal neurogenesis, and killed the mice and 
collected their brains at P11 (n =  3). Blind quantitation revealed a 
significantly higher percentage of BrdU+ cells in the stratum oriens 
in mutant animals (15.2% ±  1.2%) in comparison to littermate con-
trols (10.4% ±  0.1%; n =  3, P =  0.0002). This was accompanied by a 
concomitant decrease in BrdU+ cells in the pyramidal cell layer in 
Mbe/Mbe animals (n =  3; + /+: 59.6% ±  0.5%, Mbe/Mbe: 54.5% ±  1%, 
P <  0.0001; Fig. 4j,k). To assess whether ectopic neurons in the pyra-
midal cell layer are generated during a broader time window, we 
performed additional BrdU labeling at E12.5 and E16.5, quantifying 
the percentage of ectopic BrdU+NeuN+ cells (n =  3). This experi-
ment showed that the neurons that form the ectopic layer are born 
at E12.5, E14.5 and E16.5 (Fig. 4l–w).

Next, we asked whether perturbation of Vps15 in neurons is suf-
ficient to cause a fractured pyramidal cell layer in the hippocam-
pus by exploiting a Vps15–conditional knockout mouse23. As adult 
homozygous knockout (loxP-flanked; hereafter fl) animals are not 
viable, we intercrossed the conditional-knockout line with Mbe/
Mbe mutants, generating compound heterozygotes (fl/Mbe). In the 
absence of a Cre-recombinase, we observed normal lamination in 
the hippocampus (Fig. 4x,aa). We then performed genetic crosses, 
introducing either Emx1-Cre (which is expressed in both neurons 
and radial glia in the forebrain from E10.5)24 or Nex-Cre (which is 
only expressed in postmitotic neurons in the cortex and hippocam-
pus from E11.5)25. Both the fl/Mbe Nex-Cre and fl/Mbe Emx1-Cre 
lines recapitulated the fractured pyramidal cell layer we observed 
in Mbe/Mbe mutants, with an increase in the number of ectopic 
pyramidal cells (Fig.  4y,ab). The numbers of ectopic cells in the 
oriens layer were similar in fl/Mbe Emx1-Cre (31% ±  4.5%, n =  3) 
and fl/Mbe Nex-Cre (38% ±  3%, n =  2) animals (Fig. 4z,ac). These 
data indicate that the fractured pyramidal cell layer we observed in 
the Mbe/Mbe hippocampus is attributable to Vps15 perturbation in 
neurons and not to glial dysfunction.

Given the defects in hippocampal lamination in the Mbe/Mbe 
mice we assessed their performance on a memory task that is hip-
pocampal dependent. Employing rewarded alternation in the 
T-maze, we found that Mbe/Mbe mutants alternated just above 
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chance (54% ±  4%), in contrast to heterozygotes (71% ±  3%) 
and + /+  (70% ±  3%) littermates (Fig.  4ad, n =  20, Mbe/Mbe vs. + 
/+ : P =  0.01). An assessment of their anxiety-related behaviors 
employing the elevated-plus maze and open field revealed that 
Mbe/Mbe mutants are indistinguishable from wild-type controls 
(open arm entries, n =  17; Mbe/Mbe vs. + /+  , P =  0.54; Fig. 4ae and 
Supplementary Fig. 5y,z). Similarly, they exhibit no defects in motor 
coordination when assessed with the rotarod (n =  19; Mbe/Mbe 
vs. + /+ , P =  0.85; Fig. 4af). Taken together, these data show that the 
primary behavioral deficit in Mbe/Mbe mutants is working spatial 
memory, which is associated with a fractured pyramidal cell layer in 
the hippocampus.

Mbe/Mbe mutants have a mild defect in cortical neuronal migration.  
We investigated whether the laminar architecture of the cortex is 
also affected in Mbe/Mbe mutants by staining with sera against 
NeuN, Cux1 (a layer II/III and IV marker), Er81 (a layer V marker) 

and Foxp2 (a layer VI marker; n =  3; Fig. 5a–l). Using these anti-
bodies, we were not able to detect any differences when compar-
ing wild-type controls and Mbe/Mbe mutants, indicating that the 
structure of the cortex is intact in mutant animals. Next, we assessed 
neuronal migration in the cortex by birthdate-labeling experiments 
at E12.5, E14.5 and E16.5, after which mice were killed for analysis 
(blind quantitation) at P0. We divided the cortex into ten equal bins 
and counted the number of BrdU+ cells in each bin. We observed a 
mild migratory defect in Mbe/Mbe animals that was most notice-
able following injection at E16.5. At this timepoint there was a 
significant accumulation of BrdU+ neurons in bins 9 and 10, with 
a concomitant decrease in bin 8 in Mbe/Mbe mutants (n =  3, + 
/+  vs. Mbe/Mbe; bin 8: P =  0.01; bin 9: P =  0.02; bin 10: P =  0.002). 
Moreover, there was a significant interaction between genotype 
and the distribution of BrdU+ cells across all bins (n =  3, P =  0.02; 
Fig. 5m–p and Supplementary Fig. 6a–h). Quantification of corti-
cal thickness revealed no significant differences between Mbe/Mbe 
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coordination on the rotarod (af, n =  19 animals per genotype; two-way repeated-measures ANOVA with Tukey’s multiple-comparison test; +/+ vs.  
Mbe/Mbe trial 1: P =  0.98; trial 2: P =  0.95; trial 3: P =  0.97). Scale bars: in a and j, 500 µ m; in g, 200 µ m; in v and x, 100 µ m. *P <  0.05; **P <  0.01; 
***P <  0.001; ****P <  0.0001; ns, not significant. Error bars show mean ±  s.e.m.
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Fig. 5 | Cortical architecture is preserved in Mbe/Mbe mutants, but acute depletion of Vps15 results in a neuronal migration defect. a–l, Representative 
immunostaining of the cortex for +/+, +/Mbe and Mbe/Mbe animals aged 8 weeks, using NeuN (a–c), Cux1, which labels layers II–IV (d–f), Er81, which 
labels layer V (g–i), and Foxp2, which labels layer VI (j–l; n =  3 animals per genotype). Cortical lamination is preserved in Mbe/Mbe mutants. These 
experiments were performed twice with similar results. m–p, Birthdate labeling results, showing representative coronal sections stained with sera against 
BrdU. BrdU was delivered to pregnant dams at E16.5, followed by analysis of brains at P0. The cortex was divided into ten equal bins and the distribution of 
BrdU+ cells mapped for +/+, +/Mbe and Mbe/Mbe animals (n =  3 animals per genotype). There was a significant interaction effect between genotype and 
distribution of cells across all bins (n =  3 animals per genotype; two-way repeated-measures ANOVA with Tukey’s multiple-correction test; F18,54 =  2.081, 
P =  0.02). In addition, there was a significant accumulation of BrdU+ neurons in bins 9 (+/+ vs. Mbe/Mbe, P =  0.018) and 10 (+/+ vs. Mbe/Mbe, P =  0.002; 
+/Mbe vs. Mbe/Mbe, P =  0.008), with a concomitant reduction of BrdU+ neurons in bin 8 (+/+ vs. Mbe/Mbe, P =  0.01). q–v, Representative Nissl staining 
of the somatosensory cortex of +/+, +/Mbe and Mbe/Mbe animals aged 8 weeks (q–s) and 4 months (t–v). w, Quantification of cortical thickness 
reveals no significant difference between genotypes (n =  3 animals per genotype; one-way ANOVA with Tukey’s multiple comparison; 8 weeks: +/+ vs. 
Mbe/Mbe, P =  0.13; +/Mbe vs. Mbe/Mbe, P =  0.44; 4 months: +/+ vs. Mbe/Mbe, P =  0.93; +/Mbe vs. Mbe/Mbe, P =  0.91). x–ai, Representative images 
for in utero electroporation experiments. Constructs were electroporated at E14.5 before analysis at E17.5. (x–z) Electroporation with a control vector 
or pCAG-Cre in Vps15 fl/fl animals revealed an accumulation of cells in the intermediate zone with a concomitant reduction in the cortical plate (n =  6 
animals per condition; interaction P <  0.0001). (aa–ac) Expression of a shmiRNA targeting Nischarin (shmiNISH) partially rescues the phenotype caused 
by Cre mediated Vps15 depletion (shmiNEG, negative control shmiRNA; n =  4 animals per condition; interaction P =  0.002). (ad–af) Overexpression 
of a phosphomimetic mutant of Pak1 (T422E) partially rescues the phenotype caused by Cre mediated Vps15 depletion (n =  6 animals per condition; 
interaction P =  0.03). (ag–ai) Overexpression of Nischarin (pCAG-Nisch) in wild-type mice results in a defect in neuronal migration with a notable 
reduction in the number of GFP+ cells in the cortical plate (n =  4 animals per condition; interaction P =  0.01). VZ, ventricular zone; SVZ, subventricular 
zone; IZ, intermediate zone; CP, cortical plate; MZ, marginal zone; oCP, mCP, iCP, oIZ, mIZ and iIZ, outer, inner and medial CP and IZ, respectively. For 
x–ai we used two-way repeated-measures ANOVA with Bonferroni multiple-comparison tests; see Supplementary Table 1. **P <   <  0.01; ***P <  0.001; 
****P <  0.0001. Scale bars in a, d, o, q and t: 200 µ m; in x, aa, ad and ag: 100 µ m. Error bars show mean ±  s.e.m.
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mutants and littermate controls at 8 weeks of age (n =  3; + /+  vs. 
Mbe/Mbe, P =  0.13) or 4 months (n =  3; + /+  vs. Mbe/Mbe, P =  0.93; 
Fig.  5q–w). Analysis of the laminar structure of the cerebellum, 
employing markers such as Foxp2 and calbindin, revealed no differ-
ences between genotypes (Supplementary Fig. 6i–q).

Acute depletion of Vps15 causes neuronal migration defects in 
the murine cortex. As the Mbe/Mbe mutation results in some func-
tional protein, we explored the effect of acute depletion of Vps15 
in the developing cortex. We performed in utero electroporation 
on Vps15-knockout animals at E14.5, delivering a Cre recombinase 
alongside a GFP-expressing vector. Animals were killed for analysis 
at E17.5, and the distribution of GFP+ cells was blindly quantitated. 
We found that acute depletion of Vps15 results in a severe migration 
defect, with a notable reduction of GFP+ cells in the outer corti-
cal plate (oCP; n =  6, P <  0.0001; Fig. 5x–z). Given that Nischarin is 
found at higher levels in Mbe/Mbe mutants, we then asked whether 
Nischarin knockdown might rescue the aforementioned migration 
defect. First, we confirmed that knockdown of Nischarin, by itself, 
does not influence neuronal migration, by delivering short hairpin 
microRNAs (shmiRNAs) validated in Neuro2A cells to the devel-
oping cortex (Supplementary Fig. 7a–e). Next, we delivered a Cre 
recombinase to Vps15–conditional knockout animals at E14.5 with 
shmiRNAs targeted to Nischarin or, alternatively, a scrambled con-
trol. Blind quantitation showed that Nischarin knockdown partially 

rescued the cortical migration defect that results from acute Vps15 
depletion (n =  4, P =  0.003, oCP; Fig. 5aa–ac). Given the decreased 
phosphorylation (T422) of the downstream Nischarin effector Pak1 
in Mbe/Mbe mutants, we then asked whether the effect of acute 
Vps15 ablation could be alleviated by expression of a Pak1 phos-
phomimetic. While overexpression of T422E Pak1 itself does not 
significantly influence the distribution of neurons (n =  4 animals 
per condition, interaction P  =  0.7074;  Supplementary Fig.  7f–h), 
when delivered with a Cre recombinase on the Vps15-knockout 
background, it enhanced neuronal migration (n =  6, P =  0.003, oCP; 
Fig. 5ad–af). We further predicted that overexpression of Nischarin 
would cause a severe defect in migration in wild-type animals. 
To test this, we performed in utero electroporation of wild-type  
C57/Bl6J mice, which were killed for analysis at E17.5. Blind quan-
titation revealed an increase in the number of GFP+ cells in the 
subventricular and ventricular zones in animals overexpressing 
Nischarin, with a concomitant reduction in oCP (n =  4, P =  0.005; 
Fig.  5ag–ai and Supplementary Fig.  7i–n). Taken together, these 
experiments support the hypothesis that neuronal migration defects 
caused by Vps15 depletion are associated with perturbation of a 
Nischarin–Pak1 signaling pathway.

Complete ablation of Vps15 causes severe cortical atrophy. Next, 
we explored the impact of a complete ablation of Vps15 in the tel-
encephalon, using a Vps15–conditional knockout animal crossed 
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Fig. 6 | Severe cortical atrophy and caspase-induced apoptosis in Vps15-knockout animals. a–f, Representative Nissl stains of Vps15-knockout animals 
crossed with the Emx1-Cre driver line at P0 (a–c) or P11 (d–f). Three genotypes are shown; controls without Cre (+/fl), heterozygotes with Cre (+/fl 
Emx1-Cre) and homozygotes with Cre (fl/fl Emx1-Cre). While heterozygotes are unaffected, homozygous animals present with cortical atrophy at P0 that 
is more severe at P11, indicative of a progressive phenotype. These experiments were performed twice with similar results. g,h, Quantification at P0 (g) 
and P11 (h) reveals a highly significant reduction in cortical thickness in homozygous (fl/fl Emx1-Cre) animals (P0: n =  3 animals per genotype; one-way 
ANOVA with Tukey’s multiple comparison; +/fl vs. fl/fl Emx1-Cre, P =  0.026; + /fl Emx1-Cre vs. fl/fl Emx1-Cre, P =  0.028; P11: n =  3 animals per genotype; 
one-way ANOVA with Tukey’s multiple comparison; +/fl vs. fl/fl Emx1-Cre, P <  0.0001; +/fl Emx1-Cre vs. fl/fl Emx1-Cre, P <  0.0001). i,j, Representative 
images of caspase3 stained of P0 cortices in +/fl Emx1-Cre animals (which serve as controls as no phenotype is evident) and fl/fl Emx1-Cre mice (n =  3 
animals per genotype). k, Quantification of caspase-3 staining shows a highly significant increase in positive cells in fl/fl Emx1-Cre mutants (n =  3 
animals per genotype; one-tailed unpaired t test, t4 =  6.62, P =  0.001). l,m, LC3 staining in P0 cortices (representative images) reveals the presence of LC3 
aggregations in fl/fl Emx1-Cre animals. n, Quantification of LC3 puncta in +/fl Emx1-Cre and fl/fl Emx1-Cre mice reveals a significant difference between 
genotypes (n =  3 animals per genotype; Mann–Whitney test, one-tailed; P =  0.05). o–q, p62 staining in P0 cortices (representative images) shows an 
upregulation of this cargo receptor in fl/fl Emx1-Cre that is significant and indicative of defects in the clearance of autophagosomes (n =  3 animals per 
genotype; Mann–Whitney test, one-tailed; P =  0.05). Scale bars in a and d, 1,000 µ m; in i, 200 µ m. *P <  0.05; **P <  0.01; ****P <  0.0001. Error bars show 
mean ±  s.e.m.
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to the Emx1-Cre driver line23. We did not observe a phenotype in 
heterozygous animals (+/fl Emx1-Cre) but noted a reduction in 
cortical thickness in homozygotes (fl/fl Emx1-Cre) at P0 that was 
more severe at P11 (Fig. 6a–h). At both timepoints the hippocam-
pus was barely discernible, with no structured pyramidal cell layer 
or dentate gyrus. This degeneration was accompanied by a large 
increase in caspase-3+ apoptotic cells in fl/fl Emx1-Cre animals at 
P0 (Fig.  6i–k). This phenotype was also evident at E14.5, where 
we again observed a reduction in cortical thickness, with extensive 
apoptosis in proliferative and postmitotic regions (Supplementary 
Fig.  8a–g). At E14.5 we observed a reduction in the thickness of 
Sox2+ and Tbr2+ progenitors, a decrease in the mitotic output as 
assessed by pH3 staining and a disorganized radial glial scaffold in 

fl/fl Emx1-Cre animals (Supplementary Fig. 8h–s). Next, we under-
took histological analysis of P0 cortical sections stained with sera 
against LC3 and p62, which serves a cargo receptor for the autopha-
gic degradation of ubiquitinated substrates26. We observed a large 
increase in the number of cells with p62+ (Fig.  6o–q) and LC3+ 
(Fig. 6l–n) puncta. Taken together, these data show that complete 
ablation of Vps15 results in severe, progressive degeneration of the 
hippocampus and cortex that is associated with caspase-induced 
apoptosis and the accumulation of LC3+ and p62+ substrates.

Mutations in VPS15 are associated with neurodevelopmental 
disease in humans. Given that the Mbe/Mbe mice present with 
defects in neuronal migration and that complete ablation of Vps15 
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These experiments were performed twice with similar results. j, Western blot analysis of lentiviral rescue experiment. L1224R fibroblasts were infected 
with a lentivirus expressing either mCherry (control), or mCherry +  wild-type VPS15 (rescue). k–m, This resulted in significant increases in VPS15, VPS34 
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results in severe cortical atrophy, we explored whether mutations in 
the human homolog would result in structural brain phenotypes. 
We networked with clinical geneticists through interfaces such 
as Genematcher27. This resulted in the identification of a family 
with non-consanguineous parents in which one of four children 
presented with severe cortical and optic nerve atrophy, localized 
cortical dysplasia, intellectual impairment, spasticity, ataxia, psy-
chomotor delay, muscle wasting, pseudobulbar palsy, a mild hearing 
deficit and late-onset epilepsy (Fig. 7a–c). Whole-exome sequenc-
ing (WES) of all family members identified a single homozygous 
coding variant in the affected patient that was not reported in online 
genome databases (for example, ExAC genome browser). We did 
not identify any other unreported de novo or inherited variants 
in the affected patient. This variant, an A-to-C mutation in VPS15 
(GRCh38.p5; chr3: 130,681,528), alters a highly conserved leucine 
residue to arginine (L1224R) (Supplementary Fig. 9a,b). One unaf-
fected sibling and both unaffected parents are heterozygous for this 
variant. We mapped the position of the mutation onto the structure 
of the yeast Vps15–Vps34–Beclin1 complex. L1224 lies within the 
WD40 domain of Vps15 on the fourth beta strand, a blade that is 
important for folding and stability28 (Fig. 7d).

We hypothesized that the L1224R mutation might compro-
mise the stability of this protein complex. To test this, we obtained 
dermal fibroblasts from the affected individual and his parents. 
Western blot analysis revealed a large reduction in the amount of 
VPS15 protein in the proband in comparison to parental fibroblasts 
(n =  3 replicates, proband vs. mother: P <  0.0001; proband vs. father: 
P =  0.0007; Fig. 7e,f). We also observed a concomitant decrease in 
the levels of VPS34 and BECLIN1 in fibroblasts of the affected 
patient (n =  3 replicates, VPS34: proband vs. mother, P =  0.0002; 
proband vs. father, P =  0.009; BECLIN1: proband vs. mother, 
P =  0.002; proband vs. father, P =  0.004; Fig. 7e,g,h). In general, we 
observed reduced levels of the VPS15–BECLIN1–VPS34 complex 
in the father in comparison to the mother. We did not observe 
any significant differences in mRNA levels for VPS15, VPS34 and 
BECLIN1 when comparing patient and parent cell lines, indicating 
that the reduction in protein levels is due to post-transcriptional 
dysregulation (Supplementary Fig. 9c). An assessment of the num-
ber of autophagosomes and autophagy flux by analysis of LC3-I 
and LC3-II levels revealed a mild impairment in the patient when 
compared to his parents, but this difference was not statistically sig-
nificant (Supplementary Fig. 9d–g). In contrast, we did observe a 
significant increase in the levels of the autophagy cargo receptor P62 
(n =  3, proband vs. mother: P =  0.006; proband vs. father: P =  0.02; 
Fig. 7e,i) and a reduction in LysoTracker staining in the cells of the 
proband when compared to the father (n =  3, proband vs. father: 
P =  0.046; Supplementary Fig. 9h,i).

We asked whether we could rescue the accumulation of P62+ 
autophagic substrates in the L1224R patient cells by ectopically 
expressing wild-type VPS15. To do so, we generated a lentivirus that 
expresses VPS15 and mCherry. Delivery of this virus to patient cells 
resulted in upregulation of the VPS15 protein and stabilization of 
BECLIN1 and VPS34 levels (Fig. 7j–m). Moreover, in comparison 
to infected control cells, we observed a significant decrease in P62 
levels upon ectopic expression of VPS15 (n =  3, P =  0.015; Fig. 7j,n). 
Taken together, these data show that the L1224R mutation com-
promises the function of the VPS15–BECLIN1–VPS34 complex, 
leads to an accumulation of autophagic substrates and indicates that 
mutations in VPS15 are associated with human neurodevelopmen-
tal disease.

Discussion
The role of Vps15 in neuronal migration. Here we report the estab-
lishment of a forward genetics screen for mice with structural brain 
phenotypes. This has resulted in the identification of the Marble 
mouse, which presents with a fractured pyramidal cell layer in the 

hippocampus, attributable to an impairment in neuronal migra-
tion and a hypomorphic mutation in Vps15. How do mutations in 
Vps15 cause defects in neuronal migration? We have shown that 
there is a large increase in Nischarin in the developing telencepha-
lon in Mbe/Mbe mutants, accompanied by reduction in activated 
Pak1. This result is consistent with previous studies showing that 
Nischarin binds to and inhibits the kinase activity of Pak1, exerting 
an inhibitory impact on cell migration21. This is further reinforced 
by our in utero electroporations, which showed that acute ablation 
of Vps15 in the cortex results in a migration defect that can be res-
cued, in part, by reducing the levels of Nischarin or by overexpres-
sion of a Pak1 phosphomimetic. Pak1 is known to play a critical role 
in cytoskeletal organization, by influencing microtubule dynamics 
through the phosphorylation of tubulin cofactor B29. Pak1 has also 
been reported to influence the actin cytoskeleton by activating LIM 
kinase (LIMK1), which regulates cofilin phosphorylation30. There 
is further evidence that the amino terminus of Nischarin binds 
directly to the PDZ domains of LIMK1, exerting an inhibitory 
effect31. Cofilin phosphorylation has been shown to stabilize the 
actin cytoskeleton in the leading process of migrating neurons, pro-
moting somal translocation32. The reduced levels of activated Pak1 
in Mbe/Mbe mutants and the abundance of Nischarin might result 
in decreased cofilin phosphorylation, destabilizing the leading pro-
cess. As Nischarin is known to bind integrins, it is also conceivable 
that the distribution of cell surface receptors may be altered in Mbe/
Mbe mutants. Anton and colleagues have shown that perturbation 
of integrin signaling in α 3β 10-deficient neurons results in a defect 
in neuronal migration that is associated with altered actin dynam-
ics in the leading and trailing processes33. In light of this fact, and 
as Nischarin and Pak1 have multiple effectors, we propose that the 
neuronal migration defect in Mbe/Mbe mutants involves multiple 
pathways that converge on the microtubule and actin cytoskeleton 
(Supplementary Fig. 10). We emphasize that we cannot exclude the 
possibility that other proteins misregulated in the Marble mouse 
(for example, Fgfr3 or Slit2) also contribute to the phenotype; how-
ever, it is apparent that overexpression of Nischarin alone is suf-
ficient to result in a neuronal migration phenotype.

Phospholipids and neurodevelopmental disease. Evidence that 
abnormalities in the processing of various phospholipids cause neu-
rodevelopmental syndromes34 is accumulating. Genetic studies in 
humans have shown that mutations in PIK3R2 and PIK3CA cause a 
spectrum of phenotypes, including megalencephaly, polymicrogy-
ria and focal cortical dysplasia, the last of which in some instances 
is accompanied by hydrocephalus and polydactyly35,36. Together, 
PIK3R2 and PIK3CA are responsible for phosphorylating phos-
phatidylinositol 4,5-bisphosphate, generating phosphatidylinositol 
3,4,5-trisphosphate (PIP3), which regulates a wide range of cellular 
processes. More recently, mutations in SNX14, a protein that is asso-
ciated with late endosomes and lysosomes and that binds to phos-
phatidylinositol (3,5)-bisphosphate, was shown to cause cerebellar 
atrophy. This phenotype was associated with impaired autophagic 
clearance and subsequent caspase-induced cell death26. This work 
suggests that mutations in the VPS15–VPS34–BECLIN1 complex 
may be associated with neurological disorders, both common and 
rare. Indeed, there is some evidence to suggest a variant within 
the promoter of VPS34 may be associated with schizophrenia37. In 
summary, this work highlights the utility of forward-driven genetic 
screens to gain novel insights into the molecular basis of telence-
phalic development and underscores the importance of the Vps15–
Vps34 complex in neuronal migration and survival.

Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41593-017-0053-5.
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Methods
ENU screen. C57BL/6 male mice (Mus musculus) were given ENU injections 
and subsequently crossed with C3H/HeH females to generate G1 founder males. 
These founders were then out-crossed to C3H/HeH and the G2 daughters 
backcrossed to the G1 Founder male. Adult G3 mice aged approximately 16 weeks 
were killed for analysis and their brains postfixed in 4% paraformaldehyde (PFA) 
before dehydration in 30% sucrose. Brains were sectioned coronally (40 μ m) and 
stereotaxically matched sections through the telencephalon (bregma –2.06 mm) 
were mounted on electrostatically charged slides and Nissl stained (0.6% cresyl 
violet). Sections were scanned using an Epson Perfection V750 Pro scanner 
and the following measurements recorded using the Image J software package: 
volume of the third ventricle and lateral ventricles; total brain volume; corpus 
callosum volume; thickness of the cortex; length of the pyramidal cell layer of the 
hippocampus; thickness of the molecular layer of the hippocampus; thickness of 
the stratum oriens of the hippocampus. For each genotype, at least 12 animals were 
analyzed.

Genetic mapping, exome sequencing and genotyping. DNA was extracted 
by standard techniques and 51 microsatellite markers covering all autosomes 
were amplified by PCR and visualized on agarose gels stained with ethidium 
bromide (4%). This established linkage to chromosome 9 between D9MIT11 
and D9MIT81. Whole-exome sequencing was then performed using the Agilent 
whole-exome capture kit (SureSelectXT Mouse Kit, S0276129). Captured material 
was indexed and sequenced on the Illumina platform at the Wellcome Trust 
Sanger Institute. Exome sequence data were mapped to the mouse genome using 
Burrows–Wheeler Aligner (BWA) v0.5.9 and variants called using mPileUp 
within the SAMTools v0.1.19 suite38. The data has been submitted to the ENA 
(accession: ERS017958). The variant in Vps15 was confirmed by Sanger sequencing 
using the following primers: forward, AGTCCAACTGGCCTTAAACT; reverse, 
GTATAACCAAAATCCGCTCA, which were then employed to genotype animals 
for the subsequent studies. Mbe/Mbe animals were maintained on a C3H/He 
background. Vps15–conditional knockout animals were maintained on a C57/BL6 
background. The Vps15 rescue line was created by injection of a modified BAC 
(RP24-281C16) into the pronuclei of B6CBAF1 zygotes. Transgenic founders were 
identified by PCR analysis (Supplementary Table 2) before crossing into the Mbe 
line. Animals were housed at the IMP/IMBA preclinical phenotyping facility with 
a maximum of six individuals per cage, with a 14-h light (6:00 to 20:00) and 10-h 
dark cycle.

Cellular studies. Mouse embryonic fibroblasts (MEFs) were prepared from E13.5 
embryos. The body (without head or liver) was minced and incubated in 0.05% 
trypsin-EDTA at 37 °C for 10 min and then triturated with a pipette tip. The 
suspension was centrifuged at 800 rpm for 5 min and the cell pellet suspended in 
culture medium (DMEM supplemented with 10% FBS (FBS), 2% l-glutamine 
(Sigma, G7513), 1% PenStrep (Sigma, P0781) and 1% nonessential amino acids 
(Sigma, M7145). The following day, cells were trypsinized in 0.15% trypsin EDTA, 
passed through a 70-μ m cell strainer and plated on gelatin-coated dishes. Human 
dermal fibroblasts were cultured in DMEM supplemented with 20% FBS,  
1% l-glutamine, 1% PenStrep. For the EGFR degradation assay, cells were serum-
starved in serum-free culture medium for 2 h. Culture medium was replaced with 
prewarmed uptake medium (DMEM supplemented with 2% l-glutamine,  
1% PenStrep, 1% nonessential amino acids, 20 mM HEPES, 2% BSA and 100 ng/
mL mouse EGF-488 (Thermo Fisher Scientific, E-13345)), and cells were incubated 
for the indicated time periods. Cells were washed twice with ice-cold 1×  PBS, then 
lysed in ice-cold lysis buffer. Autophagy flux was assessed as previously described39. 
Cells were treated with 200 nM (MEFs) or 400 nM (HDFs) of the lysosomal inhibitor 
Bafilomycin A1. Autophagy flux was calculated by assessing the accumulation of 
LC3-II, 2 h and 4 h following lysosomal inhibition. Specifically, flux was calculated 
by: (LC3-II 2 h/Gapdh)/(LC3-II 0 h/Gapdh) and (LC3-II 4 h/Gapdh)/(LC3-II 2 h/
Gapdh); n =  3 animals. The PDGF receptor degradation assay was performed as 
previously reported16 (n =  3 animals per genotype, one or two technical replicates/
timepoint). Mouse embryonic fibroblasts (MEFs) were starved in medium 
containing 0.2% BSA for 24 h, then treated with 20 µ g/mL cycloheximide for  
30 min before stimulation of receptor endocytosis by addition of 20 ng/mL  
PDGF-BB (Gibco, PMG0044) in starving medium supplemented with 
cycloheximide. At indicated timepoints, cells were washed twice with ice-cold  
1×  PBS and fixed in 4% PFA for 15 min, followed by permeabilization in 0.1%  
Triton X-100 in PBS. Cells were then incubated with primary antibody against  
PDGF receptor β  (1:250, Cell Signaling #3169) followed by IRDye 800-labeled 
secondary antibody (LI-COR) and CellTag 700 stain (LI-COR) for normalization. 
Signal was detected using an Odyssey scanner (LI-COR). Signal from wells that were 
not treated with primary antibody was subtracted from the signal from sample wells, 
and empty wells were used for background subtraction. The half-life of PDGFR was 
calculated by fitting data to a one-phase decay curve using GraphPad Prism.

Rescue experiment in human cells. Human VPS15 cDNA was cloned into 
the pRRL lentiviral backbone downstream of a SFFV promoter40. For virus 
production, the transfer vectors psPAX2 (Addgene) and PMD2.G (Addgene) were 
transfected into Lenti-X (Clonetech) packaging cells. Human dermal fibroblasts 

were transduced with concentrated virus at an efficiency of > 90% as determined 
by mCherry expression. Four days after infection, cell lysates were prepared for 
western blot analysis.

Western blotting. Protein lysates were prepared in ice-cold RIPA buffer (10 mM 
TrisHCl pH 7.5, 150 mM NaCl, 1 mM EGTA, 1% sodium deoxycholate, 1% 
Triton X-100, 0.1% SDS) supplemented with protease and phosphatase inhibitor 
(Pierce #88668). Cells were incubated in lysis buffer for 15 min on ice before 
centrifugation. Frozen tissue samples were homogenized using a tungsten carbide 
bead in a Qiagen Tissue Lyser (2×  1 min, 20 Hz), incubated on ice for 1 h, then 
centrifuged twice for 20 min each time. Protein concentration was measured using 
a Pierce BCA Protein Assay Kit (#23225). Protein lysates were run on NuPAGE 
protein gels, blotted onto nitrocellulose or polyvinylidene fluoride membranes, 
blocked and probed with primary antibodies in 5% skimmed milk/TBST or 5% 
BSA/TBS. Antibodies targeting phosphoproteins were incubated with 1 mM 
sodium orthovanadate in 0.5% BSA/TBS. The following primary antibodies were 
used: 1:2,000 Vps15 for mouse studies (Novus Biologicals NBP1-30463)39, 1:1,000 
VPS15 for human studies (Abcam ab124817, Abcam ab128903)41, 1:500 Vps34 
(Cell Signaling, #3811)42,43, 1:1,000 Beclin1 (Cell Signaling #3738)44, 1:500 p62 
(Novus Biologicals, H00008878-M01)45, 1:2,000 GAPDH (Millipore, MAB374)26,46, 
1:1,000 ubiquitin (Santa Cruz, sc-8017)47, 1:10,000 α -tubulin (Sigma Aldrich, 
T6199)48, 1:100 LC3 (Nanotools, 0260-100/LC3-2G6)49, 1:600 EGFR (Cell Signaling 
#4267 S)50, 1:200 Nischarin (Santa Cruz, sc-365364)21, 1:500 PAK1 T423 (Cell 
Signaling, #2601 S)51 and 1:500 N-terminal Vps15 antibody (Proteintech, 17894-1-
AP). Western blots were quantified using ImageJ. Western blots were replicated at 
least once, yielding similar results.

qPCR. qPCR was performed as previously described52. This involved the dissection 
of brains from embryos (E10.5, E12.5, E14.5, E16.5 and E18.5) and postnatal mice 
(P0, P6 and adult). Samples were then frozen before mRNA extraction and cDNA 
synthesis (SuperScript III First-Strand Synthesis System, Invitrogen, 18080-051). 
We used SYBR green on a Bio-Rad Cycler together with intron spanning primers to 
amplify Vps15, Vps34, Beclin1 and Nischarin along with three control genes (Pgk1, 
Tfrc and Hprt; Supplementary Table 2). Reactions were performed in triplicate and 
the Ct values ascertained. The geometric mean of the control genes was calculated, 
permitting determination of ∆ Ct and the relative mRNA level53,54. For qPCR on 
human dermal fibroblast samples, qPCR used intron spanning primers to amplify 
VPS15, VPS34, BECLIN1 and three control genes (Supplementary Table 2).

Whole-brain proteomics. Quantitative tandem mass tags (TMT) proteomics 
was performed in accordance with previously described protocols55. First, flash-
frozen hippocampi were homogenized in a buffer containing 8 M urea with 
200 mM ammonium bicarbonate using a Qiagen tissue lyser at 20 Hz twice for 
1 min each time. Samples were then treated with TCEB at 56 °C for 30 min and 
7.5 µ L 5 mg/mL iodoacetamide solution for 30 min before dilution with 20 mM 
ABC and digestion with LysC (enzyme-to-protein ratio of 1:40 for 3 h at 37 °C). 
After this predigestion, samples were diluted with 200 mM ABC to a final urea 
concentration of 2 M. The tryptic digest was done with an enzyme-to-protein ratio 
of 1:40 for 2 h at 37 °C. Following desalting with C18 cartridges (Sep-Pak Vac 1 cc 
(50 mg)), samples were labeled with TMT in accordance with the manufacturer’s 
specifications. TMT labeling reagents were equilibrated to room temperature and 
41 µ L of anhydrous acetonitrile added before incubation with the samples for 1 h. 
Strong cation exchange chromatography (SCX) was performed using an Ultimate 
system (Thermo Fisher Scientific) at a flow rate of 25 µ L/min and a custom-made 
PolySULFOETHYL A (poly LC) column (5 µ m particles, 300 Å, 1 mm i.d. ×  
250 mm). A total of 300 µ g of peptide was loaded on the column, and 130 fractions 
were collected and stored at –80 °C. SCX fractions were then analyzed further 
using an UltiMate 3000 HPLC RSLCnano system (Thermo Scientific) coupled to a 
Q Exactive Plus mass spectrometer (Thermo Scientific) equipped with a Proxeon 
nanospray source. Fractions were loaded onto a trap column at a flow rate of 25 μ L/
min using 0.1% TFA as a mobile phase. After 10 min, the trap column was switched 
in line with the analytical column. Peptides were eluted using a flow rate of 230 nL/
min and a binary 180-min gradient. The two-step gradient started with the mobile 
phases: 95% A (water/formic acid, 99.9/0.1, v/v) and 5% B (water/acetonitrile/
formic acid, 19.92/80/0.08, v/v/v) increased to 10% B over the next 5 min and to 
35% B over the next 55 min, followed by a gradient over 5 min to 90% B, where it 
was kept for 5 min, then decreased over 2 min back to the gradient 95% A and 5% 
B for equilibration at 30 °C. The Q Exactive Plus mass spectrometer was operated 
in data-dependent mode, using a full scan (m/z range 350–1,650, resolution of 
70,000, target value 3 ×  106) followed by MS/MS scans (resolution of 35,000, target 
value 1 ×  106, maximum injection time 120 ms) of the 10 most abundant ions. MS/
MS spectra were acquired using normalized collision energy 35% and an isolation 
width of 1.2 m/z. For detection of TMT reporter ions, a fixed first mass of 115 m/z 
was set for the MS/MS scans. Precursor ions selected for fragmentation were put on 
a dynamic exclusion list for 30 s. Raw data were processed in Proteome Discoverer 
(version 1.4.1.14, Thermo Fisher Scientific, Bremen, Germany) using MS Amanda 
(version 1.4.14.5564, FH OÖ/IMP, Austria) as a database search engine against 
the UniProt mouse database (20150830, 16,719 sequences) concatenated with a 
database of 298 contaminants provided with Proteome Discoverer. All acquired 
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SCX fractions were searched simultaneously using a precursor mass tolerance of 
7 ppm and 0.03 Da fragment ion tolerance. Methylthiocysteine and 6plex-TMT 
at the N-terminus and lysine were specified as fixed modifications, whereas 
oxidation of methionine was set as dynamic modification. The result was filtered 
to 0.5% FDR using a Percolator algorithm integrated in Proteome Discoverer, and a 
minimum peptide sequence length of 7 and a minimum Amanda Score of 120 were 
required. To quantify TMT reporter ions, we used the integration method provided 
by Proteome Discoverer with a mass window of 5 ppm. Protein grouping was 
performed, applying strict maximum parsimony. Statistical significance of protein 
regulation was determined using LIMMA.

Immunohistochemistry. Mice were killed for analysis at E14.5, P0 and P11. 
Brains were fixed in 4% PFA overnight, dehydrated in 30% sucrose, and 12-μ m 
sections were prepared. Adult mice aged 8 weeks and 4 months were perfused with 
0.9% NaCl and 4% PFA and their brains postfixed for 6 h in 4% PFA. Following 
dehydration in 30% sucrose, 40-μ m sections were prepared on a sledge microtome. 
Primary antibodies were diluted in 0.1–0.3% Triton-X100/PBS supplemented with 
2% donkey serum (Abcam, ab7475) overnight at 4 °C (for fluorescence) or in  
0.1–0.3% Triton-X100/PBS supplemented with 2% dry milk powder  
(for permanent staining). The following concentrations were used: 1:1,000 
GFP (Abcam, ab13970)56, 1:400 caspase-3 (Cell Signaling, #9661)57, 1:500 LC3 
(Nanotools, 0260-100/LC3-2G6), 1:500 p62 (Novus Biologicals, H00008878-M01), 
1:300 Sox2 (Santa Cruz, sc-17320)58, 1:300 Tbr2 (Millipore, AB15894)59,  
1:100 DCX (Santa Cruz, sc-8066)60, 1:500 pH3 (Millipore, 06-570)61, 1:300 nestin 
(BD Biosciences, #611658)62, 1:300 NeuN (Millipore, MAB377)63, 1:250 calbindin 
(Millipore, MAB1778)64, 1:100 Cux1 (Santa Cruz, sc-6327)7, 1:50 Nischarin  
(Santa Cruz, sc-365364), 1:1,000 Er81 (Jessell lab)7, 1:300 FoxP2 (Abcam, 
ab16046)7, 1:400 Prox1 (Millipore, MAB5654)65, 1:500 GFAP (Dako, Z0334)66, 
1:2,000 calretinin (Swant, 6B3)67 and 1:500 parvalbumin (Millipore, MAB1572)68. 
Where necessary, antigen retrieval was performed by heating sections to 90 °C  
in antigen retrieval buffer (Vector, H-3301), cooled at room temperature  
(20–25 °C) for 20 min and washed in 1×  PBS before incubation with primary 
antibody. For Nischarin immunohistochemistry, sections were blocked with the 
Mouse on Mouse (M.O.M.) basic kit (Vector, MKB-2202). For the quantification  
of cleaved caspase-3, the total number of positive cells was counted manually in  
a 340-μ m (E14.5) or 850-μ m (P0 and P11) stretch of the cortex (n =  3 animals,  
3 images/animal). For quantification of LC3 and p62, the numbers of cells positive 
for puncta were counted manually using the DAPI channel as a reference in  
a 200-μ m broad region of the cortex (n =  3 animals, 3 images/animal).  
All counting was conducted blind to genotype.

Nissl and Golgi–Cox staining. For Nissl staining sections were incubated in 
1% cresyl violet solution for 3–4 min, then washed and dehydrated in increasing 
ethanol concentrations. The cortical thickness was measured in Nissl-stained 
sections using ImageJ software. For each animal, we took three measurements 
in the somatosensory cortex and the visual cortex (n =  3 animals per genotype). 
Ectopic Nissl+ cells in the oriens layer of the hippocampus were quantified using 
ImageJ software by manually counting the number of pyramidal cells in the oriens 
layer and the pyramidal cell layer in a box of 310-µ m edge length. For Golgi 
staining, mice aged 4 months were perfused with 0.9% NaCl and their brains 
treated with the Rapid GolgiStain Kit according to the manufacturer’s instructions 
(FD Neurotechnologies, Inc., PK401). Dendritic spines were quantified as 
described69. In short, images of pyramidal neurons of the CA1 region of the 
hippocampus were captured using a Axioplan bright-field microscope. Spines 
located on tertiary apical dendritic branches in a single focal plane located at 
least 120 µ m from the soma were quantitated (n =  4–6 neurons per animal (n =  3 
animals per genotype). Neuron morphology was analyzed as previously reported70. 
Golgi–Cox impregnated 120-µ m adult mouse brain sections were imaged in 1-µ m 
z-intervals using a Axioplan bright-field microscope, and CA1 pyramidal neurons 
were traced in 3D using ImageJ’s Simple Neurite Tracer plugin (n =  3 animals 
per genotype, 3 neurons each). Sholl analysis was performed using ImageJ’s Sholl 
analysis tool. Concentric circles were chosen in 20-µ m increments, centered on the 
soma. All quantification of Nissl stains and assessment of spines was performed 
blind to genotype.

Birthdate labeling experiments. Pregnant mice at E12.5, E14.5 and E16.5 were 
injected intraperitoneally with BrdU at 100 µ g/g body weight. Offspring were 
killed for analysis at P0 and P11 and their brains were sectioned. After quenching 
(3% H2O2, 0.1% sodium azide, 5 min), antigen retrieval and acid treatment (2 N 
HCl, 37 °C, 70 min), sections were incubated with a primary antibody against 
BrdU (1:300, ABD Serotec, OBT0030) in 2% milk in 0.3% Triton X-100/PBS 
overnight. After washing, sections were incubated with a conjugated secondary 
antibody (Vector Laboratories, MP-7404) followed by peroxidase substrate (Vector 
Laboratories, SK-4105). The P0 cortex was divided into ten bins of the same size 
and the number of BrdU+ puncta counted manually in blinded images (n =  3 
animals, 4–6 images/animal). For quantification of P11 brains, four regions of the 
hippocampus, equally spaced from rostral to caudal, were chosen for analysis. In 
each section, BrdU+ puncta were counted in the oriens layer, the pyramidal cell 
layer, the granule cell layer of the dentate gyrus and the hilus of the dentate gyrus 

and expressed as relative to the total number of BrdU+ puncta in the hippocampal 
area (n =  3 animals, 8–10 images/animal). For BrdU/NeuN immunohistochemistry, 
sections were subject to antigen retrieval, acid treatment (2 N HCl, 37 °C, 45 min) 
and incubated with primary antibodies against BrdU (1:300, ABD Serotec, 
OBT0030) and NeuN (1:300, Millipore, MAB377) in 0.3% Triton X-100/PBS 
supplemented with 2% donkey serum (Abcam, ab7475) overnight. Three regions 
of the hippocampus equally spaced from rostral to caudal were chosen for analysis. 
The number of BrdU+NeuN+ cells in a 850 µ m ×  850 µ m window of the CA1 region 
was counted. The percentage of ectopic BrdU+NeuN+ neurons in the oriens layer 
relative to the total number of BrdU+NeuN+ neurons was then calculated. All 
cell counting was performed blind to genotype. All histological procedures were 
carried out according to legal requirements and covered by an approved license 
(MA58/006093/2011/14) from the city of Vienna, Austria.

In utero electroporation experiments. The full-length sequences of Nischarin 
and Pak1 were amplified by PCR from a mouse brain cDNA library and cloned 
into the pCAGEN vector (Addgene). ShmiRNAs were cloned using the BLOCK-iT 
Pol II miR RNAi Expression Vector Kit (Invitrogen, K4936-00) according to the 
manufacturer’s instructions. The knockdown efficiencies of shmiRNA constructs 
were determined following transfection into Neuro2A cells, FACS and western 
blot analysis. The control shmiRNA consisted of a scrambled sequence. The 
uteri of time-mated (E14.5), anesthetized C57/BL6J females were exposed after 
incision in the skin and peritoneum. Constructs supplemented with Fast Green 
tracer dye (Sigma Aldrich, F7252-5G) were injected into the lateral ventricle of 
the developing embryo. pCAGEN, pCAG-Cre (Addgene), pCAG-Nischarin and 
pCAG-Pak1T422E were injected at 0.5 µ g/µ L, pCAG-GFP (Addgene) at 0.2 µ 
g/µ L and shmiRNA constructs at 1.9 µ g/µ L. Five 50-ms pulses of 36 V (950-ms 
intervals) were delivered using platinum electrodes coupled to a ECM830 (BTX) 
electroporator. Uterine horns were placed back into the abdomen and the incision 
closed with surgical sutures. The pregnant mouse was killed 3 d later by cervical 
dislocation and embryos collected for analysis. Following sectioning and staining 
with antibodies against GFP, images were captured and cell counting performed 
blind to the condition. A total of 2–5 images per mouse were counted using ImageJ.

Behavioral phenotyping. The behavioral testing of the mice started at age 12 
weeks, and all tests were carried out chronologically as listed below on separate 
days. The open field was an enclosed arena consisting of gray PVC, measuring 
50 cm long and 30 cm wide with 18-cm tall walls. The mouse was placed in a 
corner of the open field box, facing the wall, and tracked for 5 min. Distance 
travelled in the center, distance along the periphery and center entries were 
recorded. The elevated plus maze (EPM) consisted of two 29-cm long, 6-cm wide 
opposing open arms and two opposing enclosed arms 27 cm long and 6 cm wide at 
a height of 30 cm above the ground. The mouse was placed in the junction of the 
arms facing one of the closed arms and tracked for 5 min. We used the Anymaze 
software program (Stoelting Europe) to track the animals and extract the distance 
traveled, time spent in open and closed arms, and the number of entries. For 
rotarod assessment, mice were placed on the beam of the rotarod (Ugo Basile, 
Italy) facing in the direction opposite to rotation for 1 min at 5 rpm. Rotation speed 
was accelerated to a maximum of 30 rpm over 4 min. The latency before falling was 
measured up to a maximum of 6 min on the rod. Three trials were carried out with 
1-h intervals71. For rewarded alternation, the T-maze consisted of one start arm 
and two goal arms each measuring 30 cm long, 10 cm wide and 29 cm tall. A food 
reward (condensed milk) was placed in each goal arm. Mice were food-deprived to 
85% of their free-feeding weight. Mice were placed in the start arm facing the wall, 
and a free sample run was permitted. Following consumption of the food reward 
mice were placed back in the start arm and the rate of alternation recorded72. All 
behavioral phenotyping was performed blind to genotype. All animals were sex-
matched littermates (n =  11 males, n =  9 females). Animals and their corresponding 
littermates were excluded in instances where the software tracking failed. All 
behavioral experiments were performed between 1 pm and 4 pm, during the 
animal’s dark cycle, and were carried out according to legal requirements and 
covered by an approved license (MA58/002639/2008/5) from the city of Vienna, 
Austria.

Human genetics. Exome sequencing was performed on all family members 
(proband, mother, father and three siblings). The family was a Caucasian family 
from the Czech Republic. For exome enrichment, the NimbleGen SeqCap EZ 
v3.0 system was used according to the manufacturer’s instructions. Adaptor-
ligated libraries were then sequenced on an Illumina HiSeq 2000 instrument 
with a paired-end run of 101 bp to reach median coverage of 105× –140× . Image 
analysis, base calling and quality scoring were processed using the manufacturer’s 
software Real Time Analysis (RTA 1.13.48) and FASTQ sequence files generated 
by CASAVA. Sequence reads were trimmed to the first base with a quality > 30 
and mapped to Human Genome build hg19 (GRCh37) using GEM mapper73. 
SAMtools suite version 0.1.18 was used to call single nucleotide variants and short 
indels. Variants on regions with low mappability74, with read depth < 10 or with 
strand bias P <  0.001 were filtered out. The population frequency of the variants 
was assessed by comparison to several databases: the 1,000 Genomes Project 
(http://www.1000genomes.org/), NHLBI Exome Sequencing Project (ESP) release 
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ESP5400 (http://evs.gs.washington.edu/EVS/), the ExAC genome browser and 
in-house databases. Variant annotation and functional prediction was performed 
with Annovar version 2011 Dec20, dbNSFP version light 1.3 and snpEff version 
2.0.5d75. Unreported and rare coding variants were selected and subsequently 
filtered for various inheritance models (de novo, autosomal recessive, compound 
heterozygous and X-linked). The population frequency cut off was 1%, 0.1%, 2% 
and 1% for autosomal recessive, de novo, compound heterozygous and X-linked 
inheritance models, respectively. The mutation in VPS15 was confirmed by Sanger 
sequencing. This investigation was approved by the First Faculty of Medicine of the 
Charles University, Prague, Czech Republic. Informed consent was obtained from 
the family.

Statistics. All statistical analysis was executed in GraphPad Prism software package 
(v7.0c). For analysis of histological, western blot, cellular and behavioral data we 
performed either one-way ANOVA, two-way ANOVA, or t tests with post hoc 
comparisons (for example, Tukey tests). For analysis of our EGFR degradation 
assay, birthdate labeling experiments and rotarod results, we performed repeated-
measures ANOVA with post hoc corrections. Datasets were checked for normality 
by Shapiro–Wilk tests. Where datasets were nonparametric transformations, 
Mann–Whitney or Kruskal–Wallis tests were applied. The statistical test applied 
for each experiment and the results obtained are shown in Supplementary Table 1. 
No statistical methods were used to predetermine sample sizes for our histological, 
behavioral and cellular experiments, but our sample sizes are similar to those 
reported in previous publications7,39,52,71. Samples and animals were not subject to 
randomization, but were assigned to experimental groups based on their genotype. 
In addition see the Life Sciences Reporting Summary.

Accession numbers. European Nucleotide Archive: ERS017958.

Life Sciences Reporting Summary. Further information on experimental design is 
available in the Life Sciences Reporting Summary.

Data availability. The data that support the findings of this study are available 
from the corresponding author upon reasonable request, with the exception of 
the human genetic data, which is subject to patient confidentiality. Whole-exome 
sequencing data of the Mbe/Mbe mouse has been archived by the Wellcome 
Trust Sanger Institute with accession code ERP000467 (http://www.sanger.ac.uk/
datasharing/).
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Abstract
The Acadian variant of Fanconi Syndrome refers to a specific condition characterized by generalized proximal tubular
dysfunction from birth, slowly progressive chronic kidney disease and pulmonary interstitial fibrosis. This condition occurs
only in Acadians, a founder population in Nova Scotia, Canada. The genetic and molecular basis of this disease is unknown.
We carried out whole exome and genome sequencing and found that nine affected individuals were homozygous for the
ultra-rare non-coding variant chr8:96046914 T>C; rs575462405, whereas 13 healthy siblings were either heterozygotes or
lacked the mutant allele. This variant is located in intron 2 of NDUFAF6 (NM_152416.3; c.298-768 T>C), 37 base pairs upstream
from an alternative splicing variant in NDUFAF6 chr8:96046951 A>G; rs74395342 (c.298-731 A>G). NDUFAF6 encodes
NADH:ubiquinone oxidoreductase complex assembly factor 6, also known as C8ORF38. We found that rs575462405—either
alone or in combination with rs74395342—affects splicing and synthesis of NDUFAF6 isoforms. Affected kidney and lung
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showed specific loss of the mitochondria-located NDUFAF6 isoform and ultrastructural characteristics of mitochondrial dys-
function. Accordingly, affected tissues had defects in mitochondrial respiration and complex I biogenesis that were corrected
with NDUFAF6 cDNA transfection. Our results demonstrate that the Acadian variant of Fanconi Syndrome results from
mitochondrial respiratory chain complex I deficiency. This information may be used in the diagnosis and prevention of this
disease in individuals and families of Acadian descent and broadens the spectrum of the clinical presentation of mitochon-
drial diseases, respiratory chain defects and defects of complex I specifically.

Introduction
Renal Fanconi Syndrome (RFS) is a rare condition associated
with decreased proximal tubular uptake of electrolytes and or-
ganic compounds, resulting in metabolic acidosis, aminoacid-
uria, phosphaturia and uricosuria (1,2). RFS may be caused by
medications (3), toxins (4) or genetic mutations affecting the
function of the proximal tubule (1,5). RFS is often caused also by
mitochondrial defects because bulk transport in the proximal
tubule is highly energy dependent (6–10). For many familial RFS
cases, the genetic and molecular basis remains unknown. The
Acadian variant of Fanconi Syndrome (AVFS) refers to a form
of RFS found only in Acadians, a founder population in Nova
Scotia, Canada. This specific form of RFS is associated with ab-
normalities in proximal tubular reabsorption, chronic kidney
disease leading to the need for renal replacement therapy
and pulmonary fibrosis (11,12). In this investigation, we identi-
fied a causative non-coding mutation in NADH:ubiquinone
oxidoreductase complex assembly factor 6 (NDUFAF6) that
leads to aberrant splicing of NDUFAF6 mRNA and loss of
the mitochondria-located NDUFAF6 isoform, resulting in
NADH:ubiquinone oxidoreductase complex (mitochondrial re-
spiratory chain complex I) deficiency. These findings are in con-
trast to a previously reported mutation in NDUFAF6 that
resulted in loss of both the mitochondrial and cytoplasmic
isoforms and causes Leigh syndrome and early death (13).

Results
AVFS is characterized by proximal tubular dysfunction,
slowly progressive chronic kidney disease, pulmonary
interstitial fibrosis and autosomal recessive inheritance

Acadian variant of Fanconi Syndrome has been characterized
by generalized proximal tubular dysfunction from birth, slowly
progressive chronic kidney disease and pulmonary interstitial
fibrosis occurring later in life (11,12). In this study, all affected
individuals presented with genu valgum (a sign of phosphate
deficiency due to phosphaturia associated with RFS) before age
10 years (Table 1). Due to the historical characterization of af-
fected individuals, all laboratory analyses were not available in
each participant. However, when available, all results consis-
tently pointed to a proximal tubular defect with the following
characteristics: (a) proximal renal tubular acidosis, (b) the ab-
sence of potassium wasting, (c) generalized aminoaciduria,
(d) phosphaturia with hypophosphatemia requiring phosphate
replacement, (e) hyperuricosuria with hypouricemia, (f) absence
of nephrocalcinosis and (g) elevated urinary lactate
(Supplementary Material, Table S1). Over time, each affected in-
dividual developed slowly progressive kidney failure. Renal ul-
trasound examination was unremarkable. Pathologic findings
from kidney biopsies in two individuals yielded similar results.
The majority of glomeruli were normocellular. The interstitium
showed patchy fibrosis associated with tubular atrophy and
focal collections of chronic mononuclear inflammatory cells.

An occasional cystic dilated tubule was present. There was no
tubulitis. Affected individuals progressed to end-stage kidney
disease between ages 25 and 40 years (Fig. 1A). One individual
died of uremia prior to the onset of renal replacement therapy.
Six individuals received a kidney transplant, and three individ-
uals were placed on maintenance dialysis.

Individuals affected with AVFS developed symptoms of dys-
pnea in their third to fifth decades of life. Initial pulmonary
function studies revealed a low carbon monoxide diffusing ca-
pacity (DLCO) in the presence of a well-preserved forced vital
capacity (FVC) and forced expiratory volume at 1 s (FEV1). The
DLCO declined gradually over time, leading to respiratory failure
(Fig. 1B). None of the affected individuals received lung trans-
plantation, with all older individuals involved in the study
eventually dying from respiratory failure. Lung biopsies and
pathologic specimens from autopsies showed pulmonary inter-
stitial fibrosis as the predominant finding. Computerized axial
tomographic scans revealed diffuse interstitial fibrosis, emphy-
sema, and in one individual pulmonary microlithiasis. One indi-
vidual suffered from the premature onset of lung cancer.
Table 1 provides a summary of the individual characteristics.

In total, 12 affected individuals from eight families were
studied retrospectively (see Fig. 2). There were five individuals
from one family with six affected individuals (F1), one family
with two affected individuals (F4), two cases were from families
with two (F2) and one (F3) unaffected siblings, respectively, and
three cases were singletons (F5–7). The pedigree structures and
expected founder effect in Acadian population suggested that
the disease is inherited in an autosomal recessive manner
(Fig. 2).

Homozygosity mapping and genome sequencing
identified a candidate intronic variant in a gene
encoding NADH:ubiquinone oxidoreductase
complex assembly factor, NDUFAF6

Given the known genetic heterogeneity of RFS, we initially se-
quenced all coding and miRNA exons (NimbleGen SeqCap V2) in
four individuals (F1_IV.1, F1_IV.7, F1_IV.19 and F1_V.2) from
family 1 using SOLiDTM 4 System (Applied Biosystems, Carlsbad,
CA) at the Institute for Inherited Metabolic Disorders (Prague,
Czech Republic). Data analysis was performed according to the
expected autosomal recessive model with an assumption of a
founder effect. We therefore searched for homozygous CNVs,
homozygous genomic regions> 2 Mb or homozygous single nu-
cleotide variants (SNVs) or indels shared by all three affected in-
dividuals (F1_IV.7, F1_IV.19 and F1_V.2) but not present in the
healthy individual (F1_IV.1). We identified only one such region
on chromosome 8 (chr8:90958422-96960058). This region did not
contain any candidate causal variant except for two low-fre-
quency variants in OTUD6B (chr8:92097062 G/A; rs3210518) and
RBM12B (chr8: 94746049 T/G; rs16916188).

We next confirmed the rs3210518 genotypes in all four indi-
viduals from Family 1 and genotyped the other nine healthy
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family members using Sanger sequencing. This analysis con-
firmed the relevance of the homozygous region in this family,
as all affected individuals were homozygous for the minor
rs3210518 variant, whereas all healthy individuals were either
heterozygotes or lacked the minor allele (homozygous for the
major allele). We also genotyped rs3210518 in three other unre-
lated individuals affected with AVRFS (F4_II.2, F5_II.1 and
F6_II.1). We found that one individual (F4_II.2) was homozygous
but two individuals (F5_II.1 and F6_II.1) were heterozygous for
the minor rs3210518 allele, excluding this variant as causative.

To identify mutations that we may have missed in the first
round of exome sequencing (NimbleGen SeqCap EZ Exome v2)
and to identify homozygous regions in both affected individuals
that were heterozygous for the minor rs3210518 allele, we se-
quenced all coding exons and 50- and 30-untranslated regions of
their corresponding mRNAs (UTRs) in a pool of genomic DNA
obtained from three affected individuals from Family 1 (F1_IV.7,
F1_IV.19 and F1_V.2) and DNA samples from two affected indi-
viduals (F5_II.1 and F6_II.1) who have been found to be heterozy-
gous for rs3210518; (SeqCap EZ Human ExomeþUTR library,
Illumina HiSeq 1500). Using this approach, we again did not
identify any plausible candidate variants. Nevertheless, using
homozygosity mapping, we detected in F5_II.1 and a pooled
DNA sample recombination events at the centromeric and telo-
meric ends of their corresponding homozygous regions, which
delimited the candidate homozygous region to chr8:94242350-
97172487 (Fig. 3A and B).

To identify non-coding variants within the candidate region,
we sequenced the whole genomes of F5_II.1 and F1_IV.7 at 30X
coverage using the Illumina HiSeq X Ten System. HomozygosityT
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Figure 1. Clinical characteristics of individuals affected with the Acadian variant

of Fanconi syndrome. (A) Change in estimated glomerular filtration rate (eGFR)

over time for affected individuals. Laboratory values were obtained by chart re-

view. eGFR at the start of renal replacement therapy was estimated at 10 ml/

min/1.73 m2. eGFR was calculated with the modified Modification of Diet in

Renal Disease (MDRD) equation (14). (B) Change in the diffusion coefficient of

carbon monoxide (DLCO) over time in affected individuals. The number at the

beginning of each individual’s data series is the age of onset of end-stage kidney

disease (ESRD) for that individual. This value is included in the figure to enable

the reader to see the relationship between progression of kidney disease and

pulmonary disease.
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mapping further narrowed candidate homozygous region to
chr8: 94423201-96206283. From the 322 variants identified
within the candidate homozygous region, we searched for those
that were either novel or present at frequencies <0.005 in the
1000 Genomes database, dbSNP database and our internal

genome database (10 genomes). We found 16 non-coding vari-
ants; 11 variants were intronic, 1 downstream, 3 intergenic and
one was located in the 50-UTR (Supplementary Material, Table
S2). We prioritized the variants according to conservancy (GERP
conservation score) (15,16) and predicted deleteriousness of

Figure 3. Identification of non-coding mutation in NDUFAF6. (A) Candidate region on chromosome 8 identified by homozygosity mapping. Allele frequency was calcu-

lated and visualized using TTR R-package. The Y-axis shows the proportion of individuals homozygous for a given genomic region, and the x-axis shows the position

of the homozygous region on chromosome 8. (B) Annotated transcripts within the homozygous interval. (C) Schematic illustration of the NDUFAF6 transcript.

(D) Visualization in the Integrative Genomics Viewer of the homozygous non-coding variants rs575462405 (chr8:96046914 T>C) and rs74395342 (chr8:96046951 A>G)

located in intron 2 of NDUFAF6 identified in all affected individuals.

Figure 2. Pedigrees of Acadian families (F1–F7) affected by Fanconi syndrome. Black symbols denote affected individuals, open symbols denote unaffected parents and

siblings. Black and gray boxes indicate individuals who underwent whole exome (black boxes) and/or whole genome (gray boxes) sequencing, respectively. (þ/�)

denotes presence (þ) or absence (�) of the chr8:96046914 T>C mutation. na indicates DNA was unavailable for investigation.
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SNV’s (raw and scaled CADD scores) (17). Using this approach
we defined one candidate variant, chr8:96046914 T>C, in the
gene NDUFAF6 (Fig. 3C and D). This variant, rs575462405, is
located in intron 2 of NDUFAF6 (NM_152416.3; c.298-768 T>C),
37 base pairs upstream from another variant in NDUFAF6
(chr8:96046951 A>G (c.298-731 A>G), rs74395342, minor allele
frequency 0.1), which creates an alternative splice donor site. To
predict the possible effects of the c.298-768 T>C mutation on
NDUFAF6 splicing, we used SpliceSiteFinder, MaxEntScan,
NNSPLICE, GeneSplicer and Human Splicing Finder algorithms
that are incorporated in the Alamut Mutation Interpretation
Software. These programs predicted that the c.298-768 T>C nu-
cleotide change would create a novel splice acceptor site. The
Alamut splicing window also includes exonic splice enhancer
prediction software, ESEFinder, which predicted that the muta-
tion creates a putative binding site for the pre-mRNA-splicing
factor SRp40 (Supplementary Material, Fig. S1).

Using Sanger sequencing, we confirmed homozygosity for
the chr8:96046914 T>C variant in all 3 affected individuals from
Family 1 as well as in the other 6 individuals affected with
AVFS; 13 healthy siblings were either heterozygotes or lacked
the mutant allele (Fig. 2). This variant was absent in 13 200 ge-
nomes reported in the Kaviar database (18). Interestingly, it was
found once among 104 individuals from a Puerto Rican sample
set that was analyzed within the 1000 genome project; (1000
Genomes Browser).

Identified mutation affects splicing and synthesis
of NDUFAF6 isoforms

NDUFAF6 encodes assembly factor 6 of the NADH dehydroge-
nase (ubiquinone) complex I (NDUFAF6), also known as
C8ORF38. Knockdown of NDUFAF6 reduces the abundance and
activity of mitochondrial complex I (19) and a previously re-
ported mutation of NDUFAF6 led to clinical symptoms of respi-
ratory chain deficiency (OMIM 612392) (13,20). RFS is caused by
generalized proximal tubular dysfunction, often of mitochon-
drial origin (7,9,21). We therefore considered that mitochondrial
dysfunction resulting from complex I deficiency due to alterna-
tive splicing of NDUFAF6 mRNA might be responsible for this
phenotype.

Three transcript variants of human NDUFAF6 resulting from
alternative mRNA splicing have been proposed to exist (20).
Isoform 1 (NM_152416), (v_1), encodes a 38-kDa protein of 333
amino acids (Q330K2-1), V_1. The protein contains a mitochon-
drial targeting sequence leading to association of this isoform
with the matrix face of the inner mitochondrial membrane (20).
Compared to isoform v_1, isoform 2 (AY444560.1), (v_2), has dif-
ferent exons 1 and 2 and encodes for a protein of 281 amino
acids that lack the N-terminal mitochondrial targeting se-
quence (Q330K2-2), V_2. Isoform 3 (BC028166), (v_3), encodes for
a protein of 121 amino acids (Q330K2-3), V_3, which is predicted
to have the same N-terminal mitochondrial targeting sequence
as V_1 and is truncated due to a stop codon, resulting from al-
ternative splicing of the exon 4/intron 4 boundaries and inclu-
sion of a unique exon 5. This NDUFAF6 isoform is predicted
to be targeted to mitochondria (20), though this has not been
proven experimentally.

To explore why AVFS predominantly affects the kidney and
lung, we looked at NDUFAF6 expression in the Genotype-Tissue
Expression, (GTEX) portal (http://www.gtexportal.org/home/)
(22). NDUFAF6 is ubiquitously expressed in all tissues with lower
expression in kidney and lung compared to heart, brain or

skeletal muscle. The splicing pattern is more complex than
previously reported.

To assess the effect of the c.298-768 T>C mutation on
NDUFAF6 mRNA expression, splicing and stability, we isolated
total RNA from a participant’s skin fibroblasts and autoptic lung
tissue and performed reverse transcription polymerase chain
reaction (RT-PCR) analyses of the three NDUFAF6 mRNA iso-
forms. In fibroblasts and lung tissue from affected individuals,
we found an altered profile of RT-PCR products (Fig. 4A). The
amounts of RT-PCR products were similar but larger in size than
those of control specimens that were obtained from individuals
who were either wild-type, heterozygous or homozygous for the
c.298-731 A>G splicing SNP. The analysis thus showed that the
G nucleotide in this position itself is preferentially used for
splicing in the presence of the causative c.298-768 T>C muta-
tion. In both, control and affected samples there were also addi-
tional PCR products suggestive of a more complex mRNA
splicing pattern. To identify the differences in the splicing pat-
tern of NDUFAF6 in control and affected individuals we isolated
and Sanger sequenced major RT-PCR fragments. In parallel we
also pair-end sequenced the obtained RT-PCR products using
the Illumina HiSeq 1500 system. In addition to the known iso-
forms v_1, v_2 and v_3 this analysis revealed the existence of
several other isoforms. In control samples we identified novel
isoforms that we name v_4, v_5, v_6, v_7, v_8, v_9 and v_10
(Supplementary Material, Table S3). These isoforms may encode
several novel NDUFAF6 isoforms (Supplementary Material,
Table S4). In affected samples we did not identify isoforms v_1,
v_7 and v_8. All other identified cDNA isoforms that we name
(v_Nm) had the insertion of 102 nucleotides corresponding to
chr8:96046850-96046951 (Fig. 4B, e_mut). This sequence repre-
sents the exonized intronic fragment that contains the c.298-
768 T>C mutation and uses the alternative splice donor site
created by the chr8:96046951 A>G variant (minor variant of
rs74395342). Excluding v_3m and v_5m, the exonized intronic
fragment introduces a premature stop codon to identified cDNA
variants. This encodes for several classes of truncated NDUFAF6
proteins that either contain the N-terminal mitochondrial tar-
geting sequence or correspond to the truncated N-terminal part
of the cytoplasmic isoform V_2. Interestingly all these cDNA iso-
forms contain the alternative initiation codon beyond the pre-
mature stop codon in exon 6. This encodes in all cases for
cytoplasmic NDUFAF6 proteins that lack 67 amino acid residues
on their N-terminal end compared to the V_2 variant (Fig. 4B
and Supplementary Material, Table S5).

To test whether these alternative initiation codons are used
for translation, we translated the v_1 and v_2 NDUFAF6 cDNA
isoforms in vitro. This analysis revealed the presence of poly-
peptides of molecular weights corresponding to nascent V_1
and V_2 isoforms (at �38 and 33 kDa) together with polypep-
tides of isoforms �29 and 26 kDa, theoretically corresponding to
cytoplasmic isoforms translated from the alternative initiation
codons (Fig. 5A). This indicates that affected individuals may
lose the mitochondrial NDUFAF6 but may have preserved cyto-
plasmic function by the expression of this truncated cytosolic
NDUFAF6 forms.

To assess the effect of the identified splicing mutation
on NDUFAF6 expression and intracellular localization we per-
formed Western-blot analysis of affected and control skin fibro-
blasts along with HeLa and HEK cells transiently expressing
recombinant human mitochondrial NDUFAF6 isoform V_1. For
Western-blot detection we used three types of commercially
available polyclonal antibodies that were raised against differ-
ent epitopes of NDUFAF6. In agreement with the cDNA analysis
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Figure 4. NDUFAF6 cDNA analysis. (A) Agarose gel electrophoresis profiles of RT-PCR products amplified from total RNA isolated from fibroblasts of control and proband

F2_II.1. Lane 1—RT-PCR analysis of isoforms v_1 and v_3 in control sample that is homozygous (A;A) for the major allele of rs74395342. Two RT-PCR products with sizes

325 and 444 base pairs expected for NDUFAF6 isoforms v_1 and v_3, respectively are detected. Lane 2—RT-PCR analysis of isoforms v_1 and v_3 in the proband sample

demonstrate multiple RT-PCR products that are longer than the control bands. Lane 3—RT-PCR analysis of isoforms v_1 and v_3 in control sample that is homozygous

(G;G) for the minor allele of rs74395342 show similar profile to (A;A) in Lane 1. Lane 4—RT-PCR analysis of the isoform v_2 in a control sample (rs74395342 A;A) demon-

strates the presence of two RT-PCR products: one with a size of 408 base pair corresponding to the isoform v_2,and one with size of �300 base pair whose identity was

unknown. Lanes 5 and 6—RT-PCR analysis of the proband’s fibroblasts and lung, respectively, demonstrate products longer in sizes than those present in the control

sample. Lane 7—RT-PCR analysis of the isoform v_2 in a control sample (rs74395342 G;G) show similar profile to (A;A) in Lane 4. Lanes M show a 100-base pair DNA lad-

der. Products from 300 to 600 base pairs are shown. (B) Schematic representations of the exonic structures of NDUFAF6 mRNA isoforms v_1–v_1 0 identified by cDNA se-

quencing. Individual boxes represent individual exons (e1–e13). Black boxes attached to exon 4 (e4) demonstrate the presence of the additional four base pairs

introduced by alternative splicing of exon 4. Open reading frames present in the cDNA isoforms identified in control skin fibroblasts are demonstrated by green and or-

ange colors. Note that some isoform may have two open reading frames. A gray box (e_mut) represents the exonized intronic fragment that contains the c.298-768

T>C mutation and uses the alternative splice donor site created by the chr8:96046951 A>G variant (minor variant of rs74395342) identified in the NDUFAF6 cDNA

isoforms in affected skin fibroblasts. Open reading frames present in these cDNA isoforms are demonstrated by red and blue lines.

Figure 5. NDUFAF6 analysis. (A) In vitro translation of cDNA plasmids v-1 and v_2 encoding NDUFAF6 isoforms V_1 and V_2, respectively, shows a specific presence of

nascent polypeptides of a molecular weights �38 and 33 kDa, corresponding to predicted molecular weights of the non-processed precursor of V_1 (e.g. with mitochon-

drial targeting signal, MTS) and V_2, respectively. Prominent translational products at �29 and 26 kDa (V_?) are likely polypetides that are translated from alternative

initiation codons. (B) Western-blot analysis of NDUFAF6 in total homogenates (TL), cytoplasmic fractions (CYT) and mitochondrial fractions (Mito) prepared from HeLa

and HEK cells transiently expressing recombinant human NDUFAF6 V_1 as well as control and affected skin fibroblasts from F2_II.1. Detection with anti-NDUFAF6 anti-

body (ab150975) shows a specific increase in the amount of the immune-reactive protein of a molecular weight �33 kDa corresponding to predicted molecular weight

of the processed (e.g. with mitochondrial targeting signal removed) NDUFAF6 isoform V_1 in transiently transfected HeLa and HEK cells. Analysis of the cytoplasmic

and mitochondrial fractions demonstrates specific presence of the processed NDUFAF6 V_1 isoform in the mitochondria. In the skin fibroblasts, the amounts of

NDUFAF6 V_1 isoform are reduced in total homogenate and mitochondrial fraction from F2_II.1 versus control (arrow). The amounts of the immune-reactive proteins

of a molecular weight �29 and 26 kDa in the cytoplasmic fraction theoretically corresponding to predicted molecular weights of the cytoplasmic NDUFAF6 isoforms are

either comparable or reduced in the proband versus control (dotted and dashed arrows, respectively). Immunodetection of the ATP5B shows efficiency of the cyto-

plasm/mitochondria fractionation and demonstrate that approximately equal protein amounts have been analyzed in paired samples. (C) Western-blot analysis of

NDUFAF6 in control human tissues. Detection with anti-NDUFAF6 antibody (ab151096) shows a decreased amount of NDUFAF6 in lung and kidney compared to heart,

skeletal muscle and liver. Volumes of tissue lysates corresponding either to 30 mg of total protein (heart, muscle, liver and kidney) or to 50 mg of total protein (lung) were

analyzed. The graphs show the relative amounts of NDUFAF6 compared to heart when normalized either to SDHA (left) or to actin (right).
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and predicted outcome, this analysis revealed loss of the mito-
chondrial NDUFAF6 isoform V_1 in affected fibroblasts (at
�33 kDa). The amounts of the immune-reactive proteins of a
molecular weight �29 and 26 kDa in the cytoplasmic fraction
theoretically corresponding to predicted molecular weights
of the cytoplasmic NDUFAF6 isoforms were either comparable
or reduced in affected individual F2_II.1 (Fig. 5B). Thus, in the af-
fected individual NDUFAF6 is present in the cytoplasm but not
in the mitochondria.

We also performed Western-blot analysis of NDUFAF6 in
various control human tissues. In accordance with tissue spe-
cific gene expression profiles (see above) there was decreased
NDUFAF6 in lung and kidney (41% and 23%, respectively, when
normalized to SDHA and compared to heart; and 7% and 47%,
respectively, when normalized to actin and compared to heart),
(Fig. 5C), which may explain why the kidney and lung are exclu-
sively affected in this condition.

Affected kidney and lung have altered intracellular
distribution of NDUFAF6 and ultrastructural
characteristics of mitochondrial dysfunction

To assess effects of the aberrant NDUFAF6 mRNA splicing on ex-
pression and intracellular localization of NDUFAF6 isoforms
and to evaluate the histopathologic and ultrastructural aspects
of this disease, we performed immunohistochemical and im-
munofluorescence analyses of NDUFAF6 and electron micro-
scopic analysis of kidney and lung from controls and affected
individuals (Figs. 6-9).

In the controls (Fig. 6A and B), there was a distinctive granu-
lar pattern and concentration of the NDUFAF6 signal in the

basal zone of the proximal tubular cells—a site of maximal con-
centration of mitochondria. In the kidney biopsy of F1_IV.2
(Fig. 6C and D), foci of interstitial and periglomerular fibrosis
with small groups of atrophic tubules were detected (Fig. 6C),
and increased desquamation and vacuolar degeneration of
proximal tubular cells with frequent protrusions of the plasma
membranes was present (Fig. 6D). Immunohistochemical stain-
ing for the NDUFAF6 protein was reduced in the proximal
tubules (Fig. 6C and D) in comparison with controls (Fig. 6A and
B). In affected individuals concentration of the NDUFAF6 sig-
nal in the basal zone of the proximal tubular cells was not
present.

Immunofluorescence detection and colocalization of
NDUFAF6 with mitochondrial ATP synthase subunit b (ATPB)
and cytoplasmic located heat shock protein 90 (HSP90) (Fig. 7)
demonstrated in affected kidney absence of NDUFAF6 staining
in mitochondria (Fig. 7G and H) and reduced colocalization sig-
nal of NDUFAF6 and HSP90 in the cytoplasm (Fig. 7O and P).

Electron microscopic analysis was performed on the kidney
biopsy of F1_V.2 (Fig. 8). Pathologic changes were expressed
with maximal intensity in the proximal tubules. The ultrastruc-
tural pattern was dominated by the presence of numerous
electron lucent vacuoles in the cytoplasm (Fig. 8A and B),
microvillous loss and plasma membrane blebbing (Fig. 8B), mi-
tochondrial structural abnormalities and significant signs
of autophagy and mitophagy in particular (Fig. 8C–E).
Mitochondrial cristae appeared electron dense and thick (Fig. 8C
and D). Abnormal configuration or reduction of mitochondrial
cristae (Fig. 8C–E), intramitochondrial electron dense inclusions
(Fig. 8F) and occasional megamitochondria (Fig. 8F) were de-
tected in tubular epithelial cells.

Figure 6. Kidney biopsy from patient F1_IV.2 stained for NDUFAF6 in comparison with control kidney tissue. (A) Shows granular staining for NDUFAF6 with maximal

intensity in proximal tubular cells beneath their apical zones in control kidney tissue. (B) This is a detailed view of a proximal tubule (PT) from the control biopsy.

(C) This is from an affected kidney and shows reduced and less distinctive staining for NDUFAF6 in proximal tubules without clear cut accentuation in the basal zones

of epithelial cells. The signal for NDUFAF6 is strong in distal tubules (DT) and collecting ducts (CD). (D) This is a detailed view of the proximal tubule in the affected

individual displaying changes compatible with vacuolar degeneration.
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Figure 7. Intracellular localization of NDUFAF6 in affected kidney. In control kidney NDUFAF6 is present in finely granular structures (A and I). Co-staining of NDUFAF6

with (B) mitochondrial ATP synthase subunit b (ATP5B) and (J) cytoplasmic heat shock protein 90 (HSP90) demonstrate (C and D) localization of the NDUFAF6 in the mi-

tochondria and (K and L) in the cytoplasm. In affected kidney NDUFAF6 is present in finely granular structures with reduced and less distinctive staining signal (E and

M). Co-staining with (F) ATP5B and (N) HSP90 demonstrates (G and H) loss of localization of NDUFAF6 in mitochondria and (O and P) reduced colocalization signal of

NDUFAF6 and HSP90 in the cytoplasm. The degree of NDUFAF6 colocalization with selected markers is demonstrated by the fluorescent signal overlap (Manders) coeffi-

cient values ranging from 0 to 1. The resulting overlap coefficient values are presented as the pseudo color whose scale is shown in the corresponding lookup table.

Figure 8. Electron microscopy of tubular epithelial cells in an affected individual F1_V.2. (A) Electron lucent vacuoles predominantly in the apical zone and numerous

autophagic structures in proximal tubular epithelium. (B) proximal tubular epithelial cell contains electron lucent and autophagic vacuoles and also displays partial

microvillous loss and plasma membrane blebbing (marked by arrowheads). (C and D) Higher magnification demonstrates autophagic structures (marked by arrows)

and abnormal mitochondria with thick and aberrantly formed electron dense cristae in the cytoplasm of a proximal tubular cell. Megamitochondrion in (C) is marked

by an asterisk. Structures indicative of mitophagy in (D) are marked by arrowheads. (E) Irregular mitochondrial swelling with reduction of mitochondrial cristae in col-

lecting duct epithelium. (F) Proximal tubular epithelial cell with partial loss of microvilli, prominent vacuolization in the cytoplasm corresponding with severe swelling

of organelles and increased number of autophagic structures. Electron dense intramitochondrial inclusions are marked by arrowheads.
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Histologic examination of lung samples of family members
F1_IV.7, F1_IV.19 and F4_II.2 (Fig. 9) revealed either irregular
patchy (F1_IV.19, F4_II.2) or more uniform diffuse (F1_IV.7) inter-
stitial fibrosis. Interstitial inflammatory infiltrate was sparse,
consisting of mostly lymphocytes. Acute purulent bronchitis
and incipient bronchopneumonia were seen in affected individ-
ual F1_IV.7. Intraluminal collection of pigment-laden macro-
phages was conspicuous in F4_II.2. Hyperplasia of type II
pneumonocytes was detected in affected individuals F1_IV.19
and F1_IV.7 using surfactant protein immunohistochemistry
(Fig. 9F). Focal calcifications of cartilaginous tissue in bronchial
walls were found in F1_IV.19. Secondary pulmonary hyperten-
sion changes were most prominent in F1_IV.19. Positive

immunohistochemical signal for NDUFAF6 was detected in
bronchial and bronchiolar respiratory epithelium, bronchial
mucinous glands, alveolar epithelial cells, vascular endothelial
cells, smooth muscle cells, fibroblasts and chondrocytes.

In a similar manner to the kidney, immunofluorescence de-
tection and colocalization of NDUFAF6 with Translocase Of
Outer Mitochondrial Membrane 20 (TOMM20), (Supplementary
Material, Fig. S2), mitochondrial ATP synthase subunit b (ATP5B)
and cytoplasmic located heat shock protein 90 (HSP90) (Fig. 10)
demonstrated in affected lung the absence of NDUFAF6 staining
in mitochondria (Supplementary Material, Figs S2H and L and
10F and I) and reduced colocalization signal of NDUFAF6 and
HSP90 in the cytoplasm (Fig. 10O and R).

Figure 9. Immunohistochemical detection of NDUFAF6 expression in pulmonary epithelium. (A and B) NDUFAF6 intracytoplasmic positivity in bronchial respiratory

epithelium in a control (A) and affected individual (B) shows reactive epithelial changes and lower NDUFAF6 signal in the affected individual. (C) A positive signal for

NDUFAF6 is seen in a control in flat alveolar lining cells (marked by arrows) that are positive for cytokeratin 7 (marked by arrows in E) and thus considered to be type I

pneumonocytes. (D) NDUFAF6 positivity is seen in a proband in cuboidal cells lining alveolar spaces that express surfactant protein (F) as seen in hyperplastic type II

pneumocytes.
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Affected tissues have defects in mitochondrial
respiration and complex I biogenesis

To obtain insight into the molecular and functional conse-
quences of the NDUFAF6 mutation we followed complex I bio-
genesis, the content of respiratory chain enzymes and oxidative
phosphorylation (OXPHOS) activity.

First, we checked the steady state levels of representative
subunits for complex I and other OXPHOS components on SDS–
PAGE (Fig. 11A). Both in isolated mitochondria from affected
lung (F1_IV.19), and whole cells or isolated mitochondria from
affected fibroblasts (F2_II.1), we found a profound decrease in
the levels of all complex I subunits checked (NDUFA9, NDUFS3
and NDUFB8). Depending on the tissue or particular subunit,
the residual content varied between 3% and 63% of control lev-
els when expressed relative to the amount of SDHA. Content of
other OXPHOS complexes was either unchanged (complex III,
complex V) or displayed slight compensatory increase (complex
IV) in fibroblasts. We also performed mass spectrometry label-
free quantification of protein content on affected individual ver-
sus control fibroblasts (Fig. 11C). Altogether we quantified 3249
proteins, with 512 of them classified as mitochondrial in the
Mitocarta 2.0 database (23), obtaining coverage of 44% of the
mitoproteome. Similarly to the SDS–PAGE, amounts of 23 out of
24 detected complex I subunits were decreased (17/24 signifi-
cantly) in fibroblasts from an affected individual (F2_II.1). In
contrast, other OXPHOS complexes showed tendency towards
increase (not shown).

Next we utilized native electrophoretic techniques (Blue
native-BN and Clear native-CN PAGE) to study the native orga-
nization of OXPHOS complexes in the inner mitochondrial
membrane (Fig. 11B). Using the mild detergent digitonin, we ob-
served most of complex I to be present in several supercomplex
forms associated with complex III and complex IV (24). In both
the isolated mitochondria from the lung of an affected individ-
ual (F1_IV.19), and fibroblasts (whole cells or isolated mitochon-
dria) from another affected individual (F2_II.1), the detected

in-gel activity and amount of complex I were significantly lower
than in control samples. For detection of complex I we used an
NDUFA9 antibody, as NDUFA9 is one of the subunits that incor-
porates into the early subassemblies of complex I (25). We did
not observe any assembly intermediates of complex I, indicat-
ing that subcomplexes with stalled assembly are readily de-
graded. The absence of complex I in affected individuals also
led to a profound increase in the amount of free complex III di-
mer, especially in fibroblast samples, as it was no longer associ-
ated into supercomplexes with complex I. This pattern of an
isolated complex I defect and subsequent redistribution of com-
plex III between its supercomplex and free forms is remarkably
similar to the pattern observed in the previously described case
of an NDUFAF6 mutation presenting as Leigh syndrome (20,26).
Thus, while the cytosolic chaperoning function of NDUFAF6 (26)
is likely retained in our probands, for proper complex I assembly
both cytosolic and mitochondrial NDUFAF6 is required.

The functional impact of complex I deficiency caused by
NDUFAF6 mutation was evaluated by high-resolution respirom-
etry (Fig. 11D). Oxygen consumption of digitonin-permeabilized
fibroblasts was recorded in the presence of saturating concen-
trations of substrates feeding electrons to the respiratory chain
through complex I (pyruvateþmalateþ glutamate) and ADP to
achieve state 3 respiration. Under these conditions, the affected
individual’s fibroblasts (F2_II.1) displayed profound respiratory
deficiency, with an almost 4-fold decreased respiratory rate
compared to control fibroblasts. The defect was partially allevi-
ated by the addition of succinate, which contributes electrons to
the respiratory chain through alternative entry at complex II.
Nevertheless, the overall state 3 respiratory rate of an affected
individual’s fibroblasts in the presence of saturating substrate
combination was still significantly decreased by 35% compared
to controls (Fig. 11D). Expressed in relative terms, the oxidation
of complex I-dependent substrates accounted for only 28% of
the overall state 3 respiration, whereas in controls complex I
substrates respiration contributed 74%. Under FCCP-induced

Figure 10. Intracellular localization of NDUFAF6 in affected lung. NDUFAF6 is present in control lung (A and M) in finely granular structures. Co-staining of NDUFAF6

with (B) mitochondrial ATP synthase b subunit (ATP5B) and (N) cytoplasmic heat shock protein 90 (HSP90) demonstrates (C and D) localization of NDUFAF6 in the mito-

chondria and (O and P) in the cytoplasm. In affected lung (E, I, Q and U), NDUFAF6 is present in finely granular structures with reduced and less distinctive staining sig-

nal. Co-staining with ATP5B (F and J) and HSP90 (R and V) demonstrates loss of localization of NDUFAF6 in mitochondria (G, H, K and L) and absent (S and T) or reduced

(W and X) colocalization signal of NDUFAF6 and HSP90 in the cytoplasm. The degree of NDUFAF6 colocalization with selected markers is demonstrated by the fluores-

cent signal overlap (Manders) coefficient values that range from 0 to 1. The resulting overlap coefficient values are presented as the pseudo color whose scale is shown

in corresponding lookup table.
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uncoupled respiration conditions, where the maximum
OXPHOS capacity can be determined, the decreased content
of complex I also limited the affected individual’s fibroblast res-
piration by 49% compared to controls (not shown).

Altered mitochondrial respiration and complex I
biogenesis of fibroblasts from an affected individual
were corrected with NDUFAF6 cDNA transfection

To prove the effect of the NDUFAF6 deficiency on mitochondrial
respiration and complex I biogenesis we transiently transfected
affected fibroblasts with the wild-type mitochondrial NDUFAF6
isoform v_1 cDNA. At the level of protein content (Fig. 12A), we
observed an increase in the amount of all examined complex I
subunits (NDUFA9, NDUFS3 and NDUFB8). Upon NDUFAF6

transfection, their content in affected fibroblasts increased
from �3–10% to 30–40% of control levels, expressed relative to
SDHA. NDUFAF6 transfection did not change the content of rep-
resentative complex II (SDHA) and complex III (CORE2) subunits.
This increase in the steady state content of complex I subunits
was also mirrored by an increase in the signal of fully assembled
complex I on native electrophoreses (Fig. 12B). NDUFAF6 transfec-
tion clearly increased in-gel complex I activity and complex I con-
tent, with almost all complex I present in supercomplex forms, as
observed also in control cells. While complex III content in the
supercomplex area was also significantly higher (Fig. 11B, right-
most panel), there was still a considerable amount of complex III
present as free dimer, observed also in affected cells. In agree-
ment with SDS–PAGE, native electrophoresis also showed no
changes in complex II content upon transfection, indicating the
specificity of NDUFAF6 for complex I assembly.

Figure 11. Complex I defect in individuals with the NDUFAF6 mutation. (A and B) Isolated mitochondria from the lungs or fibroblasts and the fibroblast whole cell lysate

from control (C) and affected proband (P). The lung specimen is from F1_IV.19, and the fibroblast sample from F2_II.1). (A) Samples were separated on SDS–PAGE and in-

cubated with antibodies against NDUFAF6 protein, individual subunits of complex I (NDUFA9, NDUFS3, NDUFB8), complex II subunit SDHA, complex III subunit CORE2,

complex IV subunit COX4 and complex V ATP synthase subunit a. (B) Samples were solubilized by digitonin (2 g/g) and analyzed on a 4–13% gradient gel using CNE for

complex I in-gel activity and BNE for Western blot. Specific monoclonal antibodies were used for detection of complex I (NDUFA9) and complex III (CORE1). CIII2 is the

dimer of complex III; CIIIþCIV denotes the supercomplex of complex III and complex IV and SC’s denotes various supercomplexes containing complex I, complex III

and complex IV. (C) Control and proband fibroblasts were analyzed using MS LFQ. Data are expressed as the ratio of affected proband/control sample and visualized us-

ing a volcano plot with asymptotes of the hyperbola indicating proteins significantly changed at FDR¼0.01. Proteins on the left (negative) side of the X axis are de-

creased in the affected proband sample. Complex I associated proteins detected by the MS are highlighted in black. (D) Respiratory rates are displayed as mean values

of five independent experiments with control (black) and affected individual (gray) fibroblasts. Rates were calculated from measurements in the presence of 10 mM

pyruvateþ2 mM malateþ10 mM glutamateþ1 mM ADP (state 3 CI substrates), or the aboveþ 10 mM succinate (state 3 CIþCII substrates); *P< 0.05, ***P< 0.001.
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This partial restoration of complex I content after transfec-
tion of affected fibroblasts with wtNDUFAF6 was sufficient to
functionally correct the complex I defect at the level of respira-
tion with complex I-dependent substrates. As shown by the
representative oxygen consumption traces (Fig. 12C), the
NDUFAF6-transfected fibroblasts displayed an intermediary
phenotype between controls and non-transfected affected cells.
Specifically, the NDUFAF6 transfection caused a significant, 2.3-
fold increase in state 3 respiration with complex I substrates
(Fig. 12D). While we did not observe full correction of the defect,

restoration of complex I dependent respiration was in good
agreement with the observed increase in complex I content and
both mirrored the average transfection efficiency (�40%) of the
electroporation system.

Discussion
In this investigation we identified an intronic mutation in
NDUFAF6 as a cause of RFS, chronic kidney failure and progres-
sive pulmonary fibrosis in several families and unrelated

Figure 12. Rescue of the complex I defect by wt NDUFAF6. (A) SDS–PAGE and Western-blot analysis of the fibroblasts from control (C), affected proband (P) and affected

proband transfected with wt NDUFAF6 (PþNDUFAF6). Antibodies specific to NDUFAF6 protein, complex I subunits (NDUFA9, NDUFS3, NDUFB8), complex II subunit

SDHA, complex III subunit CORE2 and actin were used. (B) Fibroblasts from control (C), affected proband (P) and affected proband transfected with wt NDUFAF6

(PþNDUFAF6) were solubilized by digitonin (2 g/g) and analyzed on 4–13% gradient gel using CNE for complex I in-gel activity and BNE for Western blot. Specific monoclo-

nal antibodies were used for detection of complex I (NDUFA9), complex II (SDHA) and complex III (CORE1) native forms. CIII2 denotes the dimer of complex III; CIIIþCIV

denotes the supercomplex of complex III and complex IV and SC’s denotes various supercomplexes containing complex I, complex III and complex IV. (C) Oxygen con-

sumption traces of representative complementation experiment with control (black), proband (dark gray) and NDUFA6-transfected affected proband’s fibroblasts (light

gray). Rates are normalized to protein content. Additions of 0.05 g/g protein of digitonin (DIG), 10 mM pyruvateþ 2 mM malate (PþM), 1 mM ADP (ADP), 10 mM glutamate

(GLU), 10 mM succinate (SUC), 10 mM glycerol 3-phosphate (G3P), 500 nM oligomycin (OMY), FCCP (0–300 nM titration), 500 nM rotenone (ROT) and 10 mM malonate (MAL)

are indicated by arrows. (D) Respiratory rates are displayed as mean values of five independent experiments with control (black) and affected proband’s (dark gray) fibro-

blasts, or two independent experiments with NDUFAF6-transfected fibroblasts from affected individual (light gray). Rates were calculated from measurements in the

presence of 10 mM pyruvateþ2 mM malateþ10 mM glutamateþ1 mM ADP (state 3 CI substrates), or the aboveþ 10 mM succinate (state 3 CIþCII substrates); *P<0.05.
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individuals of the Acadian population of eastern Canada. The
mutation fully segregates with the phenotype in the expected
autosomal recessive mode of inheritance. It is ultra-rare, being
present only once in >13 200 genome sequences reported in
publicly available databases.

As part of this investigation, we identified several novel
mRNA isoforms of NDUFAF6, and we showed that the mutation
alters their splicing. From the experiments we performed, we
were able to predict and prove that the mutation affects the
synthesis and intracellular localization of NDUFAF6 isoforms.
This is best demonstrated with the mitochondrial isoform V_1,
which was not found in affected tissues based on the results of
RT-PCR, cDNA sequencing, Western-blot analyses and immuno-
histochemical and immunofluorescence studies. These experi-
ments also indicate that the cytosplasmic function of NDUFAF6
(26) may be partially preserved due to the synthesis of truncated
NDUFAF6 isoforms that localize in the cytoplasm.

A homozygous mutation in NDUFAF6, c.296A>G, that is pre-
dicted to result in Gln99Arg substitution in NDUFAF6 was previ-
ously identified in two siblings who suffered from persistent
lactic acidosis, Leigh syndrome, isolated generalized complex I
deficiency and death before age 3 years (13). This phenotype re-
sulted from altered splicing and instability of the v_1 isoform
through a mechanism of nonsense mediated decay, whereas
the stability and amounts of the v_3 isoform encoding truncated
mitochondrial isoform V_3 was unaffected (20). In this case, the
expected NDUFAF6 deficiency led to reduced levels of the ma-
ture complex I in affected fibroblasts, due to loss of the mito-
chondrial encoded subunit ND1 and disruption of the initial
stages of complex I biogenesis. Effects of the mutation on pro-
duction of the cytoplasmic isoform V_2 were not studied (20).

We made similar observations in affected fibroblasts and
lung from individuals with AVFS. We found a profound decrease
in the levels of all complex I subunits that was associated with
reduced activity and amount of the mature complex I and an al-
tered pattern of redistribution of complex III between its super-
complex and free forms. This was accompanied by profound
respiratory deficiency shown by high-resolution respirometry.
All these specific abnormalities were restored when affected fi-
broblasts were transiently transfected with the cDNA encoding
wild-type NDUFAF6 isoform V_1.

We believe that these genetic, molecular biologic, immuno-
histochemical and biochemical findings firmly established that
AVFS is caused by homozygosity for the specific mutation that
is composed of the private non-coding mutation c.298-768 T>C
(rs575462405) which is in linkage with the population frequent
splicing variant c.298-731 A>G (rs74395342). This particular
haplotype affects the splicing, synthesis and intracellular distri-
bution of NDUFAF6 isoforms and leads to isolated complex I
deficiency.

Fanconi syndrome results from a generalized disturbance in
cellular metabolism that affects the primary function of the
proximal tubular cell: bulk translocation of electrolytes, organic
compounds and macromolecules from the tubular space. As
this transport requires a high amount of energy, it is unsurpris-
ing that both primary and secondary mitochondrial defects
have been identified as causes of the Fanconi syndrome
(1,6–9,21,27,28).

Why is it that one mutation (c.296A>G) leads to Leigh syn-
drome and early death, whereas another mutation (c.298-768
T>C)—or more specifically the haplotype formed by combina-
tion of c.298-768 T>C and c.298-731 A>G—leads to specific tu-
bular dysfunction and later in life to chronic kidney failure
and pulmonary fibrosis with no other clinical manifestations

characteristic of respiratory chain defects such lactic acidosis,
cardiomyopathy, myopathy and neurodegeneration?

The explanation might be that in the case of Leigh syndrome
the mutation lead to complete loss of both mitochondrial (20)
and cytoplasmic NDUFAF6 isoforms while in the case of AVFS
some of the identified mutated mRNA (cDNA) isoforms may
produce truncated cytoplasmic proteins that can sustain
NDUFAF6 cytoplasmic function, as suggested by RT-PCR, in vitro
translation, Western blot and immunofluorescence colocaliza-
tion studies. This would be very similar to investigations with
Drosophila melanogaster where the complete loss of Sicily, a ho-
mologue of the human NDUFAF6, lead to progressive neurode-
generation and structural mitochondrial abnormalities that are
compatible with other forms of severe complex I deficiencies
(26). In that study it was shown that the cytoplasmic form of
Sicily interacts with Hsp90 and prevents degradation of cytosolic
complex I subunits. Interestingly, and very similar to AVFS,
the neurodegenerative phenotype of the Sicily mutants was
almost completely rescued by the cytoplasmic form of the Sicily
itself, with the exception of the mitochondrial structural
abnormalities.

In a similar manner, in AVFS the cytoplasmic NDUFAF6 iso-
forms may interact with HSP90 (as demonstrated by immuno-
fluorescence studies) and sustain other functions, thereby
preventing development of the myopathic and/or neurodegen-
erative phenotype. On the other hand, the loss of the mitochon-
drial NDUFAF6 isoforms may lead to partial complex I
deficiency and structural mitochondrial defects that may specif-
ically affect systems and tissues with high energy requirements
for endocytosis/membrane transport processes, and over time
lead to chronic changes that would manifest only in the cell
types that have endogenously lower expression of NDUFAF6
and/or that are increasingly sensitive to excessive production of
reactive oxygen species (ROS) (e.g. tubular epithelial cells and
type I pneumocytes). This is consistent with histopathologic
and ultrastructural evaluation of the kidney from an affected in-
dividual, which revealed proximal tubulopathy of mitochon-
drial origin and slowly progressive chronic tubulointerstitial
changes. Investigations of affected lung tissue demonstrated
distinctive expression of NDUFAF6 in pulmonary epithelial
cells that are targeted in idiopathic pulmonary fibrosis.
Mitochondrial dysfunction in these cells (29,30) may disturb the
integrity of the alveolar epithelium and provoke hyperplasia of
type II pneumocytes and progressive interstitial fibroplasia that
are established pathogenetic mechanisms in interstitial pulmo-
nary fibrosis.

In conclusion, we describe a genetically distinct form of
Fanconi syndrome. This information may be used in the diag-
nosis and prevention of this disease in individuals and families
of Acadian descent and broadens the spectrum of the clinical
presentation of mitochondrial diseases, respiratory chain de-
fects and defects of complex I specifically.

Materials and Methods
Study subjects and clinical examination

An individual affected with proximal renal tubular acidosis
(RTA) contacted one of the investigators (AJB) to help identify
the genetic cause of this disorder. Further affected individuals
were referred by the index case or local nephrologists. After ob-
taining informed consent, medical records, a blood sample
for genetic analysis and other clinical samples were obtained.
This investigation was approved by the Wake Forest University
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School of Medicine, the First Faculty of Medicine of the Charles
University, Prague, the Czech Republic and the Moncton
Regional Hospital, Moncton, New Brunswick.

Whole exome sequencing

Genomic DNA of all available individuals was extracted from
whole blood samples in a standard manner. Whole exome
sequencing (WES) was performed using the SOLiDTM 4
(ThermoFisher Scientific, Waltham, MA) and HiSeq 1500 sys-
tems (Illumina, San Diego, CA).

SOLiD 4 sequencing
For DNA enrichment, bar-coded DNA libraries and NimbleGen
SeqCap EZ Exome v2 (Roche, Madison, WI) were used according
to the manufacturer’s protocol. DNA sequencing was performed
on the captured barcoded DNA library of three affected individ-
uals using the SOLiDTM 4 System at the Institute for Inherited
Metabolic Disorders (Prague, Czech Republic) as previously de-
scribed (31,32). Reads were aligned in color space to the refer-
ence genome (hg19) using NovoalignCS version 1.08 (Novocraft,
Malaysia) with default parameters. Sequence variants in ana-
lyzed samples were identified using the SAMtools package
(version 0.1.19) (33). The high confidence variants list was anno-
tated using the ANNOVAR Annotation tool (34) (hg19). Only the
sequence variants present in all three affected individuals and
having a frequency <0.05 in the dbSNP, 1000 Genomes, Exome
Variant Server (http://evs.gs.washington.edu/EVS/) and our in-
ternal exome database were prioritized for further analysis.
Identified genetic variants were filtered according to the ex-
pected autosomal recessive model of the disease and evaluated
according to the biological relevance of corresponding genes.
Candidate variants were visualized in Integrative Genomics
Viewer (IGV)—version 2.3.32 (35).

Illumina sequencing
For DNA enrichment, barcoded DNA libraries and NimbleGen
SeqCap EZ Exome v3 (Roche, Madison, WI) were used according
to the manufacturer’s protocol. DNA sequencing was performed
on the captured barcoded DNA library using the Illumina Hiseq
1500 system at the Genomic facility in Motol University Hospital
in Prague. The resulting FASTQ files were aligned to the Human
Genome Reference (hg19) using Novoalign (3.02.10). Following
genome alignment, conversion of SAM format to BAM and du-
plicate removal were performed using Picard Tools (1.129).
The Genome Analysis Toolkit, GATK (3.3) (36) was used for local
realignment around indels, base recalibration and variant reca-
libration and genotyping. Variant annotation were performed
with SnpEff (37) and GEMINI (38). Variants with minor allelic fre-
quencies (MAFs) in ESP6500, ExAC and 1000 Genomes databases
<0.05 were further evaluated as described above.

CNV prediction

CNV were identified from exome read counts using CoNIFER
(0.2.2) (39).

Homozygosity mapping

Runs of homozygosity (ROHs) were identified from genotyping
data using the GEMINI framework and the ROH tool (38). Allele
frequency was calculated and visualized using TTR R-package

by smooth moving average (SMA) algorithm, where the moving
average was set to 8000 in genome dataset.

Whole genome sequencing (WGS)

DNA libraries were prepared using the TruSeq Nano DNA
Library Prep kit (Illumina) and sequenced on the Illumina HiSeq
X Ten System (Macrogen, Rockvill, MD). Alignment, variant
calling, annotation and copy number analysis were done as
described (40).

Genotyping

All genetic variants of interest were genotyped by direct Sanger
sequencing using the version 3.1 Dye Terminator cycle sequenc-
ing kit (ThermoFisher Scientific) with electrophoresis on an ABI
3500XL Avant Genetic Analyzer (ThermoFisher Scientific).
Data were analyzed using Sequencing Analysis software
(ThermoFisher Scientific).

In silico splice site prediction

For prediction of eventual splicing effects of the identified non-
coding variants we used Alamut Mutation Interpretation
Software (Interactive Biosoftware, Rouen, France).

Cell culture

Skin fibroblasts were maintained in Dulbecco’s modified eagle
medium (DMEM), (ThermoFisher Scientific), supplemented with
10% fetal bovine serum (FBS), (ThermoFischer Scientific) and
penicillin/streptomycin (Sigma–Aldrich, Prague, Czech
Republic).

RNA analysis and cDNA sequencing

Total RNA was isolated from fibroblast cell line pellets or snap-
frozen lung specimens using TRIzol solution (ThermoFischer
Scientific). RNA concentrations were determined spectrophoto-
metrically at A260 nm by NanoDrop (NanoDrop Technologies,
Wilmington, DE), and RNA quality was verified using an Agilent
2100 bioanalyser—RNA Lab-On-a-Chip (Agilent Technologies,
Santa Clara, CA). Aliquots of isolated RNA were stored at �80 �C
until analysis. The first-strand cDNA synthesis was carried out
using an oligo-dT primer and either SuperScriptVR III Reverse
Transcriptase or ThermoScript Reverse Transcriptase
(ThermoFisher Scientific) or ProtoScript II First Strand cDNA
Synthesis Kit (NEB, Ipswich, MA). NDUFAF6 cDNA were PCR-
amplified from the synthesized first-strand cDNA using oligo-
nucleotide primers (Generi Biotech, Hradec Kr�alové, Czech
Republic) designed to span and amplify NDUFAF6 isoforms v_1
and v_3 in parallel and isoform v_2 separately. The resultant
PCR products were analyzed using agarose gel electrophoresis.
Individual DNA fragments were extracted from gel slices using
PureLink Quick Gel Extraction Kit (ThermoFisher Scientific) and
sequenced using the version 3.1 Dye Terminator cycle sequenc-
ing kit (ThermoFisher Scientific) with electrophoresis on an ABI
3500XL Avant Genetic Analyzer (ThermoFisher Scientific).
Obtained RT-PCR products were also sequenced in parallel us-
ing the Illumina HiSeq 1500 system as described for WES and
WGS above. The resulting FASTQ files were aligned to the
Human Genome Reference (hg19) using TopHat 2.0.12 (41)
integrated in the RAP: RNA-Seq Analysis Pipeline (42).
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In vitro translation assay

Wild-type NDUFAF6 isoforms v_1 and v_2 cDNA were synthe-
sized by GenScript (Piscataway, NJ). Protein precursors were
synthesized in the presence of 35S-methionine using TNT T7
Quick Coupled Transcription/Translation System (Promega,
Madison, WI) with plasmids as a DNA template, according to
manufacturer recommendation. Translation products were cen-
trifuged at 13 000g for 2 min and supernatant was mixed with
SDS sample lysis buffer. Samples were analyzed by SDS–PAGE
and radioactivity was detected using Pharos system (Bio-Rad
Laboratories; Hercules, CA).

Transient transfection and Western-blot analysis of
NDUFAF6

Wild-type NDUFAF6 isoform v_1 cDNA was synthesized by
GenScript (Piscataway, NJ). HeLa and HEK 293 cells were main-
tained in DMEM High Glucose medium supplemented with 10%
(vol/vol) fetal calf serum (PAA), 100 U/ml penicillin G (Sigma–
Aldrich) and 100 mg/ml streptomycin sulfate (PAA Laboratories
GmbH, Pashing, Austria). Transfections were carried out using
Lipofectamine 3000TM (ThermoFischer Scientific) with either 1.5
or 4 mg DNA for 1.5�105 or 8�105 cells, respectively.

Cells were harvested either 24 h (for HeLa and HEK 293 cells)
or 5 days (for fibroblasts) post-transfection, and mitochondrial
and cytoplasmic fraction were prepared using Mitochondria/
Cytosol Fractionation Kit (BioVision, Inc., San Francisco, CA).

Control human tissue lysates from muscle (Muscle NB820-
59253), liver (Liver NB820-59232) and kidney (Kidney NB820-
59231) were purchased from Novus Biologicals (Littleton, CO).
Lysates from heart and lung were prepared from frozen autopsy
tissues. Briefly, frozen tissue was cut out and homogenized in a
Teflon/glass homogenizer in RIPA Buffer (150 mM NaCl, 1%
Nonidet NP-40, 1% sodium deoxycholate, 0.1% SDS, 50 mM Tris–
HCl, pH 8.0; 10% homogenate), incubated for 30 min at 37 �C and
centrifuged for 5 min at 18 000g to remove non-lysed proteins.

Denatured protein samples were separated on 13% SDS–
PAGE and blotted onto a PVDF membrane. NDUFAF6 was visual-
ized by incubation with rabbit polyclonal antibodies supposedly
capable of detecting NDUFAF6 isoforms V_1 and V_2—ab150975
and ab151096 (Abcam, Cambridge) or sc-87001 (Santa Cruz
Biotechnology, Heidelberg, Germany), followed by incubation
with anti-rabbit IgG-peroxidase antibody—A8924 (Sigma_
Aldrich), and detection by SuperSignal West Pico Maximum
Sensitivity Substrate (ThermoFisher Scientific). Succinate dehy-
drogenase complex, subunit A (SDHA) was visualized using
mouse monoclonal antibody ab14715 (Abcam). Actin was visu-
alized using mouse monoclonal anti-Actin (Ab-1) antibody
CP01-1EA (Calbiochem, CA).

Immunohistochemistry and immunofluorescence
analysis

Formaldehyde fixed kidney and lung samples were analyzed.
Immunodetection of NDUFAF6 on paraffin sections was per-
formed using the rabbit polyclonal anti-NDUFAF6 antibody
sc-87001 (Santa Cruz Biotechnology) diluted 1:200 in 5% BSA, in
PBS. Detection of bound primary antibody was achieved using
the Dako EnVisionþTM Peroxidase Rabbit Kit (Dako, Glostrup,
Denmark) with 3,30-diaminobenzidine as substrate. The specif-
icity of the antigen detection was always ascertained by omis-
sion of the primary antibody binding step.

For intracellular localization in kidney and lung, NDUFAF6
was detected with rabbit polyclonal anti-NDUFAF6 antibody di-
luted 1:300 in 5% BSA, in PBS. Mitochondrial ATP synthase subu-
nit b (ATP5B) and cytoplasmic located heat shock protein 90
(HSP90) were detected with mouse monoclonal anti-ATP5B anti-
body (ab14730, Abcam) and anti-Hsp90 antibody (ab 79848,
Abcam), respectively, both diluted 1:100 in 5% BSA, in PBS. For
fluorescence detection, corresponding species specific second-
ary antibodies Alexa FluorVR 488 and Alexa FluorVR 555
(ThermoFisher Scientific) were used. Slides were mounted in
the fluorescence mounting medium ProLong Gold Antifade
Mountant with DAPI (ThermoFisher Scientific) and analyzed by
confocal microscopy.

Confocal microscopy, image acquisition and analysis

XYZ images were sampled according to Nyquist criterion using
a Leica SP8X laser scanning confocal microscope, HC PL Apo ob-
jective (63�, N.A.1.40), 405 nm diode/50 mW DMOD Flexible, and
488 and 555 laser lines in 470–670 nm 80 MHz pulse continuum
WLL2 (Leica, Wetzlar, Germany). Images were restored using a
classic maximum likelihood restoration algorithm in the
Huygens Professional Software (SVI, Hilversum, Netherlands).
The colocalization maps, employing single pixel overlap coeffi-
cient values ranging from 0 to 1, were created in the Huygens
Professional Software. The resulting overlap coefficient values
are presented as the pseudo color whose scale is shown in the
corresponding lookup tables (LUT).

Electron microscopy

Kidney biopsies were fixed with 3% glutaraldehyde in 0.1 M

phosphate buffer, post-fixed with 1% OsO4, dehydrated and em-
bedded into Durcupan-Epon mixture. Ultrathin sections were
double contrasted with uranyl acetate and lead nitrate and then
analyzed using a transmission electron microscope (JEOL 1200
EX).

Isolation of mitochondria

For the analysis of complex I assembly, mitochondria from fi-
broblast cells were isolated at 4 �C by a hypo-osmotic shock
method (43). The freshly harvested cells were disrupted in
10 mM Tris–HCl, pH 7.4, homogenized in a Teflon/glass homoge-
nizer (10% homogenate, w/v) and then sucrose was added to a
final concentration of 0.25 M. Mitochondria were sedimented
from the 600-g post-nuclear supernatant by 10-min centrifuga-
tion at 10 000g, washed and resuspended in 0.25 M sucrose, 2 mM

EGTA, 40 mM KCl, 20 mM Tris, pH 7.4.

Electrophoresis, Western-blot analysis, in-gel
complex I activity

SDS–PAGE was performed on 10% (w/v) polyacrylamide slab mini-
gels (MiniProtean System, Bio-Rad Laboratories) at room temper-
ature. Samples of whole cells or isolated mitochondria were
heated for 5 min at 95 �C in a sample lysis buffer [2% (v/v) 2-mer-
captoethanol, 4% (w/v) SDS, 50 mM Tris (pH 7.0), 10% (v/v) glyc-
erol]. Separation of native OXPHOS complexes by blue-native
(BNE) or clear-native electrophoresis (CNE system) (44) was per-
formed on polyacrylamide gradient (4–13%) minigels at 7 �C.
Mitochondrial proteins were solubilized with digitonin at 2 g/g
(detergent/protein ratio) for 15 min on ice. The samples were
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centrifuged for 20 min at 4 �C and 30 000g, and Coomassie
Brilliant Blue G dye (Serva Blue G-250, 0.125 g/g detergent) and 5%
glycerol were added to the supernatants before electrophoresis.
Gels were blotted onto a PVDF membrane (Millipore) and the
membrane was blocked in 5% defatted milk in TBS (150 mM NaCl,
10 mM Tris, pH 7.5). The membranes were washed twice in TBST
(TBS with 0.1% (v/v) Tween-20) and incubated overnight with the
following primary antibodies diluted in TBST: rabbit polyclonal
antibody to NDUFAF6 (Abcam ab151096, 1:500), mouse monoclo-
nal antibodies to actin (IgM, Calbiochem CP01-1EA, 1:6000),
NDUFA9 (Abcam ab14713, 1:1000), NDUFS3 (Abcam ab14711,
1:1000), NDUFB8 (Abcam ab110242, 1:1000), SDHA (Abcam
1:10 000, ab14715), CORE1 (Abcam ab110252, 1:1000), CORE2
(Abcam ab14745, 1:1000) and a cocktail of monoclonal antibodies
to OXPHOS subunits (Abcam ab110412, NDUFA9, SDHA, CORE2,
COX4, F1-a). For a quantitative detection, the infra-red fluorescent
secondary antibodies diluted in TBST were used (Alexa Fluor 680
A10038 or A10043, 1:3000, Life Technologies; IRDye 800CW 926-
32212 or 926-32213, 1:15 000, Li-Cor Biosciences). The fluorescence
was detected using ODYSSEY infra-red imaging system (Li-Cor
Biosciences) and the signal was quantified using Aida 3.21 Image
Analyzer software. Complex I activity was detected on native gels
immediately after electrophoresis according to (44). Briefly, gels
were incubated in complex I activity assay buffer (2.5 mg/ml
nitrotetrazolium blue, 0.1 mg/ml NADH, 5 mM Tris–HCl, pH 7.4)
from 1 h to overnight. The gels were transferred to 5 mM Tris–HCl
pH 7.4 and scanned.

LFQ protein mass spectrometry analysis

Cell pellets (affected individual versus control NHDFC fibro-
blasts) corresponding to 100 mg of protein were solubilized
using sodium deoxycholate (1% (w/v) final conc.), reduced with
TCEP [tris(2-carboxyethyl)phosphine], alkylated with MMTS (S-
methyl methanethiosulfonate), digested sequentially with Lys-
C and trypsin and extracted with ethylacetate saturated with
water as described (45). Samples were desalted on Empore C18
columns, dried in Speedvac and dissolved in 0.1% TFA + 2% ace-
tonitrile. About 1 mg of peptide digests were separated on 50 cm
C18 column using 2.5 h elution gradient and analyzed in a DDA
mode on a Orbitrap Fusion Tribrid (Thermo Scientific) mass
spectrometer. Resulting raw files were processed in MaxQuant
(v. 1.5.3.28) (46) with label-free quantification (LFQ) algorithm
MaxLFQ (47). Downstream analysis and visualization was per-
formed in Perseus (v. 1.5.3.1).

Complementation of fibroblasts with wt cDNA

Affected or control fibroblasts were transfected either with vec-
tor containing either the wtNDUFAF6 isoform v_1 cDNA (in the
same manner as used for HeLa and HEK293 cells) or the green
fluorescent protein (GFP) (used as a control) using Nucleofector
device and NHDF nucleofection kit (VPD-1001, Lonza,
Switzerland). For each transfection 3�106 cells and 2 lg of DNA
was used. Cells were analyzed 5-day post-transfection.

Mitochondrial respiration measurement

Respiration of fibroblasts was measured at 30 �C using
Oxygraph-2k (Oroboros, Austria), essentially as described (48).
Briefly, freshly harvested cells were suspended in KCl medium
(80 mM KCl, 10 mM Tris–Cl, 3 mM MgCl2, 1 mM EDTA, 5 mM potas-
sium phosphate, pH 7.4) and permeabilized with digitonin

(0.05 g/g of protein). Substrates and inhibitors were used at the
following concentrations: 10 mM pyruvate, 2 mM malate, 1 mM

ADP, 10 mM glutamate, 10 mM succinate, 10 mM glycerol 3-phos-
phate, 500 nM oligomycin, 100–200 nM FCCP, 1 lM rotenone,
10 mM malonate, 1 lM antimycin A, 2 mM ascorbate, 1 mM TMPD,
0.5 mM KCN. Oxygen consumption was expressed in pmol oxy-
gen/s/mg protein.

Supplementary Material
Supplementary Material is available at HMG online.
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ABSTRACT
Background Autosomal dominant tubulointerstitial kidney disease caused by mucin-1 gene (MUC1) mu-
tations (ADTKD-MUC1) is characterized by progressive kidney failure. Genetic evaluation for ADTKD-
MUC1 specifically tests for a cytosine duplication that creates a unique frameshift protein (MUC1fs).
Our goal was to develop immunohistochemical methods to detect the MUC1fs created by the cytosine
duplication and, possibly, by other similar frameshift mutations and to identify novel MUC1 mutations in
individuals with positive immunohistochemical staining for the MUC1fs protein.

Methods We performed MUC1fs immunostaining on urinary cell smears and various tissues from ADTKD-
MUC1–positive and –negative controls as well as in individuals from 37 ADTKD families that were negative
formutations in knownADTKDgenes.We used novel analytic methods to identifyMUC1 frameshift mutations.

Results After technique refinement, the sensitivity and specificity for MUC1fs immunostaining of urinary
cell smears were 94.2% and 88.6%, respectively. Further genetic testing on 17 families with positive
MUC1fs immunostaining revealed six families with five novel MUC1 frameshift mutations that all predict
production of the identical MUC1fs protein.

Conclusions We developed a noninvasive immunohistochemical method to detect MUC1fs that, after
further validation, may be useful in the future for diagnostic testing. Production of the MUC1fs protein
may be central to the pathogenesis of ADTKD-MUC1.
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Autosomal dominant tubulointerstitial kidney disease
(ADTKD)encompasses abroad groupof inherited kid-
ney diseases that are characterized by tubulointerstitial
kidney disease and progressive kidney failure.1–5 Muta-
tions inUMOD,REN, orMUC1 are the primary causes
of ADTKD, with mutations inHNF1B6 and SEC61A14

as other causes of ADTKD.7

Autosomal dominant tubulointerstitial kidney dis-
ease caused byMUC1mutations (ADTKD-MUC1) is
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caused by a cytosine duplication within a seven-cytosine tract in
the variable number of tandem repeats (VNTR) region of the
MUC1 gene. This duplication produces a frameshift during trans-
lation, resulting in a new protein, MUC1fs.3 The N-terminus
and VNTR regions before the site of mutation will be translated
normally, whereas the VNTR repeats after the frameshift have an
80% reduction in serine and threonine residues and the introduc-
tion of one cysteine and six basic amino acid residues permutated
VNTRunit.3 The new protein has a very high pI and is postulated
to be toxic to renal tubular cells.8 Because of its new structure,
unique antibodies can be developed that recognize the MUC1fs
but not the wild-type MUC1.

Thehighguanosine/cytosinecontentandrepetitivenatureof the
VNTR region means that mutational analysis of MUC1 has been
extremely difficult. At this time, only the cytosine duplication can
be identifiedby aClinical Laboratory ImprovementAmendments–
approved genetic test as a cause of ADTKD-MUC1,9 and no trun-
cating ormissenseMUC1mutations have been found that result in
ADTKD-MUC1. In addition, theMUC1 knockout mouse has not
been found to have kidney disease.10 For this reason, it has been
hypothesized that the specific MUC1fs produced by the cytosine
duplication is critical to the pathogenesis of ADTKD-MUC1.3,11 It
has been postulated that there may be other, distinct MUC1 mu-
tations that produce the same MUC1fs and result in ADTKD-
MUC1. A familywith a deletion of 2 bp before theVNTR, resulting
in the same MUC1fs protein, has also been reported.12

In this study we first performed immunostaining for the
MUC1fs protein on epithelial tissues and urinary cell smears in
individuals with ADTKD-MUC1 (genetically identified with
the MUC1 cytosine duplication) and negative controls to de-
termine if we could make a reliable diagnosis of ADTKD-
MUC1 in this manner. We then tested epithelial tissue and
urine from 37 ADTKD families with negative genetic testing
for ADTKD genes and theMUC1 cytosine duplication and iden-
tified 17 families with positive urinary cells or tissue staining for
the MUC1fs protein. Further genetic analyses on these families
revealed five new distinct frameshift mutations in six families that
predicted and resulted in the creation of the MUC1fs protein.

METHODS

See Figure 1 for flow diagram.

Clinical Evaluation
The Wake Forest School of Medicine ADTKD registry comprises
over 450 families referred to A.J.B. by physicians and/or family
members since 1996. Families are screened by A.J.B., and the
following data are collected: demographics, pedigree, medical
history, laboratory values, imaging results, and biopsy reports.

UMOD/REN Sequencing and Standard MUC1
Genotyping
Whole blood or salivawas collected andDNA isolated by standard
methodology. ADTKD-UMOD and ADTKD-REN genotyping

was performed as previously described, using either a custom
gene panel4 or candidate gene Sanger sequencing.5,13 ADTKD-
MUC1 genotyping was performed by the Broad Institute
(Cambridge, MA).9

Preparation of Urinary Cell Smears and Clinical Biopsy
Material
Participants were asked to provide a 100ml secondmorning spot
urine sample, which was cooled and shipped overnight to Wake
Forest School of Medicine with an ice pack. Evaluation of imme-
diate and overnight delay of urine processing found that results
were consistent when processing was delayed because of shipping
(data not shown). Urine was centrifuged for 10 minutes at
16003g. The supernatant was removed and the pellet was washed
with 5 ml of wash buffer (2 mM EDTA, 0.1% BSA in 13 PBS).
The sample was centrifuged again for 10 minutes at 16003g. The
supernatant was removed, and the pellet resuspended in 150 ml of
wash buffer. Then, 30 ml of this suspension was pipetted onto a
Polysine microscope adhesion slide (Thermo Fisher Scientific,
Grand Island, NY) and smeared to create an even coating of the
suspension over the slide surface. Slides were dried at ambient
temperature for 30 minutes. The suspension was then fixed by
placing the slides in ice-cold 100% methanol for 10 minutes
at 220°C and drying the slides at ambient temperature. Slides
could be stored at220°C for up to 6 weeks and were shipped on
dry ice to prevent particulate formation fromwater vapor in transit.

Multiple efforts weremade to obtain residual paraffin slides
not required for clinical diagnosis from as many prior clinical
biopsy specimens in patients with ADTKD-MUC1 and
ADTKD-UMOD as possible.

Immunostaining of Biopsy Specimens and Urinary Cell
Smears
To detect MUC1fs, we prepared, obtained from collaborators,
or purchased from various vendors, a series of 27 polyclonal
and mAb raised against or interacting with various MUC1fs
peptide fragments. These antibodies were tested under differ-
ent conditionswith positive andnegative controls to determine
which antibody functioned optimally for immunostaining of
tissues and urine.

Significance Statement

In the vast majority of cases, autosomal dominant tubulointerstitial
kidney disease caused by MUC1 mutations (ADTKD-MUC1) is due
to a cytosine duplication leading to creation of a specific frameshift
protein (MUC1fs) pathogenic to tubular cells. For technical reasons,
clinical genetic testing only identifies the cytosine duplication. This
article describes a novel immunohistochemical method that allows
identification of MUC1fs in urine. Using this technique, the authors
identified 17 families who were negative for the cytosine duplica-
tion but had MUC1fs in the urine. The investigators then used an
innovative method to identify five novel MUC1 mutations in six
families. This article contributes to growingevidence thatMUC1fs is
central to the pathogenesis of ADTKD-MUC1 and provides an assay
for MUC1fs independent of mutation.
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Tissue specimen immunodetection ofMUC1fswas performed
in formaldehyde-fixed human tissue using the methodology pre-
viously described.3 The choice of antibody was made on the basis
of antibody availability over the time course of the study.
For MUC1fs detection in kidney tissue, we used custom-
prepared rabbit antibody PA4301 raised against the peptide
SPRCHLGPGHQAGPGLHRPP (Open Biosystems, Huntsville,
AL). These results were consistently confirmed with Fab frag-
ment AbD22625 (selected from the Human Combinatorial
Antibody Library (AbD Serotec, Puchheim, Germany) by
screening with the peptide CHLGPGHQAGPGLHRPPSPR)
and SISCAPA Peptide B antibody, which was raised against
peptide CHLGPGEQAGPGLHR and provided by the Broad
Institute. For MUC1fs detection in skin specimens we used
the SISCAPA Peptide B antibody. For MUC1fs detection in
all breast tissues we used Fab fragment AbD2265454 antibody
(selected from the Human Combinatorial Antibody Library by
screening with peptide GPGLHRPPSPRCHLGPGHQA). Con-
firmatory results were obtained with PA4301. For urinary cell
testing, Fab fragment AbD2265454 was used.

The wild-type MUC1 protein was detected with monoclonal
Mouse anti-Human Epithelial Membrane Antigen (EMA) anti-
body (Dako, Glostrup, Denmark), diluted at 1:400 in 5% BSA
in PBS. Detection of bound primary antibody was achieved
using either Dako EnVision+TM Peroxidase Rabbit Kit (Dako)
or System-HRP labeledPolymerAnti-mouse (Dako), for rabbit or
mouse antibodies, respectively, with 3,39-diaminobenzidine as
substrate. For frozen, fixed urinary cell smears, a 45-minute in-
cubation in 5% FBS with 0.05% Tween 20 at room temperature
was performed for protein blocking. After the protein blocking,
slideswere incubatedwithAbD22654 antibody diluted in 5%FBS
with 0.05% Tween 20 overnight at 4°C. Incubation with the pri-
mary antibody was followed by four 2-minute washes with PBS
with 0.05% Tween 20. Detection of bound primary antibody was
achieved using a 60 minute incubation at 37°C with Mouse anti–
V5-Tag AF488 antibody (AbD Serotec). After secondary antibody
incubation, slides were washed four times for 2 minutes in PBS
with 0.05% Tween 20 and mounted into ProLong Gold Antifade
mountant with DAPI (Thermo Fisher Scientific). Slides were an-
alyzed using confocal microscopy.

Figure 1. Work-flow diagram shows the distribution of samples used for validation of the methodology and for identification of families
with ADTKD-MUC1.
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For parallel detection of MUC1fs and MUC1, protein-
blocked slideswere incubatedwithfluorescently labeled (Alexa
488) AbD22654 antibody (AbD Serotec, Puchheim, Germany)
and monoclonal Mouse anti-Human EMA antibody, diluted
1:400 in 5% BSA in PBS. Detection of bound anti-EMA pri-
mary antibody was achieved using Donkey anti-Mouse IgG
(H+L) Secondary Antibody, Alexa Fluor 555 (Thermo Fisher
Scientific). Detection of uroplakin 1A (UPK1A) was achieved
using polyclonal Rabbit anti-UPK1A (HPA049879; Sigma) and
Donkey Anti-Rabbit AF555 (Thermo Fisher Scientific) as pri-
mary and secondary antibodies, respectively. Slides were
mounted and analyzed by confocal microscopy.

Confocal Microscopy, Image Acquisition, and Analysis
XYZ images were sampled according to Nyquist criterion, us-
ing Leica SP83 laser scanning confocal microscopy, HC PL
Apo objective (633, N.A. 1.40), and 405, 488, and 555 laser
lines. Images were restored using a classic maximum likeli-
hood restoration algorithm in Huygens Professional Software
(SVI, Hilversum, The Netherlands).

Formaldehyde-fixed tissue biopsy specimens and urinary
cell smears were processed in a blinded manner by V.B. and
M.�Z. Healthy controls, controls with CKD (defined as an
eGFR,60ml/min per 1.73m2), and individuals with a genetic
diagnosis of ADTKD-MUC1 or ADTKD-UMOD were in-
cluded with individuals from families whose genetic testing
was negative or not yet performed. Urinary smears were pre-
pared at Wake Forest School of Medicine and mailed to the
Charles University in four separate batches over time, as they
were collected. The samples were analyzed at Charles Univer-
sity, and these results were then correlated at Wake Forest
School of Medicine with clinical data. To explore the cause
of false positive and false negative results, characteristics were
compared between the proportion of true results (true positive
and true negative) and false results (false positive and false
negative) with a chi-squared or t test.

MUC1 VNTR Sequencing
Sanger Sequencing of Exon 1 of MUC1
Exon 1 of MUC1 was directly amplified from geno-
mic DNA using primers gM1U-T7 (59-AATACGACTCA-
CTATAGTTGTCACCTGTCACCTGCTC-39) and gM1L-RP
(59-GAAACAGCTATGACCATGGCATGACCAGAACCCG-
TAAC-39). The resultant PCR products were purified and
sequenced using the version 3.1 Dye Terminator cycle se-
quencing kit (Thermo Fisher Scientific) with electrophoresis
on an ABI 3500XL Avant Genetic Analyzer (Thermo Fisher
Scientific).

Illumina Sequencing of the VNTR Region of MUC1
The VNTR is very difficult to sequence because its repetitive
nature and high guanosine and cytosine content. We
developed a novel approach in which we looked specifically
for frameshift mutations occurring within one of the VNTR
repetitive units with the use of the IlluminaHiSeq 2500 system.

First, PCR amplification of theVNTRwas performed, resulting in
multiple repetitiveDNA sequences of theVNTR.These sequences
were then read with the Illumina system (see the following refer-
ences for an explanation of the Illumina system).14,15 The VNTR
region was directly amplified from genomic DNA using primers
PS2F-T7 (59-GGATCCTAATACGACTCACTATAGGAACAGAC-
CACCATGGGAGAAAAGGAGACTTCGGCTACCCAG-39) and
PS3 (specified above) and long-range PCR (TaKaRa LA Taq
DNA Polymerase with GC Buffers; Takara, Mountain View,
CA). The resulting PCR products were purified using AmpureXP
Beads fragmented to 400 bp with the Covaris E220 System and
purified againwithAmpureXPBeads. The sequencing librarywas
prepared from the fragmented PCR product using the NEBNext
UltraII DNA Library Prep Kit for Illumina and sequenced using
the Illumina HiSeq 2500 system at the genomic facility in Motol
University Hospital (Prague, Czech Republic). In this process, the
individual nucleotide sequences derived from the PCR are se-
quenced in parallel, resulting inmultiple, repeated sequence read-
ings from the VNTR. The resulting sequence reads were analyzed
directly, without mapping to the reference genome. Only samples
that generated.10,000 reads were included in further analysis.

Targeted Genotyping of Identified Mutations
The 28dupA and 26_27 insG mutations were confirmed by
a modified mass spectrometry-based assay9 at the Broad
Institute. The 28dupA mutation was interrogated using
the ADTKD-MUC1 7C probe (59-CGGGCTCCACCGCC-
CCCCC-39) and a nucleotide mix of dATP, ddCTP, and ddGTP.
The 28dupA extension product is observed at 6571 D. The
26_27insG mutation was interrogated using the ADTKD-MUC1
6C probe (59-CGGGCTCCACCGCCCCCCC-39) with a nucleo-
tide mix of dG and ddCTP in the probe extension reaction. The
26_27insG extension product is observed at 5944.85 D. For the
1_16dup and 23delinsATmutation, the VNTR ofMUC1 was am-
plified from genomic DNA using long-range PCR as described
above. Obtained PCR products were cleaved by EciI and FokI, re-
spectively, and resulting restriction fragments were analyzed using
agarose gel electrophoresis.

Study Approval
This study was approved by the Institutional Review Boards of
the First Faculty of Medicine, Charles University in Prague,
and Wake Forest University Health Sciences Institutional Re-
view Board (WFUHS IRB00000352). It adhered to the Decla-
ration of Helsinki. Informed consent was obtained from all
individuals. Authorization for release of biopsy materials by
primary referral hospital/institute was also obtained.

RESULTS

MUC1fs Immunostaining of Kidney Biopsy Specimens
Paraffin slides were obtained from prior kidney biopsies
performed for clinical indications in 12 individuals with
ADTKD-MUC1 and 11 with ADTKD-UMOD (Supplemental
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Figure 2. Immunohistochemical staining of skin, sebaceous glands, and breast ducts shows positive MUC1fs staining in genetically
affected individuals with ADTKD-MUC1 and negative MUC1fs staining in controls. (A) Survey of a kidney section showing positive
staining for MUC1 in cortical distal tubules and collecting ducts in a patient with ADTKD-MUC1 and (B) a detailed view showing distal
tubules positively stained for MUC1 with maximal staining intensity on the apical membranes of tubular cells. (C) Survey of a parallel
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Table 1). Positivity was determined by the presence and inten-
sity of MUC1fs intracytoplasmic granules found in the distal
tubule and collecting duct cells (Figure 2, C and D), where
wild-type MUC1 is constitutively expressed (Figure 2, A, B, E,
and F). Eleven out of 12 samples from individuals with
ADTKD-MUC1 were positive for the MUC1fs protein, with
one patient having minimal/negative staining. Immunostaining
was negative in control samples (Figure 2, G andH) in nine out of
11 samples, but positive in two individuals. The sensitivity for
immunostaining of kidney biopsy specimens was 91.7% and
specificity was 81.8%.

MUC1fs Immunostaining of Other MUC1-Expressing
Epithelial Tissue Samples
Biopsy specimens from otherMUC1-expressing epithelial tis-
sue were analyzed in individuals with ADTKD-MUC1. This
biopsy material was very limited, as only a few patients had
undergone biopsy of nonrenal tissue. In two out of three skin
biopsy samples from three individuals, MUC1fs was identified
in the sebaceous glands (where wild-type MUC1 is constitu-
tively expressed) (see Figure 2, K and L). The third sample
lacked sebaceous glands. MUC1 and MUC1fs were identified
in normal epithelial structures in two of three breast biopsy
samples from three affected individuals (Figure 2, Q and R). In
the third sample, MUC1fs was only identified in structures of
carcinoma and less intensively in nontumor epithelium. There
was also positive staining of the lung, colon, and fallopian tube
(not shown).

MUC1fs immunostaining of nonrenal epithelial tissue was
performed in three samples from two individuals with
ADTKD-UMOD (negative controls). In a colon and skin bi-
opsy specimen from one individual, the skin biopsy sample
was positive and the colon biopsy sample was negative. A colon
biopsy sample from another individual was negative.

Immunostaining of Urinary Cell Smears
Because of the limited quantity and quality of biopsy material,
we decided on the alternative approach of staining urinary
smears. Initially, we characterized expression of MUC1fs
and MUC1 in urinary cells from ADTKD-MUC1 individuals

in various CKD stages and controls (Figure 3). In affected
individuals we observed strong diffuse to granular intracellu-
lar staining of MUC1fs in urothelial cells from all layers
(Figure 3, A and B) that was absent in cells from healthy con-
trols (Figure 3, C and D). In affected individuals and controls,
MUC1 was detected in the form of cytoplasmic granules with
distinct plasma membrane staining (Figure 3, E–H). Positive
MUC1fs staining was detected in genetically affected individ-
uals with normal kidney function (Figure 3, A and B), ad-
vanced CKD (Figure 3, K and L), and in an individual on
dialysis (Figure 3, I and J). In advanced CKD in affected indi-
viduals, we further observed that cells that were strongly pos-
itive for both MUC1 and MUC1fs (Figure 3, I–L) and were
much smaller in size (diameter approximately 15 mm) than
cells from affected and unaffected individuals with normal
kidney function (diameter 30–40 mm) (Figure 3, A–H).

Illustrative immunofluorescence images of MUC1fs and
MUC1 in urinary cells from individuals with ADTKD-
MUC1, ADTKD-UMOD, and controls are shown in Figure
4. Urinary smears were positive for the MUC1fs protein in
five patients with ADTKD-MUC1 who had undergone kidney
transplantation 1.5, 4, 4, 7, and 8 years previously, suggesting
that immunostaining for MUC1fs also occurs in cells that
originate from the ureter, bladder, or urethra. Staining with
the bladder cell marker UPK1A revealed that all UPK1A pos-
itive cells are positive for MUC1fs and that UPK1A-positive
cells accounted for approximately 30% of cells that stained
positive for MUC1fs (Supplemental Figures 1 and 2).

After developing this technique, we then evaluated in a
blinded manner four sequential groups of urinary smears.
Smear quality and the number of cells on each smear were
graded before immunostaining. Optimally prepared smears
contained at least 100 cells, of which approximately 25%
stained positive for MUC1 in women and 35% in men. In
affected individuals approximately 40% of MUC1-positive
cells were positive for MUC1fs. Table 1 shows the character-
istics of the sample population and the distribution of false
positive/false negative results. There were 173 urinary cell
smears tested from 69 genotyped individuals with ADTKD-
MUC1, 45 individuals with ADTKD-UMOD, 35 healthy

kidney section from the patient with ADTKD-MUC1 stained with an antibody against MUC1fs with positivity in corresponding structures
and (D) a detailed view showing finely granular intracellular MUC1fs staining pattern in distal tubules. (E) Survey of a control kidney section
stained with an antibody against MUC1 and (F) a detailed view showing intracellular positivity in the distal tubule with an accent on the
apical pole of the plasma membrane of tubular cells. (G) Survey of a parallel control kidney section stained with an antibody against
MUC1fs and (H) a detailed view, both demonstrating negative staining in corresponding tubules. (I) Strong positivity for MUC1 in se-
baceous glands in a skin biopsy specimen fromapatient with ADTKD-MUC1 and (J) a detailed view. (K) Less intensive but distinct positivity
ofMUC1fs in sebaceous glands in a patient with ADTKD-MUC1 and (L) a detailed view of the patient’sMUC1fs-positive sebaceous glands.
(M) Strong positivity of MUC1 in sebaceous glands in a control skin biopsy sample and (N) a detailed view. (O and P) Negative MUC1fs
staining in sebaceous glands in a control skin biopsy sample demonstrated in a low power view (O) and (P) in detail. Epithelial cells in sweat
glands (marked by arrows) displaying MUC1 positivity at the apical poles [demonstrated in a control skin biopsy sample in (M)] were
MUC1fs-negative in a patient with ADTKD-MUC1 (K). (Q) Epithelial cells in breast ducts in a male patient with ADTKD-MUC1 display
strong positivity of MUC1 at the apical poles and (R) distinct granular cytoplasmic positivity of MUC1fs. (S) Breast ducts in a male control
display a similar staining pattern of MUC1 but (T) no immunostaining with the antibody detecting MUC1fs.
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individuals, and 24 with other causes of CKD. The sensitivity was
94.2% and specificity was 88.6%. Comparisons between groups
(see Table 1) showed no statistically significant differences that
could explain false positive and false negative results. However, 14
out of 17 false positive/false negative results were from smears that
were ,60% confluent with ,100 cells, with three out of 64
(4.6%) smears with.100 cells having false results versus 14 out
of 109 (12.9%) of smearswith,100 cells (P=0.08). Supplemental
Figure 3 shows examples of false positive and falsenegative staining.
Seventeen of nineteen individuals providing two samples had con-
sistent results; in two, the first sample was a false negative and the
second a true positive.

Immunostainingwas also carried out in 60 individuals from
37 families with clinical features characteristic of ADTKD, but

who were negative for mutations in ADTKD genes and the
MUC1 cytosine duplication. Seventeen families were found to
have biopsy samples or urinary cell smears that were positive
for MUC1fs and underwent further genetic evaluation.

Identification of Novel MUC1 Mutations
To identify the additionordeletionof nucleotideswithinone of
theVNTRunits, theobtainedDNAsequenceswerefirst aligned
using the Basic Local Alignment Search Tool (BlastN)16 pro-
gram. The most highly conserved ten nucleotide sequences
(which we term sequence anchors) of the VNTR repeats
were identified (Figure 5A). To maintain the original reading
frame ofMUC1, the distance between these repeating ten nu-
cleotide sequences in neighboringVNTRsmust be 3n nucleotides

Figure 3. Immunohistochemical staining of urinary smears from individuals with ADTKD-MUC1 reveals positive MUC1fs staining in all
stages of kidney disease. Urinary pellets were smeared on glass slides, then fixed and stained with anti-MUC1fs and anti-MUC1 an-
tibodies. Confocal images show DAPI (blue) and either MUC1fs or MUC1 (green). (A and B) Strong diffuse to granular intracellular
staining of MUC1fs in superficial and intermediate urothelial cells in affected individuals. (C and D) Negative MUC1fs staining in
urothelial cells from a healthy control. (E) Finely granular cytoplasmic staining in superficial urothelial cells and (F) distinct plasma
membrane staining of MUC1 in intermediate urothelial cells in affected individuals that is similar to that in controls (G and H). Positive
MUC1fs staining in urothelial cells was detected in (A and B) a genetically affected individual with normal kidney function, (I and J) in
two individuals with advanced CKD on dialysis, (K) in a nondialyzed individual 1 month before transplantation, and (L) in another patient
with advanced CKD on dialysis. Note that in individuals with advanced CKD, cells that stain strongly positive for both MUC1fs and
MUC1 are much smaller in size (diameter 615 mm) than controls (diameter 30–40 mm).
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(three nucleotides for each amino acid pro-
duced). To find candidate frameshift muta-
tions encoding the MUC1fs protein, we
therefore searched for sequences with inser-
tion of either 1, 4, 7, 10, 13, 16,. . .(3n+1)
nucleotides or with deletion of 2, 5, 8, 11,
14,. . .(3n21) nucleotides between the se-
quence anchors (Figure 5A).

These frame-changing sequences were
then counted in the DNA library created
by Illumina sequencing, and their percent-
age from all obtained sequence reads was
calculated for each particular sample. Be-
cause various mutations (that could also
cause a frameshift) can be randomly intro-
duced during the PCR amplification step,
we considered as a real mutation only those
that had the percentage of reads with a par-
ticular putative frameshift mutation higher
than the mean plus 2 SDs of that in nine
control samples. For example, a C duplica-
tion, 27dupC, is introduced in 0.36%6
0.06% of reads randomly in wild-type
DNA with PCR amplification. For a
27dupC duplication to be identified, we re-
quired at least 0.48% reads (mean+2 SD of
the wild-type) to be present, as demon-
strated by the 27dupC panel in Figure 5C.
Using this approach, we were able to con-
firm the cytosine duplication (that we denote
as 27dupC, see Figure 5B for numbering) in
five individuals (Figure 5C) previously iden-
tified using the conventional primer exten-
sion assay (Figure 5D).

In six families we identified five novel
frameshift mutations within the VNTR re-
gion of the MUC1 gene. These mutations
included two families with an adenine du-
plication following a seven-cytosine tract
(28dupA), one guanine insertion within
the seven-cytosine tract (26_27insG), one

Figure 4. Immunostaining for MUC1fs is positive in patients with different MUC1
mutations and is negative in a patient with ADTKD-UMOD. Urinary cell pellets were
smeared on glass slides, then fixed and stained with anti-MUC1fs and anti-MUC1
antibodies. Merged confocal images show DAPI (blue), MUC1 (red), and MUC1fs

(green). Panels illustrate the presence of
MUC1fs in the cells of genotyped individuals
with (A) the MUC1 27dupC mutation, (B) the
MUC1 28dupA mutation, and (C) an unknown
mutation. U/M/R negative denotes that the
tested participant was negative for mutations
in UMOD, REN, and the MUC1 mutations
described here. Absence of MUC1fs is shown
in an individual with (D) a UMOD mutation
(ADTKD-UMOD) and (E) control. MUC1-positive
cells outlinedwith awhite rectangle are shown in
detail in the corresponding image on the right.
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16 bp duplication (1_16dup), one deletion of a cytosine
and parallel insertion of adenine and thymine in the seven-cytosine
tract (23delinsAT), and one cytosine duplication in a four-cytosine
tract (51dupC) (see Figure 5, B and C). All five mutations were
predicted to encode the same MUC1fs protein that is found in
patients with the 27dupC duplication. The existence and segrega-
tion of the 28dupA and 26_27insG were confirmed by a modified
mass spectrometry-based assay9 at the Broad Institute (Figure 5, E
and F). The 1_16dup and the 23delinsAT create within the VNTR
region unique restriction sites within the VNTR for EciI and FokI,
respectively, and PCR-RFLP assays using these two restriction en-
zymes were used for targeted genotyping (Figure 5, G andH). The
51dupC is not amenable to these alternative genotyping methods
and therefore has not been confirmed yet.

The novel mutations segregated with clinical status in all six
families, with all individualswith stage III or higherCKD found to
havemutations (Figure 6,Table2). Someyounger individualswith
the novel mutations did not have advanced CKD, as is often seen
with ADTKD-MUC1 (see family trees in Figure 6).12,17

Thefamilies identifiedwithnewmutationshadclinicalfindings
similar to thoseofother familieswithADTKD-MUC1becauseofa
cytosine duplication. Supplemental Figure 4 shows the distribu-
tion of age of ESRD for families with the new mutations versus
other families with the cytosine duplication.

The remaining 11 families did not have one of the five newly
identifiedmutations, and further genetic analysis of these families is
underway.

DISCUSSION

This investigation resulted in three significant advances in the
study of ADTKD-MUC1. We developed and validated a new,
noninvasive diagnostic method with immunohistochemical
staining of urinary cell smears, we developed alternative
genetic methods to identify frameshift mutations in the
VNTR region of MUC1, and we identified in six families five
new mutations that each encoded the same MUC1fs protein
that is produced by the previously described and more com-
mon 27dupC mutation.

The majority of ADTKD disease-causing mutations in the
MUC1 gene are believed to occur in the VNTR region. The
high guanosine/cytosine content of this region prevents rou-
tine genetic approaches to identify a mutation. Given the in-
ability to perform standard genetic sequencing, we decided to
pursue an alternative approach, in which we tried to identify
the MUC1fs protein by immunohistochemical methods in
various tissues.

Althoughwewere able to identifyMUC1fs staining in11out
of 12 kidney biopsy specimens, most patients do not undergo
kidney biopsy and obtaining kidney samples can be associated
with complications. Skin biopsy offers a more practical ap-
proach. However, MUC1 is only expressed in the sebaceous
glands of the skin, and these glands are not consistently found
in skin biopsy specimens. Thus, immunohistochemical staining
of urinary cells provides the optimal diagnostic test. Urine is easily

Table 1. Characteristics of urinary samples

Characteristics n True Positive True Negative False Positive False Negative Sensitivity, % Specificity, %

Age 173 45.7614.3 39.3615.4 49.7616.3 36.5617.3 94.2 88.6
Sex
Men 61 24 (39.3) 30 (49.2) 7 (11.5) 0 100 81.8
Women 112 41 (36.6) 61 (54.5) 6 (5.4) 4 (3.6) 91.1 91.0

Race
White 135 46 (34.1) 79 (58.5) 9 (6.7) 1 (0.7) 97.9 98.8
Black 12 6 (50.0) 4 (33.3) 1 (8.3) 1 (8.3) 85.7 80.0
Hispanic 24 13 (54.2) 6 (25.0) 3 (12.5) 2 (8.3) 86.7 66.7
Other 1 0 1 (100) 0 0 0 100

eGFR, ml/min per 1.73 m2 173 50.3625.7 70.9642.7 66.7633.0 66.6631.6 94.2 88.6
Batch 1 45 27 (60.0) 11 (24.4) 4 (8.9) 3 (6.7) 90.0 73.3
Batch 2 55 15 (27.3) 36 (65.5) 3 (5.5) 1 (1.8) 93.8 92.3
Batch 3 44 16 (36.4) 27 (61.4) 1 (2.3) 0 100 96.4
Batch 4 24 7 (29.1) 17 (58.6) 5 (17.2) 0 100 77.3
ADTKD-MUC1 with CKD 52 50 (96.2) 2 (3.9) 96.2 0
ADTKD-MUC1 without CKD 17 15 (88.3) 2 (11.8) 88.2 0
Controls with CKD 24 22 (91.7) 2 (8.3) 0 91.7
Controls without CKD 35 28 (80.0) 7 (20.0) 0 80.0
ADTKD-UMOD with CKD 30 26 (86.7) 4 (13.3) 0 86.7
ADTKD-UMOD without CKD 15 15 (100) 0 0 79.0
Transplanted 13 10 (76.9) 3 (23.1) 0 0 100 100
Not transplanted 160 55 (34.4) 88 (55.0) 13 (8.1) 4 (2.5) 93.2 87.1
Low cell count (,100 cells per slide) 109 43 (39.5) 52 (47.7) 11 (10.1) 3 (2.8) 93.5 82.5
Optimal cell count ($100 cells per slide) 64 22 (34.4) 39 (60.9) 2 (3.1) 1 (1.6) 91.7 97.5

Continuous variables are represented as mean6SD. Discrete values are represented as n (%). There were no statistically significant differences between any of the
groups. Sensitivity and specificity were calculated for each characteristic.
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Figure 5. MUC1 VNTR sequencing identifies novel mutations causing ADTKD-MUC1. (A) Sequence logo showing the most conserved
regions of the VNTR repeats. Corresponding amino acid sequences of wild-type MUC1 (wt_AA) and MUC1fs (mut_AA) are shown
below. To find novel frameshift mutations that change the open reading frame, different conserved 10-mers of the wild-type repeat
were used as sequence anchors (underlined DNA sequence as an example). For each anchor pair, all sequences delimited by these two
anchors that are changing an open reading frame (i.e., adding or deleting nucleotides) were selected from the FASTQ file. (B) Se-
quences of the canonical 60 nucleotide long wild-type VNTR repeat (wt) and candidate frameshift mutations identified in this study.
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obtained, and epithelial cells present in urine express sufficient
amounts of MUC1 for immunostaining. As in this case, multiple
urine specimens can be obtained to optimize technique and val-
idate results. We were able to develop a test that can easily be
performed and has high sensitivity and specificity. The traditional
urinalysis has been used to diagnose rare conditions such as ad-
eninephosphoribosyltransferasedeficiency18 andcystinuria,19but
we believe that this is the first time that immunohistochemical

staining of the urine has been used systematically to diagnose an
inherited kidney disease.

There were 17 false positive or false negative results out of
173 samples (9.8%). We were able to obtain repeat urine col-
lectionson two false negative samples that then returned as true
positive. Fourteen of the 17 erroneous results occurred in sam-
ples that did not contain the optimal number of cells (approx-
imately 100per smear).Webelieve that poor smearquality (due

(C) Randommutations are generated inDNAmolecules during PCR amplification step. To find true germlinemutations, the percentage of
reads with a given sequence (putative frameshift mutation) from all reads was calculated for each of the analyzed samples (y-axis), and this
needed to be higher than the average+2 SD of the nine wild-type control samples. Indicated are numbers of controls (wt), patients with
individual MUC1 mutations (27dupC, 28dupA, 26_27insG, 1–16dup, 23delinsAT, 51dupC), and individuals with still unknown MUC1
mutation(s) who have urinary cell smears positive for MUC1fs and who tested negative for 27dupC by conventional genotyping assay
(unknown). (D) 27dupC, confirmed by a mass spectrometry-based primer extension assay. The 27dupC extension product is observed at
5904 D (red asterisk). (E) 28dupA, confirmed by a mass spectrometry-based assay. The 28dupA extension product is observed at 6571 D
(red asterisk). (F) 26_27insG, confirmed by a mass spectrometry-based assay. The 26_27insG extension product is observed at 5944.85 D
(red arrow). (G) 1–16dup confirmed by restriction analysis. The mutation creates new restriction site for EciI enzyme. The electropho-
retogram shows amplified VNTR regions of the affected patient (P1), two healthy relatives (H1, H2), and one unrelated control (NC) after
(EciI) and before restriction by EciI (PCR). The patient’s (P1) mutated allele (5000 bp) was cut into two fragments of 3000 and 2000 bp. (H)
23delinsAT, confirmed by restriction analysis. The mutation creates new restriction site for FokI enzyme. The electrophoretogram is
showing amplified VNTR regions of two affected patients (P1, P2) and one unrelated control (NC) after (FokI) and before restriction by FokI
(PCR). The patients’ (P1, P2) mutated alleles (3000 bp) were cut into two fragments of 2000 and 1000 bp.

Figure 6. Pedigrees of families with novel MUC1 mutations show characteristic autosomal dominant transmission. Clinically affected
family members (defined as stage III-V CKD or requiring dialysis/kidney transplant) are shown with a black symbol, clinically unaffected
family members are shown with a white symbol. Gray symbols indicate that clinical status is unknown. The plus sign (+) indicates that
genotyping was performed and a mutation resulting in MUC1fs was identified in the individual. A dash (2) means the patient was
genotyped and found not to have an MUC1 mutation.
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to cell lysis, inadequate cells, or bacterial contamination) was
themajor cause of inaccurate results. Almost all of the samples
obtained for this studywere shipped tousovernight frommany
different regions of the United States. Future modifications

will include obtaining larger urinary samples and the addition
of antimicrobial agents to prevent contamination. We also need
toconsider thepossibility that the frameshiftmutationmayoccur
late in the VNTR, resulting in very few of the repeat units having

Table 2. Clinical characteristics of individuals in families with novel MUC1 mutations

Individual Mutation Age, yr eGFR, ESRD,a or Deceased MUC1fs Positive Other Clinical Findings

A-II-2 28dupA 38 ESRD
A-II-4 28dupA 46 ESRD Gout at age 44 yr
A-II-6 No mutation 66 Not available
A-II-8 No mutation 66 90
A-III-1 28dupA 41 ESRD Kidney and breast

biopsies
A-III-2 28dupA 45 49 Urinary cell smear
A-III-4 28dupA 43 64 Urinary cell smear Enuresis past age 4 yr
A-III-6 28dupA 37 ESRD
A-III-8 28dupA 45 53 Urinary cell smear
A-III-10 No mutation 40 90
B-I-2 Not tested 45 ESRD
B-II-2 28dupA 19 ESRD
B-III-1 No mutation 19 80 Proteinuria
C-I-1 Not tested 81 Deceased Uremia
C-II-2 Not tested 59 Deceased CKD
C-II-3 Not tested 50 Deceased
C-III-1 Not tested 58 52 High uric acid
C-III-5 No mutation 61 102
C-III-6 26_27insG 32 ESRD
C-IV-2 No mutation 40 123
C-IV-3 Not tested 28 ESRD
C-IV-4 No mutation 47 Not available
C-V-1 26_27insG 24 70 Kidney biopsy
D-I-1 Not tested 43 ESRD
D-II-1 Not tested Not available ESRD High uric acid
D-II-3 Not tested Not available ESRD High uric acid
D-II-5 Not tested 40 ESRD Kidney biopsy Gout
D-II-7 1_16dup Clinically affected but no laboratory

values can be obtained
D-III-4 No mutation 11 113
E-I-2 Not tested Not available ESRD
E-II-1 Not tested Clinically affected but no laboratory

values can be obtained
E-II-4 Not tested 53 ESRD
E-III-1 Not tested Clinically affected but no laboratory

values can be obtained
E-III-4 23delinsAT 57 24 Kidney biopsy
E-III-6 23delinsAT 54 ESRD
F-II-2 Not tested 89 Deceased CKD
F-II-6 Not tested Not available ESRD
F-II-8 Not tested Not available ESRD
F-III-2 Not tested 52 ESRD
F-III-8 Not tested 35 ESRD
F-III-9 Not tested 31 ESRD
F-III-15 Not tested Not available ESRD
F-III-16 Not tested 28 ESRD
F-IV-2 51dupC 26 18 Urinary cell smear

See Figure 6 for an individual’s location in the family tree. All unaffected individuals in Figure 6whodid not participate in the studywere reported by familymembers
to be clinically unaffected with kidney disease.
aeGFR measured in ml/min per 1.73 m2.
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the frameshift sequence. Such a mutation would provide
fewer sites for antigen recognition and reduce the sensitivity of
immunodetection.

Urine testing remains a research test and should not be used at
this time in the clinical diagnosis of individuals with this disorder.
In families with a clinical history consistent with ADTKD, we
believe that genetic testing for the 27dupC and 28dupA (as in
this study) should be performed first, followed by immunohisto-
chemical staining of urinary cell smears. Such testing should be
performed ina laboratory thathasexperienceandhasvalidated the
technique with positive and negative controls.

From 37 families with clinical features characteristic of
ADTKD but negative for mutations in ADTKD genes and
the MUC1 27dupC mutation, we found 17 families with
MUC1fs protein consistently identified in urinary cells. Fur-
ther study of these 17 families identified five more mutations
that cause ADTKD-MUC1 and encode the sameMUC1fs pro-
tein as encoded by the 27dupCmutation found in themajority
of cases of ADTKD-MUC1. A family has been reported with a
2 bp deletion before the VNTR that also encoded the same
MUC1fs protein.12 Thus, there are now 57 reported families
with MUC1 mutations3,12,17,20–23 and 134 other families we
have identified (A.J. Bleyer, S. Kmoch, unpublished data). Of
these 191 families, 183 have the 27dupC mutation and seven
have a different mutation. All 191 affected families produce
the same frameshifted protein.

Identificationof other genetic causes ofADTKD-MUC1has
been a high priority for investigators in this area. First, iden-
tification of other mutations will be helpful in the diagnosis of
families who do not have the 27dupC mutation. Second, it is
believed that the particular MUC1fs protein created by the
cytosine duplication is central to the pathogenesis of this dis-
order. Identification of other mutations that result in the cre-
ation of the same MUC1fs protein will help confirm this
hypothesis. In contrast, if other mutations are found in
MUC1 that cause ADTKD but do not encode the MUC1fs
protein, one might hypothesize that loss of function of the
MUC1 protein is central to the disease.

There were several weaknesses to our study. First, although
we identified new frameshift mutations resulting in the crea-
tion of the MUC1fs protein, we could not rule out that other
mutations in MUC1 cause ADTKD-MUC1. This will only be
accomplished when the entire MUC1 genomic region can be
reliably sequenced and genetically analyzed for other muta-
tions and their segregationwithin individual families. Another
weakness is that the current Illumina method does not auto-
matically identify mutations, but rather wemust take multiple
bioinformatic approaches to find each new mutation. At this
time, we could not identify mutations in 11 out of 17 families.
We continue to develop and refine new sequencing techniques
using non-PCR-based approaches forMUC1 enrichment and
long-read single molecule MUC1-VNTR sequencing using
Nanopore and PacBio platforms to identify and position the
causativemutation(s)20 and to apply novel bioinformatic tools
for identifying mutations in these families.

We are interested in studying additional families and can pro-
vide genetic testing and the urinary screening described here, free
of charge. Please contact ableyer@wakehealth.edu for evaluation
or consultation regarding families with ADTKD.
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20

21 Abstract

22 Background 

23 Spinal muscular atrophy (SMA) is an inherited neuromuscular disease affecting 1 in 8000 newborns. The majority 

24 of patients carry bi-allelic variants in the survival of motor neuron 1 gene (SMN1). SMN1 is located in a duplicated 

25 region on chromosome 5q13 that contains Alu elements and is predisposed to genomic rearrangements. Due to the 

26 genomic complexity of the SMN region and genetic heterogeneity, approximately fifty percent of SMA patients 

27 remain without genetic diagnosis that is a prerequisite for genetic treatments. In this work we describe the 
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28 diagnostic odyssey of one SMA patient in whom routine diagnostics identified only a maternal heterozygous 

29 SMN1Δ(7-8) deletion.

30 Methods

31 We characterized SMN transcripts, assessed SMN protein content in peripheral blood mononuclear cells 

32 (PBMC), estimated SMN genes dosage and mapped genomic rearrangement in the SMN region.

33 Results

34 We identified an Alu-mediated deletion encompassing exons 2a-5 of SMN1 on the paternal allele and a complete 

35 deletion of SMN1 on the maternal allele as the cause of SMA in this patient.

36 Conclusion

37 Alu-mediated rearrangements in SMN1 can escape routine diagnostic testing. Parallel analysis of SMN gene 

38 dosage, SMN transcripts and total SMN protein levels in PBMC can identify genomic rearrangements and should 

39 be considered in genetically undefined SMA cases. 

40

41 Key Words: SMN1, SMN2, spinal muscular atrophy, Alu elements

42

43 Introduction

44 Spinal muscular atrophy (SMA) is an inherited neuromuscular disease characterized by progressive degeneration 

45 of alpha motor neurons in the spinal cord leading to muscle weakness and paralysis. SMA is the most prevalent 

46 monogenic cause of death in infancy (Glascock et al., 2018) with an incidence of ~ 1:8000 in Caucasians and 

47 Asians and carrier frequency of ~ 1:50 (Verhaart et al., 2017). The severity of SMA can vary from early postnatal 

48 onset and muscular weakness with respiratory insufficiency to milder forms presenting during infancy or 

49 adolescence (Schorling et al., 2019). The majority of SMA patients carry bi-allelic variants in the survival of motor 

50 neuron 1 gene (SMN1, OMIM 600354) that localizes to a duplicated region on chromosome 5q13. 

51 The survival of motor neuron 2 gene (SMN2, OMIM 601627) is a homologue of SMN1. Genetic investigations 

52 have revealed zero to six copies of SMN2 that are located next to SMN1 on 5q13 (Crawford et al., 2012). SMN1 

53 and SMN2 (“SMN genes”) encode for the same SMN protein. However, expression of the SMN protein from SMN2 

54 is substantially lower than from SMN1 due to a single nucleotide sequence difference at the 6th position of exon 7 
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55 in SMN2 (hg38, chr5:70076526, T). This sequence difference alters splicing and results in the predominant 

56 production of an SMN2 transcript that skips exon 7 (SMN2Δ7) and encodes for an unstable and less functional 

57 protein. SMN2 is therefore unable to fully compensate the deficit of SMN1. However, SMN expression from SMN2 

58 may be increased in a gene dose-dependent manner (Crawford et al., 2012). This SMN2 dose variance was 

59 suggested to have a compensatory effect on SMN expression and ameliorate the severity of SMA (Butchbach, 

60 2016).

61 The SMN region on chromosome 5q13 is enriched for primate-specific non-autonomous retrotransposons 

62 belonging to a class of short interspersed elements (SINE) repetitive DNA sequences called Alu elements. The Alu 

63 elements are about 280 base pairs long and are formed by two diverged dimers (Deininger, 2011). They are divided 

64 into subfamilies based on single nucleotide differences. The main Alu subfamilies are AluJ, AluS and AluY (Kim, 

65 Cho, Han, & Lee, 2016) with the AluY being the evolutionarily youngest and AluS the most numerous. The 

66 youngest Alu subfamilies AluS and AluY increase the likelihood of genomic rearrangements that result in the 

67 formation of a new chimeric Alu-Alu element at the breakpoint junction.

68 Alu-mediated genomic rearrangements are a frequent cause of various human diseases (Song et al., 2018). 

69 Accordingly, 95 % of genetically defined SMA patients have deletions of exons 7 and/or 8 of SMN1 (SMN1Δ7, 

70 SMN1Δ(7-8)), that appear to be caused by Alu mediated rearrangements (Ottesen, Seo, Singh, & Singh, 2017).

71 It is important to note that the term “deletion of SMN1 exons 7 and/or 8” is commonly used to describe the results 

72 of  routinely performed multiplex ligation-dependent probe amplification (MLPA) assays, which are the current 

73 gold standard of SMA diagnostics (Mercuri et al., 2018). Deletions of these two particular exons can be detected 

74 by the MLPA assay, which is designed to target exclusively exons 7 and 8 and distinguishes SMN1 and SMN2 

75 based on single nucleotide sequence differences. In reality, these deletions can extend beyond exons 7 and 8 and 

76 include the entire SMN1, then even extending further to include multi gene deletions of the 5q13 region.

77 Other Alu mediated genomic rearrangements in the SMN region identified in SMA patients lead to formation of 

78 SMN1-SMN2 hybrid genes (van der Steege et al., 1996). Interestingly, Alu-mediated deletion of exons 4 to 6 with 

79 intact exons 7 and 8 has thus far been reported in just a single case (Wirth et al., 1999). Other SMN1 variants 

80 identified in SMA patients include small intragenic deletions and missense variants. A full list of these variants 

81 can be found in the Human Gene Mutation Database records (Stenson et al., 2014). 

82 Recently, non-5q-SMN1 variants have been reported in SMA patients, including variants in VRK1 (Renbaum et 

83 al., 2009), EXOSC3 (Wan et al., 2012), EXOSC8 (Boczonadi et al., 2014) and SLC25A46 (Wan et al., 2016).  
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84 Variants in these genes have been reclassified as a distinct syndrome pontocerebellar hypoplasia (OMIM 607596). 

85 Similarly, variants in AGTPBP1 (Karakaya et al., 2019; Shashi et al., 2018) have also been reported to cause 

86 childhood-onset neurodegeneration with cerebellar atrophy (OMIM 618276), a different type of motor neuron 

87 disease.

88 Due to the complexity of the SMN 5q13 genomic region, approximately 50 % of all SMA patients remain without 

89 a genetic diagnosis after routine genetic testing (Karakaya et al., 2018). The ability to identify the genetic cause of 

90 SMA is critically important for patients because only patients with bi-allelic SMN1 variants are eligible for genetic 

91 therapies (Michelson et al., 2018). These potential treatments include Zolgensma and the antisense oligonucleotide 

92 treatment Spinraza. The precise identification of the causal variants in SMA patients is also important for genetic 

93 counselling in affected families. 

94 In this work we describe the diagnostic odyssey for one SMA patient and her parents from Slovakia in whom the 

95 routine MLPA assay and subsequent direct sequencing of SMN1 coding regions identified only a heterozygous, 

96 maternally inherited deletion of exons 7 and 8 in SMN1. 

97

98 Materials and Methods

99 Ethical Compliance

100 The study was approved by the appropriate institutional review boards and the investigations were performed 

101 according to the Declaration of Helsinki principles. Parents provided informed consent. 

102 Clinical Report

103 The patient was clinically diagnosed at the Children Teaching Hospital Košice, Slovakia. The infant was born by 

104 normal spontaneous delivery to a 31 years old mother following a full term pregnancy from the first gravidity and 

105 with no reported abortions; the postnatal adaptation of the infant was standard. The patient presented with global 

106 muscle hypotonia and hyporeflexia suggestive of spinal muscular atrophy at the age of 1 month and showed 

107 markedly decreased mobility at the age of 3 months. Global respiratory failure required tracheostomy and 

108 mechanical ventilation from the age of 7 months. At the time of investigation, the patient was 2 years and 8 months 

109 old and ventilator dependent. She suffered from severe global weakness and hypotonia. Muscle atrophy 

110 predominantly affected the lower limbs. The patient could respond only with eye contact. There were no sensory 

111 deficits. Both parents were neurologically intact.
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112 MLPA, Panel Sequencing and Cytogenetic Analyses

113 Genomic DNA (gDNA) was isolated from peripheral venous blood in the patient and her parents using standard 

114 protocol. The patient`s karyotype was assessed by G-banding and comparative genomic hybridization (aCGH) was 

115 performed using Agilent SurePrint HD 4x44 platform at the Medirex Group, Slovakia. Genes associated with a set 

116 of neuromuscular disorders were analysed using a custom SeqCap EZ kit (Roche) and Illumina sequencing at 

117 CMBGT in Brno, Czech Republic. The TruSight One Sequencing Panel (Illumina) was used for analysis of more 

118 than 4800 genes associated with human diseases at Medirex. The presence of the deletion of exons 7 and 8 in SMN 

119 genes was assessed using the MLPA assay; SALSA MLPA P060 SMA Carrier probemix (MRC-Holland) at 

120 Genexpress. The coding regions of SMN genes were analysed using paired-end sequencing of PCR amplicons on 

121 Illumina MiSeq (Illumina) at Alpha Medical.

122 SMN1 and SMN2 mRNA/cDNA Analysis

123 Total RNA and cDNA were isolated and prepared from peripheral blood mononuclear cells (PBMC) using 

124 ProtoScript® II Reverse Transcriptase (NEB). Full-length SMN1 and SMN2 cDNAs were PCR amplified using 

125 primers SMN575_F (Sun et al., 2005) and SMN_541C1120_R (Lefebvre et al., 1995) (Table 1) amplifying 

126 together both SMN genes derived transcripts from the 1st coding exon to the last untranslated exon 8 

127 (NM_000344.3). PCR products were analysed using the agarose gel electrophoresis, and Sanger sequenced using 

128 the version 3.1 Dye Terminator cycle sequencing kit (ThermoFisher Scientific) with electrophoresis on an ABI 

129 3500XL Avant Genetic Analyzer (ThermoFisher Scientific).

130 Western Blot Analysis of SMN Protein

131 The quality and amount of the SMN protein were assessed in lysates of PBMC using Western blot analysis. PBMC 

132 were isolated using the Histopaque-1077 reagent (Sigma-Aldrich). The cell pellet was resuspended in 50 mM Tris 

133 pH 6,8, 50 mM DTT, 2% SDS and Complete Protease Inhibitor Cocktail (Roche), sonicated using the Covaris S2 

134 Ultrasonicator (Covaris), and denaturated at 100°C for 10 min. The protein content in the supernatant was 

135 determined using an infrared spectrometer Direct Detect (Millipore) according to the manufacturer’s protocol. 

136 Protein lysates equivalent to 22 μg of protein were reduced and denatured at 100 °C for 10 min in a sample buffer 

137 with 1% beta-mercaptoethanol before SDS-PAGE electrophoresis. After protein transfer to the polyvinylidene 

138 fluoride (PVDF) membrane, the membrane was blocked by 5% skimmed milk and 0.1% Tween 20 in PBS for 1 

139 hour at room temperature (RT). The SMN protein was visualized by incubation with mouse monoclonal SMN 

140 antibody (610646, BD Transductions) at 1:5000 in 5% BSA and 0.1% Tween 20 in PBS over night at 4°C, followed 

Page 5 of 20 Molecular Genetics & Genomic Medicine



141 by incubation with goat anti-mouse HRP (Pierce) at 1:10 000 in 0.1% Tween 20 in PBS for 60 min and detection 

142 was performed by Clarity Western ECL Substrate (Bio-Rad). The actin protein was visualized by incubation with 

143 rabbit Actin antibody (A2103, Sigma-Aldrich) at 1:1000 in 0.1% BSA and 0.1% Tween 20 in PBS for 1 hour at 

144 RT, followed by incubation with goat anti-rabbit HRP (Pierce) under conditions and using detection as described 

145 above. Relative quantification of the SMN protein was performed using GeneTools software (4.03.03.0, Syngene). 

146 SMN protein levels were normalized to actin; the experiment was performed in three technical replicates. The 

147 statistical significance was determined using One-way ANOVA test.

148 Long-range PCR 

149 Long-range PCR was performed using 4 primer pairs amplifying both SMN genes (NG_008691.1, NG_008728.1) 

150 in 4 overlapping PCR products (PCR1-PCR4, Table 1). The reactions were performed with TaKaRa LA PCR Kit 

151 Ver. 2.1 according to the manufacturer`s protocol. PCR products were pair-end sequenced on Illumina HiSeq 2500 

152 (Illumina). FASTQ files were aligned to the human reference genome hg19 using NovoAlign (V2.08.03) and all 

153 alignment locations were reported. Picard Tools (1.129) were used to convert SAM to BAM, remove duplicates 

154 and add read groups. Local realignment around indels, base recalibration, and genotyping was performed with the 

155 Genome Analysis Toolkit, GATK (3.5) (McKenna et al., 2010). Variants were annotated by SnpEff (4.3t) 

156 (Cingolani et al., 2012) and GEMINI (0.20.2-dev) (Paila, Chapman, Kirchner, & Quinlan, 2013).
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157  Copy Number Analysis of SMN Genes

158 The total number (sum) of SMN genes dosage was determined in the gDNA of the patient and her parents using 

159 the quantitative PCR (qPCR) analysis of four retrotransposon-free SMN genomic regions: i) in intron 1 (I1), ii) in 

160 the exon 3-intron 3 junction (E3I3), iii) in the intron 5-exon 6 junction (I5E6) and iv) ~1kb downstream from exon 

161 8 (+1kb) (Table 1). The qPCR was performed using the LightCycler® 480 System (Roche Applied Science). All 

162 of the qPCR reactions were performed in triplicates in 10 μl reactions with the following final concentrations of 

163 the reagents: 80 nM UPL probe, 300 nM primers, 1x Roche Probe Master Mix and total 15 ng of genomic DNA 

164 per reaction. Sample quantitation cycle (cq) values were determined using the Second Derivative Maximum 

165 Method and normalized using the RNAse P and albumin genes as a references. Relative quantification using the 

166 2−ΔΔCT method (Livak & Schmittgen, 2001) was performed to determine the sum copy number. Unrelated 

167 healthy controls were used as control samples.

168 Mapping of SMN1 Deletion Breakpoint/junction by Alu PCR

169 The Alu PCR was performed as described previously by Majer et al. (recently accepted to AJMG). Briefly, based 

170 on the SMN1 transcript analysis that identified deletion of exons 2a to exon 5 in SMN1 cDNA, we anticipated that 

171 the deletion breakpoints must be located in adjacent introns 1 and 5. We identified in these regions sequences of 

172 Alu retrotransposons (Suppl. Figure 1) and designed i) a set of universal reverse primers targeting the terminal 

173 parts of the Alus in intron 1 (Alu_259_wt_R, Alu_259_4A_R, Alu_259_3C_R, Alu_259_1A_R) (Table 1, Suppl. 

174 Figure 1), and ii) one SMN1 specific forward primer targeting from intron 5 towards intron 1 (SMN_i5_979_R, 

175 Table 1). We performed four separate PCR reactions (Suppl. Figure 2) with the intron 5 SMN1 specific primer and 

176 one of the four Alu universal primers. Resulting PCR products of the four reactions were column-isolated and 

177 Sanger sequenced using a gene specific primer located in intron 5 Alu preceding region (SMN_i5_821_R) (Table 

178 1). The Sanger sequencing was performed as described above.

179 The deletion-spanning PCR method for testing of family members for the Δ2a-5 deletion was performed using 

180 primers annealing to the intron 1 (SMN_i1_10748_F) and exon 6 of SMN1 (SMN_i5e6_1R, Table 1). Resulting 

181 PCR products were column-isolated and Sanger sequenced as described above.

182
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183 Results

184 Routine Genetic Testing in the Patient Identified Only Heterozygous, Maternally Inherited Deletion of 

185 Exons 7 and 8 in SMN1

186 To establish the diagnosis, MLPA analysis was performed and revealed a deletion of SMN1 exons 7 and 8 and two 

187 copies of SMN2 exons 7 and 8. Heterozygous deletion of SMN1 exons 7 and 8 was also found in the patient`s 

188 mother, who also carried only 1 copy of SMN2 exons 7 and 8. The father carried two copies of exons 7 and 8 of 

189 both SMN genes (Table 2).

190 Subsequent targeted sequencing of the coding regions of SMN genes in the patient and parents did not reveal any 

191 further pathogenic variants that would explain the SMA phenotype. To search for other potential disease-causing 

192 variants, karyotype assessment and array-based comparative genomic hybridization assay (aCGH) were performed 

193 but no gross chromosomal abnormalities were detected. The panel sequencing of genes associated with a set of 

194 neuromuscular disorders and the TruSight One Sequencing Panel did not reveal any definitive or likely pathogenic 

195 variants related to the phenotype. Due to inconclusive results of genetic testing, the patient was referred to the 

196 Research Unit for Rare Diseases of the First Faculty of Medicine, Charles University in Prague and included in 

197 the “Undiagnosed Disease Program” that aims to identify genetic diagnosis in cases of rare genetic diseases with 

198 negative results of genetic and genomic analyses. 

199 Before looking for other genetic causes, the primary focus was to further analyse the SMN genomic region in this 

200 patient whose clinical phenotype was highly suggestive of SMA.

201 Direct Sequencing of SMN cDNAs Revealed an Absence of a Full-length SMN1 Transcript in the Patient 

202 To study the SMN1 transcript we performed reverse transcription polymerase chain reaction (RT-PCR) and 

203 amplified the full-length SMN cDNAs from PBMC of the patient, both parents and controls. Using the agarose gel 

204 electrophoresis, we observed in the patient and her father an abnormal PCR product of ~ 600 bp that was not 

205 present in mother and controls (Figure 1a). Subsequent Sanger sequencing of the gel isolated PCR products 

206 revealed the presence of the full-length SMN1 and SMN2 cDNA in the mother, father and control. In the patient, 

207 only the full-length SMN2 cDNA was present and the full-length SMN1 cDNA was lacking. The abnormal shorter 

208 cDNA of ~ 600 base pairs that was detected in the patient and father was, based on the presence of two SMN1 

209 specific sequence variants in exons 7 and 8, identified as a SMN1 that was lacking exons 2a to exon 5 (Δ2a-5) 

210 (Figure 1a). 

211 Western Blot Analysis Confirmed Decreased Amount of SMN Protein in PBMC 

Page 8 of 20Molecular Genetics & Genomic Medicine



212 To analyse the effect of identified mRNA changes on the protein quality and abundance, we immunodetected and 

213 quantified SMN protein in PBMC lysates from the patient, her parents, and a control. In all samples we detected 

214 only one immune-reactive protein at ~40 kDa, corresponding to the predicted molecular weight of full-length SMN 

215 (Figure 1b). The protein at the length of ~10 kDa corresponding to a predicted molecular weight of the deleted 

216 SMN(Δ2a-5) was not detected probably due to its altered immunogenicity or reduced protein stability. Compared 

217 to controls, the amount of SMN normalised to actin were reduced to 10 % in the patient, 27 % in the mother and 

218 41% in the father (Figure 1c). 

219 SMN1 and SMN2 gDNA Copy Number Analyses Suggested the Presence of the Intragenic SMN1 Deletion 

220 in the Patient and Father and Whole Gene SMN1 Deletion in the Patient and Her Mother

221 To assess SMN gene dosage we performed qPCR analysis of four retrotransposon-free SMN genomic regions: i) 

222 in intron 1 (I1), ii) in the exon 3-intron 3 junction (E3I3), iii) in the intron 5-exon 6 junction (I5E6) and iv) ~1kb 

223 downstream from exon 8 (+1kb). Compared to 4 copies of SMN genes that are normally present in each of four 

224 tested loci in controls, we found that the patient has 3 copies at the I1, I5E6 and +1kb loci and 2 copies at the E3I3 

225 loci. The mother has 3 copies through the I1 to I5E6 loci and 2 copies at the +1kb loci. The father has 3 copies 

226 only at the I5E6 loci (Figure 2a). Together with the MLPA assay findings (Table 2), this analysis suggested that 

227 the patient had deletion of the whole SMN1 on the maternal allele 

228 (NC_000005.9:g.(?_70221078)_(70249850_?)del), where the genomic coordinates denote the central position of 

229 the gPCR probes targeting the I1 and +1kb genomic loci, and a deletion encompassing Δ2a-5 exons of SMN1 on 

230 the paternal allele. 
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231 Sequencing of Long-range gDNA PCR Products Spanning SMN Genomic Sequence indicated bi-allelic 

232 deletion of the SMN1 in the Patient

233 To identify the variant causing the deletion of SMN1 exons 2a-5 in the patient’s and father’s cDNA, we PCR 

234 amplified the genomic DNA and Illumina sequenced four overlapping long-range amplicons (PCR1-PCR4) 

235 spanning exons 1–8 of SMN1 and SMN2. Using specific single nucleotide sequence differences that distinguish 

236 the SMN genes, we found that in the patient amplicon PCR4, spanning intron 6, exon 7, intron 7 and exon 8 (Figure 

237 2b), had been amplified exclusively from SMN2. These findings indicated that SMN1 gene must be disrupted on 

238 both alleles in the patient. 

239 SMN1 Deletion Breakpoint/junction Mapping Revealed Paternal Alu-Mediated Deletion

240 To identify the exact nature of the variant on the paternal allele, we considered the Alu mediated rearrangement of 

241 SMN1 as the most likely mechanism. Using computer analysis we identified in the candidate breakpoint region of 

242 intron 1 a set of 21 Alus (Figure 2b); in the candidate region of intron 5 we identified only one AluSq (Figure 2b). 

243 We considered AluSq to be a candidate breakpoint start site and anticipated recombination between the AluSq and 

244 one of the Alus located in intron 1 resulting in the formation of a new chimeric Alu. With this assumption we 

245 performed four PCR reactions using always one of the universal Alu primers and the SMN1 intron 5 specific primer 

246 flanking the AluSq. Sanger sequencing of obtained PCR products revealed that two of them contained both the 

247 wild type (wt) AluSq sequence of intron 5 and the sequence originating from a new chimeric Alu resulting from 

248 the rearrangement with AluSp element originating from the intron 1 (Figure 2c; Suppl. Figure 2). 

249 Using this sequence we designed and performed a deletion-spanning PCR allowing for genotyping of the Δ2a-5 

250 deletion. The deletion-spanning PCR product was obtained from DNA of the patient and her father, but not from 

251 the mother and control (Figure 2d). Sanger sequencing of this PCR product (Figure 2e) defined the new Alu-

252 mediated SMN1 deletion ranging 8978 base pairs as NC_000005.9:g.70232118-70241095del; NM_000344.3:c.82-

253 2548_723+515del.

254 Genetic Analysis of the SMN Region Correlates with the Variance in SMN expression in PBMC 

255 In summary, the genetic analysis (Figure 2f) established that the patient is a compound heterozygote for the ~9 

256 kbp deletion in SMN1 that she inherited from her father and the deletion of the entire SMN1 that she inherited from 

257 her mother. Maternal and paternal SMN2 alleles were intact. This genotype correlates with the very low (10 % of 

258 controls) SMN content in PBMC that must be expressed exclusively from SMN2 (Fig 2b,c). In addition to the 

259 deletion of the entire SMN1, the mother also has a deletion of the terminal part of SMN2. This correlates with 
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260 reduced (27 % of controls) SMN content in PBMC compared to the father (41 % of controls), who has only the 

261 ~9 kbp deletion on one of the SMN1 alleles and both SMN2 alleles intact.

262

263 Discussion

264 Spinal muscular atrophy (SMA) is devastating inherited neuromuscular disease resulting from variants of SMN1 

265 and deficiency of the survival motor neuron protein (SMN). Several clinical or experimental therapies for SMA 

266 augmenting levels of SMN are currently available or in development (Groen, Talbot, & Gillingwater, 2018). The 

267 treatment is provided only to individuals with an established genetic diagnosis. Despite great progress in genetic 

268 diagnostic methods, approximately half of the patients suspected to have SMA still remain without a genetic 

269 diagnosis after routine genetic testing (Karakaya et al., 2018). This unsatisfactory situation is due to the complexity 

270 of the SMN genomic region and lack of methods allowing routine identification of individual genomic 

271 rearrangements.

272 In this work, we describe the diagnostic odyssey for one SMA patient in whom routine diagnostic procedures 

273 identified only a heterozygous, maternally inherited deletion of exons 7 and 8 in SMN1. SMN is ubiquitously 

274 expressed and detectable in PBMC (Sumner et al., 2006). To identify the other SMN1 variant in this case, we 

275 obtained PBMC from the patient and his parents. In this material we successively assessed SMN transcripts, SMN 

276 protein content, SMN genes dosage and SMN genomic sequence. Using this approach we found in this case that 

277 SMA was caused by a novel Alu-mediated deletion encompassing exons 2a to exon 5 (Δ2a-5) of SMN1 on the 

278 paternal allele and by deletion of whole SMN1 on the maternal allele. 

279 The (Δ2a-5) variant of SMN1 escaped detection by the routine MLPA assay that targets only exons 7 and 8. To 

280 the best of our knowledge, this is only the second reported Alu-mediated deletion in SMN1 that does not encompass 

281 the exons 7 and 8 (Wirth et al., 1999). 

282 Our work suggests that other Alu-mediated rearrangements in the SMN region that escape detection with routine 

283 genetic testing may be more common and should be considered in SMA cases who remain without a genetic 

284 diagnosis after standard genetic testing. 

285 We demonstrate that in these cases measurement of SMA protein in PBMC may successfully identify patients with 

286 SMA in whom a genetic diagnosis cannot be made.  These individuals can then undergo further testing, including 

287 SMN gene dosage, full characterization of SMN transcripts, and precise characterization of the eventual genomic 

288 rearrangements. All these parameters are critical for targeted genotyping and eventually for prenatal or 
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289 preconception analysis in affected families and therapeutic eligibility for affected individuals. We are interested 

290 to study other similar cases and can provide the genetic testing and biochemical analyses described here. Please 

291 contact ivana.jedlickova@lf1.cuni.cz.
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403 Figure 1 SMN1 transcript and SMN protein analysis. (a) Agarose gel electrophoresis profiles of RT-PCR 

404 products amplified from total RNA isolated from PMBC of the patient (P), her mother (M), father (F) and 

405 control (C) showing presence of the abnormal RT-PCR product of ~600 base pairs in the patient and her father. 

406 Identities of individual RT-PCR products revealed by Sanger sequencing are shown on the right. (b) Western 

407 blot analysis of total PBMC homogenates. Detection with anti-SMN and anti-actin antibodies showed presence 

408 of immune-reactive proteins of molecular weights of ~40 kDa and 50 kDa corresponding to predicted molecular 

409 weight of the SMN and actin, respectively. (c) The graph shows the relative amounts of SMN normalized to 

410 actin and decrease of SMN content in the patient (P) her mother (M) and father (F) compare to control (C). * p < 

411 0.05. 

412

413 Figure 2 Identification of SMN1 variants. (a) qPCR analysis of four retrotransposon-free SMN genomic regions 

414 in the intron 1 (I1), in the exon 3-intron 3 junction (E3I3), in the intron 5-exon 6 junction (I5E6) and ~1kb 

415 downstream from exon 8 (+1kb). Compare to 4 copies of SMN genes that are present in controls, we found that 

416 the patient has 3 copies at the I1, I5E6 and +1kb loci and 2 copies at the E3I3 loci. The mother has 3 copies through 

417 the I1 to I5E6 loci and 2 copies at the +1kb loci. The father has 3 copies only at the I5E6 loci. (b) Schematic 

418 representation of SMN1/2 exon (E)/intron (I) structure. Positions of sequence differences between SMN1 and 

419 SMN2 are represented by black vertical bars.  The black triangles denote sequence-specific variants in exons 7, 8 

420 targeted by MLPA probes in routine testing. Locations of Alus in the breakpoint candidate regions in the intron 1 

421 and 5, including the causal AluSp in the intron 1 and AluSq in the intron 5 indicated by vertical text, and primers 

422 binding sites for Alu PCR indicated by black arrowheads are shown below the scheme of the SMN structure. 

423 Position of the PCR4 spanning exons 5-8, that showed absence of SMN1 sequence-specific variants indicating 

424 disruption of both SMN1 alleles in the patient is represented by yellow box. Range of the paternal deletion of 

425 exons2a-5 is represented by red box.  (c) DNA sequence trace of the Alu PCR, Alu_259_4A, showing a double 

426 sequence caused by presence of AluSq wt in intron 5 together with a sequence originating from the intron 1 AluSp. 

427 Red arrows indicate the addition of AluSp specific sequence in an Alu PCR product. (d) PCR genotyping of the 

428 SMN1Δ(2a-5) variant showed presence of the deletion-spanning amplification product in the patient (P) and father 

429 (F), but not in mother (M) and control (C). (e) DNA sequence trace of the breakpoint junction-specific PCR and 

430 detail of the Δ2a-5 breakpoint junction shows the new Alu-Alu chimeric element originating from the 

431 recombination between the AluSp in the intron 1 and AluSq in the intron 5. A breakpoint micro-homology of the 

432 AluSp and AluSq is marked with a black box. (f) Schematic representation of SMN1 and SMN2 in the family 
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433 members. Pink-marked boxes represent maternal alleles (M) and blue boxes paternal alleles (F). The red crosses 

434 denote identified deletions and the dashed vertical lines denote loci of the qPCR (I1, E3I3, I5E6, +1kb) and MLPA 

435 (exon 7-E7, exon 8-E8) probes used for deletion mapping. The black junctions on the box terminals indicate a cis 

436 configuration of SMN1 and SMN2 alleles. The model shows i) a whole deletion of one SMN1 allele in the patient 

437 (P) inherited from her mother and detected by the combination of the qPCR and MLPA; ii) a deletion of the second 

438 SMN1 allele in the patient inherited from her father and detected by the E3I3 qPCR and transcript analysis (Figure 

439 1a); and iii) deletion of one copy of one SMN2 allele in the mother detected by the MLPA and the +1kb qPCR.

440

441 Tables

442 Table 1 Primers used for long-range PCR, qPCR, SMN cDNAs amplification and Alu PCR. 

Primer ID Primer sequence (5´-3´) Primers application

SMN1_1U TTAAGGATCTGCCGCCTTCC

SMN_1L CCAAACCAGCCCACACATTG

Long-range PCR, PCR1 (SMN1)

SMN_2U CTACAGTAGCTGGGGACTGAGC

SMN_2L CATATGGAGGAAACCGGCCTAA

Long-range PCR, PCR2

SMN_3U CACCATGCCCGGCCTAAAT

SMN_3L CAAGAGCACTGCATCTGGGT

Long-range PCR, PCR3

SMN_4U AGCCAGGTCTAAAATTCAATGGC

SMN_4L TGGGCCAAAGGGCAAAATAA

Long-range PCR, PCR4

SMN575_F ATCCGCGGGTTTGCTATG

SMN_541C1120_R CTACAACACCCTTCTCACAG

cDNA SMN exons 1-8

SMN_i1_105_F TCCCTATTAGCGCTCTCAGC

SMN_i1_182_R CGGATCGACTTGATGCTGT

qPCR SMN region; I3

SMN_ei3_7_F ACAAAATGCTCAAGAGGTAAGGA

SMN_i3_96_R TCGGTGGATCAAACTGACAA

qPCR SMN region; E3I3

SMN_i5e6_2_F AAACAATATCTTTTTCTGTCTCCAGAT

SMN_e6_797_R GAAATTAACATACTTCCCAAAGCATC

qPCR SMN region; I5E6

SMN_28867_F TGTCCTTGTGGTTGTAAGGAATC

SMN_28961_R CAGCAACTTTTGTCTGTCTTCTG

qPCR SMN region; +1kb

Alu_259_wt_R CCAGGCTGGAGTGCAGTGG Alu PCR

Alu_259_4A_R CCAGGCTGGAGTGCAATGG Alu PCR

Alu_259_3C_R CCAGGCTGGAGTGCAGCGG Alu PCR
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443

444 Table 2 Results of routine MLPA analysis. 

SMN1 SMN2

Exon 7 Exon 8 Exon 7 Exon 8

Patient 1 1 2 2

Mother 1 1 1 1

Father 2 2 2 2
445

Alu_259_1A_R CCAGGCTGGAGTGCAGCGA Alu PCR

SMN_i5_979_R AACGAGGACGAAAAGACAGC Alu PCR

SMN_i5_821_R ACAGCTCACATAGCATTTCG Alu PCR sequencing

SMN_i1_10748_F GGACTTGTCTCACTAATCCCTCAT

SMN_i5e6_1R GGAGGTGGTGGGGGAATTATC

Family screening for SMN2a-5) 
transcript
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To the Editor: 

Neuronal intranuclear inclusion disease (NIID) is a progressive neurodegenerative disorder. 

NIID is categorized into three variants (infantile, juvenile, and adult) based on the age of onset, 

duration, clinical neurological symptoms, and brain MRI findings (1, 2). Intranuclear 

eosinophilic inclusions with typical immunohistochemical and ultrastructural profiles are the 

cellular characteristic of NIID. These inclusions are found not only in neurons but also in other 

cell types including non-neuronal tissues. The number of adult NIID (aNIID) patients has grown 

lately due to efficient ante-mortem diagnostics based on skin biopsy assessment (1, 3). 

Infantile NIID (iNIID) is an extremely rare neuropediatric disease that has multiple clinical and 

(neuro)pathological aspects consistently distinct from aNIID. Only seven iNIID patients have 

been reported to date (4-6). Six of these patients presented with a very similar clinical phenotype 

characterized by an abrupt mental and motor developmental regression before the age of 4 years 

and death ensued by 9 years of age, at the latest. Though a complex disease, cerebellar symptoms 

and hypotonia seem to prevail in iNIID (4-6). All reported iNIID patients were diagnosed post-

mortem by identification of neuronal intranuclear inclusions in the nervous system. Cerebellar 

atrophy is an additional iNIID characteristic. Ante-mortem skin biopsy findings were reported in 

just one iNIID patient by Pilson et al. (6). However, the biopsied tissue lacked the intranuclear 

inclusions seen in the skin samples of adult NIID patients. Based on these observations, the latter 

authors claimed that further studies are warranted to establish the sensitivity of skin biopsy 

testing in NIID. 

Four parallel studies (7-10) (all published from June to August 2019) in NIID families and 

sporadic NIID patients have linked NIID to expansions of GGC (7, 9, 10) (or alternatively CGG 
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(8)) repeats in the NOTCH2NLC gene. Of particular importance, patient cohorts tested by these 

four research groups (>130 patients were analyzed in total) were comprised of adult (and several 

juvenile) NIID patients. Ishiura et al. (8) noted the possibility of genetic heterogeneity of NIID 

as their NIID cohort included 2 patients who did not have CGG expansions in NOTCH2NLC. 

None of the four reports (7-10), however, presented molecular genetic analyses of samples from 

infantile NIID patient(s). 

We recently established the diagnosis of iNIID in a 7 year-old boy (eighth documented patient 

overall) through a post-mortem neuropathology work-up. The patient presented clinically with a 

severe progressive neurodegenerative disease that included cerebellar symptoms with cerebellar 

atrophy on brain MRI (Fig.1A), psychomotor developmental regression, pseudobulbar syndrome 

and polyneuropathy. Characteristic neuronal intranuclear inclusions (Fig. 1B) with the typical 

immunohistochemical profile (Fig. 1C) were found in the patient’s nervous system. Skin biopsy, 

which was collected and analyzed ante-mortem at the age of 2 years and was re-evaluated after 

the patient’s death, did not show intranuclear inclusions. Detailed clinical and (neuro)pathology 

information is provided in Supplementary Materials (Figs. S1-S5). 

We performed long-read sequencing of the NOTCH2NLC PCR amplicon that contained the 

critical repeat motif (Fig. 1D and 1E, and also Supplementary Materials) and found it in a 

heterozygous allelic setup: AGG(CGG)9(AGG)2CGG/AGG(CGG)15(AGG)2CGG. The number 

(9 and 15) of CGG repeats in the patient’s gDNA corresponded to values identified in healthy 

individuals as reported by others (7-10). 

We commend the authors of the four aforementioned studies (7-10) for identifying the 

NOTCH2NLC CGG expansions in their cohorts of adult (and juvenile) NIID patients. To the best 

of our knowledge, the patient presented in this Letter is the first iNIID patient, who was tested 
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for the number of NOTCH2NLC CGG repeats. In reference to findings by Ishiura et al (8) in the 

adult patients, the absence of the NOTCH2NLC CGG expansions in our patient provides 

additional evidence suggesting genetic heterogeneity of NIID. The documented patient is also 

the second one, who lacked skin biopsy abnormalities seen in aNIID patients. Critical for ante-

mortem iNIID detection, our study implies that analyses of NOTCH2NLC CGG repeats and/or 

skin biopsy testing may not reliably confirm the disease in suspect patients. 

It is critical to understand the pathogenic basis of iNIID to establish efficient 

diagnostic/counselling algorithms and initiate targeted research or therapy development. Poised 

to explore the potential genetic link(s) in iNIID, we performed the whole genome sequencing of 

the patient’s gDNA. Interpretation of these data (either within NOTCH2NLC gene or in different 

genes) is, unfortunately, compromised by studying a single patient. So far, we have not been able 

to pinpoint a high priority candidate gene(s) for further evaluation. In an attempt to remedy the 

sample size of 1 and thus increase the chances of identifying the potential genetic cause(s), we 

kindly invite medical and research professionals with access to DNA samples from iNIID 

patients to mutually study this devastating and currently untreatable neuropediatric disease. 

Legend to the Figure 1 

Brain MRI, neuropathology and genotyping of the NOTCH2NLC CGG repeats in the 

iNIID patient 

A, Brain MRIs show progressive cerebellar atrophy (white arrows) in the patient. B, Eosinophilic 

hyaline inclusions (black arrows) in the nuclei of hippocampal CA3 neurons. C, Intranuclear 

inclusions (black arrows) stained positive with anti-ubiquitin antibody. Hippocampal CA3 

neurons are shown. D, Schematic of two NOTCH2NLC transcript variants described in NCBI 
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RefSeq (NCBI Annotation Release 109) track in UCSC Genome Browser (GRCh38) (thick 

rectangles - protein-coding regions, thin rectangles - untranslated regions, repeat region - grey). 

Primers binding sites for specific amplification of the NOTCH2NLC CGG repeat containing 

region are indicated by black arrows. The NOTCH2NLC_F primer annealed uniquely to the 

5´UTR of NOTCH2NLC. The alignment of the repeat sequence in the homologous genes 

highlights (in red) the NOTCH2NLC specific sequences (alignment corresponds to Supp. Fig. 6 

in Ishiura et al.(8)). E, The long-read sequencing of the specific PCR products enabled direct 

separation of both alleles of the NOTCH2NLC CGG repeat region in the patient. The CGG repeat 

count was 9 on the first and 15 on the second allele. The CGG repeat count in a control gDNA 

sample, which was analyzed in parallel, was 14 on both alleles (not shown). These values did not 

suggest NOTCH2NLC CGG expansion in either the patient or the control and corresponded to 

findings in healthy individuals as presented by others (7-10). 

Scale bars in B and C = 20 m. 

Further clinical, neuropathological a molecular genetic information is provided in 

Supplementary Materials. 
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