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Autosomal dominant polycystic
Kidney disease (ADPKD) is clini-
cally and genetically heteroge-
neous, with two major genes, PKD1
and PKD2 (encoding polycystin 1
and 2) and four minor genes. We
identified monoallelic ALGS vari-
ants in five pedigrees affected by
ADPKD-like symptoms. ALGS loss
disrupt N-glycosylation and im-
pacts polycystin 1 maturation and
localization.
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ARTICLE

Monoallelic pathogenic ALG5 variants cause
atypical polycystic kidney disease
and interstitial fibrosis
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Summary

Disorders of the autosomal dominant polycystic kidney disease (ADPKD) spectrum are characterized by the development of kidney cysts
and progressive kidney function decline. PKD1 and PKD2, encoding polycystin (PC)1 and 2, are the two major genes associated with
ADPKD; other genes include IFT140, GANAB, DNAJB11, and ALG9. Genetic testing remains inconclusive in ~7% of the families. We
performed whole-exome sequencing in a large multiplex genetically unresolved (GUR) family affected by ADPKD-like symptoms and
identified a monoallelic frameshift variant (c.703_704delCA) in ALGS5. ALG5 encodes an endoplasmic-reticulum-resident enzyme
required for addition of glucose molecules to the assembling N-glycan precursors. To identify additional families, we screened a cohort
of 1,213 families with ADPKD-like and/or autosomal-dominant tubulointerstitial kidney diseases (ADTKD), GUR (n = 137) or naive to
genetic testing (n = 1,076), by targeted massively parallel sequencing, and we accessed Genomics England 100,000 Genomes Project
data. Four additional families with pathogenic variants in ALGS were identified. Clinical presentation was consistent in the 23 affected
members, with non-enlarged cystic kidneys and few or no liver cysts; 8 subjects reached end-stage kidney disease from 62 to 91 years of
age. We demonstrate that ALGS haploinsufficiency is sufficient to alter the synthesis of the N-glycan chain in renal epithelial cells. We
also show that ALGS is required for PC1 maturation and membrane and ciliary localization and that heterozygous loss of ALGS affects
PC1 maturation. Overall, our results indicate that monoallelic variants of ALGS5 lead to a disorder of the ADPKD-spectrum characterized
by multiple small kidney cysts, progressive interstitial fibrosis, and kidney function decline.

Introduction

Autosomal dominant polycystic kidney disease (ADPKD) is
a systemic disorder characterized by the development of
fluid-filled cysts in the kidneys, frequently associated with
extra-renal manifestations such as liver cysts and intracra-
nial aneurysms." ADPKD-affected individuals represent
~3% to 6% of the incident subjects with end-stage kidney
disease (ESKD) each year (see annual reports of United States
Renal Data System and of the French Renal Epidemiology
and Information Network (REIN) in web resources).
ADPKD is predominantly caused by pathogenic variants

in PKDI (MIM: 601313) and PKD2 (MIM: 173910),
involved in ~75% and 18% of the families, respectively.”*
PKD1 and PKD2 encode polycystin (PC)1 and PC2, which
are membrane asparagine N-linked glycoproteins (N-linked
glycoproteins) functionally expressed at the primary
cilium.” PC1 is cleaved at a G protein-coupled receptor pro-
teolytic site (GPS), and the level of mature, cleaved glyco-
forms of PC1 has been shown to correlate with disease
severity.>° In the past few years, several other genes have
been associated with ADPKD-like phenotypes, including
notably genes involved in the endoplasmic reticulum (ER)
glycosylation machinery and/or ER folding pathway such
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Figure 1. N-glycosylation pathway

Enzymes and other proteins associated with diseases of the ADPKD/ADPLD/ADTKD spectrum are shown in red.

(A) Stepwise assembly of the lipid-linked oligosaccharide (LLO). LLO precursors of N-glycans are initially assembled on dolichol on the
cytoplasmic side of the endoplasmic reticulum (ER) membrane, and flipped into the ER, where mannose and glucose units are added to
form a 14-sugar structure—Glc3Man9GlcNAc2. ALGS catalyzes the synthesis of the donor-substrate dolichol phosphate-glucose, which
provides glucose residues for transfer on the growing LLO by ALG6, ALGS8, and ALG10.

(B) Transfer of the lipid-linked oligosaccharide. An oligosaccharyltransferase (OST) adds the glycan chain to a protein at an Asn (N)-X-
Ser/Thr site (in which X denotes any amino acid except for proline).

(C) Protein folding and the calnexin/calreticulin cycle. Glucosidase I (Glucl) removes the outermost glucose before glucosidase II
(Glucll), composed of o and B subunits, removes the second glucose. This is a prerequisite for the entry of the nascent peptide into
the calnexin (CNX)/calreticulin (CRT) protein folding and quality control cycle. Glucll subsequently removes the innermost glucose
from the N-linked glycan, allowing for exit from the CNX/CRT cycle and proceeding along the secretory pathway. Misfolded proteins
are recognized and reglucosylated by UGGT, allowing reentry into the CNX/CRT cycle. Eventually, proteins that fail to fold properly un-
dergo ER-associated degradation by retrotranslocation through the SEC61 translocon complex into the cytoplasmic compartment,
where they are degraded by the proteasome.

(D) Unfolded protein response. An accumulation of misfolded protein in the ER lumen leads to the activation of the UPR signalization
pathways through the dissociation of BiP from the UPR sensors PERK, ATF6, and IRE-1.

as GANAB (MIM: 104160), DNAJB11 (MIM: 611341), ALGS8
(MIM: 617874), and ALG9.>""'! In addition, monoallelic
pathogenic variants to IFT140, a gene previously linked to
a recessively inherited syndromic ciliopathy (MIM:
614620), were very recently shown to be associated with
atypical, mild forms of polycystic kidney disease.'” The
identification of these “new” genes in atypical forms of
polycystic kidney disease has highlighted the genetic over-
lap between clinical entities once thought to be distinct:
ADPKD, autosomal-dominant polycystic liver disease
(ADPLD), and autosomal-dominant tubulointerstitial dis-
ease (ADTKD), a group of nephropathies characterized by

progressive tubulointerstitial fibrosis with no or few kidney
cysts."*1 Yet, despite this recent expansion of the genetic
spectrum of ADPKD and the increased awareness on differ-
ential diagnoses of cystic kidney diseases, ADPKD remains
genetically unresolved in ~7% of the families.*'*'®
N-glycosylation is one of the main posttranslational
modifications of membrane and secreted glycoproteins
(Figure 1)."” PC1 and PC2 are no exception to this rule,
with 61 predicted N-glycosylation sites for PC1 and 5 for
PC2.'%'” The first steps initiating the N-linked glycosyla-
tion occurs in the ER membrane through the so-called “do-
lichol cycle.” This cycle, operating both at the cytosolic
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face and luminal face of the ER, involves numerous glyco-
sylation enzymes, substrates, and donors for the synthesis
of a specific oligosaccharide precursor linked to a dolichyl
pyrophosphate (Dol-PP) carrier whose final glycan struc-
ture is Glc3Man9GIcNAc2-PP-Dol. The last step of the do-
lichol cycle relies on the cotranslational transfer of
Glc3Man9GIcNAc2 from Glc3Man9GIcNAc2-PP-Dol onto
nascent proteins in the ER lumen by the oligosaccharyl-
transferase (OST) complex. The OST complex can be
composed of two different catalytic subunits (STT3A or
STT3B) and a set of accessory subunits defining two sub-
complexes with two different but complementary func-
tions. While the STT3A complex mediates cotranslational
glycosylation, STT3B complex mediates cotranslational
and/or posttranslocational glycosylation of acceptor sites
that have been skipped by the STT3A complex.'” The
amount and structure of the lipid-linked oligosaccharide
(LLO) intermediate appears crucial for the fate of the glyco-
proteins as a very efficient quality control system based on
the glycan structure occurs in the ER lumen. Based on the
use of lectins, enzymes, and chaperones, this tight ER qual-
ity control for N-linked glycoproteins is fundamental for a
given protein to acquire its own specific conformation that
may trigger its fate in terms of subcellular localization, bio-
logical function, and sorting. As such, any defects in the
dolichol pathway, transfer, and/or quality control will
massively affect the functions of N-glycoproteins.”’

In this study, we identified ALGS5 as a candidate gene in
atypical forms of ADPKD by employing global and targeted
sequencing in families with unresolved ADPKD and
ADTKD. ALGS encodes a transmembrane-bound enzyme
of the ER dolichol cycle, the dolichyl-phosphate beta-gluco-
syltransferase that participates in the synthesis of the Dol-P-
Glcdonor substrate required for the synthesis of the glucosy-
lated LLO precursor in the ER lumen (Figure 1).?** The three
glucose residues added on the top of the Man9GIlcNAc2-PP-
Dol structure by ALG6, ALGS8, and ALG10 are known to be
essential for OST specificity. Variants in ALGS are not
currently associated with any human diseases in OMIM.
We show that heterozygous loss of ALGS5 is sufficient to alter
both LLO and N-linked oligosaccharides (NLO) structures in
renal tubular epithelial cells in vitro and that the loss of ALG5
results in alteration of PC1 maturation and localization.
Altogether, our data establish ALG5 as an additional gene
associated with the ADPKD spectrum. ALG5 nephropathy
is associated with non-enlarged polycystic kidneys, few or
no liver cysts, and progressive loss of kidney function after
the sixth decade.

Subjects and methods

Sample and data collection

A total of 1,213 individuals from ADPKD- and ADTKD-affected
families were enrolled. The participants originated from ADPKD
and ADTKD cohorts: the Genkyst/GeneQuest study (Clinical trials
NCT02112136) (n = 170), the NTIH study (Clinical trials
NCT01312727) (n = 82); and 961 unrelated individuals with

ADPKD and ADPLD-like phenotypes analyzed in Brest University
Hospital. While in 137 individuals (82 ADTKD, 55 ADPKD), genetic
analysis of ADPKD- and ADTKD-associated genes had already been
performed and had been inconclusive, 1,076 individuals did not
have previous genetic testing. The relevant Institutional Review
Boards or ethics committees approved all studies, and participants
gave informed consent. Clinical, imaging data, and familial infor-
mation were obtained by review of clinical and study records
and/or during medical interviews. Kidney function was calculated
from clinical serum creatinine measurements with the Chronic
Kidney Disease Epidemiology Collaboration (CKD-EPI) formula.**
Blood or saliva samples for standard DNA isolation were collected
from the probands and all available family members.

Whole-exome sequencing and bioinformatics analysis
Whole-exome sequencing was performed in family PK20267.
Whole-exome capture was performed with the Agilent
SureSelectXT Human All Exon V6 Kit and the enriched library
was sequenced with 150 bp paired-end reads on a Novaseq 6000
sequencer (Novogen HK Company Limited). FASTQ files were
aligned to the hg19 reference genome (UCSC Genome Browser),
and realignment and recalibration were performed with the
Genome Analysis Toolkit (GATK) (3.3-0). Multi-sample variant
calling was performed with the GATK (3.3-0) HaplotypeCaller,
and variants were filtered with Variant Quality Score Recalibration
for both SNVs and indels. Variant mining was performed with
Golden Helix SNP & Variation Suite v.8 (SVS) with the following
filters: (1) read depth (=10x) and genotype quality (> 20), (2) se-
lection for autosomal-dominant sample genotype pattern, (3)
removal of Genome Aggregation Consortium (GnomAD) browser
variants with a minor allele frequency (MAF) > 0.1%, and (4) char-
acterization of coding and non-coding SNVs within 14 bp of the
splice site and subsequent removal of SNPs predicted to be neutral
by >2/6 dbNSEFP tools (SIFT, PolyPhen-2 HVAR, MutationTaster,
Mutation Assessor, FATHMM, and FATHMM MKL). The variants
that remained after the SVS analysis are listed in Table S1.

Targeted massively parallel sequencing

We developed a custom gene panel (Nimblegen, Roche) to capture
the coding regions and ~50 bp flanking regions of 25 genes
including 22 genes known to be associated with either ADPKD or
ADPLD, or other inherited nephropathies associated with kidney
cysts or with ADTKD. An update of this panel was performed during
the study, with inclusion of two additional genes (IFT140 and ALG®6,
full list available in Table S2). Genomic DNA was quantified by Qubit
and 100 ng of DNA was enzymatically fragmented. Libraries were
prepared using the Kapa HyperCapture kit (Roche), and 40 samples
were pooled before capture. The captured libraries were sequenced
using the Miniseq sequencer (Illumina) with 150 bp paired-end
reads. Sequence alignment was performed employing Burrows-
Wheeler Aligner (BWA) and GATK IndelRealigner, variant calling
was performed using Isaac Variant Caller, and variants were subse-
quently annotated using Golden Helix SVS and SeqOne Genomics.

Genomics England 100,000 genomes project

All participants in the Genomics England 100,000 Genomes Proj-
ect provided written consent to access their anonymized clinical
and genomic data for research purposes. The project model
and its informed consent process have been approved by the Na-
tional Research Ethics Service, Research Ethics Committee for
East of England (Cambridge South Research Ethics Committee).
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Whole-genome sequencing (WGS) was performed with the Illu-
mina TruSeq DNA PCR-Free sample preparation kit (Illumina)
and an Illumina HiSeq 2500 sequencer, generating a mean depth
of 45x (range from 34x to 72x) and greater than 15x for at least
95% of the reference human genome. WGS reads were aligned to
the Genome Reference Consortium human genome build 38
(GRCh38) with Isaac Genome Alignment Software (v.01.14; Illu-
mina). Sequence data were analyzed with bcftools scripts designed
to search vcf.gz files, and individual BAM files were viewed with
IGV. Variant annotation was performed with Ensembl Variant Ef-
fect Predictor (VEP). Phenotypes of identified individuals harboring
ALGS likely pathogenic variants were manually reviewed in Geno-
mics England Participant Explorer. We reviewed tiering data, exom-
iser data, and exit questionnaires (Main programme_V13_2021-
09-30), filled in by the clinicians at the NHS Genomics Medical
Centres (GMCs) for each case, to exclude other genes associated
with inherited kidney diseases. Those recruited under rare primarily
kidney disorders included 3,520 probands, and those recruited
under the “normalized specific disease” term cystic kidney disease
included 1,546 individuals including 1,289 family probands.

Using CRISPR-Cas9 to generate ALG5-mutated cell lines
CRISPR-Cas9 targeting of ALGS5 was performed in human renal
cortical tubular epithelial (RCTE) cells. Briefly, a pair of gRNAs, tar-
geting exons 2 and 8 with the strongest predictive scores (http://
crispor.tefor.net), were cloned into pSpCas9(BB)-2A-GFP (PX458,
Addgene plasmid # 48138) and verified by sequencing. The pair
of gRNAs was then transiently transfected in wild-type RCTE cells
by electroporation using the A-020 program of the Amaxa Nucle-
ofector II (Lonza) following the manufacturer’s instructions. After
48 h, single-cell clone selection of GFP-high-positive cells was
then isolated in a 96-well plate by cell sorting (Moflo XDP, Beck-
man Coulter). Cells were grown for 14 days and re-seeded for
screening performed with genomic DNA extraction followed by
amplification using screening primers set and Sanger sequencing.
Selected clones were additionally screened by RT-qPCR and West-
ern blotting. ALG5-null and heterozygous clones were selected for
the functional characterization of ALGS5 loss. Targeted sequencing
of the 27 genes listed in Table S2 was performed for all the clones
employed in the study to confirm the absence of off-target
variants.

Metabolic and pulse radiolabeling

RCTE cells were preincubated in DMEM containing 10% of dia-
lyzed Fetal Bovine Serum (Corning, USA) and 0.5 mM of glucose
before being metabolically labelled with [2-3H] mannose
(PerkinElmer). When used, RCTE cells were preincubated and
incubated with castanospermine at the final concentration of
50 pg/mL. After metabolic labelling, cells were washed three times
with 1x D-PBS and sequential extraction and purification of oligo-
saccharide material were performed as described previously.**
Analysis of the oligosaccharide samples was performed by high-
performance liquid chromatography (HPLC) using an amino-
derived Asahipak NH2P-50 4E column (250 X 4.6 mm; Shodex-
Showa Denko K.K [SDK]).

Plasmids production and transfection

The whole ALGS open reading frame (ORF) including the stop
codon (GenBank: NM_013338.5) was subcloned into pCMV6-En-
try Mammalian Expression Vector (CAT#: PS100001, Origene)
using BamHI and Mlul restriction enzymes by homologous recom-
bination using In-Fusion HD Cloning Kit (Clontech) following the

manufacturer’s recommendation. Variants of interest were gener-
ated by site-directed mutagenesis using QuikChange Lightning
Site-Directed Mutagenesis Kit (Agilent Technologies) following
the supplier instructions. Direct sequencing was performed for
sequence confirmation of the variant pALGS vectors. mCherry-
hPC1 and GFP-hPC2 constructs used in this study have been
previously described.® RCTE cells were split 1:2 the day before elec-
troporation and transfected at approximately 80% confluency.
Transfection was performed, with 1 pg of each plasmid, using
the A-020 program of the Amaxa Nucleofector II (Lonza) following
the manufacturer’s instructions. Stable mCherry-hPC1 cells were
recovered at 33°C overnight to promote folding and expression
of the tagged protein, then washed and returned to 37°C. Stable
mCherry-hPC1 expression was achieved by growing cells for
4 days after transfection in cell culture media supplemented
with 900 pg/mL of G418 (Invitrogen).

Western blot studies and glycosylation analysis

Cells were grown to ~95% of confluence, washed with ice-cold
DPBS, and scrapped and crude membrane protein was extracted
as previously described.””'" For deglycosylation assay, crude
membrane proteins were treated with 1,000 units of EndoH or
500 units of PNGaseF according to the manufacturer’s (New En-
gland BioLabs) instructions and subjected to SDS-PAGE. For
immunoblot, 80 pg of crude membrane protein was denatured
in 1x Laemmli Sample Buffer at 65°C for 10 min. PVDF mem-
branes were blocked 1 h in 5% nonfat milk in Tris-buffered saline
plus 0.1% Tween-20 and exposed to PC1-NT antibody overnight at
4°C. Next, the HRP-conjugated secondary antibody was added for
2 h at room temperature. Protein ratio of NTR/NTS and PC1 pro-
tein level was calculated following Image] densitometric analysis.

Immunofluorescence, surface labeling of PC1, and

ciliary localization of PC2

Transfected RCTE cells were grown on glass coverslips for 16 h
then cooled at 4°C for 15 min, washed once in ice-cold PBS, and
prechilled mCherry antibody diluted in IF buffer (1% BSA, 0.1%
Tween-20, and PBS [pH 7.5]) was added for 45 min at 4°C. Cells
were then fixed in 4% PFA (15 min at 4°C followed by 5 min at
RT) and AF647-conjugated secondary antibody was added in IF
buffer for 30 min in the dark. For ciliary localization of PC2, cov-
erslips were fixed with 4% PFA for 10 min at room temperature and
then washed twice with DPBS, permeabilized with 0.1% Triton
X-100 for 10 min, and blocked with IF buffer. Immunofluores-
cence staining was done with anti-ARL13B and anti-PC2 anti-
bodies for 1 h at room temperature. After several washes, cells
were then incubated with AF488 and AF647-conjugated secondary
antibodies for 1 h in the dark and then washed three times with
0.1% Tween-20 in PBS (pH 7.5). All coverslips were mounted in
an antifade solution containing DAPI and fluorescence micro-
scopy was performed using an Axio Imager M2 microscope (Zeiss).

Unfolded-protein response assay

RCTE cell lines were seeded in a 6-well plate the day before treatment
with 10mM of DTT (Invitrogen) to induce the UPR or vehicle for 2 h.
Total RNA was extracted (Nucleospin RNA plus, Macherey-Nagel)
and one microgram of total RNA served as a template for reverse tran-
scription (SuperScript IV Reverse Transcriptase, Invitrogen) accord-
ing to the manufacturer’s instructions. Next, the neosynthesized
cDNA (1 pL of a 1:10 dilution) was mixed with 2x ONEGreen Fast
qPCR Premix (Ozyme) and 10 uM of the specific primers in a 10 pL
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final volume. Real-time PCR was performed on the LightCycler II
480 (Roche). For immunoblot, cells were grown to ~80% of conflu-
ence and treated with Thapsigargin 0.5 uM for 4 h or DTT 10 mM for
2 h. Cells were then washed with ice-cold DPBS, trypsinized and re-
constituted in RIPA buffer with protease inhibitors, incubated on ice
for 30 min, and vortexed regularly. Homogenized whole lysates were
centrifugated at 15,000 RPM for 15 min. 100 ug of whole lysates pro-
tein was denatured in 1x Laemmli Sample Buffer at 95°C for 5 min.
PVDF membranes were blocked for 1 h in 5% non-fat milk in PBS
plus 0.1% Tween-20 and exposed to primary antibodies overnight
at 4°C and HRP-conjugated secondary antibodies were added for
2 h at room temperature.

Antibodies

The following antibodies were used in western blot and immuno-
fluorescence analyses: ALGS (rabbit pAb, Cat.#PA5-109380, Invi-
trogen; 1/500 for WB), PC1-NT (N-terminal, 7e12 mouse mAb,
Cat.#sc-130554, Santa Cruz; 1/1,000 for WB), PC2 (YCE2 mouse
mAD, Cat.#sc-47734, Santa Cruz; 1/1,000 for WB and 1/250 for
IF), EGFR (A-10 mouse mAb, Cat.#sc-373746, Santa Cruz; 1/1,000
for WB), XBP1s (D2C1F rabbit mAb, Cat.#12782, Cell Signaling;
1/1,000 for WB), GADD153/CHOP (L63F7 mouse mAb,
Cat.#2895, Cell Signaling; 1/1,000 for WB), IRE1a (14C10 rabbit
mAb, Cat.#3294, Cell Signaling; 1/1,000 for WB), GRP78/HSPAS
(rabbit pAb, Cat.#NBP1-06274SS, Novus; 1/2,000 for WB), anti-
B-Actin-HRP (C4, Cat.#sc-47778-HRP, Santa Cruz; 1/20,000 for
WB), anti-mouse-IgG-HRP (Cat.#G-21040, Invitrogen; 1/10,000
for WB), anti-rabbit-IgG-HRP (Cat.#A0545, Sigma-Aldrich;
1/20,000 for WB), mCherry (rabbit pAb, Cat.#5993-100, BioVision;
1/1000 for IF), Acetyl-alpha Tubulin (6-11B-1 mouse mAb, Cat.#32-
2700, Invitrogen; 1/500 for IF), ARL13B (rabbit pAb, Cat.#17711-1-
AP, Proteintech, 1/500 for IF), anti-Rabbit Alexa Fluor 647
(Cat.#A32733TR, Invitrogen; 1/1,000 for IF), anti-Mouse Alexa
Fluor 488 (Cat.#A32766TR, Invitrogen; 1/1,000 for IF).

Results

WES identifies ALGS5 as a promising candidate in a family
with genetically unresolved ADPKD-like phenotype

In individual II.7 from family PK20267 (Figure 2), a diag-
nosis of ADPKD was made at 37 years of age by abdominal
ultrasound (US), performed in the context of a familial his-
tory of kidney disease. At 52 years, her kidney function was
preserved (eGFR 86 mL/min/1.73 m?), she had hyperten-
sion, and a renin-angiotensin system (RAS) inhibitor was
introduced. Abdominal magnetic resonance imaging
(MRI) showed non-enlarged polycystic kidneys and
2 mme-sized liver cysts (Figure 2, Table 1). At 56 years her
eGFR was 66 mL/min/1.73 m?. Her father had died at 49
years of age from metastatic cancer without a diagnosis of
CKD, while her three paternal half-sisters, individuals II.1,
I1.3, and II.5, had all reached ESKD at the respective ages
of 69, 68, and 62 years. The three sisters all presented with
atrophic polycystic kidneys and few or no liver cysts on
computerized tomography (CT)-scans (Figures 2B and
2C). Individual II.3 underwent a nephrectomy of the left
kidney after reaching ESKD, and histological examination
revealed significant and widespread interstitial fibrosis in
the non-cystic parenchyma; no specificlesion was observed

in the non-sclerotic glomeruli (Figure S1). Of interest, severe
colonic diverticulosis was reported in the four siblings (Ta-
ble 1). Individual III.6, the daughter of I1.3, was also found
to have multiple bilateral kidney cysts and had normal kid-
ney function at the age of 45 years (Figure 2F). Because no
pathogenic variant had been identified in PKD1, PKD2,
HNF1B, DNAJB11, or GANAB in I1.7, WES was performed
in the proband and her four affected relatives II.1, II.3,
I1.5, and III.6. WES analysis led to the identification of an
ALGS variant as the most promising candidate (Table S1).
ALGS (in chromosomal region 13q13.3; genomic size 50.5
kb) has two isoforms both ubiquitously expressed. We em-
ployed isoform 1 (GenBank: NM_013338.5, 324 amino
acids, 37 KDa, 10 exons and 975 bp of coding sequence),
which is the larger splice product and which is more abun-
dantly expressed in kidney tissue, for mutation screening
and designation. The frameshifting ALGS5 variant identi-
fied, ¢.703_704delCA (p.GIn235Valfs*21), was confirmed
by Sanger sequencing. Data from the Genome aggregation
database (GnomAD; 125,748 exomes and 15,708 genomes)
indicate that ALGS is depleted in predicted loss-of-function
(pLoF) variants, with a constraint score (pLoF observed/ex-
pected) of 0.22 (0.9 CI: 0.11-0.45), compatible with an
intolerance to pLoF and a haploinsufficiency mechanism.”*
The extended co-segregation analysis confirmed the
absence of the ALGS variant in individuals II1.5, 1I1.7, and
II1.9 who had no cysts by abdominal US, had normal kidney
function, and were all between 45 and 50 years old. The
ALGS pathogenic variant was identified in individuals
I11.3, 111.4, I11.8, and I11.11. All of them had preserved kidney
function, and while multiple millimeter-sized kidney cysts
were identified in II1.4 at 54 years and II1.8 at 50 years, MRI
showed only one microcyst in the left kidney of 30-year-old
individual II1.11.

Identification of additional families with predicted
pathogenic ALGS variants in ADPKD/ADTKD cohorts
Analysis of 1,213 individuals with ADPKD-like, ADPLD-
like, or ADTKD-like phenotypes by targeted massively par-
allel sequencing led to the identification of two additional
families with ALG5 segregating predicted pathogenic vari-
ants. Details about the results of this genetic screen are
included in Figure S2. In family 2 (Figure 3A), female indi-
vidual III.3 was incidentally diagnosed with CKD stage 3
and atrophic polycystic kidneys at 60 years and reached
ESKD at 78 years of age. Her sister IIl.1 had an eGFR of
20 mL/min/1.73 m? at 85 years of age and had atrophic
kidneys with multiple small kidney cysts (Figure 3E). Their
mother and maternal grandmother were also presumably
affected by the same disease: individual II.3 had died
shortly after the initiation of peritoneal dialysis at 90 years
and had atrophic polycystic kidneys, while individual I.1’s
reported cause of death was uremia at 90 years of age. A
heterozygous nonsense variant of ALGS exon 8,
c.773G>A (p.Trp258*), was identified in III.1 and III.3.
This variant was subsequently identified in three other
family members. Individual IV.1, the son of III.1, had
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Family 1, Subject 1.3

Family 1, Subject I11.4

Family 1, Subject I11.6

c.703_704delCA
p.GIn235Valfs*21

Family 1, Subject 1.8

Figure 2. WES analysis reveals ALG5 c.703_704delCA in family 1 as the likely pathogenic variant

(A) Pedigree of family 1 (PK20267) black squares or circles indicate affected male or female subjects, respectively, presenting with bilateral
kidney cysts, kidney failure, and/or genetically diagnosed, and gray symbols indicate subjects where clinical information is unavailable.
Clinical characteristics are detailed in Table 1. Red or blue asterisks, respectively, indicate presence or absence of the ¢.703_704delCA

(p-GIn235Valfs*21) ALGS variant.

(B-G) Abdominal imaging of six affected members of family 1. Four had computed tomography (CT), with contrast-enhanced CT for
1I.3, 1IL.6, and II1.8 (B, F, G) and non-enhanced CT in II.5 (C). Two individuals had magnetic resonance imaging (MRI): subjects 1.7

(D) and I11.4 (E, yellow arrows indicate microcysts).

bilateral small kidney cysts visible on MRI and an eGFR of
59 mL/min/1.73 m? at 63 years (Table 1, Figure 3F), while
individual IV.4 had an eGFR of 96 mL/min/1.73 m? at 55
years and bilateral kidney cysts (Figure 3G). Individual
IV.6 had an eGFR of 53 mL/min/1.73 m? at 52 years and
multiple small bilateral kidney cysts on MRI (Figure 3H).
In family 3 (Figure 3B), the diagnosis of polycystic kidney
disease was made simultaneously in the proband and her
brother, at 64 and 65 years, following abdominal imaging
performed in the context of abdominal pain. Both siblings
had multiple kidney cysts in normal-sized kidneys
(Figures 31-3]). Their father had reached ESKD at 68 years;
he had atrophic kidneys with multiple small kidney cysts.
The ALGS variant c.635G>A (p.Arg212His) was identified
in both siblings. This conservative change affects an
invariant residue (Figure 3D), is absent from GnomAD
database, and is predicted to be damaging with a Phred-
scaled Combined Annotation Dependent Depletion
(CADD) score of 33.

Identification of additional individuals with predicted
pathogenic ALGS variants in the Genomics England
100,000 genomes project

The Genomics England 100,000 Genomes Project data
were analyzed for monoallelic rare and predicted patho-
genic variants in ALGS. As of January 2022, whole-genome
sequencing was performed in 35,372 probands affected by
rare diseases, including 3,520 probands with various renal
and urinary tracts disorders (see details in Table S3). Patho-
genic variants (truncating or otherwise described) of ALG5
were searched for in the participants with renal disorders
and identified in two probands in the cystic kidney disease
subgroup (Table 2). A deletion affecting exon 1 splice site
(c.54_66+1del), inherited from her mother, was identified
in a 20-year-old female individual who had multiple kid-
ney cysts, bilateral nephrocalcinosis, hypercalciuria, and
a preserved kidney function. Clinical information about
the mother of the proband was unfortunately missing. In
a second family (Figure 3C), the variant p.Arg208His
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Table 1.

Clinical presentation and pathogenic variants in the 19 affected individuals from the 3 ALG5-affected families

eGFR” (age)

Morphology of the kidneys

Subject Sex or ESKD (age) Context of diagnosis (age) HBP (age)® Type Age Description of the cysts

Kidney length®

Figure Liver cysts (number)

Other significant
conditions (age)

Family 1, PK20267; c.703_704delCA (p.GIn235Valfs'21)

1.1 F ESKD (69) CKD stage 3 (62) yes (70) CT 719 atrophic kidneys with R65L75 N/A no Crohn disease; colonic
multiple small kidney cysts diverticulosis (72)
11.3 F ESKD (68) incidental (64) yes (52) CT 704 atrophic kidneys with R9SL 110 2B yes (<10) surgical colonic diverticulosis
multiple small kidney cysts (63)
1L.S F ESKD (62) incidental (45) yes (<35) CT 69 atrophic kidneys with R 60 L 60 2C yes (<10) ischemic stroke (54); colonic
multiple small kidney cysts diverticulosis
1.7 F 66 (56) familial study (37) yes (52) MRI 55 normal-sized kidneys with R100L 117 2D yes (2) colonic diverticulosis (52)
multiple kidney cysts (largest
35 mm)
1I1.3 M 110 (52) familial study (52) yes (52) N/A  N/A N/A - N/A no elevated liver enzymes
111.4 F 100 (54) familial study (55) no (55) MRI 53 normal-sized kidneys with R95L 100 2E no none
multiple small kidney cysts
1.6 F 89 (49) incidental (47) no (50) CT 48 normal-sized kidneys with R 110 L 100 2F yes (2) surgical colonic diverticulosis
multiple small kidney cysts (49); kidney stone and
nephrocalcinosis (15)
1.8 M 107 (50) pyelonephritis (50) no (50) CT 50  multiple bilateral kidney cysts R 120 L 125 2G no none
predominating in the right
kidney
.11 M 110 (30) familial study (30) no (30) MRI 30 one microcyst in the left R105L 110 N/A no none
kidney
Family 2, PK13924; c.773G>A (p.Trp258")
L.1¢ F ESKD (91) ESKD N/A N/A  N/A N/A N/A N/A N/A death of ESKD
11.3¢ F ESKD (90) CKD stage 4 (85) no (90) Us 89 atrophic kidneys with N/A N/A N/A atrioventricular block (87);
multiple small kidney cysts tuberculosis
1.1 F 20 (85) microhematuria (50) yes (60) Us 85 atrophic kidneys with R 80 3E no DMT2 (60); colonic
multiple small kidney cysts L 90 diverticulosis; primary
hyperparathyroidism
1.3 F ESKD (78) CKD stage 3 (60) no (78) Us 71 atrophic kidneys with R98 N/A no gout (78)
multiple small kidney cysts L 86
v.1 M 59 (63) CKD stage 3a (64) no (64) MRI 62  normal-sized kidneys with R102L 110 3F no colonic diverticulosis —
5-10 small kidney cysts per segmental colectomy (57);
kidney prostate cancer (62);
polycythemia (62)
v.4 M 96 (55) familial study (55) no (55) N/A 55 Normal-sized kidneys with R111L113 3G yes severe osteoporosis, hearing

3-6 microcysts per kidney

loss

(Continued on next page)
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Table 1. Continued

Morphology of the kidneys

eGFR" (age)

Other significant

Subject Sex or ESKD (age) Context of diagnosis (age) HBP (age)” Type Age Description of the cysts Kidney length® Figure Liver cysts (number) conditions (age)
V.6 M 53 (52) familial study (52) no (52) MRI 52  Normal-sized kidneys with R 107 L 106 3H no Hirschprung’s disease, surgery
multiple small kidney cysts in infancy
Family 3, PK14384; c.635G>A (p.Arg212His)
I.1¢ M  ESKD (76) CKD stage 4 (71) yes (71) CT 71 atrophic kidneys with R 100 L 95 N/A no arteritis (74), ischemic
multiple small kidney cysts cardiomyopathy (75),
subarachnoid hemorrhage
(40), gout (70)
1.1 M 42 (66) abdominal pain yes (55) Us 66  normal-sized kidneys with R117 L 116 31 yes (5) none
multiple small kidney cysts
1.2 F 60 (64) abdominal pain yes (50) MRI 65 normal-sized kidneys with R100L 110 3J no none

multiple small kidney cysts

eGFR, estimated glomerular filtration rate; CKD, chronic kidney disease; CT, computed tomography; DMT2, diabetes mellitus type 2; ESKD, end stage kidney disease; HBP, high blood pressure; MRI, magnetic resonance

imaging; US ultrasound imaging.

“Expressed as mL/min/1.73 m? on the basis of the last data available (CKD-EPI formula).
PAge at HBP diagnosis or blood-pressure measurement.

R, right kidney; L, left kidney.

4Imaging performed after ESKD.

€A sample was unavailable, and so the ALG5 variant was not confirmed.
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Figure 3. Identification of pathogenic variants of ALGS in three additional families with atypical forms of ADPKD

(A) Pedigree of family 2 (PK13924) shows 7 affected individuals. Clinical information is available in Table 1. Red or blue asterisks, respec-
tively, indicate presence or absence of the ALG5 ¢.773G>A (p.Trp258*) nonsense variant in exon 8.

(B) Pedigree of family 3 (PK14384). The ALGS c.635G>A (p.Arg212His) missense variant in exon 8 was identified in affected individuals
II.1 and I1.2. Clinical information is available in Table 1.

(C) Pedigree of family 4 (100,000 Genomes). The ALG5 c.623G>A (p.Arg208His) missense variant in exon 8 was identified in affected
individuals II.1 and III.1. Clinical information is available in Table 2.

(D) Multiple sequence alignment of ALGS orthologs shows invariant conservation of Arg208 and Arg212 across species. Asterisk (*), co-
lon (:), and period (.) indicate a site with perfect alignment, belonging to a group exhibiting strong similarity, and belonging to a group
exhibiting weak similarity, respectively.

(E-J) Abdominal imaging of six affected members of families 2, 3, and 4. Two individuals had non-enhanced computed tomography
(CT): subjects III.1 from family 2 and II.1 from family 3 (E, I). Four individuals had magnetic resonance imaging (MRI): subjects IV.1,
1V.4, and IV.6 from family 2 (F-H) and subject II.2 from family 3 (J).

(c.623G>A) was identified in a 50-year-old female partici-
pant who had multiple bilateral kidney cysts and an
eGFR of 83 mL/min/1.73 m?. Her mother had bilateral kid-
ney cysts and atrophic kidneys, with an eGFR of 38 mL/
min/1.73 m? at 73 years of age, and her maternal grandfa-
ther had died from ESKD. The presence of the ALGS5 variant
was confirmed in her mother by Sanger sequencing. This
conservative change affects an invariant residue
(Figure 3D), is reported in only 1/137,447 individuals in
the GnomAD database, is predicted pathogenic by 5/6 in
silico algorithms, and has a CADD score of 33. No other
variants of interest, likely to explain the nephropathy,
were identified in this individual. Both families were previ-
ously considered unsolved by the Genomics England anal-

ysis after WGS and data analysis using cystic renal disease
virtual panels.

ALGS5 loss disturbs the assembly of the lipid-linked core
oligosaccharide in human kidney epithelial cells

ALGS plays a key role in the synthesis of the core oligosac-
charide Glc3Man9GIcNAc2-PP-Dol before its transfer to
selected asparagine residues of newly synthesized glyco-
proteins (Figure 1). We hypothesized that the ADPKD-
like phenotype observed in the five families of individuals
harboring ALG5 pathogenic variants might result from a
glycosylation defect leading to an impaired maturation
of proteins, including notably PC1. To tackle this point,
CRISPR-Cas9 targeting of ALGS in human RCTE cells

1492 The American Journal of Human Genetics 109, 1484-1499, August 4, 2022



Table 2. ALG5-affected families identified in the Genomics England 100,000-genome database

eGFR” (age)

Subject Sex or ESKD (age)

Aspect of the kidneys

Other significant conditions (age)

Family 4; c.623G>A (p.Arg208His)

1.1° M ESKD (85) N/A cause of death: uremia

1.1 F 38 (73) atrophic multicystic kidneys DMT2

1.1 F 83 (50) normal-sized kidneys with multiple cysts HBP (41) diaphragmatic hernia
Singleton, c.54_66-1del

N/A F >90 (20) multiple kidney cysts nephrocalcinosis, hypercalciuria

ALGS5 transcript GenBank: NM_013338.5. M, male; F, female; eGFR, estimated glomerular filtration rate; ESKD, end-stage kidney disease; DMT2 diabetes mellitus

type 2; HBP, high blood pressure.

3Expressed as mL/min/1.73 m? on the basis of the last data available (CKD-EPI formula).

PA sample was unavailable, and so the ALG5 variant was not confirmed.

generated clones with bi-allelic frameshift mutations
(null; clone AE7) or a single frameshift deletion (heterozy-
gous; AD8 and AD9) (Table S4). The nature of the
lipid-linked oligosaccharides (LLO) and N-linked oligosac-
charides (NLO) in WT, AE7, and AD9 clones was investi-
gated using HPLC after [2-3H]-mannose pulse metabolic
labeling experiments (Figure 4). The highest peak classi-
cally observed in LLO profile of control cell lines corre-
sponds to the fully assembled oligosaccharide precursor
Glc3Man9GIcNAc2-PP-Dol (G3M9).>* This structure was
surprisingly not detected in WT RCTE cells where inter-
mediate precursors corresponding to Man3-SGIcNAc2-
PP-Dol (M2-MS5) structures were found to accumulate
(Figure 4A). NLO profile of RCTE WT cells also differed
from what is normally detected in other cell lines, with
several peaks representing the structures Man4 to
Man9GIcNAc2 (Figure 4D). However, reanalysis of the
NLO profile after treatment with castanospermine (CST),
a known inhibitor of ER glucosidase I and II, resulted in
the detection of glycosylated Man9 species and the
loss of the structures previously observed in the absence
of CST (Figure 4G). In aggregate, the atypical LLO and
NLO profiles observed in WT RCTE likely result from (1)
a rapid transfer of Glc3Man9GIcNac2 species from
LLO to proteins and (2) a very efficient trimming of
NLO species in RCTE WT cells. In ALGS-deficient
cells, the LLO profile clearly revealed the presence of an
incomplete precursor corresponding to Man9GIcNAc2-
PP-Dol (M9). Although this precursor was absent in WT
cells, the observed Man9GIcNAc2-PP-Dol accumulation
was more pronounced in ALG5~/~ than ALG5 /" cells
(Figures 4A-4C). Furthermore, NLO analysis showed an
accumulation of Man8GIcNAc2, Man9GIcNAc2, and
Glc1Man9GIcNAc2 in ALGS-deficient clones (Figures 4E
and 4F), arguing for a much slower maturation compared
to WT RCTE cells. Interestingly, unlike in WT RCTE cells,
the CST treatment did not reveal the presence of
Glc32Man9GIcNAc2 species demonstrating the transfer
of incomplete oligosaccharide structures. Altogether,
these results highlight that ALG5 deficiency, whether het-
erozygous or homozygous, leads to the accumulation of

abnormal Man9GIcNAc2 LLO precursors and their trans-
fer onto proteins in human kidney epithelial cells.

Effect of ALGS5 loss on PC1 and PC2 abundance,
maturation, localization and UPR activation

We then investigated whether the lack of glycosylation was
associated with an impaired maturation of PC1. Full-length
PC1 undergoes autoproteolytic cleavage at the G protein-
coupled proteolytic site (GPS) into a ~3,000 amino acids
(aa) N-terminal fragment (PC1-NT) and a ~1,300 aa C-termi-
nal fragment (PC1-CT) that remain associated. In WT RCTE
cells, detection of PC1 with a PC1-NT antibody showed,
as previously described, two different glycoforms: the
mature, cell-surface-localized, EndoH-resistant PC1-NTR
and the immature, intracellular, EndoH-sensitive PC1-NTS
(Figure 5A).* Human RCTE cells contain another smaller
product, Trunc_PC1, corresponding to the protein product
of abnormal differential splicing across introns 21 and 22
of PKD1 (Figure 5A).>° In ALG5~'~ cells, PC1-NTR was ab-
sent, while in the ALG5~/* cells it was less abundant by
~50% compared to WT cells (Figures 5B and 5C). Further-
more, electrophoretic migration of PC1-NTS was markedly
faster in ALG5~/~ cells, likely because of complete loss of
glycosylation of PC1 in the absence of ALGS (Figure 5B). It
is important to note that there was no difference in PKD1
transcript expression between WT, ALG5*, and ALG5 ™/~
cells (data not shown), indicating that differences in
steady-state protein level are translational and/or posttrans-
lational. PC2 protein level was slightly increased in ALG5~/*
and ALG57/~, as compared to WT RCTE cells (Figure 5B). No
difference in PC2 migration between WT, ALG5™/ *, and
ALG5~'~ RCTE cells was observed, arguing for the absence
of PC2 glycosylation defect, although it should be noted
that only the ER-resident, immature version of the protein
is likely seen with this whole membrane analysis, and not
the mature, ciliary glycoform.®?” While PC1 protein level
and maturation were rescued in ALG5~/~ cells by the trans-
fection of a wild-type ALGS5 construct, identified ALGS
missense variants (p.Arg208His and p.Arg212His) failed to
rescue PC1 maturation (Figure 5D). These findings indicate
that ALGS plays a major role in PC1 maturation. To
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Figure 4. ALGS5 loss disturbs the assembly of the lipid-linked oligosaccharides in human kidney epithelial cells

(A-C) Lipid-linked oligosaccharides (LLO) high-performance liquid chromatography (HPLC) analysis in WT RCTE cells, ALG5"~ and
ALG5~~ RCTE cells after 1 h of radioactivity labelling with [2-*H] Mannose.

(D-F) Asparagine N-linked oligosaccharides (NLO) HPLC analysis in WT RCTE cells, ALG5"~ and ALG5~/~ RCTE cells after 1 h of radio-

activity labelling with [2-*H] mannose.

(G-I) NLO HPLC analysis in castanospermin (CST)-treated WT RCTE cells, ALG5"~ and ALG5~/~ RCTE cells after 1 h of radioactivity
labelling with [2->H] mannose. G1-3M9 indicates oligosaccharides possessing 1 to 3 glucose (Glc), 9 mannose (Man), and 2 N-acetyl
glucosamine (GIcNAc) residues. M9-MS5 indicates oligosaccharides with 5 to 9 Man residues and 2 GIcNAc residues.

determine the effect of ALGS loss on PC1 localization by
immunofluorescence, we co-transfected WT and ALG5 '~
cells with tagged PC1 and PC2 constructs (Figures SE and
5F). We observed the absence of PC1 membrane localization
in PC1-PC2 co-transfected ALG5~/~ cells. As PC1 and PC2
interdependence for cilia localization has been established,
we analyzed PC2 to assess localization of the polycystin com-
plex to the cilia.’ Ciliary localization of endogenous PC2 was
completely abolished in ALG5/~ cells (Figure 5G), while
cilia length was not altered (Figure S3). These data indicate
that ALGS reduction affects PC1 maturation and trafficking.
We finally investigated whether the accumulation of imma-
ture proteins in the ER caused by ALGS5 loss was associated
with activation of the unfolded protein response (UPR).
ALG5~/~ and/or ALG5~/* cells showed a constitutional acti-
vation of the mRNA expression of the sensors of the three
UPR arms ERNI (encoding IRE1a), ATF6, and EIF2AK3 (en-
coding PERK). This was accompanied by a significant in-
crease of the transcript levels of HSPAS5 encoding the chap-

erone BiP and of the downstream effectors XBP1s (IREla.
pathway) and DDIT3 encoding CHOP (PERK pathway).
However, analysis at the protein level did not demonstrate
constitutional or induced activation of the UPR effectors
IRE1, XBP1s, and CHOP (Figure S4).

Discussion

We provide here strong evidence that monoallelic patho-
genic variants to ALGS underlie a nephropathy character-
ized by the development of small bilateral kidney cysts
and renal interstitial fibrosis causing late-onset progressive
loss of kidney function. ALGS5 had not been described in
recessively inherited diseases, in contrast with other genes
recently linked to atypical forms of polycystic kidney and/
or liver disease, such as PMM2, ALGS8, and ALG9, which
were all initially described in congenital disorders of glyco-
sylation (CDG), severe multisystemic diseases usually diag-
nosed prenatally or in infancy.”*'7*
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Figure 5. Characterization of the effect of ALG5 loss on PC1 and PC2 abundance, maturation, and localization

(A) Western blot deglycosylation analysis of WT and ALG5"/~ RCTE membrane protein either untreated (Un) or treated with EndoH
(E) or PNGaseF (P). PC1 complex was immunodetected with the N-terminal PC1 (PC1-NT) antibody (7e12). Reduction of the mature
PC1 glycoform (N-terminal, resistant to endoglycosidase H [PC1-NTR]) was observed in ALG5'* cells. NTR (red arrow) indicates
PC1-NTR, NTS (green arrow) indicates the immature form PC1-NTS (N-terminal PC1, sensitive to endoglycosidase H), * indicates
Trunc-PC1, the protein product of abnormal differential splicing across introns 21 and 22 of PKD1.

(B) Western blot analysis of PC1 glycoforms in WT, ALG5~/~ and ALG5"/~ RCTE cells. PC1 was immunodetected with the N-terminal
PC1 (PC1-NT) antibody (7e12). Complete loss of the mature PC1-NTR was observed in ALG57'~ cells. Altered migration of PC1-NTS
is due to hypoglycosylation in ALG5 '~ cells. In ALG5"/~ cells, PC1-NTR level was reduced and the immature form PC1-NTS more abun-
dant. PC2 protein level was increased in ALG5~~ cells. Loss of ALG5 was confirmed in ALG5 ~/~ cells. NTR indicates PC1-NTR (red ar-
row), NTS indicates PC1-NTS (green arrow), * indicates Trunc_PC1.

(C) Quantification of PC1-NTR/NTS ratio shows a reduction to ~50% in heterozygous cells as compared to the WT RCTE cells. The PC1
NTR/NTS bands density were measured and normalized to WTresults in 10 different experiments, and presented here as the mean, quar-
tiles, and extreme values.

(D) Western blot showing that PC1 glycoform profile was rescued in ALG5 '~ cells transfected with the WT pALG5 plasmid. Transfection
with the identified ALGS5 missense variants cloned in pALGS, Arg208His, and Arg212His did not rescue PC1 maturation. NT, non
transfected.

(E) Schematic representation of mCherry-PC1 and TagGFP-PC2 constructs.

(F) WTor ALG5™'~ cells were co-transfected with WT tagged PC1 and PC2, mCherry-PC1, and TagGFP-PC2 and examined for surface PC1
labeling in co-transfected cells. Surface PC1 was detected in co-transfected WT cells but not in co-transfected ALG5~/~ cells. Nuclei were
stained with DAPI (in blue). The loss of PC1 membrane expression was confirmed in three independent experiments. Scale bar represents
10 pm.

(G) Primary cilia in WT and ALG5~~ cells in which ARL13B (ciliary marker) and PC2 were detected shows no cilia PC2 signal in
ALG5~'~ cells. Nuclei were stained with DAPI, and 50 ciliated cells were analyzed in three independent experiments. Scale bar repre-
sents 5 um.

ALG5 -/-
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N-linked glycosylation of secretory and membrane pro-
teins is an essential process that requires the biosynthesis
and transfer of the oligosaccharide Glc3Man9GIcNAc2.
ALGS catalyzes the synthesis of the glucose-residue donor
Dol-P-Glc, allowing the addition of the three glucose resi-
dues (Figure 1).!” Previous data indicate that ALGS5-null
S. cerevisiae mutants do not exhibit any detectable growth
defects, but are characterized by an under-glycosylation
phenotype.”” Data on a murine model indicate that the
Alg5 knockout is embryonically lethal.” In our study, anal-
ysis of the ER N-glycosylation pathway by metabolic label-
ing in renal epithelial cells showed a high rate of LLO trans-
fer and maturation of the oligosaccharide species onto
proteins, arguing that tubular epithelial cells have a high
metabolic rate compared to other cell types.”* Importantly,
we show that ALGS5 haploinsufficiency is sufficient to alter
the LLO synthesis as cells accumulate Man9GIcNAc2-PP-
Dol species. We also demonstrated that lipid-linked
Man9GIcNAc2 are transferred onto proteins leading to a
delay in oligosaccharide maturation compared to WT cells,
likely due to ER retention of misfolded N-glycoproteins.
The apparent predominant kidney involvement might be
explained by an increased vulnerability of renal epithelial
cells to decreased levels of ALGS.

Seven genes involved in different steps of protein ER
biogenesis had been previously associated to the ADPKD/
ADPLD spectrum.” 1283931 pathogenic variants in these
genes have been proven, or hypothesized, to result in a
quantitative defect in mature PC1. ALGS follows this rule;
importantly, we show that ALGS5 haploinsufficiency is asso-
ciated with a significant decrease of the level of mature PC1.
Detected PC2 N-glycosylation was not apparently affected
by ALGS loss. This isin accord with previous studies showing
by whole membrane analysis that all detectable PC2 is sensi-
tive to endoglycosidase H, suggesting that the large majority
of PC2 is found in the ER.**** While the molecular mecha-
nism is not determined, a predominant posttranslational
N-glycosylation process, mediated by the STT3B complex,
could explain the absence of detectable underglycosylation
of PC2. While defective PC1 maturation causes cystogenesis,
the mechanisms underlying the development of interstitial
fibrosis remains to be elucidated. Defective N-glycosylation
likely affects other tubular proteins, increasing the load of
misfolded protein in the ER. Our cellular studies show that
ALGS5-defective cells are characterized by increased tran-
scription of the sensors and downstream effectors of the
three UPR arms, although this was not confirmed at the pro-
tein level. The central role of UPR has been highlighted in
ADTKD, in particular in ADTKD-UMOD where intracellular
accumulation of mutant uromodulin causes ER stress and in-
duction of UPR leading to a hyperinflammatory state and
tubular cell death.'****° Similar pathogenic mechanisms
might be involved in the development of progressive inter-
stitial fibrosis in ALGS5 kidney disease.

The ALGS5 phenotype shows similarities with DNAJB11
kidney disease, with late-onset development of CKD, atro-
phic kidneys, and multiple millimeter-sized kidney cysts.'"

While all individuals with ALGS pathogenic variants below
50 years of age had normal kidney functions, CKD was pre-
sent in all affected individuals >60 years of age, and 8 in-
dividuals reached ESKD, with age at ESKD onset ranging
from 62 to 91 years. The pathogenic mechanisms driving
this seemingly accelerated decline of kidney function after
the sixth decade remains elusive. ALG5-related kidney dis-
ease is a proteostasis disorder, and it is tempting to specu-
late that ALGS-depleted kidneys may have an increased
susceptibility to aging, with epithelial tubular cells unable
to cope with heavy loads of misfolded proteins increasing
with age.*®*” The occurrence of somatic second-hit muta-
tions inactivating the normal copy of ALG8 and ALGY,
leading to a recessive genotype in individual cells, has
been hypothesized to trigger cystogenesis in ADPLD
caused by monoallelic mutations in these genes.””® The
PKD1 locus is intrinsically prone to mutations due to the
composition of its structure and sequence, and there is
now a strong level of evidence to support the role of sec-
ond-hit mutations at some stage in the pathogenesis of
ADPKD-PKD1 and PKD2.’***' Whether this second-hit
mechanism also applies to the highly conserved ALG genes
remains to our opinion uncertain.

None of the ALGS5-affected individuals met the criteria for
polycystic liver disease (> 10 liver cysts), and most of them
did not have any detectable liver cysts. Although many
ADPKD/ADPLD-affected families were screened for ALGS
variants in this study, excluding the risk for clinically signif-
icant PLD in ALGS disease will need the characterization of
more families. The determinants of the kidney and or liver
phenotypic predominance in this expanding group of glyco-
sylation-associated cystic diseases is hitherto unresolved.
Interestingly, colonic diverticulosis was reported in seven
affected individuals from two families, and three of them un-
derwent surgical procedures. While prevalence of diverticu-
losis in the general population is high (~30%-60%), symp-
tomatic complicated disease is less frequent (~4% of those
with diverticulosis).**** Hirschprung’s disease, a rare motor
disorder of the gut presumably caused by a defective migra-
tion of neuroblasts during intestinal development, was re-
ported in one ALGS5-affected individual; partial colonic resec-
tion was performed in his first year of life. Because ALGS is
ubiquitously expressed, we cannot exclude the possibility
of additional extrarenal manifestations of the disease. Again,
a larger number of ALGS5-affected families are needed to
distinguish coincidental clinical findings from ALG5-related
phenotypes. The relatively low number of ALG5-affected
families identified despite a very large genetic screening sug-
gests that ALG5-associated nephropathy is an extremely rare
disease. This is consistent with the prevalence of predicted
pathogenic ALGS variants in the GnomAD database, with
only 16 predicted loss-of-function variants identified in
141,456 individuals (1/8,841).>° This may be partly ex-
plained by the relatively small size of the coding region.
However, ALGS5 Kkidney disease is likely to be under-diag-
nosed, first because inherited kidney diseases are often not
on the radar of physicians in individuals >60 years at disease
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onset, and second because disease presentation remains
largely nonspecific.*#*> Determining the extent of ALG5
pathogenic variants in people with unexplained or non-spe-
cific causes of CKD or ESKD, irrespective of their age, would
be of interest.

Developing adequate and unified disease terminologies
is an important goal in clinical genetics and in nephroge-
netics.">***” Dyadic terminologies comprising both the
clinical condition and the gene name have been sug-
gested to provide flexibility for all users: researchers, cli-
nicians, and patients.’® The clinical and functional data
presented herein establish ALGS as part of the ADPKD
spectrum, and in agreement with recent publications,
we suggest employing the term ADPKD-ALGS.'” Howev-
er, it is important to note that disease presentation, prog-
nosis, and pathogenesis are distinct from ADPKD caused
by pathogenic variants of PKD1 and PKD2. In particular,
imaging diagnosis criteria employed in ADPKD-PKD1/
PKD2 cannot be used in first-degree relatives of ALGS-
affected individuals, who may not develop cysts before
50-60 years of age despite being affected.*®

In conclusion, monoallelic pathogenic ALGS variants
result in a fibrocystic disorder of the kidneys with progres-
sive CKD. The identification of ADPKD-ALGS expands the
family of glycosylation-associated kidney and liver dis-
eases, with implications in diagnosis, genetic counselling,
and prognosis evaluation, and may open the way to the
development of specific therapeutic strategies.
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