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Summary

Autosomal dominant polycystic kidney disease (ADPKD), characterized by progressive cyst formation/expansion, results in enlarged kid-
neys and often end stage kidney disease. ADPKD is genetically heterogeneous; PKDI and PKD2 are the common loci (~78% and ~15% of
families) and GANAB, DNAJB11, and ALG9 are minor genes. PKD is a ciliary-associated disease, a ciliopathy, and many syndromic cil-
iopathies have a PKD phenotype. In a multi-cohort/-site collaboration, we screened ADPKD-diagnosed families that were naive to
genetic testing (n = 834) or for whom no PKD1 and PKD2 pathogenic variants had been identified (n = 381) with a PKD targeted
next-generation sequencing panel (tNGS; n = 1,186) or whole-exome sequencing (WES; n = 29). We identified monoallelic IFT140
loss-of-function (LoF) variants in 12 multiplex families and 26 singletons (1.9% of naive families). IFT140 is a core component of the
intraflagellar transport-complex A, responsible for retrograde ciliary trafficking and ciliary entry of membrane proteins; bi-allelic
IFT140 variants cause the syndromic ciliopathy, short-rib thoracic dysplasia (SRTD9). The distinctive monoallelic phenotype is mild
PKD with large cysts, limited kidney insufficiency, and few liver cysts. Analyses of the cystic kidney disease probands of Genomics
England 100K showed that 2.1% had IFT140 LoF variants. Analysis of the UK Biobank cystic kidney disease group showed probands
with IFT140 LoF variants as the third most common group, after PKD1 and PKD2. The proximity of IFT140 to PKD1 (~0.5 Mb) in
16p13.3 can cause diagnostic confusion, and PKD1 variants could modify the IFT140 phenotype. Importantly, our studies link a ciliary
structural protein to the ADPKD spectrum.

causing subarachnoid hemorrhage.”® Approximately
78% and 15% of cases have monoallelic pathogenic

Introduction

Autosomal dominant polycystic kidney disease (ADPKD
[MIM: 173900]) is the most common inherited kidney
disease, occurring in ~1 in 1,000 individuals, and charac-
terized by the progressive development and expansion of
kidney cysts, leading to enlarged kidneys and often result-
ing in end stage kidney disease (ESKD).'™ Frequently
found extrarenal manifestations include polycystic liver
disease (PLD), which occasionally requires surgical inter-
vention, and intracranial aneurysms that can rupture,

variants to PKDI1 (encoding polycystin 1, PC1, [MIM:
601313]) or PKD2 (polycystin 2, PC2, [MIM: 173910]),
respectively.”” PKD1 is a more severe disease with an
average age at ESKD of 58.0 years compared to 74.8 years
for PKD2, and MRI-determined total kidney volume
(TKV) strongly predicts disease severity.*? PC1 and PC2
form a receptor complex, and a likely site for this complex
associated with PKD is the primary cilium, a sensory
antenna found on most cell types.”'"
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The application of next-generation sequencing (NGS),
including whole-exome sequencing (WES) and panels tar-
geting a more limited number of genes (tNGS), to individ-
uals with ADPKD-like phenotypes has identified new
loci, including GANAB (MIM: 104160), DNAJ/B11 (MIM:
611341), and ALG9 (MIM: 606941), partially accounting
for the ~7% of non-PKD1 or -PKD2 families.''"'* GANAB
is rarely associated with ESKD and can also cause autosomal
dominant PLD (ADPLD), an ADPKD-related disorder but
with few kidney cysts.'""'* GANAB encodes glucosidase Ila
(GlIa); pathogenic variation in its binding partner GIIb (en-
coded by PRKCSH [MIM: 177060]) is a common cause of
ADPLD."'® In contrast, DNAJB11-nephropathy is charac-
terized by the development of small kidney cysts and
fibrosis and resulting in ESKD in later life,'*'” a phenotype
related to autosomal dominant tubulointerstitial kidney dis-
ease (ADTKD [MIM: 162000]) due to UMOD (MIM: 162000)
or MUC1 (MIM: 158340) pathogenic variants.'® The ALG9
phenotype is of moderate cystic kidney disease and occa-
sional ESKD."* DNAJB11 encodes the endoplasmic reticu-
lum (ER) protein ERdj3, a co-factor of the chaperone protein
BiP, while ALG9 encodes the ALGY9 alpha-1,2-mannosyl-
transferase. These three gene products are involved in the
glycosylation, folding, quality control, and trafficking of
membrane and secreted proteins in the ER.'’ Processing of
the large, glycosylated membrane protein, PC1, is particu-
larly inhibited by loss or reduction of these ER proteostasis
proteins.''~'* There is also phenotypic overlap between
the ADPKD spectrum and ADTKD-HNFIB (MIM: 189907)
and several other monogenic disorders.”’>* Together these
minor loci account for some but not all non-PKD1 or -PKD2
ADPKD-like subjects.

Autosomal recessive PKD (ARPKD) is caused by bi-allelic
pathogenic variants in PKHD1 (encoding fibrocystin, FPC
[MIM: 606702]), and the typical phenotype is large echo-
genic Kidneys detected in utero or during infancy with sig-
nificant neonatal lethality and childhood ESKD, although
milder, later childhood or even adult-onset disease can
occur.” In ARPKD, the liver phenotype is mainly congen-
ital hepatic fibrosis rather than PLD, and single PKHD1
pathogenic variants have been associated with mild cystic
kidney and/or cystic livers.'*** FPC has also been associ-
ated with cilia. In addition to these simple kidney- and
liver-focused disorders, a wide range of syndromic diseases
associated with cilia, ciliopathies, have kidney and liver
phenotypes, including the bi-allelic Meckel syndrome
(MKS [MIM: 249000]), Senior-Loken syndrome (SLS
[MIM: 266900]), Joubert syndrome (JBTS [MIM: 213300]),
short-rib thoracic dysplasia (SRTD [MIM: 208500]), and
Bardet-Biedl syndrome (BBS [MIM: 209900]), and the
X-linked dominant orofaciodigital syndrome type 1
(OFD1 [MIM: 311200]).>°?® The kidney and liver pheno-
types include cysts, nephronophthisis (NPHP [MIM:
256100]; tubulointerstitial nephritis and renal fibrosis
without kidney enlargement), and congenital hepatic
fibrosis. Reflecting the signaling and transporting roles of
cilia during development and later, a wide range of addi-

tional phenotypes are found in these syndromic ciliopa-
thies. Organ involvement includes the central nervous
system, ranging from encephalocele (MKS), through hypo-
plasia of the cerebellar vermis (JBTS), to developmental
delay (BBS); eye, retinal degeneration manifesting as reti-
nitis pigmentosa or Leber congenital amaurosis (SLS,
JBTS, SRTD, BBS); bone, including abdominal skeletal dis-
orders (SRTD), craniofacial abnormalities (SRTD), and
polydactyly (MKS, JBTS, SRTD, BBS); and obesity (BBS).
Rare variants in at least 70 genes cause syndromic
ciliopathies with kidney involvement, and most encode
proteins involved in determining ciliary structure and/or
function.”” These range from proteins involved in
intraflagellar transport (IFT), anterograde and retrograde
transport systems required to generate the cilium, trans-
port proteins along its length, and for appropriate
signaling; transition zone proteins that form a barrier regu-
lating the protein composition of the cilium; and cargo
adaptor proteins.”®**?*! The cystic kidney disease associ-
ated with these syndromic PKD ciliopathies may be due
to reduced polycystin-complex (and/or FPC) in the
cilium,*** analogous to the ER proteostasis defects
causing ADPKD/ADPLD. However, the finding from in vivo
studies that cilia removal in the kidney in the context of
PC1 loss partially rescues PCl-associated cystic disease
questions whether there are additional ciliary factors
causing or preventing PKD.'%%*

Here, employing NGS of ADPKD-like individuals and anal-
ysis of large, sequenced populations, we provide evidence
that monoallelic pathogenic variants to a cilia component
gene are an important cause of the ADPKD phenotype.

Subjects and methods

Study participants and clinical analysis

Details of the study participants and their recruitment sites are
summarized in Figure 1. Subjects were recruited from ADPKD
clinical trials: HALT-PKD (n = 49),°®*” TAME-PKD (n = 83),*®
and DIPAK (n = 12);*° observational ADPKD studies: Consortium
for Radiologic Imaging Studies of Polycystic Kidney Disease
(CRISP) (n = 11),* Genkyst (n = 10),*' and DIPAK Observational
Study (n = 137);** genetic studies of ADPKD: ADKPD Modifier
Study (n = 49), the Mayo PKD Center (n = 737), and the Irish
Kidney Gene Project (IKGP; n = 35);** and from other academic
centers studying ADPKD. The relevant institutional review boards
or ethics committees approved all studies, and participants gave
informed consent. Clinical and imaging data were obtained by re-
view of clinical records. Hypertension was recorded as the age at
which the individual started anti-hypertensive medications or
had two or more consecutive readings of 140/90 or above. Kidney
volumes were measured by stereology or automatedly** from the
most recent abdominal CT or MRI and the Mayo Imaging Class
(MIC) was determined.® Kidney function was calculated as esti-
mated glomerular filtration rate (eGFR; mL/min/1.73 m?) from
clinical serum creatinine measurements with the Chronic Kidney
Disease Epidemiology Collaboration (CKD-EPI) formula.*® Blood
or buccal samples for standard DNA isolation were collected
from the probands and all available family members.
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Figure 1. Details of the study design

(A) The study is divided into screening of ADPKD spectrum families (part 1) and analysis of previously sequenced cohorts (part 2). Part 1
included subjects from ADPKD clinical trials: HALT PKD (HALT), DIPAK randomized clinical trial (RCT), and TAME; ADPKD observa-
tional studies: CRISP, DIPAC Observational (Observ), and Genkyst; genetics studies: ADPKD Modifier, Mayo PKD Center, and Irish Kid-
ney Gene Project (IKGP); and other recruitment sites: Sheffield, Tufts, Brest, and Kuwait. Part 2 consisted of the Genomics England 100K
project Cystic Kidney Disease cohort (100kG; PKD) and the UK Biobank (individuals with ICD-10 Q61). The number of analyzed indi-
viduals per study site is indicated.

(B) The sequencing methods and whether participants were prescreened for PKD1 and PKD2 are indicated, the total number of screened
and IFT140-positive families is shown. The number of families/probands with pathogenic IFT140 variants relative to the total number
screened by each method from each study/site are shown above. Out of the 777 naive families screened at Mayo, 357 (45.9%) and 105
(13.5%) were resolved by pathogenic or likely pathogenic PKD1 or PKD2 variants, respectively, while 30 (3.9%) and six (0.8%) had a VUS
to PKD1 or PKD2. Among the pathogenic variants were 19 PKD1 large deletions, one PKD1 large duplication, and three PKD2 large de-
letions. The relatively low number of families resolved with a PKD1 or PKD2 pathogenic variant (59.5%), reflects the broad phenotypic
spectrum of the recruited individuals, including mild cystogenesis.

(C) Summary of the screening showing the total number of I[FT140 families identified by screening of ADPKD spectrum subjects (part 1)

and identified in the 100kG, PKD cohort, and the UK Biobank (part 2).

Targeted next-generation sequencing (tNGS)

Screening was performed using either a 137 or 357 gene tNGS
panel containing known and candidate PKD and ciliopathy
genes,*®*¢ and for the 35 IKGP and 69 Brest/Genkyst individuals,
as described, respectively, with IFT140 added to the French
panel.'”** As indicated in Figure 1, causative variants in PKD1I
or PKD2 were not found in previous testing of 352 families, while
834 families had not been previously screened. Library prepara-
tion, sequencing, read-alignment, and variant calling were
performed as previously described.'”*® Variant mining was per-
formed with SNP and Variation Suite (v.8.9.0, Golden Helix;
SVS) after employing the following filters: (1) variant-based read
depth (DP > 10x) and genotype quality (GQ > 20), (2) removal
of variants with minor allele frequency (MAF) > 0.01 in gnomAD,
and (3) removal of variants > 40 bp from target coding regions.

Whole-exome sequencing (WES)

Twenty-nine previously unresolved families were screened by WES
at the Mayo Clinic. Genomic DNA (500 ng) was sheared by ultra-
sonication, and libraries were prepared on an Agilent Bravo system
with the NEBNext UltraDNA Preparation Kit. Samples were pooled
in groups of 12 prior to capture with the Agilent SureSelectXT Hu-
man All Exon V7 kit. Samples were sequenced by the Mayo Clinic
Genome Analysis Core with 150 bp paired-end reads on an Illu-

mina HiSeq4000 with one pool per lane. Read alignment and
variant calling was performed with the same methodology as the
tNGS panels. Variant mining was done in SVS with the following
filters: (1) variant DP > 5x and GQ > 10, (2) removal of variants
with MAF > 0.001 in gnomAD, and (3) removal of variants > 40 bp
from coding regions.

Sanger screening, copy number variant analysis, and
variant assessment and confirmation

In samples where no causative variant was identified, PKD1 and
PKD2 were further screened via exon-specific amplification and
Sanger sequencing, with the duplicated region of PKDI first
amplified by previously described long-range PCR.*® Large copy
number variants (CNVs) were assessed from the NGS by calcu-
lating the log2 ratio of actual read-depth over the expected
read-depth for a given locus, and suspected variants confirmed
by multiplex ligation-dependent probe amplification (MLPA).*
Exon specific PCR primers were designed for confirmation of var-
iants identified in IFT140 (Table S1) and other genes of interest.
Variants of interest in probands and any available family mem-
bers were confirmed and segregated by amplifying 100 ng of
gDNA and Sanger sequenced bi-directionally at GeneWiz. We
analyzed Abl1 files by employing Mutation Surveyor (V5.1.1, Soft-
Genetics) to confirm the variant.
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The possible significance of missense changes was assessed with
the tools SIFT, PolyPhen-2, MutationTaster, MutationAssessor,
PROVEAN, FATHMM, and CADD and more broadly as previously
described.®'*** The pathogenicity of variants was assessed by the
American College of Medical Genetic (ACMG) guidelines.*’
Splicing evaluation was performed with the Berkeley Drosophila
Genome Project (BDGP) Splice Site Prediction by Neural Network
and Genomnis Human Splice Finder (HSF) sites.*®*’ Where
possible, the phase of IFT140 and PKD1 variants was determined
by segregation analysis in families.

Genomics England 100K project

All participants in the 100K Genomes Project (100kG) 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 National Research
Ethics Service, Research Ethics Committee for Fast of England
(Cambridge South Research Ethics Committee). Whole-genome
sequencing (WGS) was performed with the Illumina 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 37 (GRCh37) with
Isaac Genome Alignment Software (version 01.14; Illumina).
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) with the following filter: canonical transcript
(ENST00000426508.7) IFT140 gene and high impact (see results
for details). Phenotypes of identified carriers were manually re-
viewed in Genomics England Participant Explorer. We reviewed
exit questionnaires, filled in by the clinicians at the NHS Geno-
mics Medical Centres (GMCs) for each closed case, to detect sub-
jects solved for other genes. Those recruited under the “normal-
ized specific disease” term cystic kidney disease, included 1,550
individuals from 1,291 families.

UK Biobank

UK Biobank is a large prospective study with over 500,000 partic-
ipants aged 40-69 years when recruited in 2006-2010 and globally
accessible to approved researchers who are undertaking health-
related research that’s in the public interest.”” Exome data on
~200,000 individuals have been made available.”' Ethics approval
for the UK Biobank study was obtained from the North West
Centre for Research Ethics Committee (11/NW/0382). The exome
data of 200,643 individuals were accessed for variants in IFT140
(GRCh38: chr16: 1,510,427-1,612,072) and filtered with Ensembl
VEP for high or rare (gnomAD_AF < 0.1%), low impact alleles
(see results for details) predicted for the canonical transcript
ENST00000426508.7. IMPACT predictions were a subjective classi-
fication of the severity of the variant consequence based on
agreement with SNPEff (see also results). UK Biobank diagnoses
and disease terms recorded in carriers of high and low impact var-
iants were extracted, manually reviewed, and filtered for ICD-10
classifiers of kidney disease: Q61.x (cystic kidney disease), N28.1
(cyst of kidney), N18.x (chronic kidney disease), N17.x (acute
renal failure), I12.x (hypertensive renal disease), and N20.0 (calcu-
lus of kidney); the term x indicates that all sub-classifications were
taken into consideration (e.g., N18.x includes all stages of CKD
corresponding to N18.1-N18.5 and N18.9 for unspecified CKD).

A Fisher’s exact two-sided test was used for enrichment of diagno-
ses in high impact variant carriers, and p < 0.05 was considered
statistically significant.

The AstraZeneca PheWAS Portal is a repository of gene-pheno-
type associations for data derived from electronic health records,
questionnaires, and continuous traits computed on exomes
released by UK Biobank. Gene-level associations were tested with
collapsing analyses comparing the proportion of cases with a qual-
ifying variant with the proportion of controls with a qualifying
variant in each gene. Twelve different sets of qualifying variant fil-
ters (models: ten dominant models, one recessive model, and one
synonymous variant model) were applied to test the association
between 18,762 genes and 18,780 phenotypes after extensive
quality control filters.>> Here, we analyzed the gene associations
with cystic kidney disease (ICD-10 code Q61) by using the
collapsing model PtvSpcnt (protein-truncating variants; PTVs,
MAF < 5% both within the cohort and gnomAD). PTVs were
designated based on SnpEff annotations and defined as frameshift-
ing, nonsense, typical splicing, copy number variant, and rare
missense. Collapsing analysis p values were generated with a
Fisher’s exact two-sided test. A study-wide significance threshold
of p < 2e~? was defined on the basis of an empirical null distribu-
tion with the synonymous collapsing model and an n-of-1 permu-
tation-based null distribution.

Results

Study design

The design of this multinational collaborative study to iden-
tify genes harboring variants causative of an ADPKD-like
phenotype is shown in Figure 1. Part 1 included screening
individuals diagnosed with ADPKD or cystic kidneys, with
the vast majority meeting the imaging criteria for
ADPKD,>*** by tNGS (n = 1,186) or WES (n = 29). Recruit-
ment occurred from 12 different sites or studies and in-
cludes subjects for whom previous PKDI and PKD2
sequencing did not identify a causative variant (n = 381)
and unscreened populations (n = 834), with a total of
1,215 families screened (see Figure 1 for details). Part 2 of
the study included analysis of large populations of individ-
uals that were genetically characterized by WGS, the cystic
kidney disease cohort from Genomics England 100K project
(100kG; PKD), or WES, the UK Biobank ICD 10 code, Q61:
cystic kidney disease (UK Biobank; Q61; Figure 1). One fam-
ily detected in the 100kG (PKD) project where follow up was
possible was analyzed in part 1 of the project.

IFT140 is an ADPKD-spectrum candidate gene

A gene with loss-of-function (LoF) variants identified in
multiple ADPKD families from the tNGS analysis in part
1 of the study was IFT140 (MIM: 614620; Chr. 16p13.3).
IFT140 has 29 exons and a coding region of 4,386 bp
(GenBank: NM_014714.4) and encodes the IFT140 protein
of 1462aa (GenBank: NP_055529.2). IFT140, is a principal
component of the IFT-A core complex (along with IFT122
and WDR19 [IFT144]), while IFT43, WDR35 (IFT121), and
TTC21B (IFT139) form a peripheral subcomplex.’> The IFT-
A proteins are responsible for dynein-associated retrograde
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trafficking of proteins from the ciliary tip back to the basal
cell body.**>°=7 [FT140 bi-allelic pathogenic variants have
been associated with the syndromic ciliopathy SRTD
(SRTD9 [MIM: 266920]), also described as Jeune asphyxi-
ating thoracic dystrophy or Sensenbrenner or Mainzer-Sal-
dino syndromes.’®**° The SRTD9 phenotype includes
retinal dystrophy, skeletal malformations (including small
thorax, cone-shaped epiphyses, craniofacial abnormalities,
and digit malformations), and chronic kidney disease
(cysts and fibrosis).>®*? In addition, bi-allelic variants to
IFT140 are associated with non-syndromic forms of retinal
dystrophy (MIM: 617781), Leber congenital amaurosis,
and retinitis pigmentosa.®’"®> Conditional knockout of
Ift140 in mouse kidney collecting ducts (HoxB7-Cre)
demonstrated extensive cystic growth and fibrosis by P20
and short, stumpy cilia.®® Therefore, IFT140 was a strong
candidate as an ADPKD phenotype gene.

Families with monoallelic /FT140-truncating variants

To determine whether IFT140 variants are causing cystic
disease in a monogenic fashion, it was important to
demonstrate segregation in families. From our screening,
12 multiplex families with two or more members with
IFT140 pathogenic variants and a cystic kidney phenotype
were identified, and there was a total of 40 affected individ-
uals. Clinical details of these families are summarized in
Tables 1 and S2 and details of the pathogenic IFT140 vari-
ants are shown in Table 2.

Pedigree M132

In family M132, PKD was diagnosed in four generations,
and no pathogenic PKD1 or PKD2 variants were identi-
fied from Sanger analysis in the family (Figure 2A). The
canonical IFT140 splicing variant ¢.2399+1G>T was
identified simultaneously in an uncle (II-3) and nephew
(ITII-1) by tNGS. Subsequently, the variant was confirmed
in III-2, and II-2 was an obligate carrier. A distinctive
phenotype of a few, large bilateral kidney cysts but
without liver cysts were seen in II-3, III-1, and III-2 (Fig-
ures 2B-2D), and reduced eGFR was seen in III-1. A
mild cystic phenotype was also seen in II-1 and IV-1 (Fig-
ures 2E and 2F), and enlarged cystic kidneys described in
the grandfather (I-2), but DNA was not available. Of the
seven known and presumed affected members, none
experienced ESKD.

Pedigree M199

PKD was diagnosed in seven individuals over two genera-
tions in M199 (Figure 2G). Screening by tNGS identified
the IFT140 frameshifting variant c.2767_2768+2del
(p-Tyr923£s*18) in the four affected members with DNA
available. Kidney imaging was available for five individ-
uals, and the disease was characterized by a few, larger
cysts and in some cases asymmetry between the kidneys,
with a single large cyst particularly prominent in III-2
(Figures 2H-2K and S1A-S1C). Four members had renal
insufficiency in their 70s, including II-2 with type 2
diabetes, who was approaching ESKD when he died at
72 years old.

Pedigree P1320

The proband, II-1, was diagnosed at 66 years with
abdominal pain, and ultrasound revealed mild, bilateral
kidney cysts and a single liver cyst (Figures 2L and 2M).
Follow up ultrasound and MRI determined that two
of her four children had kidney cysts (Figure 2N), as
well one of her sisters (II-2). Screening II-2 by tNGS iden-
tified the frameshift variant, IFT140: c.2285_2286del
(p-Phe762£s*39), which was confirmed in the three other
affected subjects.

Pedigree EDI1005

The three living affected members of this family were
screened by WGS as part of the 100kG Project (but where
follow-up clinical and imaging analysis was possible) and
all were found to have the IFT140 frameshifting variant,
€.992_993del (p.Cys331fs*3) (Figure 20). Follow-up imag-
ing analysis revealed large kidneys due to just a few large
bilateral cysts, and some kidney asymmetry was seen in
each individual (Figures 2P-2R). The father (I-1) was diag-
nosed with kidney cysts at 80 years old and died at 89 years
old without ESKD.

Pedigree 390044

The HALT study proband (III-1) was diagnosed at 41 years
old with a few bilateral kidney cysts, including exophytic
cysts (Figures 28 and 2T). Her mother (II-2) had mild cystic
disease, while an aunt (II-1) with PKD had a right kidney
nephrectomy at 66 years old (Figures 2U and 2V). Genetic
analysis of III-1 and II-2 identified the IFT140 frameshift-
ing variant c¢.2483delG (p.Gly828fs*18) (DNA was not
available from II-1). There was no known prior family his-
tory, but the grandparents died in their 50s with limited
clinical information available.

Pedigree M1629

The proband, III-2, had multiple bilateral cysts and normal
renal function, her father (II-1) had large cysts in both
kidneys and declining renal function, and her brother
(II-1) mild PKD and normal kidney function (Figures
3A-3C and S1D). The typical splicing change, IFT140:
¢.2400—-2A>T, was identified or inferred from a linked
PKD1 variant.

Pedigree PK14083

Two siblings (II-1 and II-2) had large, bilateral kidneys cysts
without liver cysts, and their mother was diagnosed with
PKD but died at 92 years old without ESKD (Figures 3D-
3F). Both siblings had the IFT140 frameshift variant
€.3696delG (p.lle1234fs*33).

Pedigree M1554

The mother (II-1) had asymmetric disease with two large
left kidney cysts, while the daughter (III-1) has almost uni-
lateral disease with multiple right kidney cysts (Figures 3G-
3I). Both had normal kidney function and shared the
IFT140 frameshifting variant ¢.2767_2768+2del.

Pedigree P1497

In this family from the DIPAK randomized clinical trial
(RCT), two sisters shared the IFT140 frameshift variant
€.1655_1656del (p.Glu552fs*6); I1I-1 had multiple large
cysts with some asymmetry, and II-2 had just a few cysts
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Table 1. Details of individuals with IFT140 pathogenic variants

Demographics Clinical details Kidney imaging

Cyst Volume (mL/m) or
length (cm)
Pedigree _—
(study) Subject Sex Dx age eGFR, age HTN, age Type Age description htRK htLK htTKV MIC Figure Liver cysts
Families
M132 1-2* female N/A N/A yes, ? N/A - MLg, RKN - - - - - N/A
Mayo) II-1° male N/A 43,94y  yes,? CT 91y BMLg, LKEx 221 427 648 2A Figure 2E  N/A
11-2° male N/A 46,72y  yes,? N/A - Blg - - - - - N/A
1I-3 male 69y 66,74y no,? MRI 69y BMLg, LKEx 360 566 926 1B Figure 2B none
1II-1 male 54y 47,66y no,? MRI 63y BM 393 436 830 1B Figure 2C none
111-2 male 40y 109,47y no,? MRI 45y BCl 425 197 622 2A  Figure 2D none
v-1° female 38y 81,38y no, 39y CT 38 y RKFLg, LKDP 89 79 169 2A  Figure 2F 2§
M199 1I-1 female 59y 57,87y  yes, <72y CT 81y BFEx - - - 2A  Figure 2H N/A
(Mayo) -
11-2° male N/A 21,70y  N/A N/A - - - - - - - N/A
11-3° male 77y 41,78y  yes, <75y CT 77 y BMEx 308 454 762 1B Figure 2  none
11-4 male 74y 35,74y  yes, <42y US 74y BLg - - - - Figures STA none
and S1B
1II-1 female 39y 55,73y no, 74y MRI 57y BLgEx 166 106 272 2A  Figure 2]  none
111-2 female 58y 87,71y yes, 63y CT 58y BF, LK1Lg 109c 13.6 c - 2A Figure 2K none
11I-4 male - 38,72y  yes, <68y CT 69y BECI 170 131 301 2A  TFigure SIC none
P1320 1I-1 female 69 y 46,77y  yes,? MRI 69y BMLg 179c 154 c - - Figure 2M 1
(Shed 1I-2 female 66y 73,69y  yes,? us 66y BFLg 13¢c 13c¢c - - - none
111-2 female 46y 58,52y N/A MRI 46y LK1 RKS 10.7¢c 13.2¢c - 2A Figure 2N none
111-4 male 40y 94,43y N/A us 40y BMLg 124c¢ 129 c - - - none
EDI1005 I-1° male 80y N/A N/A autopsy 89y BLg - - - - - N/A
(100KkG)
1I-1 female N/A 56,68y  yes,? CT 58 y BMLg 1,340 966 2,306 1D Figure 2P FS
1I-1 male 33y 99,37y mno,37y MRI 33y BMLg 540 262 802 1D Figure 2Q none
11-2 female 30y 85,39y no, 39y US 37y BMLg - - - - Figure 2R none
390044 1-1° female — 59,86y yes, 66y CT 86y MLg, RKN N 253 - - Figure 2V none
(HALD) 11-2 female 63y 51,79y  yes, <65y CT 63y FLg, LKN - - - - Figure 2U F
1II-1 female 41y 45,58y yes, 37y CT 58 y BMEx 348 864 1,212 1C Figure 2T none
M1629 11 male 71y 39,73y yes, <61y MRI 71y BMLg&S 450 517 967 1B Figure 3C FS
(Mayo) 1II-1 male 40y 80,40y  yes, <40y US 40y BFLg 111c 11.2¢c - - Figure SID none
111-2 female 39y 107,40y no,40y CT 39y BF 137 134 272 1B Figure 3B FS
PK14083 1I-1 male 62y 57,65y yes, 55y MRI 62y BLgEx 333 508 841 2A Figure 3E  none
(Brest 1I-2 female 58y 37,63y yes, 55y MRI 62y MBLg 177 221 398 2A Figure 3F  none
M1554 1I-1 female 53y 82,57y  yes, <53y CT 53y ALKFLg 10.5¢ 18.8 ¢ - 2A  Figure 3H none
(fufty 1I-1 female 34y 84,36y mno, 36y CT 34y URKMLg - - - 2A  Figure 31  none
P1497R 1I-1 female 51y 85,56y yes, 51y MRI 57y ALKMLg 773 329 1,102 2A Figure 3K none
(DIPAKD) 11-2 female 39y 83,54y no, 54y MRI 54y ALKM RKFS 114 219 333 2A  Figure 3L none
1470059 1I-1 male 72y 44,79y  yes, 54y MRI 76 y BMLgEx 822 952 1,774 1C Figure 3N none
(Mod) 1I-1 male 45y 84,49y no, 49y MRI 49 y BFSEx 114 159 273 1A Figure 30 none

(Continued on next page)
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Table 1. Continued

Demographics Clinical details Kidney imaging
Cyst Volume (mL/m) or
length (cm)

Pedigree _—
(study) Subject Sex Dx age eGFR, age HTN, age Type Age description htRK htLK htTKV MIC Figure Liver cysts
M1169 I-1 male - 50,84y yes, 81y US ? 2 LK - - - - - N/A
(Mayo)

1I-1 female 46y 102,50y no,50y CT 46y BF 141 163 304 1B Figure 3Q none
M1266 1I-1 female — 65,67y mno, 67y US 66y BM FLg 9.6¢c 93¢ - - - none
(Mayo)

1I-2 female 45y 80,58y no, 59y MRI 55y ES 67 69 136 1A Figure 38  MnS
Singletons
440003 (CRISP) 406737  female 41y 74,54y mno,54y MRI 53y BF 199 107 307 1A Figure S2A none

690036 (HALT) E4669644 male S5ly 38,68y yes, 51y US 58 y BM - - - - - -

F430 (Dublin) 8143 male 31y 67,45y no,46y US 31y BF 12.6¢c 12¢ - - - none

F392 (Dublin) 10235 female 45y 94,58y yes, 50y US 45y BMLg 9.7¢ 10.7 ¢ - 2A  Figure SIE none

F662 (Dublin) 10664 female N/A 69,76y  yes, 58y US 70y ARK2Lg, 148c 11.2¢c - - Figure SIF none
LKMLg

M120 (Mayo) R1097  female 46y 70,65y yes, 45y MRI 65y BMExRKILg 296 222 519  2A Figure S3F none

M154 (Mayo) R1142 female 57 y 68,64y yes, <50y CT 64y ABMLg 451 946 1,397 2A TFigure S2B none

M187 (Mayo) R19 female 53y 35,79y yes, 53y CT 78 y BMLg 1,025 994 2,019 1C Figure S2C none

M241 (Mayo) R1403 male 74y 30,85y  yes, <69y CT 83y BMLg 498 562 1,060 1A Figure S2D none

M274 (Mayo) R1367 female 72y 43,90y  yes, <72y MRI 79y A LKFLg, 81 375 455 2A  TFigure S2E none
RKS

M323 (Mayo) R1606 male 58y 41,67y  yes, <68y US 67y BMLg - - - - - none

M357 (Mayo) R874 female 50y 49,76y  yes, <62y CT 76 y A LKFL, 1,325 471 1,796 2A Figure S2F none
RKM

M614 (Mayo) R1942 male 46y 82,59y yes, 45y CT 53 y BFLgEx 353 253 606 2A  Figure S2G none

M1062 (Mayo) R2939 male 56y 52,62y yes, 55y CT 62y ARK <5Lg, 776 359 1,135 2A Tigure S2ZH none
LK 1Lg

M1111 (Mayo) R2995 male 50y 46,55y no, 52y MRI 52y BES 101 122 222 1A TFigure S2I none

M1261 (Tufts) R3221 female 29y 99,34y no, 32y CT 30y FSRK1Lg 217 158 375 2A  Figure S2J none

M1277 (Mayo) R3248 male 56y ESKD, 64y yes, 56y CT 61y RKN WT6m, N 261 - - Figure S3A FS
LKMEx

M1374 (Mayo) R3376 female 65y 62,68y yes, 67y CT 68 y BFLK1Lg 927 562 1,489 2A Figure S2K none

M1540 (Mayo) R2098 male 64y 57,65y  yes, <65y CT 66y BFEX 152 315 468 1B Figure S3D none
P1195 (Shef) 0x3922 female 57y 50,92y  yes,? CT 92 y BMLgEx 17¢ 23c¢c - - Figure S2L  none
P1480 (Kuw) Ox5181 female 44y 130,44y yes, 40y US 44 y LK8 RK8 456 420 876 1C - none
P1504 (DIPAK®) Ox5058 male 52y 43,57y  yes, 48y MRI 61y MBLg 1,371 1,376 2,747 1D Figure S2ZM M
P1505 (TAME) 0Ox5262 female 50y 70,52y yes, 41y MRI 52y ALK2Lg 179 709 888  2A TFigure S2N none
RK FS

PK14084 210192  female 37y 105,48y no,48y MRI 48 y FBLg 218 158 376  2A TFigure S3H none
(Genkyst)

PK14082 (Brest) 200138  female 44y 77,44y mno,44y CT 44y FBLg 109 170 270 2A  Figure S20 none
PK14085 (Brest) 210193  female 75y 57,75y no,75y CT 75y FBLg 142 106 248 2A  Figure S2P none

DIPAKR, DIPAK randomized clinical trial; 100kG, 100,000 Genomes; Kuw, Kuwait; Mod, Modifiers of ADPKD Study; Shef, Sheffield; DIPAK®, DIPAK observational
study; Dx age, age at diagnosis; HTN, hypertension; N/A, not available; y, years; ?; unknown; A, asymmetric presentation; B, bilateral; Cl, clustered; DP, dilated
pelvis; Ex, some exophytic; F, few; LK, left kidney; Lg, large; M, multiple; Mn, many; N, nephrectomy; RK, right kidney; S, small; U, unilateral; WT, Wilms tumor;
htRK, height-adjusted right kidney volume; htLK, height-adjusted left kidney volume; htTKV, height-adjusted total kidney volume.

“No sample for genetic confirmation.

bGenotype inferred.
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Table 2.

Details of the IFT140 pathogenic variants

100,000
GnomAD ACMG Part 1 Genomes
cDNA variant® Protein variant Type Effect v2.1.1 Publication ClinVar designation pedigrees pedigrees
c.223delG p-Val75fs*11 FS del truncating 0 - N LP M1266 -
c.490G>T p.Glul64* nonsense truncating 0 Schmidts et al.”” N P F392, M614, -
M1261
c.581delT p-Leul94fs*2 FS del truncating 0 - N LP 440003 -
¢.594dupG p-Ser199fs*21 FSdup  truncating O - N LP M1374 -
€.634G>A p.Gly212? splice non trunc 15/282, Perrault et al.”® 8x P, LP M1277 -
764 2x LP
c.810+1G>A p-Lys270? splice truncating O - N LP - UK25
c.931dupT p-Tyr311fs*7 FS dup truncating 0 - N LP 690036 -
€.992_993del p-Cys331fs*3 FS del truncating 0 - N LP EDI1005 -
c.1010-1G>A p-Gly337? splice truncating 11/279,352 - 5x P P F662, -
PK14082
¢.1039C>T p-Arg347* nonsense truncating 1/250,764 - N LP - UK11
c.1147C>T p-GIn383* nonsense truncating 1/31,360 - N LP - UK4
c.1246C>T p-Gln416* nonsense truncating 6/249,758 - N LP - UK10, UK17
c.1359+1G>A p.Lys453? splice truncating 0 - 1xLP LP - UK16
c.1377G>A p-Trp459* nonsense truncating 22/215, Xu et al.®? 1x P P M241, M274, UKI12, UK14,
228 M1169, P1505 UK26
c.1525-1G>A p-Gly509? splice truncating 0 - 1x LP LP P1480 -
c.1565G>A p-Gly522Glu missense non trunc 39/282, Perrault et al.”® 5x P, LP M1540 -
790 1x VUS
€.1648C>T p-Arg550* nonsense truncating 0 - N P PK14085 UK9
c.1653-1G>A p.Arg551? splice truncating O - N P M1111 -
c.1655_1656del p-Glu552fs*6 FS del truncating 0 Xu et al.** N P P1497, -
1470059
¢.1959G>A p-Trp653* nonsense truncating 4/280,738 - 1x P, LP - UK13
1x VUS
€.2278C>T p.Arg760* nonsense truncating 0 Schmidts et al.’” 1x P P F430 UK1
€.2285_2286del p-Phe762fs*39 FS del truncating O - N LP P1320 -
€.23994+1G>T p-Ser800? splice truncating 14/251, Perrault et al.°®  5x P P M132, M154, UK2, UK3, UKS6,
478 M187, M323, UK7, UK15,
M357, P1195, UK18, UK19,
P1504 UK21, UK22,
UK23, UK24,
UK27
c.2400—-2A>T p-Ser800? splice truncating O - 1x P LP M1629 -
c.2483delG p-Gly828fs*18 FS del truncating O - N LP 390044 -
c.2500C>T p-Arg834* nonsense truncating 2/256, - 1x P LP - UK8
536
c.2542_2559del p-Arg848_ IF del non trunc 0 - N LP PK14084 -
Ala853del
€.2767_2768+2del p.Tyr923fs*18 splice truncating 8/148,386 - 2x LP  LP M199, M1062, -
M1554
€.2909_2920del p-Glu970_ IF del non trunc 2/281,118 - N LP M120 -
Ala973del

(Continued on next page)
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Table 2. Continued
100,000
GnomAD ACMG Part 1 Genomes
cDNA variant® Protein variant Type Effect v2.1.1 Publication ClinVar designation pedigrees pedigrees
€.2998—-1G>A p-Lys999? splice truncating 0 - N LP - UK20
c.3214C>T p-Argl072* nonsense truncating 3/249,956 - N LP - UKS
c.3696del p-lle1234Serfs*33 FS del truncating 0 - N LP PK14083 -

FS del, frameshift deletion; FS dup, frameshift duplication; IF del, inframe deletion; non trunc, nontruncating; P, pathogenic; LP, likely pathogenic, VUS, variant of

uncertain significance.
“RefSeq transcript GenBank: NM_014714.4.

(Figures 3]J-3L). Both had normal kidney function, and the
family history was uncertain.

Pedigree 1470059

In this family from the ADPKD Modifier study, the pro-
band (II-1) had large cystic kidneys with a few large cysts
and renal insufficiency at 76 years, while his son (III-1)
has just a few tiny bilateral cysts (Figures 3M-30).
IFT140 c.1655_1656del segregated in these individuals.
Pedigree M1169

The proband in this family (II-1) had mild bilateral renal
cystic disease and no liver cysts (Figures 3P and 3Q). Her fa-
ther (I-1) had two left kidney cysts and shared the
nonsense variant IFT140: c.1377G>A (p.Trp459*) with
II-1. The sister II-2 was reported to have bilateral kidney
cysts but limited clinical information and no DNA was
available (Table S2).

Pedigree M1266

The proband, II-2, had multiple small kidney cysts, some
exophytic, and multiple small liver cysts (Figures 3R and
3S), while her sister (II-1) had multiple small kidney cysts,
with one larger cyst. Both shared the IFT140 frameshift
variant, c.223delG (p.Val75fs*11).

Singleton individuals with monoallelic IFT140-
truncating variants

In addition to the multiplex families, 26 families with a
single genetically and clinically confirmed case with an
IFT140 pathogenic variant were identified (see Tables 1,
2, and S2 and Figures S1-S3 for details). The majority of
these families did not have a known family history, but
in seven families, an affected relative was known or sus-
pected, but a sample to test segregation and detailed clin-
ical data was not available (Table S2). In pedigree F392,
two relatives had the familial IFT140 variant but had nega-
tive ultrasounds at 53 years and 40 years, and in M241, the
son had the family variant, but no clinical information was
available. The phenotype in the singleton subjects
was consistent with the familial cases; the kidney disease
was generally bilateral with variable numbers of large cysts
present and few liver cysts (Figures S1-S3). Unlike the
multiplex families where all variants were truncating,
four singleton cases had non-truncating variants. Two
were larger inframe deletions that scored as likely patho-
genic by ACMG guidelines (Figures S3G and S3I), and
two were missense changes that have previously been

scored as likely pathogenic changes associated with
SRTDY; including ¢.634G>A (p.Gly212?), which is a likely
splicing variant (Figures S3B, S3C, and S3E; Table 2).

IFT140 pathogenic variants are strongly enriched in
cystic kidney families

Our analysis identified 38 families with IFT140 pathogenic
variants, 36 from tNGS, one from WES, and one from WGS
(Figure 1). None of these families had an LoF PKD1 or PKD2
(or other ADPKD-like gene) variant. Of the previously un-
screened families, 16/834 (1.9%) had an IFT140 patho-
genic variant. This compared to 21/381 (5.5%) families
for whom no PKDI1 and PKD2 pathogenic variant had
been identified through previous testing (Figure 1).

Genomics England 100K Genomes Project analysis

To determine the burden of likely pathogenic IFT140 vari-
ants more broadly, we analyzed genetic and clinical data
from the 100K Genomes Project that includes National
Health Service (NHS) subjects affected by a rare disease or
cancer and relatives. IFT140 variants were extracted from
WGS of 64,185 subjects and after annotation 26 distinct
strongly predicted pathogenic variants (stop gain, start
loss, and canonical splice acceptor and donor variants)
were identified in a total of 152 individuals (89 probands
and 63 relatives) from 111 different families. Among these
152 individuals, kidney cyst(s) were described in 40 indi-
viduals (26.3%), including 31/89 probands (34.8%); 27 of
these probands were recruited to the 100kG under the
“cystic kidney disease” (100kG; PKD) group. Analysis of
the 100kG; PKD group showed that 27/1,291 (2.1%) pro-
bands had IFT140 likely pathogenic variants, but these var-
iants were much rarer in probands in other rare disease
groups (62/33,127; 0.19%; p < 0.0001) or probands with
primary neurological diagnoses (18/8,162; 0.22%; p <
0.0001). Twenty-five IFT140-positive probands in the
100kG; PKD group were considered unsolved by the Geno-
mics England analysis; two carried monoallelic VUSs in
PKD1 (see Tables 3 and S3). Three families showed segrega-
tion of the IFT140 variant with the cystic phenotype in 3,
2, or 1 family member (Table S3).

UK Biobank analysis
Recently IFT140, or the recurrent [FT140 LoF variant
€.2399+1G>T, was suggested to be associated with kidney
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Figure 2. Pedigree and imaging details of five IFT140 pedigrees

(A-V) Pedigrees M132 (A), M199 (G), P1320 (L), EDI1005 (O), and 390044 (S); clinically affected individuals are in black, unaffected are
in white, uncertain are in gray, and deceased subjects are lined through. Only affected individuals or others with a sample available are
shown. (A) In M132, segregation of the IFT140 pathogenic variant and PKDI VUS are shown; IFT140: c.2399+1G>T and PKD1I:
¢.11017-3C>T cosegregate. (G) In M199, inheritance of IFT140: ¢.2767_27688+2del and a frameshifting variant in DYNC2H1 (bi-alleli-
cally causing SRTD3), which does not segregate with the disease, are shown. (L) In P1320, the IFT140 pathogenic variant segregates in
four individuals with a PKD1 VUS, while a BBS2 nonsense variant does not cosegregate with disease. EDI1005 (O) just had an IFT140
pathogenic variant. Two PKD1 VUSs cosegregated with the IFT140 pathogenic variant in 390044 (S). It is not known whether these addi-
tional variants have any influence on the disease phenotype (see Table 3 for details). Abdominal coronal imaging by MRI (B-D, J, M, N,
and Q) or CT (E, E P, T, and V), axial imaging by CT (H, I, K, and U), or abdominal ultrasound (US) (R) with the age at imaging indicated
shows the kidney phenotype is typically multiple, larger bilateral cysts, sometimes with marked asymmetry (K). Only M132 IV-1 (F) has
liver cysts.

cyst phenotypes in the UK Biobank population and the riched for monogenic disease. A total of 240,037 individ-
TOPMed Program.>*°* UK Biobank subjects were typically ~uals with WES data were available for study.”” Genes
between 50 and 75 years old, and the study was not en- were screened for enrichment of protein-truncating
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variants (including nonsense, canonical splice, or frame-
shifts) in the ICD-10 code Q61 (cystic kidney disease;
n = 521) group compared to controls (without Q61; n =
239,516). Individuals with monoallelic IFT140-truncating
variants represented 2.69% of Q61 cases compared to
0.21% of controls (p = 1.62e"'!; Figure 4A). Carriers of
truncating variants to PKD1, 8.45% cases versus 0.015%
controls, and PKD2, 5.57% cases versus 0.004% controls,
were also, as expected, highly enriched in the PKD group
(p=3.04e ?®and 1.63e %, respectively). ALG9-truncating
variant carriers, 0.77% cases and 0.032% controls, were the
next highest but not significantly enriched (p = 0.00003;
significance threshold p = 1.0e%7).

In a separate analysis of the UK Biobank population, the
prevalence of high (likely pathogenic: frameshifting,
nonsense, or canonical splicing) versus low impact variants

IFT140 c.223delG
PKHD1 c.3549delT

Figure 3. Pedigrees and imaging details
of seven IFT140 families

(A-S) Pedigrees of M1629 (A), PK14083 (D),
M1554 (G), P1497 (J), 1470059 (M),
M1169 (P), and M1266 (R); clinically
affected individuals are in black, unaf-
fected are in white, uncertain are in gray,
and deceased subjects are lined through.
Only affected individuals or others with a
sample available are shown. The segrega-
tion of the IFT140 pathogenic variant in
each family is shown (inferred in M1629
III-1), plus inheritance of variants in
PKD1; in cis with the IFT140 pathogenic
variant in M1629 and 1470059. A trun-
cating variant or variant of uncertain sig-
nificance to PKHD1 (M1554 and M1266),
which cosegregate with disease, and
WDR35 (M1554), which does not, are
also noted. It is not known if these addi-
tional variants have any influence on the
disease phenotype (see Table 3 for details).
Abdominal coronal MRI (C, E, F, K, L, N, O,
and S), coronal (B, H, and Q) or axial CT (I)
with the age at imaging indicated shows
the kidney and liver phenotypes. The
cystic presentation varies from several
large cysts bilaterally (N) to much milder
cystogenesis (O and S).

PK14083 II-1, MRI 62y

1470059 II-1, MRI 79y

(likely benign: synonymous, non-ca-
nonical intronic) with a gnomAD
MAF < 0.1% were compared for
various ICD-10 kidney disease codes
(Figure 4B). For this analysis, out of a
total population of 200,643 subjects
with WES data, 481 individuals were
monoallelic for high and 5,888 had
low impact IFT140 variants. ICD-10
codes for cyst of kidney (N28.1), cystic
kidney disease (Q61), and CKD
stages 4 and 5 (N18.4 and N18.5)
were more common in individuals car-
rying high compared to low impact
IFT140 variants: 2.7% versus 0.5%
(p = 1.3e7%, OR = 5.3; 95 CL: 2.7-10.1); 1.0% versus
0.07% (p = 2.4e *, OR = 15.4; 95 CI 4.7-50.5); and 1.0%
versus 0.3% (p = 0.02, OR = 3.9; 95 CI 1.5-10.3), respec-
tively, whereas other kidney phenotypes were not signifi-
cant (Figure 4B).

M1266 1I-2, MRI 55y

The monoallelic IFT140 phenotype

IFT140 subjects from part 1 of the study typically had
conserved renal function, but 32 had an eGFR < 60, and
one with a single kidney due to nephrectomy following
infantile Wilms tumor had ESKD at 64 years (Tables 1
and S2). A plot of eGFR versus age showed an overall
milder disease course than for PKD2 but a lower eGFR
than seen in normal individuals (Figure 5A).°° IFT140 in-
dividuals were diagnosed at a mean age of 52.7 years
(£13.2 years), compared to 29.9 years (+11.9 years) for
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Table 3. Details of other variants of interest

IFT140
pathogenic cDNA Protein CADD ACMG PKD GnomAD
variant Gene variant® variant Type Effect score” Des DB* v2.1.1 ClinVar Individuals Pedigree
c.223delG PKHD1 ¢.3549delT p.His1184fs*36 FS del trunc NA LP® - 0 1x P II-1, I1-2 M1266
(p-Val75fs*11)
c.490G>T TMEM231 c.248C>A p-Ser83* nons trunc NA Lp? - 0 N 10235 F392
(p.Glul64*)
c.581delT COL4A1 c.1612C>T p-Arg538Trp mis non 23.9 \4SN - 4/251,364 N 406737 440003
(p.Leu194fs*2) trunc
PKD1 ¢.2032G>T p-Ala678Ser mis non 4.00 Vvus no 0 N
trunc
PKD1 c.4055G>A p-Ser1352Asn mis non 14.34 vuUs vus 186/279,278 1x LB,
trunc 2x VUS
¢.594dupG PKD1 c.4055G>A p-Ser1352Asn mis non 14.34 \4N A4 186/279,278 1x LB, R3376 M1374
(p-Ser199fs*21) trunc 2x VUS
€.634G>A PKD1 c.8293C>T p-Arg2765Cys mis non 29.20 vus M 1299/278,546 1x B, R3248 M1277
(p.Gly212?) trunc 2x VUS,
2% LP
c.1010-1G>A PKD1 c.4963G>A p-Vall655Met mis non 0.05 LB no 15/279,582 N 10664 F662
(p.Gly337?) trunc
TTC21B c.2318C>A p-Ser773* nons trunc NA LPR - 0 N
c.3214C>T PKD1 c.3019G>A p.Val1007Met mis non 22.70 vuUs no 5/244,386 1x VUS UKS-1 UK5
(p.Arg1072%) trunc
c.1377G>A WDR60 Cc.69G>A p-Trp23* nons trunc N/A Vvus - 84/248,930 1x P, R1403 M241
(p-Trp459*) 2x VUS
ALG9 c.551T>G p-Phel84Cys mis non 29.0 VvuUs - 18/280,924 N R1367 M274
trunc
PKD2 c.112G>C p-Ala38Pro mis non 18.48 Vvus no 0 N
trunc
OFD1 c.936-2A>G p-Asn313? splice trunc N/A vus - 24/202,878 1x B, 0x5262 P1505
2x VUS
c.1565G>A PKHD1 c.1018G>A p-Gly340Arg mis non 16.58 vus - 16/282,680 2x VUS R2098 M1540
(p.Gly522Glu) trunc
c.1653—-1G>A, CEP290 c.1066G>A p-Gly356Ser mis non 31.0 A4 - 0 N R2995 M1111
(p.Arg551?) trunc
¢.1655_1656del PKD1 c.4073C>T p-Alal1358Val mis non 6.77 LB no 17/279,412 N II-1, II-1 1470059
(p.Glu552fs*6) trunc

(Continued on next page)
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Table 3. Continued

IFT140
pathogenic <DNA Protein CADD ACMG PKD GnomAD
variant Gene variant® variant Type Effect score” Des DB v2.1.1 ClinVar Individuals Pedigree
€.2278C>T PKD1 c.113T>A p-Leu38His mis non 22.60 vus no 0 N 8143 F430
(p-Arg760%*) trunc
TMEM260 c.721dupT p-Tyr241fs*3 FS dup trunc N/A LPR - 6/251,474 1x P
€.2285_2286del PKD1 ¢.3077C>T p-Thr1026Ile mis non 18.23 LB LN 12/278,272 N all P1320
(p.Phe762f5*39) trunc
BBS2 c.823C>T p.Arg275* nons trunc N/A LPR - 54/282,748 12x P II-1, I1-2
c.2399+1G>T PKDI1 ¢.11017-3C>T p.Arg3672? splice non N/A LB LN 298/279,962 3x VUS all M132
(p-Ser800?) trunc R1142 M154
R19 M187
PKD1 ¢.10601C>T p-Ala3534Val mis non 18.22 LB no 43/238,314 N 11-2 M132
trunc
DZIPIL €.544C>T p-Arg182Trp mis non 31.0 \4N - 6/278,088 N R1142 M154
trunc
PKD1 c.8293C>T p-Arg2765Cys mis non 29.20 vus M 1299/278, 1x B, R1606 M323
trunc 546 2x VUS,
2% LP
IFT43 ¢.343C>T p.GIn115* nons trunc N/A LPR - 12/282,886 N 0x5058 P1504
PKD1 ¢.360-5T>G p-lle120? splice non N/A A4 no 0 N UK27-1 UK27
trunc
€.2400—-2A>T PKD1 €.2990C>T p-Thr997Met mis non 23.60 A4 no 2/240,882 N 1I-1, II-1, III-2 M1629
(p-Ser8007?) trunc
c.2483delG PKD1 c.8293C>T p-Arg2765Cys mis non 29.20 vuUs M 1299/278,546 1x B, II-1, I1I-1 390044
(p.Gly828fs*18) trunc 2x VUS,
2x LP
PKD1 c.7636C>T p.His2546Tyr mis non 17.69 A4 LN 411/251,160 2X B,
trunc 1x LB,
1x VUS
€.2767_2768+2del DYNC2H1 ¢.3054delT p-Phe1018fs*3 FS del trunc N/A Lp? - 0 N II-1, I1-4, III-2 M199
(p-Tyr923£s*18)
PKD1 €.2098-3C>T p.Val700? splice non N/A LB no 7/133,582 LB R2939 M1062
trunc
PKHD1 c.1822G>T p-Asp608Tyr mis non 21.8 A4 - 1/246,468 N II-1, IMI-1 M1554
trunc
WDR35 c.205G>A p-Gly69Ser mis non 28.0 vus - 0 N II-1
trunc

FS del, frameshift deletion; Nons, nonsense; Mis, missense; FS dup, frameshift duplication; non trunc, nontruncating; NA, not applicable; ACMG Des, designation; P, pathogenic; LP, likely pathogenic; VUS, variant of
uncertain significance; LB, likely benign; B, benign; R designation associated with bi-allelic status; M, possible modifying allele; LN, likely neutral.

RefSeq transcripts ALG9, GenBank: NM_024740; BBS2, GenBank: NM_031885; CEP290, GenBank: NM_025114; COL4A1, GenBank: NM_001845; DYNC2H1, GenBank: NM_001080463; DZIP1L, GenBank: NM_173543;
IFT43, GenBank: NM_052873; OFD1, GenBank: NM_003611; PKD1, GenBank: NM_001009944; PKD2, GenBank: NM_000297; PKHD1, GenBank: NM_138694; TMEM231, GenBank: NM_001077416, TMEM260, GenBank:
NM_017799; TTC21B, GenBank: NM_024753; WDR35, GenBank: NM_001006657; WDR60, GenBank: NM_018051.

PHigher scores indicate a higher probability of pathogenicity.

“The ADPKD Mutation Database.
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Figure 4. UK Biobank data demonstrate
IFT140 LoF alleles are associated with
cystic kidney disease

(A) Gene-level Manhattan association plot
with binary trait Q61 (cystic kidney dis-
ease) and Fisher’s exact two-sided test sta-
tistics. A significance threshold of P <
2 x 1077 has been selected (see subjects
and methods). Here, gene-level results are
shown with a collapsing model based on
protein-truncating variants with a gno-
mAD MAF of <5% (ptv5Spcent). The propor-
tion of cases with a qualifying protein-
truncating variants in the Q61 group (n =
521) was compared with the proportion
in controls (n = 239,516) for each gene.
Among the 521 cases, 14 (2.69%) had a
monoallelic IFT140-truncating variant,
compared to 506 (0.21%) among the con-
trols. For PKDI1, PKD2, and ALG9, 44
(8.45%) cases and 35 (0.015%) controls,
29 (5.57%) cases and ten (0.004%) con-
trols, and four (0.77%) cases and 76
(0.032%) controls had a monoallelic
truncating variant, respectively. The
—logl0 p values for enrichment in the
cystic kidney disease group are shown;
ALG9 did not reach the significance
threshold. Graph generated from the Astra
Zeneca PheWAS Portal.*”

(B) Prevalence of kidney-related diagnoses
in IFT140 high (likely pathogenic) versus
low impact (likely benign) variant carriers.
Of the 200,643 individuals from the UK
Biobank with exome data, 481 had mono-
allelic high and 5,888 low impact variants
to IFT140. Comparison of individuals
with kidney-related diagnoses (grouped
by ICD-10 terms) showed that cyst of kid-
ney (N28.1), cystic kidney disease (Q61),

» PKD1

~IFT140

0.80

p=l

and CKD stages 4 and 5 (N18.4 & N18.5) were significantly more common in individuals with high impact IFT140 variants compared
to low impact (shaded; see figure for p values and odds ratios with 95% confidence intervals [CIs]). One high impact carrier was in both
the N28.1 and Q61 groups. Other kidney phenotypes were not enriched for high impact IFT140 variants.

the ADPKD individuals in the TAME study,®® and the
diagnosis was often made incidentally. Hypertension
was diagnosed in 66.1% of individuals (where the infor-
mation was available), with an average age at onset of
56.9 years (the precise age at onset was not present in
14 individuals, and the mean eliminating those was
53.6 years); only one affected individual was hypertensive
before 40 years. Therefore, hypertension was less frequent
and diagnosed approximately 20 years later than in
ADPKD overall.®” Six IFT140-affected individuals had a
vascular phenotype, including intracranial or aortic aneu-
rysm, and some of these individuals had additional PKD
gene variants (Table 3), but further study will be required
to see whether there is an association as found in ADPKD
overall.*> The htTKV was often enlarged in the monoal-
lelic IFTI40 subjects but asymmetry was common with a
small number of cysts accounting for most of the cystic
disease (and increased TKV), hence, 27 individuals were
classified as having an atypical (2A) MIC.® Plotting the
htTKV data shows a wide spread of values both for those
with a typical and atypical MIC (Figure 5B). Liver cysts

were rare, found in only nine subjects and, when present,
were usually small (Table 1).

Retinal degeneration is a phenotype associated with bi-
allelic IFT140 pathogenic variants and there was some
anecdotal analysis of eye disease in monoallelic individ-
uals. In M199, 1II-1 had age-related macular degeneration
(AMD) and early-stage retinal pigment epithelium (RPE)
detachment, while in M1374, R3376 had AMD and atro-
phy of the RPE (Table S2; Figure S4). In addition, in
P1505, Ox5262 had congenital aniridia and blindness
(see also below). However, only a limited number of
eye exams were available and analyses in these individ-
uals by an optometrist revealed no systematic eye pheno-
type. In addition, several individuals had a diagnosis of
cancer, including five with colorectal cancer but further
analysis will be required to determine whether there is
any association. Of note in the 100kG data, nine high
impact IFT140 variant carriers had diaphragmatic (or
umbilical) hernias, seven of whom also had kidney cysts,
while in the UK Biobank data, ICD-10 K40.9 (unilateral
or unspecified inguinal hernia, without obstruction or
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Figure 5. Comparison of eGFR and htTKV between IFT140 and
PKD2 individuals

(A) Plotting of eGFR values versus age demonstrates that IFT140
individuals have a slower decline in renal function compared to
PKD2%? but quicker than would be expected with normal aging.
Only one IFT140 subject reached ESKD and one had CKD stage 4.
(B) Plot of height-adjusted TKV on the natural log scale (In htTKV)
versus age for individuals with a typical and atypical MIC differen-
tiated compared to PKD2.%° A wide range of htTKV are seen asso-
ciated with ADPKD-IFT140. Shading shows the 95% confidence
intervals.

gangrene) was enriched in high impact carriers (p =
0.016).

Genetic variants in other genes

IFT140 lies in chromosome region 16p13.3 (Chrlé:
1,560,428-1,662,111; hgl9) less than 0.5 Mb distal to
PKD1 (Chrlé: 2,138,711-2,185,899; hg19). Consequently
by linkage analysis, IFT140 pathogenic variants can be
linked to PKD1 variants in family and sometimes popula-
tion analyses. For instance, three families with IFT140:
¢.2399+1G>T also had the PKD1 variant c.11017—-3C>T;
these variants co-segregated with the disease in M132
(Figure 2A, Table 3). This PKDI noncanonical splicing
change has been described as pathogenic but is not pre-
dicted to significantly alter splicing and is found 298 times
in gnomAD.®® As another example, PKDI: ¢.2990C>T
(p-Thr997Met), a somewhat conservative substitution at
a residue well conserved in PKDI orthologs, but not in
the PKD repeat domain, and found twice in gnomAD,

was considered pathogenic from clinical testing because
it segregated in three affected individuals in M1629, but
IFT140: ¢.2400—-2A>T also segregates in this family
(Figure 3A). Variants of possible significance in other PKD
genes were also found in IFT140 families. For instance,
M1266 has the PKHDI1 frameshifting variant c.3549delT
(p-His1184£s*36), as well as IFT140: c.223delG, both segre-
gating in the two affected sisters and perhaps associated
with the liver cysts. Families P1504 and F662 had an LoF
variant in another IFT-A encoding gene, IFT43 (MIM:
614068) or TTC21B (MIM: 612014), respectively, and
R1403 (M241) had a single LoF to the SRTD gene,
WDR60 (MIM: 615462). LoF variants in three other
ciliopathy genes were found in three other families
(Table 3), but some variants, BBS2 (MIM: 606151):
c. 823C>T (p.Arg275%) (M1320; Figure 2L) and DYNC2H1
(MIM: 603297): c¢.3054delC (p.Phel018fs*3) (M199;
Figure 2G), did not fully segregate with the disease.
P1505 had the OFD1 (MIM: 300171) canonical splicing
variant c.936—-2A>G, but which is present 24 times in gno-
mAD and the significance is uncertain. The eye phenotype
in this family could be associated with the IFT140 and/or
OFD1 variants.

Discussion

We provide overwhelming evidence that monoallelic
IFT140 LoF variants cause an ADPKD-like phenotype.
Given the phenotypic and genotypic variability associated
with monoallelic causes of cystic kidney disease (PKD1,
PKD2, GANAB, DNAJB11, ALGY, etc.), and the familiarity
with the ADPKD term by nephrologists and affected indi-
viduals, we suggest calling this group of disorders the
ADPKD-spectrum and adding the affected gene as a
suffix to better describe the disease (i.e., ADPKD-PKD1 or
ADPKD-IFT140).” Our data comes from family-based and
population studies. The families include 12 multiplex ped-
igrees where segregation was demonstrated or inferred in
33 family members with seven other likely affected family
members and in 26 singletons, seven of whom had rela-
tives with kidney cysts. In total, ADPKD-IFT140 repre-
sented 1.9% of naive screened families and 5.5% of those
for whom previous testing did not identify PKDI or
PKD2 pathogenic variants, with ¢.2399+1G>T a relatively
common pathogenic variant. WES as well as tNGS was em-
ployed for screening, and no ADPKD-IFT140 families had
LoF variants to PKD1, PKD2, or other ADPKD-spectrum
genes. Of note, families were identified in clinical trials
(HALT PKD, DIPAK RCT, and TAME) and observational
studies (CRISP, ADPKD Modifier, Genkyst, DIPAK Observa-
tional), where a clinical diagnosis of ADPKD was required
for recruitment. In one family, two individuals had the fa-
milial IFT140 pathogenic variant, but kidney cysts were
not detected. However, only abdominal ultrasound imag-
ing was available that has lower resolution than MRI or
CT. The negative imaging most likely reflects the reduced
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penetrance of ADPKD-IFT140 compared to ADPKD-PKD1
or ADPKD-PKD2, similar to the ADPLD genes where
affected individuals may live to old age without a diagnosis
unless appropriate imaging is performed.®’

The population data, both from the 100kG; PKD cohort
and UK Biobank, support IFT140 as a significant ADPKD-
spectrum gene. IFT140 accounted for 2.1% of the 100kG;
PKD cohort, none of which had LoF PKD1 or PKD2 vari-
ants. In the UK Biobank ICD-10 code Q61 cystic kidney
disease cohort IFT140 was identified as the 3™ most en-
riched ADPKD-spectrum gene. Due to the recruitment
criteria, this cohort is likely enriched for milder PKD
subjects, but nevertheless, no other gene apart from
PKD1 and PKD2 was significantly associated with this
group. This is consistent with the larger number of
identified IFT140 pedigrees described here than for any
other ADPKD-spectrum gene, apart from PKDI1 and
PKD2.'171%17.2270-73 The phenotype is also very consis-
tent, reflective of a monogenic disease; a few large kidney
cysts resulting in increased htTKV, renal insufficiency just
in older individuals but rarely ESKD, and liver cysts rare
or not present. Nevertheless, UK Biobank participants
with IFT140 LoF variants were enriched for CKD 4 and 5,
indicating that it is not an entirely benign phenotype.

Although monoallelic IFT140 pathogenic variants
rarely cause ESKD, defining this ADPKD-spectrum gene
is important for diagnostics and prognostics. This diag-
nosis can differentiate a family from ones with PKDI,
PKD2, or DNAJB11 variants, where the chance of ESKD
is much greater. Therefore, an IFT140 diagnosis may be re-
assuring, although if extrarenal phenotypes are associated
with IFT140, haploinsufficiency needs further study in
larger populations and 100kG and UK Biobank data.
The significant number of IFT140 individuals with addi-
tional variants to PKD1, PKHD]1, or other ciliopathy genes
emphasizes that the IFT140 phenotype may be modified
by coinheritance of variants in these other cystogenes.
Along with reduced penetrance, genetic modification
may explain some of the intrafamilial phenotypic vari-
ability. Animal studies and human observations indicate
that variants in more than one PKD/PLD gene can
combine to accentuate the phenotype.”*’® Given the
close localization of IFT140 and PKDI1 in 16pl3.3, a
PKD1 modifying variant may co-segregate in multiple
affected individuals, and PKD1 analysis alone may misdi-
agnose the modifying variant as disease causing. There-
fore, screening IFT140 along with PKDI and other
ADPKD-spectrum genes is important to achieve an accu-
rate molecular diagnosis. The mild phenotype and likely
effect of disease modifiers may explain why ADPKD-
IFT140 has hitherto remained unrecognized. Population
studies by imaging have identified quite large populations
with probable and possible ADPKD, which may partly be
accounted for by IFT140 variants.® Interestingly in the UK
Biobank, IFT140 LoF variants were associated with ICD-
10 code N-28.1, cyst of kidney. This code includes a small
number of “simple” cysts or supposed acquired cystic dis-

ease, but our work indicates that some of this group have
a monogenic cause.

Kidney size, categorized by htTKV/age into five typical
MIC (A-E), is a strong predictor of future decline in renal
function in ADPKD.*? For some ADPKD-spectrum genes,
such as DNAJB11, ESKD can occur without kidney enlarge-
ment due to fibrosis; many affected individuals have the
atypical, atrophic MIC, 2B, and htTKV/age is not a good
predictor of future kidney function.'” ADPKD-IFT140 indi-
viduals often have enlarged kidneys due to a few large
cysts, sometimes resulting in asymmetry and often being
categorized as an atypical presentation due to just a few
cysts accounting for a large proportion of the TKV (MIC,
2A). However, even if the individual is assigned to a typical
MIC, because of the enlargement due to a few large cysts
and likely preserved parenchyma, the MIC is not predic-
tive of future renal insufficiency. For ADPKD-spectrum
genes, especially beyond PKDI1 and PKD2, the addition of
genetic data better allows the interpretation of imaging
results.”

As seen for IFT140, there are precedents for bi-allelic
disruption of ADPKD-spectrum genes being associated
with viable but more severe phenotypes, including kidney
cysts. Bi-allelic pathogenic variants to PKD1 and probably
PKD2, where at least one variant is hypomorphic, can
be associated with very early onset PKD, similar to
ARPKD.”?~®! Monoallelic PKHDI pathogenic variants can
be associated with mild PKD/PLD, and recently bi-allelic
DNAJB11 variants have been associated with an ARPKD-
like disease with pancreatic cysts.'**>%%%% Bi-allelic vari-
ants to ALGY, or the ADPLD-associated ALGS (MIM:
608103), cause congenital defects of glycosylation
(CDG1L and CDG1H, respectively), that involve cystic kid-
neys as part of severe, developmental disorders.***° In
many of these disorders, including the association of bi-
allelic IFT140 variants with SRTD, two LoF variants are
probably not compatible with life (viable individuals
have at least one nontruncating variant).>®>%%°-58 It there-
fore follows that these ADPKD-spectrum subjects are un-
usually vulnerable to cyst development from ADPKD
gene dosage reduction.

There has long been rigorous debate about the mecha-
nism of disease in ADPKD, with just a single germline
mutation required for cysts development. The detection
of somatic mutations to the germline gene in cyst linings,
and that induced loss of Pkd1 or Pkd2 in the kidney results
in cyst development, support a two-hit model of cyst
initiation.®”~?! However, bi-allelic disease, that cysts can
develop when PC1 is present, and the link between
severity of kidney disease and the level of functional PC1
suggest a dosage/threshold model of cystogenesis.**??7*
The mechanism of cyst development associated with
monoallelic IFT140 pathogenic variants is not known,
but the small number of cysts present could be compatible
with a two-hit model. Interestingly, larger deletion somatic
events (loss of heterozygosity [LOH]) may also delete
PKD1, resulting in a dosage loss that may further promote
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cyst development/expansion. Likewise, PKDI somatic
LOH may include deletion of an IFT140 allele.”> However,
since the tuberous sclerosis gene, TSC2 (MIM: 191092), lies
between PKD1 and IFT140, germline deletions including
both genes would result in the more rapidly progressive
cystic disease plus TSC phenotypes of the PKDI-TSC2
contiguous gene syndrome.”’*’

The previously described minor ADPKD-spectrum and
most ADPLD proteins are involved in protein folding and
trafficking in the ER, with PC1 an identified protein partic-
ularly sensitive to dosage reduction of these proteins re-
sulting in reduced surface and ciliary localization of the
PC-complex.''~'*7° However, here we implicate a protein
involved in ciliary structure and function as an ADPKD-
spectrum gene. This is important because although loss
or disruption of ciliary function has been associated with
a cystic phenotype, as part of a syndromic ciliopathy
phenotype or in experimental models, in monoallelic hu-
man disease it has not been directly shown to cause cyst
formation. Indeed, there has been debate whether addi-
tional cystogenic factors other than the PC complex and
FPC promote cyst formation and/or the NPHP pheno-
type.'” The cystogenic effect of IFT140 haploinsufficiency
also seems unusual, since although other IFT-A or SRTD
genes were found as modifiers (Table 3), our screening
did not indicate any as common monoallelic causes of
the ADPKD spectrum.

It is not known whether a 50% dosage reduction of
IFT140 results in changes in ciliary structure/function,
but the documented null phenotype is greatly shortened
cilia with a bulbous tip, illustrating its role in retrograde
IFT.°®> However, the IFT-A complex has also been
implicated in the regulation of protein localization and
gating of the ciliary transition zone during ciliary
assembly.”*°%>7 In human cells, loss of the core IFT-A
complex protein WDR19 (IFT144) results in failed ciliary
entry of the IFT-A complex and membrane proteins
and accumulation of IFT-B complex proteins at the
bulbous tip.°® In Chlamydomonas, analysis of truncated
IFT140, missing the critical WD repeats, demonstrated
improper localization of multiple membrane-bound
ciliary proteins.”” While in C. elegans, IFT140 has a role
in restricting entry of ciliary membrane proteins, whereas
the peripheral IFT-A proteins have been implicated in pro-
tein removal from cilia.>® Since PC1, PC2, and FPC are
ciliary localized membrane cystoproteins, and the traf-
ficked level of PC1, at least, seems critical for preventing
cystogenesis, subtle reductions of ciliary entry of PC1
(and PC2 and FPC) may underlie cyst development in
monoallelic IFT140 subjects. However, further structural
and functional analysis of IFT140"/~ cilia is required to
better understand cystogenesis in this setting.

In conclusion, monoallelic LoF IFT140 variants result in
an atypical, mild form of ADPKD, consisting of large bilat-
eral cysts and renal functional decline in older ages. IFT140
likely represents >1% of ADPKD-spectrum-affected
individuals and is found in many studied ADPKD cohorts.

Association of an IFT-complex protein with the ADPKD
spectrum strengthens the link between ciliary defects
and ADPKD and may help understand pathogenesis in
the wider group of ADPKD-spectrum disorders.
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