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Commentary on Page 575
A
utosomal dominant polycystic kidney disease
(ADPKD) is caused by loss-of-function or delete-

rious mutations in the PKD1 or PKD2 genes and is
seen with a prevalence of 1:400 to 1:1000.1 Patients
develop kidney and liver cysts that accumulate and
expand to crowd out the normal organ parenchyma
and lead to kidney failure in half of patients by age
60 years.2 To find targeted therapies, we need to better
understand the function of the PKD1 and PKD2 gene
products, polycystin-1 (PC1) and polycystin-2 (PC2).
Autosomal dominant polycystic liver disease (ADPLD),
also known as isolated polycystic liver disease (PCLD),
is a clinical characterization of patients on the same
phenotypic and mechanistic spectrum as ADPKD
with regard to their liver cysts, but lacking clinically
relevant kidney cysts.3 Autopsy studies suggest that
PCLD has a similar prevalence to that of ADPKD.4

Approximately 50% of cases of this phenotype have
been explained by mutations in any 1 of at least 7 endo-
plasmic reticulum protein-encoding genes, the loss of
which indirectly results in insufficient PC1 functional
dosage.4�6 These genes include PRKCSH, SEC63,
GANAB, ALG8, SEC61B, DNAJB11, and ALG9.6 Vari-
ants in GANAB, DNAJB11, and ALG9 explain a small
number of cases clinically suspected to have ADPKD.6,7

We aim to solve additional cases by improving the
sensitivity of variant identification in established
genes, and through implication of novel disease genes.
These genes will be potential targets for treatments to
upregulate the functional dosage of PC1.

Whole exome sequencing (WES) is a useful tech-
nique for gene discovery projects, as it sequences the
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coding regions and flanking intronic bases of all
defined genes regardless of their implicated role in
human homeostasis or disease.8 WES is highly sensitive
at identifying small insertions, deletions, and single- or
oligo-nucleotide variants. Because of its 75�base pair
read length, WES is not equipped to detect large de-
letions. WES requires both a capture step and a poly-
merase chain reaction (PCR)�based amplification step
that together result in significant variability of read
depth across the exome. This precludes the use of read
depth for a given sample to suggest areas of deletion or
duplication. A statistical tool known as exome hidden
Markov model (XHMM) uses comparative exome read
depth across a large group of samples to predict copy
number variation (CNV). Application of XHMM to the
ExAC cohort of 59,898 human exomes showed that
70% of individuals carried at least one rare (<0.5%)
CNV in the region of a gene.9

In this study, we investigated a cohort of 128 un-
related individuals with clinically diagnosed PCLD or
ADPKD with no mutation detected (ADPKD-NMD),
who remained genetically unresolved following WES.
This cohort includes 115 patients enrolled at Yale or by
Yale collaborators, in addition to 13 mild to moderate
ADPKD-NMD patients: 9 from the Consortium of
Radiologic Imaging Study of PKD (CRISP),S1 and 4 from
the HALT-PKDS2 clinical cohorts obtained via the Na-
tional Institute of Digestive and Kidney Diseases central
repository. The established disease pathomechanism
dictates that the pathogenic genotype must be a het-
erozygous loss-of-function or deleterious allele. We
expect that the majority of these cases will be
explained by either mutations in novel disease genes or
mutations in established disease genes missed by
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Figure 1. Polycystic kidney and liver disease cases YU331 and YU30 have significantly reduced exome sequencing read depth in regions of
GANAB and SEC63, respectively. (a) Z-Score plots of normalized exome read depth for deletion calls made by XHMM overlaping polycystic liver
disease (PCLD) genes. Comparison between cases YU331 (left panel) or YU30 (right panel) and the remainder of cases and controls sequenced
with same capture reagent show significantly reduced read depth suggesting a deletion. (b) Absolute read depth plotted at each hg19 genomic
position for YU331 on chr:11 (left panel) and YU30 on chr:6 (right panel). (c) Computed tomography scan showing liver cysts (*) and a small
number of kidney cysts (arrows) in YU331.
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standard WES analysis. We aimed to distinguish these
subsets by searching for CNVs in established disease
genes in our cohort.

We applied XHMM to the existing WES raw data
and that of healthy controls sequenced at our institu-
tion to detect possible CNVs.S3 We aligned these CNV
calls to regions of known genes for ADPKD and PCLD
(PKD1, PKD2, PRKCSH, SEC63, GANAB, ALG8,
SEC61B, PKHD1, DNAJB11, ALG9) to identify candi-
date CNVs of interest. Two cases, YU331 and YU30,
showed evidence of deletions overlapping GANAB and
SEC63, respectively (Figure 1a). Among the approxi-
mately 20,000 alleles in the gnomAD structural variant
data set, the affected GANAB region has no reported
deletions and a sole deletion of 345kb spanned the
SEC63 gene.S3,S4 Figure 1b shows the raw data input
728
for the CNV call. These gene regions in the respective
individuals lacked heterozygous variant calls consis-
tent with representation from a single allele. YU331 is a
52-year-old woman who presented with right upper
quadrant pain and was found to have an 8-cm liver
cyst that required aspiration to relieve her symptoms.
She had 5 additional large cysts (>5 cm) and numerous
smaller liver cysts, as well as a small number of kidney
cysts (Figure 1c). YU30 is a 36-year-old woman who
presented with worsening abdominal fullness following
her third pregnancy. She was found to have innumerable
cysts throughout her liver, particularly severe in the
right lobe, causing marked liver enlargement. There
were no cysts in the kidneys or pancreas. She had no
known family history of kidney or liver cysts; however,
her parents and brothers had never been screened.
Kidney International Reports (2020) 5, 727–741



Figure 2. Confirmation and definition of GANAB and SEC63 heterozygous deletions. (a,b) Relative allele count of YU331 (a) or YU30 (b)
determined by normalized genomic DNA quantitative polymerase chain reaction (qPCR) compared with the mean of 3 controls. Genomic DNA
qPCR of an intronic region of GAPDH was used for normalization. Controls are 3 cases without the proposed deletion. Positions noted on hg19.
(c) Agarose gel showing PCR product (arrow) using primers spanning the deletion region amplifies in YU331 but not in control. (d) Sanger
sequencing of the 1029�base pair product of YU331’s deletion allele identifies the junction of GANAB upstream sequence and intron 18
sequence separated by a 43�base pair sequence present on either side of the breakpoint.
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To validate the CNV calls, we performed quantita-
tive PCR (qPCR) on genomic DNA from each putative
deletion region to determine the relative normalized
allele count in comparison with controls without evi-
dence of CNV in that region. This approach showed
that YU331 had relative allele counts of 24% to 58%
across a minimum 25-kilobase region of GANAB,
spanning exons 1 to 18, which encode the gene’s
enzymatic glucosidase domain (Figure 2a). YU30 had
relative allele counts of 41% to 59% across a minimum
7-kb region of SEC63, encompassing intron 1, exon 2,
and intron 2 (Figure 2b). This region, which is lacking
on 1 of the 2 parental alleles includes the entirety of the
100-bp exon 2 encompassing amino acids 42 to 75,
which encode the first cytoplasmic loop of this triple
membrane�spanning protein. Loss of this exon would
not only result in loss of this domain but also result in a
frameshift if exon 1 were to splice to exon 3.

To precisely define the heterozygous deletions, we
next attempted to amplify the deletion allele using a
Kidney International Reports (2020) 5, 727–741
forward primer at the upstream flank and a reverse
primer at the downstream flank of the deletion. In each
case, these were distant enough to preclude amplifica-
tion of the wild-type allele. Sanger sequencing of the
YU331 PCR amplicon (Figure 2c) defined a 26,653�base
pair variant: NC_000011.9:g.62395884_62422536del
(Figure 2d). This variant will be available in ClinVar
(SCV000995031). The upstream and downstream break-
point each bordered an identical 43�base pair sequence
on either side of the deletion region (Figure 2d). This
suggests the mechanism of nonallelic homologous
recombination in the generation of this mutation.
Furthermore, we find this 43�base pair sequence to be
present at least once on nearly every chromosome in the
human reference genome. In the evaluated sequence on
chromosome 11 upstream and within the GANAB
genomic sequence, it is contained within approximately
300 base pairs that have high homology to the Sq and Sx
families of Alu short interspersed elements known to be
predisposed to recombination.S5,S6 Whether the presence
729
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of the Alu repeat in GANAB predisposes it more than
other genes to large deletions cannot yet be determined.

We were unable to amplify a product for the dele-
tion allele in YU30. We expect that this is due to PCR-
related challenges, as intron 1 of SEC63 is very GC rich.
However, it remains possible that there is additional
structural complexity to this variant. Although the
qPCR results confirm the reduced copy number, an
inversion neighboring the deletion or a large insertion
between the breakpoints could nonetheless prevent
amplification of a product using expected primer sites.

Large deletions have not been previously reported as
the germline pathogenic mutation in any of the disease
genes for non-PKD1, non-PKD2 polycystic kidney and
liver patients. Large deletions up to 17 kilobases have
been reported in PKD1 or PKD2 detected by either the
gold standard long-range PCR sequencing method for
ADPKD genes or multiplex ligation-dependent probe
amplification (MLPA).S7�S10 When patients have a
liver-predominant or mild kidney cystic phenotype,
WES is the highest-yield method of genetic testing,
given the genetic heterogeneity of the non-PKD1, non-
PKD2 phenotype. If traditional WES analysis results
are negative, CNVs are considered, yet standard
methods such as single nucleotide polymorphism gen-
otyping, comparative genomic hybridization, or whole
genome sequencing for detecting large genomic de-
letions, require costly additional testing. Fromer et al.
describe that XHMM applied to WES has a 79% to
85% sensitivity for detection of CNVs overlapping 3 to
5 exome-targeted regions, with a high specificity when
compared to alternative methods.S3,S11 The limitations
of XHMM are also true of other WES-based CNV calling
algorithms. Sensitivity for CNV detection is signifi-
cantly lower when the CNV spans fewer exons and will
be 0 for purely intronic CNVs; limitations in specificity
often require human interpretation of data plots and
biological confirmation for certainty. Superior sensi-
tivity and specificity for some CNV-calls may be ach-
ieved with a combination of multiple algorithms.S12

These technologies will likely continue to improve
until whole genome sequencing replaces WES as an
affordable initial sequencing methodology and
dramatically simplifies and broadens our ability to
detect CNVs.

In summary, this is the first study to describe the
identification of large deletions in autosomal dominant
polycystic kidney and liver disease genes from WES
data, and reports the first such clinically relevant de-
letions in the non-PKD1, non-PKD2 genes. We describe
the phenotype of these cases and highlight the utility
of CNV analysis to identify pathogenic mutations. The
XHMM tool represents a cost-free analysis to identify
exon-spanning CNVs in samples with clinical or
730
research genetic testing by WES to help reduce the
percentage of genetically unresolved cases. Although
not investigated as part of this study, this approach
could also help to identity candidate loci for additional
gene discovery, which is the ultimate goal of the ge-
netic investigation of this cohort.
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K
idney biopsy is still the gold standard in renal
disease to provide diagnosis and prognosis, and to

guide treatment.1 Like any invasive procedure, it has
complications (4%�5%), mainly related to bleeding or
development of arteriovenous fistulas.2,3

All staff required to perform a percutaneous renal bi-
opsy (PRB) should receive formal technique training to
improve skills and competency outcomes. Simulation-
based education has recently become a crucial part of
procedural and surgical training to complement learning.4

However, and despite being recommended,5,6 formal
simulation of the biopsy procedure prior to performing
the technique is not a common routine practice in
nephrology.
Table 1. Biopsy indications
Indication Native kidney (%) Kidney transplant (%)

Impaired renal function 23.6 64.0

Proteinuria 21.1 15.8

Hematuria 5.6 —

Proteinuria and hematuria 19.0 1.1

Nephrotic syndrome 23.1 1.1

Nephritic syndrome 7.6 —

Suspected Rejection — 18.0
RESULTS

In the study period, 531 simulated percutaneous renal
biopsies (SimPRBs) were done by an experienced
nephrologist, with 59 patients deemed not suitable for
biopsy after the SimPRBs, which accounts for 11.1%. Of
the 531 SimPRBs, 342 (64.4%) were native kidney (NK).
The indications for biopsy are summarized in Table 1.
No kidney transplant protocol biopsies were done.
In 71 (13.5%) of cases, the SimPRB modified the
standard puncture site. From the NK biopsied, in 312
(91.2%) the puncture site selected was the left NK
(Figure 1), and in 27 (9.4%) of cases, the SimPRB
modified the target site: 2 patients underwent biopsy in
the middle area of the left kidney instead of the lower
pole and 25 (8.8%) in the right kidney because of
anatomical abnormalities of the left kidney (cysts), left
NK hydronephrosis, or a thinned cortex of the left NK.

From the KTs biopsied, in 37 patients (19.8%) the
SimPRB modified the usual target (upper pole, Figure 2)
and were biopsied in other areas, mostly because of
collections around the upper pole, extreme depth, or
arteriovenous fistula.
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