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Abstract

Purpose of review: Genetic testing can improve diagnostic precision in some patients with end-stage renal disease (ESRD)
providing the potential for targeted therapy and improved patient outcomes. We sought to describe the genetic architecture
of ESRD and Canadian data sources available for further genetic investigation into ESRD.

Sources of information: We performed PubMed searches of English, peer-reviewed articles using keywords “chronic
kidney disease,” “ESRD,” “genetics,” “sequencing,” and “administrative databases,” and searched for nephrology-related
Mendelian diseases on the Online Mendelian Inheritance in Man database.

Methods: In this narrative review, we discuss our evolving understanding of the genetic architecture of kidney disease and
ESRD, the risks and benefits of using genetic data to help diagnose and manage patients with ESRD, existing public Canadian
biobanks and databases, and a vision for future genetic studies of ESRD in Canada.

Key findings: ESRD has a polygenic architecture including rare Mendelian mutations and common small effect genetic
polymorphism contributors. Genetic testing will improve diagnostic accuracy and contribute to a precision medicine approach
in nephrology. However, the risk and benefits of genetic testing needs to be considered from an individual and societal
perspective, and further research is required. Merging existing health data, linking biobanks and administrative databases, and
forming Canadian collaborations hold great potential for genetic research into ESRD. Large sample sizes are necessary to
perform the suitably powered investigations required to bring this vision to reality.

Limitations: This is a narrative review of the literature discussing future directions and opportunities. It reflects the views
and academic biases of the authors.

Implications: National collaborations will be required to obtain sample sizes required for impactful, robust research.
Merging established datasets may be one approach to obtain adequate samples. Patient education and engagement will
improve the value of knowledge gained.

Abrégé

Contexte justifiant I’étude: Le dépistage génétique a le potentiel d’'améliorer la précision diagnostique chez certains
patients atteints d’insuffisance rénale terminale (IRT), et ouvre la voie a des thérapies ciblées et a de meilleures perspectives
de santé pour les patients. Notre objectif est de présenter I'architecture génétique de I'IRT ainsi que les sources de données
disponibles au Canada propres a faire avancer la recherche génétique sur I'IRT.

Sources: Nous avons répertorié des articles rédigés en anglais, révisés par les pairs et publiés sur PubMed a I'aide des mots-
clés suivants : chronic kidney disease (insuffisance rénale chronique), ESRD (IRT), genetics (génétique), sequencing (séquengage)
et administrative databases (bases de données administratives). Nous avons également consulté la base de données OMIM
(Online Mendelian Inheritance in Man) a la recherche de maladies néphrologiques mendéliennes.

Méthodologie: Plusieurs aspects sont abordés dans le présent article synthese : i) I'évolution de notre compréhension de
I'architecture génétique de la maladie rénale et de I'IRT; ii) les risques et avantages de recourir aux données génétiques pour
faciliter le diagnostic et la prise en charge des patients atteints d’IRT; iii) un répertoire des biobanques et bases de données
publiques canadiennes, et iv) une vision pour la recherche en génétique sur I'IlRT au Canada.

Constats: L’IRT présente une architecture polygénique qui comprend de rares mutations mendéliennes et des contributeurs
communs de polymorphisme génétique a effets mineurs. Le dépistage génétique contribuera a la précision du diagnostic et a
I'adoption d’une médecine de précision en néphrologie. Cependant, les risques et avantages du dépistage génétique doivent
&tre mesurés dans une perspective individuelle et sociétale, et des analyses supplémentaires s'imposent. La colligation des
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données en santé, des biobanques et des bases de données administratives existantes, couplée a des collaborations nationales,
offre un vaste potentiel en recherche génétique sur I'IRT; il reste que des échantillons plus volumineux sont nécessaires pour
étayer adéquatement les études qui permettront de concrétiser ce potentiel de recherche.

Limites: Il s’agit d’'un article synthése de la documentation existante sur les perspectives et orientations d’avenir du point
de vue des auteurs; l'article refléte conséquemment leur opinion et parti pris.

Conclusion: Il nous faudra établir des collaborations nationales pour composer des échantillons dont la taille permettra
de mener des recherches fructueuses et fiables. La colligation des jeux de données existants pourrait s’avérer une premiére
approche a adopter pour y arriver. En outre, I’éducation des patients et leur participation a la recherche bonifieront la valeur

des connaissances acquises.
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Why is this review important?

International efforts to develop large biobanks of the general
population are underway. Canada’s ethnic diversity and
unique populations are opportunities for furthering our
understanding of genetics of kidney disease. Patients, clini-
cians, and researchers will need to work together to translate
genetic research into advances in clinical practice.

What are the key messages?

Generation of large collaborative biobanks is required to
advance our understanding of the genetic underpinnings of
chronic and end-stage kidney disease. Where possible, merg-
ing of existing administrative and clinical records is one
mechanism to utilize existing data. Opportunity exists for
Canada to unite efforts, leading to new discoveries in the
genetic basis of kidney disease.

Introduction

Chronic kidney disease (CKD) is a persistent structural or
functional abnormality of the kidneys. Over 2.9 million
Canadians have CKD, and more than 35 000 have pro-
gressed to end-stage renal disease (ESRD).! Our ability to
successfully identify and treat patients with CKD with the
greatest risk of progression to ESRD remains largely lim-
ited. ESRD is a heterogeneous outcome resulting from
numerous potentially overlapping etiologies and pathophys-
iologic disease processes, such as hypertension, diabetic

nephropathy, interstitial fibrosis, glomerulonephritis, or
congenital anomalies of the urinary tract. The cause of
ESRD is unknown in 11% of Canadian patients,” while
many more patients receive a clinical diagnosis without a
definitive test (Figure 1). A precision medicine approach
that includes traditional history, signs and symptoms, renal
biopsy pathology, and biochemical biomarkers, as well as
imaging and genetic investigations will contribute to our
understanding of how and/or why a patient developed ESRD
(Figure 2).>* Appropriate investigations in accordance with
patient values and economic realities must be considered.
Precision medicine may improve diagnostic clarity, prog-
nostic accuracy, and therapy selection and provide valuable
information for family planning. In this narrative review, we
discuss the evolution of genetic investigations for patients
with ESRD and the benefits and challenges of obtaining a
genetic diagnosis. We highlight the unique opportunities
available to study ESRD genomics through leverage of
high-quality health data available in diverse Canadian
patient populations.

Methods

We sought to review current evidence for the architecture
of chronic and end-stage kidney disease and the existing
administrative and biobank resources available in Canada.
We utilized PubMed searches of English, peer-reviewed
articles using keywords “chronic kidney disease,”
“ESRD,” “genetics,” “sequencing,” and “administrative
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Figure |. Stacked bar chart of prevalent ESRD cases in Canada (excluding Quebec) according to Canadian Institute for Health
Information data (www.cihi.ca).

Note. Diagnosis often cannot be made with a definitive test; thus, the validity of diagnosis may be unreliable. Moreover, disease progression is often
multifactorial. Mendelian disorders likely account for >10% of ESRD, and a yet unknown and underappreciated polygenic component requires further
study. Furthermore, genetic investigations may shed light onto the | 1% of cases with unknown etiology. “Other” includes 29 conditions including drug-
induced nephropathy, Alport syndrome, Fabry disease, oxalosis, cystinosis, Drash syndrome, HIV nephropathy, sickle cell nephropathy, multiple myeloma,
amyloidosis, tuberculosis, gout, and Balkan nephropathy, among others. ESRD = end-stage renal disease.
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Figure 2. lllustration of the various steps where in-depth genetic analysis may help improve outcomes during the odyssey of a typical

patient diagnosed with adult-onset ESRD.
Note. ESRD = end-stage renal disease; CKD = chronic kidney disease.

databases” and searched for nephrology-related Mendelian synthesized into a narrative review. Internal and external
diseases on the Online Mendelian Inheritance in Man  peer review was performed as part of the KRESCENT
database. Data tables were generated and information was training program.
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Table I. Genetic Models of Complex Diseases Including Chronic Kidney Disease and End-Stage Renal Disease.

No. of genes  Variant  No. of patients  Predictive
Model Example diseases Typical onset involved  effect size affected ability Study design
Common Hypertension,  Adulthood Hundreds Small Many Probabilistic = Genome-wide
variant-common diabetes association studies
disease
Rare variant-rare Fabry disease, Pediatric Single Large Few Deterministic Sequencing affected
disease Alport to early families, linkage
syndrome adulthood analysis
Polygenic model  Chronic kidney Al Hundreds Small-to- Al Varies Sequencing of large
disease large populations

Review

The Changing Landscape of Genetic
Investigations

Advances in technology over the last decade have revolu-
tionized the study of genetics in kidney diseases. Microarray
technology allows rapid genotyping of hundreds of thousands
of preselected common single nucleotide polymorphisms
(SNPs) and was critical to the emergence of genome-wide
association studies (GWAS).” The development of high-
throughput next-generation sequencing in turn enabled rapid
genotyping of rare variants. Next-generation sequencing can
now read gigabases (%109 base pairs) of sequence in a few
hours for a few thousand dollars. Selection of the gene-
containing region of the genome (exome sequencing)® or
targeted genes of interest (gene panels) improves efficiency
and reduces cost.” Molecular barcoding by ligating a short
stretch of manufactured bases to each DNA sample allows
for multiplexing many samples into one instrument run, fur-
ther reducing cost and improving efficiency.

Evolving understanding of genetic kidney diseases. Large
population-based GWAS identified thousands of associa-
tions between SNPs and quantitative phenotypes or dis-
cases following a “common variant-common disease model”
(Table 1).® The largest genetic study in nephrology recruited
>175 000 participants for a GWAS focused on serum creati-
nine and estimated glomerular filtration rate (¢GFR). This
study identified >60 strongly associated loci, yet they only
explain a modest proportion of variability in the population
(~2%-5%).”'° These alleles are expected to each have small
effect sizes because they are frequent in the general popula-
tion (minor allele frequencies >5%) and have persisted
despite natural selection. It is unclear how these results trans-
late into concrete risk estimation for the development of
ESRD because the majority of study participants had eGFR
>60 mL/min/1.73 m,. Thus, genotyping these common SNPs
currently provides minimal clinically relevant information to
individual patients.

In contrast, the “Rare Disease-Rare Variant model”
describes classical Mendelian traits, where a large-effect

mutation causes disease with high penetrance following an
autosomal dominant, autosomal recessive, or X-linked inher-
itance pattern. Based on current estimates, 20% of CKD
occurring in patients below the age of 25 years are due to a
rare mutation from a growing list of genes (Table 2)."' Both
locus heterogeneity (mutations in different genes produce
the same disease) and allelic heterogeneity (different muta-
tions in the same gene produce different phenotypes) are
common. Generally, population-based GWAS have identi-
fied common SNPs with small effect sizes in genes that har-
bor mutations in Mendelian forms of disease (for example in
height, body mass index, diabetes, or lipid levels).'> However,
efforts to identify common variants affecting eGFR in genes
that cause rare monogenic renal diseases have been largely
unsuccessful, with a few exceptions (UMOD, LRP2,
SLC7A49).%1013

These two models cumulatively explain a portion of
eGFR variability in the general population, and ESRD risk.
However, this remains an oversimplification and a com-
bined “polygenic model” is arising as the best explanation.'
A combination of both protective and deleterious common
and rare variants are likely to contribute to the phenotypic
expression of even classically defined Mendelian diseases.
Digenic compound heterozygosity of deleterious alleles
has been observed in polycystic kidney disease' and
Alport syndrome.'® Additional mechanisms may also con-
tribute to population trait variability and penetrance, includ-
ing somatic mosaicism, small noncoding or microRNA,
epigenetic regulation, posttranslational modifications, vari-
able X-inactivation, and gene-gene and gene-environment
interactions. Finally, it is important to note that individual
risk prediction is not directly tied to the proportion of
explained variation in the population. For example, a muta-
tion with a large effect on its carrier is likely rare enough to
have minimal impact on population trait variability.'”> A
deeper understanding of the genetic basis of ESRD will
require genetic studies to incorporate a polygenic model,
requiring a large amount of data from a representative study
population. Large samples will be possible by linking health
care administrative databases and biobanks that are devel-
oping or in place across Canada.
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Table 2. Growing List of Monogenic Diseases in Nephrology.

Disease (Genes)

Tubular disease

Glomerular
disease

Interstitial disease

Thrombotic
microangiopathy
Structural disease

Cystic disease

Metabolic disease

Bartter syndrome (SLCI2A [, KCNJI, CLCNKA, CLCNKB, BSND, CASR)

Gitelman syndrome (SLC/2A3), Liddle syndrome (SCNN[B, SCNNIG)

Cystinuria (SLC3A[, SLC7A9)

Hyperoxaluria (AGXT, GRHPR, HOGAI)

Renal glucosuria (SGLT/, SGLT2)

Renal hypouricemia (SLC22A12, SLC2A9)

Renal tubular acidosis (SLC4A 1, SLC4A4, ATP6VIBI, ATP6VOAI, ATP6VOA4, SLC34A1, CA2)

Rickets (FGF23, DMPI, ENPPI, PHEX)

Pseudohypoaldosteronism, type | (SCNNIA, NR3C2)

Pseudohypoaldosteronism, type 2 (WNKI, WNK4, CUL3, KLHL3)

Hyperaldosteronism (CYP/ IBI, CYPI IB2, CACNAID)

Apparent mineralocorticoid excess (HSD/ [B2)

Nephrogenic diabetes insipidus (AYPR2, AQP2)

Donnai-Barrow syndrome (LRP2)

Alport syndrome (COL4A3, COL4A4, COL4A5, COL4A6, MYH9)

Steroid resistant nephrotic syndrome (NPHS I, NPHS2, NPHS3-10: PLCEI, WTI, LAMB2, PTPRO, DGKE,
ARHGDIA, ADCK4, EMP2; EXTI, LMXIB, NUP93, NEUI, CUBN, ALGI, SMARCALI)

Focal segmental glomerulosclerosis (FSGS1-9: ACTN4, TRPC6, CD2AP, APOLI, INF2, MYOIE, PAZ2,
ANLN, CRB2; LAMB2, LMNA, ARHGAP24, ITGB4, ITGA3, COL4A3-5, NXF5, NUP107, PDSS2, MTTLI,
ZMPSTE24, PMM2, TTC2 1B, WDR73, FATI)

Fabry disease (GLA)

Nail patella syndrome (LMXB)

Glomerulopathy with fibronectin deposits (FN )

Autosomal dominant tubulointerstitial disease (UMOD, MUCI, REN)

Dent disease (CLCN5, OCRL)

Mitochondrial complex Il deficiency (BCSIL, UQCRB, UQCRQ)

Senior-Loken syndrome (CEP290)

Atypical hemolytic uremic syndrome, C3 glomerulopathy (CFH, CFl, MCP, THBD, CFB, C3, CD46,
ADAMTS |3, DGKE)

Congenital abnormalities of the kidney and urinary tract (AGT, AGTR, BMP7, BMP4, CDC5L, CHDIL,
DSTYK, ERCC4, EYAI, FGF20, FGFRI, FGFR2, FOXCI, FOXFI, FRASI, FREMI, FREM2, GATA3, HNFIB,
KALI, MYOG, PAX2, RET, ROBO2, SALLI, SIXI, SIX2, SIX5, SLIT2, DLL3, DHCR7, PROK2, PROKR2,
SOX9, SOX17, TNXB, TRAPI, UPK3A, WNT4)

Autosomal dominant polycystic kidney disease (PKD I, PKD2)

Autosomal recessive polycystic kidney disease (PKHD I, DZIPIL)

HNFIbeta nephropathy (HNFIB)

Hereditary angiopathy, neuropathy, aneurysms and muscle cramps (COL4A[)

Hyperinsulinemia with hypoglycemia and polycystic kidney disease (PMM2)

Nephronophthisis, Joubert, Meckel-Gruber syndrome (NPH -3, CEP290, ABCD3, MKSI, TMEM2 16,
TMEMé7, CCD2D2A)

Orofaciodigital syndrome (OFD /)

Neurofibromatosis (NFI)

Tuberous sclerosis complex (TSCI, TSC2)

Von Hippel-Lindau (VHL)

Bardet-Bied| syndromes (BBS/-15)

Coenzyme Q10 deficiency (COQ2, APTX, PDSS2, CABCI, COQ9)

Fanconi anemia (FANCA, FANCC, FANCD2, FANCE, FANCF, FANCG, FANCI, FANCL, FANCM, PALB2, BRIPI)

Hereditary paraganglioma-pheochromocytoma syndrome (SDHD, SDHAF2, SDHC, SDHB)

Hypoparathyroidism, sensorineural deafness, renal abnormalities (GATA3)

Mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes (MTTLI)

Multiple endocrine neoplasia (MENI, RET)

Nephrolithiasis (SLC7A9, ADCY [0, SLC2A9, SLC9A3RI, SLC22A12, SLC4Al, SLC3AI, ATP6VIBI, CLCNS,
CLDN16, CYP24A 1, AGXT, SLC34Al, SLC34A3, APRT)

Wilson’s Disease (ATP7A)

Note. Mutations in genes indicated in bold script necessitate reporting as a secondary finding in clinical exome sequencing according to the American
College of Medical Genetics and Genomics (ACMG).'*
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Genetic Testing in ESRD

While the list of Mendelian kidney diseases has grown sig-
nificantly in recent years (Table 2), utilization of clinical
genetic testing remains low among adult nephrologists. This
may be due to 2 common misconceptions. The first miscon-
ception is that adult-onset ESRD is almost never due to a
genetic mutation. The second misconception is that even if a
mutation is discovered, it would be unlikely to alter patient
management or disease outcome. Although the prevalence of
each Mendelian disease is individually rare, the cumulative
population prevalence of all Mendelian kidney diseases is
surprisingly high.'” Strategies for prioritizing ESRD patients
for genetic investigations include targeting those with early-
onset disease (<45 years old), unclear or absent biopsy
results, family history of any renal disease, or presence of
extrarenal manifestations. After screening for genetic kidney
disease risk factors, a multicenter study applied whole-
exome sequencing to ~25% of more than 350 incident
patients with CKD, with bona fide pathogenic mutations
identified in 22 of 92 (24%) of these patients.'” Discovery of
a genetic etiology of disease can have important ramifica-
tions, especially when considering disease recurrence risk
posttransplantation. The purpose, consent process, sources
of funding, and laboratory standards are different between
clinical- and research-based genetic testing. However, they
are not completely disparate entities, especially in the con-
text of high throughput gene panel and exome genetic test-
ing. If proper consent is obtained, DNA and genetic
information collected for clinical genetic tests can form a
rich resource for further genetic research. Conversely, sam-
ples collected for genetic research can lead to findings that
could have clinical implications in a single participant.
Ensuring the consent process is transparent and includes
infrastructure and protocols for returning information to
patients and research participants is of the utmost impor-
tance. Research-based genetic findings should be replicated
in a Clinical Laboratory Improvement Amendments (CLIA)—
certified laboratory to ensure veracity.

Risks and benefits of identification of a genetic cause of
ESRD. Ideally, genetic testing would uncover the cause of
CKD early in the course of the disease long before the
development of ESRD. Genetic testing may uncover an
underlying pathological mechanism, prevent unnecessary
investigations including renal biopsy, shorten the diagnostic
odyssey, improve risk prediction and stratification, and pro-
vide an opportunity for precision therapy. Identification of a
mutation may also allow for identification and treatment of
sometimes subtle extrarenal manifestations that may have
been overlooked." Identification of a genetic cause of
ESRD would also allow for low-cost cascade testing of fam-
ily members, and opportunity for genetic counseling for
family planning. It may also help estimate the risk of kidney
disease recurrence after renal transplantation. Recognized

and unrecognized negative consequences of genetic testing
in ESRD also exist. When discussing the benefits of genetic
testing with patients, it is important to also highlight some of
the potential challenges that it inevitably triggers, such as
dealing with incidental findings, risk of genetic discrimina-
tion, and interpretation of variants of uncertain significance.

Incidental genetic findings. High-throughput genetic testing,
including whole-genome, exome, and gene panel sequenc-
ing, has led to issues regarding the reporting of incidental
findings.'® Incidental findings include variants unrelated to
the disease under scrutiny, but that could nevertheless be
medically relevant to the patient or their extended family."®
The American College of Medical Genetics recommends a
systematic check for pathogenic variants in 59 genes associ-
ated with 27 severe but treatable Mendelian conditions when
performing clinical exome testing (the subset of the 59 genes
relevant to nephrologists are in bold in Table 2)."* Variants in
these genes are now defined as “secondary findings” as they
must be actively sought out,'* and “incidental findings”
encompass pathogenic variants found in other genes through-
out the genome. In research settings, it is important to clarify
if the patient wants to be made aware of secondary or inci-
dental findings as they have the right to opt out.'”** Second-
ary findings are common, as whole-genome sequencing data
from 1000 healthy adults revealed that ~1% had a mutation
in one of these genes.”** These issues must be taken into
account when planning large-scale sequencing projects to
minimize liability and budget for the additional costs trig-
gered by these disclosures (eg, genetic counseling).”>*°

Variants of uncertain significance. The American College of
Medical Genetics provides guidelines to assess the pathogenic
potential of rare missense variants. This exercise remains quite
challenging, and many cases that remain inconclusive are
labeled “variants of uncertain significance.” Comparison with
large sequence databases is the first step, as >99% of causative
rare variants have minor allele frequencies below 0.01%.%
Delineation of the co-segregation pattern of a rare variant with
affection status in families can be helpful, but is often imprac-
tical or not possible. Bioinformatics tools can estimate a vari-
ant’s pathogenic potential, but unfortunately they frequently
overestimate the pathogenicity of variants.”® Functional vali-
dation of variants using in vitro or in vivo models remains the
gold standard, but it is very costly and time-consuming. At
present, the pathogenicity of the vast majority of variants
found during genetic testing is unclear.

Genetic discrimination in Canada and abroad. The acceptance
and use of genetic testing in clinical and research settings may
be dramatically hampered if genetic discrimination is not pre-
vented. Genetic discrimination is defined as “adverse treat-
ment that is based solely on the genotype of asymptomatic
individuals.”® For example, health insurers have declined to
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Table 3. Description of Some Health Care Administrative Databases Maintained by the Canadian Institute for Health Information.

Database

Description

Discharge Abstract Database
(DAD)

National Ambulatory Care
Reporting System (NACRS)

Contains administrative, demographic, and clinical information of all hospital
discharges in all provinces and territories in Canada, except Quebec

Contains demographic, administrative, and clinical information of all day
surgeries, outpatient and community-based clinic visits, and emergency

department visits

Continuing Care Reporting
System (CCRS)

Contains complete or partial demographic, clinical, functional, and resource
use information on all individuals receiving continuing care in hospital

or long-term care homes. These data are available from Yukon, British
Columbia, Alberta, Saskatchewan, Manitoba, Ontario, New Brunswick,
Nova Scotia, and Newfoundland and Labrador

National Rehabilitation
Reporting System (NRS)

Canadian Organ Replacement
Register (CORR)

Contains administrative, demographic, and clinical information from all adult
inpatient rehabilitation facilities and programs across Canada

Contains details pertaining to the type and outcomes of dialysis and
transplantation

offer coverage for at-risk individuals who disclosed genetic
information, including family history.*® There have also been
cases where employers have used this information to dismiss
potential or current employees.>’ All members of European
Union enacted legislation against genetic discrimination in
the 1990s,* as did the United States in 2008 with the passage
of Genetic Information Nondiscrimination Act (GINA).****
Canada remained the only G7 country without clear genetic
discrimination legislation until the Genetic Non-Discrimina-
tion Act became law in Canada in May 2017.>* This had
real consequences as Canadians were routinely refused life
and disability insurance on the basis genetic risk factors or
family history.”” Similar problems have occurred in other
developed nations with national health care systems, such as
Japan® and Australia.*” In contrast to European and Ameri-
can legislations, the Canadian Genetic Non-Discrimination
Act adopted a narrower definition of “genetic information,”
exclusively focusing on genetic testing results. Indeed, clini-
cal information and family history are not protected under the
Genetic Non-Discrimination Act even though these data pro-
vide information about the genetic makeup of an individual.
While the Genetic Non-Discrimination Act is undeniably a
positive development toward implementation of more wide-
spread genetic testing in Canada, life and health insurers
could use this loophole for lawful genetic discrimination. In
sum, patients will need to weigh the potential risks and ben-
efits from participation in genetic studies of ESRD.

Linking Canadian Administrative Databases and
Biobanks for Genetic Research

Canada’s universal and publicly funded health care system
provides a wealth of administrative data to researchers. Each
citizen has a unique health identifier, allowing for reliable
data linkage across databases.*’ Administrative data provide
inexpensive access to large observational, population-based
datasets with long follow-up times. The Canadian Institute

for Health Information (CIHI) is a nonprofit organization
that collects and analyzes these data and facilitates public
access to health data (Table 3).*!

In parallel, investigators from across Canada have devel-
oped private biobanks which include genetic testing data.
Canada’s largest prospective biobank initiative is the Canadian
Partnership for Tomorrow Project (CPTP) that includes sub-
jects from 5 cohorts recruited in 8 provinces (Table 4).* The
aim of CPTP is to identify environmental, lifestyle, and genetic
risk factors of diseases, including CKD.* The CPTP plans to
continue to collect health information until at least the year
2033 and will ultimately include a myriad of data points for
hundreds of thousands of Canadians.*?

Studies linking biobanks to administrative data can over-
come the shortcomings of each type of data source. Existing
biobanks generally lack the detailed health care utilization
data available in administrative databases, and administra-
tive databases lack biological information found in biobanks.
It is important to acknowledge that administrative data are
not collected with the same rigor used in research studies;
therefore, the quality and reliability of the data can be
affected.** Researchers who use health care administrative
data typically identify diseased patients and build study
cohorts using the International Classification of Disease,
Ninth Revision (ICD-9) or Tenth Revision (ICD-10) codes, or
physician claim diagnosis codes. Although /CD-9 and /CD-
10 codes are highly specific, they are not sensitive because
they only identify patients with a hospital admission or emer-
gency department visit who usually have a more advanced
disease.*** In contrast, physician claim diagnosis codes gen-
erally have poorer specificity but greater sensitivity to cap-
ture a much higher percentage of the relevant population.
Linking genetic information from biobanks to administrative
databases would allow researchers to assemble study cohorts
with definitive diagnoses and broader disease spectra. It
would also provide invaluable phenotypic information for
large-scale genotype-phenotype association studies.
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Table 4. Regional Cohorts of the Canadian Partnership for Tomorrow Project (CPTP).

Recruitment

Regional No. of No. of Type of Age
cohort Provinces Start date End date participants  biosamples biosamples (years)
BC British Columbia February 2008  February 2015 43,068 27 000 Blood 40-69
Generation Urine
Project Saliva
Alberta’s Alberta January 2000 December 2015 55 000 30 000 Blood 35-69
Tomorrow Urine
Project Saliva
Ontario Ontario March 2009 March 2017 165 476 40 660 Blood >|8
Health Urine
Study
CARTaGENE  Quebec February 2008  February 2015 43 068 30283 Blood 40-69
Urine
Saliva
Atlantic Path Nova Scotia, March 2009 December 2015 35471 32512 Blood 18-78
New Brunswick, Urine
Prince Edward Island, Saliva

Newfoundland and
Labrador

Toenail Clipping

Table 5. List of Few Barriers to Link Data Across Jurisdictions in Canada and Potential Approaches to Overcome the Barriers.

Barriers

Approach to overcome barrier

Variation in legislation, policies, and privacy and confidentiality review
protocols across provinces and territories in Canada: Laws prevent
administrative data transfer across jurisdictions and demand data
linkage to occur by province by province to conduct national
studies.”

Cost: The price for linking data ranges $5000 to $90 000 per
province.“'0

Substantial difference in coding practices across jurisdiction in Canada:
Some provinces and territories, such as British Columbia,
developed internal coding systems, while others, such as Ontario,
adopted a standardized coding system.*®

Standardize laws, policies, and privacy and confidentiality review

protocols across jurisdictions.

Canadians can gather, learn from each others’ systems, and identify

ways to reduce cost and link data in a more cost efficient manner-.

For now, researchers must rely on the National Grouping System

developed by Canadian Institute for Health Information to convert
coding practices in each jurisdiction to a standard one. However,
standardization of coding practices across Canadian jurisdictions
would be ideal.®®

Opportunities and barriers to merging health data across
jurisdictions. Merging health data (including administrative
data and biobanks) across provincial and/or territorial juris-
dictions could increase research capacity in Canada. For
example, merging databases allows for assembly of larger
cohorts of patients that may include several individuals with
rare conditions. Merging may also help avoid duplication of
efforts, such as having multiple investigators collecting the
same data to answer overlapping research questions. It could
also increase researchers’ access to data from jurisdictions
that are outside of their home province/territory. For exam-
ple, the Ontario Drug Benefits dataset contains prescription
drug claims limited to a small subset of the population that
primarily consist of individuals over the age of 65 years. In
contrast, every Québecers without private prescription drug
insurance is covered under the public drug insurance plan
(Régie de 1’Assurance Maladie du Québec) and thus con-
tains information from patients with a more diverse age

range. Broad access to these 2 databases for Canadian
researchers (especially if merged) would allow them to ask
unique questions using the most relevant data available.

Unfortunately, several barriers prevent merging of pro-
vincial and territorial health care administrative data. The
major barriers that currently exist and potential solutions to
circumvent them are summarized in Table 5.***7*® A report
published by CIHI in 2002 provides a detailed account of
specific legislative barriers to data linkage across Canadian
jurisdictions that is still relevant.*®

There are several initiatives to link biobanks to administra-
tive databases in Canada. For example, the British Columbia
(BC) Generation Project is linked to administrative Population
Data BC on an ongoing basis.* We should continue to popu-
late existing biobanks, to establish new regional cohorts in
jurisdictions not currently involved in CPTP, and continue
linking biobanks with administrative databases. The success
of the continual expansion of biobanks and linkage to
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administrative databases for genetic research is highly reliant
on Canadians’ willingness to share their detailed medical and
genetic information. Engaging patients can help with this and
with genetic research in general.

Patient Engagement to Facilitate Proliferation of
Genetic Research in Canada

Patient engagement occurs when researchers, patients, and
caregivers collaborate “in the governance, priority setting,
and conduct of research, as well as in summarizing, distribut-
ing, sharing, and applying its resulting knowledge” (ie,
knowledge translation).”® Studies show that patient enga-
gement leads to higher enrollment and retention rates and
dissemination of findings in a more meaningful and under-
standable way.”' The Canadians Seeking Solutions and
Innovation to Overcome CKD (Can-SOLVE CKD) net-
work’s experience also emphasizes the value of patient
engagement.’> The Can-SOLVE CKD network is a unique
partnership between patients, researchers, practitioners, and
policy makers to revolutionize the care of Canadians with
CKD and is one of 7 networks funded under the Canadian
Institutes for Health Research Strategy for Patient-Oriented
Research initiative. Patient engagement lead to identification
of top patient-relevant research priorities that created the
foundations for the 18 research projects covered under the
umbrella of Can-SOLVE CKD.*

Patient engagement is of particular importance in genetic
research as it relies on patients’ willingness to share medical
and genetic data. Assembling biobanks and linking them to
health care administrative databases requires broad partici-
pant consent for use of both biological specimens and data for
research. Patient collaborators are often willing to participate
in all stages of the research process including setting research
priorities, study design, research dissemination, and knowl-
edge translation. They may provide insight into reasons that
could deter others from participation and advise on methods
to communicate incidental findings and how to communicate
the issue with prospective participants during patient recruit-
ment. Patient collaborators can help draft and revise consent
forms to make them understandable to future participants and
help communicate the importance of future genetic research
when recruiting new patients. In addition, patient collabora-
tors can share their experiential knowledge. Finally, they may
help advocate to improve the Canadian Genetic Non-
Discrimination Act. Patient engagement is essential for the
development of robust genetic studies focused on ESRD.

Avenues for Future Genetic Study of ESRD

Enrollment of large samples of patients in biobanks with
linked administrative health data will provide the opportunity
for study designs that include both common and rare genetic
variants for the evaluation of both common quantitative traits
and rare Mendelian diseases. Should investigators despair

that sample sizes of hundreds of thousands of participants are
required for novel genetic discoveries? Using extreme pheno-
types, especially unaccounted for by traditional risk factors, is
one strategy to increase power.> For example, one could
compare patients with diabetic nephropathy who develop
early ESRD despite excellent risk factor management to those
who progress slowly despite the presence of such risk factors.
Furthermore, knowledge of a genetic association with pheno-
types in the general population can be leveraged in the ESRD
population. For example, variants associated with elevated
fasting blood sugar or hemoglobin A1C in the general popula-
tion could be tested for association with risk of developing
new onset diabetes after kidney transplantation.

Canada’s ethnic diversity imposes both challenges and
opportunities for genetic studies of ESRD. Databases of
genetic data from control subjects are heavily focused on
European and African American subjects limiting interpre-
tation of rare variants in other populations. However, the
multiethnic Canadian landscape provides a unique opportu-
nity for transethnic and admixture association and mapping
studies.”® Efforts to collate patients into extended pedigrees
in databases will greatly improve power for studying rare
variants in ESRD. Collaboration between centers to facili-
tate collection of patients into consortia creating the largest
possible sample sizes is a necessity.

Research efforts using next-generation sequencing,
uncovering Mendelian forms of CKD in ESRD, are currently
of great interest. In contrast, do small effect common genetic
variants even matter? Interest in GWAS has waned after the
proliferation of next-generation sequencing, but many ques-
tions amenable to GWAS remain in nephrology. GWAS-
derived common variants can provide insight into biology
and potential therapeutic targets, but pinpointing the respon-
sible genes in GWAS-identified regions is challenging and
ongoing. Identified genes can be used as drug targets for cre-
ating larger effects than the observed effect of the SNP in the
GWAS. GWAS-derived SNPs can be combined into poly-
genic risk scores, and patients identified with a rare collec-
tion of many common risk variants may present with a
phenotype similar to those with Mendelian disease.
Mendelian randomization studies jointly test the association
between genetic variants and both a risk factor and an out-
come to support that the risk factor is a causative contributor
to the outcome. For example, reduced high-density lipopro-
tein (HDL) cholesterol appears a risk factor for CKD, as
genetic variants associated with reduced HDL are also asso-
ciated with CKD risk.” However, Mendelian randomization
requires GWAS-identified genetic predictors of the risk fac-
tor. In sum, incorporating both common small effect and rare
large effect variants, as well as other sources of “missing
heritability,” will be required to maximize the insight gained
from genetic studies in ESRD.

Using genetic variants to optimize renal replacement therapy.
The potential contribution of genetics to hemodialysis and
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peritoneal dialysis (PD) outcomes remains inadequately
studied. Evidence is limited to candidate gene association
studies, which have significant issues with reproducibility
and publication bias. Studies looked for SNP associations
with hemodialysis outcomes including vascular access
issues, " biochemical indices,**® inflammation,’*®® car-
diovascular comorbidities®**””* and mortality’®” and PD
outcomes including peritoneal transport characteristics,***
peritonitis risk,**” or risk of encapsulating peritoneal sclero-
sis*™ (Supplemental Table 1). Sample sizes were inadequate
to confidently identify variants of reasonable effect sizes
(average sample size of 246, range 67-777 patients). Only a
single published GWAS relating to hemodialysis exists, pub-
lished in 2011, examining survival in 647 African American
ESRD patients with type 2 diabetes.*” No replication study
has been published, nor are additional studies reportedly
underway. Two ongoing studies could impart knowledge on
PD. The first, PD-CRAFT (NCT02042768), is collecting
clinical and genetic data on 1495 PD patients. The second,
BIO-PD (Biological Determinants of Peritoneal Dialysis;
NCT02694068), has an estimated enrollment of 4865
patients between 2014 and 2019. Both studies are part of the
Peritoneal Dialysis Outcomes and Practice Patterns Study
(PDOPPS), an international consortium formed to promote
research aimed at improving practice and outcomes in PD.”
Genetic studies could improve our knowledge of renal
replacement therapy pathophysiology and hold the potential
for improving ESRD therapy.

Looking Forward

Genetics could reduce diagnostic ambiguity and contribute to
a precision medicine approach to ESRD care. Our understand-
ing of the genetic architecture of complex diseases is growing
rapidly, and these advances are applicable to ESRD. Canadians
should build a rich data repository for health research, linking
and merging health data including biobanks and administra-
tive and clinical databases, across jurisdictions. To facilitate
the proliferation of large-scale genetic studies in Canada, it is
imperative to overcome the barriers to data linkage by stan-
dardizing coding practices, legislation, policies, ethics, pri-
vacy and confidentiality review protocols, and genetic testing.
Canadians should be protected by broadening genetic nondis-
crimination legislation. It is important for patient representa-
tives to be actively involved in setting the priorities for CKD
genetic research because they are the ones that stand to benefit
the most from this research. Large sample sizes will be
required to draw robust conclusions. Artificial intelligence and
machine learning algorithms could be applied to such data
sources. Systemic changes are needed to ensure equitable
attribution of credit to those who build, contribute, analyze,
publish, or disseminate knowledge generated from datasets
derived from linked databases. Building common biobank and
database resources for improved study designs should be
embraced by the Canadian nephrology community.

List of Abbreviations

Can-SOLVE CKD, Canadians Seeking Solutions and Innovation to
Overcome CKD; CKD, chronic kidney disease; CIHI, Canadian
Institute for Health Information; CPTP, Canadian Partnership for
Tomorrow Project; eGFR, estimated glomerular filtration rate;
ESRD, end-stage renal disease; GINA, Genetic Information
Nondiscrimination Act; GWAS, genome-wide association study;
HDL, high-density lipoprotein; /CD-9, International Classification
of Disease, Ninth Revision,; ICD-10, International Classification of
Diseases, Tenth Revision; PD, peritoneal dialysis; SNP, single
nucleotide polymorphism.

Online web resources

Center for Disease Control - Public Health Genomics: http://www.
cdc.gov/genomics/

American Academy of Pediatrics Genetics in Primary Care Institute:
https://www.aap.org/en-us/advocacy-and-policy/aap-health-
initiatives/pages/Genetics-in-Primary-Care-Institute.aspx
Geneforum: http://www.geneforum.org/

Open Helix: http://www.openhelix.com

Canadian Rare Disease Models and Mechanisms Network: http://
www.rare-diseases-catalyst-network.ca/

European Rare Disease Network: http://www.orpha.net/
GeneReviews: http://Genetests.org

National Institutes of Health Genetic Testing Registry: http://www.
ncbi.nlm.nih.gov/gtr/

Online Mendelian Inheritance in Man: http://omim.org

Human Gene Mutation Database: http://www.hgmd.cf.ac.uk/
National Center for Biotechnology Information (NCBI) clinical data-
base of variants (ClinVar): https://www.ncbi.nlm.nih.gov/clinvar/
Genome aggregation database: http://gnomad.broadinstitute.org/
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