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PubMed-indexed published research on the
genetics of kidney diseases
Number of publications on the genetics of kidney diseases, retrieved from the PubMed database
<1990
1681

[1990-2000] [2001-2005] [2006-2010] [2011-2015] [Q1-4/2016]
3622

2847

3729

6067

1449

Total
18124

PubMed Advanced Search Builder
Search (((((((kidney[Title/Abstract]) OR renal[Title/Abstract])) AND
((disease*[Title/Abstract]) OR disorder[Title/Abstract]))) OR
((nephropath*[Title/Abstract]) OR glomerulopath*[Title/Abstract])))
AND ((((genetic*[Title/Abstract]) OR hereditary[Title/Abstract]) OR
inherited[Title/Abstract]) OR familial[Title/Abstract])

Genetic variation and genetic contribution
to human disease

The spectrum of variation in the human genome
Types of genomic variants

STRs: short tandem repeats; SNP: single nucleotide polymorphism;
CNV: copy number variation.
Pollex RL & Hegele RA: Copy number variation in the human genome and
its implications for cardiovascular disease. Circulation 2007;115:3130-3138.

Number of SNPs identified in the 1000 Genomes Project phase I
overall: ~38 x 106 ; per individual sample: 3.6 x 106.
[www.1000genomes.org/category/phase-1/]

Genomic variants in form of CNVs can be classified
primarily as deletion, duplication, segmental
duplication and inversion. These variations can
encompass the entire gene or a segment of a particular
gene represented in the figure.
Almal SH & Padh H: Implications of gene copy-number variation in
health and diseases. J Hum Genet 2012:57:6-13.

Number of reported common CNVs: 356,817.
Zhao M & Zhao Z: CNVannotator: a comprehensive annotation
server for copy number variation in the human genome.
PLoS ONE 2013;8:e80170.
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Genetic and environmental influences in the causation of
human diseases, as exemplified by kidney disorders
Single gene
Mendelian
Reduced penetrance
Oligogenic

Genetic
Multifactorial with
single major locus
Multifactorial

Polygenic

e.g. autosomal dominant
polycystic kidney disease
e.g. familial atypical hemolyticuremic syndrome
e.g. Bardet-Biedl syndrome
e.g. type II diabetic nephropathy
(Mexican-Americans)
e.g. chronic kidney disease
/ end-stage renal disease

Environmental
Modified from Strachan T & Read AP, Human Molecular Genetics 2. Wiley-Liss, New York, 1999.

Methodological advances

Improvements in the rate of DNA sequencing
over the past 30 years and into the future

From slab gels to
capillary sequencing
and second-generation
sequencing technologies,
there has been a more
than a million-fold
improvement in the rate
of sequence generation
over this time scale.

Stratton MR et al.: The cancer genome. Nature 2009;458:719-724.

The plummeting cost of genome sequencing
The cost-accounting data, available
at the website of National Human
Genome Research Institute
(NHGRI), are summarized relative
to two metrics: (1) the cost of
determining one megabase (106
bases) of DNA sequence of a
specified quality, and (2) the cost of
sequencing a human-sized genome
(i.e., 3,000 Mb). Of note, the
sudden and profound decrease
beginning in January 2008
represents the time when the
NHGRI sequencing centers
transitioned from Sanger-based
chemistry and capillary-based
instruments to next-generation
DNA sequencing technologies.

Li L et al.: Cancer genome sequencing and its implications for personalized cancer vaccines. Cancers 2011;3:4191-4211.

Informatics is now the bottleneck!
The cost of
sequencing is falling
more than twice as
quickly as the cost of
computing, so that
the cost of
sequencing has more
to do with data
analysis than data
collection.

[McAuley R, accessed at: http://insider1673.rssing.com/chan-4569069/all_p4.html]

Paradigm shift in molecular genetics!

[Gonzalez K, Ambry Genetics; accessed at: http://www.ambrygen.com/sites/default/files/pdfs/2012_NSGC%20webinar_SK%20KG%284%29.pdf]

Systems genetics strategy for studying systems
effects of candidate variants
Various high-throughput
technologies allow observation of
the state of the molecular
mechanism of the cell as
quantitative measures of
macromolecules (shown are RNA,
proteins, and metabolites) that
can be used in quantitative trait
locus (QTL) analysis.

Keller BJ et al.: A systems view of genetics in chronic kidney disease. Kidney Int 2012;81:14-21.

Clinical use and gene-finding applications

Types of disease-causing mutations and standard
laboratory methods for their identification
[http://www.hgmd.cf.ac.uk/ac/index.php]

Types of mutation
Missense/nonsense
Splicing
Regulatory
Small deletions*
Small insertions*
Small indels*

DNA sequencing

 Single-gene Sanger sequencing
 Next Generation Sequencing
 Targeted sequencing
 Whole exome sequencing (WES)
 [Whole genome sequencing (WGS)]

Repeat variations

Deletion/duplication analysis

Gross insertions/duplications

 Multiplex ligation-dependent probe amplification (MLPA)
 Quantitative polymerase chain reaction
 Targeted chromosomal microarray

Complex rearrangements
Gross deletions
*Small defects are 20 bp in size.

Feasibility of identifying genetic variants by risk allele
frequency and strength of genetic effect (odds ratio)
APOL1

UMOD; CUBN

Manolio TA et al.: Finding the missing heritability of complex diseases. Nature 2010;461:747-753.

Elucidating the role of genetic modulation of
environmental kidney diseases

INFECTIONS

Genetic modulation of environmental kidney
diseases: HIV-associated nephropathy in Africans

e.g. HIV-associated nephropathy
(Africans)

Plot of linkage
disequilibrium
between single
nucleotide
polymorphisms in
the APOL1/MYH9
gene and their
haplotypes

Tayo BO et al.: Genetic variation in APOL1 and MYH9 genes
is associated with chronic kidney disease among Nigerians.
Int Urol Nephrol 2013;45:485-494.

Three APOL1 allelic variants are strongly associated with HIVrelated collapsing glomerulopathy
Distribution of haplotypes and risk alleles.
Four APOL1 haplotypes were observed in
the African American study group: the
major haplotype, denoted as (+) and
comprised of three nonrisk alleles; the
G1GM haplotype with two missense risk
alleles; the rare G1G haplotype with one
missense risk allele; and the G2D6
haplotype with the 6 bp deletion risk allele.
The risk allele and haplotype frequencies
are shown for FSGS and HIVAN case and
control groups in African Americans,
including healthy blood donors and HIV
individuals with no kidney disease.
In a recessive model, APOL1 variants conferred 17-fold
higher odds for FSGS and 29-fold higher odds for HIVAN.

----FSGS, focal segmental glomerulosclerosis;
HIV, human immunodeficiency virus;
HIVAN, HIV-associated nephropathy.

Kopp JB et al.: APOL1 genetic variants in focal segmental glomerulosclerosis and HIV-associated nephropathy.
J Am Soc Nephrol 2011;22:2129-2137.

Worldwide frequency
distribution of the APOL1
variants associated with
increased risk of
idiopathic focal
segmental
glomerulosclerosis, HIVassociated nephropathy,
and nondiabetic endstage renal disease in
African Americans

Genotypes of G1 and G2 were determined for 54 diverse human
populations including African Americans (AA) and European
Americans (EA). The allele frequencies of G1 (red), G2 (orange),
and wild-type alleles (light blue) in each population are depicted
in pie charts overlaid upon a world map.
----HIV, human immunodeficiency virus.

Kopp JB et al.: APOL1 genetic variants in focal segmental glomerulosclerosis and HIV-associated nephropathy. J Am Soc Nephrol 2011;22:2129-2137.

Historical timeline reflecting the discovery of genetic association
to chronic kidney disease in populations with African ancestry

CKD: chronic kidney disease; HIV: human immunodeficiency virus; LD: linkage disequilibrium; APOL1: apolipoprotein L1
gene; G1/G2: APOL1 allelic variants; MYH9: non-muscle myosin heavy chain 9 gene.

Modified from Kasembeli NA et al.: African origins and chronic kidney disease susceptibility in the human immunodeficiency virus era.
World J Nephrol 2015;4:295-306.

Elucidating the polygenic contribution to
kidney function and multifactorial kidney
diseases

Family history of end-stage renal disease
among incident dialysis patients

e.g. chronic kidney disease /
/ end-stage renal disease

US: United States.
[http://www2.kidney.org/professionals/kdoqi/guidelines_ckd/p4_class_g1.htm]

Familial aggregation is evidence for a genetic
component to end-stage renal disease
Year /
US State

Total number of
patients*

Patients providing family
history information

Patients reporting having
family history of ESRD**

1995

4,328

3,205 (74.05%)

671 (20.94%)

1996

5,468

3,618 (66.17%)

790 (21.84%)

1997

5,842

3,475 (59.48%)

772 (22.22%)

1998

6,307

3,249 (51.51%)

729 (22.44%)

1999

6,650

2,887 (43.41%)

645 (22.34%)

2000

7,201

3,070 (42.63%)

699 (22.77%)

2001

7,506

2,846 (38.92%)

682 (23.96%)

2002

7,418

2,225 (29.99%)

593 (26.65%)

50,720

24,575 (45.45%)

5,581 (22.71%)

Total:

US: United States. ESRD: end-stage renal disease.
(*) Incident dialysis patients without a primary ESRD diagnosis attributed to Mendelian diseases or urological causes.
(**) Family history of ESRD in first- and second-degree relatives.

Freedman BI et al.: Population-based screening for family history of end-stage renal disease among incident dialysis patients.
Am J Nephrol 2005;25:529-535.

New susceptibility loci for
reduced renal function
identified by meta-analysis
of genome-wide association
studies in individuals of
European ancestry
Manhattan plots showing the significance levels for
each of the single nucleotide polymorphisms (SNPs)
tested. The SNP locations on the plot reflect their
position across the 23 human chromosomes. The
dotted line indicates the genome-wide significance
threshold at P = 5 x 10−8.
a. eGFRcrea  Glomerular Filtration Rate
estimated from serum creatinine
b. CKD  Chronic Kidney Disease
c. eGFRcys  Glomerular Filtration Rate
estimated from serum cystatin.
Köttgen A et al.: New loci associated with kidney function
and chronic kidney disease. Nat Genet 2010;42:376-384.

Distribution of the additive genetic risk score and mean
estimated glomerular filtration rate and chronic kidney
disease prevalence per risk score category
The additive risk score was
calculated by summing the dosages
of estimated glomerular filtration
rate (eGFR)-lowering alleles of the
16 single nucleotide polymorphisms
identified in a meta-analysis of
genome-wide association data from
20 predominantly population-based
studies, which enrolled 67,093
individuals of European ancestry.

Köttgen A et al.: New loci associated with kidney function and chronic kidney disease.
Nat Genet 2010;42:376-384.

Grey squares indicate mean eGFR
calculated from serum creatinine
(eGFRcrea); white circles indicate
chronic kidney disease (CKD)
prevalence. Error bars represent
95% confidence intervals. The
number of individuals in each risk
score category is indicated.

Exemplary types of monogenic contributions
to causation of kidney diseases

CKD: chronic kidney disease; H-ESRD: hypertension-associated end-stage renal disease; FSGS: focal segmental
glomerulosclerosis; PKD: polycystic kidney disease; UMOD: uromodulin gene; APOL1 apolipoprotein L1 gene; PKD1:
polycystin-1 gene.

Friedman DJ & Pollak MR: Genetics of kidney failure and the evolving story of APOL1. J Clin Invest 2011;121:3367-3374.

Heritability of renal function measures and of
the urinary albumin excretion

e.g. chronic kidney disease /
/ end-stage renal disease

Fox CS et al.: Genomewide linkage analysis to serum creatinine, GFR, and creatinine
clearance in a community-based population: the Framingham Heart Study.
J Am Soc Nephrol 2004;15:2457-2461.

Fox CS et al.: Genome-wide linkage analysis to urinary microalbuminuria in a communitybased sample: the Framingham Heart Study.
Kidney Int 2005;67:70-74.

The mysterious case of the “missing heritability” in
the genome-wide association studies
 Heritability estimates for complex diseases may be inflated due to methodological
problems.
 The single nucleotide polymorphism (SNP) sets used in current genome-wide
association studies (GWAS) offer poor tagging, especially for rare variants and structural
variations; this would both reduce the number of associations detected, and
underestimate the true effect sizes of the detected loci.
 Many susceptibility loci simply have very small effect sizes, so that many have not been
detected due to the inadequate statistical power of current studies.
 Gene-gene and gene-environment interactions account for a substantial portion of the
heritability estimates, but these interactions have been largely neglected in GWAS do
date.
Sham PC & Cherry SS: Genetic architecture of complex diseases.
In Zeggini E & Morris A (Eds.), Analysis of Complex Disease Association Studies: A Practical Guide, (1st ed., pp 1-13); Academic Press, London, 2011.

Identifying monogenic causes of kidney
disease; understanding the underlying
pathobiology, reviewing nosology and
improving phenotypic characterization;
developing new therapies

Degree of genetic causality in mono- and polygenic kidney diseases

GWAS, genome-wide association studies;
NA, not applicable;
WES, whole exome sequencing;
WGS, whole genome sequencing.
*Applicable to consanguineous families.

Vivante A & Hildebrandt F. Exploring the genetic basis of early-onset chronic kidney disease. Nat Rev Nephrol 2016;12:133-146.

Monogenic and oligogenic kidney disorders

Inherited kidney disorders
linked to nephron segments
Segmental distribution of rare inherited
diseases of the kidney (does not include
cystic and developmental disorders).
Urinalysis might point to the segmental
origin of some kidney disorders. For
example, glomerular diseases are
usually characterised by albuminuria
and dysmorphic red blood cells in urine;
disorders of the proximal tubule by
inappropriate urinary loss of lowmolecular-weight proteins (eg, Clara
Cell protein, β2-microglobulin, and
vitamin D-binding protein), aminoacids,
glucose, phosphate, uric acid, and
calcium; disorders of the thick ascending
limb by hypercalciuria and urinary
concentrating defects; disorders of the
distal convoluted tubule by
inappropriate urinary loss of
magnesium; and disorders of the
collecting duct by inappropriate urinary
concentration or dilution and defective
potassium handling.
Devuyst O et al.: Rare inherited kidney diseases: challenges, opportunities, and perspectives. Lancet 2014;383:1844-1859.

Causes and genetic diagnosis of early-onset CKD
Data are from the 2006 Annual Report of the
North American Pediatric Renal Trials and
Collaborative Studies.
aHUS; atypical haemolytic uraemic
syndrome;
AKI, acute kidney injury; CAKUT, congenital
anomalies of the kidneys and urinary tract;
CKD, chronic kidney disease; FSGS, focal
segmental glomerulosclerosis;
GN, glomerulonephritis; IgAN, IgA
nephropathy; MPGN, membranoproliferative
glomerulonephritis; SLE, systemic lupus
erythematosus; SRNS, steroid-resistant
nephrotic syndrome.
*10% of CAKUT can be caused by deleterious
copy number variants.
‡The estimates for chronic nephritis
monogenic aetiologies are based only on the
relative prevalence of Alport syndrome and
MPGN, which together account for 20% of
the aetiologies of chronic GN and for which a
monogenic cause has been established in
almost 100% of cases (in one of the following
genes: Alport: COL4A3, COL4A4, COL4A5
and COL4A6; MPGN: Factor H, Factor I,
MCP/CD46, CFHR5 and C3).
Vivante A & Hildebrandt F. Exploring the genetic
basis of early-onset chronic kidney disease.
Nat Rev Nephrol 2016;12:133-146.

Expanding clinical phenotype characterization by
“reverse phenotyping”

Application of omics technologies
in rare kidney diseases
Next-generation sequencing
techniques and omics
technologies, which can
directly probe the kidney, will
improve diagnostic efficiency
for genetic renal diseases.
Genomic studies and
molecular profiling of kidney
tissues, plain and exosomeenriched urine, and
multiscalar bioinformatic
analysis of crucial disease
pathways, will allow the
development of mechanistic
renal disease ontologies,
diagnostic tests, biomarkers,
and novel therapeutic targets.

Devuyst O et al.: Rare inherited kidney diseases: challenges, opportunities, and perspectives. Lancet 2014;383:1844-1859.

Milestones in
research of
inherited
kidney
diseases

Devuyst O et al.: Rare inherited kidney diseases:
challenges, opportunities, and perspectives.
Lancet 2014;383:1844-1859.

Next-generation
sequencing techniques and
omics technologies, which
can directly probe the
kidney, will improve
diagnostic efficiency for
genetic renal diseases.
Genomic studies and
molecular profiling of
kidney tissues, plain and
exosome-enriched urine,
and multiscalar
bioinformatic analysis of
crucial disease pathways,
will allow the development
of mechanistic renal
disease ontologies,
diagnostic tests,
biomarkers, and novel
therapeutic targets.

International collaborative research networking

http://cordis.europa.eu/project/rcn/3861_en.html

Thank you for your attention!

Porto, Ribeira do Douro

Array-based, genome-wide methods for the
identification of copy-number variants
a | In array-based comparative genome hybridization (arrayCGH), reference and test DNA samples are differentially labelled
with fluorescent tags (Cy5 and Cy3, respectively), and are then
hybridized to genomic arrays after repetitive-element binding is
blocked using COT-1 DNA. The array can be spotted with one of
several DNA sources, including BAC clones, PCR fragments or
oligonucleotides. After hybridization, the fluorescence ratio
(Cy3:Cy5) is determined, which reveals copy-number differences
between the two DNA samples. Typically, array-CGH is carried
out using a 'dye-swap' method, in which the initial labelling of the
reference and test DNA samples is reversed for a second
hybridization (indicated by the left and right sides of the panel).
This detects spurious signals for which the reciprocal ratio is not
observed. An example output for a dye-swap experiment is shown:
the red line represents the original hybridization, whereas the blue
line represents the reciprocal, or dye-swapped, hybridization.
b | Representational oligonucleotide microarray analysis
(ROMA) is a variant of array-CGH in which the reference and test
DNA samples are made into 'representations' to reduce the sample
complexity before hybridization. DNA is digested with a
restriction enzyme that has uniformly distributed cleavage sites
(BglII is shown here). Adaptors (with PCR primer sites) are then
ligated to each fragment, which are amplified by PCR. However,
owing to the PCR conditions that are used, only DNA of less than
1.2 kb (yellow) is amplified. Fragments that are greater than this
size (red) are lost, therefore reducing the complexity of the DNA
that will be hybridized to the array. It is estimated that around
200,000 fragments of DNA are amplified, comprising
approximately 2.5% of the human genome. In ROMA, an
oligonucleotide array is used, which is spotted with
computationally designed 70-nt probes. Each probe is designed to
hybridize to one of the fragments in the representation.

COT-1 DNA is a human placental DNA that is predominantly 50 to 300 bp in size and enriched for
repetitive DNA sequences such as the Alu and Kpn family members. Cy3 and Cy5 are cyanine dyes.

Feuk L et al.: Structural variation in the human genome. Nature Rev Genet 2006;7:85-97.

Measuring gene expression
DNA microarrays consist of nucleic
acid probes affixed to a surface. First,
RNA is extracted from samples and
converted into complementary DNA
(cDNA), which is labeled with
fluorescent tags (1). Next, labeled
cDNA fragments hybridize with the
nucleic acids on the array (2). Scanning
the microarray measures the
fluorescence level at each spot,
revealing levels of gene expression (3).
In RNA-seq, RNA is also extracted from
samples, fragmented, and converted
into cDNA in preparation for
sequencing (A). Next, the cDNA library
is sequenced (B). The resulting reads
are mapped to the genome and gene
expression is quantified (C).

Yandell K: An array of options - A guide for how and when to transition from the microarray to RNA-seq. The Scientist 2015, June 1.

Potential genetic biomarkers for
chronic kidney disease

SNPs, single-nucleotide polymorphisms;
CNVs, copy number variations.
Smyth LJ et al.: Genetic and epigenetic
factors influencing chronic kidney disease.
Am J Physiol Renal Physiol 2014;307:F757-F776.

Recent therapeutic advancements
Everolimus
Approved for the
treatment of adults with
renal angiomyolipoma,
associated with
Tuberous Sclerosis
Complex, who do not
require immediate
surgery.
[http://www.fda.gov/Drugs/Information
OnDrugs/ApprovedDrugs/ucm302081.
htm]

Tolvaptan
Approved to slow down
cyst formation in
Autosomal Dominant
Polycystic Kidney
Disease.
[http://www.ema.europa.eu/ema/index.j
sp?curl=pages/news_and_events/new
s/2015/02/news_detail_002280.jsp&mi
d=WC0b01ac058004d5c1]

