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Why do people develop Kidney Disease ?
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GWAS for CKD in EUR population
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How	
  do	
  they	
  lead	
  to	
  kidney	
  disease	
  development	
  ?	
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  gene	
  

Mode	
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  dysregula+on	
  
	
  



1.	
  The	
  causal	
  variant	
  is	
  localized	
  to	
  a	
  regulatory	
  region	
  in	
  a	
  disease	
  relevant	
  cell	
  

type	
  (kidney)	
  

2.	
  The	
  variant	
  alters	
  target	
  expression	
  in	
  disease	
  relevant	
  cell	
  type	
  (the	
  kidney)	
  via	
  

altering	
  transcripTon	
  factor	
  binding	
  

3.	
  The	
  target	
  is	
  expressed	
  in	
  disease	
  relevant	
  Tssue	
  (kidney)	
  

4.	
  The	
  expression	
  of	
  target	
  changes	
  in	
  kidney	
  disease	
  

5.	
  AlteraTons	
  in	
  target	
  expression	
  causes	
  kidney	
  disease.	
  The	
  target	
  is	
  funcTonal	
  

in	
  the	
  kidney	
  

Our framework to understand the genetics of 
kidney disease
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  target	
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for	
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Enhancer PromoterInsulator Transcribed 

CKD SNPs are enriched on kidney-specific enhancers in 
comparison to non-kidney cell lines!

Kidney-specific epigenome!

Specific epigenomes of !
9 different cell types !

Enhancer PromoterInsulator Transcribed Regions

Adult Human Kidney! H1 ES Cells! NHLF (lung fibroblast)!



CKD SNPs are enriched on tubule cell specific enhancers 
when comparing kidney cell lines!

Adult Human Kidney!
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Transgenic em
bryo !

G
FP Kidney (G

P160) !
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FP transgenic line!

Predicted enhancer:!
Tol2-mCherry 
expression at 
Proximal convoluted 
tubule!

72  hpf!
Chr16 
region A!

Chr 16 
region C!

72  hpf!

Expression 
at distal 
convoluted 
tubule!

Experimental	
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  disease	
  relevant	
  cell	
  type	
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Which	
  gene	
  is	
  the	
  target	
  of	
  the	
  polymorphism?	
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levels. Furthermore, our results suggest that not only the clos-
est gene but also, several genes in the close vicinity correlate
highly with renal function, indicating their potential impor-
tance and their potential coregulation.

Expressions Quantitative Trait Loci Highlight CKD
Candidate Genes
Polymorphisms associatedwith kidney function can also directly
control baseline transcript levels in disease-relevant types. To
examinewhether CKD risk SNPs influence local transcript levels
(in cis; i.e., within 1-Mb distance), we examined multiple differ-
ent datasets where genotype and gene expression correlation
datawere available. These datasets included theMuTHER (Mul-
tiple Tissue Human Expression Resource) and other studies,29–33

where transcript levels were available from liver, adipose, and
lymphoblastoid samples. Cis-expressions quantitative trait loci
(cis-eQTLs) often can be detected in multiple tissues. We found
that 4 SNPs from the previously identified 44 leading SNPs and
16 SNPs in their linkage disequilibrium (r2$0.8) acted as
cis-eQTLs for 11 different transcripts (P,0.05) (Supplemental
Table 9). Four of these transcripts (33%) were outside of the

500-kb window that we used to identify CRATs. All 11 tran-
scripts were at least moderately expressed in human kidney tis-
sue. Only one transcript CLTB (Clathrin, light chain B) showed
significant linear correlation with eGFR in glomerulus samples
(P=0.016). Another transcript, CERS2 (also known as LASS2),
showed variation in gene expression in lymphoblastiod tissue on
the basis of the rs267734 and rs267738 genotypes. Furthermore,
CERS2was differentially expressed inCKDandhighly correlated
with eGFR (Table 2 and Supplemental Table 6), making it a
potential candidate gene for CKD development.

Unfortunately, we did not have genomic DNA from all
analyzed kidney samples to examine genotype and gene expres-
sion correlations, but we genotyped 21 control (eGFR.85 ml/
min per 1.73 m2) samples for the rs881858 polymorphism. In
these same samples, tubule-specific VEGFA transcript levels
were determined by QRT-PCR. Tubule-specific VEGFA tran-
script levels were lower in patients who were homozygous for
themajor allele on the rs881858 locus compared to heterozygous
orminor allele homozygous samples (Figure 5A). Glomerular or
tubule-specific VEGFA transcript and protein expression level
correlated with GFR (Figures 1C and 5, B–D). These results

Figure 3. UMOD and ACSM2A expressions correlate with renal function. The expressions of (A) UMOD and (F) ACSM2A correlate with
eGFR in tubule samples. The x axes represent eGFR (ml/min per 1.73 m2), whereas the y axes represent the normalized gene expression
values of the transcript. Each dot represents transcript levels and eGFR values from a single kidney sample. The lines are the fitted cor-
relation value (Pcorr, P value after Benjamini-Hochberg multiple testing correction). Immunohistochemistry of the samples with low and high
mRNA expression showed differences of (B–E) the UMOD and (G–J) the ACSM2A expression on protein level. Scale bars, 50 mm.

8 Journal of the American Society of Nephrology J Am Soc Nephrol 26: ccc–ccc, 2015
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CONCLUSION 1. 
 
Our Roadmap to understand GWAS associated hits 

 -Human tissue samples are needed 
 

 -Epigenome maps to identify regulatory DNA 
 -Model organisms to validate validate causal variant 
  
 -eQTL maps to identify target genes 
 -Examine kidney expression, correlation with kidney function 
 -Model organisms to validate gene function (zfish to mouse) 

 
Our analysis indicate that ACSM gene family are likely targets 
of a common CKD GWAS hit on Chr16 
 
Fatty acid metabolism might be the target of common CKD 
associated GWAS variant 
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undergone recent admixture between ancestral populations, for exam-
ple, Hispanic Americans and African Americans19,20.
The principle underlying admixture mapping is that, whereas most

genetic variants are similar in allele frequencies across ancestral popula-
tions, a small subset of genetic variants shows considerable frequency
differences, and these variants can be used to estimate local chromo-
somal ancestry. Recent admixture occurring between genetically distinct
populations generates long-range linkage disequilibrium (LD) and
chromosomal segments originating from the
ancestral populations that can be exploited to
map disease genes that are more frequent in
one ancestral population relative to the other.
For diseases or traits where the predisposing
genetic variants occur at sufficiently different
frequencies between the ancestral populations,
admixture mapping has a distinct advantage
over genome wide scans: both theoretically
and empirically, considerably fewer informa-
tive SNP markers (o2,000) are required for
complete genome coverage21.

We hypothesized that given the fourfold
increased risk for idiopathic FSGS, the 18- to
50-fold increase in HIV-1–associated FSGS,
and the higher rate of many kidney diseases
in people of African ancestry, the underlying
genetic variants would both be very frequent
and have moderate to strong effects in Afri-
can Americans but would be infrequent in
European Americans. Here we present the
results of a MALD study to discover genes
associated with biopsy-proven, idiopathic
FSGS and HIV-1–associated FSGS in 412
African Americans, followed by regional fine
mapping to identify specific alleles and a
haplotype associated with FSGS. Having
identified MYH9 as a functional and posi-
tional candidate gene, we tested associated
MYH9 SNPs in a larger group of 852 African
American FSGS cases and controls. The asso-
ciated MYH9 SNPs were also tested in a

replication group of 346 European American FSGS cases and controls
and in an extension group of 717 African American cases and controls
with ESKD due to hypertension or type 2 diabetes mellitus.

RESULTS
Overview of MALD results
The MALD scan, consisting of 1,272 SNPs typed on African American
FSGS cases (n ¼ 190) and African American controls matched for age,

Table 1 Study subjects for discovery, replication and extension analysis

Analysis
Cases Controls

Ancestry Type n (age at diagnosis) Type n (age at enrollment)

MALDa and regional mappingb discovery

African American Idiopathic FSGS 188 (38 ± 14) Normal donors 370 (44 ± 8)

African American HIV+ FSGS 53 (38 ± 8) Hypernormalc 241 (44 ± 6)

MYH9 confirmation

European American Idiopathic FSGS 125 (39 ± 18) Normal donors 221 (50 ± 9)

MYH9 extension

African American Hypertensive ESKD 241 (54 ± 15) Normal donorsd 192 (50 ± 10)

African American Diabetic ESKD 284 (60 ± 10)

Totale 891 1,024

aMALD analysis was of 190 African American HIV-negative and HIV-positive FSGS cases randomly selected and matched by HIV-1 status, age and sex to 222 controls. bRegional mapping (Table 2)
was done for the same 412 MALD participants with global and local ancestry estimates. All African American FSGS of 241 cases and 611 controls were used in the positional candidate gene
interrogation of MYH9. cHIV-1–infected for 8 or more years with normal urine protein to creatinine ratio o0.5. dShared donors for MYH9 extension geographically matched to hypertensive and
diabetic ESRD cases. eSeventeen MYH9 SNPs were typed for 891 cases and 1,024 controls.
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Figure 1 Genome-wide admixture analysis and chromosome 22 gene localization. (a) Lod scores of the
case-control statistic (blue) and the locus-genome score (green) across the genome from the
ANCESTRYMAP analysis. (The case control statistic was converted to a lod score as described in
Methods.) The x axis shows a concatenated set of chromosomes (gray) with locations of the MALD
markers interrogated indicated below (black). (b) Lod scores for alternate runs of the ANCESTRYMAP
analysis, and the 95% credible interval for the location of a genetic factor responsible for the
chromosome 22 MALD peak spans from 34,422,950 to 35,655,902 bp (build 36). The locus-genome
statistic, with the 95% credible interval shaded, is shown along with the percent African ancestry in
cases and controls.
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Association of Trypanolytic ApoL1
Variants with Kidney Disease in
African Americans
Giulio Genovese,1,2* David J. Friedman,1,3* Michael D. Ross,4 Laurence Lecordier,5

Pierrick Uzureau,5 Barry I. Freedman,6 Donald W. Bowden,7,8 Carl D. Langefeld,8,9

Taras K. Oleksyk,10 Andrea L. Uscinski Knob,4 Andrea J. Bernhardy,1 Pamela J. Hicks,7,8

George W. Nelson,11 Benoit Vanhollebeke,5 Cheryl A. Winkler,12 Jeffrey B. Kopp,11

Etienne Pays,5† Martin R. Pollak1,13†

African Americans have higher rates of kidney disease than European Americans. Here, we show that, in
African Americans, focal segmental glomerulosclerosis (FSGS) and hypertension-attributed end-stage
kidney disease (H-ESKD) are associated with two independent sequence variants in the APOL1 gene
on chromosome 22 {FSGS odds ratio = 10.5 [95% confidence interval (CI) 6.0 to 18.4]; H-ESKD odds
ratio = 7.3 (95% CI 5.6 to 9.5)}. The two APOL1 variants are common in African chromosomes but
absent from European chromosomes, and both reside within haplotypes that harbor signatures of
positive selection. ApoL1 (apolipoprotein L-1) is a serum factor that lyses trypanosomes. In vitro assays
revealed that only the kidney disease–associated ApoL1 variants lysed Trypanosoma brucei rhodesiense.
We speculate that evolution of a critical survival factor in Africa may have contributed to the high rates
of renal disease in African Americans.

African Americans suffer from kidney fail-
ure at high rates compared with individ-
uals without recent African ancestry (1–3).

Genetic variation at a locus in or near theMYH9
gene on chromosome 22 has been associated
with the increased susceptibility to focal seg-
mental glomerulosclerosis (FSGS), HIV-associated
nephropathy, and hypertension-attributed end-stage
kidney disease (H-ESKD) observed in African
Americans (4, 5), but thus far causal mutations in
MYH9 have not been identified (6–8).

Previous genome-wide analyses have shown
a strong signal of natural selection in the region
containing the MYH9 and APOL1 genes [inte-

grated haplotype score (iHS) data available at
http://hgdp.uchicago.edu/] (9–14). This observa-
tion led us to hypothesize that the kidney disease
risk alleles might be located in a larger interval
than originally thought (4, 5). The longer patterns
of linkage disequilibrium (LD) associated with
variants undergoing selection suggest that a pos-
itively selected risk variant could be in a larger
interval containing the APOL genes rather than
be confined to MYH9. Because the risk allele(s)
are likely to be common in people with African
ancestry, we reasoned that such alleles would be
present in the data from the African individuals
whose DNA was sequenced in the 1000 Ge-
nomes Project (www.1000genomes.org). We there-
fore used this newly available sequence data to
identify polymorphisms within this expanded risk
interval that showed large frequency differences
between Africans and Europeans in order to test
for association with renal disease.

We performed an initial association analysis
comparing 205 African Americans with biopsy-
proven FSGS but no family history of FSGSwith
180 African-American controls. The strongest
genetic associations with FSGS were clustered in a
10-kb region in the last exon of APOL1, the gene
encoding apolipoprotein L-1 (table S1 and Fig.
1A) (15). The strongest signal was obtained for a
two-locus allele, termed G1, consisting of the two
derived nonsynonymous coding variants rs73885319
[S342→G342 (S342G) (15)] and rs60910145 (I384M)
in the last exon of APOL1. These two alleles were
in perfect LD (r2 = 1). TheG1 allele (342G:384M)
has a frequency of 52% in FSGS cases and 18% in
controls (Table 1, P = 1.07 × 10−23).

When we performed logistic regression to con-
trol for G1, we identified a second strong signal
(table S1 and Fig. 1B; P = 4.38 × 10−7). This sec-
ond signal is a 6–base pair (bp) deletion (rs71785313,
termed G2) close to G1 in APOL1. This deletion

removes amino acids N388 andY389 (16). Because
of the proximity of rs73885319, rs60910145, and
rs71785313, alleles G1 and G2 are mutually ex-
clusive; recombination between them is very un-
likely. Allele G2 has a frequency of 23% in FSGS
cases and 15% in controls (Table 1).

After performing regressions controlling for
both G1 and G2, we observed no other signif-
icant associations (table S1 and Fig. 1C). Con-
versely, controlling for multiple sets of variants
in MYH9 failed to eliminate the APOL1 signal.
The LD patterns in this region show that G1 and
G2 are in strong LD with variants inMYH9 (figs.
S1 and S2). In particular, theMYH9E-1 haplotype,
the best predictor of renal disease in previous
studies, is present in most haplotypes containing
the G1 or G2 allele. Specifically, E-1 is present
in 89% of haplotypes carrying G1 and in 76% of
haplotypes carrying G2, explaining the associa-
tion of MYH9 E-1 with renal disease.

Haplotype frequencies for FSGS cases and con-
trols are shown in Table 1. No difference in FSGS
risk was seen when comparing participants with no
risk allele to participants with one risk allele [G1 or
G2, P = 0.81, odds ratio (OR) = 1.04, confidence
interval (CI) 0.63 to 2.13]. Comparing participants
with zero or one risk allele to participants with two
risk alleles provided an odds ratio for FSGS of
10.5 (CI 6.0 to 18.4). This analysis supports a com-
pletely recessive pattern of inheritance.

Next, we tested association of APOL1 variants
and renal disease in a larger cohort of 1030African-
American cases with H-ESKD and 1025 geograph-
ically matched African-American controls from
the southeastern United States (7). In this cohort,
we tested 36 variants chosen on the basis of the
strongest signals of positive selection in a broader
genomic region.We also tested nearby coding var-
iants, including G1, G2, and putative MYH9 risk
single-nucleotide polymorphisms (SNPs). The
strongest association was again with rs73885319
(G1 tag SNP;P=1.1× 10−39) (table S2).Whenwe
controlled for rs73885319 by logistic regression,
rs71785313 (G2) again emerged as the strongest
association signal (P= 8.8 × 10−18) (table S2). The
statistical significance of the combined signal (P =
10−63) was 35 orders of magnitude stronger than
forMYH9 SNPs.Whenwe controlled for both G1
and G2, no residual association remained after cor-
rection for multiple SNP testing (table S2). Fre-
quencies for these alleles are shown in Table 1.

With this larger population, we were able to
examine the mode of inheritance of renal disease
caused by G1 and G2 with greater precision. We
partitioned cases and controls by genotype. One
risk allele was associated with only a small
increase in renal disease risk (OR = 1.26, CI 1.01
to 1.56). Two risk alleles versus zero risk alleles
yielded an OR of 7.3 (CI 5.6 to 9.5). Two risk
alleles compared to one risk allele showed an OR
of 5.8 (CI 4.5 to 7.5). Overall, a recessive model
best explains these findings and is in agreement
with our analysis of the FSGS cohort.

We compared the frequency of G1 and G2 in
several HapMap populations by using 1000 Ge-
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T. b. brucei, T. b. rhodesiense, and T. b. gambiense.
All 75 plasma samples efficiently lysed T. b. brucei,
but none of them lysed T. b. gambiense. Of the 75
samples, 46 lysed SRA-positive T. b. rhodesiense
clones, which are typically resistant to lysis by hu-
man serum, and all 46 originated from individuals
harboring at least one G1 or G2 allele (table S5).
As measured by titration using serial dilution, the
lytic potency of these plasmas against SRA-positive
T. b. rhodesiense was higher for G2 than for G1,
whereas it was similar for both genotypes against
SRA-negative parasites (Fig. 3A). Although lysis
of T. b. rhodesiense by G2 could be explained by
the inability of SRA to bind to this mutant, this
conclusion did not hold for G1 ApoL1 variants,
which SRA could still efficiently bind (Fig. 3B).

We confirmed these results with recombinant
ApoL1 proteins. The S342G/I384M (G1) and
delN388/Y389 (G2) (16) variants lysed both

SRA-negative and SRA-positiveT. b. rhodesiense
parasites (Fig. 3C) but not T. b. gambiense.
Although G2 was more potent than G1 against
SRA-positive T. b. rhodesiense, the reverse was
true on SRA-negative parasites. Recombinant
ApoL1 variants with either S342G alone or I384M
alone were less lytic against T. b. rhodesiense
than when present together, whereas recombinant
ApoL1 engineered to have both G1 and G2 mu-
tations was not more active than mutants with G2
alone (Fig. 3C). As shown in Fig. 3, D and E, all
measured features of the T. b. rhodesiense lytic
process (kinetics, transient inhibition by chloro-
quine, typical swelling of the lysosome) were
similar to those observed on T. b. brucei with
either normal human serum or recombinant
ApoL1 (19). Therefore, deletion of N388/Y389
was necessary and sufficient to prevent interac-
tion with SRA and to confer on ApoL1 the ability

to lyse T. b. rhodesiense in vitro, whereas the
combination of S342G and I384M was required
for maximal ability to lyse T. b. rhodesiense
despite remaining bound by SRA. None of the
variant forms of ApoL1 lysed T. b. gambiense.

In summary, we have shown that sequence
variation in APOL1 contributes to the increased
risk of renal disease in African Americans. Two
lines of evidence support this conclusion: (i) the
nonsynonymous variants coded by G1 and the
coding region deletion G2 in APOL1 are the se-
quence variants showing the strongest association
with FSGS and H-ESKD, and (ii) association of
renal disease with theMYH9 sequence variants dis-
appears after controlling for the APOL1 risk var-
iants. An important question to be addressed in
future studies is how sequence variation in ApoL1
mechanistically contributes to the pathogenesis of
kidney disease. The recessive model that best fits

Fig. 3. G1 and G2 alleles of ApoL1 kill T. b. rhodesiense. Trypanolytic
potential of ApoL1 variants on normal human serum–resistant (SRA+) and
normal human serum–sensitive (SRA–) T. b. rhodesiense ETat 1.2 clones.
ETat 1.2R is resistant to normal human serum, and ETat 1.2S is sensitive to
normal human serum. (A) Titration of trypanolytic activity in human plasma
samples after overnight incubation, expressed as % survival compared with
fetal calf serum (FCS) control. hom and het, homozygous and heterozygous
mutations, respectively. (B) ApoL1 content of various plasma samples before
and after affinity chromatography through SRA column (NHS, normal human

serum; WT, wild-type ApoL1; S, Ser342; G, Gly342; I, Ile384; M, Met384; i,
insertion of N388/Y389; d, deletion of N388/Y389). (C) Trypanolytic activity
of various recombinant ApoL1 variants after overnight incubation, expressed
as % survival compared with fetal calf serum (FCS) control. (D) Kinetics of
trypanolysis by 20 mg/ml recombinant ApoL1 variants in the presence or
absence of 25 mM chloroquine (clq). Error bars indicate SD (n = 3). (E)
Phenotype of ETat1.2R trypanosomes incubated with various recombinant
ApoL1 (20 mg/ml; 1-hour and 30-min and 6-hours incubation, for G1 and G2
respectively; the arrows point to the swelling lysosome).
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  Demographics	
  of	
  the	
  research	
  parTcipants	
  
Characteris+cs Control Hypertension DM DKD

n 23 23 20 21
Age	
  (years)	
  Mean	
  ±	
  SD	
   60.1±	
  10.4 61.9	
  ±	
  10.7 65.3±12.1 65.8±	
  12.3

Ethnicity 	
   	
   	
   	
  
	
  	
  	
  	
  	
  Asian,	
  Pacific	
  Islander 1 1 1 0
	
  	
  	
  	
  	
  White,	
  non-­‐Hispanic 5 6 2 5
	
  	
  	
  	
  	
  Black,	
  non-­‐Hispanic 9 9 6 7

	
  	
  	
  	
  	
  Hispanic 1 1 2 3
	
  	
  	
  	
  	
  Other&Unknown 7 6 9 6

BMI	
  (kg/m2)	
  Mean	
  ±	
  SD	
   28.3	
  ±	
  6.49 33.5	
  ±	
  14.8 28.9±5.53. 32.5	
  ±	
  7.76
Diabetes 0 0 20 21

Hypertension 0 23 17 19
Proteinuria	
  (dips+ck) 0.09	
  ±	
  0.29 0.5	
  ±	
  0.8 0.74	
  ±	
  1.19 3.0	
  ±	
  1.7

Serum	
  BUN	
  (mg/dL)	
  Mean	
  ±	
  SD	
   15.30	
  ±	
  5.38 15.56	
  ±	
  7.23 17.25	
  ±	
  4.66 35.20	
  ±	
  15.82
	
  Serum	
  crea+nine	
  (mg/dL)	
  Mean	
  ±	
  SD	
  	
  	
   0.90	
  ±	
  0.17 1.03	
  ±	
  0.18 0.98	
  ±	
  0.19 3.18	
  ±	
  3.22

eGFR	
  (ml/min/1.73	
  m2)	
  	
  Mean	
  ±	
  SD	
  	
  	
   83.54	
  ±	
  18.37 76.62	
  ±	
  14.94 74.47	
  ±	
  10.26 30.32	
  ±	
  17.21
Histology 	
   	
   	
   	
  

Tubular	
  atrophy	
  (%) 4.0	
  ±	
  4.76 6.09	
  ±	
  5.83 4.5	
  ±	
  4.02 31.8	
  ±	
  22.2
Inters++al	
  fibrosis	
  (%) 2.75	
  ±	
  4.44 4.05	
  ±	
  4.36 5.5	
  ±	
  4.18 29.6	
  ±	
  19.2
Glomerulosclerosis	
  (%) 4.68	
  ±	
  8.28 3.57	
  ±	
  3.26 7.13	
  ±	
  7.52 31.11	
  ±	
  32.25

	
  Mesangial	
  matrix	
  Expansion 0.05	
  ±	
  0.22 0.15	
  ±	
  0.32 0.32	
  ±	
  0.40 1.38	
  ±	
  1.18
Arteriosclerosis	
  In+ma 0.9	
  ±	
  0.8 1.5	
  ±	
  0.9 1.0	
  ±	
  0.7 2.0	
  ±	
  0.8
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Differentially methylated regions affect kidney specific 
transcription factor binding

SIX2 binding site 

TTTAAATTTTGGTAGAGACGGGGTTTCGCCATGTTCCCCAGGCT 

Enhancer PromoterInsulator Transcribed 
Kidney specific epigenome!
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Name P"VALUE

PITX2 4.40E206

FOXP1 1.66E205

IKAROS/IKZF 5.20E205

ESR1/ER2alpha 7.13E205

SIX2/SIX3 8.60E205

SIX2 5.66E204

EGR22 6.37E204

ZFX 8.96E204

GFI1 9.13E204

GLI3 1.13E203

CREB 1.29E203

FPM315/ZNF263 1.57E203

GKLF2isoform1/KLF4 1.57E203

LUN 1.72E203

SREBP21b 2.10E203

TCFAP2E 2.66E203

ZBTB3 2.97E203

NKX6A 3.02E203
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Conclusion




CONCLUSION 2. 
 

Small but highly consistent cytosine methylation changes in CKD 
tubule samples 
 
Methylation changes are enriched on kidney specific  enhancer 
regions 
 
Fibrosis and developmental genes are more affected by 
methylation changes 
 
Kidney disease might have a “developmental” origin 
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