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The incidence of chronic kidney disease (CKD) varies by ancestry, with African Americans (AA) having a
threefold to fourfold higher rate than whites. Notably, two APOL1 alleles, termed G1 [c.(1072A>G;
1200T>G)] and G2 (c.1212_1217del6), are strongly associated with higher rates of nondiabetic CKD
and an increased risk for hypertensive end-stage renal disease. This has prompted the opportunity to
implement APOL1 testing to identify at-risk patients and modify other risk factors to reduce the pro-
gression of CKD to end-stage renal disease. We developed an APOLI genotyping assay using multiplex
allele-specific primer extension, and validated using 58 positive and negative controls. Genotyping
results were completely concordant with Sanger sequencing, and both triplicate interrun and intrarun
genotyping results were completely concordant. Multiethnic APOL1 allele frequencies were also
determined by genotyping 7059 AA, Hispanic, and Asian individuals from the New York City
metropolitan area. The AA, Hispanic, and Asian APOL1 G1 and G2 allele frequencies were 0.22 and 0.13,
0.037 and 0.025, and 0.013 and 0.004, respectively. Notably, approximately 14% of the AA population
carried two risk alleles and are at increased risk for CKD, compared with <1% of the Hispanic and Asian
populations. This novel APOLI genotyping assay is robust and highly accurate, and represents one of
the first personalized medicine clinical genetic tests for disease risk prediction. (J Mol Diagn 2016, 18:

260—266; http://dx.doi.org/10.1016/j.jmoldx.2015.11.003)

Chronic kidney disease (CKD) is a progressive loss of renal
function that can be defined by laboratory findings, such as
pathological abnormalities, composition of blood or urine,
and decreased glomerular filtration rates.' CKD is classified

into five different stages according to the presence or
absence of kidney damage and the level of kidney function,
and its symptoms include hypertension, anemia, hyper-
kalemia, metabolic acidosis, and bone disease.” End-stage
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renal disease (ESRD) presents with anorexia, lethargy,
nausea and vomiting, uremic pericarditis, seizures, muscle
cramps, and coma. It has been reported that African
Americans (AA) develop ESRD at rates four to five times
higher than European Americans,”" which is likely because
of both environmental and genetic factors.” Mapping by
admixture linkage disequilibrium studies revealed that
variant alleles in the apolipoprotein L1 (APOLI) gene on
chromosome 22 were strongly associated with an increased
risk of renal disease among AAs.’ Importantly, these
APOLI variants in the homozygous or compound hetero-
zygous state increased the risk of hypertension-attributed
ESRD and focal and segmental glomerulosclerosis by
10- to 17-fold and increased the risk of HIV-associated
nephropathy by 29-fold.® ®

The two APOLI risk alleles are termed G1, which is a
haplotype with two missense variants in near-complete linkage
disequilibrium [c.(1072A>G; 1200T>G); p.(S342G; 1384M);
1s73885319 and rs60910145], and G2, which is an in-frame
two amino acid deletion (c.1212_1217del6; p.Asn388_
Tyr389del; rs71785313).("9 Carriers of two G1 or G2 alleles
are at significantly increased risks for developing CKD and
ESRD compared with both heterozygous G1 or G2 carriers
and noncarriers.”'’ The overall incidence rate of CKD has
been reported to be approximately 12 events/1000 person-
years and approximately 8 events/1000 person-years for
AA individuals at high and low APOLI genetic risk,
respectively.'’ Absolute risks for progression to ESRD
among AA individuals with CKD have been reported to be
58% and 37% for those at high and low APOL] genetic risk,
respectively.!' Taken together, these data provide a
compelling rationale for individuals of African ancestry to
determine their genetic risk for renal disease by APOLI
testing and subsequently promote better prevention
and management for those identified to be at increased
genetic risk.

Given the paucity of commercially available clinical
APOLI genotyping assays, we developed and validated a
novel and cost-effective method to test APOLI G1 and G2
using a multiplex allele-specific primer extension (ASPE)
Luminex bead-based genotyping assay. In addition, 7059
DNA samples from adult AA, Hispanic, and Asian in-
dividuals were tested to determine the prevalence of the
APOLI GI and G2 risk alleles in the multiethnic New York
City metropolitan area.

Materials and Methods
Study Subjects

All self-reported AA DNA samples were obtained from the
BioMe biobank of the Institute for Personalized Medicine at
the Icahn School of Medicine at Mount Sinai (New York,
NY) with Institutional Review Board approval.'” All self-
reported Hispanic and Asian DNA samples were obtained
from anonymous blood donors from the New York Blood
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Figure 1  PCR and multiplex allele-specific primer extension (ASPE)
primer locations for APOLI1 genotyping and Sanger sequencing. The
NG_023228 genomic sequence of the APOLI gene (http://www.ncbi.nlm.
nih.gov/nuccore; accession number NG_023228.1) was used to design all
PCR and ASPE primers for APOL1 genotyping and Sanger sequencing. The
APOL1 genotyping and Sanger sequencing primer pairs used for amplifi-
cation were PCR-F1/R1 and PCR-F2/R2, respectively. The six ASPE primers
used to detect the WT, G1, or G2 alleles are illustrated with directional
arrows and labeled as c.1072WT, c.1072A>G, c.1200WT, c.1200T>G,
€.1212_1217WT, and c.1212_1217del6. Primer sequences are listed in
Materials and Methods and Table 1.

Center with Institutional Review Board approval, as previ-
ously described.'”'" All personal identifiers were removed
before use, and isolated DNA samples were tested anony-
mously. Genomic DNA from the Institute for Personalized
Medicine BioMe biobank and the New York Blood Center
samples was isolated using the FlexiGene DNA kit and
Puregene DNA Purification kit (Qiagen, Valencia, CA),
respectively, according to the manufacturer’s instructions.

APOL1 Genotyping

PCR was performed in 25 pL containing approximately 50 to
100 ng of DNA, 1.5x PCR buffer (Invitrogen, Carlsbad, CA),
5.0 mmol/L MgCl,, 0.2 mmol/L. of each dNTP, 1.0 umol/L.
of forward and reverse primers, and 1.0 U of Platinum Taq
DNA Polymerase (Invitrogen). Primers were designed
using the human hg19 reference genome and from GenBank
(http://www.ncbi.nlm.nih.gov/genbank; —accession number
NM_145343.2), with forward primer, 5'-GAGCCAGAG-
CCAATCTTCAGTCAGT-3' (chromosome 22:36661745-
36661769), and reverse primer, 5'-GCCAGGCATA-
TCTCTCCTGGTGGCT-3’ (chromosome 22:36662094-
36662118) (Figure 1). The amplification consisted of an
initial denaturation step at 94°C for 5 minutes, followed by
30 amplification cycles (94°C for 30 seconds, 66°C for 30
seconds, and 72°C for 1 minute), and a final incubation at
72°C for 5 minutes. After amplification, unincorporated
nucleotides and PCR primers were degraded by treatment
with 2.5 U of shrimp alkaline phosphatase and 8.0 U of
exonuclease I (both from Affymetrix Inc., Santa Clara, CA)
at 37°C for 30 minutes, followed by enzyme inactivation at
99°C for 15 minutes.

Digested samples were subjected to multiplex ASPE with
primers that were coupled with tags corresponding to
complementary MicroPlex-xTAG antitags (Luminex, Aus-
tin, TX). The reaction was performed in 20 pL containing 5
pL of treated PCR product, 1.5x Takara PCR buffer,
5 pmol/LL each of deoxy-ATP, dTTP, and deoxy-GTP, 5
pmol/L of biotin-14-dCTP (Invitrogen), 25 pmol/L each of
tagged ASPE primers (Table | and Figure 1), and 1.25 U of
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Table 1

Multiplex ASPE Primer Sequences and Their Corresponding Tags for Bead Identification

Target name

Tag sequence

ASPE primer sequence

Chromosome 22 position
of the ASPE primers
(hg19)

c.1072A WT
c.1072A>G
c.1200T WT
€.1200T>G
€.1212_1217 WT
c.1212_1217del6

5/'-ATCTCAATTACAATAACACACAAA-3’
5'-TTAACAACTTATACAAACACAAAC-3'
5'-CTAAATCACATACTTAACAACAAA-3’
5'-ATACTTTACAAACAAATAACACAC-3’
5'-CAATTTACATTTCACTTTCTTATC-3’
5'-AACTTTCTCTCTCTATTCTTATTT-3’

5'-CATCCAGCACAAGAAAGAAGCT-3’
5'-CATCCAGCACAAGAAAGAAGCC-3’
5'-GAGCTGGAGGAGAAGCTAAACATT -3’
5'-GAGCTGGAGGAGAAGCTAAACATG-3’
5'-CCTGCAGAATCTTATAA-3'
5'-CCTGCAGAATCTTATTG-3’

36661906-36661927
36661906-36661927
36662011-36662034
36662011-36662034
36662046-36662062
36662046-36662062

ASPE, allele-specific primer extension; WT, wild type.

Takara Taq HS polymerase (Takara Bio Inc., Otsu, Japan).
The amplification consisted of an initial denaturation step at
96°C for 2 minutes, followed by 40 extension cycles (94°C
for 30 seconds, 54°C for 30 seconds, and 74°C for 30
seconds).

ASPE products were hybridized to a population mix of
MicroPlex-xTAG microsphere beads (Luminex) that were
coupled with specific antitags (Table 1). The antitag for each
bead population was complementary to the tag sequence
attached to each ASPE primer. The hybridization reaction
consisted of 5 pL of ASPE product and 45 pL of bead mix
and was performed at 96°C for 2 minutes, followed by 37°C
for 60 minutes. Hybridized samples were then washed twice
with 150 pL of wash buffer [0.2 mol/LL NaCl, 0.1 mol/L
Tris, pH 8.0, and 0.08% (v/v) Triton X-100]. For detection,
100 pL of reporter solution [1 mg/L streptavidin-R-
phycoerythrin (Molecular Probes Inc., Carlsbad, CA) in
wash buffer] was added to each sample well and incubated
at room temperature for 15 minutes in the dark. The samples
were transferred to a Costar plate (Fisher Scientific,
Pittsburgh, PA) and analyzed at ambient temperature on a
Luminex 100 xMAP instrument that was set to read a
minimum of 100 events per bead population. Dual
lasers simultaneously identified color-coded beads and flu-
orescently labeled extension products to generate a signal
for each variant.

Each Luminex run included at least one positive and
negative control as well as a nontemplate control consisting
of water. Positive and negative controls were confirmed by

Table 2

Sanger sequencing before use, with positive controls con-
sisting of samples that were heterozygous, compound het-
erozygous, or homozygous for the G1 and/or G2 alleles, and
negative controls consisting of samples that were wild-type
for both the G1 and G2 alleles.

Genotyping Data Analysis

The output comma delimited data file generated by the
Luminex system was analyzed using an Excel 2010
spreadsheet (Microsoft Corp., Redmond, WA). Using this
program, all median fluorescence intensity (MFI) values for
each allele of each mutation were evaluated, as well as the
MFI values of a PCR-negative control sample. The
maximum MFI allowed for the PCR-negative control was
300 U. If any signal on any bead exceeded 300 U for the
PCR-negative control, all samples failed for the corre-
sponding variant. Otherwise, net MFI values were calcu-
lated by subtracting the PCR-negative control MFI values
from the respective MFI values of the sample being
analyzed; net MFI values calculated to be negative were set
to zero. As an acceptance criterion, the MFI value for at
least one allele was required to be at least 300 MFI units for
each variant. If this value was not met, the sample failed the
variant in question and was assigned a no call. If a sample
passed, the genotype for each variant was determined on the
basis of allelic ratios, which equaled the net MFI for an
allele divided by the sum of the net MFI for all alleles tested
for that variant [eg, mutant/(wild-type plus mutant)]. Allelic

Comparison of APOL1 Genotyping Results with Sanger Sequencing

APOL1 genotyping

No. confirmed by

c.1072A>G €.1200T>G c.1212_1217del6 Diplotype No. of samples Sanger sequencing
A/A /7 TTATAA/TTATAA WT/WT 10 10
A/G 1/6G TTATAA/TTATAA G1%M/wT 6 6
G/G G/G TTATAA/TTATAA G1°M/G1°M 6 6
G/G 1/6G TTATAA/TTATAA G1°M/G1© 9 9
A/A /7 TTATAA/del G2/WT 6 6
A/A /7 del/del G2/G2 8 8
A/G 1/6G TTATAA/del G1°M/G2 13 13
Total 58 58

G1%™, APOL1 c.(1072A>G; 1200T>G); G15, APOLT c.1072A>G; G2, APOLI c.1212_1217del6; WT, wild type.
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Table 3

Multiethnic APOL1 Allele Frequencies

African American (n = 10,906)

Hispanic (n = 2292)

Asian (n = 920)

APOL1 genotype Frequency 95% (I Frequency 95% (I Frequency 95% (I
c.1072A>G
A 0.784 0.777—0.792 0.963 0.956—0.971 0.987 0.980—0.994
G 0.216 0.208—0.223 0.037 0.029—0.044 0.013 0.006—0.020
€.1200T>G
T 0.789 0.781—0.796 0.964 0.956—0.971 0.987 0.980—0.994
G 0.211 0.204—0.219 0.036 0.029—0.044 0.013 0.006—0.020
€.1212_1217del6
TTATAA 0.870 0.863—0.876 0.975 0.968—0.981 0.996 0.991—-1.00
del 0.130 0.124—0.137 0.025 0.019—0.032 0.004 0.000—0.009

ratios were set as follows: If the mutant allelic ratio was
>(0.85, the allele was called as mutant; if the mutant allelic
ratio was 0.30 to 0.70, the call was heterozygous for the two
alleles; if the mutant allelic ratio was <0.15, the call was
wild-type; in all other cases, the call was no call and the
sample was repeated and/or DNA reextracted.

Sanger Sequencing

The PCR conditions were the same as described above for
the Luminex genotyping assay; however, APOLI amplicons
for Sanger sequencing were generated using independent
M13 tagged forward (5-CGACCTGGTCATCAAAAGC-
CTTGAC-3') and reverse (5-GGAGGCAGAGCTTG-
CAGTGAGCTG-3') primers (Figure 1). PCR products were
separated by agarose gel electrophoresis to ensure proper
amplification, indicated by a single strong band at the
expected amplicon size, and subsequently prepared for
sequencing using Bigdye and ran on a 3730xl DNA
Analyzer (SeqGen, Torrance, CA). Sequencing chromato-
grams had unique, nonoverlapping peaks for homozygous
samples, overlapping peaks at the mutant position for
heterozygous missense or nonsense mutations, and over-
lapping peaks at all positions after the change for deletions
occurring in one strand. Sequencing results were required to

Table 4 Multiethnic APOLI Genotype Frequencies

show the variation in both the forward and reverse di-
rections to be considered validated.

Results
APOL1 Genotyping Test Validation

To assess the analytical sensitivity and specificity of the
APOLI genotyping assay, we tested 48 positive and 10
negative control samples. The positive control DNAs were
heterozygous or homozygous for the G1 and/or G2 alleles,
and negative controls were wild-type at both loci (Table 2).
G1°M has two missense alleles in cis (c.1072A>G and
¢.1200T>G), whereas G1€ is defined by only one risk allele
(c.1072A>G), and G2 is defined by the c.1212_1217del6
allele. Sanger sequencing was used to confirm all of the
genotypes called by Luminex genotyping. The amplicons
for Sanger sequencing were generated by primers that were
independent of the genotyping PCR primer sequences to
avoid rare variants that could cause allele dropout
(Figure 1).

Among these 58 samples, which included all combina-
tions of the G1 and G2 alleles, the Sanger sequencing results
were completely concordant with the APOLI genotyping
results, indicating an analytical sensitivity of >99% (95%

African American (n = 5453)

Hispanic (n = 1146)

Asian (n = 460)

APOL1 genotype Observed, % Expected, %*

Observed, %

Expected, %* Observed, % Expected, %*

c.1072A>G
A/A 62.6 (n = 3411)  61.5 92.8 (n
A/G 31.7 (n = 1732)  33.8 7.2 (n
G/G 5.7 (n = 310) 4.7 0.1 (n
€.1200T>G
T 63.2 (n = 3448)  62.2 92.8 (n
/6 313 (n = 1705)  33.3 7.1 (n
6/G 5.5 (n = 300) 5.5 0.1 (n
€.1212_1217del6
TTATAA/TTATAA 75.9 (n = 4139) 75.6 95.0 (n
TTATAA/del 22.1 (n = 1207)  22.7 4.9 (n
del/del 2.0 (n = 107) 1.7 0.1 (n

= 1063)  92.8 97.4 (n = 448)  97.4
= 82) 7.1 2.6 (n = 12) 2.6
= 1) 0.1 0.0 (n = 0) 0.0
= 1064)  92.9 97.4 (n = 448)  97.4
= 81) 7.0 2.6 (n = 12) 2.6
= 1) 0.1 0.0 (n = 0) 0.0
= 1089)  95.0 99.1 (n = 456)  99.1
= 56) 4.9 0.9 (n = 4) 0.9
= 1) 0.1 0.0 (n = 0) 0.0

*Predicted Hardy-Weinberg frequencies.
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Table 5 Multiethnic APOLI G1 and G2 Diplotype Frequencies by Renal Disease Risk
APOL1 diplotype* African American, % (N = 5453) Hispanic, % (N = 1146) Asian, % (N = 460)
Normal risk
WT/WT 44.6 (n = 2430) 87.8 (n = 1006) 97.0 (n = 446)
G1/WT 25.6 (n = 1398) 7.1 (n = 81) 2.2 (n = 10)
G2/WT 16.0 (n = 874) 4.9 (n = 56) 0.4 (n = 2)
Total 86.2 (n = 4702) 99.8 (n = 1143) 99.6 (n = 458)
Increased risk
G1/61 5.7 (n = 310) 0.1 (n = 1) 0.0 (n = 0)
61/G2 6.1 (n = 334) 0.1(n=1) 0.4 (n = 2)
G2/G2 2.0 (n = 107) 0.1(n=1) 0.0 (n = 0)
Total 13.8 (n = 751) 0.3 (n = 3) 0.4 (n = 2)

*The G1 risk haplotype includes both the G1°™ and G1° allele configurations.

CI, 93%—100%) and an analytical specificity of >99%
(95% CI, 72%—100%). To determine intrarun and interrun
reproducibility, all of the 58 control samples were run on
different days, which included three interrun repeated as-
says. These results had complete genotype concordance
between each replicate.

Multiethnic APOL1 G1 and G2 Population Screening

The multiethnic APOLI G1 (c.1072A>G, ¢.1200T>G) and
G2 (c.1212_1217del6) allele and genotype frequency data
are summarized in Tables 3 and 4, respectively. Genotyping
5453 AA individuals detected c.1072A>G, ¢.1200T>G,
and c.1212_1217del6 allele frequencies of 0.22, 0.21, and
0.13, respectively. Importantly, 13.8% of all AA individuals
carried two APOLI G1 and/or G2 risk alleles, and are at
increased risk for developing CKD and ESRD (Table 5).
Genotyping 1146 Hispanic and 460 Asian individuals
detected c.1072A>G, ¢.1200T>G, and c.1212_1217del6
allele frequencies of 0.037, 0.036, and 0.025, and 0.013,
0.013, and 0.004, respectively. These lower allele fre-
quencies translated into only 0.3% of Hispanic and 0.4% of
Asian individuals carrying two APOLI risk alleles and
being at increased risk for developing CKD and ESRD
(Table 5).

In total, 7059 DNA samples were used for the multiethnic
APOL]I allele and genotype frequency screen; however, 11
additional samples were originally included (nine AA and
two Hispanic) that resulted in a no call in one or more of the
three tested variants (c.1072A>G, ¢.1200T>G, and/or
¢.1212_1217del6). These failures were determined to be
because of poor DNA quality, and their data were excluded
from the frequency calculations. However, the resulting
APOLI genotyping failure rate (approximately 0.16%) in-
dicates that the reported assay is robust.

Discussion

To facilitate the implementation of clinical APOLI geno-
typing to predict patient risk for developing CKD and

264

ESRD, we developed and validated a novel and robust
method to simultaneously interrogate the APOLI G1
(c.1072A>G, ¢.1200T>G) and G2 (c.1212_1217del6) risk
alleles using a multiplex bead-based genotyping assay on
the Luminex platform. Our group has previously used this
technology to develop multiplexed Ashkenazi Jewish carrier
screening panels,’” and novel genotyping assays with this
open platform have also been reported for hereditary
hemochromatosis,'® HLA typing,'” human papillomavirus
detection,'® and other applications.'” To the best of our
knowledge, this APOLI G1/G2 genotyping assay represents
the first disease risk prediction genetic test validated for
clinical use with this technology.

Clinical genetic testing has historically been centered on
germ-line mutation detection for Mendelian diseases.
However, candidate gene and genome-wide association
studies have identified polymorphic DNA sequence vari-
ants that significantly contribute to common disease
susceptibility, complex traits, and drug response pheno-
types.”’ In addition to advancing our scientific under-
standing of disease mechanisms and providing starting
points for the development of medical treatments, the
identification of susceptibility variants with significant
disease associations also allows for the estimation of
personal disease risks. As such, the personalized medicine
paradigm now includes the use of individual genetic data
in conjunction with other clinical, family, and de-
mographic variables to inform decisions on disease
prevention, diagnosis, treatment, and prognosis.”' Despite
the ongoing debate regarding the clinical validity and
utility of common disease risk genetic testing,”” public
awareness of genetics and genome-guided medicine has
undoubtedly increased during the past 5 years, which is
likely, in part, because of the recent availability of direct-
to-consumer genetic testing.

After decades of investigation on the epidemiology and
genetics of common kidney diseases,” the association
between APOLI and ESRD among nondiabetic kidney
disease patients of African ancestry was elucidated by two
independent groups in 2010.°% Although most common
disease susceptibility variants identified by genome-wide
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association studies have low odds ratios (ORs) typically
<1.5,*" the APOLI association OR is one of the highest
reported for a common disease and ranges from 7 to 29 for
the various etiologies of nondiabetic ESRD.> This associ-
ation is also notable because it is driven by relatively high-
frequency variant alleles, which is most likely the result of
powerful evolutionary selection pressure.”” Specifically, the
higher frequency of APOLI risk alleles observed in the AA
population has been explained by the fact that APOLI risk
allele carriers are resistant to parasitic trypanosomal infec-
tion, giving them a selective heterozygote advantage over
noncarriers in endemic regions of Africa.”® Similar to sickle
cell disease, this advantage has allowed the APOLI risk
alleles to persist in the African population through positive
selection for this gene region.”

According to the US Renal Data System, Medicare costs
between 2008 and 2012 increased higher for patients with
CKD than the total Medicare costs (53.6% versus 11.5%),
and represented 19.6% of all Medicare parts A and B
spending.”’ Potential cost savings could be achieved
through the prevention of disease progression to ESRD, and
development of concurrent chronic conditions, such as
diabetes and congestive heart failure. As such, a fast and
reliable clinical APOLI genotyping method has the potential
to identify individuals at increased genetic risk for ESRD,
allowing them to be monitored early, and potentially reduce
their chances of disease progression. Our novel, high-
throughput APOLI genotyping method had an analytical
sensitivity and specificity of >99% and was further evalu-
ated by a large multiethnic population screen across the AA,
Hispanic, and Asian populations of the New York City
metropolitan area. Whites were not included in this screen
because these risk alleles are rare in this population,® with
c.1072A>G and ¢.1200T>G allele frequencies of
0.0001051 and 7.65 x 1072, respectively, in the Exome
Aggregation Consortium European (non-Finnish) popula-
tion (http://exac.broadinstitute.org; last accessed November
5, 2015). The G2 allele (c.1212_1217del6) is not currently
reported in the Exome Aggregation Consortium database,
likely because of the difficulties with detecting insertion/
deletion variants by commonly used next-generation
sequencing platforms.

As noted, approximately 14% of the AA population
carried two APOL] variant alleles and are at increased risk
of developing CKD and ESRD, suggesting that targeted
mutation testing with this validated assay could be effec-
tively implemented for disease risk predication in this
population. Despite the difficulties and challenges with
disease risk prediction genetic testing,”>** " the reported
APOLI genotyping assay represents one of the first
analytically validated personalized medicine genetic tests
for disease risk prediction. Although the clinical utility of
APOLI genetic testing is being evaluated by ongoing
prospective Clinical Trials (http.//www.clinicaltrials.gov;
identifier NCT02234063), implementing APOLI genetic
testing for individuals of African descent has the potential to

The Journal of Molecular Diagnostics m jmd.amjpathol.org

help prevent renal disease progression and minimize the
continued increases in Medicare spending on CKD.
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