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Abstract
Chronic kidney disease (CKD) is a major public health 
problem worldwide with the estimated incidence growing 
by approximately 6% annually. There are striking ethnic 
differences in the prevalence of CKD such that, in the 
United States, African Americans have the highest 
prevalence of CKD, four times the incidence of end stage 
renal disease when compared to Americans of European 
ancestry suggestive of genetic predisposition. Diabetes 
mellitus, hypertension and human immunodeficiency virus 
(HIV) infection are the major causes of CKD. HIV-associated 
nephropathy (HIVAN) is an irreversible form of CKD 
with considerable morbidity and mortality and is present 
predominantly in people of African ancestry. The APOL1 
G1 and G2 alleles were more strongly associated with 
the risk for CKD than the previously examined MYH9 E1 
risk haplotype in individuals of African ancestry. A strong 
association was reported in HIVAN, suggesting that 
50% of African Americans with two APOL1 risk alleles, 
if untreated, would develop HIVAN. However these two 
variants are not enough to cause disease. The prevailing 
belief is that modifying factors or second hits (including 
genetic hits) underlie the pathogenesis of kidney disease. 
This work reviews the history of genetic susceptibility of 
CKD and outlines current theories regarding the role for 
APOL1 in CKD in the HIV era. 
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Core tip: There are striking ethnic differences in the 
prevalence of chronic kidney disease, including human 
immunodeficiency virus (HIV)-associated nephropathy 
(HIVAN), in people of African ancestry suggestive of 
genetic predisposition. The APOL1 G1 and G2 alleles 
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are more strongly associated with the risk for HIVAN 
than the previously reported MYH9 E1 risk haplotype in 
individuals of African ancestry. The high prevalence of 
HIVAN among individuals of African ancestry could be a 
result of high frequencies of APOL1 risk variants as well as 
the prevalence of HIV-1 subtypes and modifying factors or 
second hits underlying the pathogenesis of kidney disease. 
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INTRODUCTION
Chronic kidney disease (CKD) is a major public health 
problem worldwide[1]. Mortality due to CKD nearly 
doubled worldwide between 1990 and 2010, and 
is now positioned at 18th as a cause of death in the 
Global Burden of Disease Study[2] and at 5th position in 
South Africa[3]. An estimated 3.2 million people were 
on renal replacement therapy by the end of 2013, 
approximately 2522000 people undergoing dialysis 
treatment (haemodialysis or peritoneal dialysis) and 
678000 people living with renal transplants[4] and 
it is also estimated that CKD incidence grows by 
approximately 6% annually[4]. There are striking ethnic 
differences in the prevalence of CKD such that, in the 
United States, African Americans have the highest 
prevalence of CKD[5]. Diabetes and hypertension, 
which have been considered the two leading causes 
of CKD, together with differences in clinical, social-
demographic or lifestyle factors, are insufficient 
to account satisfactorily for the excess risk of end 
stage renal disease (ESRD) in African Americans[6,7]. 
Africa, the second largest and the world’s second most 
populous continent, is approximately 30.2 million 
square km2 and composed of 54 countries[8] and more 
than 1.1 billion people as of 2013, accounting for 15% 
of the world’s population[9]. It has been postulated 
that, by 2030, approximately 70% of the patients 
with ESRD will be living in low income countries such 
as those in sub-Saharan Africa where majority of 
people live on less than one dollar-a-day[10,11]. The 
increased burden of CKD in Africa could be as a result 
of various communicable diseases such as leishmaniasis, 
schistosomiasis, infectious glomerulonephritis and 
importantly, human immunodeficiency virus (HIV) 
infection superimposed on non-communicable diseases 
such as hypertension and diabetes mellitus. These 
factors have resulted in the increase in CKD; several 
studies have shown that there is a four-fold increase 
in CKD in HIV uninfected individuals, compared to 
18-50 fold increase in CKD in HIV positive individuals 
of African descent[12,13]. 

HIV AND CHRONIC KIDNEY DISEASE
Acquired immune deficiency syndrome (AIDS)-associated 
nephropathy was originally reported in AIDS patients in 
the United States in 1984. Subsequently, asymptomatic 
HIV-infected individuals showed similar clinical and 
histological features, and the name was later changed 
to HIV-associated nephropathy (HIVAN)[14]. HIVAN is an 
irreversible form of CKD which is a pathologically distinct 
complication of HIV infection with considerable morbidity 
and mortality[15,16]. The odds of developing HIVAN have 
increased in recent years to fifty according to the United 
States Renal Data System[17]. There is a huge regional 
variation in the prevalence of HIV infection; globally, 
an estimated 35.3 million people were living with HIV 
as at 2012; in North Africa, approximately 260000 
people are living with HIV; while in sub-Saharan Africa, 
which comprises two thirds of all people living with 
HIV, an estimated 25 million people are living with 
HIV[18]. CKD occurs in approximately 6.0%-48.5% 
of HIV positive patients in Africa[19]. About 24%-83% 
of these cases are classic HIVAN in South Africa[20-22]. 
HIVAN is a clinicopathological condition characterized 
by the presence of focal glomerulosclerosis with 
collapsing glomerulopathy and glomerular epithelial cell 
proliferation, together with microcystic tubular dilatation 
and interstitial inflammation[23]. Risk factors for HIVAN 
are older age, lower CD4 counts, high viral load, co-
morbidity (such as diabetes mellitus, hypertension 
and hepatitis C co-infection)[24]. HIVAN is present 
predominantly in people of African ancestry, indicating 
a possible genetic predisposition[25,26]. Renal histology 
in HIV infected patients in South Africa is shown in 
Table 1. A 30-year review of 1848 renal biopsies by 
Vermeulen at Chris Hani Baragwanath Hospital in 
Johannesburg, South Africa found that focal segmental 
glomerulosclerosis (FSGS) comprised 29.6% of primary 
glomerulonephritis (GN), 24.4% of membranous GN, 
23.8% of membranoproliferative GN, 10.3% of minimal 
change disease, 4.1% of mesangial proliferative GN and 
2.7% of IgA nephritis; 19.7% of the biopsies were in 
HIV positive individuals (Vermeulen A, MMed, University 
of the Witwatersrand, 2014).

The mechanism by which HIV induces glomerular 
injury leading to the pathologic syndrome of HIVAN 
is not well understood, hence a number of theories 
have been postulated as to how HIV causes renal 
injury. First, a direct viral infection of podocytes, renal 
parenchymal cells, especially the visceral epithelial 
cells of the glomerulus, and the tubular epithelial cells 
and as a result, this elicits cytopathic effects including 
proliferation and apoptosis[27]. Secondly, HIV infects the 
lymphocytes and macrophages that enter the kidney, 
resulting in the release of inflammatory lymphokines 
or cytokines which promote injury and fibrosis[27]. In 
addition, there are studies that have demonstrated 
that CCR5 and CXCR4, the two main HIV co-receptors, 
that mediate entry of HIV strains into susceptible 
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cells, are not expressed by intrinsic renal cells, but are 
expressed in circulating and infiltrating leukocytes at 
sites of tubulo-interstitial inflammation[28].

GENETIC PREDISPOSITION TO CHRONIC 
KIDNEY DISEASE IN PATIENTS OF 
AFRICAN ANCESTRY
Genetic variation plays an important role in susceptibility 
to common forms of disease such as diabetes, hyper
tension and kidney disease, with marked differences 
in the prevalence and sometimes the presentation, 
according to ethnicity and ancestry. African Americans 
have four times the incidence of ESRD when compared 
to Americans of European ancestry, supporting a causal 
role for genetics in the aetiology of kidney disease[12,13,29]. 
These observations led to the use of ancestry informative 
population variation data to help explain this disparity. 
In 2008, two groups published papers back to back 
in Nature Genetics, heralding the discovery of genetic 
association of markers in the non-muscle myosin heavy 
chain 9 (MYH9) gene on chromosome 22 with non-
diabetic ESRD[30] and FSGS[31] in African Americans 
(Figure 1 and Table 2). Both groups used genome 
wide admixture mapping approaches in their analysis, 
showing that increased African ancestry was correlated 
with increased susceptibility.

The transatlantic slave trade in the 16th to 19th 
centuries brought in an estimated 12 million individuals 
from Africa (mainly West Africa) to enslavement in 
America[32,33] and this was the driver for the introduction 
of African genetic variation to America. As a consequence 
of this population relocation, admixture occurred with 
Native Americans (Amerindians) and Europeans leading 
to mixed genomic profiles among the group now 
referred to as African Americans. African Americans 

have, on average, about 80% African ancestry, 
although there are regional differences across the 
country[34]. Differences in allele frequencies of common 
and rare variants have occurred as a result of random 
genetic drift, selection and other forces over thousands 
of years of separation of the ancestral populations, with 
Europeans having separated roughly 40000 years ago 
from African populations[35]. Computational approaches 
take advantage of ancestry informative markers (AIMs), 
which are single nucleotide polymorphisms (SNPs) 
that show marked allele frequency differences among 
the ancestral populations to infer the global ancestry 
of individuals. Studies utilizing AIMs have shown 
that American populations with African, Hispanic and 
Caribbean origins are admixed with varying substantial 
components of African continental ancestry[36]. This 
effect of admixture helped in identifying genetic 
regions that affect one ancestral population and not 
others, which drive phenotypic associations[37] and can 
be measured using mapping by admixture linkage 
disequilibrium (MALD), which quantifies the degree of 
ancestry of each locus[37-39]. MALD studies were used 
to identify genomic regions where admixed African 
American patients with CKD had an excess of African 
genomic markers compared to unaffected individual 
controls[30,31]. These studies identified CKD susceptibility 
loci in African Americans localised to a specific genomic 
region on chromosome 22q12 that contains more than 
21 genes, and proceeded to pinpoint the association 
with non-diabetic and hypertensive CKD, to markers in 
non-muscle myosin heavy chain 9 (MYH9) gene.  

The MYH9 gene was an excellent biologically plausible 
candidate as it has a direct link to the structure of 
podocytes since it codes for a 1960 amino acid protein 
(Myosin IIA) expressed in the podocytes and widely-
distributed cellular motor protein that is essential for 
cytoskeleton rearrangement, cell motility, division, and 
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Table 1  Spectrum of renal histology in human immunodeficiency virus in South Africa

Histology Durban[21] JHB[20] Cape Town[22] JHB1 

Biopsy numbers 30 99 192 364

Classic HIVAN (%) 83 27 24.4 32.7
FSGS 3 32.8 11.3
HIV Immune Complex Disease (%) (mostly with hepatitis B or C co-infection) 21 30.2 11.8
  Mesangial proliferative 6
  Membranoproliferative (type I and III) (%) 7 2.7
  Lupus-like (%) 4.4
  IgA
  Membranous (%) 13.3 13 5.2 7.7
  Exudative-proliferative
HIV TTP/HUS (thrombotic microangiopathy) 
Various glomerulonephropathies (%) (heterogenous group with different aetiologies) 7 41 24 29.4
  Minimal change (%) 2 3.3
  Immunotactoid
  Amyloidosis

1Adapted from Vermeulen Alda, MMed Research report, University of the Witwatersrand, 2014[83]. JHB: Johannesburg; HIVAN: Human immunodeficiency 
virus-associated nephropathy; TTP: Thrombotic thrombocytopaenic purpura; HUS: Haemolytic syndrome.
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significant percentage for hypertensive nephrosclerosis 
risk[31,40,47]. However, despite major scientific efforts, 
including MYH9 re-sequencing experiments and detailed-
intense genotyping, no mutations with a clear predicted 
functional effect could be identified that would impact 
kidney function and the field began to shift toward 
exploring neighbouring genes on chromosome 22. 

Two research groups re-analyzed the chromosome 
22q12 genomic region using data from International 
HapMap and 1000 Genomes Projects[29,48]. The data 
from these studies played a vital role in the discovery of 
candidate SNPs in the neighbouring apolipoprotein L1 
(APOL1) gene, approximately 20 kb downstream from 
the 3’ end of MYH9, that were statistically powered to 
explain an increased risk of CKD in individuals of African 
ancestry[13,29]. The studies yielded 7479 SNPs, four of 
which were non-synonymous mutations in the coding 
region of the genes in high linkage disequilibrium with 
the MYH9 E1 risk haplotype. Two of these (rs73885319 
and rs60910145) were missense mutations in the 
last exon (exon 7) of the APOL1 gene, which result in 
amino acid substitutions: Ser342Gly and Ile384Met. 
These two missense mutations are referred to as the 
G1 alleles since they were in almost complete linkage 
disequilibrium (r2 = 1.0) with each other, and are both 
highly associated with CKD susceptibility. Another SNP, 
rs71785313, was also found in exon 7 of APOL1 and 
represents a six base pair deletion resulting in loss of 
two amino acids (Asn388-Tyr389del), and is referred to 
as the G2 allele. These three codon-changing variants 
in the APOL1 gene, encoding apolipoprotein L1, were 
found to be in strong association with HIVAN odds 

cell-cell adhesion[40]. As a result of these observations, 
researchers concluded that MYH9 variants that are 
associated with susceptibility to CKD likely play a 
causal role in disease pathology[41]. The high frequency 
of the MYH9 associated haplotypes in African populations 
led to speculations of selection in Africa (Figure 2)[42]. 
The ethnic specificity of the association was explored 
with different phenotypes and different populations 
(Table 2) and subsequent studies provided evidence 
for a contribution of MYH9 variants in early stages of 
CKD as well as diabetic and hypertensive-related CKD 
in both African Americans and Europeans, but not in 
Native Americans[43-45]. However, biopsy-proven forms 
of CKD were lacking in some of these studies and 
therefore, as in the case of diabetic and hypertensive 
nephropathies, researchers suggested that the 
association with MYH9 could also reflect the presence 
of non-diabetic and non-hypertensive CKD. This 
hypothesis was supported by association with MYH9 
SNPs that were strongly associated with these types of 
CKD[46]. 

The MYH9 SNPs with the strongest associations were 
categorised into three haplotype groups termed as E, 
S and F[42,46] and E1 was defined as the risk haplotype 
(rs4821480, rs2032487, rs4821481 and rs3752462), 
being highly associated with CKD in individuals of 
African descent. E1 was then further found to be highly 
distributed in Africa as compared to other regions of the 
world (Figure 2)[42]. The MYH9 E1 haplotype explained 
nearly the entire excess burden of major forms of CKD 
in African Americans with attributable risks of 100% 
and 70% for HIVAN and FSGS, respectively, and a 

Table 2  Summary of the studies of MYH9 and APOL1 variants

Year Population (ancestry) Disease Variant Freq. OR (95%CI)              Ref.

2008 African Americans Hypertensive ESRD MYH9 E1 0.67 1.9 (1.25-2.87) Kopp et al[31]

HIVAN MYH9 E1 0.67 5.3 (2.40-12.90)
FSGS MYH9 E1 0.67 4.5 (2.92, 7.19)

European Americans T2DM ESRD MYH9 E1 0.04 NS
FSGS MYH9 E1 0.04 9.7 (1.07, 463)

2008 African Americans Hypertensive ESRD MYH9 E1 0.3 2.1 (1.56, 2.74) Kao et al[30]

Non-diabetic ESRD MYH9 E1 0.3 2.2 (1.73, 2.73)
FSGS MYH9 E1 0.3 3.7 (2.11, 6.34)

2009 African Americans Hypertensive ESRD MYH9 E1 0.75 2.4 (NS) Freedman et al[47]

Non-diabetic ESRD MYH9 E1 0.76 2.5 (NS)
2009 African Americans T2DM ESRD MYH9 E1 0.67 1.4 (NS) Freedman et al[44]

2010 African Americans Non-diabetic ESRD MYH9 E1 NS 2.0 (1.37, 2.92) Behar et al[46]

Hispanic Americans Non-diabetic ESRD MYH9 E1 NS 3.7 (1.67, 8.20)
2010 American Indians Kidney dysfunction MYH9 SNPs 0.43 1.04 (0.79, 1.36) Franceschini et al[43] Strong 

Heart Family Study
2010 African Americans Non-diabetic ESRD APOL1 G1 0.46 4.86 (2.35, 10.06) Tzur et al[29]

Hispanic Americans Non-diabetic ESRD APOL1 G1 0 15.48 (4.00, 60.00)
2010 African Americans Hypertensive ESRD APOL1 G1/G2 0.41/0.21 7.3 (5.60, 9.50) Genovese et al[13]

FSGS APOL1 G1/G2 0.47/0.25 10.5 (6.0, 18.4)
2011 African Americans HIVAN APOL1 G1/G2 0.54/0.28 29.2 (13.10, 68.50) Kopp et al[12]

FSGS APOL1 G1/G2 0.55/0.25 16.9 (11.00, 26.50)
2014 South African blacks HIVAN MYH9 E1 0.83 2.10 (0.07-60.99) Kasembeli et al (Unpublished 

observations) APOL1 G1/G2 0.56/0.34 89.10 (17.68, 911.72)

NS: Not stated; SNPs: Single nucleotide polymorphisms; OR: Odds ratio; Freq: Frequencies; HIVAN: Human immunodeficiency virus-associated nephropathy; 
FSGS: Focal segmental glomerulosclerosis; T2DM: Type 2 diabetes mellitus; ESRD: End stage renal disease; APOL1: Apolipoprotein L1; MYH9: Non-muscle 
myosin heavy chain 9. 
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ratio (OR = 29), FSGS (OR = 17) and ESRD (OR = 7) 
in African Americans, for homozygotes or compound 
heterozygotes carrying two risk alleles[12,13,29]. They 
were also absent in individuals of European ancestry but 
common in African populations. The G1 and G2 alleles 
were strongly associated with the risk for CKD than 
the previously examined MYH9 E1 risk haplotype in a 
sample of individuals of African ancestry. They are in 
perfect negative linkage disequilibrium, never occurring 
on the same parental chromosome, suggesting that 
these variants arose independently and due to their 
proximity and high linkage disequilibrium, they have 
remained mutually exclusive in almost all haplotypes 
observed[12,13]. The historical timeline reflecting the 
discovery of genetic association to CKD in populations 
with African ancestry is shown in Figure 1. The link with 
increased susceptibility to kidney dysfunction in the 
presence of HIV infection[15,16] is now well established 
and the association of APOL1 risk alleles with HIVAN 
is of particular concern in sub-Saharan Africa, where 
the risk allele frequency is high (Figure 2). APOL1 
association with CKD and the postulated mechanism 
of action and the functional role of APOL1 in kidney 

disease are explored further in the next sections.

APOL1 ASSOCIATION WITH CKD IN 
INDIVIDUALS OF AFRICAN ANCESTRY
The coding variants (G1 and G2) are suggested to be 
causally related to CKD and provide an explanation for 
selection of APOL1-associated CKD risk polymorphisms 
as a protective measure against Trypanosomiasis, 
an infectious disease that was common in Africa. A 
study by Genovese et al[13], (2010), comparing 205 
African Americans with biopsy-proven FSGS with 180 
African Americans without kidney disease as controls 
was performed, using SNPs from the 1000 Genomes 
Project belonging to Yoruba as proxies to the African 
American population. These SNPs revealed evidence of 
a strong association within a 10 kb region in the exon 
7 of the APOL1 gene. The strong signal was found to 
be at non-synonymous coding variants, rs73885319 
(S342G) and rs60910145 (I384M) which were in 
perfect linkage disequilibrium (r2 = 1.0). The frequency 
of these variants was 52% in patients and 18% in 
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Figure 1  Historical timeline reflecting the discovery of genetic association to chronic kidney disease in populations with African ancestry. 1Adapted from 
Kopp et al[31] and Kao et al[30]; 2Adapted from Freedman et al[49], Genovese et al[13], Tzur et al[29]; 3Adapted from Genovese et al[84]; 4Adapted from Kasembeli et al (2014 
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Report. APOL1: Apolipoprotein L1; MYH9: Non-muscle myosin heavy chain 9; ART: Antiretroviral therapy; CKD: Chronic kidney disease.
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controls. They further controlled for the effects of these 
two variants and found a second strong APOL1 signal, 
12 base pairs from I384M. This signal is a 6-base pair 
deletion represented by rs71785313 which removes 
two amino acid residues (Asparagine-N and Tyrosine-Y). 
The frequency of this variant was 23% in patients and 
15% in controls. The odds ratio (OR) of association 
for carrying at least one risk (G1-G2) allele was 10.5 
(95%CI: 6.0-18.4). Controlling for both G1 and G2 
did not result in significant association with MYH9. 
However, controlling for MYH9 variants maintained 
significant APOL1 signal at G1 and G2. Kopp et al[12], 
(2011), in a larger FSGS and HIVAN cohort confirmed 
the association but this time, a greater association was 
observed in HIVAN (OR = 29.2, 95%CI: 13.1-68.5, P = 
6 x 10-22) compared to FSGS (OR = 16.9, 95%CI: 11.0 
to 26.5, P = 1.3 x 10-48). The authors reported that 
50% of African Americans with two APOL1 risk alleles 
would develop HIVAN if not on antiretroviral therapy. 
A study in an indigenous South African black cohort 
showed an independent high association with HIVAN 
susceptibility for these G1 and G2 variants of 89-fold, 
95%CI: 17.68-911.72, P = 1.2 x 10-14 (Kasembeli et 
al, unpublished observations). In all these studies, 
there was strong evidence for a contribution of APOL1 
variants to CKD (Figure 1 and Table 2).

The observed mode of inheritance of the APOL1 
risk variants was fully recessive in both FSGS and 
HIVAN cohorts. However, there have been instances 
where mild dominant effects (OR of 1.26 for one 
risk allele and OR of 7.3 for 2 risk alleles) have been 
observed in larger cohorts of hypertensive-associated 
CKD and geographically matched control subjects[13]. 
We therefore cannot fully exclude this mild dominant 
inheritance because this could be explained by yet 
“undiscovered variants” or by sporadic mutations 

that might occur in patients with recessive model. 
Furthermore, there could be a possibility of additional 
rare variants in APOL1, MYH9 or other neighbouring 
genes that could be involved in CKD susceptibility since 
extended linkage disequilibrium exists in this region as 
a result of selective pressure[49]. 

POSITIVE SELECTION FOR APOL1-
ASSOCIATED CKD RISK VARIANTS 
AS A RESULT OF TRYPANOSOMIASIS 
EPIDEMIC IN AFRICA
It has been shown that harbouring of APOL1 risk 
variants protects against Trypanosomiasis disease 
[Human African Trypanosomiasis (H.A.T)], otherwise 
known as sleeping sickness, that was epidemic in 
Africa many years ago and still affects millions of 
Africans today. This effect explains the high frequencies 
of these variants in the general African American and 
indigenous African population (Figure 2)[12,42]. The 
APOL1 G1 and G2 alleles show distinct distributions 
among various African and African-derived populations 
and evidence shows these mutations to be maintained 
in these populations. In Yoruba from Nigeria in West 
Africa, the frequency is greater than 45% for G1 
(Figure 2) while in African Americans the G1 frequency 
is approximately 20%. The battle between host 
and pathogen (Trypanosoma species), resulted in 
development of APOL1 mutations (G1 and G2) that 
provided positive selective advantage to carriers at the 
expense of increased risk for CKD (Figure 3).

There are three main Trypanosoma species; 
Trypanosoma brucei brucei, Trypanosoma brucei 
rhodesiense and Trypanosoma brucei gambiense. 
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Figure 2  Distribution of Human African Trypanosomiasis 
(T.b gambiense and T.b rhodesiense), MYH9 E1 and 
APOL1 G1 and G2 risk alleles in Africa[12,42]. The frequency 
of distribution of APOL1 risk variants in Africa are represented 
by bar charts and overlap the areas distribution of Human 
African Trypanosomiasis. The numbers reflect the reported 
cases of Trypanosomiasis from the WHO, 2010. T.b: 
Trypanosoma brucei.
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Trypanosoma brucei brucei is unable to infect humans 
because of the complex, trypanolytic factor (TLF) 
comprising of apolipoprotein L1, high density lipoprotein 
(HDL) particles, haptoglobin-related protein and 
apoliprotein A1 that is present in the human serum. 
This confers innate protection against Trypanosoma 
brucei brucei. However, both Trypanosoma brucei 
rhodesiense and Trypanosoma brucei gambiense have 
evolved a mechanism to evade lysis by the TLF leading 
to infection, hence sleeping sickness (Figure 3)[50,51]. 
Apolipoprotein L1, a protein product of APOL1 gene is 
usually part of TLF circulating in the blood. The APOL1 
gene is a member of the APOL gene family which is 
composed of six genes in humans (APOL1, APOL2, 
APOL3, APOL4, APOL5 and APOL6), grouped within 
619kb on chromosome 22[52]. This protein has five 
functional and structural domains: a  secretory domain, 
pore forming domain, B-cell lymphoma 2 homology 
domain 3, membrane addressing domain, leucine zipper 
domain and serum resistant-associated interacting 
domain (SRA), listed from the N-terminal to C-terminal 
respectively. 

The trypanolytic function of apolipoprotein L1 is the 
most widely studied function of apolipoprotein L1[13,53]. 
The secretory domain allows it to be expressed as a 
circulating protein, which makes it the only circulating 
APOL protein[53-56]. Trypanosoma brucei rhodesiense 
and Trypanosoma brucei gambiense evade the TLF 
lysis by expressing SRA protein that binds to the 
C-terminus domain of the apolipoprotein L1, in the 
process neutralizing its lytic activity[57,58]. However, 
APOL1 variants G1 and G2, powerfully associated with 
CKD arose to modify the C-terminus SRA binding site of 
the APOL1 gene resulting in a mutated apolipoprotein 
L1 that evades neutralization by the Trypanosoma SRA 
protein[58]. By so doing, apolipoprotein L1 exercised its 

trypanolytic activity, conferring an adaptive advantage 
in the endemic regions of Africa (Figure 3). This explains 
the distribution of G1 and G2 risk variants in Africa.

Genovese et al[13] reported that both G1 and G2 
variants restored the lytic activity of human serum 
and this provides the selective advantage to carriers 
of two APOL1 risk variants against sleeping sickness. 
These findings corroborated the evidence of the recent 
evolution of APOL1 which occurred in the last 10000 
years and also suggesting that these variants were 
selected for within Africa because they conferred 
protection against lethal trypanosomiasis while at the 
same time increasing susceptibility to CKD (Figure 
3)[49]. A more recent study in a South African black 
population (Kasembeli et al, unpublished data, 2014) 
has found the odds to have almost doubled. The 
prevalence of HIVAN in Africa is variable, 24%-83% 
in South Africa, while in the United States, it is highest 
in the African American population (15.5%). This is 
eight-fold greater than that of HIV-infected European 
Americans[59]. This high prevalence of HIVAN among 
individuals of African ancestry could be, not only as a 
result of high frequencies of APOL1 risk variants, but 
also the prevalence of HIV-1 subtypes circulating in 
Africa. For instance, HIV-1 subtype C is highly virulent, 
accounting for approximately 50% of all HIV infections 
worldwide and 98% of HIV infections in South, West 
and East Africa, with corresponding higher viral 
loads[60,61]. Another more important reason could be 
because sub-Saharan African countries are resource 
limited, and therefore roll-out of antiretroviral therapy 
(ART) may have been delayed, giving more room for 
the development of HIVAN among individuals carrying 
two APOL1 risk variants. An effective roll-out of ART has 
been shown to reduce the occurrence of HIVAN[22,62,63]; 
Figure 1. Therefore, there is need for HIV screening, 
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Figure 3  Gene-Gene, Gene-Environment steering 
contribution to APOL1 associated CKD and the 
positive selection of APOL1 associated CKD variants 
as a result of Trypanosomiasis. SRA: Serum resistant 
associated protein; HIV: Human immunodeficiency 
virus; T.b: Trypanosoma brucei; APOL1: Apolipoprotein 
L1; MYH9: Non-muscle myosin heavy chain 9; HIVAN: 
Human immunodeficiency virus-associated nephropathy; 
FSGS: Focal segmental glomerulosclerosis; T2DM: Type 
2 diabetes mellitus; ESRD: End stage renal disease; 
CKD: Chronic kidney disease.
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surveillance, and strict implementation of World Health 
Organization (WHO) recommendations for ART initiation 
to reduce the burden of HIVAN and other forms of HIV-
related CKD in Africa. At present, WHO ART guidelines 
2013 for the treatment of HIV infection in Africa suggest 
that ART be instituted for individuals with WHO clinical 
stage 3 and 4 disease and in all HIV positive individuals 
with CD4 counts < 500 cells/μL. 

GENE-ENVIRONMENTAL MODIFIERS OF 
APOL1 SUSCEPTIBILITY
APOL1-environmental interactions play a vital role in CKD 
susceptibility in individuals of African ancestry (Figure 
3). These could be social demographic status, lifestyle 
or presence of other communicable diseases and most 
importantly, HIV infection coupled with poor ART roll-
out. Environmental exposure to HIV was initially thought 
to trigger HIVAN. However, observations in African 
American family studies showed that relatives of HIVAN 
patients, in the absence of HIV infection, suffered ESRD 
due to other aetiologies[64].  This illustrates that there 
could be other environmental factors that drive the 
process. As described, patients with HIVAN harbouring 
two APOL1 risk alleles that are untreated or undertreated 
for HIV infection will suffer rapid progression to ESRD[12]. 
In striking contrast, HIV patients without the APOL1 risk 
genotype are protected from HIVAN even when HIV 
infection is not properly controlled. This effect is well 
illustrated in the Ethiopian population who appear to 
be protected from HIVAN since their genomes lack the 
APOL1 risk variants. A study by Behar et al[65], in HIV 
infected individuals of Ethiopian origin reported complete 
absence of HIVAN. This led to the emphasis of skewed 
ethnic distribution, inter-individual variability and/or 
familial aggregation of HIVAN suggesting that host 
genetic susceptibility plays a major contributing factor. 
This study genotyped 676 African individuals from 12 
populations, including 304 Ethiopians, for mutations in 
the MYH9 and APOL1 risk clusters. The frequency of the 
G1 and G2 APOL1 risk variants was zero[65]. However, 
there was an increasing trend in frequency of the risk 
variants proceeding towards the west and south in Africa 
(Figure 2). This led researchers to conclude that the 
risk of developing HIVAN is not a African-wide problem 
but rather restricted to Western, Central and Southern 
Africa, and absent in regions of the North and North-
East parts of Africa including Ethiopia. Since sleeping 
sickness was not an epidemic in Southern Africa, a 
possible explanation for the increase in prevalence of 
APOL1 risk variants could be the result of migration of 
the bantu-speaking populations from West Africa and 
East Africa[66,67]. 

In the United States there has been a steady decline 
in the incidence of HIVAN with the introduction of HAART, 
in spite of stable frequencies of the risk variants[68]. Risk 
factors for progression to ESRD in HIVAN are severity of 
renal dysfunction, percentage of sclerotic glomeruli[25,69], 

lack of viral suppression[26,70], 2 APOL1 risk alleles[63,71], 
while use of renin angiotensin system blockers were 
reported to be protective[25]. HIV-infected individuals with 
non-HIVAN pathology and two APOL1 risk alleles had 
an almost 3-fold risk of ESRD, in spite of effective ART-
suppression of viral load and use of renin-angiotensin 
aldosterone blockers; baseline kidney function was 
the strongest predictor of progression to ESRD in this 
study[71]. Investigators reviewing the African American 
study on Kidney Disease and Hypertension (AASK) and 
The Chronic Renal Insufficiency Cohort (CRIC) found that 
APOL1 risk variants in black patients were associated 
with higher rates of ESRD and progression of CKD[72].

Thus HIV is considered a risk factor for HIVAN when 
presented with the appropriate genetic susceptibility. 
Either genetic risk or viral infections alone do not cause 
the kidney disease. Instead it is the geneenvironment 
interaction that is fundamental for the pathogenesis. 
The rapidly changing natural history of APOL1-asso
ciated HIVAN provides further support that HIV is an 
environmental risk factor[68]. Additional viral environmental 
modifiers have been proposed. The John Cunningham 
(JC) polyoma virus has been shown to maintain a reservoir 
in the uroepithelium of the kidney after  infection and 
has been proposed to interact with the genetic risk 
posed by APOL1 variants[73]. Divers et al[73] studied 
the relationship between the JC virus and genetic risk 
for kidney disease hypothesising that the presence of 
the APOL1 risk variants may predispose individuals 
to JC infection and that this second hit may act as an 
additional environmental factor increasing kidney disease 
risk. However, paradoxically, the reverse scenario was 
observed where the presence of the high risk APOL1 
variants in the presence of JC virus resulted in less 
kidney disease. The JC virus in the kidney was postulated 
to either protect against other nephropathic viruses or 
alter cellular function as protection against other sources 
of glomerular injury.   

GENE-GENE INTERACTIONS AS 
MODIFIERS OF APOL1-ASSOCIATED 
NEPHROPATHY
Whilst nephrology research in African ancestry popu
lations has been hampered by the lack of large genome 
wide- association studies, a number of gene-gene 
interaction studies have been conducted on pooled 
GWAS data in non-diabetic ESRD in African Americans 
and non-nephropathy controls. Results of a gene-
gene interaction analysis identified several SNPs that 
interacted with APOL1 risk variants (Figure 3)[74]. 
MYH9 has been shown to be one of the genes linked 
to APOL1 to cause CKD susceptibility. Other studies 
have also shown a possibility of other genes interaction 
with APOL1 gene. In a replication study, eleven SNPs 
were validated and three genes, podocin (NPHS2; 
rs16854341); serologically defined colon cancer 
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antigen 8 (SDCCAG8; rs2802723) and SNP “near bone 
morphogenetic protein 4” (BMP4; rs8014363) were 
significant. These interactions were quantified and all 
show effects on APOL1 association[75,76]. These three 
genes show expression in podocytes and are linked to 
renal disease characterised by FSGS. It has thus been 
postulated that they play a role in inducing podocyturia 
and glomerular damage.

APOL1-ASSOCIATED CKD: THE FUTURE
Since there is evidence of APOL1 association with 
non-diabetic forms of CKD and the role of selection 
in the increase in frequencies of the risk variants, it 
is necessary to move beyond the statistical tests of 
association to molecular cellular characterization to 
evaluate the effects of these risk variants in CKD. 
It has been postulated that cellular and physiologic 
activities of apolipoprotein L1 include involvement in 
autophagic and apoptosis pathways[52,77-79]. There is a 
general agreement that APOL1 expression occurs in 
podocytes[80]. But whether there is apolipoprotein L1 
expression in the tubular cells, glomerular endothelial 
cells, and the tunica intima and media of the renal blood 
vessels is uncertain. Currently, there is no definitive 
mechanism by which APOL1 variants cause kidney 
injury but several possibilities have been proposed. 
Firstly, apolipoprotein L1 isoform expressed in the 
kidney cells may be retained in the cells and cause 
cell destruction via the apoptotic pathway since they 
share structural and functional similarities with proteins 
from the BcL2 family[77,78]. Secondly, APOL1 as part of 
TLF, is directed to lysosomes to induce programmed 
cell death via the autophagic response[13,56,81]. Thirdly, 
circulating apolipoprotein L1 may also be important in 
the pathogenesis of CKD since the presence of G1 and 
G2 could lead to dysfunctional HDL particles leading 
to inflammation of vascular endothelial cells, with 
arteriolar nephrosclerosis[49]. There is a proven race 
specific relationship between APOL1 genotype and 
HDL cholesterol concentration and kidney function[82]. 
In Han Chinese and European American populations, 
there was a higher HDL level in association with higher 
eGFR. The inverse association was observed in West 
Africans and African Americans. However, a significant 
effect was observed only in African Americans with 
APOL1 risk variants (but not in West Africans). These 
observations have led to the view that the mechanism 
underlying APOL1 nephropathy most likely involves 
HDL cholesterol. In addition, circulating APOL1, may be 
available for uptake by podocytes after passage across 
the glomerular filtration barrier and exercising their 
effect on the podocytes. Future studies should define 
the role of APOL1 in the pathogenesis of kidney disease. 

LESSONS LEARNED FROM CKD 
POPULATION GENETICS
The remarkable advances in molecular genetics have 

enabled researchers to unravel the underlying genetic 
susceptibility to kidney disease in African Ancestry 
populations. Identification of region of 22q12.3 using 
MALD studies and identification of APOL1 risk variants 
have raised the possibility of a personalised approach 
to treat several forms of kidney disease that are 
prevalent in African populations. As regards HIVAN, the 
priority for the African continent should be targeting 
of the modifying trigger of the disease, HIV infection, 
through effective treatment and prevention campaigns. 
Greater advances in understanding the mechanisms 
underlying APOL1 pathogenesis, the identification of 
modifiable environmental factors and interacting genes 
offer the promise of novel preventive, prognostic and 
therapeutic measures to treat APOL1 associated forms 
of kidney disease in the genetically susceptible and 
therefore vulnerable African descent individual. 

REFERENCES
1	 United Nations General Assembly. Political declaration of the 

high-level meeting of the general assembly on the prevention and 
control of non-communicable diseases. Cited 2014-06-13. Available 
from URL: http://www.who.int/nmh/events/un_ncd_summit2011/
political_declaration_en.pdf

2	 Lozano R, Naghavi M, Foreman K, Lim S, Shibuya K, Aboyans 
V, Abraham J, Adair T, Aggarwal R, Ahn SY, Alvarado M, Ander-
son HR, Anderson LM, Andrews KG, Atkinson C, Baddour LM, 
Barker-Collo S, Bartels DH, Bell ML, Benjamin EJ, Bennett D, 
Bhalla K, Bikbov B, Bin Abdulhak A, Birbeck G, Blyth F, Bolliger 
I, Boufous S, Bucello C, Burch M, Burney P, Carapetis J, Chen H, 
Chou D, Chugh SS, Coffeng LE, Colan SD, Colquhoun S, Colson 
KE, Condon J, Connor MD, Cooper LT, Corriere M, Cortinovis M, 
de Vaccaro KC, Couser W, Cowie BC, Criqui MH, Cross M, Dab-
hadkar KC, Dahodwala N, De Leo D, Degenhardt L, Delossantos A, 
Denenberg J, Des Jarlais DC, Dharmaratne SD, Dorsey ER, Driscoll 
T, Duber H, Ebel B, Erwin PJ, Espindola P, Ezzati M, Feigin V, 
Flaxman AD, Forouzanfar MH, Fowkes FG, Franklin R, Fransen 
M, Freeman MK, Gabriel SE, Gakidou E, Gaspari F, Gillum RF, 
Gonzalez-Medina D, Halasa YA, Haring D, Harrison JE, Hav-
moeller R, Hay RJ, Hoen B, Hotez PJ, Hoy D, Jacobsen KH, James 
SL, Jasrasaria R, Jayaraman S, Johns N, Karthikeyan G, Kassebaum 
N, Keren A, Khoo JP, Knowlton LM, Kobusingye O, Koranteng A, 
Krishnamurthi R, Lipnick M, Lipshultz SE, Ohno SL, Mabweijano 
J, MacIntyre MF, Mallinger L, March L, Marks GB, Marks R, Mat-
sumori A, Matzopoulos R, Mayosi BM, McAnulty JH, McDermott 
MM, McGrath J, Mensah GA, Merriman TR, Michaud C, Miller M, 
Miller TR, Mock C, Mocumbi AO, Mokdad AA, Moran A, Mulhol-
land K, Nair MN, Naldi L, Narayan KM, Nasseri K, Norman P, O’
Donnell M, Omer SB, Ortblad K, Osborne R, Ozgediz D, Pahari B, 
Pandian JD, Rivero AP, Padilla RP, Perez-Ruiz F, Perico N, Phillips 
D, Pierce K, Pope CA 3rd, Porrini E, Pourmalek F, Raju M, Ran-
ganathan D, Rehm JT, Rein DB, Remuzzi G, Rivara FP, Roberts T, 
De León FR, Rosenfeld LC, Rushton L, Sacco RL, Salomon JA, 
Sampson U, Sanman E, Schwebel DC, Segui-Gomez M, Shepard 
DS, Singh D, Singleton J, Sliwa K, Smith E, Steer A, Taylor JA, 
Thomas B, Tleyjeh IM, Towbin JA, Truelsen T, Undurraga EA, 
Venketasubramanian N, Vijayakumar L, Vos T, Wagner GR, Wang 
M, Wang W, Watt K, Weinstock MA, Weintraub R, Wilkinson JD, 
Woolf AD, Wulf S, Yeh PH, Yip P, Zabetian A, Zheng ZJ, Lopez 
AD, Murray CJ, AlMazroa MA, Memish ZA. Global and regional 
mortality from 235 causes of death for 20 age groups in 1990 
and 2010: a systematic analysis for the Global Burden of Disease 
Study 2010. Lancet 2012; 380: 2095-2128 [PMID: 23245604 DOI: 
10.1016/S0140-6736(12)61728-0]

3	 Mayosi BM, Flisher AJ, Lalloo UG, Sitas F, Tollman SM, Brad-
shaw D. The burden of non-communicable diseases in South Africa. 

Kasembeli AN et al . CKD genetics in the HIV era



304 May 6, 2015|Volume 4|Issue 2|WJN|www.wjgnet.com

Lancet 2009; 374: 934-947 [PMID: 19709736 DOI: 10.1016/
S0140-6736(09)61087-4]

4	 ESRD Patients in 2013: A Global Perspective. Cited 2014-07-07. 
Available from: URL: http: //www.vision-fmc.com/files/
ESRD_Patients_in_2013.pdf

5	 Rostand SG, Kirk KA, Rutsky EA, Pate BA. Racial differences 
in the incidence of treatment for end-stage renal disease. N Engl 
J Med 1982; 306: 1276-1279 [PMID: 7040967 DOI: 10.1056/
NEJM198205273062106]

6	 Shlush LI, Bercovici S, Wasser WG, Yudkovsky G, Templeton A, 
Geiger D, Skorecki K. Admixture mapping of end stage kidney dis-
ease genetic susceptibility using estimated mutual information an-
cestry informative markers. BMC Med Genomics 2010; 3: 47 [PMID: 
20955568 DOI: 10.1186/1755-8794-3-47]

7	 Klag MJ, Whelton PK, Randall BL, Neaton JD, Brancati FL, 
Stamler J. End-stage renal disease in African-American and white 
men. 16-year MRFIT findings. JAMA 1997; 277: 1293-1298 [PMID: 
9109467 DOI: 10.1001/jama.1997.03540400043029]

8	 Sayre AP. Africa: The Seven Continent. Cited 2014-05-20. Avail-
able from: URL: http: //www.amazon.com/Africa-Seven-Conti-
nents-April-Pulley/dp/0761313672

9	 World Population Data Sheet. Cited 2014-06-13. Available from: 
URL: http: //www.prb.org/Publications/Datasheets/2013/2013-
world-population-data-sheet/world-map.aspx#map/world/popula-
tion/2013

10	 Population Division of the Department of Economic and Social 
Affairs of the United Nations Secretariat. World population pros-
pects: the 2007 revision and world urbanization prospects. Cited 
2014-06-13. Available from: URL: http://www.un.org/en/develop-
ment/desa/index.html

11	 Barsoum RS. Epidemiology of ESRD: a world-wide perspective. 
In: El Nahas M, editor. Kidney diseases in the developing world and 
ethnic minorities. London, UK: Taylor & Francis, 2005: 1-13 [DOI: 
10.1201/b14128]

12	 Kopp JB, Nelson GW, Sampath K, Johnson RC, Genovese G, An 
P, Friedman D, Briggs W, Dart R, Korbet S, Mokrzycki MH, Kim-
mel PL, Limou S, Ahuja TS, Berns JS, Fryc J, Simon EE, Smith 
MC, Trachtman H, Michel DM, Schelling JR, Vlahov D, Pollak M, 
Winkler CA. APOL1 genetic variants in focal segmental glomerulo-
sclerosis and HIV-associated nephropathy. J Am Soc Nephrol 2011; 
22: 2129-2137 [PMID: 21997394 DOI: 10.1681/ASN.2011040388]

13	 Genovese G, Friedman DJ, Ross MD, Lecordier L, Uzureau P, 
Freedman BI, Bowden DW, Langefeld CD, Oleksyk TK, Uscinski 
Knob AL, Bernhardy AJ, Hicks PJ, Nelson GW, Vanhollebeke B, 
Winkler CA, Kopp JB, Pays E, Pollak MR. Association of trypa-
nolytic ApoL1 variants with kidney disease in African Americans. 
Science 2010; 329: 841-845 [PMID: 20647424 DOI: 10.1126/sci-
ence.1193032]

14	 Rao TK, Filippone EJ, Nicastri AD, Landesman SH, Frank E, 
Chen CK, Friedman EA. Associated focal and segmental glo-
merulosclerosis in the acquired immunodeficiency syndrome. N 
Engl J Med 1984; 310: 669-673 [PMID: 6700641 DOI: 10.1056/
NEJM198403153101101]

15	 Estrella MM, Fine DM, Atta MG. Recent developments in HIV-re-
lated kidney disease. HIV Ther 2010; 4: 589-603 [PMID: 21331321 
DOI: 10.2217/hiv.10.42]

16	 Estrella MM, Parekh RS, Abraham A, Astor BC, Szczech LA, 
Anastos K, Dehovitz JA, Merenstein DJ, Pearce CL, Tien PC, 
Cohen MH, Gange SJ. The impact of kidney function at highly ac-
tive antiretroviral therapy initiation on mortality in HIV-infected 
women. J Acquir Immune Defic Syndr 2010; 55: 217-220 [PMID: 
20581688 DOI: 10.1097/QAI.0b013e3181e674f4]

17	 USRDS 2013 Annual Data Report: Atlas of Chronic Kidney Dis-
ease and End-Stage Renal Disease in the United States. American 
Journal of Kidney Disease 2014; 63 Suppl: e1-e478

18	 UNAIDS report on the global AIDS epidemic 2013. Cited 
2014-05-20. Available from: URL: http: //www.unaids.org/en/me-
dia/unaids/contentassets/documents/epidemiology/2013/gr2013/
UNAIDS_Global_Report_2013_en.pdf

19	 Fabian J, Naicker S. HIV and kidney disease in sub-Saharan Af-

rica. Nat Rev Nephrol 2009; 5: 591-598 [PMID: 19776781 DOI: 
10.1038/nrneph.2009.141]

20	 Gerntholtz TE, Goetsch SJ, Katz I. HIV-related nephropathy: a 
South African perspective. Kidney Int 2006; 69: 1885-1891 [PMID: 
16625149 DOI: 10.1038/sj.ki.5000351]

21	 Han TM, Naicker S, Ramdial PK, Assounga AG. A cross-sectional 
study of HIV-seropositive patients with varying degrees of pro-
teinuria in South Africa. Kidney Int 2006; 69: 2243-2250 [PMID: 
16672914 DOI: 10.1038/sj.ki.5000339]

22	 Wearne N, Swanepoel CR, Boulle A, Duffield MS, Rayner BL. 
The spectrum of renal histologies seen in HIV with outcomes, prog-
nostic indicators and clinical correlations. Nephrol Dial Transplant 
2012; 27: 4109-4118 [PMID: 22200584 DOI: 10.1093/ndt/gfr702]

23	 D’Agati V, Appel GB. HIV infection and the kidney. J Am Soc 
Nephrol 1997; 8: 138-152 [PMID: 9013459]

24	 Ray PE. HIV-associated nephropathy: a diagnosis in evolution. 
Nephrol Dial Transplant 2012; 27: 3969-3972 [PMID: 22584790 
DOI: 10.1093/ndt/gfs114]

25	 Bigé N, Lanternier F, Viard JP, Kamgang P, Daugas E, Elie C, Jidar 
K, Walker-Combrouze F, Peraldi MN, Isnard-Bagnis C, Servais A, 
Lortholary O, Noël LH, Bollée G. Presentation of HIV-associated 
nephropathy and outcome in HAART-treated patients. Nephrol Dial 
Transplant 2012; 27: 1114-1121 [PMID: 21745806 DOI: 10.1093/
ndt/gfr376]

26	 Szczech LA, Gupta SK, Habash R, Guasch A, Kalayjian R, Appel R, 
Fields TA, Svetkey LP, Flanagan KH, Klotman PE, Winston JA. The 
clinical epidemiology and course of the spectrum of renal diseases 
associated with HIV infection. Kidney Int 2004; 66: 1145-1152 
[PMID: 15327410 DOI: 10.1111/j.1523-1755.2004.00865.x]

27	 Ray PE, Liu XH, Henry D, Dye L, Xu L, Orenstein JM, Schuz-
tbank TE. Infection of human primary renal epithelial cells with 
HIV-1 from children with HIV-associated nephropathy. Kid-
ney Int 1998; 53: 1217-1229 [PMID: 9573536 DOI: 10.1046/
j.1523-1755.1998.00900.x]

28	 Eitner F, Cui Y, Hudkins KL, Stokes MB, Segerer S, Mack M, 
Lewis PL, Abraham AA, Schlöndorff D, Gallo G, Kimmel PL, Alp-
ers CE. Chemokine receptor CCR5 and CXCR4 expression in HIV-
associated kidney disease. J Am Soc Nephrol 2000; 11: 856-867 
[PMID: 10770963]

29	 Tzur S, Rosset S, Shemer R, Yudkovsky G, Selig S, Tarekegn A, 
Bekele E, Bradman N, Wasser WG, Behar DM, Skorecki K. Mis-
sense mutations in the APOL1 gene are highly associated with end 
stage kidney disease risk previously attributed to the MYH9 gene. 
Hum Genet 2010; 128: 345-350 [PMID: 20635188 DOI: 10.1007/
s00439-010-0861-0]

30	 Kao WH, Klag MJ, Meoni LA, Reich D, Berthier-Schaad Y, Li M, 
Coresh J, Patterson N, Tandon A, Powe NR, Fink NE, Sadler JH, 
Weir MR, Abboud HE, Adler SG, Divers J, Iyengar SK, Freedman 
BI, Kimmel PL, Knowler WC, Kohn OF, Kramp K, Leehey DJ, 
Nicholas SB, Pahl MV, Schelling JR, Sedor JR, Thornley-Brown D, 
Winkler CA, Smith MW, Parekh RS. MYH9 is associated with non-
diabetic end-stage renal disease in African Americans. Nat Genet 
2008; 40: 1185-1192 [PMID: 18794854 DOI: 10.1038/ng.232]

31	 Kopp JB, Smith MW, Nelson GW, Johnson RC, Freedman BI, 
Bowden DW, Oleksyk T, McKenzie LM, Kajiyama H, Ahuja TS, 
Berns JS, Briggs W, Cho ME, Dart RA, Kimmel PL, Korbet SM, 
Michel DM, Mokrzycki MH, Schelling JR, Simon E, Trachtman H, 
Vlahov D, Winkler CA. MYH9 is a major-effect risk gene for fo-
cal segmental glomerulosclerosis. Nat Genet 2008; 40: 1175-1184 
[PMID: 18794856 DOI: 10.1038/ng.226]

32	 Salas A, Carracedo A, Richards M, Macaulay V. Charting the an-
cestry of African Americans. Am J Hum Genet 2005; 77: 676-680 
[PMID: 16175514 DOI: 10.1086/491675]

33	 Tishkoff SA, Reed FA, Friedlaender FR, Ehret C, Ranciaro 
A, Froment A, Hirbo JB, Awomoyi AA, Bodo JM, Doumbo O, 
Ibrahim M, Juma AT, Kotze MJ, Lema G, Moore JH, Mortensen H, 
Nyambo TB, Omar SA, Powell K, Pretorius GS, Smith MW, Thera 
MA, Wambebe C, Weber JL, Williams SM. The genetic structure 
and history of Africans and African Americans. Science 2009; 324: 
1035-1044 [PMID: 19407144 DOI: 10.1126/science.1172257]

Kasembeli AN et al . CKD genetics in the HIV era



305 May 6, 2015|Volume 4|Issue 2|WJN|www.wjgnet.com

34	 Zakharia F, Basu A, Absher D, Assimes TL, Go AS, Hlatky MA, 
Iribarren C, Knowles JW, Li J, Narasimhan B, Sidney S, Southwick 
A, Myers RM, Quertermous T, Risch N, Tang H. Characterizing 
the admixed African ancestry of African Americans. Genome Biol 
2009; 10: R141 [PMID: 20025784 DOI: 10.1186/gb-2009-10-
12-r141]

35	 Macaulay V, Hill C, Achilli A, Rengo C, Clarke D, Meehan W, 
Blackburn J, Semino O, Scozzari R, Cruciani F, Taha A, Shaari NK, 
Raja JM, Ismail P, Zainuddin Z, Goodwin W, Bulbeck D, Bandelt 
HJ, Oppenheimer S, Torroni A, Richards M. Single, rapid coastal 
settlement of Asia revealed by analysis of complete mitochondrial 
genomes. Science 2005; 308: 1034-1036 [PMID: 15890885 DOI: 
10.1126/science.1109792]

36	 Tang H, Peng J, Wang P, Risch NJ. Estimation of individual admix-
ture: analytical and study design considerations. Genet Epidemiol 
2005; 28: 289-301 [PMID: 15712363 DOI: 10.1002/gepi.20064]

37	 Tian C, Gregersen PK, Seldin MF. Accounting for ancestry: popu-
lation substructure and genome-wide association studies. Hum Mol 
Genet 2008; 17: R143-R150 [PMID: 18852203 DOI: 10.1093/hmg/
ddn268]

38	 Hoggart CJ, Shriver MD, Kittles RA, Clayton DG, McKeigue 
PM. Design and analysis of admixture mapping studies. Am J Hum 
Genet 2004; 74: 965-978 [PMID: 15088268 DOI: 10.1086/420855]

39	 Patterson N, Hattangadi N, Lane B, Lohmueller KE, Hafler DA, 
Oksenberg JR, Hauser SL, Smith MW, O'Brien SJ, Altshuler D, 
Daly MJ, Reich D. Methods for high-density admixture mapping 
of disease genes. Am J Hum Genet 2004; 74: 979-1000 [PMID: 
15088269 DOI: 10.1086/420871]

40	 Winkler CA, Nelson G, Oleksyk TK, Nava MB, Kopp JB. Genet-
ics of focal segmental glomerulosclerosis and human immunode-
ficiency virus-associated collapsing glomerulopathy: the role of 
MYH9 genetic variation. Semin Nephrol 2010; 30: 111-125 [PMID: 
20347641 DOI: 10.1016/j.semnephrol.2010.01.003]

41	 Kopp JB. Glomerular pathology in autosomal dominant MYH9 
spectrum disorders: what are the clues telling us about disease 
mechanism? Kidney Int 2010; 78: 130-133 [PMID: 20588287 DOI: 
10.1038/ki.2010.82]

42	 Oleksyk TK, Nelson GW, An P, Kopp JB, Winkler CA. Worldwide 
distribution of the MYH9 kidney disease susceptibility alleles 
and haplotypes: evidence of historical selection in Africa. PLoS 
One 2010; 5: e11474 [PMID: 20634883 DOI: 10.1371/journal.
pone.0011474]

43	 Franceschini N, Voruganti VS, Haack K, Almasy L, Laston S, 
Goring HH, Umans JG, Lee ET, Best LG, Fabsitz RR, MacCluer 
JW, Howard BV, North KE, Cole SA. The association of the MYH9 
gene and kidney outcomes in American Indians: the Strong Heart 
Family Study. Hum Genet 2010; 127: 295-301 [PMID: 19921264 
DOI: 10.1007/s00439-009-0769-8]

44	 Freedman BI, Hicks PJ, Bostrom MA, Comeau ME, Divers J, 
Bleyer AJ, Kopp JB, Winkler CA, Nelson GW, Langefeld CD, 
Bowden DW. Non-muscle myosin heavy chain 9 gene MYH9 as-
sociations in African Americans with clinically diagnosed type 2 
diabetes mellitus-associated ESRD. Nephrol Dial Transplant 2009; 
24: 3366-3371 [PMID: 19567477 DOI: 10.1093/ndt/gfp316]

45	 Freedman BI, Kopp JB, Winkler CA, Nelson GW, Rao DC, 
Eckfeldt JH, Leppert MF, Hicks PJ, Divers J, Langefeld CD, Hunt 
SC. Polymorphisms in the nonmuscle myosin heavy chain 9 gene 
(MYH9) are associated with albuminuria in hypertensive African 
Americans: the HyperGEN study. Am J Nephrol 2009; 29: 626-632 
[PMID: 19153477 DOI: 10.1159/000194791]

46	 Behar DM, Rosset S, Tzur S, Selig S, Yudkovsky G, Bercovici 
S, Kopp JB, Winkler CA, Nelson GW, Wasser WG, Skorecki K. 
African ancestry allelic variation at the MYH9 gene contributes to 
increased susceptibility to non-diabetic end-stage kidney disease in 
Hispanic Americans. Hum Mol Genet 2010; 19: 1816-1827 [PMID: 
20144966 DOI: 10.1093/hmg/ddq040]

47	 Freedman BI, Hicks PJ, Bostrom MA, Cunningham ME, Liu 
Y, Divers J, Kopp JB, Winkler CA, Nelson GW, Langefeld CD, 
Bowden DW. Polymorphisms in the non-muscle myosin heavy 
chain 9 gene (MYH9) are strongly associated with end-stage renal 

disease historically attributed to hypertension in African Americans. 
Kidney Int 2009; 75: 736-745 [PMID: 19177153 DOI: 10.1038/
ki.2008.701]

48	 Abecasis GR, Altshuler D, Auton A, Brooks LD, Durbin RM, 
Gibbs RA, Hurles ME, McVean GA. A map of human genome 
variation from population-scale sequencing. Nature 2010; 467: 
1061-1073 [PMID: 20981092 DOI: 10.1038/nature09534]

49	 Freedman BI, Kopp JB, Langefeld CD, Genovese G, Friedman 
DJ, Nelson GW, Winkler CA, Bowden DW, Pollak MR. The apo-
lipoprotein L1 (APOL1) gene and nondiabetic nephropathy in 
African Americans. J Am Soc Nephrol 2010; 21: 1422-1426 [PMID: 
20688934 DOI: 10.1681/ASN.2010070730]

50	 Brun R, Blum J. Human African trypanosomiasis. Infect Dis Clin 
North Am 2012; 26: 261-273 [PMID: 22632638 DOI: 10.1016/
j.idc.2012.03.003]

51	 Brun R, Blum J, Chappuis F, Burri C. Human African trypano-
somiasis. Lancet 2010; 375: 148-159 [PMID: 19833383 DOI: 
10.1016/S0140-6736(09)60829-1]

52	 Smith EE, Malik HS. The apolipoprotein L family of programmed 
cell death and immunity genes rapidly evolved in primates at dis-
crete sites of host-pathogen interactions. Genome Res 2009; 19: 
850-858 [PMID: 19299565 DOI: 10.1101/gr.085647.108]

53	 Vanhamme L, Paturiaux-Hanocq F, Poelvoorde P, Nolan DP, Lins 
L, Van Den Abbeele J, Pays A, Tebabi P, Van Xong H, Jacquet A, 
Moguilevsky N, Dieu M, Kane JP, De Baetselier P, Brasseur R, 
Pays E. Apolipoprotein L-I is the trypanosome lytic factor of human 
serum. Nature 2003; 422: 83-87 [PMID: 12621437 DOI: 10.1038/
nature01461]

54	 Madhavan SM, O’Toole JF. The biology of APOL1 with insights 
into the association between APOL1 variants and chronic kidney 
disease. Clin Exp Nephrol 2014; 18: 238-242 [PMID: 24233469 
DOI: 10.1007/s10157-013-0907-4]

55	 Vanhamme L, Pays E. The trypanosome lytic factor of hu-
man serum and the molecular basis of sleeping sickness. Int J 
Parasitol 2004; 34: 887-898 [PMID: 15217727 DOI: 10.1016/
j.ijpara.2004.04.008]

56	 Vanhollebeke B, Pays E. The trypanolytic factor of human se-
rum: many ways to enter the parasite, a single way to kill. Mol 
Microbiol 2010; 76: 806-814 [PMID: 20398209 DOI: 10.1111/
j.1365-2958.2010.07156.x]

57	 De Greef C, Chimfwembe E, Kihang'a Wabacha J, Bajyana 
Songa E, Hamers R. Only the serum-resistant bloodstream forms 
of Trypanosoma brucei rhodesiense express the serum resistance 
associated (SRA) protein. Ann Soc Belg Med Trop 1992; 72 Suppl 1: 
13-21 [PMID: 1417165]

58	 Lecordier L, Vanhollebeke B, Poelvoorde P, Tebabi P, Paturiaux-
Hanocq F, Andris F, Lins L, Pays E. C-terminal mutants of 
apolipoprotein L-I efficiently kill both Trypanosoma brucei brucei 
and Trypanosoma brucei rhodesiense. PLoS Pathog 2009; 5: 
e1000685 [PMID: 19997494 DOI: 10.1371/journal.ppat.1000685]

59	 Ikpeme EE, Ekrikpo UE, Akpan MU, Ekaidem SI. Determining 
the prevalence of human immunodeficiency virus-associated ne-
phropathy (HIVAN) using proteinuria and ultrasound findings in a 
Nigerian paediatric HIV population. Pan Afr Med J 2012; 11: 13 
[PMID: 22368756]

60	 Hemelaar J, Gouws E, Ghys PD, Osmanov S. Global and regional 
distribution of HIV-1 genetic subtypes and recombinants in 2004. 
AIDS 2006; 20: W13-W23 [PMID: 17053344 DOI: 10.1097/01.
aids.0000247564.73009.bc]

61	 Novitsky V, Ndung'u T, Wang R, Bussmann H, Chonco F, 
Makhema J, De Gruttola V, Walker BD, Essex M. Extended 
high viremics: a substantial fraction of individuals maintain high 
plasma viral RNA levels after acute HIV-1 subtype C infection. 
AIDS 2011; 25: 1515-1522 [PMID: 21505307 DOI: 10.1097/
QAD.0b013e3283471eb2]

62	 Hays T, Wyatt CM. APOL1 variants in HIV-associated nephropa-
thy: just one piece of the puzzle. Kidney Int 2012; 82: 259-260 
[PMID: 22791322 DOI: 10.1038/ki.2012.129]

63	 Kalayjian RC. The treatment of HIV-associated nephropathy. 
Adv Chronic Kidney Dis 2010; 17: 59-71 [PMID: 20005490 DOI: 

Kasembeli AN et al . CKD genetics in the HIV era



306 May 6, 2015|Volume 4|Issue 2|WJN|www.wjgnet.com

10.1053/j.ackd.2009.08.013]
64	 Freedman BI, Skorecki K. Gene-gene and gene-environment in-

teractions in apolipoprotein L1 gene-associated nephropathy. Clin 
J Am Soc Nephrol 2014; 9: 2006-2013 [PMID: 24903390 DOI: 
10.2215/CJN.01330214]

65	 Behar DM, Shlush LI, Maor C, Lorber M, Skorecki K. Absence of 
HIV-associated nephropathy in Ethiopians. Am J Kidney Dis 2006; 
47: 88-94 [PMID: 16377389 DOI: 10.1053/j.ajkd.2005.09.023]

66	 de Filippo C, Barbieri C, Whitten M, Mpoloka SW, Gunnarsdóttir 
ED, Bostoen K, Nyambe T, Beyer K, Schreiber H, de Knijff P, 
Luiselli D, Stoneking M, Pakendorf B. Y-chromosomal variation 
in sub-Saharan Africa: insights into the history of Niger-Congo 
groups. Mol Biol Evol 2011; 28: 1255-1269 [PMID: 21109585 DOI: 
10.1093/molbev/msq312]

67	 Tishkoff SA, Williams SM. Genetic analysis of African popula-
tions: human evolution and complex disease. Nat Rev Genet 2002; 3: 
611-621 [PMID: 12154384 DOI: 10.1038/nrg865]

68	 USRSD 2012 Annual Data Report. Cited 2014-05-10. Available 
from: URL: http: //www.usrds.org/atlas12.aspx

69	 Post FA, Campbell LJ, Hamzah L, Collins L, Jones R, Siwani R, 
Johnson L, Fisher M, Holt SG, Bhagani S, Frankel AH, Wilkins E, 
Ainsworth JG, Larbalestier N, Macallan DC, Banerjee D, Baily G, 
Thuraisingham RC, Donohoe P, Hendry BM, Hilton RM, Edwards 
SG, Hangartner R, Howie AJ, Connolly JO, Easterbrook PJ. Predic-
tors of renal outcome in HIV-associated nephropathy. Clin Infect 
Dis 2008; 46: 1282-1289 [PMID: 18444868 DOI: 10.1086/529385]

70	 Lucas GM, Eustace JA, Sozio S, Mentari EK, Appiah KA, Moore 
RD. Highly active antiretroviral therapy and the incidence of HIV-
1-associated nephropathy: a 12-year cohort study. AIDS 2004; 18: 
541-546 [PMID: 15090808 DOI: 10.1097/00002030-200402200-00
022]

71	 Fine DM, Wasser WG, Estrella MM, Atta MG, Kuperman M, 
Shemer R, Rajasekaran A, Tzur S, Racusen LC, Skorecki K. 
APOL1 risk variants predict histopathology and progression to 
ESRD in HIV-related kidney disease. J Am Soc Nephrol 2012; 23: 
343-350 [PMID: 22135313 DOI: 10.1681/ASN.2011060562]

72	 Parsa A, Kao WH, Xie D, Astor BC, Li M, Hsu CY, Feldman HI, 
Parekh RS, Kusek JW, Greene TH, Fink JC, Anderson AH, Choi 
MJ, Wright JT, Lash JP, Freedman BI, Ojo A, Winkler CA, Raj DS, 
Kopp JB, He J, Jensvold NG, Tao K, Lipkowitz MS, Appel LJ. 
APOL1 risk variants, race, and progression of chronic kidney dis-
ease. N Engl J Med 2013; 369: 2183-2196 [PMID: 24206458 DOI: 
10.1056/NEJMoa1310345]

73	 Divers J, Núñez M, High KP, Murea M, Rocco MV, Ma L, Bowden 
DW, Hicks PJ, Spainhour M, Ornelles DA, Kleiboeker SB, Duncan 
K, Langefeld CD, Turner J, Freedman BI. JC polyoma virus 
interacts with APOL1 in African Americans with nondiabetic ne-
phropathy. Kidney Int 2013; 84: 1207-1213 [PMID: 23677244 DOI: 

10.1038/ki.2013.173]
74	 Bostrom MA, Freedman BI. The spectrum of MYH9-associated 

nephropathy. Clin J Am Soc Nephrol 2010; 5: 1107-1113 [PMID: 
20299374 DOI: 10.2215/CJN.08721209]

75	 Divers J, Freedman BI. Genetics in kidney disease in 2013: Sus-
ceptibility genes for renal and urological disorders. Nat Rev Nephrol 
2014; 10: 69-70 [PMID: 24296626 DOI: 10.1038/nrneph.2013.259]

76	 Divers J, Palmer ND, Lu L, Langefeld CD, Rocco MV, Hicks PJ, 
Murea M, Ma L, Bowden DW, Freedman BI. Gene-gene interac-
tions in APOL1-associated nephropathy. Nephrol Dial Transplant 
2014; 29: 587-594 [PMID: 24157943 DOI: 10.1093/ndt/gft423]

77	 Zhaorigetu S, Wan G, Kaini R, Jiang Z, Hu CA. ApoL1, a BH3-
only lipid-binding protein, induces autophagic cell death. Autophagy 
2008; 4: 1079-1082 [PMID: 18927493 DOI: 10.4161/auto.7066]

78	 Wan G, Zhaorigetu S, Liu Z, Kaini R, Jiang Z, Hu CA. Apolipo-
protein L1, a novel Bcl-2 homology domain 3-only lipid-binding 
protein, induces autophagic cell death. J Biol Chem 2008; 283: 
21540-21549 [PMID: 18505729 DOI: 10.1074/jbc.M800214200]

79	 Pérez-Morga D, Vanhollebeke B, Paturiaux-Hanocq F, Nolan DP, 
Lins L, Homblé F, Vanhamme L, Tebabi P, Pays A, Poelvoorde 
P, Jacquet A, Brasseur R, Pays E. Apolipoprotein L-I promotes 
trypanosome lysis by forming pores in lysosomal membranes. 
Science 2005; 309: 469-472 [PMID: 16020735 DOI: 10.1126/
science.1114566]

80	 Madhavan SM, O'Toole JF, Konieczkowski M, Ganesan S, 
Bruggeman LA, Sedor JR. APOL1 localization in normal kid-
ney and nondiabetic kidney disease. J Am Soc Nephrol 2011; 22: 
2119-2128 [PMID: 21997392 DOI: 10.1681/ASN.2011010069]

81	 Pays E, Vanhollebeke B, Vanhamme L, Paturiaux-Hanocq F, Nolan 
DP, Pérez-Morga D. The trypanolytic factor of human serum. Nat 
Rev Microbiol 2006; 4: 477-486 [PMID: 16710327 DOI: 10.1038/
nrmicro1428]

82	 Bentley AR, Doumatey AP, Chen G, Huang H, Zhou J, Shriner 
D, Jiang C, Zhang Z, Liu G, Fasanmade O, Johnson T, Oli J, 
Okafor G, Eghan BA, Agyenim-Boateng K, Adeleye J, Balogun 
W, Adebamowo C, Amoah A, Acheampong J, Adeyemo A, Rotimi 
CN. Variation in APOL1 Contributes to Ancestry-Level Differences 
in HDLc-Kidney Function Association. Int J Nephrol 2012; 2012: 
748984 [PMID: 22973513 DOI: 10.1155/2012/748984]

83	 Vermeulen A. A Review of Patterns of Renal Disease at Chris Hani 
Baragwanath Academic Hospital from 1982 to 2011. University 
of the Witwatersrand: MMED Research report. Cited 2014-06-30. 
Available from: URL: http: //wiredspace.wits.ac.za/jspui/bit-
stream/10539/15463/2/Vermeulen_ResReport.pdf

84	 Genovese G, Handsaker RE, Li H, Kenny EE, McCarroll SA. Map-
ping the human reference genome’s missing sequence by three-way 
admixture in Latino genomes. Am J Hum Genet 2013; 93: 411-421 
[PMID: 23932108 DOI: 10.1016/j.ajhg.2013.07.002]

P- Reviewer: Futrakul P, Watanabe T    S- Editor: Tian YL    
L- Editor: A    E- Editor: Lu YJ  

Kasembeli AN et al . CKD genetics in the HIV era



© 2015 Baishideng Publishing Group Inc. All rights reserved.

Published by Baishideng Publishing Group Inc
8226 Regency Drive, Pleasanton, CA 94588, USA

Telephone: +1-925-223-8242
Fax: +1-925-223-8243

E-mail: bpgoffice@wjgnet.com
Help Desk: http://www.wjgnet.com/esps/helpdesk.aspx

http://www.wjgnet.com


