
APOL1 kidney disease risk variants – an evolving landscape

Patrick D. Dummer1, Sophie Limou2, Avi Z. Rosenberg1,3, Jurgen Heymann1, George 
Nelson2, Cheryl A. Winkler2, and Jeffrey B. Kopp1

1Kidney Diseases Branch, NIDDK, NIH, Bethesda, MD

2Molecular Epidemiology Genetics Section, Center for Cancer Research, NCI, Frederick MD

3Department of Pathology Johns Hopkins University, Baltimore, MD

Abstract

APOL1 genetic variants account for much of the excess risk of chronic and end stage kidney 

disease, which results in a significant global health disparity for persons of African ancestry. We 

estimate the lifetime risk of kidney disease in APOL1 dual-risk allele individuals to be at least 

15%. Experimental evidence suggests a direct role of APOL1 in pore formation, cellular injury, 

and programmed cell death in renal injury. The APOL1 BH3 motif, often associated with cell 

death, is unlikely to play a role in APOL1-induced cytotoxicity as it is not conserved within the 

APOL family and is dispensable for cell death in vitro. We discuss two models for APOL1 

trypanolytic activity: one involving lysosome permeabilization and another colloid-osmotic 

swelling of the cell body, as well as their relevance to human pathophysiology. Experimental 

evidence from human cell culture models suggests that both mechanisms may be operative. A 

systems biology approach whereby APOL1-associated perturbations in gene and protein 

expression in affected individuals are correlated with molecular pathways may be productive to 

elucidate APOL1 function in vivo.
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Introduction

End-stage kidney disease (ESKD) constitutes a major health disparity in African Americans. 

While ESKD incidence rates increased steadily in all American populations between 1980 

and 2000 and stabilized since, the rate in African Americans rose more rapidly than any 

other ethnic/racial group. ESKD incidence rates are approximately 3.5 fold higher in African 

Corresponding author. Jeffrey Kopp, MD, 10 Center Dr, 3N116, NIH, Bethesda, MD 20892-1268. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

conflict of interest: No conflicts of interest.

HHS Public Access
Author manuscript
Semin Nephrol. Author manuscript; available in PMC 2016 May 01.

Published in final edited form as:
Semin Nephrol. 2015 May ; 35(3): 222–236. doi:10.1016/j.semnephrol.2015.04.008.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Americans compared to European Americans, affecting almost 0.1% of the African 

American population in 2010 compared to 0.03% in European Americans [1]. ESKD 

incidence rates are higher in African Americans compared to European Americans for 

hypertension-attributed ESKD (HA-ESKD), focal segmental glomerulosclerosis (FSGS) and 

HIV-associated nephropathy (HIVAN) [1]. Overall, the cumulative lifetime risk of reaching 

ESKD in African Americans is ~7.5%, compared to ~2% in European Americans; in 

African Americans, ESKD is responsible for nearly as much loss of life-years as breast 

cancer in women and more loss of life-years than colorectal cancer in men [2].

Much of the excess risk is attributable to two common protein-changing alleles in the 

APOL1 gene, encoding apolipoprotein L1 (APOL1) [3]. The APOL1 G1 allele comprises 

two missense variants (p.S342G:I384M) and the G2 variant allele is a 6 base pair deletion 

that removes two amino acids (N388Y389); these alleles are on opposing chromosomes and, 

owing to their close proximity, have not undergone recombination. These alleles for the 

most part are equivalent in their effect sizes and strongly recessive [4]: APOL1 high-risk 

genotypes are defined as two risk alleles in any combination (homozygous G1/G1, 

homozygous G2/G2, or compound heterozygous G1/G2). The APOL1 renal risk variants are 

common in African Americans (>50% carry at least one risk allele) and throughout sub-

Saharan African populations (from 5% up to 50% in sub-Saharan Africa)[4–6]. High-risk 

genotypes are greatly enriched in African Americans with FSGS and HIVAN (72%) and 

HA-ESKD (44%) compared to 12–14% in healthy controls. Compared to individuals 

carrying APOL1 low-risk genotypes (0 or 1 risk allele), the odds ratio for these diseases for 

carriers of high-risk genotypes is 17 for FSGS, 29 for HIVAN and 7 for HA-ESKD [3,4].

Approximately 13% of African Americans (~five million individuals) carry high-risk 

genotypes; a substantial fraction will develop APOL1-associated chronic kidney disease 

(Table 1). As shown, the lifetime risk for HIV-associated nephropathy has been estimated at 

50% among HIV positive African Americans who have two APOL1 risk alleles and do not 

receive anti-retroviral therapy and the lifetime risk for focal segmental glomerulosclerosis 

(FSGS) has estimated as 4.25% among African Americans who have two APOL1 risk alleles 

[reference pending]. Using data from the United States Renal Data System on the incidence 

of HA-ESKD, and the odds ratio of 7 for those with two APOL1 risk alleles [3], we have 

calculated the lifetime risk for HA-ESKD as 11% in these subjects. Thus, taken together, the 

lifetime risk for these two APOL1 nephropathies is estimated as 15%. The table also shows 

the explained variance (the proportion of a disease that is explained by the factor, among all 

contributing factors) and the attributable risk (the fraction of the disease that would be 

eliminated if the factor were absent). These estimates are subject to confounding by other 

contributing factors; they may also understate APOL1 nephropathy incidence because other 

renal conditions, notably clinically-diagnosed diabetic nephropathy, may in fact be driven by 

APOL1 variants.

The evolution of APOL family genes

APOL1 is a member of the APOL gene family, which comprises six genes on human 

chromosome 22, all of which are presumed to play a role in innate immunity [7,8]. The 

APOL family has evolved rapidly in primates by multiple events of gene duplication, gene 

Dummer et al. Page 2

Semin Nephrol. Author manuscript; available in PMC 2016 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



loss and pseudogenization [7]. This dynamic evolution has led to both a variable number of 

APOL genes among primate species and variable exon content among the different genes 

(Figures 1 and 2). The complete loss (e.g. chimpanzee) or pseudogenization (e.g. macaque) 

of APOL1 from most primates suggests that the gene is not critical for normal physiologic 

function. The account of an APOL1-null individual with apparently normal renal function 

supports this conclusion [9]. Moreover, both APOL1 and APOL6 are toxic to human cells 

when overexpressed [10–13], introducing the possibility that its retention comes at a fitness 

cost that often outweighs its benefits. An understanding of the mechanism of toxicity might 

provide valuable clues to the mechanisms of APOL1 nephropathy.

All APOL genes show more missense mutations than would be predicted by chance, 

suggestive of positive selective pressure in response to environmental stressors during 

primate evolution [7]. In primates [7] and human beings [14], the strongest selection pattern 

in APOL1 is noted in the C-terminal serum resistance associated (SRA)-interacting domain, 

suggesting the importance of this domain in regulating APOL1 function. APOL1 is the only 

secreted member of the APOL family, having acquired a signal peptide from a gain-of-

function mutation occurring after the APOL1/APOL2 divergence [7]. For this reason, 

extracellular pathogens are thought to have shaped the evolution of APOL1, whereas 

intracellular pathogens would have driven evolution of the other APOL genes [7]. The up-

regulation of APOL genes by pro-inflammatory cytokines (e.g., interferon-γ [IFNγ] and 

tumor necrosis factor [TNF]) and their involvement in autophagy and apoptosis suggest that 

most APOL genes may be involved in innate immune defense[10,12,13,15].

A co-evolutionary arms race

APOL1 is the circulating factor that confers human resistance to Trypanosoma brucei brucei 

(T. b. brucei), the parasite responsible for trypanosomiasis [16]. While humans are resistant 

to T. b. brucei, two subspecies of trypanosome, T. b. rhodesiense and T. b. gambiense, have 

evolved to strategies to avoid APOL1-mediated lysis. These sub-species are responsible for 

human African sleeping sickness across sub-Saharan Africa.

APOL1 circulates systemically on high-density lipoprotein (HDL) particles, the primary 

nutrient source for trypanosomes. Following endocytosis by the trypanosome and trafficking 

to the lysosome, the acidic environment induces a transition of APOL1 from the HDL 

particle to the inner leaflet of the lysosome, followed by membrane insertion, pore 

formation, and trypanolysis [17–19]. T. b. gambiense and T. b. rhodesiense have each 

evolved different mechanisms to preempt APOL1 pore formation: T. b. rhodensiense 

encodes the serum resistance-associated (SRA) protein [8,9,37] and T .b. gambiense 

expresses T. b. gambiense-specific glycoprotein (TgsGP) [38,40]. SRA preempts APOL1 

pore formation directly through binding of the α- helical SRA-interacting domain at the C 

terminus of APOL1 [5,16,17]. The association occurs in a pH-dependent manner, with 

optimal affinity at acidic pH within the trypanosome lysosome [9,11]. By contrast, TgsGP 

indirectly preempts APOL1 pore formation by stiffening the lysosomal membrane and 

blocking APOL1 membrane insertion [38]. By inactivating APOL1, SRA and TgsGP enable 

T. b. rhodesiense and T. b. gambiense proliferation, resulting in acute and chronic African 

sleeping sickness, respectively. Both the G1 and G2 renal risk variants are located in the 
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SRA-interacting domain of APOL1 (Figure 1A). Genovese and colleagues showed that the 

G1 and G2 variant protein isoforms are able to bypass SRA inhibition, thereby extending 

APOL1-mediated immunity to T. b. rhodesiense at the cost of increasing risk for renal 

diseases [3][5,11,41]. The G1 and G2 variants were ineffective against T .b. gambiense [3].

The G1 and to a lesser extent G2 alleles exhibit signatures of a recent selective sweep in 

West Africa, which is attributed to protection against T. b. rhodesiense [3]. Although both 

G1 and G2 alleles show the highest frequency in West Africa, the G2 allele is more evenly 

distributed across sub-Saharan Africa [20]; it remains an enigma why the only signals of 

positive selection occur in West Africa where T. b. rhodesiense is not endemic [3,5]. The 

widespread distribution of the G2 allele, the effective trypanolytic activity of the G2 variant 

in vitro and in mice, and its lower affinity for SRA relative to the G1 variant, both compared 

to the G0 variant, support the hypothesis that the G2 allele is older than the G1 allele and 

might have evolved in response to T. b. rhodesiense SRA-mediated resistance mechanism 

[5]. Although we cannot rule out the possibility of a shift in the geographic distribution of 

trypanosomes during evolution, the more recent emergence of the G1 allele and its very high 

prevalence in West Africa suggests that the evolutionary histories of these two trypanolytic 

variants might be different. Indeed, pathogens other than Tb Rhodesiense may have exerted 

selective pressure on the APOL1 risk alleles. Capewell et al [23] showed differences in 

susceptibility to APOL1 trypanolysis within subgroups of T. b. gambiense, and unlike Tb 

rhodesiense, these strains of Tb gambiense are endemic to West Africa. It is possible that the 

APOL1 risk variants reduce susceptibility to infection of certain strains of T. b. gambiense 

but not others, thereby conferring a selective advantage in these regions. The APOL1 

ortholog APOL2, which shares considerable sequence homology with APOL1, is retained in 

the cell and nevertheless shows a pattern of positive selection in the SRA-interacting 

domain. [7] This introduces the possibility that not only extracellular, but also intracellular 

pathogens have driven the selection of APOL1. In addition to its antitrypanosomal role, 

evidence suggests that APOL1 has broad immune properties because it can ameliorate 

Leishmania infection and restrict HIV-1 replication in macrophages in vitro [21,22].

Possible pathomechanisms: APOL1 toxicity

Multiple mechanisms have been proposed for how APOL1 might contribute to 

glomerulopathies, including lysosomal membrane permeabilization [24,25], autophagic cell 

death [10,12,26], apoptosis [7,11], and necrosis [24], but clearly much emphasis has been 

placed on cell death. Non-risk APOL1 (G0) induces autophagic cell death in p53-null 

human colorectal cancer cells [10], but this pathway of programmed cell death is not well 

understood and remains controversial [27–29]. Both the G1 and G2 risk variants display 

increased toxicity compared to G0 in HEK-293 cells and human podocytes in vitro [15,24]. 

It is unclear whether this gain of toxicity occurs through the same or separate pathways, and 

a better understanding of mechanisms of APOL1-induced toxicity may elucidate the 

pathomechanisms of APOL1-associated disorders.
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Proposed mechanisms of APOL1 toxicity in human cells: to BH3 or not to 

BH3?

Early studies investigating the function of APOL1 in human cells suggest that APOL1 

induces autophagic cell death through Bcl-2 homology 3 (BH3) domain-mediated pathways. 

All APOL proteins contain a putative BH3 domain (Figure 3A), a motif commonly found in 

pro-death BH3-only proteins. Deletion of the BH3 domain in APOL1 and APOL6 ablated 

the associated cytotoxicity, suggesting that both are BH3-only pro-death proteins [10–

13,19]. BH3-only proteins augment cytotoxicity indirectly by competing with Bcl-2 family 

prodeath effector proteins for binding to pro-survival Bcl-2 family members, such as Bcl-2, 

Bcl-xL, and Mcl-1. Once displaced from a pro-survival Bcl-2 partner, Bcl-2 family effector 

proteins engage death pathways directly through pore formation, as is the case with Bax, 

which induces apoptosis via mitochondrial outer membrane permeabilization [30–33].

The BH3 domain of APOL1 is required to induce autophagic cell death [10,13], but the 

mechanism is not well understood. Typically, BH3-only proteins such as BCL2/adenovirus 

E1B 19kDa interacting protein 3 (BNIP3) induce autophagy by displacing the BH3-only 

protein Beclin 1[32–35]. Unlike pro-apoptotic Bax however, displaced Beclin 1 does not 

activate cell death pathways. Instead, Beclin 1 associates with Vps34, Atg14, and UV-

radiation resistance associated gene protein (UVRAG) to form the class III phosphoinositide 

3-kinase (PI3K) complex. This complex phosphorylates phosphoinositol (PI) at the 3 

position to form PI(3)P, leading to autophagosome membrane nucleation and autophagy 

initiation [35–37]. Induction of autophagy through Beclin 1 is a pro-survival pathway that 

allows cells to maintain protein synthesis and energy homeostasis during nutrient 

deprivation and cell stress [27,33]. While APOL1 may induce autophagy through this 

pathway, it is difficult to comprehend how this BH3-mediated pro-survival pathway might 

be involved in APOL1-induced toxicity.

As shown in Figure 3B, the consensus sequence corresponding to the putative BH3 domain 

in APOL proteins, while well conserved, differs considerably from the BH3 consensus 

motif. This analysis suggests that although residues within this region are important for 

APOL function, a BH3 motif per se is not required. In support of this hypothesis, a recent 

article by Galindo-Moreno and colleagues showed that despite containing a BH3 consensus 

sequence and binding Bcl-2, APOL2 does not function as a classical BH3-only protein [38]. 

Our unpublished data indicates that mutating L158 and D163 does not inhibit APOL1 

toxicity, although these residues are critical for cytotoxicity in canonical BH3-only pro-

death proteins [39–42]. Moreover, Heneghan et al, working in Xenopus oocytes, showed that 

while deletion of the proposed BH3 domain abolished APOL1 toxicity (as previously shown 

by Wan et al. [10]), toxicity remained after replacing the same residues with a string of 

alanines [43]. Taken together, these data indicate that APOL1 does not require a BH3 motif 

to induce toxcity, and therefore initiates cell death through BH3-independent mechanisms.

Lessons from trypanosomal cell death: APOL1 pore formation

The earlier-described data throw into question the model by which APOL1 induces toxicity 

in human cells. If APOL1 is not a BH3-only prodeath protein, then how does it induce 
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toxicity? Although less is known about APOL1 function in human cells, considerable work 

has been performed to elucidate the mechanisms by which APOL1 induces toxicity in the 

trypanosome. A more thorough understanding of APOL1 trypanolytic activity may point 

toward analogous functions in human beings.

The trypanolytic activity of APOL1 depends upon its ability to form a pore in the 

trypanosome membrane [5,17,19,44–46]. The leading model for APOL1 function, as 

proposed by Pays and colleagues (Figure 4A), suggests that APOL1 is both structurally and 

functionally similar to bacterial colicins which are pore-forming toxins released by certain 

bacteria and active at acidic pH [17,18]. APOL1 is proposed to consist of a colicin-like pore-

forming domain adjacent to a pH-sensitive, membrane-addressing domain, followed by the 

SRA-interacting domain. APOL1 is modeled as associating with the HDL particle through 

the hairpin-like membrane-addressing domain. According to this model, following 

endocytosis and trafficking to the lysosome, the acidic environment promotes a pH-

dependent opening of the hairpin-like membrane-addressing domain [17,18] (Figure 4B). 

This decreases affinity for the neutral HDL lipids, enabling APOL1 to transition from the 

HDL particle to the inner leaflet of the lysosomal membrane. APOL1 inserts into the 

membrane via the membrane-addressing domain, which forms an anion-selective channel 

resulting in chloride entry and lysosomal membrane depolarization. Chloride influx is 

followed by irreversible osmotic swelling of the lysosome, and trypanosome death. This 

model is supported by experiments using E. coli and trypanosomes using recombinant full-

length and truncated forms of APOL1, and in vitro liposome assays and electrophysiology 

studies using only the pore-forming domain of APOL1 [17]. It is unclear what role the SRA-

interacting domain plays in this process, though interaction with SRA inactivates APOL1 by 

preventing membrane insertion.

An alternate model of APOL1 pore formation, proposed by Raper and colleagues, suggests 

that APOL1 forms cation-selective pores in the trypanosome plasma membrane, leading to a 

loss of osmoregulation that results in cytoplasmic vacuolization, colloid-osmotic swelling of 

the cell body, and ultimately trypanolysis [46]. This model was recently supported and 

further developed by Thomson and Finkelstein, who showed that the APOL1 channel is not 

only cation-selective, but also pH-gated, with optimal activity at neutral pH (pKa ~7.1) [19]. 

The investigators suggest that the acidic pH of the lysosome induces irreversible insertion of 

APOL1 into the lysosomal membrane (a process mediated by the SRA-interacting domain, 

not the membrane-addressing domain) but that channel activity is not induced until 

endosomes containing APOL1 are recycled to the cell surface, where the neutral pH leads to 

channel opening (Figure 4C). In support of this model, the investigators used 

electrophysiology to show that, while a small but noticeable conductance is present when 

APOL1 is at acidic pH, this signal can be amplified up to ~3000-fold upon return to neutral 

pH. Importantly, preincubation with SRA inhibited signal amplification in non-risk G0 

APOL1, which binds SRA, but not G2 APOL1, which does not bind SRA. Moreover, 

channel activity was not present when APOL1 lacked the SRA-interacting domain, 

supporting a critical role for the SRA-interacting domain in APOL1 channel activity. This 

study redefines APOL1 as a pH-gated cation channel and suggests that the SRA-interacting 
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domain is required for channel activity, although its precise role in this process remains to 

be defined.

APOL1 channel formation and initiation is clearly a multi-stage process. Although Thomson 

and Finkelstein [19] speculated that the SRA-interacting domain mediated membrane 

insertion, it is not clear which regions of APOL1 are involved in other stages of channel 

assembly and membrane permeabilization, calling into question the previously-proposed 

domain organization (Fig. 4D). The study also sheds light on mechanisms of APOL1 

inhibition: similar to TgsGP, SRA may inhibit APOL1 pore formation by preempting pH-

dependent insertion of APOL1 into the lysosomal membrane. The investigators did not 

investigate whether APOL1 channel properties, such as pKa or maximum conductance, are 

altered by the risk mutations. If APOL1 pore formation is relevant to human physiology, this 

data may shed light on whether the increased toxicity of the risk variants in human cells is 

due to changes in APOL1 pore activity itself, or to altered regulation by endogenous 

inhibitors.

The relevance of trypanocentric models to human pathophysiology

While the work by Pays and colleagues and Thomson and Finkelstein illuminates the 

molecular function of APOL1 and introduce novel pathways for APOL1-induced toxicity, it 

is unclear whether lysosome permeabilization and osmotic swelling of the cell body are 

mutually exclusive mechanisms of cell death. In support of both models, Singhal and 

colleagues showed that overexpression of APOL1 induced both podocyte swelling and 

lysosomal membrane permeability [24], with both phenotypes increased with the G1 and G2 

risk variants. These data suggest that the trypanocentric models of APOL1 function translate 

at least in part to human physiology and may be important pathomechanisms in APOL1-

associated diseases.

There may be limits to this parallelism, however. According to these trypanocentric models, 

one might hypothesize that systemically circulating APOL1 is responsible for the 

pathogenesis of glomerular injury, but there is evidence to the contrary. Specifically, 

transplanted kidneys from high-risk donors fail more rapidly when compared to those of 

donors bearing low-risk genotypes [47,48] while recipient genotype has no effect on 

allograft survival five years post-transplant [49]. Although these studies did not include data 

on corresponding recipient or donor genotype, taken in combination they suggest that 

APOL1-associated renal diseases result from APOL1 generated within the kidney rather 

than systemically circulating APOL1. These data do not rule out an autocrine or paracrine 

function of APOL1 within the kidney, however. Moreover, human cells are exposed to and 

endocytose circulating APOL1 [50,51], but cells that are most exposed, such as immune 

cells and cells of the vasculature, are apparently healthy. These data suggest that APOL1 

toxicity may be prevented in such cell types by alternate trafficking, endogenous APOL1 

inhibitors, or an increased threshold for APOL1 channel activity. Though there may be 

physiologically relevant circumstances when APOL1 is trafficked to the plasma membrane, 

endogenous APOL1 has a primarily vesicular subcellular localization, and does not appear 

at considerable levels on the cell surface [52].
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There has been much speculation about a human analog to SRA that would act as a trigger 

lock to inhibit APOL1 activity, with the G1 and G2 risk variants having a decreased affinity 

to the postulated host protein, accounting for the increased cytotoxicity of the risk variants 

[53]. O'Toole and colleagues Use the following citation:[20] used a bioinformatics-based 

structural homolgy search to identify human orthologs of trypanosomal SRA, and identified 

VAMP8, an R-SNARE involved in autophagosome-lysosome fusion. Co-

immunoprecipitation demonstrated an interaction between non-risk G0 APOL1 but not with 

G1 or G2, suggesting an altered affinity similar to SRA. While VAMP8 may indeed be an 

important inhibitor of APOL1 function, according to the trypanocentric models, 

endocytosed APOL1 would be in the lumen of the lysosome while VAMP8 is for the most 

part cytoplasmic [54]. The presence of the lysosomal membrane therefore would preclude an 

interaction between these two proteins. While these considerations are based on endocytosed 

APOL1, it cannot be ruled out that endogenously expressed APOL1 may be on the 

cytoplasmic side of the membrane, thereby enabling the interaction. While the search for 

human analogs of trypanosomal APOL1 inhibitors has focused primarily on SRA, less 

attention has been paid to human TgsGP analogs. If the principle of APOL1 inhibition by 

TgsGP and SRA are truly the same (preempting channel formation by inhibiting APOL1 

membrane insertion), the search should not be limited to SRA homologs alone, as there may 

be numerous proteins that can fulfill this role.

While most work to illuminate APOL1 intracellular function has used overexpression 

models, it remains to be seen whether APOL1-induced toxicity occurs at physiologic levels 

in the podocyte. The low penetrance, chronic presentation, and relatively late onset of 

APOL1-associated diseases suggest that APOL1-induced toxicity may not be the whole 

story. Indeed, the role of APOL1 in human physiology (and pathophysiology) is very likely 

multifactorial, and subtler experimental approaches may be required to uncover these 

functions.

Circulating APOL1 and lipid biology

APOL1, as a lipoprotein, binds lipids; whether it has role in regulatory lipid metabolism 

remains to be determined. Circulating APOL1 is found primarily in the HDL3b and c 

subfractions[55], where it associates with two distinct complexes termed trypanolytic factors 

(TLF) 1 and 2 [56–59]. TLF1 is an appfoximately 500-kDa lipid-rich complex found in the 

densest HDL3c subfraction and containing APOL1, APOA1, and haptoglobin-related 

protein (Hpr), and lower levels of paraoxonase, hemoglobin, and APOA2. TLF2 is an 

approximately 1000-kDa lipid-poor complex that is more dense that normal HDL particles 

[56,60]. Along with APOL1, APOA1, and Hpr, TLF2 also contains IgM molecules [56,58]. 

It is not known whether TLF1 and 2 have functions beyond trypanolysis, and a better 

understanding of their role in lipid biology may help to elucidate APOL1 function. Subclass 

HDL3 attenuates low-density lipoprotein oxidation, and APOL1 levels in HDL3 are highly 

correlated with HDL anti-oxidative function and with presence of paraoxonases 1 and 3 

[55], important anti-oxidant and anti-inflammatory proteins [61]. Thus far, all that can be 

said is that APOL1 is a fellow traveler with anti-oxidant passengers in an anti-inflammatory 

vehicle; whether APOL1 contributes in any way to these activities remains to be determined.

Dummer et al. Page 8

Semin Nephrol. Author manuscript; available in PMC 2016 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Several studies have investigated associations between APOL1 risk variants and circulating 

lipids. Plasma APOL1 levels correlate with plasma triglycerides, total cholesterol, and low-

density lipoprotein cholesterol [62–64], but no differences were found by APOL1 genotype 

[63]. Bentley and colleagues found no difference in mean plasma HDL cholesterol, an 

approximation of total HDL number, by APOL1 genotype [65]. They showed an unexpected 

inverse relationship between plasma HDL cholesterol and estimated glomerular filtration 

rate (eGFR) in G1/G1 African Americans (i.e., higher HDL associated with lower eGFR), 

while no correlation was witnessed in other subjects. This pattern did not repeat in a West 

African cohort, although the investigators noted considerable metabolic differences between 

the populations. The G2 risk allele was not genotyped, however, and therefore the controls 

almost certainly included individuals homozygous for G2 allele, an important limitation in 

these data. Freedman and colleagues found an inverse correlation between HDL2c/3a 

concentration and risk allele number, while the concentration of HDL3b/c (the subfractions 

reported to contain APOL1) was not different [66]. Bruggeman et al. found no correlation 

between APOL1 genotype and levels of any lipid class, though HDL subfractions were not 

studied. Moreover, they saw no correlation between plasma APOL1 levels and CKD, and no 

change in circulating APOL1 levels by genotype [63]. Despite the largely negative findings 

of these studies, it still would be premature to conclude that the risk variants have no effect 

on HDL function.

APOL1 tissue and cellular expression

APOL1 RNA and protein expression have been documented in many tissues, with high 

expression in pancreas, prostate, spleen, liver, kidney, and placenta and highest in lung 

[8,67–69]. This would suggest either ubiquitous expression, possibly pan-cellular, or 

expression restricted to a cell-type that is common to the various tissues. APOL1 expression 

first was noted in TNF-stimulated endothelial cells [67]. Subsequent work demonstrated 

broader cellular expression. In particular two reports elaborated APOL1 distribution in 

normal and diseased kidneys and explored the impact of APOL1 risk allele status on APOL1 

expression and distribution. In normal kidney parenchyma, APOL1 mRNA and protein 

expression is present in glomerular endothelium, podocytes, proximal tubular epithelium, 

arteriolar endothelium and in HIVAN and FSGS was noted in arteriolar media [51]. 

Mesangial APOL1 expression was not observed [51]. Comparisons between APOL1 

expression levels in podocytes in tissue versus the lower levels observed in cultured 

podocytes were interpreted to suggest uptake of APOL1 by podocytes, a process supported 

by experimental evidence, with a preference for uptake by podocytes compared to other 

renal parenchymal cells (mesangial, endothelial and tubular epithelial cells)[51].

As an innate immune protein, APOL1 RNA and protein expression is driven by cytokines 

such as TNF and interferons in innate immune cells such as macrophages. Furthermore, 

IFN-α induced expression of multiple APOL1 transcript variants in cultured endothelial 

cells and podocytes [15]. All APOL genes are induced by interferon and TNF 

[10,12,13,15,70], and binding sites for the interferon-associated transcription factors 

Interferon Regulatory Factors 1 and 2 (IRF1 and IRF2), and Signal Transducer and 

Activator of Transcription 2 (STAT2) are present in the promoter region of the APOL1 gene 

[15]. In support of its role in innate immune function, Divers and colleagues showed an 
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interaction between APOL1 genotype and JC polyoma virus infection in non-diabetic kidney 

disease [71], and Nichols and colleagues found that all individuals who developed 

interferon-associated FSGS within a small cohort had two APOL1 risk alleles [15].

Beyond innate immunity, there may be role for APOL1 in the brain, and possibly in 

schizophrenia. Studies have shown expression in relevant brain regions such as the frontal 

cortex [72] [73], altered expression in schizophrenia [72–75], and genetic variants in APOL1 

are associated with increased rates of the disorder [76–78], the physiological role of ApoL1 

in schizophrenia is largely speculative [79]. Interestingly, the podocyte, the central target in 

several APOL1 nephropathies, shares characteristics with neurons. Certain proteins that are 

expressed by podocytes and implicated in glomerulopathies, such as podocin, nephrin, 

podocalxyin, and synaptopodin, are also important neuronal markers, indicating some 

degree of transcriptome similarity [80,81]. Furthermore, podocyte foot processes display 

some similarities to neuronal dendrites [82].

Despite these efforts to elucidate the expression pattern of APOL1 and the role of the risk 

alleles, the pathomechanism of APOL1 risk allele-related disease at the tissue and cell level 

is unclear. What is the role for APOL1 in arteriopathy? Does its presence reflect non-

specific trapping of circulating APOL1 or local production by smooth muscle cells? [Among 

commercial APOL1 antibodies, we have witnessed heterogeneity in staining patterns, 

including within arterial/arteriolar media across disease states (unpublished)]

A spectrum of APOL1-related nephropathies

Pollak and colleagues determined that substantial risk for FSGS and HIVAN can be 

attributed to the G1 and G2 APOL1 risk alleles [3], and subsequent studies have extended 

the renal phenotype to additional clinical settings, connecting distinct histopathologies 

through the APOL1 genetic variants [83]. The spectrum of APOL1-related nephropathies 

consists of HIVAN [4,84–88], FSGS [4,89,90], sickle-cell nephropathy [91], 

arterionephrosclerosis [92], lupus nephritis [93,94], microalbuminuria [95], CKD [96,97], 

and ESKD [98,99]. There is also increased deceased donor kidney transplant rejection [47], 

and greater decline in glomerular number and greater increase in glomerular volume over 

lifespan [84], as summarized in Table 1. The strongest association is with collapsing 

glomerulopathy in many settings that include HIVAN [86], primary collapsing 

glomerulopathy [4,90], and collapsing glomerulopathy seen in the setting of in systemic 

lupus erythematosus [94,100] and PLA2R-positive membranous glomerulopathy [101]. 

Furthermore, APOL1 two-risk allele status predisposes patients receiving interferon to 

collapsing glomerulopathy, suggesting a interferon-related pathomechanism [15].

Less is known about the role of APOL1 in other histopathologic entities. For example 

further work will be needed to elaborate the impact of APOL1 risk allele status on renal 

allograft outcomes where donor (but not recipient) APOL1 risk allele status correlates with 

accelerated loss of renal allografts [47,49] but did not impact HIV reinfection of allograft in 

HIV-positive recipients [102]. Importantly, we need data on the long-term outcomes of two-

risk allele kidney donors, to establish whether it is safe for these individuals to serve as 

donors. Finally, APOL1 risk alleles have been associated with faster progression of 
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clinically-diagnosed type 2 diabetes-associated ESKD [103]; it remains to be determined 

whether this effect is due to compound effects of diabetes and APOL1 risk alleles on the 

glomerulus and the vasculature, or whether some of these cases have only APOL1 

nephropathy.

APOL1 kidney risk variants may have effects on phenotypes beyond the kidney, in addition 

to their role in innate immunity. There may be a role in cardiovascular disease [104], but this 

area remains controversial [48,105]. Additional cohorts with genome-wide data will be 

needed to better understand the role of APOL1 risk allele status in more complex genetic 

states. That such a diverse array of pathologies are associated with variants in a single gene 

suggests that disease etiology is in part mediated by either environmental factors or 

genegene interactions that place excess strain on biological processes already susceptible to 

dysregulation, followed by varied compensatory mechanisms to achieve homeostasis.

APOL1 and systems biology

Ongoing work from human renal disease cohorts, including particularly those that include 

renal tissue obtained from individuals of African descent and non-African descent, offer the 

promise to integrate epidemiologic, genetic, genomic, phenotypic, and histomorphologic 

data. This multi-level integrated analysis may offer insights into how an interplay between 

genes and environment, leading to protein expression in a one or more cell types 

(particularly podocyte and vascular cells), results in chronic kidney disease. The NEPTUNE 

study provides just such an opportunity to carry out deep multi-level analysis and begin to 

answer these questions.

Conclusions and future questions

The spectrum of APOL1-asociated diseases has expanded considerably since the initial 

publication by Genovese et al. [3]. That APOL1 genotype is a susceptibility factor for such a 

diverse array of complex diseases suggests that it has a physiological function at the nexus 

of biological pathways important in multiple renal diseases. A better understanding of 

APOL1 biology will not only suggest targeted treatments for APOL1-associated diseases 

and expand possibilities for individualized medicine, but may also shed light on pathways 

dysregulated in these diseases generally.

Our understanding of APOL1 biology and potential pathomechansims has also been 

enhanced. The molecular function of APOL1 has been clarified, as a recent report suggests 

that APOL1 functions as a pH-gated cation channel. The SRA-interacting domain is 

required for APOL1 channel activity and is speculated to play a role in membrane insertion. 

It is unclear whether this domain plays a role in channel activity beyond this initial stage, or 

whether the risk mutations affect fundamental properties of APOL1 channel activity. These 

data suggest that recycling of APOL1-containing endosomes is important for APOL1 

channel activation in the trypanosome.

We look forward to seeing whether the trypanocentric models are applicable to human 

physiology, as a report by Singhal and colleagues suggests. A better understanding of 

APOL1 intracellular trafficking and protein binding partners will provide important 
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information for the pathophysiological mechanism(s) that targets the podocyte. While 

endogenous binding partners analogous to trypanosomal SRA, including VAMP8, have 

been discovered, their physiologic relevance remains unknown. Data suggests that APOL1 

is unlikely to function as a canonical BH3-only protein to induce cell death. The 

mechanism(s) by which APOL1 induces cell death require clarification, but plausible 

pathways include necrosis, apoptosis, autophagy, lysosomal permeabilization, and colloid 

osmotic swelling.

Transplant studies suggest that APOL1-associated diseases are due to locally expressed, 

rather than systemically circulating APOL1. Studies investigating the localization of 

endogenous APOL1 support expression in glomerular podocytes. Whether APOL1 secretion 

and uptake are involved in pathology is unclear, however. These findings have important 

implications for not only the disease model, but also treatments and donor screening.

There are many barriers to progress that are worth noting. While a number polyclonal and 

monoclonal antibodies are available, specificity for APOL1 rather than other APOL family 

members or other proteins sharing sequence homology has not often been rigorously 

characterized. Stably-transfected cells are difficult to generate, particularly for the G1 and 

G2 alleles, likely due to toxicity, and stable cell lines that have been generated may have 

genetic mutations in APOL1 that have promoted survival (our unpublished data). Relevant 

animal models are critical to assess the in vivo consequences of APOL1 variant isoforms 

and will be important for pre-clinical testing of potential therapeutic agents. APOL1 is only 

present in a few primates, however, and the utility of introducing APOL1 into mice, rats, 

fish and flies may be limited if critical interacting proteins are also missing. Studies using 

human tissues and patient samples may shed light on pathogenesis, but will not provide a 

suitable system to safely test therapeutics in a pre-clinical setting. While barriers to progress 

exist, integrating data on APOL1 biology across multiple experimental and clinical 

platforms will enable clinicians and researchers to side-step the limitations of any individual 

system. An integrated approach will illuminate disease mechanisms and reveal new and 

unexpected routes to treatment, thereby providing hope for millions worldwide.

Areas for which clarity is needed include:

• Are there other infectious agents, beyond T. brucei, that have driven APOL1 

evolution? Could one of these other agents better explain the high prevalence of 

APOL1 risk alleles in West African populations?

• How is APOL1 trafficked within cells and between intracellular compartments?

• Does the SRA domain have a distinct function in the host cell, as suggested by its 

binding to VAMP8?

• Does APOL1 have other protein partners beyond VAMP8? APOL1 is a toxic 

protein, as the difficulty of obtaining stable cell lines attests. Are there endogenous 

inhibitors or regulators of APOL1 activity? Do the risk mutations exert toxicity by 

subverting these control mechanisms?

• In the context of widespread APOL1 expression across tissues, why is renal disease 

most impacted by the risk alleles?
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• What is the mechanism of APOL1 risk variant cytoxicity?

• What are the most effective therapeutic paradigms to manage APOL1 related 

diseases?

• What additional evidence is needed to support a role for genetic screening for 

APOL1 risk alleles to drive implementation of prevention strategies for individuals 

with two APOL1 risk alleles?

• How should we counsel prospective kidney donors with two APOL1 risk alleles 

and will this help clinical management?
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Figure 1. APOL1 predicted protein domains and human predicted APOL1 isoform transcripts
The upper panel shows APOL1 domain organization as proposed by Pays and colleagues, 

with residues numbered according to APOL1 isoform A. The BH3 domain proposed by Hu 

and colleagues is also shown [10]. MB, predicted membrane binding domains; SP, signal 

peptide. The locations of mutations that comprise the G1 and G2 alleles are shown. The 

lower panel shows the RNA transcript structures for the six human APOL family members, 

limited to protein-coding exons or portions of exons. Exon numbering is according to 

APOL1. Exon 7 encodes amino acid residues 106 to 398 of APOL1. APOL1 has three 

transcripts; only a and b are shown. [Permission pending from Smith and Malik, Genome 

Res. 2009. 19: 850–858 - PMID: 19299565]
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Figure 2. APOL gene family in selected primate species and mouse
Genes, lost genes, and pseudogenes are represented by plain black box, empty box, and light 

gray box with Ψ, respectively. The hashed boxes represent mouse homologous, but not 

orthologous, genes. (1) Macaque also exhibits an APOL2.1 gene and an APOL7 pseudogene.

(2) Baboon also exhibits two APOL2.1 pseudogenes and an APOL7 pseudogene. The 

trypanolytic potential against T. brucei is also depicted. [Permission pending from Capewell 

et al., Parasitology, 2015 - PMID:25656360]
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Figure 3. APOL1 domain organization and homology of the BH3 domain
Panel A shows APOL1 domain organization as in figure 1. Also shown are the reported 

cleavage sites at amino acid residues 27 (signal peptidase) and 54 (unknown), and the 

Nglycosylation site (□) at N264. Panel B presents sequence analysis of residues that 

comprise the proposed BH3 domain of APOL family members, compared to the canonical 

BH3 domain motif. The middle panel shows an alignment of the amino residues for the six 

human APOL family members. The upper and lower panels show alignment logos generated 

with Skyligne software using a hidden Markov model (HMM), where the height of the 

amino acid code letter reflects residue frequency among the analyzed protein sequences. The 

upper panel shows an alignment logo for APOL family proteins found in the Pfam database, 

while the lower panel shows that of BH3 domain-containing proteins found in the InterPro 

database. For both HMM logos, sequences were filtered to remove redundancy. Each logo 

was generated from at least 300 aligned sequences, using sequences from all species 

included in the respective databases.
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Figure 4. APOL1 domain organization and proposed mechanisms of APOL1 trypanolysis
Panel A shows the domain structure suggested by Pays and colleagues, identical that shown 

in figure 1. Panel B shows the model of APOL1 trypanolysis proposed by Pays and 

colleagues. In this model the HDL-bound APOL1 is endocytosed by the trypanosome and 

trafficked to the trypanosome lysosome. Once in the lysosome, the acidic environment leads 

to opening of the hairpin-like membrane-addressing domain, followed by dissociation of 

APOL1 from the HDL particle and insertion membrane-addressing domain into the 

lysosomal membrane. The pore-forming domain of APOL1 forms a chloride channel that 

depolarizes the lysosomal membrane, leading to irreversible swelling of the lysosome, 

followed by trypanolysis. SRA inhibits APOL1 within the lysosome by binding the SRA-

interacting domain on APOL1, though the mechanism of inhibition is unclear. Panel C 
depicts the model of trypanolysis proposed by Thomson and Finkelstein. In this model, 

following endocytosis and trafficking to the lysosome, the acidic environment leads to 
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irreversible insertion of APOL1 into the lysosomal membrane, a process mediated by the 

SRA-interacting domain. The APOL1 channel is inactive until recycled to the trypanosome 

cell surface, where neutral pH leads to APOL1 channel activation. Cation influx through 

APOL1 depolarizes the plasma membrane and is coupled to potassium efflux and anion and 

water influx, followed by loss of osmoregulation, cytoplasmic vacuolization, and lysis. SRA 

binding to APOL1 is speculated to inhibit insertion of the SRA-interacting domain into the 

lysosomal membrane, thereby preempting APOL1 channel formation and lysis. Panel D 
depicts a revised model for APOL1 domain organization. The pore-forming domain has 

been removed, as the residues responsible for channel formation remain to be identified. The 

membrane-addressing domain has been replaced by a proposed membrane insertion domain 

at the C terminus, within the SRA-interacting domain. PF, pore-forming domain. MA, 

membrane-addressing domain. SI,SRA-interacting domain. Other abbreviations as in Figure 

1. [Permission pending from Pays et al., Nat Rev Microbiol. 2006, PMID: 16710327; 

Thomson and Finkelstein, Proc Natl Acad Sci U S A. 2015PMID: 25730870]
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Table 2
APOL1 risk allele kidney phenotypes

Displayed are the range of kidney diseases and conditions for which APOL1 risk variants have been shown to 

increase risk or alter phenotype.

Kidney disease Phenotype Geographic
region, or age

Odds ratio Reference

HIV-associated nephropathy N/A USA 29 [4]

N/A South Africa 89 [88]

Focal segmental glomerulosclerosis and collapsing 
glomerulopathy

N/A Mostly adults 17 [4, 89]

N/A Mostly children N/A [90]

Sickle cell nephropathy Proteinuria Mostly adults 3.4 [91]

Diabetic nephropathy Faster progression to ESKD USA N/A [106]

Arterionephro-sclerosis All CKD stages USA 2.7 [92]

ESKD USA 7 [3]

Lupus nephritis ESKD USA 2.7 [93]

Collapsing glomerulopathy USA 5.4 [94]

Microalbuminuria N/A USA N/A [107]

Chronic kidney disease Not otherwise specified USA 1.5 [96]

Nigeria N/A [97]

ESKD Younger age at dialysis initiation USA N/A [98][99]

Not otherwise specified USA 2.2 [96]

Deceased donor allograft loss N/A USA 3.8 [47]

Kidney number and size Glomerular loss and hypertrophy Mississippi N/A [84]
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