1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Kidney Int. Author manuscript; available in PMC 2020 December 01.

-, HHS Public Access
«

Published in final edited form as:
Kidney Int. 2019 December ; 96(6): 1303-1307. doi:10.1016/j.kint.2019.07.010.

Apolipoprotein L1 (APOL1) risk variant toxicity depends on the
haplotype background.

Herbert Lannon, Ph.D.1, Shrijal Shah, MAl, Leny Dias?, Daniel Blackler!, Seth L. Alper,
M.D., Ph.D.}2, Martin R. Pollak, M.D.12, David J. Friedman, M.D.1

1Division of Nephrology, Department of Medicine, Beth Israel Deaconess Medical Center, Harvard
Medical School. Boston, MA. USA

2Broad Institute of MIT and Harvard, Cambridge, MA. 02139. USA

Abstract

The apolipoprotein L1 (APOLL1) risk variants G1 and G2 are associated with high rates of kidney
disease in African Americans in genetic studies. However, our understanding of APOL1 biology
has lagged far behind. Here we report that engineering G1 and G2 mutations on unnatural
haplotype backgrounds instead of on the specific G1 and G2 haplotype backgrounds that occur in
nature profoundly alters APOL1-mediated cytotoxicity in experimental systems. Thus, in addition
to helping resolve some important controversies in the APOLL field, our demonstration of the
critical influence of haplotype background may apply more generally to the study of other genetic
variants that cause or predispose to human disease.
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Introduction

Genetic variants in the ApolipoproteinL1 (APOL1) gene are associated with high rates of
kidney disease in African Americans.l: 2 Two APOL1 risk alleles greatly increase risk of
FSGS, H-ESRD, HIV nephropathy, and several glomerular phenotypes with features of
collapsing nephropathy.L 3 4 Most but not all data to date support a model in which APOL1
kidney risk variants exhibit toxic, gain-of-function properties despite their generally
recessive mode of inheritance.3 However, some investigators have observed no increase in
risk variant-induced toxicity relative to wild-type APOL1, leaving open the possibility that
loss-of-function mechanisms explain kidney injury.> Even among proponents of gain-of-
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function models, inconsistent results regarding APOL1 trafficking, binding partners,
intracellular location, and mechanisms driving cell death are difficult to reconcile, impeding
our understanding of disease mechanism.

Many reports have demonstrated experimental differences between the behavior of wild-type
APOL1 (also referred to as GO, or non-risk), and those of risk variants G1 and G2.6-16 We
have previously observed that human variation includes APOL1 proteins containing multiple
coding variants organized into distinct haplotypes, including at least 8 relatively common
non-risk haplotypes with different coding sequences (Supplementary Tables 1 and 2). In
other words, there is no canonical “wild-type” APOLL1 but rather many non-risk haplotypes
that differ from each other by at least one and sometimes several amino acids.1” Both risk
variants G1 (S342G and 1384 M, two amino acid substitutions that nearly always occur
together) and G2 (del388-9, a two amino acid deletion) are inherited on one specific human
haplotype background. One non-risk APOL1 sequence, which we refer to as the Reference
APOL1 haplotype, is the nucleotide and protein sequences found in most databases and
encoded by most commercially available APOL1 cDNA plasmids. Studying G1 or G2
behavior by generating the G1 or G2 mutations on the Reference haplotype background
creates APOL1 sequences that, to our knowledge, have not yet been observed in human
genomes. We hypothesized that use of many different non-risk APOL1 amino acid
sequences as “wild-type” APOL1, together with study of G1 and G2 variants on a variety of
haplotype backgrounds (including ones that do not occur naturally), may have contributed to
the range of APOL1 experimental results reported to date by different laboratories.

To that end, we compared the experimental consequences of overexpressing multiple
different non-risk APOL1 haplotypes. We further examined the properties of G1 and G2 risk
variants on different haplotype backgrounds, comparing the natural human haplotypes with
artificial haplotypes rarely if ever observed in nature but sometimes inadvertently studied in
previous publications. Our results demonstrate a strong influence of haplotype background
on APOL1 function for both wild-type and risk variant forms of APOLL1.

We previously showed that transient expression in HEK293 cells of the Reference APOL1
haplotype was much less toxic than G1 or G2 on their native haplotype background.11
Reference (Ref) APOL1 is actually a minor APOL1 haplotype rarely found in Africans, but
present in ~ 20-25% of non-African chromosomes, likely entering the human genome from
Neandertal after the out-of-Africa expansion.1” We found that transient expression of
Reference APOL1, found chiefly in people from regions without trypanosomal disease,
caused less toxicity than did the most common APOL1 haplotype worldwide (labelled GO in
our figures; Fig. 1A and 1B). We therefore generated plasmids encoding the common
APOL1 wild-type/non-risk variants (Supplemental Table 1). These non-risk APOL1 wild-
type alleles differed widely in the toxicity they induced when transiently expressed in cells
(Fig. 1B), though none were as cytotoxic as G1 or G2.

Since G1 and G2 occur naturally on one specific haplotype background, we compared the
toxicity of natural G1 and G2 haplotypes with artificial haplotypes created by mutagenic

Kidney Int. Author manuscript; available in PMC 2020 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lannon et al.

Page 3

insertion of G1 and G2 amino acid variants onto other non-risk APOL1 haplotypes. We
found that G1 and G2 toxicity was dramatically reduced when expressed on either the
common Reference haplotype background or the haplotype defined by N264K previously
associated with loss-of-function for trypanolysis (Figs. 1C, 1D, S1).18 The Reference
APOL1 haplotype includes both 1228M and K255R polymorphisms not found in any other
common APOL1 haplotypes. Each of the two polymorphisms independently explained
about half of the reduction in toxicity of G1 and G2 on the Reference background (Fig. 1C).
These results demonstrate that amino acid changes quite distant from the G1 (S342G and
1384M) or G2 (del388-9) markedly affect the propensity of G1 and G2 to injure cells.

We also generated cell lines that stably express these different APOL1 haplotypes under the
control of a tetracycline-inducible promoter to validate our findings in the absence of lipid
transfection reagents or plasmids (bacterial DNA). We observed that the cytotoxicity
difference between GO and the risk variants G1 and G2 was larger in the stable inducible
system than in transient transfections, but Reference and GO were indistinguishable (Fig.
2A). Again we found that G1 and G2 were much less toxic on artificial haplotype
backgrounds than when expressed on their native, naturally-occurring haplotypes (Fig. 2B,
2C, S2-4). We found consistent differences of much smaller magnitude when expressing G1
or G2 on a background containing E150 (natural) vs K150 (artificial) (Supplementary Figure
S5). We confirmed these findings using a second type of cell death assay (MTT) (Fig. 2D,
2E).

Discussion

The disease-relevant biology of APOL1 remains elusive nearly a decade after its discovery
as an important kidney disease risk factor in African Americans, at least in part because of
many conflicting published experimental results. Some of these discrepancies may reflect
investigators working with different APOL1 constructs, including sequences that probably
do not occur in nature (summarized in Supplementary Table 3). In most reports the full
APOL1 sequences used in experiments are not provided, further complicating data
interpretation. Our in vitro findings cannot yet be extrapolated directly to human disease but
are highly relevant for understanding the function of APOL1.

We explored natural human variation in the APOL1 gene and protein with respect to their
propensity to cause cytotoxicity, a key phenotype in the gain-of-function model. We found
that haplotype background profoundly influences the effects of transient and stable APOL1
overexpression. One APOL1 haplotype, which by chance became the Reference APOL1
sequence, was likely inherited by humans from Neandertal via introgression long after
modern humans migrated out of Africa.l” Though modern humans have on average ~2-3%
Neandertal DNA, Reference APOL1 haplotype has increased in frequency to >20% in much
of Europe and Asia, suggesting positive selection in environments without trypanosomes.
That some non-risk APOL1 haplotypes may confer toxicity in humans is consistent with loss
of the APOL1 gene from genomes of several primate species. A second APOL1 haplotype
(tagged by N264K) in our experiments that was minimally toxic and mitigated toxicities of
G1 and G2 was recently reported by Cuypers et al.18 to lack activity against certain
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trypanosomes, again supporting a possible link between APOL1 cytotoxicity and
trypanolytic potency.

Our experiments with natural haplotypes and haplotype switches emphasize the large effects
on G1- and G2-mediated cytotoxicity of other amino acid residues, even those quite distant
from G1 or G2 in the linear sequence. These results suggest a more complicated view of risk
variant toxicity that will require structural studies of the entire APOL1 protein, rather than of
the C-terminal region alone, to understand functional differences among GO, G1, and G2.

Our work demonstrates that so-called “wild-type” APOL1 comprises a set of different
haplotypes with clearly demonstrable biological differences in human kidney cells, and that
G1 and G2 are best viewed as haplotypes rather than as specific mutations. We further show
that insertion of G1 or G2 mutation into the Reference wild-type APOL1 haplotype
background generates risk variant APOL1 polypeptides with properties markedly different
from those of naturally-occurring APOL1 risk variants. While we think it is possible that
APOL1 risk variants may also have some loss-of-function properties, our data support the
gain-of-function hypothesis for APOL1 risk variants and may explain why some reports do
not observe enhanced risk variant toxicity. We propose that conducting experiments with the
APOL1 haplotypes found in nature, and accurately reporting haplotypes chosen for
experimentation, could minimize differences in experimental results among groups and
accelerate progress towards a more complete understanding of APOL1 biology and
pathobiology. Our findings regarding the effect of APOL1 haplotype background may have
important implications for the study of many other disease-causing genes as the catalog of
human variation (both individual variants and haplotype structure) continues to grow.

Short Methods

Cytotoxicity Assays—Cytotoxicity/Viability ratios were measured using the MultiTox-
Fluor Multiplex Cytotoxicity Assay (Promega) and MTT assays (Life Technologies).
HEK?293 (ATCC) cells were transfected with 100ng pCMV6 plasmid encoding untagged
APOL1 using Lipofectamine2000 (Life Technologies). Stable T-Rex 293 cells generated
using the Flp-In T-Rex system (Life Technologies) were induced with 100ng/mL
tetracycline. Cytotoxicity measurements for stable T-Rex 293 cells were normalized to no-
tetracycline controls. Detailed experimental methods and gene sequences are provided in the
Supplement.

Statistics—We used ANOVA with post-testing (Dunnett) for comparisons involving
multiple groups or standard two-tailed t-tests for comparisons involving only two groups. P
< 0.05 after post-testing was considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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APOLI-induced cytotoxicity in HEK293 cells transiently transfected using Lipofectamine
2000. The cytotoxicity-to-viability ratio was measured after 28 h using the MultiTox-Fluor

Multiplex Cytotoxicity Assay.

a) Risk variants G1 and G2 demonstrate higher cytotoxicity than non-risk variants Ref and
GO0. P<0.001 for risk variants G1 and G2 vs non-risk variants Ref and GO.
b) Common APOL1 non-risk haplotypes demonstrate variable cytotoxicity but do not reach
the toxicity levels of risk variants G1 and G2. P<0.001 for GO vs Ref, GO N264K, and GO

K150E D337N N176S.

¢) G1 and G2 mutations on a Ref background show no difference in cytotoxicity compared
to Ref APOL1 (M228/R255). Mutating either amino acid 228 (M to I) or 255 (R to K) in
these artificial Ref G1 and Ref G2 variants back to the natural haplotype background residue
restores about half the toxicity difference between the artificial G1 and G2 constructs on the
Ref background versus their natural backgrounds. P<0.01 for G1 vs Ref G1, Ref G1 M228l,
and Ref G1 R225K. P<0.001 for G2 vs. Ref G2, Ref G2 M228l, and Ref G2 R225K.

d) A N264K mutation on a G1 or G2 background completely abrogates risk variant toxicity.
P<0.001 for G1 vs G1 N264K and for G2 vs. G2 N264K.
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Figure 2.

Toxicity in inducible T-Rex 293 cells stably expressing APOL1 of different haplotypes.
APOL1 expression was induced by addition of tetracycline. Cytotoxicity was measured
using either the cytotoxicity-to-viability ratio (a-c) or by MTT assay (d-e). Each cell line’s
data are normalized to the corresponding no-tetracycline control. Similar APOL1 expression
levels among cell lines are demonstrated in Supplementary Figures S2 (MRNA) and S3
(protein); Supplementary Figure S3 demonstrates that APOL1 transgene expression does not
activate endogenous APOL1 expression.

a) Risk variants G1 and G2 demonstrate higher cytotoxicity than non-risk variants Ref and
GO0. P<0.001 for risk variants G1 and G2 vs. non-risk variants Ref and GO.

b) G1 and G2 mutations on a Ref haplotype background demonstrate reduced cytotoxicity
compared to naturally-occurring G1 and G2. P<0.001 for G1 vs. Ref G1. P<0.01 for G2 vs.
Ref G2.

¢) G1 or G2 mutations on the N264K haplotype background shows no difference in
cytotoxicity as compared to GO N264K. P<0.001 for G1 vs G1 N264K and for G2 vs. G2
N264K.
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d) After 24 hours of tetracycline induction, cells expressing G1 or G2 exhibit the lowest
viability, with near-complete rescue by engineering G1 and G2 into Ref or GO N264K
backgrounds. P<0.001 for G1 vs Ref G1 and G1 N264K. P<0.001 for G2 vs. Ref G2 and G2
N264K.

e) After 48 hours of tetracycline induction, cells expressing G1 and G2 exhibit more toxicity
than G1 and G2 on the Ref or GO N264K haplotype backgrounds. P<0.001 for G1 vs. Ref
G1 and G1 N264K. P<0.001 for G2 vs. Ref G2 and G2 N264K.
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