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ABSTRACT
APOL1 G1 and G2 variants facilitate kidney disease in blacks. To elucidate the pathways whereby these
variants contribute to disease pathogenesis, we established HEK293 cell lines stably expressing doxycycline-
inducible (Tet-on) referenceAPOL1G0or theG1andG2renal-risk variants, andused Illumina humanHT-12 v4
arrays and Affymetrix HTA 2.0 arrays to generate global gene expression data with doxycycline induction.
Significantly altered pathways identified through bioinformatics analyses involved mitochondrial function;
results from immunoblotting, immunofluorescence, and functional assays validated these findings. Overex-
pression ofAPOL1 by doxycycline induction in HEK293 Tet-onG1 andG2 cells led to impairedmitochondrial
function, with markedly reduced maximum respiration rate, reserve respiration capacity, and mitochondrial
membrane potential. Impaired mitochondrial function occurred before intracellular potassium depletion or
reduced cell viability occurred. Analysis of global gene expression profiles in nondiseased primary proximal
tubule cells from black patients revealed that the nicotinate phosphoribosyltransferase gene, responsible for
NAD biosynthesis, was among the top downregulated transcripts in cells with two APOL1 renal-risk variants
compared with those without renal-risk variants; nicotinate phosphoribosyltransferase also displayed gene
expression patterns linked to mitochondrial dysfunction in HEK293 Tet-on APOL1 cell pathway analyses.
These results suggest a pivotal role for mitochondrial dysfunction in APOL1-associated kidney disease.
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The association between APOL1 G1 and G2 renal-
risk variants and nondiabetic CKDhas transformed
our understanding of glomerulosclerosis. HIV-
associated nephropathy, FSGS, hypertension-
attributed ESRD, severe lupus nephritis, and sickle
cell nephropathy reside in theAPOL1-associated ne-
phropathy spectrum and contribute to approxi-
mately 70% of nondiabetic ESRD in blacks.1–6

The frequency of APOL1 renal-risk variants has
increased likely because of the protection they pro-
vide from the parasite causing African sleeping
sickness during natural selection.1 Intrinsic
APOL1 gene expression in kidney cells appears crit-
ical for development of nephropathy because

circulating APOL1 protein concentrations are inde-
pendent of the APOL1 genotype,7,8 and donor (but
not recipient) APOL1 variation contributes to poorer
allograft survival after kidney transplantation.9–11
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APOL1 protein and mRNA are present in human podocytes,
renal tubule cells, and glomerular endothelial cells.12,13 Hence,
kidney synthesized APOL1 risk variants likely contribute to
glomerulosclerosis.

To detect APOL1-associated pathways potentially involved
in nephropathy, global gene expression profiles were determined
using a cell model transfected with APOL1 G0, G1, and G2 in
tetracycline (Tet)-inducible HEK Tet-on 3G cell lines derived
from HEK293 cells. These cells stably expressed APOL1 G0,
G1, and G2 protein at similar levels when induced by low dose
doxycycline (Dox), a derivative of Tet, whereas cell viability
was minimally effected. Functional assays were used to validate
bioinformatics findings. Additional experiments were per-
formed using nondiseased primary renal proximal tubule cells
(PTCs) from black patients to determine whether the most
differentially expressed genes attributed to APOL1 renal-risk
variants replicated findings from theHEK293 Tet-on cell model.

RESULTS

Cell Model and Global Gene Expression
As summarized in the studydesign(SupplementalFigure1), global
gene expression profiles of HEK293 Tet-on APOL1 (G0, G1, and
G2) cells were analyzed in paired and pattern-based analyses to
identify affected pathways through enrichment of key transcripts.

Cell Viability of HEK293 Cells Stably Expressing APOL1
G0, G1, and G2
Before induction, HEK293 Tet-on APOL1 G0, G1, and G2
variant cells (including those stably transfected with empty
pTRE2hyg vector) had similar viability. With Dox-induction,
empty vector (EV), G0, G1, and G2 cells remained viable until
16 hours, when G1 and G2 cells showed ,10% reduction in
viability (Supplemental Figure 2).

APOL1 mRNA and Protein Levels in HEK293 Cells
Stably Expressing G0, G1, and G2
Comparison of global gene expression pattern changes across
HEK293 Tet-on APOL1 (G0, G1, and G2) cell lines relied on
similar APOL1 expression among cell lines with Dox induction.
By adjusting final concentrations of Dox in the culture media, the
APOL1 G0 mRNA level, determined by RT-PCR, was intention-
ally set slightly higher than G1 and G2 (Figure 1A) to ensure the
gene expressionprofile changes attributed toG1andG2 renal-risk
variants could be convincingly detected relative to G0 at 16 hours
postinduction. APOL1 protein levels, estimated by immunoblot
and immunofluorescence (Figure 1, B and C, respectively), were
comparable among the three APOL1 genotypes. As anticipated,
APOL1 expression was low in the absence of Dox induction.

Pathway Analysis of HEK293 Cells Stably Expressing
G0, G1, and G2
To maximize the effect of G1 and G2 renal-risk variants to
differential gene expression versus G0, Dox induction was

terminated at 16 hours, along with the noninduced controls.
RNAs were collected to compare gene expression. Illumina
human HT-12 v4 array-based paired analyses were performed
as outlined in Supplemental Figure 1. Descriptions of paired
analyses (methods and purpose) are summarized in Table 1.
Gene expression profile changes were negligible in paired
analysis for HEK293 Tet-on EV cells with and without Dox
induction (data not shown). Absent Dox induction, pair-wise
analyses among HEK293 Tet-on G0, G1, and G2 cells did not
reveal significant pathways attributed toAPOL1 renal-risk var-
iants (data not shown).

HEK293 Tet-on APOL1 G0 cells with and without Dox in-
duction revealed 1056 differentially expressed genes. These
were analyzed using Cytoscape-based BiNGO software
to identify associated pathways (Supplemental Table 1), and
Ingenuity Pathway Analysis (IPA) software to highlight top
canonical pathways and upstream regulators (Supplemental
Tables 2 and 3). With Dox induction, key components of en-
doplasmic reticulum (ER) stress were significantly suppressed
(Supplemental Figure 3), and genes involved in inhibition of
N-linked glycosylation (inhibited by tunicamycin) were
downregulated (Supplemental Table 3). Unfolded protein re-
sponse (ER stress response) inhibition appeared to play an
important role in the biologic function of APOL1 G0. Unlike
in HEK293 G0 cells, the ER stress pathway was not inhibited
by Dox-induced APOL1 G1 and G2 variants in HEK293 Tet-on
cells (compared with corresponding baseline cells without Dox
induction).

Differentially expressed genes by Dox-induced APOL1
overexpression (versus without Dox-induction) in the
HEK293 G1 Tet-on cell line revealed the top associated path-
ways involved the nucleus and membrane-bound organelles,
including mitochondria (Supplemental Table 4). Differen-
tially expressed genes by Dox-induced APOL1 overexpression
in the HEK293 G2 Tet-on cell line (versus without Dox-
induction) indicated similar pathways (Supplemental Table 5)
as HEK293 G1 cells. Paired comparisons for Dox-induced
HEK293 Tet-on APOL1 G1 versus G0 and G2 versus G0 cells
were performed to assess potential biologic functions of
APOL1 renal-risk variants. On the basis of the differentially
expressed genes, Cytoscape-based BiNGO identified common
pathways related to the function of intracellular membrane-
bound organelles, including mitochondria (Supplemental
Tables 6 and 7).

To narrow down the differentially expressed genes attrib-
uted to overexpression of APOL1 and its G1 and G2 risk var-
iants, additional comparisons were performed for baseline
HEK293 G0 versus EV, G1 versus EV, and G2 versus EV cells
in the absence of Dox. ER components were effected for G0,
G1, and G2 cells, in contrast to EV cells where APOL1 was
virtually absent (data not shown). This is not unexpected
because APOL1 protein is secreted; however, in contrast to
Dox-induced HEK293 G1 and G2 cells (Supplemental Tables
4 and 5), mitochondrial or nucleus pathways were not in-
volved (data not shown). These data, along with pair-wise
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analyses among baseline HEK293 Tet-on G0, G1, and G2 cells,
suggest the need for higher APOL1 expression to distinguish
specific pathways attributed to APOL1 renal-risk variants.

To increase power for identifying pathways attributable
to APOL1 renal-risk variants, transcript pattern analyses
were performed using the java-based gene expression pro-
file clustering method, Extracting microarray gene expres-
sion Patterns and Identifying coexpressed Genes (EPIG;

http://www.niehs.nih.gov/research/resources/software/
biostatistics/epig/index.cfm) to extract gene expression pro-
files of HEK293 Tet-on APOL1 G0, G1, and G2 cells with Dox
induction on Illumina humanHT-12 v4 arrays. EPIG identified
1699 significantly effected genes and 14 patterns (Figure 2A for
line patterns; Figure 2B for heat map) in Illumina analysis
mode. The top three pathways for optimized patterns are sum-
marized in Table 2 on the basis of Cytoscape BiNGO; additional

Figure 1. APOL1 expression levels with Dox induction in HEK293 Tet-on G0, G1, and G2 cells are comparable. (A) Relative APOL1
mRNA levels in HEK293 Tet-on cells stably expressing G0, G1, or G2 APOL1 variants. HEK293 Tet-on cells with (+) or without (2) Dox
induction were grown in complete DMEM growth media for 16 hours. Without Dox induction, APOL1 mRNA levels in HEK293 Tet-on
cells were negligible compared with Dox induction. The DDCT method was used to quantify relative APOL1 mRNA expression. Fold
changes were normalized to mRNA levels of G0 cells without Dox induction. Data are expressed as mean6SD. APOL1 mRNA levels in
G0 cells without Dox induction set at 1 (reference). (B) Relative APOL1 levels from total protein lysates in HEK293 Tet-on cells stably
expressing G0, G1, or G2 APOL1 variants. HEK293 Tet-on cells with (+) or without (2) Dox induction were grown in complete DMEM
growth media for 16 hours. Four micrograms of total cell lysate protein was loaded onto a 4%–20% SDS-PAGE gel and probed with
APOL1 antibody. HEK293 Tet-on empty pTRE2hyg vector cells did not express APOL1 with or without Dox induction. HEK293 Tet-on
APOL1 G0, G1, and G2 cells expressed similar amounts of APOL1 with Dox induction, whereas trace amounts of APOL1 were present
in HEK293 Tet-on cells without Dox induction. Data are representative of three trials of immunoblotting with similar results. (C) APOL1
immunofluorescence in HEK293 Tet-on cells stably expressing G0, G1, or G2 APOL1 variants with and without Dox induction. HEK293
Tet-on cells grown with (+) or without (2) Dox for 16 hours. After washing with PBS and fixing with 4% paraformaldehyde, cells were
stained for APOL1 (red) with Epitomics anti-APOL1 antibody and counterstained with DAPI (blue). Elevated APOL1 signal intensities
were comparable in HEK293 Tet-on G0, G1, and G2 cells with Dox induction, whereas APOL1 was absent in HEK293 Tet-on empty
pTRE2hyg vector cells. EV, HEK293 Tet-on cell line with empty pTRE2hyg plasmid; DAPI, 49,6-diamidino-2-phenylindole.
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information is provided in Supplemental Table 8. For Illumina
analysis mode, patterns 6, 7, and 13 were enriched with mito-
chondrial pathways (false discovery rate [FDR] P=1.33310227).
Patterns 5 and 9 appear to represent top pathways involved in
gene regulation by nuclear transcription factor(s) (FDR
P=1.01310214).

To verify pathways detected with Illumina HT-12 v4 arrays,
pattern-based comparisons were repeated on Dox-induced
HEK293 APOL1 Tet-on G0, G1, and G2 cell lines using the
Affymetrix HTA 2.0 array gene expression platform, which
probes all exons of known transcripts. Pattern-based analysis
identified ten patterns based upon 3620 significantly effected

genes, using EPIG (Supplemental Figure 4
for gene expression line patterns and heat
map) in Affymetrix analysis mode. Table 2
summarizes the most significant pathways
detected with Cytoscape BiNGO; addi-
tional information is provided in Supple-
mental Table 9. For Affymetrix analysis
mode, pattern 2 highlightedmitochondrial
pathways as top hits (FDR P=5.19310257).
Pattern 4 contained nuclear regulation
pathways via transcription factors (top
FDR P=3.06310258). On the basis of sim-
ilar trends for pattern 1 with 2, and pattern
3 with 4, integrated analyses were performed
and results are summarized in Table 2
(detailed in Supplemental Table 9). Patterns
1, 2, 3, and 4 were verified using IPA soft-
ware; this demonstrated that patterns 1 and
2 were enriched with mitochondrial dys-
function pathways (Figure 3, Supplemental
Figure 5, Supplemental Table 10). In the
IPA-based analysis, transfer RNA (tRNA)
charging surpassed the mitochondrial dys-
function rating (Supplemental Table 10); all
captured genes in the tRNA charging path-
way encoded different aminoacyl tRNA
synthetases and approximately 50% were
mitochondria specific. This strengthened
the hypothesis that APOL1 renal-risk vari-
ant-mediated mitochondrial dysfunction

Table 1. Description of paired analysis for HEK293 Tet-on APOL1 cells using Illumina HT-12 v4 arrays

Paired Analysis Purpose

EV(+) versus EV(2) Clarify the effect of Dox on global gene expression

G1(2) versus G0(2)
G2(2) versus G0(2) Test differential gene expression by APOL1 genotype at baseline (Dox absent)
G1(2) versus G2(2)

G0(+) versus G0(2) Examine the effect of reference APOL1 (G0) when overexpressed with Dox induction
G1(+) versus G1(2) Test differentially expressed genes attributed to overexpression of G1
G2(+) versus G2(2) Test differentially expressed genes attributed to overexpression of G2

G1(+) versus G0(+) Explore APOL1 G1-attributed gene expression (compared with G0) with Dox induction
G2(+) versus G0(+) Explore APOL1 G2-attributed gene expression (compared with G0) with Dox induction

G0(2) versus EV(2)
G1(2) versus EV(2) Narrow down the corresponding pathway alterations of interest under Dox induction
G2(2) versus EV(2)

Relative global gene expression levels were determined for stabilized HEK293 Tet-onAPOL1 cells grown with (+) or without (2) Dox induction. EV, HEK293 Tet-on
cell line with empty pTRE2hyg plasmid.

Figure 2. Illumina human HT-12 v4 arrays identify significantly clustered gene ex-
pression patterns for HEK293 Tet-on APOL1 G0, G1, and G2 cells. From top to bottom
are 1699 transcripts, in order from pattern 1 to pattern 14. (A) Gene expression pat-
terns most altered in HEK293 Tet-on G0 (circle), G1 (triangle), and G2 (diamond) cells
with Dox induction. Asterisk indicates that mitochondrial pathway enrichment is pre-
sent (patterns 6, 7, and 13). (B) Heat map of clustered gene expression patterns:
transcript expression in G0 shown in black; red and green correspond to up and
downregulation, respectively, by G1 or G2. Lighter colors denote less differential
expression.
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is a key pathway altering cellular metabolism. Patterns 3 and 4
represent top genes enriched in activated TGF-b signaling
(Supplemental Figure 6, Supplemental Table 10) in the nuclear
regulation pathway in paired and pattern-based analyses
(Cytoscape-based BiNGO; Supplemental Table 10, Table 2).
Mitochondrial dysfunction pathways topped common lists
that were based on different analytic approaches.

All relevant gene expression data performed on Illumina
HT-12 v4 andAffymetrixHTA2.0 arrays are available at http://
www.ncbi.nlm.nih.gov/geo (accession ID: GSE85921).

Intracellular Potassium Concentrations in HEK293
Tet-on G0, G1, and G2 Cells
Intracellular potassium concentration [K+] was measured
using the potassium-sensitive fluorescence indicator Asante
Potassium Green-2 AM in HEK293 Tet-on G0, G1, and G2
cells, with andwithoutDox induction for 8 hours and 16 hours.
Intracellular [K+] was comparable in Tet-on G0, G1, and G2
cells with or without 8-hour Dox induction. After 16 hours of
Dox induction, intracellular [K+] differed between G0, G1,

and G2 cells (ANOVA P=0.02); relative to G0, G1 cells had
lower [K+] (P=0.01) and G2 cells trended toward lower [K+]
(P=0.07) (Supplemental Figure 7).

APOL1 G1 and G2 Renal-Risk Variant Expression
Results in Mitochondrial Dysfunction
To assess whether mitochondrial dysfunction was attributable
to APOL1 renal-risk variants in HEK293 Tet-on APOL1 cells,
the 8-hour time point with Dox induction was chosen to per-
form mitochondrial respirometry. At 8 hours, cell viability
and intracellular [K+] were similar for G0, G1, and G2 cells
(Supplemental Figures 2 and 7); APOL1 expression levels were
also comparable (Supplemental Figure 8). Immunofluores-
cence revealed that APOL1 colocalized with mitochondria in
HEK293 Tet-on APOL1 cells with Dox induction by dual
staining of ATP synthase 5A1 (ATP5A1, a mitochondrial
marker) and APOL1 antibody (Figure 4, Supplemental Figure
9, Supplemental Video 1). Time effects on APOL1 expression
are shown in Supplemental Figure 10 in noninduced controls,
and after 4-hour and 8-hour Dox induction. With Dox

Table 2. Pattern-based pathway analysis on Illumina human HT-12 v4 arrays and Affymetrix HTA 2.0 arrays using Cytoscape
based BiNGO

Analysis Mode Pattern GO ID Description x n X N P Value FDR P Value

Illumina 5 5634 Nucleusa 74 5183 130 17,783 3.30310211 6.90310208

50794 Regulation of cellular process 80 6221 130 17,783 5.50310210 5.76310207

50789 Regulation of biologic process 81 6551 130 17,783 3.02310209 1.35310206

6 5739 Mitochondriona 87 1273 342 17,780 2.80310226 7.93310223

44444 Cytoplasmic part 169 5147 342 17,780 7.02310216 9.92310213

44429 Mitochondrial parta 45 612 342 17,780 9.48310215 8.94310212

9 5634 Nucleusa 143 5181 317 17,767 9.40310210 2.19310206

44451 Nucleoplasm part 34 585 317 17,767 1.49310209 2.19310206

5515 Protein binding 195 8110 317 17,767 7.50310209 5.48310206

7 and 13 5739 Mitochondriona 34 1272 191 17,785 6.66310207 1.34310203

5 and 9 5634 Nucleusa 215 5180 443 17,761 2.83310218 1.01310214

50794 Regulation of cellular process 239 6210 443 17,761 1.04310216 1.85310213

50789 Regulation of biologic process 246 6540 443 17,761 4.26310216 5.08310213

6, 7, and 13 5739 Mitochondriona 121 1273 533 17,774 3.82310231 1.33310227

44444 Cytoplasmic part 248 5147 533 17,774 2.30310218 4.01310215

44429 Mitochondrial parta 62 612 533 17,774 3.06310217 3.55310214

Affymetrix 2 5739 Mitochondriona 274 1272 1357 17,736 9.68310261 5.19310257

43231 Intracellular membrane-bounded organellea 899 8330 1357 17,736 3.57310250 9.58310247

43227 Membrane-bounded organellea 899 8337 1357 17,736 5.61310250 1.00310246

4 5634 Nucleusa 543 5167 1020 17,727 6.00310262 3.06310258

10468 Regulation of gene expression 364 2920 1020 17,727 1.49310253 3.79310250

60255 Regulation of macromolecule metabolic process 398 3369 1020 17,727 2.30310253 3.92310250

1 and 2 5739 Mitochondriona 288 1272 1468 17,733 3.07310261 1.70310257

43231 Intracellular membrane-bounded organelle 976 8330 1468 17,733 9.56310256 2.65310252

43227 Membrane-bounded organelle 976 8337 1468 17,733 1.57310255 2.90310252

3 and 4 50794 Regulation of cellular process 728 6201 1346 17,713 2.90310250 1.69310246

5634 Nucleusa 640 5167 1346 17,713 8.47310250 2.47310246

50789 Regulation of biologic process 750 6530 1346 17,713 1.55310248 3.01310245

Top three pathways for each pattern with FDR P,0.01; detail in Supplemental Tables 8 and 9. GO, gene ontology; x, number of gene IDs identified in the des-
ignated pathway among input gene IDs; n, number of known gene IDs in the designated pathway; X, number of input gene IDs selected by BiNGO;N, number of
background gene IDs selected from the Gene Ontology pool by BiNGO.
aHighly replicated pathway.
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induction, respirometric assessments indicated that the max-
imum oxygen consumption rate (ANOVA P,0.0001) and
spare respiratory capacity (ANOVA P=0.0007) were lower in
HEK293 Tet-on cells overexpressing APOL1 G1 and G2 vari-
ants, relative to G0 (Figure 5). The fluorescence signal inten-
sity of mitochondrial membrane potential marker tetramethyl
rhodamine ethyl ester (TMRE) was markedly reduced in Dox-
induced HEK293 Tet-on G1 and G2 cells (Supplemental Fig-
ure 11, A and B). However, mitochondrial content on the basis
of immunoblot analysis of cytochrome c oxidase subunit 4
(COXIV) and voltage-dependent anion-selective channel
protein 1(VDAC1) in HEK293 Tet-on APOL1 cells was not
different across the G0, G1, and G2 variants (Supplemental
Figure 11C), as confirmed by comparable mRNA levels of
VDAC1 and COXIVacross G0, G1, and G2 cells on the Illumina
and Affymetrix arrays (data not shown). This supports that
APOL1 G1- or G2-mediated mitochondrial dysfunction resul-
ted from impaired mitochondrial respiration and membrane
potential, not reductions in mitochondrial mass. Carbonyl

cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP) depo-
larization controls were provided for mitochondrial mem-
brane potential in Dox-induced HEK293 Tet-on APOL1 cells
(Supplemental Figure 12).

Differential Gene Expression by APOL1 Renal-Risk
(Two Risk Alleles) versus Nonrisk (G0G0) Genotypes in
Primary PTCs
Global gene expression (mRNA) levels were examined on
Affymetrix HTA 2.0 arrays in primary PTCs cultured from
nondiseased kidneys in 53 black patients without CKD who
underwent nephrectomy for localized renal cell carcinoma. In
this group, 25 had zero, 23 had one, and five had two APOL1
renal-risk alleles. To detect differentially expressed gene pro-
files attributable to APOL1 renal-risk genotypes, only PTCs
with two renal-risk alleles (n=5) and PTCs lacking renal-risk
alleles (n=25) were included in comparisons of global gene ex-
pression. Supplemental Table 11 lists the most differentially ex-
pressed genes; the fibrinogenb chain gene (FGB) topped the list.

Figure 3. APOL1 G1 and G2 renal-risk variants contribute to mitochondrial dysfunction. Affymetrix patterns 1 and 2 were analyzed
using IPA for HEK293 Tet-on APOL1 G1 and G2 versus G0 cells. Results indicate marked downregulation of enzymes in mitochondrial
complexes I–V.
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In pattern-based analysis, nicotinate phosphoribosyltransferase
(NAPRT/NAPRT1) and zinc finger E-box binding homeobox 2
(ZEB2)/SMAD-interacting protein 1 (SMADIP1) appeared in

pattern 7 and pattern 9, respectively (Figure 2, Supplemental
Table 8), representing mitochondria- and nucleus-related path-
ways, respectively.

DISCUSSION

Little is known regarding underlying mechanisms whereby
APOL1 G1 and G2 renal-risk variants contribute to kidney
disease. To assess differences in gene expression profiles relat-
ing to APOL1 variants, an HEK293 Tet-on cell model stably
expressing Dox-inducible APOL1 G0, G1, and G2 was estab-
lished. Relative to G0, modest overexpression of APOL1 G1
and G2 renal-risk variants led to compromised mitochondrial
function. APOL1 expression was absent in parental HEK293
cells12 and EV HEK293 Tet-on cells (Figure 1), excluding
interference from endogenous APOL1. Functional studies, in-
cluding mitochondrial stress testing (respirometry), con-
firmed mitochondrial dysfunction in HEK293 cells stably
overexpressing APOL1 G1 or G2 before reductions in cell vi-
ability or intracellular [K+]. Sixteen hours was chosen as the
optimal time point in order to maximize the effect of G1 and
G2 renal-risk variants on differential gene expression (relative
to G0), because cell viability remained largely intact at that
time point. At 24 hours, the viability of G0 cells began to de-
cline, whereas that of G1 and G2 cells declined to a greater
extent. Together with reduced NAPRT/NAPRT1 in primary
PTCs from black patients with two APOL1 renal-risk variants
(Supplemental Table 11), these findings support mitochon-
drial dysfunction in Dox-induced HEK293 G1 and G2 cells
(versus G0) (Figure 2, Supplemental Table 8: pattern 7). Re-
sults strongly suggest a pivotal role formitochondrial dysfunc-
tion inAPOL1-associated kidney disease. The reducedNAPRT
may lead to insufficient biosynthesis of NAD14 and result in
mitochondrial dysfunction15 and CKD.16

Using a biotinylated membrane protein assay, Olabisi et al.
reported that APOL1 was present on plasma membranes and
that expression of APOL1 G1 and G2 renal-risk variants
affected ion channels, decreased intracellular [K+], and re-
sulted in cellular injury.17 We and others have shown that
APOL1 resides mainly in internal organelles,12,13 typically
in the ER18 and mitochondria (Figure 4, Supplemental Fig-
ure 9). We note the absence of a plasma membrane pattern
for APOL1 localization compared with the report by Olabisi
et al. We used monoclonal anti-APOL1 antibody (Epi-
tomics) to localize cellular APOL1. The conformation of
APOL1 in complexes on the cell membrane and in organ-
elles may differ because of diverse protein and lipid compo-
sitions, potentially resulting in different exposed epitopes.
Therefore, antibodies that successfully recognize intracellu-
lar APOL1 may not be able to capture plasma membrane-
bound APOL1 as part of protein complexes. Importantly,
our study found that compromised mitochondrial function
occurred 8 hours after Dox induction, before G1- and G2-
induced cell death or decreases in intracellular [K+]

Figure 4. APOL1 colocalizes with mitochondria in HEK293 Tet-on
APOL1 cells with Dox induction. HEK293 Tet-on APOL1 cells with
8-hour Dox induction (stably expressing G0, G1, or G2 APOL1 var-
iants) were washed with PBS and fixed with 4% paraformaldehyde.
Cells were stained for APOL1 (red) with Epitomics anti-APOL1
antibody, mitochondria (green) with ATP synthase 5 A1 (ATP5A1)
antibody, and counterstained with nuclear dye 49,6-diamidino-2-
phenylindole (DAPI; blue).
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A

Figure 5. APOL1 G1 and G2 renal-risk variants decrease mitochondrial respiration. (A) a-d: Mitochondrial stress tests in HEK293 Tet-on APOL1
cells. Cells were seeded on a V7 cell culture plate (Seahorse Bioscience) with final density 100,000 cells/well before assay. Effects of G0, G1, and G2
with (+) and without (2) Dox induction were compared using a Seahorse XF-24 extracellular flux analyzer to measure oxygen consumption rate
(OCR), a measure of oxidative phosphorylation, in the presence of a series of metabolic inhibitors and uncoupling agents. The first injection (shown
as vertical blue line A) was oligomycin, an inhibitor of ATP synthesis via blockade of the proton channel of ATP synthase (complex V). Oligomycin
distinguishes the OCR from ATP synthesis by blocking the oxygen consumption required to overcome proton leakage across the inner mito-
chondrial membrane, and basal respiration rate, by blocking nonmitochondrial respiration. The second injection (shown as vertical blue line B) was
FCCP, an uncoupling agent that disrupts ATP synthesis by transporting hydrogen ions across the mitochondrial membrane instead of the ATP
synthase proton channel (complex V). Collapse of the mitochondrial membrane potential leads to rapid energy and oxygen consumption without
generation of ATP. FCCP is used to calculate the spare respiration capacity of cells, defined as the quantitative difference between maximal and
basal respiration rates. The third injection (shown as vertical blue line C) was a combination of rotenone, a complex I inhibitor, and antimycin A, a
complex III inhibitor; this combination blocks mitochondrial respiration and enables calculation of mitochondrial and nonmitochondrial cellular
respiration. At least three wells were assigned for each type of HEK293 Tet-on cells with (+) or without (2) Dox induction on the same 24-well V7
cell culture plate. Data were expressed as mean6SEM of each time point, grouped by HEK293 Tet-on G0, G1, and G2 cells with or without
Dox induction. (B) Bioenergetic profiles for HEK293 Tet-on APOL1 G0, G1, and G2 cells. APOL1 stably transfected HEK293 cells were incubated
with (+) or without (2) Dox for 8 hours before assay on a Seahorse XF-24 extracellular flux analyzer to measure the OCR. After a 15 minute
equilibration period, three measures of OCR were made for each stage, i.e., preoligomycin, between oligomycin and FCCP, between FCCP and
rotenone/antimycin, and postrotenone (injections denoted as vertical blue lines, see A). The average of three measures was used to represent the
OCR of the corresponding stage for each well. Data were grouped by APOL1 genotype and Dox treatment (+/2). Basal respiration rate, maximum
respiration rate, and spare respiration capacity were expressed as mean6SD; n refers to replicated well number for each type of HEK293 Tet-on
cells on the 24-well V7 cell culture plate. (a) For G0 cells, induction of APOL1 did not alter the basal respiration rate (t test P=0.68), but improved
maximum respiration rate and spare respiration capacity (t test P values 0.005 and 0.005, respectively). (b) For G1 cells, induction of APOL1 did not
alter the basal respiration rate (t test P=0.08), maximum respiration rate, and spare respiration capacity (t test P values 0.48 and 0.68, respectively).
(c) For G2 cells, induction of APOL1 diminished the basal respiration rate, maximum respiration rate, and spare respiration capacity (t test P values
0.002, 0.003, and 0.01, respectively). (d) Without Dox induction, G0, G1, and G2 cells appeared to have similar basal respiration rate, maximum
respiration rate, and spare respiration capacity (ANOVA P=0.78, 0.22, and 0.13, respectively). (e) With Dox induction, the basal respiration rate,
maximum respiration rate, and spare respiration capacity for G1 and G2 were significantly reduced (ANOVA P=0.004, ,0.0001, and 0.0007,
respectively) compared with G0. (f) Overview of bioenergetic profiles for HEK293 Tet-on APOL1 G0, G1, and G2 cells.
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(measured with a fluorescence indicator in live cells; Supple-
mental Figure 7). This suggested that mitochondrial
dysfunction was a cause, rather than a result of cell injury
relating to intracellular [K+] depletion. As in Olabisi et al.,
we observed decreased intracellular [K+] but at a later time
point (16 hours). This would be an expected finding in
the presence of mitochondrial dysfunction. Although
VDAC1 is also expressed in the plasma membrane, it
mainly displays a cytoplasmic pattern in immunofluorescence
;studies. To assess mitochondrial mass, both outer and inner
mitochondrial membrane markers were chosen (VDAC1 and
COXIV, respectively; Supplemental Figure 11C) to quantify
the corresponding mitochondrial marker proteins.19

Mitochondrial dysfunction negatively effects the activity of
plasma membrane sodium-potassium ATPase. Subsequent
reductions in intracellular ATP can result in failure tomaintain
transmembrane Na+/K+ gradients, leading to loss of themem-
brane potential, secondary Cl2 and water influx, intracellular
swelling, and accumulation of intracellular Ca2+, triggering
downstream enzymatic cascades that lead to cell injury.20

The presence of APOL1 protein in mitochondria and other
membrane-bound organelles, including ER, supports poten-
tial roles in the regulation of cellular metabolism and the stress
response,18 although the precise role of mitochondrial APOL1
remains to be elucidated.

An unbiased gene expression pattern identification
method (EPIG) was used to detect pathways induced by
APOL1 renal-risk variants by grouping transcript patterns;
this obviated arbitrary logFC thresholds.Without Dox induc-
tion, few pathways were distinguishable between HEK293
APOL1 G0, G1, and G2 cells. Therefore, only Dox-induced
HEK293 Tet-on APOL1 cells were included in pattern-based
pathway analyses. Unbiased global gene expression profiles
with Dox induction were assessed in HEK293 Tet-on cells
on both Illumina HT-12 v4 arrays and Affymetrix HTA 2.0
arrays, the latter covers all exons of transcripts in known
UCSC (University of California Santa Cruz) genes, UCSC
lincRNA transcripts, Ensembl, RefSeq, and Broad Institute
Human Body Map lincRNAs and TUCP (transcripts of un-
certain coding potential) catalog (www.affymetrix.com). Mi-
tochondrial pathways appeared at the top of pattern-based
analyses on both arrays.

Reductions in mitochondrial superoxide dismutase
(mtSOD)/superoxide dismutase 2 (SOD2) and catalase
(CAT) transcripts were also detected in APOL1 G1 and G2
expressing cells (Supplemental Figure 5; blue arrows). This
could exacerbate reactive oxygen species (ROS)-mediated mi-
tochondrial dysfunction. Decreases in SOD2/mtSOD may en-
hance mitochondrial oxidative damage.21,22 CAT is an enzyme
that degrades ROS. It is possible that decreased SOD2 and CAT

Figure 5. Continued.
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(pattern analysis shown in Supplemental Figure 5) worsen mi-
tochondrial oxidative stress, resulting in inhibition of cellular
respiration as seen in the mitochondrial stress test for APOL1
G1 and G2 variants (Figure 5).

The most significant differences in Dox-induced HEK293
G1 and G2 cells, evident after addition of the respiratory chain
uncoupler FCCP, were the reduced maximal respiratory rate
and spare respiratory capacity. Because uncouplers act as
protonophores across all membranes, acidifying the cytosolic
compartment and disrupting the function of endosomes and
other compartments, it is possible that the reduced maximal
respiratory rate observed after addition of FCCP in G1 and G2
resulted from endosomal disruption and reduced substrate
delivery to the mitochondria (as APOL1 is not restricted to
mitochondria). It is currently unclear how APOL1 renal-risk
variants effect mitochondrial membrane proton permeability
in human cells. However, the link between APOL1-induced
trypanolysis and apoptosis-like mitochondrial membrane
permeabilization23 may shed light on the potential mecha-
nism of APOL1 renal-risk variant-mediated mitochondrial
dysfunction in renal cells.

In addition, an upregulated TGF-b signaling pathway was
detected with IPA (Supplemental Figure 6, Supplemental Ta-
ble 10). ZEB2/SMADIP1, one of the top upregulated genes by
APOL1 renal-risk variants in primary PTCs, is an essential
component of the SMAD signaling pathway critical in trans-
mitting the TGF-b signal to the nucleus and for regulation of
transcriptional responses.24 An activated TGF-b pathway has
long been recognized as a cause of FSGS and renal fibrosis.25

Mitochondrial and TGF-b pathways are also known to inter-
act. Mitochondrial ROS regulate TGF-b signaling. Increased
oxidative stress amplifies activation of the canonical TGF-b
pathway, a major contributor to cellular fibrosis.26 Genetically
disrupting mitochondrial complex III-generated ROS pro-
duction attenuates TGF-b –induced profibrotic gene ex-
pression.27 TGF-b1 induces prolonged mitochondrial
ROS generation through decreased complex IV activity
with senescent arrest.28 Such crosstalk may be evident in
our bioinformatics data.

Because the primary PTCs we analyzed were derived from
nondiseased kidneys and APOL1 expression levels were lower
than HEK293 Tet-on cells with Dox induction, effects of

Figure 5. Continued.
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APOL1 risk alleles weremore subtle. However, two of themost
differentially expressed genes in primary PTCs corresponded
to patterns in pathway analyses of HEK293 Tet-on APOL1
cells; these represented mitochondrial dysfunction and acti-
vated TGF-b signaling. ANOVA quantifies both “between”
and “within” group variation. It is especially useful when sam-
ple sizes are small and unequal variances are present. We used
both fold-change and P values to define differential gene ex-
pression. The P values in Supplemental Table 11 were not
adjusted for multiple testing. However, the gene expression
fold changes were marked (log2FC.1.5) and fewer than 25
top over- or underexpressed genes were included, on the basis
of the presence of two APOL1 renal-risk variants. The pathways
detected in our study are unlikely to be the sole mechanisms
leading to APOL1-associated nephropathy. Other stressors
may amplify pathologic effects in the form of second hits,29

including ischemia,30 viral infections,31–33 interferons,34 and
lupus.5,35

Although no significantly altered pathways were present in
the tubulointerstitial compartment of black patients with
nephrotic syndrome or FSGS in the Nephrotic Syndrome
Study Network study,36 the 200 most significantly underex-
pressed genes (,1% of all expressed genes) on the basis of
APOL1 high risk genotypes (two renal-risk variants) in glo-
meruli of patients with FSGS were nominally enriched for the
mitochondrial pathway (FDR P=0.04; Cytoscape-based
BiNGO analysis).

A limitation of this study is that transcript-based screening
maymiss functional changes that relate to post-transcriptional
and post-translational modification of proteins. However, to
the best of our knowledge, this is the first study that links
APOL1 renal-risk variants withmitochondrial dysfunction via
an unbiased systems biology-based approach. Findings were
confirmed by mitochondrial respirometry. Increasing evi-
dence supports mitochondrial dysfunction and the genera-
tion of ROS in the pathogenesis of CKD.16 The mechanisms
of APOL1-associated kidney disease identified in this study
may provide valuable insights toward developing novel
therapeutic targets for nondiabetic kidney disease in black
patients.

CONCISE METHODS

Detailed methods and information on pathway analysis are available

in Supplemental Material.

Establishment of HEK293 Tet-on G0, G1, G2, and EV
Cells
HEK293 Tet-on APOL1 cell lines were established to stably express

G0, G1, G2, and empty pTRE2hyg vector, on the basis of previously

reported methods.18 Individual clones were verified by direct sequenc-

ing (ABI 3730XL, Applied Biosystems, Foster City, CA). RT-PCR and

immunoblotting were used to determine APOL1 expression levels and

APOL1 protein size.

Global Gene Expression and Pathway Analyses
Based on the study design (Supplemental Figure 1), global gene ex-

pression profiles were performed onHEK293 Tet-on G0, G1, G2, and

EV cells with and without Dox induction using Illumina human

HT-12 v4 arrays. Another independent gene expression array sys-

tem, Affymetrix HTA 2.0, was used to verify the results of Illumina

arrays. Paired and pattern-based analyses were applied to detect the

mostly effected pathways because of overexpression and by APOL1

genotypes.

Mitochondrial Respirometry
Twenty thousand HEK293 Tet-on APOL1 cells were seeded on a V7

cell culture plate (Seahorse Bioscience, Billerica, MA) for 24 hours in

complete DMEM media. Dox was used to induce APOL1 expression

(concentrations provided in Supplemental Material) on the basis

of the G0, G1, and G2 genotype, 8 hours before assessing cellular

respiration. The final preassay density of HEK293 Tet-onAPOL1 cells

reached approximately 100,000/well. Cellular respiration was mea-

sured using a Seahorse Bioscience XF-24–3 analyzer. To measure ox-

ygen consumption rate, cell culture media was replaced with assay

media (3 mM glucose, 1 mM sodium pyruvate, and 1.5 mM gluta-

mine without FBS). For bioenergetic profiling, final concentrations

of compounds after port injections were 1.0mMoligomycin, 0.25mM

FCCP, 1 mM antimycin A, and 1 mM rotenone. After respirometric

assessments, cell numbers were recounted for normalization of oxygen

consumption rate.

Human Subjects and Primary PTC Lines
Black patients undergoing nephrectomy for localized renal cell

carcinomawith preoperative eGFR.60ml/min per 1.73m2 (without

proteinuria) were recruited to provide nondiseased kidney tissue.

Fifty three individuals (men/women, 31:22; mean6SD age, 58.36

10.7 years; and serum creatinine 1.0860.33 mg/dl) were enrolled

between March 2010 and May 2015. The study was approved by

the Wake Forest School of Medicine (WFSM) Institutional Review

Board and all participants provided written informed consent.

Primary PTC lines were established using an established proto-

col.12 DNA was isolated from peripheral blood of participants

using a Promega DNA isolation wizard kit (Promega, Madison,

WI) and two single nucleotide polymorphisms in the APOL1

G1 renal-risk allele (rs73885319; rs60910145) and an insertion/

deletion for the G2 renal-risk allele (rs71785313) were genotyped

using a custom assay designed atWFSMon the Sequenom platform

(Sequenom Laboratories, San Diego, California).37 G1 and G2 ge-

notype calls were visually inspected for quality control. Genotyping

efficiency was 100% and 41 blind duplicates resulted in a 100%

concordance rate.
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