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APOL1 kidney disease risk variants cause cytotoxicity
by depleting cellular potassium and inducing
stress-activated protein kinases
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Two specific genetic variants of the apolipoprotein L1 (APOL1) gene are
responsible for the high rate of kidney disease in people of recent
African ancestry. Expression in cultured cells of these APOL1 risk
variants, commonly referred to as G1 and G2, results in significant
cytotoxicity. The underlying mechanism of this cytotoxicity is poorly
understood. We hypothesized that this cytotoxicity is mediated by
APOL1 risk variant-induced dysregulation of intracellular signaling
relevant for cell survival. To test this hypothesis, we conditionally
expressed WT human APOL1 (G0), the APOL1 G1 variant, or the APOL1
G2 variant in human embryonic kidney cells (T-REx-293) using a
tetracycline-mediated (Tet-On) system. We found that expression of
either G1 or G2 APOL1 variants increased apparent cell swelling and cell
death compared with GO-expressing cells. These manifestations of
cytotoxicity were preceded by G1 or G2 APOL1-induced net efflux of
intracellular potassium as measured by X-ray fluorescence, resulting in
the activation of stress-activated protein kinases (SAPKs), p38 MAPK,
and JNK. Prevention of net K* efflux inhibited activation of these
SAPKs by APOL1 G1 or G2. Furthermore, inhibition of SAPK signaling
and inhibition of net K* efflux abrogated cytotoxicity associated with
expression of APOL1 risk variants. These findings in cell culture raise
the possibility that nephrotoxicity of APOL1 risk variants may be me-
diated by APOL1 risk variant-induced net loss of intracellular K* and
subsequent induction of stress-activated protein kinase pathways.

apolipoprotein L1 | kidney | African-American | genetics | protein kinase

he incidence of end stage kidney disease (ESRD) among people

of recent Africa ancestry is five times higher than that in
Americans of European origin. This excess risk is attributable largely
to two coding variants in the APOL1 gene that encodes apolipo-
protein L1, a component of HDL (1-3). These variants consist of a
pair of amino acid alterations, a serine-to-glycine substitution at
position 342 and an Ile-to-Met substitution at position 384 (referred
to as G1), and a deletion of two amino acids, Asp at position 388 and
Tyr at position 389 (called G2) (1). Heterozygosity for G1 or G2
confers the evolutionary benefit of protection against Trypanosoma
brucei rhodesiense infection. The price of this protection is an in-
creased risk of kidney disease in those homozygous or compound
heterozygous for G1 and/or G2. People of recent African ancestry
with two copies of risk variant APOLI1 not only have a higher risk of
a wide spectrum of glomerular disorders [HIV-associated nephrop-
athy (HIVAN), focal segmental glomerulosclerosis (FSGS), and
lupus nephritis] (1, 4, 5), but also have more rapid progression of
kidney impairment to ESRD, compared with blacks with zero or one
copy of G1 or G2 (6-8).

The frequency of Gl and G2 among Africans and African-
Americans is high. In the United States, 13% of African-Americans
have two APOLI risk variants whereas close to 50% of African-
Americans on dialysis have two APOLL risk variants (1, 9). In sub-
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Saharan West Africa, where these polymorphisms arose under
selective pressure about 5-10,000 y ago (10), nearly one-third of
Yoruba and a quarter of Ibo have two copies of these alleles
(11). These variants represent a rare example of common genetic
variants conferring high risk of a serious human disease (10).

The mechanisms by which the APOLL risk variants lead to kidney
disease and accelerate its progression are currently unclear. Because
only humans and few higher primates express APOLL, it is difficult
to make inferences based on other organisms. In vitro expression
of APOLL results in cytotoxicity that is significantly higher in the
presence of G1 or G2 APOL1 than of GO (12-15). Overexpression
of G1 or G2 APOLL1 in podocytes, hepatic cells, and HEK cells
increased cell death associated with necrosis, pyroptosis, autophagy,
and apoptosis (12, 13, 16). Similar toxicity was also seen in Xenopus
laevis oocytes (15). However, the changes in intracellular signaling
pathways that underlie the cell death induced by APOLL risk vari-
ants remain unknown.

In planar lipid bilayers, APOLI1 forms pH-gated cation-selective
pores that are permeable to Na* and K* (15, 17, 18). Bacteria
pore-forming toxins that similarly transport K* across mammalian
plasma membrane cause activation of mitogen-activated protein
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Fig. 1. Tetracycline-induced comparable expression levels of GO, G1, and G2
APOL1 in T-REx-293 cells. Stably transfected T-REx-293 cells were treated
with the indicated concentrations of tetracycline for 12 h. Immunoblot
analyses of ApoL1 and GAPDH in the indicated stable APOL1-T-REx-293 cell
lines were performed using anti-Flag or anti-GAPDH antibodies.

kinase signaling pathways, caspase-1 activation, and increased
autophagy, ultimately resulting in cell death (19-23). It is unknown
whether APOLLI also forms cation pores in mammalian plasma
membrane and whether cation transport by such pores dysregulates
cellular signaling pathways that may contribute to cytotoxicity of
APOL1 variants and pathogenesis of APOL1 nephropathy. In the
present study, we investigated changes in cation transport using
X-ray fluorescence and cell survival-related signaling pathways af-
ter expression of G0, G1, or G2 APOLI in modified HEK293 cells.
We found that G1 or G2 APOLL cause significant efflux of in-
tracellular K*, thereby triggering the activation of three canonical
MAP kinases, including p38 MAPK and JNK, ultimately resulting
in cell death.

Results

Generation and Characterization of APOL1 Stable Cell Lines. We
generated T-REx-293 stable cell lines that express Flag- and
Myc-tagged full-length human GO, G1, or G2 APOL1 under the
control of tetracycline (tet) (Fig. S1). The empty vector (EV)
control cell line contained only the plasmid backbone. Adding
20 ng/mL tet induced comparable levels of GO, G1, or G2 proteins
(Fig. 14). Notably, GO, G1, and G2 APOLL1 are all associated with
the plasma membrane (see Fig. 4B). The absence of endogenous
APOLI protein in nontransfected 293 cells (Fig. 2B) is consistent
with prior reports (14, 24).

Expression of APOL1 Risk Variants Increased Cytotoxicity and Apparent
Cell Swelling. Expression of G1 or G2 APOL1 resulted in increased
cytotoxicity in a wide range of cell types (12-15). To compare the
cytotoxicity of tet-inducible G1 and G2 APOL1 in T-REx-293 cells,
we used a commercial cytotoxicity assay (Materials and Methods).
The cytotoxicity/viability ratio increased significantly after 12 h of
induced expression of APOL1 risk variants G1 and G2 (Fig. 24).
The elevated cytotoxicity of APOL1 G1 or G2 compared with GO
is not due to higher expression (Fig. 2B). Relative to EV, GO0 ex-
pression was associated with only marginally increased cytotoxicity
even after 24 h (Fig. 24).

When APOLI is overexpressed in different cell culture models,
it commonly results in apparent cell swelling (13, 14). Although the
exact mechanism underlying this cell swelling is unknown, the
swelling is a hallmark of cytotoxicity. We observed that, after 9 h of
induced expression of APOLI1, apparent cell swelling is visible by
light microscopy (Fig. 2C). The majority of G1- or G2-expressing
T-REx-293 cells exhibit significantly swollen cytoplasm whereas
only a few GO-expressing cells show this phenotype. The swollen
cells have more refractile nuclear staining.

APOLLI expression has been reported to increase autophagy in
many cells (16, 24, 25). However, the relevance of autophagy to
APOLI-induced cell death seems to be cell type-dependent. Al-
though inhibition of autophagy reduced APOLI1 cytotoxicity in
cultured podocytes and colorectal cancer cells (13, 25), it had no
effect on APOLI1-induced HEK?293 cell death (24). Given that the
cytotoxicity associated with expression of APOL1 variants becomes
evident after 12 h of G1 or G2 expression (Fig. 24), we compared
the levels of an autophagy marker (conversion of LC3-I to LC3-II)
after 9 h of induction of transgenic GO, G1, or G2. At this early
time point, increased autophagy (as indicated by increase in LC3-1I
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level) is appreciable in G1-expressing cells (Fig. S2). However, the
autophagy inhibitors wortmannin or chloroquine did not reduce
cytotoxicity induced by expression of G1 or G2 APOLL1 (Fig. S3).
This observation suggests that APOLI risk variant-induced death
of HEK cells is independent of autophagy. Similarly, this cell death
is independent of apoptosis (Fig. S4).

APOL1 Risk Variants Reduced Phosphorylation of STAT3 at Y705 in T-REx-
293 Cells. To see whether the cytotoxicity of APOLL1 risk variants is
mediated by dysregulation of intracellular signaling pathways es-
sential for cell survival, we interrogated several signaling pathways
involved in cell survival or in cellular response to proinflammatory
signals. Specifically, we measured levels and phosphorylation status
of key regulatory proteins Aktl, p-Aktl (Ser473), p-MEK1 (Ser217/

A 151
= Risk variant ApoL1 (G1)
o
8 1.04 ) .
% Risk Variant ApoL1 (G2)
]
8 o5
]
5- Wild type ApoL1(G0)
Empty vector
0.0 — T T T T T
2 4 6 8 10 12 14 16 18 20 22 24
Duration of exposure to Tetracycline (Hr)
B EV GO G1 G2
Tet(50ng/ml): - 24hr - 24hr - 24hr -~ 24hr
1B:
50 KDa =— -— — L d APOLA1

* - .J Flag (APOL1)

37KDa _‘-- — e — — ——‘ GAPDH

C 20x 40x
Transmitted + DAPI DAPI

Transmitted
@<

EV

GO

HEE el
L g B oy
(] ‘,é‘i 5 -
R 2 |

e - .: & ¥

G2

Fig. 2. Expression of G1 or G2 APOL1 in T-REx-293 cells induces cytotoxicity
and apparent cell swelling. (A) Quantitation of serial cytotoxicity:viability ratio
of GO, G1, or G2 APOL1-T-REx-293 cells after induction with tetracycline (50 ng/mL)
at time point zero. Each data point represents mean + SD of three separate ex-
periments. (B) Immunoblot of APOL1, Flag, and GAPDH 24 h after T-REx cells were
tet-induced or not to express GO, G1, and G2 APOL1. (C) Representative phase
contrast micrographs of transgenic T-REx-293 cells 9 h postinduction of GO, G1, and
G2 APOL1. Nuclei were counterstained with Hoechst 33342. Arrows indicate
swollen cytoplasm. The region of the 20x micrograph delineated by dotted rect-
angle is amplified at 40x magnification. More G1 or G2 APOL1-expressing cells
exhibit swollen cytoplasm compared with GO-expressing cells. (Scale bars: 200 or
100 pm for 20x and 40x, respectively.)
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221), p-p38 MAPK (T180/Y182), p-STAT3 (Y705), and p-NF«B
p65 (S536) that represent convergence points of each of these sig-
naling pathways. Analysis was based on lysates prepared from T-REx-
293 cells after 9 h in the absence or presence of tet, a time point just
before the onset of significant cell death in G1 or G2 APOLI-
expressing cells.

We found that the level of phospho-STAT3 (Y705) is reduced by
75% in cells that express G1 or G2, compared with those that express
GO or EV (Fig. 34). To confirm this reduction in p-STAT3 level and
to understand its temporal correlation to APOL1 expression, we
immunoblotted whole cell lysates prepared from the T-REx-293 cells
in which G0, G1, or G2 APOLI1 was induced for 3, 6, or 9 h. The
dramatic reduction in p-STAT3 in APOL1 G1- and G2-expressing
cells occurs after 6 h of induction (Fig. 3B). Expression of APOL1 of
all genotypes was detectable as early as 3 h after induction with tet
(Fig. 3B). Differences in other phospho-proteins identified by this
screening assay were not statistically significant.

To investigate whether the reduction in p-STAT3 is related to the
dose of G1 or G2 APOLI1 expression, we induced expression of
APOLL protein using 5 and 50 ng/mL tet to induce very low and high
levels of APOL1 expression. Expression of G1 or G2 APOLI at low
levels did not change the level of p-STAT3 (Fig. 3C). The reduction
in p-STATS3 levels is seen only with a high expression level of G1 or
G2 APOLL, but not with a high expression level of WT GO APOL1
(Fig. 3C). The relative specificity of p-STAT3 regulation by G1 or G2
APOLL is underscored by the stable level of p-STAT3 (S727) in-
dependent of APOLL risk variant expression level (Fig. 3C). Phos-
phorylation of STAT3 on Y705 induces its dimerization and nuclear
translocation whereas phosphorylation of STAT3 on S727 does
not affect these processes. We investigated whether reduction in
p-STAT3 correlates with reduced STAT3 nuclear localization in
cells expressing G1 or G2 APOLL1. Whereas oncostatin M (OSM)
dramatically increased nuclear localization of STAT3 in EV- and GO-
expressing T-REx-293 cells, nuclear STAT3 abundance was reduced
in G1- or G2-expressing cells (Fig. S5). These results show that, in a
dose-dependent manner, APOLI risk variants reduce the level of
phosphorylated STAT3, thereby reducing its nuclear localization.

To differentiate whether the reduction in level of phospho-
STAT3 in G1 or G2 APOLI1-expressing cells is due to inhibition
of STAT3 phosphorylation or an augmentation of dephos-
phorylation, STAT3 phosphorylation was induced with IL-6 in
serum-starved, APOL1-expressing T-REx-293 cells. It is known
that Y705 in STAT3 is phosphorylated by stimulation of cells
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10% (volivol) FBS, last 1 h in serum-free DMEM]. Cells were
treated with or without IL-6 (10 ng/mL) for 30 min followed
by IL-6 withdrawal for the specified time. () Immunoblot
of p-STAT3 and p-STAT1 (Y701) after 9-h induction of APOL1.
Cells were serum starved for the last 1 h before 10-min
treatments with IL-6 (10 ng/mL), OSM (10 ng/mL), or INFy
(10 ng/mL). *, difference is statistically significant com-
pared with EV.

with cytokines, including IL-6. After IL-6 withdrawal, STAT3
phosphorylation gradually returns to baseline due to activities of
endogenous phosphatases. IL-6 was withdrawn for 30 or 60 min
after initial 30-min stimulation. Expression of G1 or G2 APOL1
blocked de novo phosphorylation of STAT3 (Fig. 3D).

To investigate the upstream mechanism by which G1 or G2
APOLI1 inhibits the de novo phosphorylation of STAT3, we
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Fig. 4. G1 or G2 APOL1 reduces GP130 protein but not mRNA level in T-REx-293
cells. (A) Immunoblot of GP130, p-GP130, beta-actin, and Flag-tagged GO, G1, and
G2 APOL1 at the specified time points after induction with tet (50 ng/mL).
(B) Immunoblot of GP130, Flag-tagged APOL1, EGFR, and Na*/K*-ATPase in biotin
pull-down (biotinylated membrane proteins) and in total lysate (4%) after T-REx-
293 cell induction with tet (50 ng/mL) for 9 h. (C) Quantitative PCR of GP130 and
beta-actin after induction of T-REx-293 cells with tet (50 ng/mL) for the specified
time periods.
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Fig. 5. G1 and G2 APOL1 down-regulate GP130-STAT3 signaling and induce
cytotoxicity via time-dependent activation of p38 MAPK. (A) Immunoblot of
p-MKK3 (5189), p-MKK6 (5207), p-P38 (T180/Y182), p-JNK (T183/Y185), p-ERK
(T202/Y204) MAPKSs, beta-actin, Flag-tagged APOL1, GP130, and p-STAT3 (Y705)
in whole cell lysates after treatment with tet (50 ng/mL) with/without p-38 in-
hibitor, SB202190, 10 uM for 9 h. (B) Immunoblot of p-P38 (T180/Y182) MAPK
and GAPDH in whole cell lysates after treatment with tet (50 ng/mL) for the
specified time periods. (C) Cell cytotoxicity/viability after 24-h treatment with or
without tet (50 ng/mL) in the presence or absence of inhibitors of p38 MAPK
(SB202190, 10 pM), JNK (JNK-IN-8, 1 uM), MEK (PD0325901, 10 uM), or a com-
bination of p38 and JNK inhibitors. *, compared with tet-treated cells, reduction
in cytotoxicity is statistically significant.

exploited two observations: (i) The phosphorylation of STAT3 on
Y705 and phosphorylation of STAT1 on Y701 are both mediated
by a common upstream transmembrane protein, GP130, which
relays signals from several IL-6 type cytokines, such as oncostatin M
(OSM); and (ii) IFN gamma (IFNy) triggers phosphorylation of
STAT1 on Y701 via IFNy receptor dimer independently of GP130
whereas IFNy has a negligible effect on STAT3 phosphorylation.
Perturbation of GP130 is a well-known mechanism of regulating the
GP130-JAK-STAT pathway. We thus hypothesized that, if GP130
is the target of the inhibitory effect of G1 and G2 APOL1, then
OSM-induced phosphorylation of both STAT3 (Y705) and STAT1
(Y701) would be impaired whereas the GP130-independent, IFNy-
mediated phosphorylation of STAT1 (Y701) would be unaffected.
As shown in Fig. 3E, we found this hypothesized change in phos-
phorylation to be correct.

APOL1 Risk Variants Down-Regulated GP130 Protein in T-REx-293
Cells. We next quantitated the level of GP130 in the context of
APOLLI expression. As was the case with inhibition of STAT3
phosphorylation, the level of GP130 [both the total (Fig. 44) as well
as cell membrane bound fraction (Fig. 4B)] decreased after 6 h of
induction of G1 and G2 APOLI expression. As previously reported,
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phosphorylation of GP130 on S782 mediates its internalization and
degradation (26). We therefore measured the levels of phospho-
GP130 (5782), and found that the ratio of p-GP130 (S782) to total
GP130 increased after 6 h in G1 or G2 APOLI1-expressing cells (Fig.
4A4). However, induction of APOL1 (GO or G1/G2 variant) does not
affect the mRNA level of GP130 (Fig. 4C). This result is consistent
with APOLI risk variant-induced internalization and degradation
of GP130.

p38 MAPK Mediates APOL1 Risk Variant-Induced Down-Regulation of
the GP130-STAT3 Signaling Pathway. Activated p38-MAPK triggers
internalization and degradation of GP130 (26). p38 MAPK is
activated by several forms of cellular stress and inflammatory
signals that activate two closely related dual-specificity protein
kinases, MKK3 and MKKG®6, through phosphorylation at Ser189/
Thr222 and Ser207/Thr211, respectively (27, 28). Phosphorylated
MKK3 and MKKG6 in turn activate p38 MAPK by phosphory-
lating Thr180 and Tyr182. Activated p38 MAP kinase then
phosphorylates many substrates, including MAPKAPK? (29). To
determine the activity of p38 MAPK in T-REx-293 cells expressing
GO, G1, or G2 APOL1, we immunoblotted the phosphorylated
forms of MKK3, MKKG®6, p38 MAPK, and MAPKAPK?2. We found
that expression of G1 or G2 APOL1 robustly activates the p38 MAP
kinase signaling pathway, as indicated by phosphorylation of MKK3,
MKKG®6, p38-MAP kinase, and MAPKAPK?2 (Fig. 54 and Fig. S6).
Importantly, because the down-regulation of the GP130-STAT3
pathway occurred after 6 h of G1 or G2 APOLI expression (Figs. 3B
and 44), activation of p38 MAP kinase also occurred after 6 h of G1
or G2 APOL1 expression (Fig. 5B). Activation of JNK and MEK
(which phosphorylate ERK) also occurred after 6 h of G1 or G2
APOL1 expression (Fig. S7). SB202190 is a potent p38 MAPK in-
hibitor that blocks the kinase activity of p38 a and f, thereby pre-
venting phosphorylation of MAPKAPK?2 (30). Inhibition of p38
MAPK with SB202190 rescues both G1 or G2 APOLIl-induced
reduction of GP130 protein and reduction of STAT3 phosphoryla-
tion (Fig. 54, lanes 9 and 12). This observation suggests that acti-
vated p38 MAPK is a mediator of APOLI risk variant-induced
down-regulation of GP130-STAT3 signaling in HEK cells.

p38 MAP Kinase and JNK Are Mediators of APOL1 Risk Variant-
Induced Cytotoxicity. To determine whether induced expression
of G1 or G2 APOLI1 in T-REx cells also results in concurrent
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Fig. 6. Several p38 MAPK inhibitors reduce G1 APOL1-induced cytotoxicity. T-REx-
293 cell cytotoxicity/viability after 24-h treatment with or without tet (50 ng/mL) in
the presence or absence of inhibitors of p38 MAPK: SB202190, (1-10 pM), Los-
mapimod (1-100 uM), VX-702 (1-10 pM), and LY2228820 (0.5-1 uM). *, reduction in
cytotoxicity/viability is statistically significant compared with tet-treated cells.
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activation of other major MAP kinases, cell lysates from GO-,
G1-, or G2-expressing T-REx were immunoblotted for activated
JNK and ERK 2 MAP kinases. As shown in Fig. S6 and Fig. 54,
we found that, in addition to p38 activation, both JNK and ERK are
also activated by APOL risk variants. To determine whether these
activated p38, JNK, and ERK MAP kinases are physiologically
relevant to pathogenesis of G1 or G2 APOLL cytotoxicity, we tested
whether inhibition of any of the three MAP kinases reduces G1 or
G2 APOL1 cytotoxicity. We found that inhibition of p38 MAP ki-
nase (with SB202190) or INK (with JNK-IN-8) significantly reduced
cytotoxicity associated with G1 or G2 APOL1 (Fig. 54). Inhibition
of Erk did not significantly reduce G1 or G2 APOLI1-induced cy-
totoxicity. Cytoprotection conferred by JNK and p38 inhibitors was
not additive (Fig. 54). The paradoxical increase in phosphorylation
of JNK and ERK by p38 inhibition (Fig. 54, lanes 3, 6, 9, and 12) is
a well-known and reported phenomenon (31) that is attributed to
loss of p38-induced expression of MAPK phosphatase-1 (MKP),
which can dephosphorylate all three MAP kinases (32). Moreover,
similar cytoprotection was achieved with three other p38 MAPK
inhibitors (Fig. 6). Dual inhibitors of p38 o and p (SB202190 and
Losmapimod) produced greater inhibition of G1 or G2 APOL1-
induced cytotoxicity than did VX-702, a specific inhibitor of p38 o
(Fig. 6). This inhibition shows that the cytotoxicity of G1 or G2
APOL1 is mediated by activated p38 MAPK and JNK in HEK cells.

The lack of increased phosphorylation of STAT3 S727 in the
setting of increased p38 activation by G1 or G2 APOL1 is un-
expected (Fig. 3C) because STAT3 S727 is a substrate of p38
MAPK. It is possible that STAT3 S727, which is also a substrate
of other kinases, is maximally phosphorylated by these other
kinases irrespective of p38 activity. However, it is reassuring that
canonical substrates of p38 (including MAPKAPK-2 and ATF2)
show expected phosphorylation by p38 MAPK (Fig. S6).

APOL1 Risk Variant-Induced Depletion of Intracellular K* Triggered the

Activation of p38 MAPK, Down-Regulation of the GP130-STAT3 Pathway,
and Increased Cytotoxicity in T-REx-293 Cells. The membrane
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are statistically significant.

pore-forming domain of APOL1 shares modest homology to
bacteria colicins and diphtheria toxins (33, 34) known to form ion
channels that deplete cellular K* (35, 36). APOL1 has been shown
to form cation-selective channels in lipid bilayers (15, 17, 18).
Notably, the cellular phenotypes of G1 and G2 APOL1-expressing
T-REx-293 cells are strikingly similar to the consequences of
mammalian cell K* depletion by pore-forming bacteria toxins
(PFTs) (19, 20, 22). As in PFT-exposed cells, expression of G1
and G2 APOLLI also resulted in (i) activation of p38, ERK, and
JNK MAP kinases, (ii) cell swelling (likely due to concurrent Na*
influx), and (iii) increased autophagy. Therefore, we investigated
whether expression of G1 and G2 APOLL results in reduction of
intracellular K* in T-REx-293 cells. For these experiments, total K
content of cell populations grown in 96-well plates was measured
using X-ray fluorescence, which provides label-free quantitation of
elements with atomic number 13 (aluminum) or greater (37-39).

We found that G1- or G2-expressing cells showed time-
dependent incremental reduction of intracellular K content, com-
pared with GO-expressing cells (Fig. 74). After 6 h of tet exposure,
intracellular K content decreased by 13%, 27%, 35%, and 46% in
EV-, GO-, G1-, and G2-expressing cells, respectively. After 9 h of
tet exposure, the decline in intracellular K content reached 81%,
and 83% in G1- and G2-expressing cells, respectively, compared
with 16% in GO-expressing cells (Fig. 74). Intracellular K contents
of APOL1 deficient (EV) and GO-expressing cells were identical
after 9 h of GO induction (Fig. 74). Intracellular K content tran-
siently increased after 3 h of expression for all APOL1 variants,
compared with EV (Fig. 74), possibly reflecting compensatory
activity of Na*/K* ATPase and/or NKCCI.

If, as with PFTs, APOLI risk variants can act as K*-permeable
pores reflecting the electrochemical gradient for K, then in-
creasing the concentration of extracellular K* should diminish
the driving force for K* efflux (19). We therefore induced ex-
pression of G0, G1, or G2 APOL1 in the T-REx-293 cell models,
in the presence of standard DMEM (5 mM K*, 117 mM Na*) or
in an iso-osmolar culture medium (CKCM) in which Na™ is
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Fig. 8. A model of G1 or G2 APOL1-induced cytotoxicity mediated by K* efflux
and activation of SAPK signaling. APOL1 proteins form K*-permeable cation-
selective pores in the plasma membrane. Pores formed by G1 or G2 mediate in-
creased efflux of intracellular K*, leading to depletion of intracellular K* and
resulting in activation of p38, JNK, and ERK MAPKs. The aberrantly activated
SAPKs (p38 and JNK) cause cell toxicity and death likely via their downstream
effectors. Down-regulation of GP130-STAT3 signaling is a downstream conse-
quence of activated p38 MAPK. However, the direct contribution of the GP130-
STAT pathway in the pathogenesis of G1 or G2 APOL1 cytotoxicity is yet to be
determined. Apparent cytoplasmic swelling results from influx of Na* (likely G1 or
G1 APOL1-related), with accompanying CI~ and H,0. G1 or G2 APOL1-induced
autophagy occurs independently of K* efflux and does not seem to contribute to
G1 or G2 APOL1-induced death of HEK293 cells.

gl

replaced by K™ with resultant K* concentration of 121 mEq and
Na™ concentration of 1 mEq. As anticipated, G1 and G2 APOLI1-
associated decline in intracellular K content was prevented in cells
cultured in CKCM but not DMEM (Fig. 7B).

Next, we asked whether inhibition of K* efflux is sufficient to
inhibit G1 and G2 APOLI-induced p38 MAPK activation. We
examined p38 activation in DMEM versus CKCM. As shown in
Fig. 7E, G1 and G2 APOLIl-induced p38 MAPK activation was
inhibited in cells that were tet-induced in CKCM. In contrast, p38
inhibitor SB202190 had no effect on G1 and G2 APOLI1-induced
K* efflux. G1 or G2 APOLI1-induced activation of ERK and JNK
MAP kinases was also prevented in CKCM-cultured cells. High
K* media (CKCM) also reduced APOL1 variant-induced appar-
ent cell swelling (Fig. 7C) and cytotoxicity (Fig. 7G). The com-
bination of CKCM and p38 inhibitor SB202190 completely
blocked APOLI-induced cytotoxicity (Fig. 7D). However, neither
SB202190 nor CKCM reduced APOLI variants-induced auto-
phagy (Figs. S8 and S9).

Because iso-osmolar high K CKCM media are necessarily low
in Na*, the observed protective effect might be attributable to de-
creased Na* influx rather than, or in addition to, decreased K* efflux.
To investigate the contribution of Na* movement to the phenotypes
seen in G1 and G2 APOLI1-expressing cells, we replaced Na* in the
medium with equimolar N-methyl-D-glucamine (NMDG), a relatively
membrane-impermeable cation. Compared with the significant ef-
fects associated with CKCM, NMDG only marginally decreased p38
activation, but did not rescue GP130/pSTAT3 or reduce G1 or G2
APOLLl-induced cytotoxicity (Fig. 7 F and G). These findings indicate
that G1 or G2 APOLI-induced activation of p38 MAPK and cyto-
toxicity are attributable primarily to augmented K* efflux rather than
to increased Na™ influx.

Olabisi et al.

Discussion

The mechanism by which APOL1 risk variants contribute to the
high rate of kidney disease among people of recent African ancestry is
unknown. Expression of G1 or G2 APOL1 in human-derived cells
results in cytotoxicity (12-14) via poorly understood mechanisms. In
the present study, using tetracycline-inducible APOLI transgenic
T-REx-293 cells as a model, we show that expression of G1 or G2
APOLI1 results in net loss of intracellular K content, a condition that
causes the activation of stress-activated protein kinases (SAPKs), p38,
and JNK, which ultimately results in cytotoxicity. Prevention of K*
efflux by culturing cells in media in which extracellular Na* was
replaced with K™ not only prevented the aberrant activation of SAPKs,
but also reduced APOLL risk variant-induced apparent cell swelling
and cell death. Thus, these data support a model of APOL1-mediated
cytotoxicity that derives primarily from APOLI risk variant-induced
loss of cellular K* and the subsequent induction of the SAPKs (Fig. 8).
This proposed mechanism is reminiscent of the cation permeability-
associated trypanocidal activity of APOLL1 (18). This finding also cor-
roborates our recent report that elevated extracellular [K*] attenuates
APOL1-associated morphological toxicity in Xenopus oocytes (15).

APOL1 Risk Variants Hyperactivate SAPKs Known to Mediate Kidney
Injury. The SAPKs p38 and JNK are known to be activated in the
context of glomerular and tubular injury (reviewed in ref. 40). In
humans, the severity of glomerulosclerosis correlates with the
number of phospho-p38 or phospho-JNK positive glomerular
cells (41, 42). In animal experimental models of glomer-
ulopathies, activation of p38 MAPK or JNK is necessary for
podocyte injury and proteinuria (40, 43). Consistently, inhibition
of these SAPKs prevents podocyte injury, suppresses pro-
teinuria in animal models, and mitigates glomerulonephritis (41,
43-46). Importantly, HIV-1 GP120-induced tubular epithelial
apoptosis is also mediated by p38 MAPK signaling (47). There-
fore, our finding that expression of G1 or G2 APOLI results in
hyperactivation of p38 and JNK suggests that these well-described
mediators of kidney injury are physiological mediators of APOLI1
nephrotoxicity. This possibility requires further investigation in
human kidney tissue.

Once activated, both p38 and JNK phosphorylate and regulate
multiple downstream targets, including many transcription factors.
Our initial observation of GP130 down-regulation (and subsequent
inhibition of STAT3 phosphorylation at Y705) is a downstream
effect of p38 hyperactivation via MAPKAPK-2. The current study
did not determine whether the loss of GP130-STAT3 signaling is a
mediator of G1 or G2 APOLI cytotoxicity or whether it reflects
only p38 hyperactivity. Moreover, the relevance of the GP130-
STAT3 pathway to kidney health and disease is conflicting. STAT3
regulates steady-state expression of synaptopodin in cultured mouse
podocytes. Inhibition of STAT3 signaling results in loss of syn-
aptopodin and dysregulation of podocyte actin filaments (48), sug-
gesting that STAT3 is essential for podocyte health. In contrast,
a recent study suggests that GP130 signaling is not a critical com-
ponent of the pathology/biology of the mouse podocyte in vivo (49).
However, a series of studies found that STAT3 pathway activation
is frankly pathogenic. He and coworkers show that src-dependent
phosphorylation of STAT3 is an important mediator of podocyte
proliferation and dedifferentiation in HIVAN (50, 51). Therefore,
the significance of GP130-STAT3 to APOL.I1 cytotoxicity and APOL1
nephropathy remains uncertain.

Risk Variant APOL1 Cytotoxicity Is Dose-Dependent. The fact that
only high-level expression of G1 or G2 APOLL1 proteins resulted in
dysregulation of p38 MAPK and GP130-STAT3 pathways may
explain in part why only a minority of individuals with two copies of
APOLL1 risk alleles develop APOL1 nephropathy. Perhaps the
determining factor may be the quantity/dose of APOL1 protein
stably produced and maintained in vulnerable kidney cells, such
as podocytes or glomerular endothelium. Dose-dependent APOL1
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toxicity in vitro has also been observed by other investigators (12,
14). It is plausible that at least some so-called “second hits” mediate
their pathogenic effects primarily by up-regulating expression and/or
stabilizing APOL1 protein. HIV infection is the most potent second
hit yet known for APOL1 nephropathy. HIV-infected Africans with
two copies of APOLI1 risk alleles have 89-fold higher odds of
developing HIVAN than have HIV-positive controls (4). HIV
infection of cultured human podocytes increases podocyte levels
of endogenous APOLI protein (13), perhaps, as has been sug-
gested, because APOLL1 functions as an HIV suppressor (52). IFN
is another known second hit. Exposure of patients to IFNa, f, or y
has been associated with acute onset of APOL1 nephropathy (53,
54). These three interferons also consistently up-regulate APOL1
expression in cultured endothelial cells and podocytes (54). Thus,
cells expressing such high levels of APOL1 protein may be more
susceptible to the cytotoxic effect of its risk-variant forms. Con-
sistent with this hypothesis, fewer surviving glomerular cells in
FSGS and HIVAN kidney biopsies stained positive for APOL1
than in glomeruli of “normal” kidneys (55). High APOLI1-
expressing podocytes likely detach and die, leaving focally and
segmentally sclerosed vascular beds in their wake.

What Manner of Death? T-REx-293 cells that overexpressed G1 or
G2 APOLLI exhibited higher cytotoxicity than cells overexpressing
APOL1 GO at similar levels. Because our cytotoxicity assay was
based on loss of membrane integrity, the specific modes of cell
death in the T-REx-293 cells were not determined. It is likely that
APOQOL1 variants induced damage by activating multiple forms of
cell death (13, 14). G1 or G2 APOLIl-induced death has been
attributed to increased autophagy, necrosis, and pyroptosis (12,
13). In the present study, although we observe that G1 and G2
APOLL increased autophagy flux compared with GO (Fig. S2),
inhibitors of autophagy did not block G1 or G2 APOLI-induced
cell death, suggesting that G1 and G2 APOLI1-induced cytotoxicity
in T-REx-293 cells is independent of autophagy. In T-REx-293 cell
culture, autophagy is likely a marker of, or a response to, risk-
variant APOL1 cytotoxicity rather than a mediator. Although loss
of cellular K content is a known inducer of pyroptosis, the absence
of full-length caspase-1 and proinflammatory NOD-like receptors
(NLRs) in HEK?293 cells (56) limits the likelihood that pyroptosis
is a mediator of G1 or G2 APOLI1-induced cell death in 293 cells.
Also, similar levels of caspase-3/7 activity in EV, G0, G1, or G2
APOLI1-expressing cells excludes apoptosis as a major mediator of
G1 or G2 APOLI-induced cell death in T-REx-293 cells. These
observations leave cell necrosis as the likely form of cell death in
G1 or G2 APOLI-expressing T-REx-293 cells.

What Is Toxic for Parasites May Also Be Toxic in the Kidney. The
production of a serum response-associated (SRA) protein by 7. b.
rhodesiense provides a mechanism by which this organism, but not
Trypanosoma brucei brucei, evades inactivation by the GO form of
APOLL1 (57). Recombinant 7. b. rhodesiense SRA was found to
block cation conductance by APOL1 GO but did not affect cation
conductance by the G2 allele (17). The trypanocidal property of the
G1 and G2 forms of APOL1 is attributable to the ability to evade
“control” by the parasite-derived SRA protein. In the current study,
we report a time-dependent and incremental decline of intracellular
K content in APOL1 variant-expressing T-REx-293 cells, compared
with APOL1 GO-expressing cells. Although we did not prove that the
augmented net K* efflux is directly mediated by APOLI, the tem-
poral correlation of K" efflux and APOL1 expression as well as
APOLLI’s known property as a cation-selective pore former strongly
suggest that the observed K* depletion is directly mediated by the
risk-variant forms of APOLI1. Thus, the same risk variants in the
SRA-binding domain of G1 and G2 that enabled their escape from
regulation by trypanosomal SRA may also protect their cation-
conductance activity from regulation by yet undefined mammalian
functional or structural analogs of SRA.
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Therapeutic Implications. Previously, we suggested that inhibition
of signaling cascades that control APOL1 expression might be
part of an effective therapeutic approach to some individuals
with APOLI-associated nephropathy (54). Several of the p38
MAPK inhibitors that reduce APOL1-associated toxicity in cell
culture have been studied in various human conditions, including
kidney disease (44). Although p38 and JNK have multiple roles,
it is possible that inhibition of their activities could also con-
tribute to reducing APOLI1 variant-mediated toxicity in humans,
pending development of more targeted therapies.

Our work has limitations that are worth noting. In the absence
of a reliable animal model of APOL1 nephropathy, the current
study models APOL.1 toxicity in tetracycline-inducible transgenic
T-REx-293 cells. Although the cell type or types that ultimately
lead to kidney disease are not yet clear, it is certainly due to in vivo
dysfunction of cell types that express endogenous APOLI1, rather
than to inducible expression in T-REx-293 cells that do not ex-
press endogenous detectable APOL1 polypeptide. However, the
APOL1-associated toxicity observed to date in a wide range of
cells and systems suggests that this toxicity is not a cell type-spe-
cific phenomenon. As is true for the dominantly acting mutations
in the widely expressed glomerulopathy genes ACTN4, TRPCO6,
and INF2, glomeruli may exhibit the greatest susceptibility to toxic
effects for reasons related to their terminally differentiated state
and intricate architecture (58).

Summary

We report four observations that add to our understanding of
APOLI1 mediated toxicity: (i) Relative to the GO allele, G1 and
G2 APOL1 induce increased loss of intracellular K* early in the
process of risk-variant APOLI1-induced cytotoxicity; (i) risk-var-
iant APOL1-induced loss of intracellular K* activates SAPK
pathways; (iii) activated SAPKs act as mediators of APOLI risk
variant-induced cell death; and (iv) these signaling perturbations
are dependent on the dose of G1 and G2 APOLI expression.
Further understanding of APOL1-mediated kidney injury will
be required for eventual treatment and prevention of what is both
a large, growing, and expensive public health problem and an
enormous racial health disparity.

Materials and Methods
Please refer to S/ Materials and Methods for details of material and methods.

Generation of Cell Lines. APOL1-expressing T-REx-293 cells were generated as
described in S/ Materials and Methods.

Cell Culture Media. Specifics of growth conditions, culture media modification,
and chemical inhibitors of MAPKs are detailed in S/ Materials and Methods.

Cytotoxicity Assays. As detailed in S/ Materials and Methods, cytotoxicity and
viability were measured with a Multi Tox-Fluor Multiplex Cytotoxicity assay,
and apoptosis was measured with an ApoToxGlo Tripplex Assay.

Assessment of Cell Swelling. Images of T-REx were collected at 20x and 40x
using the EVOS FL Cell Imaging System (Life Technologies).

Measurement of Intracellular K* with XRpro X-Ray Fluorescence Technology. In-
tracellular K* was measured using Icagen XRpro X-ray fluorescence analysis
based on characteristic X-ray fluorescence (37-39) as detailed in S/ Materials
and Methods.

Screening of Signaling Pathways. Screening of signaling pathways with PathScan
Signaling Nodes Multi-Target Sandwich ELISA Kit (Cell Signaling) is detailed
in SI Materials and Methods.

IL-6 Withdrawal Assay. Details of the IL-6 withdrawal assay are described in S/
Materials and Methods.

Membrane Protein Biotinylation Assay. T-REx-293 cell-surface proteins were
labeled with a cleavable biotin analog as previously described (59). Biotinylated
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membrane proteins captured with NeutrAvidin were eluted in SDS sample
buffer containing 50 mM DTT. Then, 40 pL of eluate was separated by 7% SDS/
PAGE, followed by immunoblot analysis.

Quantitative Real-Time PCR. Primer sequence and details of quantitative real-
time PCR are provided in S/ Materials and Methods.

Statistical Analysis. Data are presented as mean-SEM unless otherwise stated.
All experiments were conducted as triplicates and were repeated at least
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