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Abstract

Friedreich ataxia (FRDA) is an autosomal recessive neurodegenerative disease caused by the deficiency of frataxin, a
mitochondrial protein crucial for iron-sulfur cluster biogenesis and adenosine triphosphate (ATP) production. Currently,
there is no therapy to slow down the progression of FRDA. Recent evidence indicates that posttranslational regulation of
residual frataxin levels can rescue some of the functional deficit of FRDA, raising the possibility of enhancing levels of
residual frataxin as a treatment for FRDA. Here, we present evidence that mitochondrial molecular chaperone GRP75, also
known as mortalin/mthsp70/PBP74, directly interacts with frataxin both in vivo in mouse cortex and in vitro in cortical
neurons. Overexpressing GRP75 increases the levels of both wild-type frataxin and clinically relevant missense frataxin
variants in human embryonic kidney 293 cells, while clinical GRP75 variants such as R126W, A476T and P509S impair the
binding of GRP75 with frataxin and the effect of GRP75 on frataxin levels. In addition, GRP75 overexpression rescues frataxin
deficiency and abnormal cellular phenotypes such as the abnormal mitochondrial network and decreased ATP levels in
FRDA patient-derived cells. The effect of GRP75 on frataxin might be in part mediated by the physical interaction between
GRP75 and mitochondrial processing peptidase (MPP), which makes frataxin more accessible to MPP. As GRP75 levels are
decreased in multiple cell types of FRDA patients, restoring GRP75 might be effective in treating both typical FRDA patients
with two guanine-adenine-adenine repeat expansions and compound heterozygous patients with point mutations.

Introduction

Friedreich ataxia (FRDA) is an autosomal recessive neurode-
generative disease characterized by progressive gait and limb
ataxia, cerebellar, pyramidal and dorsal column involvement,
visual defects, scoliosis and cardiomyopathy (1). It is largely
caused by homozygous, expanded guanine-adenine-adenine
(GAA) repeats in the first intron of frataxin gene, with a small
percentage (4%) being caused by compound heterozygosity for
a point mutation in one allele and an expanded GAA repeat on

the other (2,3). The expanded GAA repeats cause transcriptional
silencing and consequent reduction in the expression of
frataxin (2). Frataxin is involved in iron homeostasis (4,5),
biosynthesis of iron-sulfur clusters (ISCs) (6-8) and energy
production in the cell (9,10), but its precise cellular function
is controversial. Frataxin deficiency leads to reduced activity of
ISC containing enzymes (6,7,11), impairment in mitochondrial
respiration and energy generation (9,11-13) and increased
mitochondrial iron and oxidative stress (14,15), all of which
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Figure 1. GRP75 interacts with frataxin both in vivo and in vitro. GRP75 but not control IgG immunoprecipitated frataxin and ISCU2 from both cortical homogenates
(A) and neuronal lysates (B). Purified human full-length frataxin (frataxin’-219-6XHis) (precursor) also pulled down GRP75 from cortical homogenates while control
experiments with frataxin1-210-6XHis omitted (beads only) showed no immunoreactivity. NFS1 and HSP60 served as a positive and negative controls, respectively (C).
Similarly, purified GST-GRP75 but not GST pulled down both frataxin1-210-6XHis (D) and mature frataxin (frataxin®1-210-6XHis) (E) in an in vitro binding assay. GST-GRP75
bound strongly to frataxin precursor when compared with mature frataxin in an in vitro binding assay (F).

ultimately result in pathological changes in affected tissues.
Currently, there is no therapy to slow down the progression of
FRDA.

GRP75 is a mitochondrial molecular chaperone of the
heat shock protein family that functions in mitochondrial
protein import and quality control, ISC protein biogenesis,
mitochondrial homeostasis and regulation of p53 (16-21). Loss
of GRP75 function leads to mitochondrial dysfunction including
abnormal mitochondrial morphology and decreased adenosine
triphosphate (ATP) production (22,23), while overexpression
of GRP75 inhibits apoptosis induced by glucose deprivation
and extends the lifespan of both human cells and nematode
Caenorhabditis elegans (24-26). GRP75 also participates in the
maturation of frataxin. Mutation of yeast GRP75 homologs
SSC1 and SSQ1, which shares 66% and 49% identity to GRP75,
respectively, impairs the import and processing of yeast frataxin
homolog Yfhilp. In contrast, GRP75 complements the function
of yeast homologs in the maturation of Yfhlp (27-29). GRP75
physically interacts with frataxin in human embryonic kidney
293 (HEK293) and COS7 cells, and knockdown of GRP75 decreases
the level of frataxin in cancer cell lines (27). However, whether
GRP75 overexpression rescues the functional defects of frataxin
deficiency is unknown. In the present study, we studied the
physical and functional interaction between GRP75 and frataxin
using cellular and molecular approaches and suggest that GRP75
can regulate frataxin as overexpression of GRP75 increases
frataxin protein levels and rescues mitochondrial fragmentation
and decreased ATP levels in FRDA patient-derived cells.

Results

GRP75 physically interacts with frataxin both in mouse
brain cortex and neuronal cells

GRP75 interacts with frataxin in cell lines (27). To examine
whether this interaction occurs in brain, an affected tissue
of FRDA, we immunoprecipitated GRP75 from mouse cortex
homogenates using anti-GRP75 antibody. GRP75 but not control
Immunoglobulin G (IgG) pulled down mature frataxin (Fig. 1A).
As brain cortex homogenates contain both neurons and
astrocytes, we next performed co-immunoprecipitation assay
in cultured primary cortical neurons. Similarly, GRP75 but
not control IgG immunoprecipitated mature frataxin (Fig. 1B).
Consistent with the role of GRP75 in ISC biogenesis (27,30), the
ISC biogenesis protein ISCU2, a mitochondrial form of ISCU, was
also co-immunoprecipitated by GRP75 but not control IgG in
both cortical homogenates and cortical neurons (Fig. 1A and B).
These results indicate that GRP75 binds to frataxin both in vivo
in cortex and in vitro in neurons where it forms a complex with
the ISC biogenesis protein ISCU2.

The interaction between GRP75 and frataxin was further
confirmed by pull-down assays from mouse cortex homo-
genates using full-length human frataxin (precursor) fused to a
C-terminal 6XHis tag (frataxin’-?1°-6XHis). Purified frataxin!-210-
6XHis protein led to the pull down of endogenous GRP75 and
the ISC biogenesis protein cysteine desulfurase (NFS1) but not
HSP60, another mitochondrial chaperone serving as a negative
control. No GRP75, NFS1 or HSP60 proteins were detected when
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Figure 2. GRP75 potentiates the interaction of frataxin with MPP. Cortical homogenates were immunoprecipitated with GRP75 antibody and the precipitated proteins
were probed with the indicated antibodies. GRP75 but not control IgG immunoprecipitated MPP from cortical homogenates (A). Purified GST-GRP75 but not GST pulled
down MPP from cortical homogenates (B) and in an in vitro binding assay (C), indicating a direct interaction between GRP75 and MPP. In HEK293 cells transfected with
frataxin-HA along with GRP75-c-Myc-6XHis or vector, HA antibody but not control IgG immunoprecipitated MPP in cells with or without additional GRP75. The presence
of GRP75 significantly increased MPP associating with frataxin (D and E) (n = 3). *P < 0.05. Data were shown as mean =+ SE (error bars).

frataxin21°-6XHis proteins were omitted in the assays (beads
only) (Fig. 1C). To determine whether GRP75 directly interacts
with frataxin, we performed in vitro binding assays using purified
glutathione S-transferase (GST)-GRP75 fusion proteins and
frataxin!?°-6XHis proteins. To monitor the binding specificity,
frataxin21°-6XHis bound to GST-GRP75 or GST-conjugated
glutathione beads were eluted after both the first and second
washes. Binding between frataxin'-?°-6XHis and GST-GRP75
was detected after both the first and second washes. While low
levels of binding of frataxin'2¥°-6XHis to GST were detected
after the first wash, no frataxin?1°-6XHis bound to GST after
the second wash (Fig. 1D), suggesting that frataxin’-?'°-6XHis
specifically bind to GST-GRP75. The binding of mature frataxin
to GRP75 was also detected in in vitro binding assays using the
purified 15 kDa mature form of human frataxin (amino acids
81-210) fused to a C-terminal 6XHis tag (frataxin®-?'°-6XHis)
(Fig. 1E and F) but at a much lesser degree compared with full-
length frataxin. These results indicate that GRP75 directly binds
to frataxin, preferentially to the frataxin precursor.

GRP75 potentiates the interaction of frataxin with MPP

The maturation of frataxin requires two cleavages by the
mitochondrial processing peptidase (MPP) (31). As GRP75 partici-
pates in the maturation of frataxin (27-29), we examined

whether GRP75 physically interacts with MPP to facilitate this
process. Mouse cortex homogenates were immunoprecipitated
with anti-GRP75 antibody or control IgG. MPP subunit beta
was co-immunoprecipitated by anti-GRP75 but not control
IgG (Fig. 2A), suggesting a physical interaction between GRP75
and MPP. The interaction between MPP and GRP75 was
further confirmed by pull-down assays from mouse cortex
homogenates using purified GST-GRP75. In agreement with
the Co-immunoprecipitation (Co-IP) assay, purified GRP75 but
not GST led to the pull down of endogenous MPP (Fig. 2B). To
determine whether GRP75 directly interacts with MPP, we then
performed an in vitro binding assay using purified GST-GRP75
proteins and MPP fused to a C-terminal MYC/DDK tag (MPP-
MYC/DDK). Purified GST-GRP75 bound to MPP-MYC/DDK after
both the first and second washes. While low levels of binding
of MPP-MYC/DDK to GST were detected after the first wash, no
MPP bound to GST after the second wash (Fig. 2C), indicating
the binding specificity of GRP75 to MPP and a direct interaction
between these proteins.

We then investigated whether GRP75 potentiates the
interaction between frataxin and MPP. HEK293 cells transiently
transfected with frataxin fused to a C-terminal human influenza
hemagglutinin (HA) tag (frataxin-HA) along with GRP75 contain-
ing a C-terminal c-Myc-6XHis tag (GRP75-c-Myc-6XHis) or vector
control were lysed and subjected to co-immunoprecipitation
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Figure 3. GRP75 protein levels are decreased in both FRDA patient skin fibroblasts and buccal cells. FRDA patient skin fibroblasts or buccal cells were lysed and subjected
to western blotting with the indicated antibodies. The amount of immunoreactivity in the lysates was quantified as a percentage of the controls. Representative blots
and bar graphs demonstrate reduced frataxin in both fibroblasts (A and B) (n = 3) and buccal cells (C and D) (n = 20 for patients and n = 7 for controls). Accordingly,
GRP75 was also decreased in both fibroblasts (A, B) (n = 3) and buccal cells (C, D) (n = 20 for patients and n = 7 for controls). *P < 0.05; **P < 0.01. Data were shown as

mean + SE.

followed by western blot analysis. Anti-HA antibody precipitated
MPP in cells without additional GRP75; however, the presence
of GRP75 significantly increased the levels of MPP associating
with frataxin (136% increase over vector control; P < 0.05; n = 3)
(Fig. 2D and E), suggesting that GRP75 potentiates the interaction
of frataxin with MPP.

Frataxin does not regulate GRP75 in both HEK293 cells
and human skin fibroblasts

As GRP75 directly interacts with frataxin, we sought to investi-
gate whether frataxin regulates GRP75. We first examined GRP75
protein levels in FRDA patient-derived cells. Both skin fibroblasts
and buccal cells from FRDA patients (Fig. 3) had significantly
reduced frataxin (fibroblasts, Fig. 3A and B; 78% decrease from
the control, P < 0.01, n = 3; buccal cells, Fig. 3C and D; 95%
decrease from the control, P < 0.01, n = 20 for FRDA patients,
n =7 for control). Similarly, GRP75 was also significantly reduced
in both fibroblasts (Fig. 3A and B; 60% decrease from the control,
P < 0.05; n = 3) and buccal cells (Fig. 3C and D; 42% decrease
from the control, P < 0.05, n = 20 for FRDA patients and n = 7
for control), indicating that GRP75 reduction correlates with
frataxin deficiency.

We next examined whether such a decrease in GRP75 is a
direct downstream event of frataxin deficiency. Overexpressing
frataxin in HEK293 cells had no effect on GRP75 (Fig. 4A and B;
P > 0.05, n = 4) as detected by anti-GRP75 antibody. Similarly,
frataxin depletion with siRNA had no effect on GRP75, as trans-
fection of frataxin siRNA in HEK293 cells for 3 or 5 days resulted
in 40% or 22% residual mature frataxin in comparison with
control siRNA (Fig. 4C and D; P < 0.01,n =8 for 3days and P < 0.01,

n = 4 for 5 days), but no reduction in GRP75 was observed.
Similarly, no change in GRP75 levels was observed in human
skin fibroblasts after frataxin depletion with siRNA for either
3 or 5 days (frataxin: 44% decrease from the control, P < 0.01,
n = 4 for 3 days and 89% decrease from the control, P < 0.01,
n =5 for 5 days; Fig. 4E and F). These results indicate that both
frataxin overexpression and knockdown have no effect on GRP75
and that GRP75 reduction in FRDA patient-derived cells is not
a direct event but rather a chronic, secondary effect of frataxin
deficiency.

GRP75 overexpression increases the protein levels
of wild-type frataxin and frataxin variants in HEK
293 cells

We next examined whether GRP75 overexpression increases
frataxin. Compared with vector control, GRP75 overexpression
significantly increased precursor (10-fold increase over vector
control, P < 0.01, n = 8), intermediate (0.63-fold increase over
vector control, P < 0.05, n = 8) and mature frataxins (0.75-fold
increase over vector control, P < 0.05, n = 8; Fig. 5A and B).
We next asked whether GRP75 overexpression increases
frataxin variants such as frataxin®3%, frataxinW'°R frataxin!'>*f,
frataxin®3"V, frataxinW16R frataxin'%% and frataxin®'®°¢, which
are found in compound heterozygote patients and in general
lead to lower frataxin levels compared with patients with two
GAA repeat expansions (32,33). Similarly, when HEK293 cells
were transfected with frataxin®3%V, frataxinW'*R, frataxin!®>¥,
frataxin®®V, frataxinW1®R, frataxin'1%S or frataxin®®*¢ along
with GRP75-c-Myc-6XHis or vector control, GRP75 overexpres-
sion significantly increased frataxin®?%V and other frataxin
variant protein levels (Fig.5, Table1l and Supplementary


https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy448#supplementary-data

1598 | Human Molecular Genetics, 2019, Vol. 28, No. 10

A HEK 293 cells B

QO
Fo 120 -
& 2 100
RO =
= £ 80 -
HA —25kDa g £
@ —20kDa 25 60 1
& —5kDa 5 3 40
GRP75 ey s E é 20 -
vector frataxin
control
E Human skin fibroblasts F 150 . DControl SRNA
> A >~ 50 ontro £
& < S ;§‘ W frataxin siRNA
\‘-: . 2 & &
SFESSS Ee
o ~\<b o&‘ »\<b ‘E £
— =1
3days 5days ; S
frataxin e - - § =
GRP75 e s w W ES
L1111 P — =

- ez» o 150 - 0OControl SRNA

:%Q'% & -,3“ . & mfrataxin siRNA
&S EBo
& & & & =2
S &N £ £
3 days 5 days ; .5
frataxin —— — g._s
GRP7S =il ES

tubulin - -—— — =

Figure 4. Frataxin overexpression or knockdown has no effect on GRP75 protein levels. HEK293 cells transfected with frataxin plasmid DNA or siRNA were lysed and
subjected to western blotting with the indicated antibodies. The amount of immunoreactivity in the lysates was quantified as a percentage of vector or siRNA control.
No change in GRP75 was found in cells transfected with frataxin-HA in comparison with vector control (A and B) (n = 6; P > 0.05). While frataxin knockdown resulted
in 40% and 22% residual frataxin at 3 and 5 days, respectively, no decrease in GRP75 was observed at either condition (C and D) (n = 8, P > 0.05 for 3 days and n = 4,
P > 0.05 for 5 days). Similar results were noted in human skin fibroblasts with frataxin siRNA leading to 56% and 11% residual frataxin at 3 and 5 days, respectively (E
and F) (n = 4, P > 0.05 for both 3 and 5 days) **P < 0.01. Data were shown as mean =+ SE.

Material, Fig. S1). While GRP75 overexpression increased the
levels of all the tested frataxin variants, it has the largest effect
on frataxinW®8R precursor (Table 1).

To investigate whether the mutations in frataxin vari-
ants affect binding of GRP75 to frataxin, we performed
co-immunoprecipitation in HEK293 cells transfected with
wild-type (WT) frataxin or frataxin variants using anti-GRP75
antibody. GRP75 bound preferentially to the precursor and
intermediate forms (Supplementary Material, Fig. S2). Binding
of GRP75 to mature frataxin was also detected but to a much
lesser degree (data not shown). Compared with WT frataxin, the
G130V, W168R, G137V and L106S mutations had increased the
levels of frataxin interacting with GRP75 while the R165C, 1154F
and W155R mutations had no effect (Supplementary Material,
Fig. S2), indicating that these mutations do not interfere with
the binding of GRP75 to frataxin.

Mature frataxin levels in variants carrying W168R, G137V and
L106S mutations were significantly reduced in transfected cells.
The intermediate forms of frataxinW'%®® and frataxin®*’V were
comparable to other frataxin variants but was barely detectable
for frataxin!l%S (Supplementary Material, Fig. S2). The L106S
mutation also led to aberrant mobility of both the precursor and
intermediate forms by electrophoresis (Supplementary Material,
Figs. S1A and F and S2). Although frataxin maturation involves
two cleavages by MPP, frataxin''%S may have been cleaved at
a third site as evidenced by the presence of two intermediate
forms (Supplementary Material, Fig. S1A), suggesting that the
L106S mutation also interferes with frataxin processing.

GRP75-controlled frataxin expression is reduced by the
R126W, A476T and P509S mutations in GRP75 variants

GRP75 variants such as A476T, P509S and R126W, associated with
Parkinson’s disease (PD), result in loss of function (23). We exam-
ined the effect of these mutations on GRP75-controlled frataxin
expression. In HEK293 cells co-transfected with WT frataxin-HA
along with WT GRP75 fused to a C-terminal V5-6XHis tag (GRP75-
V5-6XHis), GRP75 variants (R126W, A476T and P509S)-V5-6XHis
or vector control, GRP75-V5-6XHis overexpression significantly
increased precursor (Fig. 6A and B; 292% increase over vec-
tor control, n = 5, P < 0.05) with less effect on intermediate
and mature frataxins. In comparison with GRP75-c-Myc-6XHis,
which induced a 10-fold increase in precursor (Fig.5), GRP75-
V5-6XHis has a relatively small effect, suggesting a possible
conformational change on the binding of GRP75 to frataxin.
No significant increase in intermediate or mature frataxin was
observed for GRP75-V5-6XHis. Thus, we compared precursor
levels among WT GRP75 and GRP75 variants. Compared with
WT GRP75, mutations in GRP75 variants significantly reduced
precursor (Fig. 6A and B; 29% decrease from WT GRP75, n = 5,
P < 0.05 for A476T; 44% decrease from WT GRP75,n =5, P < 0.05
for P509S; 34% decrease from WT GRP75, n = 5, P < 0.05 for
R126W). These results indicate that mutations found in GRP75
variants reduce GRP75-controlled frataxin expression.

We then examined whether these mutations alter the inter-
action of GRP75 with frataxin. HEK293 cells co-transfected with
frataxin-HA along with WT GRP75-V5-6XHis or GRP75 variants
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Figure 5. GRP75 overexpression increases both WT frataxin and frataxin variant protein levels. HEK293 cells co-transfected with WT frataxin-HA, frataxin variant-HA,
GRP75-c-Myc-6XHis or vector control were lysed and subjected to western blotting with the indicated antibodies. Representative blots and bar graphs demonstrate
increased precursor, intermediate and mature forms of WT frataxin (A and B) (n = 8) and frataxin variants (frataxinG3%V: C and D, n = 5; frataxinW15R: E and F,n = 5;
frataxin!’>#: G and H, n = 5; frataxin®137V: 1 and J, n = 7; frataxinW168R: K and L, n = 5). *P < 0.05, **P < 0.01. Data were shown as mean + SE.

Table 1. GRP75 overexpression increases frataxin variants

Fold increase

Variants Precursor  Intermediate Mature Number
G130V 11.9* 1.52* 1.55* 5
W155R 9.42* 1.56* 0.85* 5
1154F 19* 0.51* 0.54* 5
G137V 6.4* 1.5* 1.19* 7
W168R 58* 4.98* 1.12* 5
L106S 12.55* 2.37* Unchanged 5
R165C 7.69* Unchanged Unchanged 5

Precursor, intermediate and mature forms in HEK293 cells co-transfected with
frataxin variants and GRP75 were quantified and listed as fold increase over
vector control. *P < 0.05.

(R126W, A476T and P509S)-V5-6XHis were immunoprecipitated
with anti-6XHis antibody. 6XHis antibody immunoprecipitated
frataxin precursor in cells transfected with either WT GRP75
or GRP75 variants, but precursor associating with GRP75 vari-
ants were significantly reduced in comparison with WT GRP75
(Fig. 6C). This indicates that these amino acids are critical for the
binding of GRP75 to frataxin.

Both mitochondria-targeted GRP75 and cytosolic GRP75
overexpression increase frataxin in FRDA
patient-derived cells

While GRP75 predominantly localizes in mitochondria, a sub-
stantial amount of GRP75 is found in the cytosol (34,35). To
differentiate the role of GRP75 at different subcellular localiza-
tions and to investigate whether GRP75 overexpression increases
frataxin in FRDA patient cells, we transduced FRDA patient-
derived skin fibroblasts with lentivirus carrying pHAGE-GRP75
gene with or without an HA tag at the N-terminus. About 60-70%
cells were transduced with GRP75 gene after 5 days transduction.
This HA tag targets GRP75 into the cytosol rather than the mito-
chondria likely because of mitochondrial targeting sequence
interference. GRP75 without an HA tag was targeted into the
mitochondria and displayed punctate and globular staining as
well as the colocalization with mitotracker, which specifically
labels mitochondria. In contrast, the staining of GRP75 with an
HA tag appeared diffusely in the cytosol (Fig. 7A). Interestingly,
both mitochondrial (Fig. 7B and C) and cytosolic GRP75 trans-
duction (Fig. 7D and E) increased mature frataxin in fibroblasts
from both typical FRDA patients (3.43-fold increase from vector
control, n = 4, P < 0.05 for mitochondrial GRP75; 1-fold increase
from vector control,n =4, P < 0.05 for cytosolic GRP75) and G130V



1600 | Human Molecular Genetics, 2019, Vol. 28, No. 10

§ . .
O o & S Ry
& o &P .
S NP U N *
& & o & S 500 4
& S b4 o 4 -
<& {{ Aod ] ha =
> = 400 -
5 e
6XHis A A B g
g S 300
S
HA — - - —25kDa 3 <
—_— —20kDa &2 200
— o — ——15KDa  FS
g 1004
': =
TUDULD - — S g = 0 .

vector GRP75 A476T P509S R126W

IP
(ﬂ
’ Lysate & R
: y \_@@- \@@ & B s
.{S'"\Q . . qs,\ ) q:\‘) \43\ (—;&;\\ A@}\@
< R > b, N ! A
oF & & & & &° &
& N N i ol
B (3) &)
. A Q o X
N » P v Ig 6XHis
6XHis | — m— —— - ---
n — — D e e — 25 LkDa
— 20kDa
TSI G e — 15kDa
UDUED  w  — —  —

Figure 6. GRP75 variants (A476T, P509S and R126W) reduce GRP75-controlled frataxin expression and the binding of GRP75 to frataxin. HEK293 cells co-transfected with
frataxin-HA along with WT GRP75-V5-6XHis, GRP75 variant-V5-6XHis or vector control were lysed and subjected to western blotting with the indicated antibodies.
The amount of frataxin precursor immunoreactivity in the lysates was quantified as a percentage of vector control. Compared with vector control, WT GRP75
overexpression significantly increased frataxin precursor while A476T, P509S and R126W mutations reduced the effect of GRP75 on frataxin precursor (A and B) (n = 5).
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patients (1.63-fold increase from vector control, n = 4, P < 0.05
for mitochondrial GRP75; 1.7-fold increase from vector control,
n =4, P < 0.05 for cytosolic GRP75), with concomitant increases
in GRP75. Mitochondrial and cytosolic GRP75 transductions also
increased ISC biogenesis protein ISCU2 and non-ISC protein
HSP60 in fibroblasts from typical FRDA patients (Supplementary
Material, Fig. S3A and B; ISCU2: 1.51-fold increase from vec-
tor control, n = 5, P < 0.05 for mitochondrial GRP75; 0.82-fold
increase from vector control, n =5, P < 0.05 for cytosolic GRP75;
HSP60: 1.14-fold increase from vector control, n = 5, P < 0.05
for mitochondrial GRP75; 1.59-fold increase from vector control,
n =75, P < 0.05 for cytosolic GRP75). No change was found in
the levels of beta tubulin, indicating that lentivirus transduc-
tion does not globally increase non-specific protein expression.
These results indicate that both mitochondrial and cytosolic
GRP75 promote the accumulation of mature frataxin in FRDA
patient-derived cells.

Mitochondria-targeted GRP75 but not cytosolic GRP75
overexpression rescues mitochondria structure from
fragmentation in FRDA patient-derived cells

Frataxin deficiency is associated with abnormal mitochondrial
morphology (36,37). We next examined whether GRP75 overex-
pression rescues the mitochondrial phenotype in FRDA patient-
derived skin fibroblasts. Fibroblasts transduced with vector con-
trol displayed fragmented mitochondria (Fig. 8A). However, mito-

chondrial GRP75 transduction recreated a tubular network and
increased mitochondrial branching as indicated by the form
factor (FF; Fig. 8B and C; 17-fold increase from vector control,
n = 24 cells, P < 0.001) and mitochondrial length as indicated
by the aspect ratio (AR; Fig. 8B and D; 0.57-fold increase from
vector control, n = 24 cells, P < 0.001). No change was observed
in fibroblasts transduced with cytosolic GRP75 (data not shown).
These results indicate that mitochondrial GRP75 rescues the
abnormalities in mitochondrial morphology in FRDA patient-
derived cells.

Both mitochondria-targeted GRP75 and cytosolic GRP75
overexpression rescue the ATP deficit in FRDA
patient-derived cells

Finally, we investigated the functional significance of GRP75
overexpression by examining ATP levels in FRDA patient-derived
skin fibroblasts. Compared with control fibroblasts, both typical
FRDA patient fibroblasts and G130V patient fibroblasts showed
decreased ATP levels (Fig. 9A; 44% decrease from control, n = 4,
P < 0.05 for typical FRDA patient; 37% decrease from control,
n=4,P < 0.05 for G130V). Both mitochondrial and cytosolic GRP75
transductions significantly increased ATP levels in fibroblasts
from both typical FRDA patients (Fig. 9B and C; 22% increase
from control, n = 4, P < 0.05 for mitochondrial GRP75; 26%
increase from control, P < 0.05, n = 4 for cytosolic GRP75) and
G130V patients (Fig. 9B and C; 25% increase from control, n = 4,
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P < 0.05 for mitochondrial GRP75; 33% increase from control,
n =4, P < 0.05 for cytosolic GRP75). These results indicate that
both mitochondrial and cytosolic GRP75 overexpressions rescue
ATP deficit in FRDA patient-derived cells.

Discussion

In the present study, we have demonstrated that the interac-
tion of GRP75 with frataxin controls frataxin and pathophys-
iological events downstream from frataxin deficiency. While
WT GRP75 overexpression increases frataxin both in HEK293
cells and in FRDA patient-derived cells, GRP75 variants carrying
R126W, A476T and P509S mutations impair the interaction of
GRP75 with frataxin and reduce the effect of GR75 on frataxin.
In addition, GRP75 overexpression partially rescues the cellular
phenotypes of FRDA as demonstrated by the increased ATP levels
and improved integrity of the mitochondrial network. These
results define GRP75 as a major posttranslational regulator of
frataxin level and function.

Although the mechanisms leading to frataxin deficiency in
FRDA are transcriptional in typical FRDA, frataxin levels are
posttranslationally regulated. Interfering with frataxin ubiqui-
tination and degradation with ubiquitin-competing molecules
promotes the accumulation of frataxin precursor and mature
forms (38). In agreement with these findings, GRP75 overex-
pression also increases frataxin. Although GRP75 predominantly
increases precursor, it also increases the mature form of frataxin,
suggesting that increasing the pool of precursor by GRP75 aids in
generating mature frataxin. GRP75 regulates frataxin both before
and after mitochondrial import as evidenced by the increased
levels of mature frataxin by both cytosolic and mitochondrial
GRP75 overexpression in FRDA patient-derived cells. The effect
of cytosolic GRP75 could be mediated by the chaperone activity
of GRP75 which prevents the aggregation and degradation
of frataxin precursor during its trafficking to mitochondria,
while mitochondrial GRP75 imports frataxin and assists its
folding. In addition, the physical interaction of GRP75 with MPP
contributes to the maturation of frataxin as demonstrated by the
increased amounts of MPP associating with frataxin by GRP75.
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GRP75 directly interacts with frataxin and MPP, suggesting that
GRP75 may form a ternary complex with frataxin and MPP to
make frataxin more accessible to MPP and the subsequent
processing more efficient. Thus, in addition to its role in
protein import, GRP75 could also function as a scaffold protein
to promote the accumulation of frataxin. GRP75 also interacts
with multiple proteins involved in the biogenesis of ISC such
as NFS1, ISCU and Nfu in vivo (27,30), further supporting such a
scaffolding role.

The predominant effect of GRP75 on precursor is supported
by its preferential binding to frataxin precursor in both in vitro
binding assays (Fig. 1) and Co-IP experiments in HEK cells (Fig. 6C
and Supplementary Material, Fig. S2). This would be more ben-
eficial for frataxin variants that have reduced efficiency of pro-
tein folding and higher tendency toward proteolytic degradation
(39,40), leading to lower-than-normal levels of frataxin and more
severe clinical phenotypes. Indeed, we noticed more prominent
effects on frataxin variants by GRP75 (Fig. 5, Table 1 and Supple-
mentary Material, Fig. S1). The largest effect was seen on the
W168R mutant with 58-fold increase in precursor. The effects on
intermediate and mature forms of frataxin were also observed
to a lesser extent, indicating a major role of GRP75 in frataxin
precursor stabilization.

Consistent with energy impairment in FRDA cells (9,10), we
noted the ATP deficit in FRDA patient fibroblasts as measured by
the generation of a luminescent signal from luciferase reaction,
which is proportional to the amount of ATP present in the cells.
GRP75 overexpression rescues the ATP deficit in FRDA cells.
While increased frataxin in FRDA could lead to increased activity
of ISC containing enzymes in Krebs cycle such as aconitase
and electron transport chain enzymes, improved mitochondrial
network integrity could also increase the activity of ATP syn-
thase, Oxidative phosphorylation and decrease ATP hydrolysis
(41,42). Interestingly, both mitochondrial and cytosolic GRP75
overexpressions increase ATP levels to a similar degree, but only
mitochondrial GRP75 overexpression rescues the mitochondrial
network, suggesting that mitochondrial network restoration
involves mechanisms other than the chaperone activity of GRP75
in the cytosol. The mitochondrial fission proteins Drpl and
Opal participate in GRP75 depletion-mediated mitochondria
fragmentation (43,44). How these proteins might interact with
GRP75 to restore mitochondria network structure in FRDA
remains to be investigated. The present findings also provide
mechanistic support for GRP75-mediated facilitation of ATP
production in other cellular and animal models of neurodegen-
erative diseases (45-47). As cellular ATP levels are a sensitive


https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy448#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy448#supplementary-data

A

120 -

80 -

R ' l
0

Control Typical FA G130V

ATP content
(% of control)

C

150 - % ®

~ OVector
E g 100 - control
§3
e 3 mHA-
= 5 50 GRP75

Lentivirus
0 T

Typical FA G130V

Human Molecular Genetics, 2019, Vol. 28, No. 10 | 1603

* * OVector

control

100 ~ u GRP75

Lentivirus

wh
[—]
1

ATP content
(% of control)

Typical FA G130V

Figure 9. Both mitochondrial and cytosolic GRP75 transductions increase ATP levels in FRDA patient-derived cells. Compared with control, ATP levels were decreased in
fibroblasts from both typical FRDA patient (n = 4) and patient with G130V mutation (n = 4) (A). Transduction with lentivirus carrying pHAGE-GRP75 or pHAGE-HA-GRP75
gene for 5 days resulted in increased ATP levels in both typical FRDA patient fibroblasts (B and C) (n = 4) and G130V fibroblasts (B, C) (n = 4). *P < 0.05. Data were shown

as mean =+ SE.

indicator of viability in multiple cells (48,49), alternatively,
increased ATP levels by GRP75 may confer an increased ability
to cope with cellular stress to FRDA cells.

GRP75 plays an essential role in mitochondrial biogenesis
through its capacity to direct the import and folding of nuclear-
encoded mitochondrial matrix proteins (16,17). In neurodegen-
erative diseases, GRP75 has been linked to neurodegeneration
in PD and Alzheimer’s disease (AD) based on reduced levels
of GRP75 in brain samples of patients (43,50). GRP75 reduction
also correlates with the disease stage of PD (51). Consistent
with findings from brain homogenates of FRDA animal models
and patient blood cells (52,53), GRP75 levels are reduced in both
FRDA patient fibroblasts and buccal cells, and effects of GRP75
overexpression suggest that GRP75 deficiency may contribute
to the pathogenesis of FRDA. GRP75 reduction could lead to
further decreases in frataxin and ISC containing enzymes and
produce mitochondrial biogenesis deficits as observed in FRDA
patient cells and animal models at presymptomatic ages (52,53).
This could contribute to the progression of FRDA. Both frataxin
overexpression and acute knockdown had no effect on GRP75
levels, suggesting that GRP75 reduction is a secondary effect
of frataxin deficiency and may reflect decreased mitochondrial
number seen in FRDA patient cells and animal models (54).

GRP75 variants (R126W, A476T and P509S) have been
implicated in the pathogenesis of PD. All of these variants
are substitutions found in highly conserved regions of GRP75,
and accumulation of these mutations leads to mitochondrial
dysfunction both in neuronal and non-neuronal cell lines (23).
Analogous mutations in yeast recapitulate multiple in vivo

phenotypes and biochemical defects associated with these vari-
ants (55). GRP75 variants and frataxin deficiency share similar
mitochondrial abnormalities such as abnormal mitochondrial
morphology, reduced mitochondrial membrane potential
and increased production of oxidative species (23,36,37,56).
GRP75 may represent one of a series of proteins involved
in the pathophysiological overlap between FRDA and other
neurodegenerative disorders like PD and AD.

Materials and Methods
Preparation of brain homogenates

Mice were deeply anesthetized and euthanized by decapitation.
The cortex was rapidly removed and homogenized with
Potter-Elvehjem homogenizer (Thermo Fisher Scientific Inc.,
Hampton, NH) in radioimmunoprecipitation assay buffer (RIPA
buffer) (100 mm Tris-HCL; 150 mM NaCl; 1% Octylphenoxy
poly(ethyleneoxy)ethanol (IGEPAL CA-630); 1 mm ethylene-
diaminetetraacetic acid (EDTA); pH 7.4) containing protease
inhibitor cocktail (1:500 dilution; Calbiochem, Darmstadt,
Germany). The homogenates were centrifuged at 13 000 rpm
for 15 min. The supernatant was immediately frozen and stored
at —80°C until use. Protein concentration was estimated by Pierce
BCA Protein Assay Kit (Thermo Fisher Scientific Inc.).

Preparation of primary neuronal cultures

Primary rat cortical neurons were derived from embryonic day
17 Sprague Dawley rat embryos, as described previously (57).
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Cortical tissue was dissected and subsequently minced and
trypsinized (0.027%, 37°C, 7% CO, for 20 min) and then washed
with 1XHBSS. Cells were plated in neurobasal medium supple-
mented with B27 and grown at a density of 6 x 10° viable cells
per 35 mm culture dish. Cultures were maintained at 37°C with
5% CO,. Non-neuronal cell growth was inhibited with cytosine
arabinoside at 7-10 days in vitro. Cells were used after at least
14 days in vitro.

RNA interference-mediated downregulation of frataxin
and overexpression of plasmid DNAs in HEK293 cells

HEK?293 cells were cultured in a 5% CO, humidified atmo-
sphere in Minimum Essential Medium containing 1% peni-
cillin/streptomycin, 1% L-glutamine (200 mwm), 2.5% horse
serum and 7.5% fetal bovine serum (FBS). Frataxin knock-
down was achieved by transfection of human frataxin siRNA
(5’-rGrArArCrCrUrArUrGrUrGrArUrCrArArCrArArGrCrArGAC-3/;
Dr Robert Wilson, University of Pennsylvania and Children’s
Hospital of Philadelphia, Philadelphia, PA) into HEK293 cells
using Lipofectamine RNAiMax reagent (Thermo Fisher Scientific
Inc.). Scrambled siRNA was used as a negative control. Cells were
collected after 3 or 5 days.

For overexpression of plasmid DNAs, HEK293 cells were
transfected with plasmid DNAs containing WT frataxin fused
to a C-terminal HA tag, frataxin mutants (33), GRP75 fused to a
C-terminal c-Myc and 6XHis (Abgent, San Diego, CA), GRP75 or
GRP75 mutants (A476T, P509S and R126W) fused to a C-terminal
V5-6XHis tag (Dr Rejko Kriiger, University of Tubingen, Germany)
using Lipofectamine™ 2000 reagent (Thermo Fisher Scientific
Inc.) for 24 h. Cells were then collected and subjected to co-
immunoprecipitation or western blot.

Lentiviral transduction of human skin fibroblasts

FRDA patient-derived skin fibroblasts were cultured in 5% CO,
humidified atmosphere in Dulbecco’s Modified Eagle Medium:
Nutrient Mixture F-12 containing 1% penicillin/streptomycin, 1%
non-essential amino acids and 10% FBS. Lentivirus containing
the GRP75 gene with or without an HA tag in the N-terminus
(pPHAGE-HA-GRP75 or pHAGE-GRP75; Dr Jong-In Park, Medical
College of Wisconsin, Milwaukee, WI) or vector control (pHAGE-
CMV-dsRed-UBC-GFP-W; Addgene, Cambridge, MA 02139), made
at the research vector core at the Children’s Hospital of Philadel-
phia, was transduced into cultured fibroblasts in the presence
of polybrene (8 ng/ml; Sigma, St Louis, MO). One day after trans-
duction, the medium was replaced with normal culture medium.
Five days after transduction, fibroblasts were collected and used
for experiments.

Co-immunoprecipitation

Cultured rat cortical neurons or HEK293 cells were rinsed with
phosphate-buffered saline (PBS) and lysed in RIPA buffer (100 mm
Tris-HCL; 150 mm NacCl; 1% IGEPAL CA-630; 1 mM EDTA; pH 7.4)
with a protease inhibitor cocktail (1:500 dilution; Calbiochem)
at 4°C for 1 h. Cell lysates were then centrifuged at 13 000 rpm
for 10 min. The supernatant was transferred to a new tube and
incubated with 30 pl of protein G beads (Invitrogen, Carlsbad,
CA) at 4°C for 1 h to remove non-specific binding to the beads.
The samples were then centrifuged at 500 g for 5 min and
the supernatant was incubated with antibodies against GRP75
(Abcam, Cambridge, MA at 1/300), HA (Cell Signaling, Danvers,

MA at 1/100) or 6XHis (Thermo Fisher Scientific Inc. at 1/300)
overnight at 4°C. On the second day, 30 pl of protein G beads
were added to the samples and incubated at 4°C for 2 h. The
samples were then centrifuged at 500 g for 5 min and the beads
were washed four times with RIPA buffer. A total of 50 pl of
sample buffer for sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) was then added, and the mixture
was boiled for 5 min. Beads were pelleted by centrifugation, and
a fixed volume of supernatant was applied to a NuPAGE 4-12%
Bis-Tris gel for SDS-PAGE.

Western blot

Cultured human fibroblasts and HEK293 cells were collected
in Laemmli sample buffer (50 mm Tris-HCI, pH 6.8, 2% SDS,
5 mm EDTA, 0.1% bromophenol blue, 10% glycerol, and 2%
B-mercaptoethanol). Buccal cells from controls and FRDA
patients were collected in extraction buffer (Abcam) as previ-
ously described (58) and diluted with Laemmli sample buffer.
A sample (15-50 pg) of total protein was boiled for 5 min and
then loaded onto NuPAGE 4-12% Bis-Tris gel. Following SDS-
PAGE, proteins were transferred to nitrocellulose, blocked with
3% dry milk and incubated with antibodies against frataxin
(Abcam at 1/500), ISCU2 (Proteintech, Rosemont, IL at 1/1000),
MPP (Proteintech at 1/1000), GRP75 (Abcam at 1/1000), HSP60 (Cell
Signaling at 1/1000), actin (Sigma at 1/1000), beta tubulin (Cell
Signaling at 1/1000), HA (Cell Signaling at 1/1000), 6XHis (Thermo
Fisher Scientific Inc. at 1/1000) and GST (Sigma at 1/1000). Blots
were then incubated with appropriate horseradish peroxidase-
conjugated secondary antibodies and developed using enhanced
chemiluminescence (Pierce, Rockford, IL).

Pull-down assay and in vitro binding assay

Mouse cortex homogenates (500 pg) were precleared with pro-
tein G beads for 1 h then incubated with recombinant human
full-length frataxin (precursor) fused to a C-terminal 6XHis tag
(frataxin!-?°-6XHis) (Proteintech) at 4°C for 2 h. Anti-frataxin
antibody (Abcam at 1/300; catalog # ab113691) was then added.
Samples were incubated at 4°C overnight. On the second day,
25 yl of protein G beads were added to the samples and incu-
bated at 4°C for 2 h. Samples were centrifuged at 500 g for
5 min, and the beads were washed four times with RIPA buffer
including 300 mM NaCl. A total of 50 pl of Laemmli sample buffer
was added, and the samples were boiled for 5 min. Beads were
pelleted by centrifugation, and a fixed volume of supernatant
was applied to a NuPAGE 4-12% Bis-Tris gel for SDS-PAGE.

To determine whether exogenous GRP75 pulls down MPP,
recombinant human GRP75 protein fused to a N-terminal GST
tag (GST-GRP75; Rockland Immunochemicals, Pottstown, PA) or
GST (Sigma) were bound to glutathione beads in RIPA buffer
(100 mm Tris-HCL; 150 mM NaCl; 1% IGEPAL CA-630; 1 mM EDTA;
pH 7.4) overnight at 4°C. After 4 washes, 500 pg mouse cortex
homogenates precleared with protein G beads were added and
incubated overnight at 4°C. Samples were centrifuged at 500 g for
5 min, and the beads were washed four times with RIPA buffer
including 300 mM NacCl. A total of 50 pl of Laemmli sample buffer
was added, and the samples were boiled for 5 min. Beads were
pelleted by centrifugation, and a fixed volume of supernatant
was applied to a NuPAGE 4-12% Bis-Tris gel for SDS-PAGE.

For in vitro binding assays, 2 pg GST-GRP75 or GST were
bound to glutathione beads in RIPA buffer (100 mm Tris-HCL,
150 mm NaCl, 1% IGEPAL CA-630, 0.5% sodium deoxycholate;
1 mm EDTA, pH 7.4) overnight at 4°C. After four washes,



2 pg human frataxin'?%-6XHis (Proteintech), frataxin®-210-
6XHis made from bacteria (Dr Andrew Dancis, University of
Pennsylvania, Philadelphia, PA), or human MPP fused to a C-
terminal MYC/DDK tag (MPP-MYC/DDK; Origene, Rockville, MD,
catalog # TP315039) was added and incubated overnight at 4°C.
Samples were centrifuged at 500 g for 5 min, and the glutathione
beads were washed twice at 4°C for 10 min each and eluted with
Laemmli sample buffer after each wash and subjected to SDS-
PAGE.

Immunofluorescence

Coverslips were coated with poly-D-lysine (0.5 pg/ml) and
seeded with FRDA patient skin fibroblasts transduced with
lentivirus carrying pHAGE-GRP75, pHAGE-HA-GRP75 or vector
control. Cells were loaded with MitoTracker® Red CMXRos
(Thermo Fisher Scientific Inc.) for 30 min and washed three
times with PBS followed by fixation in 4% paraformaldehyde at
room temperature for 10 min. Cells were then permeabilized
with 0.3% Triton X-100 and blocked with 10% bovine serum
albumin for 1 h at 37°C. Anti-GRP75 (at 1/200), anti-HA (at 1/100)
or anti-GFP (Neuromab, Davis, CA at 1/200) antibody was then
added and incubated overnight at 4°C. After washing with PBS,
cells were incubated with Alexa Fluor® 488 (Life Technology,
Eugene, OR) in the dark for 1 h at 37°C. Coverslips were mounted
with Vectashield mounting medium containing 4',6-diamidino-
2-phenylindole (DAPI) (Vector Laboratory, Burlingame, CA).
Fluorescent images were captured using Leica TCS SP8 confocal
laser scanning microscope.

Analysis of mitochondrial morphology

Mitochondrial morphology was analyzed as reported previously
(23,59). Briefly, using Image ] 1.48v software, fluorescence
microscopy images were optimized by adjusting the contrast
and subsequently binarized by conversion to eight bit images.
A threshold was applied to the images to define mitochondrial
structures. Every single mitochondrion labeled by MitoTracker®
Red CMXRos of the investigated cells was marked to analyze
morphological characteristics such as its area, perimeter and
major and minor axes. On the basis of these parameters, the AR
of a mitochondrion (ratio between the major and the minor axes
of the ellipse equivalent to the object) representing the length
of mitochondrion and its FF [perimeter?/(4r x area)], consistent
with the degree of branching, were calculated.

Determination of ATP content

An equal number of skin fibroblasts transduced with lentivirus
containing pHAGE-HA-GRP75, pHAGE-GRP75 or vector control
were seeded in a 96-well plate. ATP content of the cells was
quantified with the CellTiter-Glo Luminescent Cell Viability Kit
(catalog # G7570, Promega, Madison, WI).

Statistical analysis

Calculations of statistical differences of the experiments were
assessed by two-tailed Student’s t-test and a probability value of
P < 0.05 was considered to be statistically significant.

Supplementary Material

Supplementary Material is available at HMG online.
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