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Abstract

Mutations of various genes cause hereditary spastic paraplegia (HSP), a neurological disease involving dying-back degenera-
tion of upper motor neurons. From these, mutations in the SPAST gene encoding the microtubule-severing protein spastin
account for most HSP cases. Cumulative genetic and experimental evidence suggests that alterations in various intracellular
trafficking events, including fast axonal transport (FAT), may contribute to HSP pathogenesis. However, the mechanisms link-
ing SPAST mutations to such deficits remain largely unknown. Experiments presented here using isolated squid axoplasm
reveal inhibition of FAT as a common toxic effect elicited by spastin proteins with different HSP mutations, independent of
microtubule-binding or severing activity. Mutant spastin proteins produce this toxic effect only when presented as the
tissue-specific M1 isoform, not when presented as the ubiquitously-expressed shorter M87 isoform. Biochemical and pharma-
cological experiments further indicate that the toxic effects of mutant M1 spastins on FAT involve casein kinase 2 (CK2)
activation. In mammalian cells, expression of mutant M1 spastins, but not their mutant M87 counterparts, promotes
abnormalities in the distribution of intracellular organelles that are correctable by pharmacological CK2 inhibition.
Collectively, these results demonstrate isoform-specific toxic effects of mutant M1 spastin on FAT, and identify CK2 as a
critical mediator of these effects.

Introduction back degeneration of upper motor neurons (1-3). From over fifty

. . . HSP-related genes identified to date, mutations in the SPAST
Hereditary SPaStlc pzltrapleglas (HS_P) repr?se“t a heteu.'ogene.ous gene encoding the protein spastin represent the most common
group of heritable diseases associated with progressive dying- form of HSP (SPG4-HSP) (4). Through an active mechanism
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involving ATP hydrolysis and oligomerization, spastin is known
to sever microtubules into shorter pieces, facilitating their
transport along axons for appropriate maintenance, remodeling
and dismantling of the microtubule cytoskeleton (5-7). Critical
for the severing activity of spastin are the microtubule-binding
(MTBD) and AAA (ATPases Associated with Diverse Cellular
Activities) domains (3). Based on homology analysis, a
microtubule-interacting and endosomal trafficking (MIT)
domain, two nuclear localization signals, and two nuclear
export signals have also been reported, but their functional sig-
nificance remains poorly understood (3,8). Translation of the
SPAST gene at two different initiation codons results in the
production of two major spastin isoforms, termed M1 and M85
in rodents or M1 and M87 in humans (8). Tissue expression
analyses have found that, unlike the ubiquitous M87 isoform,
the M1 spastin isoform is only detectable in the adult spinal
cord, consistent with degeneration of corticospinal axons in
SPG4-HSP (1,9). The unique 86 aminoacid stretch of M1 spastin
includes several motifs that reportedly mediate interactions
with various proteins, including the HSP-related GTPase atlas-
tin, reticulons and REEP-1 (10,11). Through these interactions,
M1 spastin has been proposed to coordinate microtubule-
severing activity and membrane remodeling (2,12). However,
isoform-specific functions of spastin remain unknown and the
reasons for the restricted expression of the M1 isoform to adult
spinal cord are similarly unclear.

The dying-back pattern of neuronal degeneration common
to HSPs of different genetic etiology strongly suggests that HSP-
related mutant proteins affect cellular processes critical for
maintenance of the axonal compartment in affected neurons
(1,2,13). Accordingly, several HSP genes encode proteins
involved in intracellular trafficking events, including fast axonal
transport (FAT) (2,14). Among these, the discovery of autosomal
recessive mutations in the SPG10 gene, which encodes the con-
ventional kinesin heavy chain subunit KIF5A, provided direct
evidence that even minor deficits in FAT suffice to produce HSP
(15). Extending these findings to SPG4-HSP, several independent
reports documented FAT deficits associated with SPAST muta-
tions (9,16-19). However, mechanisms and specific molecular
components linking mutant spastin proteins to these deficits
remain elusive.

A large fraction of SPAST mutations are predicted to impair
spastin severing activity and/or expression levels (20-22). Based
on these observations, most reports to date have favored a hap-
loinsufficiency mechanism underlying SPG4-HSP pathogenesis
(23,24). However, several SPG4-HSP features, including its auto-
somal dominant pattern of inheritance, appear inconsistent
with such a mechanism [reviewed in (3)]. Moreover, it is unclear
how the loss of microtubule-severing activity would promote
deficits in FAT (9).

Results from our prior work suggested a gain-of-function
mechanism in SPG4-HSP. Specifically, we showed that truncated
forms of M1, but not M85, mouse spastin polypeptides inhibit
FAT in the isolated squid axoplasm (9). Given the restricted
tissue distribution of M1 spastin to the adult spinal cord, such
a mechanism appears consistent with both the increased
vulnerability of upper motor neurons and the late onset charac-
teristics of HSP (3,9). However, whether the findings of isoform-
specific M1 spastin toxicity extended to bona fide HSP-related
human mutant spastins was not addressed by these studies,
and the mechanisms by which mutant M1 spastins inhibited
FAT remained unknown.

Several misfolded neuropathogenic proteins have been
shown to trigger alterations in FAT by promoting the abnormal

activation of protein kinases involved in the phospho-
regulation of motor proteins (25,26). Based on these precedents,
we directly compared isoform-specific toxic effects of mutant
spastins on FAT and further evaluated whether protein kinases
could mediate such effects.

Results

M1, but not M87, human mutant spastin polypeptides
inhibit fast axonal transport

Several issues complicate a direct comparison of mutant spastin
isoforms effects on fast axonal transport (FAT) using mamma-
lian cells. These include mutation-specific variations in spastin
protein expression (22,27), and cell type-dependent variability
of spastin isoform expression (9,22). In addition, transcriptional
abnormalities associated with mutant spastin expression left
unclear whether FAT deficits represent an epiphenomenon in
SPG4-HSP (28,29). These issues are avoided using vesicle motil-
ity assays in the isolated squid axoplasm (30). First, the isolated
squid axoplasm is a plasma membrane-free preparation, allow-
ing direct perfusion of proteins and pharmacological inhibitors.
Second, relative levels of perfused proteins can be tightly
controlled, allowing for quantitative effect comparisons (31).
Finally, neuronal cell bodies are absent from isolated axoplasm
and thus, potential mechanisms involving nucleus-dependent
activities (i.e., transcriptional alterations) can be ruled out.
These unique features allowed us to directly evaluate and
compare isoform-specific effects of HSP-related mutant spastin
proteins on FAT.

Video-enhanced differential interference contrast micro-
scopy allows precise measurement of FAT rates for MBOs
moving in both anterograde and retrograde directions, which in
the isolated axoplasm preparation are mainly carried by the
multi-subunit motor proteins conventional kinesin and cyto-
plasmic dynein (CDyn), respectively (32,33). Perfusion of wild-
type, catalytically active M1 and M85 full-length mouse spastins
in axoplasm did not affect FAT (9). In contrast, truncated forms
of M1, but not M85, mouse spastin inhibited both anterograde
and retrograde FAT rates, suggesting isoform-specific toxic
effects (3,9). Based on these precedents, we investigated
whether these findings extended to human spastin proteins
bearing bona fide HSP-related mutations. To this end, we gener-
ated cDNAs encoding M1 and M87 versions of human mutant
spastins with a wide variety of SPG4-HSP mutations (Fig. 1A).
STOP spastins, predicted to result from translation of some non-
sense SPAST mutations (i.e., E114X), lack both MTBD and AAA
domains (27,34). Because translation of spastin mRNAs contain-
ing nonsense mutations in vivo remains unclear (22), we also
generated human spastin full-length constructs bearing HSP-
causing missense mutations. The E442Q mutation, located
within the AAA domain, was confirmed to abolish microtubule-
severing activity (35), much as predicted for the closely located
C448Y mutation (5,14). Mutations L195V and E112K, on the other
hand, map to locations immediately adjacent to the MIT
domain (22). In vitro translation (IVT) procedures were used to
produce recombinant mutant spastin proteins, as before (9,36).
Parallel IVT reactions in the presence of 3°S-radiolabeled
methionine confirmed translation of recombinant spastin
mutant proteins at the expected molecular weights (Fig. 1B).

Plots in Figures 2A-F and Supplementary Material, Figure S1
show results from vesicle motility assays following perfusion of
human M87 and M1 mutant spastin polypeptides. Perfusion of
axoplasms with human M87-STOP spastin did not affect FAT
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Figure 1. Recombinant mutant spastin proteins in this study. (A) Schematic representation of mutant spastin proteins used in this study. Specific domains are indi-
cated in the top graph including ATPase associated with various cellular activities (AAA, in red), microtubule-interacting and trafficking (MIT, in green) and microtu-
bule-binding (MTB, in yellow) domains. Nuclear localization signals (NL, dark blue), a nuclear export (NLS, light blue) and a carboxy-terminal myc tag (in purple) are
shown. Asterisks indicate the approximate location of missense mutations. Note that truncated M1-STOP and M87-STOP lack both AAA and MTBD domains. (B) In vitro
translation of STOP, E442Q, and C448Y cDNA spastin constructs was performed in the presence of >*S-methionine. Reactions were separated by SDS-PAGE and ana-
lyzed using Phospho-imager scanning. Representative autoradiograms confirm expression of M1 and M87 mutant spastin proteins at the predicted molecular weights.
Control reactions lacking plasmid cDNA did not result in detectable protein synthesis (not shown).
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Figure 2. Mutant M1, but not M87 spastins inhibit FAT. Plots in A-F depict results from vesicle motility assays in isolated squid axoplasm. In vitro translated mutant
spastins were perfused into axoplasm and fast axonal transport (FAT) rates monitored by video microscopy. Individual rate measurements (um/s, arrowheads) are
plotted as a function of time (minutes). Both anterograde (blue arrowheads and lines) and retrograde (reverse red arrowheads and lines) FAT rates are shown in each
plot. Perfusion of human M87-STOP (A), M87-E442Q (C), and M87-CY448 (E) mutant spastins showed no effect on FAT. In contrast, a marked inhibition of both anterog-
rade (conventional kinesin-dependent) and retrograde (cytoplasmic dynein-dependent) FAT rates was observed after perfusion of their corresponding isoform counter-
parts M1-STOP (B), M1-E442Q (D) and M1-C448Y (F). Plots showing quantitation of average anterograde (G) and retrograde (H) FAT rates obtained 30-50 minutes after
spastin perfusion indicates that inhibition of FAT represents an isoform-specific toxic effect of all mutant M1 spastins tested. n: number of independent experiments;
ns: not significant; *P < 0.05; P < 0.0001.



2324 | Human Molecular Genetics, 2017, Vol. 26, No. 12

(Fig. 2A). In contrast, a marked inhibition of both anterograde
and retrograde FAT rates was observed for axoplasms perfused
with M1-STOP spastin (Fig. 2B), consistent with prior results
using mouse M1-STOP spastin (9). These toxic effects were also
elicited by full-length M1 spastin proteins bearing the muta-
tions E442Q (Figs 2D), C448Y (Fig. 2F), L195V (Supplementary
Material, Fig. S1B) and E112K (Supplementary Material, Fig. S1D),
but not by M87 spastin proteins bearing the same mutations
(Fig. 2C and E, and Supplementary Material, Fig. S1A and S1C).
Quantitation of average FAT rates obtained 30-50 min after per-
fusion of spastin proteins confirmed a dramatic reduction in
anterograde FAT rates for axoplasms perfused with M1 mutant
spastins, compared to their M87 isoform counterparts (Fig. 2G
and Supplementary Material, Table S1). Retrograde FAT rates
were also reduced in mutant M1 spastin-perfused axoplasms,
although the extent of this inhibitory effect was somewhat
more variable among the mutant M1 spastin proteins tested
(Fig. 2H and Supplementary Material, Table S1). Collectively,
these results indicate that inhibition of FAT represents a toxic
effect triggered by mutant M1, but not mutant M87 spastin
proteins. Moreover, these effects were independent of transcrip-
tional alterations as well as microtubule-binding and severing
activities.

M1-STOP, but not M87-STOP expression, promotes cel-
lular phenotypes associated with abnormalities in intra-
cellular trafficking

We then evaluated the relevance of findings in Figure 1 to mam-
malian cells. To circumvent technical issues associated with
limited transfection efficiency and to allow parallel live-cell
imaging and biochemical studies of homogeneous cell

populations, we established SH-SY5Y neuroblastoma cell
monoclones stably expressing M87-STOP or M1-STOP spastins,
as described in Supplementary Materials.

Naive, M87-STOP, and M1-STOP SH-SYS5Y cells were trans-
fected with plasmids encoding RFP-tagged synaptophysin
(RFP-syn) and live-cell imaging experiments were performed to
determine the relative proportions of motile RFP-syn-positive
vesicles among these experimental groups (Fig. 3A and B).
Consistent with findings from isolated squid axoplasm, a
marked reduction in the percentage of motile RFP-syn-positive
vesicles was observed in M1-STOP cells (42.5 + 5.5% of the total)
compared to both M87-STOP and GFP-transfected (control) cells
(69.4 = 5.6% and 78.3 = 6.2% respectively), suggesting intracellu-
lar transport impairments in cells expressing M1-STOP. In addi-
tion, immunocytochemical methods were used to evaluate
alterations in Golgi apparatus distribution, as this organelle
undergoes aberrant dispersion following alterations in conven-
tional kinesin or CDyn function (37,38) (Fig. 3C and D). In both
naive and M87-cells, the Golgi apparatus displayed a typical
clustered, perinuclear distribution, comprising 3.9 + 0.38% and
3.8 +0.49% of the total cellular area, respectively. In contrast, a
marked dispersion of this organelle was observed in M1-STOP
cells (5.6 +0.38% of total cellular area), suggesting functional
impairment of motor proteins.

Increased phosphorylation of motor proteins in
association with mutant M1 expression

Several unrelated neuropathogenic polypeptides have been
shown to produce FAT deficits by triggering abnormal activation
of kinases involved in phospho-regulation of motor proteins
(25,26). Consistent with these findings, mutant M1 spastins

A B
3 80
S
g % *
o
‘5 40
-
= = - . 5 w= 20
] - % >
= S ST yR
30 ym
C
control M87-STOP M1-STOP

--

Golgi area (% of total cell area) ©

o ® <O
St \J{S‘ _510 ‘M,‘E‘:“

Figure 3. Abnormal transport and distribution of organelles in SH-SY5Y cells expressing M1-STOP spastin. SH-SY5Y cells stably expressing M1-STOP and M87-STOP
spastins (see Supplementary Materials) were transfected with plasmids encoding an RFP-tagged version of synaptophysin (RFP-syn). The proportion of RFP-syn-posi-
tive mobile vesicles in neurites was analyzed using live-cell imaging, and representative kymographs are shown in (A) for comparison. (B) Compared to control
(ctrl, GFP-transfected) cells, M87-STOP cells showed similar fraction of mobile RFP-syn-positive vesicles (78.3+6.2% vs 69.4 = 5.6%). In contrast, M1-STOP cells showed a
marked reduction in the proportion of these vesicles (42.5+5.5%). (C) Representative images of SH-SY5Y cells showing immunoreactivity for the cis Golgi marker
GM130 (in green) and tubulin (in red). (D) Quantitation of GM1-130 immuno-positive area/total cell area revealed a wider distribution of the Golgi apparatus in M1-STOP
cells (5.6+0.38%), compared to both control (3.9+0.38%) and M87-STOP cells (3.8+0.49% respectively). *P < 0.05. Bar, 10 microns.
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Figure 4. Increased phosphorylation of motor proteins in association with M1-STOP expression. Stably-transfected SH-SY5Y cells expressing M1-STOP and M87-STOP
were metabolically labeled using radiolabeled . Lysates derived from these cells were processed for immunoprecipitation using antibodies that selectively immuno-
precipitate the multi-subunit motor proteins conventional kinesin and cytoplasmic dynein (CDyn). (A)) Immunoblot analysis confirmed similar expression levels of
KHCs and KLCs subunits of conventional kinesin, as well as DIC subunits of cytoplasmic dynein (CDyn) between M1-STOP (M1) and M87-STOP (M87) cells.
(B) Autoradiogram analysis of **P-labeled conventional kinesin and CDyn immunoprecipitates revealed increased phosphorylation of kinesin heavy (KHC) and light
chain (KLCs) subunits, as well as dynein intermediate chain (DIC) subunits in cells expressing M1-STOP, compared to M87-STOP cells. (C) Phospho-imager-based quan-

titation of data in B. *P < 0.05; **P < 0.01.

inhibited FAT in the axoplasm preparation at concentrations
several orders of magnitude lower than endogenous tubulin
[approx. 50 pM, (31)], suggesting an enzymatic mechanism
rather than steric effects. This observation, and results from
experiments in Figure 3 prompted us to evaluate potential alter-
ations in the phosphorylation of the major FAT multi-subunit
motor proteins conventional kinesin and CDyn in M1-STOP cells
(Fig. 4). To this end, M1-STOP and M87-STOP cells were metabol-
ically labeled with *?P and lysed after 4 h. Clarified lysates were
subject to immunoprecipitation using antibodies that effec-
tively immunoprecipitate conventional kinesin (39) and CDyn
(40) holoenzymes. Immunoblot analysis revealed similar
expression levels of heavy (KHC) and light chain (KLC) subunits
of conventional kinesin among M1-STOP and M87-STOP cells.
Similarly, M87-STOP and M1-STOP cells expressed similar
levels of the major CDyn phosphoprotein subunit dynein inter-
mediate chain (DIC) (Fig. 4A). In contrast, autoradiogram and
phospho-imager-based analysis revealed increased phosphory-
lation of these motor protein subunits in M1-STOP cells, com-
pared with M87-STOP cells (arbitrary units: KHC: 2435 + 806 vs
1185 + 424; KLC: 25860 *+ 5604 vs 14468 + 3441; DIC: 15832 = 2500
vs 8588 + 1731; respectively) (Figs 4B and C). Autogradiogram
analysis of whole cell lysate aliquots prior to immunoprecipita-
tion confirmed similar inputs of 3?P-radiolabeled protein
(not shown). Together, these observations revealed increased
phosphorylation of FAT motor proteins in M1-STOP-expressing
cells.

Casein Kinase 2 mediates the toxic effect of mutant M1
spastins on FAT

Based on results from experiments in Figure 4, co-perfusion
experiments in isolated squid axoplasm were used to determine
whether specific protein kinases mediated the toxic effect of
mutant M1 spastins on FAT. From several protein kinases tested
in this preparation, casein kinase 2 (CK2) was previously found to
inhibit both anterograde and retrograde FAT (41,42), a pattern of
inhibition similar to that elicited by mutant M1 spastins. Further,
CK2 was previously shown to phosphorylate KHC, KLC, and DIC
subunits (41,43-45), prompting us to evaluate whether this kinase
mediated the toxic effect of mutant M1 spastins on FAT (Fig. 5).
M1-STOP protein was co-perfused with tetrabromocinnamic acid
(TBCA, 200nM), a highly specific pharmacological CK2 inhibitor

(46). TBCA blocked the toxic effect of M1-STOP on FAT in co-
perfusion experiments (Fig. SA, compare to Fig. 2B). Ruling out
off-target effects of TBCA, a CK2 peptide substrate (CK2pept; 500
uM), which acts as a competitive CK2 inhibitor in the axoplasm
preparation (41), also prevented the inhibitory effect of M1-STOP
on FAT (Fig. 5B), as did the structurally unrelated CK2 inhibitor
DMAT [5 p (47)] (data not shown). In addition, TBCA co-perfusion
also prevented the inhibitory effects of M1-E442Q (Fig. 5C, com-
pare to Fig. 2D) and M1-C448Y (Fig. 5D, compare to Fig. 2F) on
FAT. Quantitation of average FAT rates 30-50 min after perfusion
confirmed that CK2 activation mediates the toxic effect of several
different mutant M1 spastins on FAT (Fig. 5E and F and
Supplementary Material, Table S1). Together, these results sug-
gest that the toxic effect of mutant M1 spastins on anterograde
and retrograde FAT involves CK2 activation.

In vivo, CK2 exists as a tetrameric protein comprised of two
catalytic subunits (o« and/or o’), and two regulatory § subunits
[reviewed in (48)]. Based on results from Figure 5, we performed
CK2 activity assays using lysates prepared from M87-STOP and
M1-STOP cells. Despite similar levels of CK2 o, o’ and B subunit
mRNA and protein expression (Supplementary Material, Fig.
S3), lysates prepared from M1-STOP cells displayed increased
levels of CK2 activity, compared to lysates prepared from M87-
STOP cells (Fig. 6A). Based on these results, we then explored
the contribution of CK2 to aberrant cellular phenotypes elicited
by M1-STOP spastin expression in mammalian cells.

To evaluate whether CK2 mediated the impairments in RFP-
syn mobility documented in Figure 3A and B, naive, M87-STOP
and M1-STOP cells were treated with TBCA. As shown in Figure
6B and C, the fraction of RFP-syn-positive mobile MBOs was
significantly increased in M1-STOP cells treated with TBCA,
compared to M1-STOP cells treated with DMSO vehicle
(59.4 =5.9%vs 42.5+5.5%, respectively). TBCA treatment did
not affect the fraction of RFP-syn-positive mobile vesicles in
either M87-STOP or naive cells (M87-STOP + DMSO: 69.4 + 5.6%;
M87-STOP +TBCA: 66.2+6.3%; naive+DMSO: 78.3*6.2%;
naive +TBCA: 65.4+6.9%). In addition, TBCA treatment also
restored the aberrant dispersion of the Golgi apparatus
observed in M1-STOP cells to control levels (% of the total cell
area; M1-STOP+TBCA: 38*2.6% vs M1-STOP+DMSO:
5.6 = 0.38%). Treatment of M87-STOP and naive cells with TBCA
showed no significant effect on the Golgi distribution
(3.8%£0.27% vs 3.6 =0.33% of the total cell area, respectively).
Together, these experiments suggest that CK2 mediates the
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Figure 5. Casein Kinase 2 mediates the toxic effect of mutantM1 spastins on fast axonal transport (FAT). Plots in A-D depict results from co-perfusion experiments
using vesicle motility assays in isolated axoplasm, as in Figure 2. (A) When co-perfused with recombinant M1-STOP, the highly selective CK2 inhibitor TBCA (200nM)
completely prevented the toxic effect of M1-STOP on FAT (compare to Fig. 2B). (B) Ruling out off-target effects of TBCA, a CK2-specific peptide substrate (CK2pept, 500
uM), which acts as a competitive inhibitor in these assays, also blocked this toxic effect. TBCA also prevented the inhibitory effect of M1-E442Q (C; compared to Fig. 2D)
and M1-C448Y (D; compare to Fig. 2F) on FAT. Statistical analysis of anterograde (E) and retrograde (F) FAT rates indicate that CK2 activation represents an effect com-
mon to mutant M1 spastin proteins bearing different mutations. n: number of independent experiments. ns: not significant; *P < 0.001; *P < 0.0001.

toxic effect of M1-STOP on RFP-syn motility and Golgi
distribution.

Tubulin modification status accompanying mutant
spastins

We also evaluated whether alterations in tubulin post-
translational modifications could contribute to the intracellular
trafficking deficits observed in M1-STOP cells by using quantita-
tive immunocytochemistry and immunoblotting methods, as

before (49) (Supplementary Material, Fig. S2). These studies
were done because levels of post-translationally detyrosinated
and/or acetylated tubulins reportedly modulate the interaction
of microtubules with various proteins, including molecular
motors [discussed in (3)]. Results from these experiments
revealed similar levels of acetylated microtubules among naive,
M87-STOP, and M1-STOP cells (Supplementary Material, Fig. S2E
and F). Analysis of microtubule tubulin tyrosination shows
approximately 30% increase in M1 STOP cells (2.6 = 0.11), while
GFP- or M87-STOP expressing cells have a slightly lower value
(GFP+DMSO: 1.94+0.11 and M87-STOP +DMSO: 1.92 +0.15,


Deleted Text: .

Human Molecular Genetics, 2017, Vol. 26, No. 12 | 2327

A 40 B o pe : —F ? - cﬁ‘m
. Olo o R < =
w 3 0|2 5 =]
2 M1-STOP 5|2 ; >4 5
» = ] * &
] 25 - = f "_ ";
g b e ! 3
E 2 ; 3
[
o 1 & = Er
= ___——§— Ms&7-STOP w0 2
g " + . Sl M1-STOP s =
i e C e ;|
sl e i * +TBCA - 4+ - + - + TBCA
5 10 15 20 25 30 35 CTRL M87-STOP M1-STOP

minutes

D E

M1-STOP + TBCA

Ma7-STOP M1-STOP

Golgi area (% of total cell area)

CTRL

M87-STOP M1-STOP
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the proportion of mobile vesicles was observed in DMSO-treated M1-STOP cells (42.5+5.5%). However, this reduction was completely blocked in M1-STOP cells treated
with TBCA(59.4+6.0%). Notably, TBCA did not markedly affect the proportion of motile vesicles in CTRL (65.4+6.9%) or M87-STOP cells (66.2+6.3%). (D) Representative
images of SH-SY5Y cells showing immunoreactivity for the cis Golgi marker GM130 (in green) and tubulin (in red). (E) Quantitation of GM1-130 immunopositive area/
total cell area shows similar values for GFP-transfected (naive, 3.9+0.38%) and M87-STOP (3.8+0.49%) cells treated with DMSO (vehicle).These values were not signifi-
cantly affected by TBCA treatment (naive + TBCA: 3.6+0.33%, M87-STOP + TBCA: 3.8+0.27%). In contrast, a marked dispersion of the Golgi apparatus was observed in
DMSO-treated M1-STOP cells (5.6+0.38%), which was completely blocked by TBCA treatment (3.8+0.26%). P < 0.05. Bar, 10 microns.

respectively)] (Supplementary Material, Fig. S2A-D). Without
affecting the tubulin tyrosination levels of any other experi-
mental group, TBCA restored to normal the elevated levels
observed in the M1-STOP cells. (M1-STOP + TBCA: 2.1 = 0.10;
M87-STOP + TBCA: 2.0 = 0.10; GFP + TBCA: 1.95 +0.08) or acety-
lation (graphs in Supplementary Material, Fig. S2D and F,
respectively). Collectively, these results suggest that the toxic
effects of M1-STOP on RFP-syn transport and Golgi apparatus
distribution documented in Figure 3 did not result from altera-
tions in tubulin acetylation, but may relate to changes in tubu-
lin tyrosination.

Altered Mitochondrial redistribution associated with
mutant M1 spastin expression is correctable by CK2
inhibition

Finally, we evaluated whether the findings of isoform-
dependent spastin toxicity could be observed in other cell types,
including primary rat cortical neurons. For these studies, we
focused on mitochondria, whose intracellular distribution is
reportedly compromised by mutant spastin (17,19) (Fig. 7).
Initial studies used RFL-6 fibroblasts, a cell line well suited for
imaging of mitochondria because of its flat morphology (Fig.
7A-E). In a typical fibroblast, most mitochondria are asymmetri-
cally clustered in one pole of the cell, with a smaller fraction
dispersed in the remaining regions. By labeling mitochondria
with the fluorescent probe orange Mitotraker®, we observed
that a high percentage of control (RFP-transfected) cells have
mitochondria that follow this distribution pattern and a rela-
tively small fraction have mitochondria not asymmetrically

clustered in this fashion (RFP +DMSO: 31.2 =2.1% cells with dis-
persed mitochondria). Ectopic expression of RFP and M87-C448Y
(with IRES) had little or no effect on mitochondrial distribution
(M87-C448Y +DMSO: 41.0+4.2% cells with dispersed mitochon-
dria), with no statistical difference between these groups. In
contrast, expression of RFP and M1-C448Y notably increased the
number of cells that had dispersed mitochondria (M1-
C448Y + DMSO: 62.0%3.6%). Treatment with TBCA did not
detectably alter mitochondrial distribution in cells expressing
RFP alone or in cells expressing RFP with MB87-C448Y
(RFP+TBCA: 30.6+11.7%, M87-C448Y + TBCA: 40.6 +10.6% cell
with dispersed mitochondria). TBCA lowered the number of
cells with dispersed mitochondria (M1-C448Y + TBCA:
38.6+6.7%) to levels similar to the M87-C448Y or RFP cells.
As with the fibroblasts, M1-C448Y caused mitochondrial redis-
tribution in primary cortical rat neurons (Fig. 7F-])
(M1-C448Y +DMSO: 63.3+3.2% cells with dispersed mitochon-
dria), compared to RFP cells or M87-C448Y cells (RFP +DMSO:
25.3+4.4% and M87-C448Y +DMSO: 37.0+4.0% cells with dis-
persed mitochondria of the total). Treatment with TBCA
reduced the number of M1-C448Y cells with dispersed mito-
chondria (M1-C448Y +TBCA: 38.0+2.7%) but did not signifi-
cantly affect the other groups (M87-C448Y + TBCA: 32.7+3.5%;
RFP + TBCA: 14.0+11.3%).

Discussion

Over 200 SPAST mutations including missense, nonsense, and
single amino acid substitutions have been associated with
SPG4-HSP (4,27). Because most pathogenic SPAST mutations are
predicted to compromise severing activity and/or expression
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levels, haploinsufficiency remains the prevalent mechanistic
explanation for the disease (22). For example, nonsense SPAST
mutations have been proposed to compromise mRNA stability,
which would theoretically result in little or no truncated spastin
protein expression (22,50). Moreover, the entire SPAST gene may
be deleted in some HSP patients (51), although this possibility is
based on exon mapping data rather than genome sequencing.
These and other reports fueled the notion that SPG4-HSP neuro-
pathology results from reductions in spastin-dependent micro-
tubule severing (20,21). However, multiple observations call into
question haploinsufficiency as a sufficient mechanistic explan-
ation for the disease. For example, no correlation has been
found between the degree to which mutations compromise
spastin microtubule-severing activity and disease onset or
severity (24,27,52). Also, reports on the lack of detectable trun-
cated spastin proteins from SPG4-HSP patient samples have
been limited to non-neuronal cells, which only express M87
spastin (53). Of note, the only SPG4-HSP post-mortem spinal
cord tissue sample analyzed by immunoblot to date showed a
major band corresponding to mutant M1 (54), suggesting that
mutant M1 proteins may accumulate over time. Supporting this
possibility, we found that, despite equivalent levels of mutant
M1-STOP and M87-STOP mRNA expression in our stable SH-
SYSY spastin cell lines, the mutant M1-STOP protein showed

increased stability or accumulation (Supplementary Material,
Fig. S2B). Also, some neuropathogenic proteins, including
mutant superoxide dismutase 1 (55) and a polyglutamine-
expanded mutant huntingtin fragment (56), have been shown
to promote neuronal degeneration at expression levels too low
to be detected by conventional immunoblotting techniques.
These precedents raise the possibility that the pathology associ-
ated with nonsense SPAST mutations could be triggered by very
low amounts of translated mutant M1 spastin protein. As for
the situation with SPAST deletions, such deletions often lead to
expression of aberrant fusion proteins involving neighboring
genes, which could contribute to the neuropathology (57).
Various cellular and animal models have been generated to
address SPG4-HSP pathogenesis including two mouse, a zebra-
fish, a worm, and various Drosophila models (19,58,59,60-62).
These models were all based on complete or partial spastin
knockdown, rather than on SPAST mutations. Although clearly
well suited for an evaluation of spastin’s basic function(s),
claims of relevance to SPG4-HSP pathogenesis are circular in
their logic, as they assume haploinsufficiency as the underlying
mechanism. Highlighting this issue, expression of ectopic
human mutant spastins in Drosophila caused a much stronger
HSP-like phenotype than endogenous spastin knockout did (63),
and similar observations were found in cultured mammalian



neurons (9,63-65). Recently, a mild HSP-like gait phenotype was
described for homozygous mice where the HSP-related muta-
tion N384K was introduced in the endogenous mouse SPAST
gene (66). If this phenotype resulted from reductions in spastin
severing activity, complete deletion of spastin would be
expected to promote an even stronger phenotype. However, no
obvious HSP-related phenotypes were found for the two SPAST
knockout mouse models reported to date (59,19).

Several HSP-related mutant gene products have been
directly or indirectly linked to various intracellular trafficking
events, including FAT [reviewed in (2)], and the dying-back pat-
tern of neuronal degeneration observed in HSP is consistent
with the critical dependence of axons on these events (1,26).
Interestingly, several independent reports documented deficits
in FAT in association with mutant spastin expression (16-19).
As discussed above, reductions in microtubule severing have
often been assumed to underlie such deficits, but results from
the present work suggest an alternative isoform-specific toxic
gain-of-function mechanism. Specifically, squid axoplasm
experiments demonstrate that human M1, but not M87, spastin
polypeptides bearing a wide variety of unrelated mutations
(STOP, E442Q, C448Y, E112Q, and L195I) all similarly inhibit FAT.
This common toxic effect of M1 mutant spastins was independ-
ent of severing activity, as it was elicited by mutant STOP pro-
teins and by catalytically inactive M1-E441Q and CY448
spastins. That only mutant M1, but not M87, spastins inhibited
FAT strongly suggests a critical role of M1’s unique 86-amino
acid stretch on this effect. Given the restricted distribution of
M1 spastin to adult spinal cord (9), findings of isoform-
dependent mutant spastin toxicity bear relevance for the selec-
tive cellular topography and late onset characteristics of HSP
(26).

Observations of selective mutant M1 spastin toxicity in iso-
lated axoplasm are also consistent with abnormal cellular phe-
notypes elicited by M1-STOP, but not M87-STOP in mammalian
cells. Specifically, a marked reduction in the proportion of RFP-
syn-positive mobile vesicles was observed in association with
M1-STOP expression. In addition, M1-STOP, but not M87-STOP
cells showed aberrant localization of the Golgi apparatus, whose
degree of dispersion involves the coordinated activities of
conventional kinesin and CDyn (37,38). Extending these results,
cultured neurons expressing the HSP-related mutant M1-C448Y,
but not M87-CY448Y, displayed abnormal distribution of mito-
chondria, as reported for other spastin mutations (67).

It was previously proposed that mutant spastins compro-
mise interactions between molecular motors and microtubules
by coating the surface of the microtubule (67). However, mutant
M1-STOP spastin lacking MTB and AAA domains also inhibited
FAT in isolated axoplasm. Furthermore, this inhibitory effect
was elicited at concentrations orders of magnitude lower than
endogenous squid microtubules, suggesting an enzymatic
mechanism rather than steric interference. As observed with
mutant M1 spastin, several neuropathogenic misfolded proteins
including tau (68), huntingtin (36), and superoxide dismutase 1
(69), were previously shown to inhibit FAT in squid axoplasm by
activating specific protein kinases involved in the phospho-
regulation of motor proteins. Highlighting the relevance of
these experiments to disease-related neuronal dysfunction,
these proteins promoted disease-relevant pathogenic events
(i.e.; axonal pathology) in living cells that were correctable
by specific protein kinase inhibitors. Accordingly, metabolic
labeling experiments in the present study revealed increased
phosphorylation of conventional kinesin and CDyn subunits in
M1-STOP cells, compared to M87-STOP cells. Co-perfusion
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experiments in isolated axoplasm further revealed CK2 as a crit-
ical kinase mediating the inhibitory effects of mutant M1 spas-
tin on FAT, as several structurally unrelated CK2 inhibitors
consistently blocked this toxic effect. Kinase assays revealed
increased levels of active CK2 activation in M1-STOP, compared
to M87-STOP cells, while TBCA treatment prevented abnormal
phenotypes of M1-STOP cells and corrected the aberrant distri-
bution of mitochondria observed in M1-C448Y-expressing cul-
tured neurons.

How do mutant spastin polypeptides activate CK2? Although
CK2 has been historically described as a constitutively active
protein kinase, several regulatory mechanisms for this kinase
have been identified, including targeting to specific substrates
by interacting proteins, phosphorylation by other protein
kinases, and alterations in inhibitory o/f subunit interactions
(70-74). Polybasic ligands including polylysine, putrescine and
spermine and some endogenous cellular proteins are known to
affect intramolecular inhibitory o/f subunit interactions and
activate CK2 through this later mechanism (70). Interestingly,
the 86 amino acid amino terminal domain unique to M1 spastin
contains a highly positive net charge (pI=11.83), as well as a
highly basic amino acid stretch rich in lysines. These observa-
tions are consistent with the hypothesis that the unique amino
terminal domain of M1 spastin may directly activate CK2, but
additional experiments are needed to evaluate this possibility.

Relevant to the mode of M1 spastin-induced CK2 activation,
it is noteworthy that wild-type, catalytically active M1 spastin
does not affect FAT in isolated axoplasm (9). This observation,
and data in this manuscript are consistent with the hypothesis
that different SPAST mutations similarly promote increased
exposure of M1 spastin’s unique 86 amino acid sequence, mak-
ing it available for direct or indirect interactions with CK2. Such
aberrant exposure could result from mechanisms involving: 1) a
common conformational change induced by unrelated muta-
tions; or 2) reduced interaction with specific binding partners.
Precedents for the former mechanism have been reported for
disease-related forms of tau, whose toxic effects on FAT were
shown to depend on exposure of a short amino terminal
sequence termed the PAD domain (68). Supporting the second
possibility, SPAST mutations reportedly compromise an interac-
tion between the unique amino terminus of spastin and atlastin
(10,75). Current experiments are aimed at evaluating these
mechanistic possibilities.

Through various protein-protein interactions, M1 spastin
has been proposed to coordinate microtubule severing with
membrane remodeling during axonal branch formation (12) and
pruning (7). Interestingly, this latter process reportedly involves
localized inhibition of FAT (7). It may be that M1 spastin inhibits
FAT by promoting localized CK2 activation and phosphorylation
of motor proteins.

Collectively, our data from experiments in isolated axoplasm
and cultured mammalian cells support a model where mutant
M1 spastin proteins promote aberrant CK2 activation. Active
CK2 would in turn phosphorylate and inhibit the major motor
proteins conventional kinesin and CDyn, ultimately promoting
FAT deficits that would impact the mobilization and distribu-
tion of cellular organelles at specific neuronal subdomains.
Additional experiments will be needed to directly address spe-
cific motor proteins and MBO cargoes affected by mutant M1
spastins, as well as additional CK2 substrates relevant to axonal
degeneration in HSP (72,76).

Most importantly, our findings may offer a novel avenue
toward treatment of the disease. Relevant to this idea is the
availability of cell-permeable, highly selective CK2 inhibitors
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that effectively access the nervous system (77). Restoring CK2
activity to its normal levels, without compromising its basic
functions, may correct FAT deficits and thereby halt axonal
degeneration in SPG4-HSP patients.

Materials and Methods

Reagents and antibodies

Kinase and phosphatase inhibitors were from Calbiochem.
Lipofectamine 2000 was from Invitrogen. Recombinant BDNF
was from Alomone Labs. All other chemical reagents were from
Sigma, unless stated otherwise. Antibodies were as
follows:anti-spastin (clone 6¢6, Santa Cruz #sc-81624), anti-
acetylated tubulin (Sigma T-6793); anti-tyrosinated Tubulin
(Millipore, Mab1864); anti-f tubulin (Abcam, Ab6046); anti-
GM130 (Abcam ab52649), anti-GAPDH (Abcam ab8245), anti-
kinesin heavy chain antibody [H2 clone) (32)], anti-kinesin light
chain [63-90 clone, (78)], and anti-dynein intermediate chain
[74.1 clone; from Santa Cruz #-13524; (40)]. Anti-CK20/o’ polyclo-
nal antibody was a generous gift from Dr. D. Litchfield
(University of Western Ontario, CA).

In vitro translation

Myc-tagged cDNA constructs encoding M1 and M87 isoforms of
mutant human spastins were subcloned in mammalian
pcDNA3.1 plasmid vector. Recombinant spastin polypeptides
were produced by in vitro transcription/translation (Promega;
TnT T7 coupled Reticulocyte Lysate system), as in our
prior studies (9,36). Briefly, purified plasmids (2 pg) were
transcribed in a 50pl reaction, following the manufacturer’s
procedures. To ensure similar levels of spastin protein perfu-
sion, parallel reactions were performed using >°S-labeled
methionine (Amersham), and relative spastin levels quantified
using a Typhoon phospho-imager scanner (Amersham/
Molecular Dynamics). In vitro translated products were centri-
fuged to eliminate translation machinery and supernatants
containing mutant spastins were perfused into isolated axo-
plasms at a final concentration of approximately 5-10 nM.

Vesicle motility assays in isolated squid axoplasm

Axoplasms were extruded from giant axons of the squid Loligo
pealeii, provided at the Marine Biological Laboratory (30). In vitro
translated spastin polypeptides were diluted into X/2 buffer
(175mM potassium aspartate, 65mM taurine, 35mM betaine,
25mM glycine, 10 mM HEPES, 6.5 mM MgCl,, 5mM EGTA, 1.5mM
CaCl,, 0.5mM glucose, pH 7.2) supplemented with 5mM ATP.
After addition to perfusion chambers, axoplasms were analyzed
on a Zeiss Axiomat microscope with a 100X, 1.3 n.a. objective,
and DIC optics. A Hamamatsu Argus 20 and Model 2400 CCD
camera was used for image processing. Membrane-bounded
organelle (MBOs) velocities were measured with a Photonics
Microscopy C€2117 video manipulator (Hamamatsu) (30).
Velocity measurements obtained 30-50min after perfusion
were analyzed by ANOVA followed by post-hoc Student-
Newman-Keul’s test (Supplementary Material, Table S1).

Mammalian cell cultures

RFL-6 rat fibroblasts were cultured as previously described (63).
For primary cultures of rat cortical neurons (49), rat cortices
were dissected from embryonic (E18) rat cortex and dissociated

using trypsin. Cells were plated at a density of 25-35,000 per
dish onto 35 mm petri dishes where a 14 mm diameter hole had
been drilled and a poly-L-lysine (P2636, Sigma)-coated glass cov-
erslip (In Vitro Scientific) was adhered. Neurons were main-
tained in DMEM/astroglia-conditioned media and transfected at
2 DIV, as before (79). Morphological analysis of cells was per-
formed 24-h post-transfection.

Generation of M1-STOP and M87-STOP cell lines

SH-SY5Y neuroblastoma cell monoclones stably expressing
mutant M87-STOP (D5 clone) or M1-STOP spastin (D2 clone)
were established using lentivirus-mediated infection and clonal
selection methods. A description of these procedures and a
characterization of these cells are provided in Supplementary
Material, (Figs S1-3). Due to higher stability of mutant M1 pro-
teins relative to M87 proteins, transgenic mutant spastin pro-
tein levels are higher for M1-STOP cells than for M87-STOP cells
(see Supplementary Material, Fig. S2B).

Metabolic labeling experiments

M1-STOP and M87-STOP cells were plated in 10cm diameter plas-
tic dishes coated with poly-L-lysine and maintained in DMEM
plus 10% fetal bovine serum. Cells were differentiated by adding
10 pM retinoic acid for 5-6 days, then switched to serum-free
DMEM supplemented with 25ng/ml BDNF for 5 days (80). At day 5,
3/s of media were replaced with phosphate-free DMEM plus BDNF.
For metabolic labeling, 1mCi *?P phosphate (ICN) was added per
dish. After 4-h incubation, media were discarded and cells lysed
in 1ml of ROLB buffer [10mM Hepes, pH 7.4, 0.5% Triton X-100,
80mM Dbeta-glycerophosphate, 50mM sodium fluoride, 2mM
sodium orthovanadate, 100nM staurosporine, 100nM K252a,
50nM okadaic acid, 50nM microcystin, 100mM potassium phos-
phate, mammalian protease inhibitor cocktail (1/100 dilution;
Sigma) and of phosphatase inhibitor cocktail (1/100 dilution;
Calbiochem), pH 7.4]. Aliquots (10 pl) of each cell lysate were
precipitated using 15% TCA and >?P incorporation into proteins
determined by scintillation counting. Equal amounts of
TCA-precipitated *?P counts were used to sequentially immuno-
precipitate conventional kinesin and cytoplasmic dynein
(CDyn) using 4pg of H2 and 74.1 antibodies, respectively (81).
Immunoprecipitates were separated by SDS-PAGE, gels dried and
32p incorporation in specific protein bands quantified using
phospho-imager scanning, as before (82).

Immunoblotting

Cell lysates were run on 4-12% Bis/Tris gels (Invitrogen) and
proteins transferred to Immobilon-P membranes (Millipore).
Membranes were blocked at RT for 60 min with 5% milk in TBS.
Primary antibodies were diluted in TBS containing 1% BSA and
incubated with primary antibodies overnight at 4C. After wash-
ing, membranes were incubated with HRP-conjugated secon-
dary antibodies from (Jackson Immunoresearch) and proteins
visualized using chemiluminescence, as before (39).

CK2 activity assays

CK2 kinase activity assays were done as previously described,
with minor modifications (83,84). Briefly, M1-STOP and M&7-
STOP cells were collected in ROLB buffer. Lysates were clarified
through centrifugation and normalized to 1ug protein/pl.
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Aliquots of each lysate (3 ug) were incubated with a highly spe-
cific CK2 peptide substrate (CK2pept: RRREEETEEE; from Sigma
Genosys) in 30ul of kinase buffer [KB: 25mM HEPES, 12mM MgCl,
100mM NacCl, 50nM okadaic acid, 200nM mycrocystin, and
mammalian protease inhibitor cocktail (1/100 dilution), pH 7.4].
Kinase reactions were started by addition of *’P-radiolabelled
ATP (100 pM), and aliquots spotted on P81 phosphocellulose
paper in triplicates at various time points. After extensive wash-
ing in 100 mM phosphoric acid, *?P incorporation into CK2pept
was determined using a scintillation counter. Cell lysates incu-
bated in the absence of CK2pept were used for both background
controls and normalization.

Transfection procedures

Adherent RFL-6 cells were plated at a density of 10,000 cells per
1.53cm? dish. After 48h, cells were transfected using 1 pg of
plasmid cDNA and 2.5 pl of Lipofectamine 2000 per dish, result-
ing in 10-15% transfection efficiency (85). Primary cortical neu-
rons were transfected using a Cellaxess CX1 device
(Cellectricon), following a slightly modified version of our proce-
dures (86). This device transfects by electroporating small
groups or ‘patches’ of cells adhered to a substratum.
Specifically, 18ug of cDNA plasmids encoding M1-C448Yand RFP
(with IRES), M87-C448Yand RFP (with IRES), or RFP alone were
used per electroporation, with three separate patches of cells
transfected per dish, thus allowing a transfection average of
5-10 neurons per dish. Under these experimental settings, 30
cells per condition per experiment were used for analysis. Only
transfected neurons on the periphery of each patch were ana-
lyzed, because neurons in the center of patch often died as a
result of the electroporation, which is stronger in the center of
the patch. For analysis of mitochondrial distribution in Figure 7,
an average of 100 cells per condition per experiment were
analyzed. For vesicle trafficking experiments in Figures 3A and
B and 6B and C, SH-SYS5Y cells were transfected using a
Nucleofector device, as before (49).

Analysis of RFP-tagged synaptophysin motility

Following Nucleofector-based transfection of RFP-tagged synap-
tophysin, SH-SYSY cells were plated at a density of 15,000 cells
per 1.53cm? dish. Two days after transfection, movies of RFP-
synaptophysin-containing vesicles were generated by capturing
S frames per second for a total length of 20 seconds (87). The ini-
tial 5 pm of neurites proximal to the cell body were excluded
from this analysis. Vesicles moving >30 pm during the overall
length of a movie were considered mobile, while those
moving <30 pm were considered stationary. An average of 30
cells per experimental group were analyzed.

Analysis of Golgi and mitochondrial distribution

Golgi dispersion was evaluated by immunofluorescence using
anti-GM130 antibody, a cis-Golgi marker (88). Images were taken
with an Axiovert 200 inverted microscope (Zeiss) using a 63X
objective. Pictures selected for quantitation did not contain
saturated or underexposed pixels in the region of interest.
Together with Axiovision 4.6 software, anti-GM130-derived
immunofluorescence and GFP were used to measure the Golgi
apparatus and total cell surface areas, respectively.
Mitochondria were visualized by incubating living cells with
Green Mitotracker® (20nM) for 20min at 37°C, as described
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before (89). The mitochondrial array of a cell was classified as
‘clustered’ when more than half of the total Mitotracker-
positive structures localized asymmetrically on one side of the
nucleus. The mitochondrial array of a cell not fitting this
description was classified as ‘dispersed.” Quantitative values in
Figures 3D, 6E, 7E and L involved a minimum of 30 independent
measurements per experimental condition.

Immunocytochemistry-based analysis of microtubules

SH-SYSY cells were simultaneously fixed and permeabilized
using microtubule-stabilizing buffer (PHEM: 60 mM Pipes, 25 mM
Hepes, 10mM EGTA 2mM MgCl22mM, Paraformaldehyde 4%,
0.125% glutaraldehyde, 0.1% Triton. pH 6.9). Quantitative
immunofluorescence-based analysis of acetylated and tyrosi-
nated microtubules was done as described in our prior work
(49).

Pharmacological CK2 inhibition in cultured mammalian
cells

One hour after transfection, RFL-6 fibroblasts, SH-SY5Y cells,
and primary cortical neurons were treated with vehicle control
(DMSO) or with the highly specific CK2 inhibitor TBCA
[Calbiochem# 218710, 20 pM (90)]. After 24 h, cells were fixed and
processed for image analysis.

Statistical analyses

Statistical comparisons were obtained by using SPSS 20 (IBM)
and Excel (Microsoft). Data represent mean + SD. Mean differen-
ces were considered significant at P <0.05 level. Multiple group
comparisons were performed by one-way ANOVA followed by
Bonferroni post hoc. For pair comparisons, Student’s t-tests
were used.

Supplementary Material

Supplementary Material is available at HMG online.
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