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Neurobiology of Disease

Mutant Cu/Zn-Superoxide Dismutase Associated with
Amyotrophic Lateral Sclerosis Destabilizes Vascular
Endothelial Growth Factor mRNA and Downregulates Its
Expression
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Vascular endothelial growth factor (VEGF) plays a neuroprotective role in mice harboring mutations of copper-zinc superoxide dis-
mutase 1 (SOD1) in familial amyotrophic lateral sclerosis (ALS). Conversely, the loss of VEGF expression through genetic depletion can
give rise to a phenotype resembling ALS independent of SOD1 mutations. Here, we observe a profound downregulation of VEGF mRNA
expression in spinal cords of G93A SOD1 mice that occurred early in the course of the disease. Using an in vitro culture model of glial cells
expressing mutant SOD1, we demonstrate destabilization and downregulation of VEGF RNA with concomitantloss of protein expression
that correlates with level of transgene expression. Using a luciferase reporter assay, we show that this molecular effect is mediated
through a portion of the VEGF 3’ -untranslated region (UTR) that harbors a class Il adenylate/uridylate-rich element. Other mutant forms
of SOD1 produced a similar negative effect on luciferase RNA and protein expression. Mobility shift assay with a VEGF 3’-UTR probe
reveals an aberrantly migrating complex that contains mutant SOD1. We further show that the RNA stabilizing protein, HuR (human
antigen R), is translocated from nucleus to cytoplasm in mutant SOD1 cells in vitro and mouse motor neurons iz vivo. In summary, our
data suggest that mutant SOD1 gains a novel function, possibly by altering the ribonucleoprotein complex with the VEGF 3’-UTR. We
postulate that the resultant dysregulation of VEGF posttranscriptional processing critically reduces the level of this neuroprotective
growth factor and accelerates the neurodegenerative process in ALS.
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where an aberrant ribonucleoprotein (RNP) complex is formed
in the presence of mutant SOD1. These findings point to a pos-
sible new “toxic” gain of function of mutant SOD1 that may
promote motor neuron death.

Materials and Methods

Constructs. All oligonucleotides were purchased from Sigma Genosys
(The Woodlands, TX). The following SOD1-specific oligonucleotides
were used: upstream, 5 -TCAAGCTTGCGGCCGCATGGACTACAA-
GGACGACGATGACAAGGCGACGAAGGCCGTGTGC-3', and down-
stream, 5 -TAGACCTTGATATCTTATTGGGCGATCCCAATT-3".
PCR primers were used to amplify mutant and wild-type (WT) SOD1
cDNAs from established clones. PCR products were digested with NotI
and EcoRV and then ligated into pTRE2 (Clontech, Mountain View, CA)
or pcDNA3.1 (Invitrogen, Carlsbad, CA). For FLAG-human antigen R
(HuR), the cDNA from a pTRE2 construct previously made (Nabors et
al., 2003) was excised with NotI and EcoRV and ligated into pcDNA3.1. A
FLAG-KH-type splicing regulatory protein (KSRP) construct in pcDNA
was generously provided by Dr. Ching-Yi Chen (University of Alabama
at Birmingham, Birmingham, AL). The following PCR primers were
used for green fluorescent fusion (GFP) protein cloning: HuR upstream,
5'-AACAGTTACTCGAGTTCTAATGGTTATGAAGACCA-3', and
downstream, 5'-AGGATTGGTGAATTCTTATTTGTGGGACTT-
GTTG-3',and KSRP upstream, 5'-AACAGTTACTCGAGTGGCGGCG-
GCCCGGGCGGGGGGT-3', and downstream, 5'-AGGATTGGT-
GAATTCTCATTGAGCCTGCTGCTGTCCCT-3" (Sigma Genosys).
PCR products were digested with Xhol and EcoR1, and then ligated into
pEGFP (Clontech). The cloning of luciferase-3"-UTR constructs has
been described previously (Nabors et al., 2003; Suswam et al., 2005a). All
plasmids were verified by sequencing.

Cell culture, transfections, and luciferase assays. The propagation, main-
tenance, and transfection of U251 Tet-On cells have been described pre-
viously (Nabors et al., 2003). After transfection with pTRE2 or pTRE2-
SODI plasmids, U251 Tet-On clones were selected with hygromycin
(Mediatech, Herndon, VA) and expanded for analysis. For transgene
expression, cells were treated with doxycycline (Dox) (Sigma, St. Louis,
MO) for 48 h. Control cells were treated with vehicle (ethanol) alone. For
cytokine stimulations, cells were treated with tumor necrosis factor «
(TNF-a) (R&D Systems, Minneapolis, MN) at 10 ng/ml for 24 h before
kinetic analysis. For transient transfections, pcDNA-SOD1 and PGL2-
3’-UTR clones were cotransfected into U251 MG cells using Trans IT
(Mirus, Madison, WI) and according to manufacturer’s protocol. A
B-galactosidase reporter was used to control for transfection efficiency.
Luciferase and B-galactosidase activities were quantified as described
previously (Nabors et al., 2003). For RNA analysis, luciferase and
B-galactosidase RNA levels were measured by quantitative reverse
transcription-PCR (qQRT-PCR). The luciferase RNA value was then di-
vided by the respective B-galactosidase RNA value, and then expressed as
a percentage of empty pcDNA vector (control).

Protein preparation, Western blotting, antibodies, immunofluorescence,
and ELISA. Cytosolic and nuclear extracts from cultured cells and mouse
tissues were prepared and quantitated as described previously (Suswam
etal., 2005a). For mouse, occipital cortex, cervical or lumbar spinal cord
tissues were used. Whole-cell extracts were prepared using the MPER kit
(Pierce Endogen, Rockford, IL) and quantitated using a BCA assay
(Pierce Endogen). For Western blot, 30 ug (cultured cell) or 50 pg (tis-
sue) extract was mixed with SDS sample buffer, boiled for 10 min, and
separated on a 12% SDS-polyacrylamide gel. The proteins were trans-
ferred to a nitrocellulose membrane (Pierce Endogen). Western blots
were probed and developed as previously detailed (Suswam et al., 2005a).
The following antibodies were used: Cu/Zn-SOD1 (StressGen, Victoria,
British Columbia, Canada), FLAG (Sigma), HuR 3A2 (Santa Cruz Bio-
technology, Santa Cruz, CA), KSRP (generously provided by Dr.
Ching-Yi Chen), lamin A/C (Santa Cruz Biotechnology), a-tubulin
(Santa Cruz Biotechnology). For fluorescence microscopy, G93A and
WT SOD1 U251 Tet-On clones were transiently transfected with 2.0 ug
of GFP-HuR or GFP-KSRP plasmid and grown on 50 mm glass-bottom
dishes (MatTek, Ashland, MA) with or without Dox (1.0 ug/ml) treat-
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ment for 48 h. For nuclear staining, a 1:40 dilution of 1 M HEPES and 10
pmg/ml Hoechst 33258 (Sigma) was added. Live cells were visualized with
an Olympus (Tokyo, Japan) 1 X 70 inverted microscope for GFP-HuR or
GFP-KSRP (green) and Hoechst (blue). Monochrome images from each
color channel were acquired separately and then colorized and merged.
The Hoechst-stained nuclei were pseudocolored red for better contrast
against the corresponding images from the green channel. The image was
processed with Photoshop (Adobe, San Jose, CA). VEGF ELISA was
performed on culture media using a kit (R&D Systems). The values were
normalized to total protein concentration of the cell pellet.

Immunohistochemistry. Spinal cords from G93A and WT SOD1 trans-
genic (Tg) mice at 40, 90, and 120 d of age were fixed by immersion in 4%
paraformaldehyde and flash frozen in liquid nitrogen. Ten micrometer
sections were prepared with a cryostat and washed in PBS for 10 min.
Sections were blocked with AffiniPure Fab Fragments (Jackson Immu-
noResearch Laboratories, West Grove, PA) at a dilution of 1:30 in PBS-
Tween for 2 h at room temperature. Sections were washed in PBS and
fixed in 4% paraformaldehyde for 10 min. Sections were incubated for
1 h in PBS with 5% goat serum and 1% BSA. At a 1:100 dilution, the
primary antibody for HuR (3A2) and human SOD1 (provided by Joseph
S. Beckman, Oregon State University, Corvallis, OR) were added and
incubated overnight at 4°C. The sections were washed in PBS, and then
incubated at room temperature for 1 h with Alexa Fluor 568 goat anti-
mouse or Alexa Fluor 488 goat anti-rabbit (Invitrogen) at a 1:400 dilu-
tion. Sections were washed with PBS followed by distilled H,O, and then
mounted with ProLong Gold antifade reagent with DAPI (4',6'-
diamidino-2-phenylindole) (Invitrogen).

RNA isolation, RT-PCR, RNA kinetics, and quantitative real-time PCR.
RNA was isolated using RNAeasy columns (Qiagen, Valencia, CA) and
quantitated by the RiboGreen fluorometric assay (Invitrogen). RT-PCR
of mouse tissue RNA was performed with 5 um random hexamers and 15
U of AMV reverse transcriptase (Invitrogen) in RT buffer (50 mm Tris
acetate, pH 8.4, 55 mm potassium acetate, § mM magnesium acetate,
stabilizer, 4 ug/ml BSA, 1 mm dNTP). PCR primers for mouse VEGF
were as follows: upstream, 5'-AACCATGAACTTTCTGCT-3’, and
downstream, 5'-CATCTTCCAGGAGTACCC-3'. The internal house-
keeping control, S9, was used in the same PCR: upstream, 5'-AGC-
TGGGTTTGTCGCAAA-3’, and downstream, 5'-ATCTTGGCCAG-
GGTAAA-3'". For kinetic analysis, we used actinomycin D (ActD) and
followed our previously published protocol (Nabors et al., 2003). Degra-
dation curves and estimated half-lives were generated with Graph Pad
(Graph Pad Software, San Diego, CA) using a model of exponential decay
(Nabors et al., 2003). For RNA analysis of the Dox dose-response, cells
were treated with ActD for 2 h, and then RNA was harvested and assayed
for VEGF expression. Values were normalized to S9 for each sample, and
then expressed as a percentage of the RNA in cells before ActD treatment.
Methods for qRT-PCR methods as well as primer/probe sequences for
luciferase and VEGF have been described previously (Nabors et al., 2003;
Suswam et al., 2005a). Standard real-time PCR amplification curves were
generated for each target mRNA and S9 control using the threshold cycle
(Ct) method. These curves were linear (r> > 0.98). Primers for
B-galactosidase were as follows: upstream, 5'-ATCAGGATATGTG-
GCGGATGA-3', and downstream, 5 -TGATTTGTGTAGTCGGTTT-
ATGCA-3'. TagMan probe was 5'-CGGCATTTTCCGTGACGTCTCG-
TT-3" (Applied Biosystems, Foster City, CA). All qRT-PCR analyses were
done on an ABI 7900 PCR instrument (Applied Biosystems) in triplicate.

RNA probe, electrophoretic mobility shift assay, and UV cross-linking.
The VEGF 3'-UTR probe was labeled as detailed previously (King, 2000;
Suswam et al., 2005b). Gel-shift and UV cross-linking assays were done
based on methods described previously (Dixon et al., 2001; Suswam et
al., 2005b). For gel shift assays, 30 ug of whole-cell extract was used. For
UV cross-linking, 50 ug of cytoplasmic extract was used. For supershift
analysis, antibody (1 ul) was added to the reaction and incubated for an
additional 30 min at room temperature. Loading buffer was added, and
the samples were electrophoresed in a non-denaturing 6% polyacryl-
amide gel (Suswam et al., 2005b). The gels were dried and visualized by a
PhosphorImager (Storm 820; Amersham Biosciences, Piscataway, NJ).

Statistics. Mann—Whitney or Student’s ¢ test was used for two-group
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as the disease progressed, there was a grad-
ual, but nonsignificant, increase in brain
VEGF RNA expression over the preclinical
stage. No appreciable changes in VEGF ex-
pression were noted in the WT SOD1 Tg or
age-matched controls. Thus, the negative
effect of G93A mutant SOD1 on VEGF
RNA expression appeared limited to spinal
cord tissues.

VEGF mRNA is destabilized in SOD1
mutant cells

Because posttranscriptional gene regula-
tion substantially influences VEGF mRNA
expression, we hypothesized that there may
be a defect in VEGF RNA stabilization con-

B GO93ATg Control tributing to the decline in VEGF RNA levels
in SOD1 mutant mice. To investigate that

=3 Brain =3 Brain hypothesis, we stably transfected FLAG-
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Figure 1.

mice.

comparisons and Kruskal-Wallis test was used for multiple-group
comparisons.

Results

VEGF RNA is downregulated in spinal cords of ALS mice

We compared patterns of VEGF mRNA expression in spinal cord
and brain in G93A SOD1 Tg, WT SODI1 Tg, and age-matched
control mice using RT-PCR. Starting at an age before the onset of
disease (60 d), there was a decline in VEGF band intensity from
spinal cord mRNA of G93A Tg mice compared with WT Tg and
age-matched controls (Fig. 1A). This relative decline progressed
such that no VEGF band was detected in the middle and end
stages of the disease. Band intensities of VEGF from G93A Tg
brain appeared to increase in these later stages, whereas those
from WT Tg and age-matched control samples remained rela-
tively constant. For accurate quantitative assessment of VEGF
RNA levels, we performed quantitative real-time PCR on brain
and spinal cord tissues (Fig. 1B). In the G93A SOD1 mice, there
was a >60-fold drop in VEGF RNA levels in the spinal cord
compared with brain at end stage, and a 50-fold decline com-
pared with the WT Tg control. The decline of VEGF RNA in
G93A Tg spinal cord, relative to brain, was significant at early,
middle, and end stages. A decrease in VEGF expression was ap-
preciable at 60 d of age, which is before clinical manifestations of
weakness, but this was not statistically significant. Interestingly,

VEGF RNA is downregulated in G93A SOD1 transgenic mice. A, Ethidium-stained agarose gel showing results of
RT-PCR for VEGF and S9 (housekeeping control) mRNA targets in brain (Br) or spinal cord (SC) tissues. B, Mean VEGF RNA levels
(==SE), as determined by qRT-PCR, in mutant or control mice, analyzed in triplicate. Ages for matched controls were as follows:
day 60 (Pre), day 83 (early), 106 (middle), and 124 (end). Data were derived from four to six independent experiments, each
analyzed in duplicate or triplicate. *p << 0.004 and **p << 0.0001 comparing brain to spinal cord levels of VEGF in the G93A Tg

(Non-To) body (Fig. 2A). In the absence of Dox, there

was no detectable band. The endogenous
and ectopic forms were identified with a
SOD1 antibody. We compared VEGF RNA
expression in WT SOD1 no. 1 and G93A
SOD1 no. 1 using qRT-PCR after 48 h of
Dox treatment (Fig. 2B). A clone express-
ing empty pTRE vector and the parent
U251 cell line were used as additional con-
trols. With Dox treatment, there was a striking and significant
decline in VEGF RNA levels in the G93A clone compared with the
wild-type clone (p < 0.01) and with the other controls (p <
0.001). With no Dox stimulation, the mean VEGF RNA level in
the mutant clone was lower than WT or the controls, but this did
not reach statistical significance. We next compared VEGF RNA
half-lives of these clones (Fig. 3). In the absence of Dox, the
half-lives were comparable (1.8 h). With the addition of Dox,
however, there was a clear separation in the half-lives, with the
mutant clone showing a 2.3-fold decrement compared with the
wild-type clone and a 2-fold decrement compared with Dox (—)
cells. In the wild-type clone, the half-life increased marginally to
2.1 h with Dox stimulation. Similar RNA kinetics were observed
in G93A SODI no. 2 (data not shown). To ensure that the Dox
had no effect on VEGF RNA stabilization, we tested the parent
U251MG cell line and found a half-life similar to the Dox-
negative controls above, even up to 2.0 ug/ml Dox (data not
shown). Because neuroinflammation is an important component
to motor neuron degeneration, and RNA stabilization can be
induced by cytokine stimulation (Chen and Shyu, 1995; Gu-
haniyogi and Brewer, 2001; Nabors et al., 2003; Dean et al., 2004),
we next tested the effects of the proinflammatory cytokine,
TNF-a, on VEGF half-life. After a 24 h stimulation period, we
saw modest increments in half-life of both the wild-type and
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Figure2. VEGFisdownregulatedin cells overexpressing G93A SOD1 protein. A, Western blot
of U251 tet-on clones expressing wild-type or G93A mutant SOD1 FLAG fusion proteins. Ectopic
proteins are detected when the cells are stimulated with Dox (1.0 reg/ml). B, VEGF RNA levelsin
clone 1 for WT and G93A SOD1 as determined by qRT-PCR. pTRE is a clone expressing empty
vector and U251 (p) is the parent U251 tet-on cell line. Results are the mean (==SE) of five to
nine independent Dox stimulations for each clone, analyzed in triplicate. *p << 0.001 compared
with pTre and U251 (p) controls and p << 0.01 compared with the WT clone.

mutant clones in the absence of Dox treatment. This incremental
pattern is similar to that observed previously in this cell line (Na-
bors et al., 2003). With Dox stimulation, however, there was a
twofold decline in the half-life, similar to the change in unstimu-
lated cells. We analyzed the kinetics of IL-8 and TNF-«, two other
mRNAs that contain AREs in the 3’-UTR, and found no effect on
half-life in unstimulated cells (data not shown).

The tet-inducible system permits dosing the level of transgene
expression by varying the amount of Dox added to the culture
media. With a range of 0.01-1.0 wg/ml Dox, there was a dose-
dependent increase in wild-type and mutant FLAG-SOD1 pro-
tein expression by Western blot (Fig. 4 A). With those dose incre-
ments, VEGF RNA levels were quantitated 2 h after the
administration of ActD and compared with baseline levels (Fig.
4B). In contrast to the wild-type clone, there was a marked and
progressive decrease in VEGF mRNA in the G93A SOD1 mutant
clone. At a dose of 1.0 wg/ml Dox, VEGF RNA levels were at 33%
of baseline compared with 82% for the wild-type clone. The rel-
ative decline was significant at doses of 0.25-1.00 ug/ml (p <
0.005). VEGF RNA levels in the parent cell line were similar to the
wild-type SOD1 clone. To determine whether the VEGF protein
levels were concomitantly decreased, we performed an ELISA
analysis on the culture media from cells treated with varying
doses of Dox (Fig. 4C). Similar to the mRNA, there was a pro-
gressive decline in VEGF protein with increasing doses of Dox in
mutant, but not wild-type, cells. Because the basal level of VEGF
in G93A SOD1 mutant cells was approximately one-half that of
WT SOD1, we compared VEGF expression as percentage of base-
line (Dox 0.00). At the highest dose of Dox (1.0 pg/ml), there was
a threefold decline compared with baseline, whereas the wild-
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type SOD1 clone or the parent cell line, at a similar dose, showed
no appreciable decline. The differences in expression between
WT and G93A SODI1 clones were significant at the 0.25-1.00
pg/ml dose range (p < 0.01 for the 0.25 pg/ml dose and p <
0.006 for the higher doses). In summary, these data indicate that
expression of G93A SOD1 had a marked negative effect on VEGF
RNA stability, RNA expression, and protein expression.

G93A SOD1 exerts the negative regulatory effect on VEGF
expression via the ARE in the VEGF 3’-UTR

We next used a luciferase reporter assay to determine the impact
of the 3'-UTR on the observed RNA destabilization and down-
regulation of VEGF (Nabors et al., 2003). Mutant or wild-type
SOD1 plasmids were cotransfected into U251 MG cells along with
a luciferase reporter plasmid containing the ARE segment of the
VEGF 3’-UTR or a control fragment (Fig. 5A) (King, 2000; Na-
bors et al., 2001). A B-galactosidase reporter was used to control
for transfection efficiency. For wild-type SODI, there was no
difference in luciferase activity with the VEGF 3’-UTR compared
with control 3'-UTR or vector alone (Fig. 5B). For G93A SOD1,
however, there was a significant decline ( p < 0.003) in luciferase
activity with the VEGF 3’-UTR compared with control 3'-UTR.
We then determined whether this negative effect occurred with
other mutant forms of SOD1 associated with motor neuron de-
generation. We performed cotransfection with G37R and L38V
mutant SOD1 plasmids and also found a significant and equiva-
lent decline in luciferase expression ( p < 0.003) compared with
the control 3'-UTR. We next evaluated RNA levels of luciferase
under the same conditions and found a significant ( p < 0.02)
decrease in expression of the reporter bearing the VEGF 3'-UTR
when cotransfected with each of the three mutant SOD1 plasmids
(Fig. 5C). Once again, no effect was observed with wild-type
SODI1 or the control 3'-UTR fragment. In summary, the ARE led
to significantly decreased luciferase activity and RNA expression
levels in the presence of mutant SOD1, and thus recapitulated the
effect observed with endogenous VEGF.

We next analyzed the VEGF 3'-UTR RNP complex by electro-
phoretic mobility shift assay (EMSA) to determine whether there
were any differences between G93A and wild-type SOD1 tet-on
clones (Fig. 6 A). Cellular extracts were prepared from these cells
and the parent U251MG tet-on cell line and incubated with a
radiolabeled probe derived from the VEGF ARE (shown in Fig.
5A). Recombinant T-cell internal antigen 1-related protein
(TIAR) was used as a positive control for binding (Suswam et al.,
2005b). With the parent line (P, lane 2) we observed two shifts
that were similar to that found in the wild-type SOD1 clone (lane
7). The shifts were not altered by addition of an anti-FLAG anti-
body either in the parent cell line (lane 3) or the wild-type SOD1
clone (lane 8). TIAR produced a shift consistent with its known
binding affinity for VEGF 3'-UTR (lane 4) (Suswam et al,,
2005b). We next evaluated mutant SOD1 and observed a loss of
the upper shift, and the appearance of a novel shift with greater
mobility (lane 5). This complex was partially supershifted by an
anti-FLAG antibody (lane 6). A nearly complete supershift of the
altered complex was observed with an anti-SOD1 antibody (lanes
11 and 12). No supershift was observed with wild-type SOD1
extract (lanes 9 and 10). Using extract from mutant SOD1 cells,
we next performed UV cross-linking with the same probe and
observed a spectrum of bands similar to what we have reported
previously (Fig. 6B, lane 1) (Nabors et al., 2003; Suswam et al.,
2005b). Immunoprecipitation of cross-linked extract with anti-
FLAG or two different anti-SOD1 antibodies failed to show that
mutant or endogenous SOD1 bound directly to RNA (lanes 2—4).
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was specific. To confirm this finding, we
transiently transfected the SOD1 clones with
FLAG-HuR or FLAG-KSRP and prepared
nuclear and cytoplasmic extracts (Fig. 8). Be-

cause of the size differences among SODI,
HuR, and KSRP, we were able to distinguish
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the simultaneous expression of FLAG fusion
proteins by Western blot. Similar to the re-
sults of fluorescence cytochemistry, there
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wild-type control (left top panel). There was
no shift, however, with KSRP (right top
panel). The FLAG-SOD1 proteins were sim-
ilarly expressed in all four transfections.
Equal loading and the quality of nuclear and
cytoplasmic extracts was confirmed with
a-tubulin and lamin antibodies (bottom

panels).
We next determined the relevance of our
in vitro observations by studying the distri-
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bution of HuR in spinal cord tissue from
transgenic ALS mice with G93A mutant
SOD1 and age-matched transgenic mice
harboring human wild-type SOD1 as a con-
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mean (== SE) of four to six independent experiments.

However, HuR (lane 5), TIAR (lane 6), and KSRP (lane 7) all
bound to the probe and were readily immunoprecipitated. As a
positive control, the FLAG antibody immunoprecipitated FLAG-
tristetraprolin, an ARE-binding protein that was cross-linked to
the probe in extract derived from a clone expressing that fusion
protein (lane 8). A similar pattern was observed for wild-type
SODL1 extract (data not shown). Because UV cross-linking pref-
erentially identifies RNA-binding proteins (RBPs) binding to
uridylates, however, we cannot determine whether the presence
of mutant SOD1 in the RNP complex (seen by EMSA) was attrib-
utable to RNA—protein or protein—protein interactions.

HuR is translocated to the cytoplasm in SOD1 mutant cells
and motor neurons

With VEGF RNA being destabilized in mutant SOD1 cells, we
postulated that changes in location or function of the RNA stabi-
lizing protein HuR may be implicated in the biochemical pheno-
type. We transiently transfected GFP-HuR plasmid into the
SODL1 clones and analyzed the cells by fluorescence microscopy
(Fig. 7). With Dox stimulation, there was a striking translocation
of HuR into the cytoplasm in mutant SOD1 cells that did not
occur in wild-type SOD1 cells. In the absence of Dox, however,
HuR maintained its usual nuclear location in mutant cells (Bren-
nan and Steitz, 2001). To determine whether this was a specific
effect on HuR, we tested another ARE-binding protein, KSRP,
that also resides in the nucleus and can translocate (Min et al.,
1997; Gu et al., 2002; Briata et al., 2003; Hall et al., 2004). We
observed no shift in GFP-KSRP in mutant cells treated with Dox,
indicating that the effect of mutant SOD1 on HuR localization

Time (hour s)

VEGF mRNA kinetic analysis of G93A mutant and wild-type SOD1 clones. Percentage of RNA remaining represents
the amount of VEGF mRNA relative to the amount just before the addition of actinomycin D (0 h). One-phase exponential decay
curves were generated as described previously (Nabors et al., 2003; Suswam et al., 2005a), and RNA half-lives were extrapo-
lated from the curves (shown in legend). The bottom panels represent decay curves after TNF-c stimulation. The data are the

trol. In the SOD1 mutant mice, HuR was
localized in the cytoplasm (in addition to the
nucleus) of motor neurons from preclinical
to late stages of the disease (Fig. 9A). In con-
trast, HuR was mainly detected in the nuclei
of motor neurons from control mice. Stain-
ing with an anti-human SODI1 antibody
confirmed cytoplasmic expression of the
SODI1 transgene in both groups. These re-
sults were supported by Western blot analysis of nuclear and
cytoplasmic extracts from spinal cords of similarly aged mice
(Fig. 9B). HuR bands were prominent in the cytosol fraction of
mutant, but not wild-type, extracts. Nuclear HuR is seen in all
samples. Thus, the translocation of HuR observed in the SOD
clones also occurred in motor neurons of SOD1 transgenic
mouse.

Discussion

Our findings indicate that mutant SOD1 can disrupt posttran-
scriptional regulation of VEGF, leading to decreased production
of this neuroprotective growth factor. This disruption supports
the hypothesis that mutant SOD1 exerts its deleterious effect on
motor neurons through a toxic gain of function (Pasinelli et al.,
2004). Although the malignant glioma cell line used in this study
may not reflect normal VEGF biology, our model is supported by
correlations in the SOD1 mutant mouse, including the down-
regulation of VEGF mRNA expression and cytoplasmic translo-
cation of HuR.

Posttranscriptional gene regulation is part of the defense of a
cell against intrinsic or extrinsic stressors such as hypoxia, in-
flammation, or oxidative stress. It can work in concert with tran-
scription, as with VEGF and hypoxia, to upregulate gene expres-
sion (Brennan and Steitz, 2001; Mukhopadhyay and Datta,
2004). Because some of these stressors are present within a motor
neuron or its milieu in ALS (Cluskey and Ramsden, 2001; Lam-
brechts et al., 2003; Shaw, 2005), we were surprised to see a
marked downregulation of VEGF RNA in spinal cords of mutant
SOD1 mice. This decline was apparent before the onset of weak-



7934 - ). Neurosci., July 25,2007 - 27(30):7929-7938

A G93A SO D1

Wt SOD1
0 001 1.0 0 0.01 1.0
e e —— e ——-— .,
_, = - -,I T — -A,._ --ﬁ b-_ Tubulin
B 08 wesoD1

B G93ASOD1
& usi ()

% VEG F RNA

A
7
7
7
7
7
7
7
7
7
7
%
7
7
7

o

C 08 wtso D1
BB G93ASO D1
&2 st (P)

VEG F(% Baseline)

[SCSENRENNNNNNNY (1056)

) — )

Dox (ug/m)

Figure4. Reduction of VEGF RNA and protein expressionis dependent on level of G93A SOD1
expression. A, Western blot of clones treated with escalating doses of Dox, probed with an
anti-FLAG antibody. B, Percentage of VEGF RNA after 2 h of ActD treatment compared with
baseline VEGF RNA levels of cells treated with no Dox (0.00). **p << 0.005. C, VEGF protein
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*¥p < 0.006 comparing WT versus G93A SOD1 clones. Data for RNA and protein expression
represent the mean (== SE) of six independent experiments.
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Figure5.  VEGF3'-UTR mediates the negative regulatory effect of G93A SOD1. 4, Schematic
diagram of the luciferase reporter plasmid used. The VEGF ARE and control 3'-UTR were cloned
into the 3'-UTR of a luciferase expression plasmid (Nabors et al., 2003). B, Luciferase activity
measured in U251 MG cells cotransfected with wild-type or mutant SOD1 plasmids as indicated.
The activity is expressed as a percentage of empty pcDNA vector. Results are the mean = SE of
five to seven independent transfections. **p << 0.003 (VEGF vs control 3'-UTR). €, Same as B
except Luciferase RNA was measured by qRT-PCR after transfection (see Materials and Meth-
ods). **p << 0.02 (VEGF vs control 3'-UTR).

ness (60 d of age), indicating an early event. The decline in VEGF
RNA levels was also restricted to spinal cord, with brain mRNA
levels exceeding control mice. Variations in VEGF RNA expres-
sion have previously been reported in mice exposed to hypoxia,
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Figure 6.  G93A SOD1 expression produces an altered RNP complex with VEGF 3’-UTR. 4,
Electrophoretic mobility shift assay using a probe containing the VEGF ARE. Sources of extract
are as follows: P, parent cell line; Tr, recombinant TIAR; Wt, wild-type SOD1 clone; Mt, mutant
(93AS0D1 clone. Antibodies added are shown above the gel. The light arrows indicate the two
major shifts observed with Wt and P cell extracts; the black arrow indicates the altered shift
observed in Mt extract. B, UV cross-linking and immunoprecipitation of the VEGF 3-UTR ribo-
probe using cell extract from the G93A SOD1clone. Lane 1, Total extract; 2, anti-FLAG antibody;
3, anti-SOD1 antibody (StressGen); 4, anti-SOD1 antibody (Santa Cruz Biotechnology); 5, anti-
HuR; 6, anti-TIAR; 7, anti-KSRP; 8, anti-FLAG antibody using cross-linked extract from a clone
expressing FLAG-TTP.

suggesting that stress response capacities differ among cell pop-
ulations (Marti and Risau, 1998). In motor neurons and astro-
cytes of normal human and mouse spinal cords, there is typically
strong expression of VEGF and its receptors (Oosthuyse et al.,
2001; Brockington et al., 2006). The decrease in VEGF RNA may
therefore have resulted either from loss of motor neurons (or
other cell types) or an overall decrease in production. The modest
change in VEGF RNA levels from early to late clinical stage sug-
gested an impairment of VEGF production. A study of spinal
cord tissues from sporadic ALS patients indicated lower levels of
VEGF in anterior horn cells compared with normal controls
(Brockington et al., 2006). In another study, VEGF production in
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Figure 8.  Western blot showing cytoplasmic translocation of HuR in mutant SOD1 cells.
G93A mutant (Mt) or wild-type (Wt) SOD1 cells were transiently transfected with FLAG-HuR or
FLAG-KSRP (depicted above the blots), and then treated with Dox. The blots were probed with
an anti-FLAG antibody (top three panels) and control antibodies (bottom two panels).

cultured glial cells derived from spinal cords of G93A SOD1 mice
was lower than WT SOD1 cells, but the difference did not reach
significance (Van Den Bosch et al., 2004). The cells were derived
from embryonic tissues, however, which may minimize the dif-
ference if there is an age-dependent decline [as our data suggested
(Fig. 1)].

The reduction in VEGF RNA prompted us to investigate post-
transcriptional regulation of this gene. Not only did we find a
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reduction in VEGF RNA and RNA half-life in mutant SOD1 cells,
but the effect was not reversed with TNF-a. In this cell line, we
previously observed an increase in VEGF RNA stabilization with
TNF-a stimulation (Nabors et al., 2003). This cytokine and oth-
ers are abundant in spinal cord tissues of mutant SOD1 mice and
correlate with production of oxidative stress and motor neuron
degeneration (Elliott, 2001; Hensley et al., 2002, 2003; Mhatre et
al., 2004). Although a recent report indicated no differences in
motor neuron survival when TNF-a was genetically deleted
(Gowing et al., 2006), our findings suggest a more generalized
impairment in stress response at the level of RNA stabilization.
Interestingly, we did not observe a change in IL-8 or TNF-«
mRNA half-lives, suggesting that the negative effect was specific
for VEGF. Although these mRNAs contain AREs similar to
VEGEF, differential stabilization does occur in response to certain
stimuli or cellular conditions (Schuler and Cole, 1988; Lindsten
etal., 1989; Bohjanen et al., 1991; Chen et al., 2002, 2006; Nabors
et al., 2003; Tebo et al., 2003; Suswam et al., 2005a). Thus, the
twofold to threefold decrement in RNA half-life and the nearly
threefold drop in RNA production could explain the changes in
VEGF RNA expression we observed in spinal cord tissues of mu-
tant mice. Moreover, the impact on VEGF RNA expression was
exquisitely gene dose dependent, which is consistent with the
observation that multiple copies of the mutant gene are necessary
to produce the disease.

Our luciferase data suggested that the negative impact on
VEGEF expression was mediated through cis-elements in the 3’-
UTR. Moreover, the effect was observed with other disease-
producing mutant forms of SOD1 (Rosen et al., 1993). The VEGF
3'-UTR locus contains a class IT ARE critical for regulating RNA
stability (Chen and Shyu, 1995; Levy et al., 1996, 1998; Nabors et
al., 2003). The ARE governs both stability and instability through
RNP complex formation with cellular RBPs (Chen and Shyu,
1995; Ross, 1995; Brennan and Steitz, 2001; Guhaniyogi and
Brewer, 2001). The ARE has been implicated in translational con-
trol, either positively or negatively, independent of RNA stability
(Jain et al., 1997; Mazan-Mamczarz et al., 2003; Grosset et al.,
2004; Barreau et al., 2006). The altered mobility shift and the
presence of mutant SOD1 in the RNP complex indicate a change
in either RBP-VEGF RNA interactions, protein—protein interac-
tions, or both. Strong and colleagues have shown that mutant
SOD1 can destabilize low-molecular-weight NFL (neurofila-
ment) mRNA by binding directly to the 3'-UTR (Ge et al., 2005).
We did not observe direct binding of mutant SOD1 to the VEGF
3’-UTR by UV cross-linking. Because this assay identifies uridy-
late binding, mutant SOD1 may have bound to a non-U-rich
region within the 3'-UTR probe.

Although the presence of mutant SOD1 altered the RNP com-
plex, the mechanism by which VEGF RNA becomes destabilized
and downregulated is not clear. There are a number of RBPs with
similar binding affinities to AREs in the 3'-UTR, but with oppos-
ing action. HuR targets AREs and stabilizes transcripts, whereas
KSRP, tristetraprolin, and ARE binding factor 1 (AUF1) bind to
the same loci but function as destabilizers. RBPs with opposing
effects on RNA stability also have overlapping expression pat-
terns (e.g., HuR, KSRP, and AUF1), including the glioma cell line
used in this study (Fig. 6 B) (Lafon et al., 1998; Gouble and Mo-
rello, 2000; Chen et al., 2002; Lal et al., 2004; Lu and Schneider,
2004; Suswam et al., 2005a). Thus, the determinants of stabiliza-
tion and translation may relate to subcellular localization of the
RBP in relationship to the target RNA (Gallouzi et al., 2000;
Wilkie et al., 2003; Lal et al., 2004; Barreau et al., 2006). Cytoplas-
mic translocation of HuR, which can be triggered by cell stresses
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Figure9. HuRtranslocates to the cytoplasm in motor neurons of G93A transgenic mice in vivo. A, Immunohistochemistry of spinal cords from human G93A or wild-type SOD1 Tg mice. Antibodies

are depicted to the left. The hSOD1 antibody is specific for the human form. Ages of the mice are shown above the panels. B, Western blots of spinal cord extracts from G93A or wild-type SOD1 Tg

mice. C, Cytoplasm; N, nuclear. Antibodies used are shown to the left of the blots.

such as heat shock and UV radiation, is strongly linked to its
positive effect on stability and translation (Keene, 1999, 2001;
Brennan and Steitz, 2001; Sheflin et al., 2001; Cherradi et al.,
2006; Kawai et al., 2006; Wang et al., 2006). In our study, the
translocation of HuR was associated with VEGF RNA destabili-
zation and decreased protein expression. One explanation is that
HuR translocation may be a normal response to stresses induced
by mutant SOD1 that then becomes dissociated from RNA stabi-
lization and translation. One hypothesis for cellular toxicity is the
capacity for mutant SOD1 to sequester essential cellular factors,
thereby reducing or eliminating their function (Boillee et al.,
2006). Mutant SOD1, for example, coprecipitates with heat shock
proteins, aB-crystallin, and B¢/l (Shinder et al., 2001; Okado-
Matsumoto and Fridovich, 2002; Pasinelli et al., 2004). HuR may
thus be sequestered by mutant SOD1. A second explanation for
the cytoplasmic accumulation of HuR is an abnormality of nu-
clear localization. HuR shuttles between the nucleus and cyto-
plasm, and mutant SOD1 may interfere with that process. This
dysfunction would have to be selective because KSRP properly
localized to the nucleus (Figs. 7, 8).

What is the relevance of our findings to ALS? Motor neuron
degeneration in transgenic mice (and possibly humans) is quite
sensitive to VEGF levels. Both depletion and repletion of VEGF
can modify the disease (Lambrechts et al., 2003, 2004; Storke-
baum et al., 2005). Mice expressing the SOD1 “*** mutation with
a VEGFHRE=/~ background, for example, showed more severe
weakness and died earlier (Lambrechts et al., 2003). Conversely,

when mice with a SOD1”** background were genetically engi-
neered to overexpress VEGF in neurons, there was delayed motor
neuron degeneration and prolonged survival (Wang et al., 2007).
Exogenous VEGF also delayed onset of disease and improved
survival in mutant mice (Azzouz et al., 2004; Storkebaum et al.,
2005). Some studies have indicated low VEGF levels in serum and
CSF of sporadic ALS patients, possibly because of polymor-
phisms in the 5'-UTR or promoter elements (Lambrechts et al.,
2003; Devos et al., 2004). Other studies have shown either no
difference, an increase, or variable levels of VEGF protein de-
pending on disease subtype (Nygren et al., 2002; Ilzecka, 2004).
Our finding that posttranscriptional gene regulation of VEGF
was negatively affected at baseline suggests that mutant SOD1
may increase the vulnerability of certain cells to even minor stres-
sors. Lower baseline VEGF levels in VEGF™® ™/~ mice, for ex-
ample, sensitized them to ischemic insults that, in wild-type mice,
would not lead to permanent neurological dysfunction (Lambre-
chtsetal., 2003). Thus, we postulate that the impairment of post-
transcriptional processing of VEGF RNA by mutant SOD1 blocks
an essential neuroprotective pathway and accelerates motor neu-
ron degeneration.
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