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FIGURE 3. Protrudin is an integral membrane protein. A, cytosolic and membrane fractions were isolated from the brain of WT (4-/+) or protrudin-
deficient (—/—) mice, and equal amounts of protein from each fraction were subjected to immunoblot analysis with anti-protrudin, anti-HSP90, and
anti-FKBP38. HSP90 and FKBP38 were examined as controls for cytosolic and membrane proteins, respectively. B, homogenates of HEK293T cells
expressing protrudin tagged at its NH, and COOH termini with HA and Myc epitopes, respectively, were subjected to extraction with or without Na,CO,
followed by centrifugation to isolate supernatant (S) and pellet (P) fractions. Equal amounts of protein from each fraction were subjected toimmunoblot
analysis with anti-HA, anti-Myc, anti-GM130, and anti-calnexin. GM130 and calnexin were examined as controls for peripheral and integral membrane

proteins, respectively.

question of whether the three hydrophobic regions (HP1 to
HP3) present in protrudin span the entire membrane or are
buried within the phospholipid bilayer. To determine the mem-
brane topology around the hydrophobic regions of protrudin,
we subjected a deletion mutant of HA-protrudin-Myc to the
same analysis. The region between HP2 and HP3 (examined
with the mutant 1-188) was cleaved by the protease, suggesting
that this region is exposed to the cytosol (Fig. 4C).

As a second approach, we performed a PEGylation assay,
which is based on the premise that cysteine residues in the
cytosolic region of an ER protein, but not those in the luminal
region or within the phospholipid bilayer, are accessible to
mPEG. Cysteine residues are present at positions 72, 77, 113,
169, 172, 199, and 207 in the region of mouse protrudin span-
ning HP1 to HP3 (Fig. 4D). Calnexin, which contains one cys-
teine residue in the cytosolic portion and five cysteines in the
luminal portion of the protein, showed one and three band
shifts after PEGylation in the absence or presence of ER mem-
brane permeabilization, respectively (Fig. 4E). To identify the
accessible cysteine residues around the hydrophobic regions of
protrudin, we generated a series of mutant proteins by insert-
ing a cysteine-containing sequence (GGCGG or GGECEGG)
between residues 87 and 88 in the region between HP1 and
HP2, or by replacing the cysteines at positions 113, 169, and 172
in the region between HP2 and HP3 with alanine, in combina-
tion with replacement of the cysteine at position 25 (Fig. 4, A

and D). The PEGylation analysis revealed that the region
between HP1 and HP2 was not accessible to mPEG, whereas
that between HP2 and HP3 was accessible (Fig. 4F), suggesting
that the region between HP1 and HP2 faces the ER lumen,
although this sequence is short and might be present to a vari-
able extent within the membrane. Although we are unable to
exclude the possibility that the overexpressed tagged proteins
do not necessarily reflect the topology of endogenous protru-
din, the results of our two approaches (protease protection
assay and mPEG modification assay) together suggested that
HP1 and HP2 domains span the membrane fully, with the loop
between HP1 and HP2 residing in the ER lumen, and that the
HP3 domain folds into a hairpin.

Forced Expression of Protrudin Promotes ER Network
Formation—Given that our results indicated that protrudin
contains a hydrophobic hairpin domain and that many proteins
that possess such domains are Jocalized to the tubular ER net-
work, we examined in more detail whether protrudin might
also reside in tubular ER as opposed to sheetlike ER. To this end,
we compared the intracellular localization of protrudin with
those of Climp63 and REEP5, which largely reside in sheetlike
and tubular ER, respectively (20). Immunofluorescence analysis
revealed that FLAG-tagged protrudin did not colocalize with
enhanced green fluorescent protein (EGFP)-tagged Climp63 in
COS-7 cells, whereas the distribution of FLAG-protrudin was
almost identical to that of HA-REEP5 (Fig. 5, A-C). We also

FIGURE 2. Protrudin interacts with atlastin-1 and REEP family members. A-C, extracts of HEK293T cells transiently transfected with expression vectors for
FLAG-tagged protrudin and HA epitope-tagged forms of atlastin-1, REEPS, or REEP1 were subjected to immunoprecipitation (IP) with anti-FLAG. VAP-A and
VAP-A(ATM) were studied as positive and negative controls, respectively, for interaction with protrudin. The resulting precipitates, as well as a portion (1% of
the input for immunoprecipitation) of the cell extracts, were subjected to immunoblot (/B) analysis with anti-HA, anti-FLAG, and anti-HSP90 (loading control).
D-F, HelLa cells expressing FLAG-tagged protrudin and HA epitope-tagged forms of atlastin-1, REEP5, or REEP1 were fixed and processed for immunofluores-
cence analysis with anti-FLAG (red) and anti-HA (green). Merged images in which nuclei are stained with Hoechst 33258 (blue) are also shown. The boxed areas
in the upper panels are shown at higher magnification in the lower panels. Scale bars, 50 um. G, domain organization of human protrudin and structure of
deletion mutants thereof. RBD, Rab binding domain; HP1 to HP3, hydrophobic domains; CC, coiled-coil domain. H and /, extracts of HEK293T cells expressing
full-length (FL) protrudin or its mutants shown in G (fused at their NH, termini to the FLAG tag) together with HA-atlastin-1 (H) or HA-REEPS5 (/) were subjected
to immunoprecipitation with anti-HA, and the resulting precipitates, as well as a portion (1% of the input for immunoprecipitation) of the cell extracts, were
subjected to immunoblot analysis with anti-FLAG, anti-HA, and anti-HSP90.
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examined the potential colocalization of FLAG-protrudin with
endogenous Climp63 (Fig. 5D) and calreticulin (a marker for all
of the ER) (Fig. 5E). The extent of colocalization between
FLAG-protrudin and endogenous Climp63 was markedly lower
than that between FLAG-protrudin and endogenous calreticulin
(Fig. 5F). These results suggested that protrudin is predominantly
localized to the tubular ER. -

Given that we found that protrudin interacts with atlas-
tin-1, a dynamin-like GTPase that promotes ER network for-
mation through homotypic membrane fusion of ER tubules
(9, 10, 21, 22), we investigated whether protrudin also pro-
motes ER network formation. The reticular mesh of the ER
network (as revealed by immunofluorescence analysis of cal-
reticulin) became finer and more complex, as reflected by an
increase in the density of three-way junctions especially at
the cell periphery, as a result of overexpression of protrudin
(Fig. 5, E and G). These results indicated that protrudin may
promote the fusion of ER tubules and ER network formation.
We also found that depletion of protrudin by RNAi in HeLa
cells (Fig. 5H) rendered the sheetlike structure of the ER
more prominent (Fig. 5, / and /). Expression of FLAG-pro-
trudin in such protrudin-depleted HeLa cells resulted in
reversion of the morphology of the ER to a pattern similar to
that observed in control cells, suggesting that protrudin
indeed contributes to regulation of the sheet versus tubule
structure of this organelle.

Given that formation of the ER network is dependent on
microtubules, we investigated the effects of nocodazole, which
induces microtubule depolymerization, on the ER network in
cells transfected with a vector for FLAG-protrudin or with the
corresponding empty vector. Whereas the ER network (as
revealed by the fluorescence of a tdTomato-tagged form of the
ER protein Sec61pB) disappeared in response to nocodazole
treatment in control cells, it was resistant to this agent in those
overexpressing protrudin (Fig. 5K). These results thus sug-
gested that protrudin contributes to both the formation and
stabilization of the tubular ER network.

Cells Expressing Mutant Protrudin Are Susceptible to ER
Stress—We next examined whether protrudin(G191V), which
has been identified in a subset of HSP patients, also interacts
with atlastin-1, REEP5, and REEP1. The interaction between
protrudin and each of these three proteins was not affected by
the G191V mutation (Fig. 6, A-C). We also examined the local-
ization of FLAG-protrudin(G191V) in COS-7 cells by immuno-
fluorescence analysis. The distribution of the mutant protein
did not differ substantially from that of WT protrudin (Fig. 6D),
suggesting that the pathogenesis of HSP associated with this
mutation of protrudin is not attributable to a change in the

Protrudin Regulates ER Morphology and Function

subcellular localization of the protein. Aggregate formation by
the mutant protein was also not apparent, at least at the level of
resolution achieved with the light microscope used for immu-
nofluorescence analysis. Furthermore, forced expression of
protrudin(G191V) induced a change in ER morphology similar
to that induced by overexpression of the WT protein in COS-7
cells, and it resulted in stabilization of the ER network in a
manner similar to that apparent with WT protrudin in cells
treated with nocodazole (Fig. 6E). We therefore conclude that
the HSP-associated G191V mutation of protrudin affects nei-
ther the localization of the protein nor its function in the regu-
lation of ER morphology and stability.

Impairment of ER function may result in abnormal accumu-
lation of unfolded or misfolded proteins, a condition referred to
as ER stress. Mutations in some SPG genes, such as SPG17(23),
have been shown to result in misfolding and aggregation of the
encoded proteins, which triggers ER stress and may play a role
in HSP pathogenesis. We therefore examined the effect of pro-
trudin mutation on the ER stress response. Forced expres-
sion of WT human protrudin did not affect the increase in
the amount of mRNA for the ER stress-inducible gene Bip
(also known as Grp78) elicited by exposure of Neuro2A cells
to ER stress-inducing agents such as tunicamycin, thapsi-
gargin, and DTT. However, expression of the HSP-associated
protrudin(G191V) mutant enhanced the Bip gene response to
all three agents (Fig. 7, A-C). We also examined whether cells
expressing protrudin(G191V) manifest ER stress with the use of
an ER stress response element reporter assay and by monitoring
the splicing of Xbpl mRNA. Neuro2A cells infected with retro-
viruses encoding WT or G191V mutant forms of protrudin
were transfected with a luciferase reporter vector under the
control of the BIP/GRP78 gene promoter. Expression of
protrudin(G191V), but not that of the WT protein, resulted in a
moderate but significant increase in luciferase activity com-
pared with that of control cells (Fig. 7D), suggestive of the pres-
ence of ER stress triggered by expression of the mutant protein
even in the absence of an ER stress-inducing agent. We also
examined the splicing of XbpI mRNA in cells expressing WT or
mutant protrudin in the absence or presence of tunicamycin
treatment. Whereas the spliced form of Xbpl mRNA was
essentially undetectable in cells not exposed to tunicamycin,
this drug increased the amount of the spliced mRNA to a
greater extent in cells expressing the G191V mutant than in
those expressing WT protrudin (Fig. 7E). On the basis of these
results, we speculate that the relatively modest effect of
protrudin(G191V) on ER stress might accumulate over long
periods of time (decades) before the onset of symptoms in indi-

FIGURE 4. Analysis of the membrane topology of protrudin. A, schematic representation of calnexin as well as full-length (FL) and mutant forms of mouse
protrudin. The transmembrane (TM) domain of calnexin as well as the hydrophobic regions (HPT to HP3) of protrudin are indicated. NH,- or COOH-terminal
epitopes recognized by anti-calnexin (calnexin-N and calnexin-C, respectively) are denoted by black bars. Full-length and mutant forms of protrudin were
tagged at their NH, and COOH termini with HA and Myc epitopes, respectively, as indicated. B, microsomes prepared from HEK293T cells expressing full-length
HA-protrudin-Myc were incubated in the absence or presence of proteinase K and Triton X-100 and then subjected to immunoblot analysis with anti-HA,
anti-Myc, anti-calnexin-N, or anti-calnexin-C, as indicated. C, microsomes prepared from HEK293T cells expressing HA-protrudin-(1-188)-Myc were analyzed as
in B. D, schematic representation of the topology of HA epitope-tagged protrudin mutants. £, Hela cells were incubated with digitonin to permeabilize the
plasma membrane or with Triton X-100 to permeabilize all cell membranes. They were then treated with or without mPEG and subjected to immunoblot
analysis with anti-calnexin. F, cysteine residues of protrudin-(1-228) were mutated to alanine, or sequences GGCGG or GGECEGG were inserted before residue
88, as indicated in D. Hel.a cells expressing the various HA epitope-tagged protrudin mutants were then analyzed as in £ with the exception thatimmunoblot
analysis was performed with anti-HA and anti-calnexin.
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viduals with HSP, similar to the long time courses for the devel-
opment of other human neurodegenerative diseases.

Some SPG proteins have been functionally linked to ER-as-
sociated degradation (ERAD), a multistep pathway encompass-
ing the degradation of ER proteins by the ubiquitin-proteasome
system. We therefore examined the relationship of ERAD to the
mutation of protrudin. The half-life of protrudin(G191V) in
Neuro2A cells was markedly longer than that of protrudin(WT)
(Fig. 7F), suggesting that the HSP-associated mutation of pro-
trudin may result in a defect in the ERAD system. Consistent
with this observation, the degradation of NHK, a typical sub-
strate of the ERAD system, was delayed in cells expressing
protrudin(G191V) compared with that in cells expressing the
WT protein (Fig. 7G). Furthermore, exposure of cells to the
proteasome inhibitor MG132 resulted in partial attenuation of
the degradation of WT protrudin to an extent similar to that
apparent for cyclin D1 (a soluble proteasome substrate),
whereas MG132 almost completely blocked the degradation of
protrudin(G191V) (Fig. 7H), suggesting that degradation of the
mutant protein is highly sensitive to proteasome inhibition.
The subcellular localization of the WT and G191V mutant
forms of protrudin was not affected by MG132 treatment (data
not shown). Given that excessive accumulation of unfolded
protein in the ER leads to the UPR or ER overload response, the
protrudin(G191V) mutant might be misfolded in the ER, lead-
ing to a defect in the ERAD system that enhances the ER stress
response. Consistent with this notion, gel filtration analysis
revealed that the apparent molecular size of protrudin(G191V)
in Neuro2A cells was larger than that of the WT protein (Fig.
71), suggesting that the mutant protein was part of alarger com-
plex. Collectively, these results indicated that mutant protrudin
produced in certain individuals with HSP may be prone to
aggregation and tend to increase ER stress, which may account
for the pathogenesis of HSP.

DISCUSSION

Protrudin is categorized as an HSP-associated protein
(SPG33). The relationship between protrudin mutation and
HSP pathogenesis has remained largely unclear, however,
mainly because (i) the number of HSP patients harboring pro-
trudin mutations is much smaller than that of those with muta-
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tions in other SPG genes, such as those for atlastin-1 (SPG3A),
spastin (SPG4), and REEP1 (SPG31); (ii) the molecular function
of protrudin has not been fully elucidated; and (iii) the mecha-
nism by which the mutation of protrudin affects cell function
associated with HSP etiology has been unknown. We recently
applied a proteomics approach to Neuro2A cells and found that
protrudin associates with Kif5A (SPG10), -B, and -C, and that
this interaction is required for the function of protrudin in neu-
rite extension (17). In the present study, we sought to identify
molecules that interact with protrudin in mouse brain, a more
physiologically relevant system than Neuro2A cells. With this
and other approaches, we have now obtained several lines of
evidence for a causative relationship between mutation of pro-
trudin and HSP.

First, we found that protrudin interacts with other HSP-re-
lated proteins including PLP1 (SPG2), atlastin-1 (SPG3A),
REEP1 (SPG31), REEP5 (similar to REEP1), Kif5A (SPG10),
Kif5B, Kif5C, and reticulon 1, 3, and 4 (similar to reticulon 2,
SPG12). Although we did not detect spastin (SPG4) in the
protrudin complexes isolated from mouse brain, others have
demonstrated an interaction between protrudin and spastin
(14, 24, 25).

Second, many of the HSP-related proteins found to interact
with protrudin are thought to contribute to regulation of the
morphology of the ER, a heterogeneous organelle with distinct
morphologies of sheets and an interconnected network of
tubules that share a common lumen. These proteins generate
membrane curvature through scaffolding and hydrophobic
insertion mechanisms and thereby shape the lipid bilayer of the
ER into tubules, resulting in the formation of the tubular ER
network (11). The HSP-related proteins possess long hydro-
phobic stretches of amino acids that form intramembrane hair-
pin domains and are thought to partially span the lipid bilayer,
inducing or stabilizing the high curvature of ER tubules via
hydrophobic wedging (12, 26). Depletion of atlastin-1 in cul-
tured cortical neurons was found to inhibit axon elongation
(27), and proper ER morphology is thought to be essential for
maintenance of long cellular processes such as axons (3).
Defects in tubular ER shaping and in interactions of the ER
network with the microtubule cytoskeleton thus appear to be

FIGURE 5. Forced expression of protrudin promotes ER network formation. A, COS-7 cells expressing EGFP-tagged Climp63 and FLAG-tagged human
protrudin were fixed and processed forimmunofluorescence analysis with anti-FLAG (red) and confocal microscopy. The fluorescence of EGFP was monitored
directly. Merged images are also shown. The boxed regions of the upper panels are shown at higher magnification in the fower panels. Scale bar, 10 um. 8,COS-7
cells expressing HA epitope-tagged REEPS and FLAG-tagged human protrudin were fixed and processed for confocal immunofluorescence analysis with
anti-HA (green) and anti-FLAG (red). Scale bar, 50 um. C, percentage colocalization of FLAG-protrudin with EGFP-Climp63 or HA-REEPS as determined in A and
B and as measured with Pearson’s correlation coefficient in a square area of 2000 um?. Data are mean = S.D. from four or five cells. D, COS-7 cells expressing
FLAG-tagged human protrudin were fixed and processed for confocal immunofluorescence analysis with anti-Climp63 (green) and anti-FLAG (red). Scale bar,
10 um. £, COS-7 cells transfected with an expression vector for FLAG-tagged human protrudin (or with the corresponding empty vector, Mock) were fixed and
processed for confocal immunofluorescence analysis with anti-calreticulin (green) and anti-FLAG (red). Scale bars, 10 um. F, percentage colocalization of
FLAG-protrudin with Climp63 or calreticulin as determined in Dand Eand as measured with Pearson’s correlation coefficient in a square area of 2000 um? Data
are mean * S.D. for three cells. G, density of three-way junctions of the ER for cells examined as in £. Data are mean = S.D. for five cells. A.U., arbitrary units.
¥ p < 0.05 (Student’s t test). H, Hela cells transfected with protrudin or control siRNAs were subjected to immunoblot analysis with anti-protrudin and
anti-HSP90. The arrowhead and asterisk indicate specific and nonspecific bands, respectively. I, Hela cells transfected with protrudin or control siRNAs were
subsequently transfected with an expression vector for FLAG-tagged human protrudin (or with the corresponding empty vector, Mock) before fixation and
processing for confocal immunofluorescence analysis with anti-calreticulin (green) and anti-FLAG (red). Left panels are higher magnification views of the boxed
areas. Scale bar, 10 um. J, density of three-way junctions of the ER for cells examined as in /. Data are mean * S.D. for 7 to 10 cells. *, p < 0.05 (one-way analysis
of variance followed by Tukey's test). K, COS-7 cells transfected with expression vectors for tdTomato-tagged Sec618 and FLAG-tagged human protrudin (or
with the corresponding empty vector, Mock) were treated (or not) with 100 um nocodazole for 60 min to induce microtubule depolymerization. The cells were
then fixed and processed for immunofluorescence analysis with anti-a-tubulin (green). The fluorescence of tdTomato was monitored directly. Merged images
are also shown. The boxed areas in the upper panels are shown at higher magnification in the lower panels. Scale bars, 50 um. The density of three-way junctions
of the ER was also measured. Data are mean = S.D. for three to seven cells. *, p < 0.05 (Student’s t test).
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FIGURE 6. An HSP-associated mutant of protrudin associates with atlastin-1 and REEP family members. A-C, extracts of HEK293T cells transiently
transfected with expression vectors for FLAG-tagged WT or G191V mutant forms of human protrudin as well as for HA epitope-tagged forms of atlastin-1,
REEPS5, or REEP1 were subjected to immunoprecipitation with anti-FLAG. VAP-A(ATM) was studied as a negative control for interaction with protrudin. The
resulting precipitates, as well as a portion (1% of the input for immunoprecipitation) of the cell extracts, were subjected to immunoblot analysis with anti-HA,
anti-FLAG, and anti-HSP90 (loading control). D, COS-7 cells expressing FLAG-tagged WT or G191V mutant forms of protrudin were fixed and processed for
confocal immunofluorescence analysis with anti-calreticulin (green) and anti-FLAG (red). The boxed regions of the upper panels are shown at higher magnifica-
tioninthe lower panels. Scale bars, 10 um. The percentage colocalization of FLAG-protrudin(WT) or FLAG-protrudin(G191V) with calreticulin was measured with
Pearson’s correlation coefficient in a square area of 2000 um? Data are mean =+ S.D. for four cells. £, COS-7 cells expressing tdTomato-tagged Sec61B and either
FLAG-tagged protrudin(WT) or FLAG-protrudin(G191V) were treated (or not) with 100 um nocodazole for 60 min. The cells were then fixed and processed for
immunofluorescence analysis with anti-a-tubulin (green). The fluorescence of tdTomato was monitored directly. Scale bars, 50 um. The density of three-way
junctions of the ER was also measured. Data are mean = S.D. for four or five cells.
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largely responsible for the pathogenesis of HSP. Mutation of
seipin (SPG17) has been shown to result in misfolding of the
protein, aggregate formation, and ER stress, with these events
likely playing a role in HSP pathogenesis (23, 28). Furthermore,
the SPG18 protein Erlin2 has been functionally linked to ERAD
(29). We have now shown that protrudin is localized predomi-
nantly to the tubular ER, and that expression of protrudin pro-
motes formation of the tubular ER network.

Third, expression of the G191V mutant of protrudin ren-
dered cells more vulnerable to ER stress, probably as a result of
abnormal stability of the mutant protein. Glycine 191 is posi-
tioned in the hydrophobic hairpin domain of protrudin, and
topology prediction in silico with the use of SOSUI software
suggested that this mutation might result in a conformational
change in the three-dimensional structure of protrudin, partic-
ularly in that of the FYVE domain, leading to misfolding of the
COOH-terminal region (14). These results suggest that the
G191V mutant of protrudin may be misfolded in the ER and
therefore might stimulate the UPR.

We therefore conclude that protrudin shares common char-
acteristics with other members of the SPG family: it interacts
with other SPG proteins, harbors a hydrophobic hairpin
domain, and regulates ER morphology. These characteristics
suggest that, like other SPG proteins, protrudin contributes to
ER network formation by regulating membrane curvature, and
that mutation of protrudin is a causative defect in HSP. It is also
possible that protrudin functions as a tethering factor through
its FYVE domain, which is a lipid binding domain. EEA1, a
typical FYVE-domain protein localized to early endosomes,
possesses a structure similar to that of protrudin and serves
as a tethering factor during fusion of early endosomes. Pro-
trudin might thus function in cooperation with atlastin-1 to
tether ER membranes for fusion during the formation of
three-way junctions.

It remains unclear how protrudin links ER morphology and
neuronal function. We previously showed that protrudin binds
to Kif5 through its FFAT motif and coiled-coil domain, and that
it serves as an adaptor protein to link the motor protein Kif5
and its cargo molecules including Rab11, VAP family members,
and Surf4 (17). The protrudin-Kif5 complex contributes to the
transport of these proteins in neurons and is essential for neu-

rite elongation. The identification of mutations in the KIFSA
gene in families with the SPG10 subtype of HSP has provided
direct evidence for impairment of motor-based transport as an
underlying cause of HSP (30). In mammals, the Kif5A motor
protein mediates the anterograde transport of cargo such as
vesicles along axons. Kif5 also regulates transport of cargo in
dendrites and functions in several different membrane traffick-
ing pathways. A VAP mutant that gives rise to familial ALS
(ALS8) has been found to induce ER restructuring, providing
further support for a role of aberrant ER morphogenesis in neu-
rological disorders (31, 32). In addition, VAP contributes to
tethering between the ER and the plasma membrane (33-35).
Given that the UPR is activated in the ER of cells deficient in
proteins that tether the ER to the plasma membrane, our results
suggest that the protrudin-VAP interaction may play an inte-
gral role in regulation of ER morphology, function, and main-
tenance. The fact that several other HSP proteins also localize
to the ER suggests that a fuller understanding of the function of
these proteins may clarify the contribution of the ER to HSP
pathogenesis. Further study of the pathological mechanisms of
mutant forms of protrudin may lead to important new insights
into motor neuron diseases, including other spastic paraplegias
and ALS.

During preparation of the present manuscript, Chang et al.
(36) described the interaction of protrudin with other HSP-
related proteins in HEK293 cells (a human embryonic kidney
cancer cell line) and a role for protrudin in the regulation of ER
morphology. Although the results of the two independent
studies overlap in part, we adopted a more physiological and
comprehensive approach by applying proteomics analysis to
neuron-specific protrudin transgenic mice. We thereby
identified many HSP-related proteins as protrudin-interact-
ing proteins in an unbiased manner. The detection of such
interactions in mouse brain supports their physiological rel-
evance. Furthermore, and most importantly, only our study
includes characterization of a pathological mutant of
protrudin(G191V) and provides insight into the pathogene-
sis of HSP caused by this mutation. The two studies per-
formed independently and in parallel, however, reinforce
and complement each other.

FIGURE 7. Expression of an HSP-associated mutant of protrudin induces ER stress. A-C, RT and real-time PCR analysis of BiP mRNA in Neuro2A cells
infected with retroviruses encoding WT or G191V mutant forms of human protrudin and exposed to 5 pg/ml of tunicamycin (A), 1 um thapsigargin (B),
or 5 mm DTT (C) for 8 h. Data are expressed relative to the corresponding normalized value for cells infected with the empty retrovirus (Mock) and
exposed to vehicle, and are mean = S.D. from four to six independent experiments. ¥, p < 0.05 (one-way analysis of variance followed by Tukey’s test).
D, activity of an ER stress response element reporter plasmid relative to that of the reference plasmid pRL-TK in Neuro2A cells expressing WT or G191V
mutant forms of protrudin. Data are mean = S.D. from six independent experiments. *, p < 0.05 (one-way analysis of variance followed by Tukey’s test).
E, Neuro2A cells infected with retroviruses for HA epitope-tagged WT or G191V mutant forms of protrudin were incubated in the absence or presence
of tunicamycin (2 png/ml) for 7 h and then subjected to RT-PCR analysis of XBP1 mRNA and hypoxanthine-guanine phosphoribosyltransferase (HPRT)
mRNA (loading control). Open and filled arrowheads indicate bands corresponding to unspliced (uUXBP1) and spliced (sXBP1) forms of XBP1 mRNA,
respectively. The asterisk indicates a nonspecific band. The sXBP1/uXBP1 band intensity ratio was measured. F, Neuro2A cells infected with retroviruses
for HA epitope-tagged WT or G191V mutant forms of protrudin were incubated with cycloheximide (CHX, 10 wg/ml) for the indicated times, lysed, and
subjected to immunoblotanalysis with anti-HA, anti-cyclin D1 (positive control), and anti-HSP90 (loading control). The intensity of the HA-protrudin and
cyclin D1 bands was measured. Data are mean = S.D. for four independent experiments. G, Neuro2A cells infected with retroviruses for HA epitope-
tagged WT or G191V mutant forms of protrudin were transfected for 48 h with a vector for FLAG-tagged NHK, incubated with cycloheximide (10 wg/ml)
for the indicated times, lysed, and subjected to immunoblot analysis with anti-FLAG, anti-HA, anti-cyclin D1, and anti-HSP90. The intensity of the
NHK-FLAG and cyclin D1 bands was measured. H, Neuro2A cells infected with retroviruses for HA epitope-tagged WT or G191V mutant forms of
protrudin were incubated with cycloheximide (10 pwg/ml) in the absence or presence of MG132 (10 um) for the indicated times, lysed, and subjected to
immunoblot analysis with anti-HA, anti-cyclin D1, and anti-HSP90. I, Neuro2A cells infected with retroviruses for HA epitope-tagged forms of WT or
G191V mutant forms of protrudin were exposed to 1 um thapsigargin for 8 h, lysed, and subjected to gel filtration chromatography with a running buffer
containing 1% CHAPS. The resulting fractions were subjected to immunoblot analysis with anti-HA and anti-calnexin (negative control), and the
intensity of the HA-protrudin and calnexin bands was measured. Similar results were obtained in two independent experiments.
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