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Endosomal sorting complexes required for transport (ESCRTs) regulate a key sorting step of protein traf-
ficking between endosomal compartments in lysosomal degradation. Interestingly, mutations in charged
multivesicular body protein 2B (CHMP2B), which is a core subunit of ESCRT-III, have been identified in
some neurodegenerative diseases. However, the cellular pathogenesis resulting from CHMP2B missense
mutations is unclear. Furthermore, little is known about their functional analysis in post-mitotic neurons.
In order to examine their cellular pathogenesis, we analyzed their effects in the endo-lysosomal pathway
in post-mitotic neurons. Interestingly, of the missense mutant proteins, CHMP2BT104N mostly accumu-
lated in the Rab5- and Rab7-positive endosomes and caused delayed degradation of EGFR as compared
to CHMP2BWT. Furthermore, CHMP2BT104N showed less association with Vps4 ATPase and was avidly
associated with Snf7-2, a core component of ESCRT-III, suggesting that it may cause defects in the process
of dissociation from ESCRT. Of the missense variants, CHMP2BT104N caused prominent accumulation of
autophagosomes. However, neuronal cell survival was not dramatically affected by expression of
CHMP2BT104N. These findings suggested that, from among the various missense mutants, CHMP2BT104N

was associated with relatively mild cellular pathogenesis in post-mitotic neurons. This study provided
a better understanding of the cellular pathogenesis of neurodegenerative diseases associated with vari-
ous missense mutations of CHMP2B as well as endocytic defects.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Endosomal sorting complexes required for transport (ESCRTs)
are involved in cargo protein trafficking from endosomes to lyso-
somes. ESCRTs are composed of four different heteromeric protein
complexes, ESCRT-0, -I, -II and III, which are sequentially and tran-
siently recruited from the cytosol to endosomal membranes [1,2].
ESCRTs recognize ubiquitinated cargo proteins and sort them into
endosomal membranes leading to invagination of the cargo pro-
teins into the intraluminal vesicles [3–5]. The ESCRT complexes
dissociate from the endosomes by the action of Vps4 ATPase via
ATP hydrolysis and are thus recycled for the next round of assem-
bly of ESCRT [6,7].

A growing body of evidence has suggested that ESCRTs are in-
volved in various biological processes including cytokinesis, viral
budding, autophagy, transcriptional regulation, endosomal sorting
and trafficking [2,8]. ESCRT dysfunction is associated with human
diseases such as cancer, myopathy and neurodegeneration [9–
11]. Dysregulation of the components, such as mahogunin or
ll rights reserved.

.

CHMP1B, which are associated with the ESCRT pathway can cause
spongiform neurodegeneration [12–14]. Moreover, mutations in
CHMP2B, which is a key component of ESCRT-III, have been re-
ported in Frontotemporal dementia (FTD), FTD with motor neuron
disease (FTD–MND) and Amyotrophic lateral sclerosis (ALS) [15].
The first observed mutation in CHMP2B was identified in chromo-
some 3 (FTD-3) and linked to cases of autosomal dominant prese-
nile dementia [16]. The point mutation in the 50 acceptor splice site
of exon 6 produces two abnormal transcripts resulting in the gen-
eration of CHMP2BIntron5 which results in C-terminal truncation of
36 amino acids and CHMP2BD10, replacing these with 29 amino
acids which are different than the wild-type. Intriguingly, expres-
sion of the CHMP2BIntron5 in various mammalian cells and cortical
neurons resulted in endocytic and autophagic defects [17,18].
Moreover, CHMP2BIntron5 transgenic mice have been reported to
show progressive neuronal inclusion formation and axonal degen-
eration [19]. Other C-terminal truncation mutations such as Q165X
or R186X were identified in a Belgian family with FTLD and an Afri-
kaner family with FTD, respectively. The Q165X mutation has been
known to cause cellular toxicity in a mammalian cell culture model
[20–22].

Several missense mutations of CHMP2B have also been reported
in some neurodegenerative diseases including FTD [15]. The D148Y
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mutation identified in a case of FTD-3 in a Danish family was found
not to be pathogenic in cultured neurons [16,17]. Since then, other
missense mutations (Q206H, I29V and T104N) have been identified
in familial or sporadic cases of ALS [23,24]. Moreover, other N143S
and S194L CHMP2B missense variants have been reported in famil-
ial patients with cortical basal degeneration (CBD) or pro-band
with familial frontotemporal lobar degeneration (FTLD), respec-
tively [21,25]. Even though there are a few reported studies about
the effects of CHMP2B missense variants in mammalian cell lines,
or revealing expectations regarding their pathogenic characteris-
tics, little is known about their pathogenic nature in post-mitotic
neurons [15,23–25].

In this study, we investigated the effect of CHMP2B missense
variants (Q206H, I29V, T104N, N143S and S194L) in the endo-
lysosomal pathway of post-mitotic neurons. Intriguingly, of these
missense variants, CHMP2BT104N accumulated prominently in
rab5- and rab7-positive endosomes and delayed EGFR degradation.
Moreover, CHMP2BT104N, as compared to CHMP2BWT, was less
associated with VPS4 ATPase and likely results in its abnormal
association with Snf7-2. In addition, CHMP2BT104N expression
caused autophagosome accumulation. Despite these cellular de-
fects in the endosomal pathway, neuronal cell survival was not
dramatically affected by its expression in our cultured neurons.
This was the first study to demonstrate the effects of various mis-
sense mutations in post-mitotic neurons. Our results suggested
that, from among the assessed missense mutations, CHMP2BT104N

is potentially associated with endosomal impairments, a result
likely due to defects in the dissociation of ESCRTs in post-mitotic
neurons.
2. Materials and methods

2.1. Molecular cloning

Each CHMP2B mutation was generated by recombinant PCR
using specific primers containing each missense mutation (Supple-
mentary Table 1) [17]. For mammalian expression, each CHMP2B
DNA fragment was subcloned into a 3Xflag CMV7.1 vector (Sigma)
and into the BglII-XbaI site (Supplementary Table 1).

2.2. Cell cultures, transfection and immunocytochemistry

Cortical neurons from E17-18 Sprague-Dawley rats (Samtako
Co., Korea) were cultured as reported previously [17,26]. Each
DNA construct was transfected with Lipofectamine (Invitrogen)
according to the manufacturer’s protocol into cortical neurons at
5–7 DIV. For immunostaining, 24 h after transfection the cortical
neurons were fixed with 4% paraformaldehyde for 10 min, perme-
abilized with 0.1% Triton X 100 for 5 min and then blocked with 3%
bovine serum albumin (BSA) for 1 h at room temperature. The cor-
tical neurons were incubated anti-flag M2 antibody (Sigma, 1:100)
or anti-cmyc antibody (Thermo Sci., 1:200) for 1 h and then in
anti-cy3 or anti-DyLight 488 Secondary antibody for 1 h at room
temperature. The neurons were examined using a LSM 510 Confo-
cal Laser Scanning Microscope (Carl Zeiss). For the cell survival
assay, 2–3 days after transfection, the cell viability was assessed
using a propidium iodide (PI) exclusion assay (Roche). The GFP
positive and PI negative cells were counted as neurons which
survived.

2.3. Co-immunoprecipitation and western blotting

Twenty-four hours after transfection, the HEK 293 cells were
homogenized in immunoprecipitation (IP) lysis buffer (50 mM
of Tris–HCl at pH 7.5, 150 mM of NaCl, 1% NP40, 0.5% sodium
deoxycholate and protease inhibitor). The total cell lysates were
incubated with 3 lg of anti-flag antibody overnight at 4 �C and
then incubated with protein G-agarose for 7 h. The immunoprecip-
itated complexes were washed with IP washing buffer (50 mM of
Tris–HCl at pH 7.5, 150 mM of NaCl, 1% NP40, 0.5% sodium deoxy-
cholate and protease inhibitor). The samples were analyzed by
Western blotting with anti-flag antibody (1:20000) or anti-cmyc
antibody (1:2000), and HRP-conjugated anti-mouse secondary
antibody (1:20000).

2.4. Protein and EGFR degradation assays

For the EGFR degradation assay, 24 h after transfection the cells
were starved in FBS-free DMEM (Thermo Scientific) for 3 h. Human
EGF (100 ng/ml), together with cycloheximide (30 lg/ml) for inhi-
bition of new protein synthesis, was incubated for the indicated
time (30, 60, 120, 240 min). The EGFR degradation was examined
by Western blot analysis using anti-EGFR (1:500, Santa Cruz Bio-
technology) and HRP-conjugated anti-rabbit secondary antibodies
(1:10000).
3. Results and discussions

3.1. The generation of missense variants of CHMP2B

To date, several missense variants of CHMP2B have been iden-
tified in FTD cases including FTD–MND and CBD [15]. However, lit-
tle is known about their effects on the endo-lysosomal and
autophagy pathways, and cell survival in post-mitotic neurons.

In this study, in order to investigate the effects of missense
mutations of CHMP2B, 5 missense variants (p.Q206H, p.I29V,
p.T104N, p.N143S and p.S194L) were chosen whose pathogenic
nature in post-mitotic neurons have remained undetermined
[15]. As shown in Fig. 1, except for the Q206H or S194L missense
variants, most CHMP2B missense mutations occur in the conserved
Snf7 domain. In order to verify whether or not there were any dif-
ferences between the CHMP2B wild-type (WT) and CHMP2B mis-
sense variants in terms of their expression levels 24 h after
transfection in HEK 293 cells, Western blot analysis was performed
using anti-flag antibody. As shown in Fig. 1B, their expression lev-
els were nearly the same. Therefore, the effects of the missense
variants in the endo-lysosomal pathway would not be due to dif-
ferences in their expression levels. Although in silico analysis of
the identified amino acid substitutions predicted that p.S194L,
p.I29V and p.Q206H missense mutations would decrease protein
stability [24], we checked that their protein stability was not de-
creased, indicating that protein stability may not be a pathogenic
factor (data not shown).

3.2. The subcellular localization of missense variants of CHMP2B in
post-mitotic neurons

In order to compare the localization of CHMP2B missense vari-
ants in post-mitotic neurons, cultured cortical neurons at DIV5-7
(in vitro, day 5–7) were transfected with each variant construct.
As shown in Fig. 2, most CHMP2B mutant proteins similar to
CHMP2BWT were localized in the cytoplasm. They showed a dif-
fused expression pattern because the ESCRT-III components were
transiently recruited into endosomes. However, of the missense
mutant proteins, CHMP2BT104N, CHMP2BN143S and CHMP2BQ206H

appeared in a dot-like expression pattern within the cytoplasm
(Fig. 2).

In order to further examine their localization within the cyto-
plasm, either rab5-GFP (an early endosome marker) or rab7-GFP
(a late endosome marker) was cotransfected with each mutant



Fig. 1. CHMP2B missense mutations and their protein expression in HEK 293 cells. (A) CHMP2B missense mutations in FTD and MND. CHMP2B has five helix structures, a
conserved Snf7 domain and a coiled coil domain. (B) Protein expression for each HEK 293 cell missense variant. Flag-CHMP2BWT or each Flag-missense CHMP2B was
transfected into HEK 293 cells. Twenty four hours after transfection a Western blot was performed using anti-Flag antibody.

Fig. 2. Cellular localization of each CHMP2B missense variant in post-mitotic neurons. Cellular localization for each CHMP2B mutant in rab5-GFP (A) or rab7-GFP expressed
neurons (B). Rab5-GFP or rab7-GFP, together with each flag-tagged missense variant of CHMP2B, was transfected into cultured cortical neurons at 5 DIV. Twenty four hours
after transfection, immunostaining was carried out using anti-flag antibody and anti-mouse cy3-conjugated secondary antibody. Arrows indicate the accumulation of
CHMP2BT104N in the endosomes. Scale bar, 10 lm.
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construct. As shown in Fig. 2, only CHMP2BT104N was co-localized
with rab5- and rab7-positive endosomes, not CHMP2BN143S or
CHMP2BQ206H, indicating defects in the trafficking between the
endosomes and the cytosol. A previous study demonstrated that
CHMP2BI29V and CHMP2BQ206H missense mutants caused cytoplas-
mic vacuoles in HEK 293 cells [24], yet we found that the other
missense mutant proteins did not accumulate in the endosomes
of our neuronal cell model. Even though we could not exclude
the possibility that another missense mutant could cause cellular
defects with a longer incubation period or in a different assay
system, in this study we decided to focus on the functional analysis
of CHMP2BT104N.

3.3. CHMP2BT104N delayed the degradation of EGFR

If CHMP2BT104N accumulated in the endosomes, the trafficking
and degradation of cargo proteins may be affected in CHMP2BT104N

expressed cells. In order to determine the effect of CHMP2BT104N on
the degradation of cargo proteins, the degradation of EGFR which is
a well known receptor degraded via endo-lysosomal pathway was
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examined [27]. The CHMP2BWT or CHMP2BT104N expressed cells
were treated with human EGF (100 ng/ml) to activate EGFR in
the endosomal pathway. As shown in Fig. 3A and B 60 min after
application of EGF the expressed EGFR remained more intact in
the cells expressing CHMP2BT104N than in the cells expressing
CHMP2BWT, suggesting that EGFR degradation was delayed in the
cells expressing CHMP2BT104N. However, we did not see differences
in EGFR degradation between CHMP2BWT and the other missense
variants (CHMP2BN143S or CHMP2BQ206H), which slightly accumu-
lated in the cytoplasm as shown in Fig. 2 (Supplementary Fig. 1).
Thus, missense mutation in p.N143S and p.Q206H were unlikely
to be associated with endocytic defects. Taken together, these re-
sults suggested that accumulation of CHMP2BT104N in the endo-
some is associated with defects in the degradation process of
cargo proteins in the endosomal pathway.

3.4. As compared to CHMP2BWT, CHMP2BT104N is less associated
with VPS4B

How does CHMP2BT104N accumulate in endosomes and delay
EGFR degradation?

An ESCRT-III such as CHMP2B is thought to be dissociated from
the endosomal membrane via VPS4, a dissociator of ESCRT compo-
nents. Interestingly, although its severity of action may be differ-
ent, the cellular phenotype of CHMP2BT104N is very similar with
that of the C-terminal truncation mutant (data not shown)
[17,21]. The C-terminal of CHMP2B is known to be an autoinhibito-
ry domain functioning to prevent self-interaction or abnormal
interaction with other components during endosomal trafficking.
Fig. 3. CHMP2BT104N delayed EGFR degradation and caused abnormal association with V
expressed in HEK 293 cells. GFP, Flag-CHMP2BWT or Flag-CHMP2BT104N was transfected i
serum free DMEM for 3 h and then treated with human EGF (100 ng/ml) together with c
Western blot was performed in cell lysates using either anti-EGFR or anti-actin antibody,
The graph shows quantification of the EGFR protein level during each indicated time af
loading control. Normalized relative EGFR level (EGFR/actin) was considered to be 1 at
normalized by the EGFR level at 0 min. ⁄p < 0.05 (one way ANOVA-test, Tukey’s multiple
Snf7-2. Flag-CHMP2B (WT, T104N or Intron5) together with VPS4B-cmyc were cotransfe
using anti-flag antibody was performed on the cell lysates. Subsequent Western blot an
graphs represent the relative ratios of the associations between CHMP2B (WT, T104N or I
(VPS4B-cmyc or Snf7-2-cmyc) was determined by normalization using flag-CHMP2B (WT
was considered to be 1. ⁄p < 0.05; ⁄⁄⁄p < 0.001 (one way ANOVA-test, Tukey’s multiple
experiments for each condition.
Moreover, the C-terminal MIT domain interacting motif (MIM)
can recruit VPS4 [28]. Therefore, we investigated whether or not
CHMP2BT104N demonstrates defects in the ability to recruit VPS4.
For this effort we examined the interaction between CHMP2BT104N

and VPS4B using co-immunoprecipitation, and then compared their
interactions with those of VPS4 and CHMP2BWT or CHMP2BIntron5.
For this, Flag-CHMP2B and VPS4B-cmyc were transfected into
HEK 293 cells and 24 h later the cell lysates were used for an
immunoprecipitation experiment. As expected, the interaction of
CHMP2BIntron5 with VPS4B was greatly reduced because the C-ter-
minal region is required for its interaction with VPS4 (Fig. 3C and
D). Intriguingly, CHMP2BT104N was significantly less associated
with VPS4B as compared to CHMP2BWT, yet more associated with
VPS4B as compared to CHMP2BIntron5 (Fig. 3C and D). In addition,
CHMP2B is known to associate with Vps20-Snf7-Vps24 in order
to complete the ESCRT-III assembly [2]. Using co-immunoprecipi-
tation, we investigated if the CHMP2BT104N mutation affects its
association with Snf7-2, a major component of ESCRT-III. As shown
Fig. 3C and D, the CHMP2BIntron5 is more avidly associated with
Snf7-2 as compared to CHMP2BWT, a result which agrees with a
previous report [17]. The interaction of CHMP2BT104N with Snf7-2
also increased as compared to that of CHMP2BWT. The interaction
between CHMP2BT104N and Snf7-2 was reduced as compared to
that of CHMP2BIntron5 and Snf7-2 (Fig. 3E and F). This result can
be explained by the dissociation defects of ESCRT-III which occur
via impairment of VPS4 recruitment. Taken together, this data indi-
cated that the CHMP2BT104N mutant can affect interaction with
VPS4 ATPase and may cause impairment of the dissociation of ESC-
RTs, such as CHMP2B and Snf7, from endosomes.
PS4B or Snf7-2. (A) EGFR degradation assay in GFP, CHMP2BWT or CHMP2BT104N as
nto HEK 293 cells. Twenty four hours after transfection, the cells were incubated in
ycloheximide (CHX) (30 lg/ml) during the indicated time (0, 30, 60, 120, 240 min).
and HRP-conjugated anti-rabbit or anti-mouse secondary antibody, respectively. (B)
ter EGF treatment. The level of EGFR was normalized to that of the actin used as a
0 min after EGF treatment. Each measured EGFR level at each indicated time was
comparison test). (C and E) The association of CHMP2BT104N with either VPS4B or

cted into HEK 293 cells. Twenty four hours after transfection, immunoprecipitation
alysis was performed using anti-cmyc and anti-flag antibodies. (D and F) The bar

ntron5) and either VPS4B or Snf7-2. The association level of the immunoprecipitates
, T104N or Intron5). The association between CHMP2BWT and either VPS4B or Snf7-2
comparison test). Values represent mean ± SEM of three independent cultures and



Fig. 4. CHMP2BT104N caused accumulation of autophagosomes but didn’t affect neuronal cell survival. (A) GFP (as a control) or each Flag-CHMP2B variant was transfected into
HEK293 cells, and 24 h after transfection a Western blot analysis was carried out using anti-LC3 antibody. (B) The bar graph represents the level of LC3-II/LC3-I in the control
or cells expressing CHMP2B. ⁄⁄⁄p < 0.001 (one way ANOVA-test, Tukey’s multiple comparison test). (C) RFP-LC3, together with each flag-CHMP2B, was transfected into
cultured cortical neurons. Twenty four hours after transfection, immunostaining was performed using anti-flag antibody and FITC-conjugated anti-mouse secondary
antibody. Arrows indicate RFP-LC3 positive autophagosomes. Scale bar, 20 lm. (D) The graph indicates the percentage of cells with autophagosomes. ⁄⁄⁄p < 0.001 (one way
ANOVA-test, Tukey’s multiple comparison test). Values represent mean ± SEM of three independent cultures and experiments for each condition.
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3.5. CHMP2BT104N caused accumulation of autophagosomes but did
not affect neuronal cell survival

Previous work reported that a C-terminal truncation mutant of
CHMP2B caused the accumulation of autophagosomes resulting in
the impairment of the fusion step between autophagosome and
lysosome [17,18]. In order to further determine whether or not
missense mutations also affect the autophagy pathway, LC3-II level
was examined using Western blot analysis. Interestingly, LC3-II
was observed to be strongly increased in CHMP2BT104N expressed
cells as compared to the other mutant proteins or CHMP2BWT ex-
pressed neurons (Fig. 4A and B). Furthermore, RFP-LC3 positive
autophagosomes accumulated prominently in CHMP2BT104N ex-
pressed neurons but not in other mutants or CHMP2BWT expressed
neurons. This data was consistent with recent findings that suggest
that ESCRT dysfunction can result in autophagosome accumulation
[9,29].

If CHMP2BT104N affects endocytic trafficking and degradation,
and the autophagy pathway, what about its effect on neuronal cell
survival? A previous study using a mammalian neuron culture sys-
tem and recent work using CHMP2BIntron5 transgenic mice have
demonstrated that the presence of the CHMP2BIntron5 mutation re-
duced neuronal cell survival, suggesting it is toxic. In order to
examine if CHMP2BT104N affects neuronal cell survival, the
CHMP2BT104N mutant construct was transfected into mature corti-
cal neurons and the surviving neurons were counted 2–3 days after
transfection as previously reported [17]. As shown in Supplemen-
tary Fig. 2, neurons expressing CHMP2BIntron5 showed reduced cell
survival 2–3 days after transfection. However, neurons expressing
CHMP2BT104N did not show a difference in cell survival as com-
pared to the neurons expressing CHMP2BWT. We examined neuro-
nal cell survival 5–6 days after transfection but didn’t see a
considerable change in the neuronal cell death rate in the neurons
expressing CHMP2BT104N (data not shown). Although we cannot
exclude the possibility that CHMP2BT104N could cause neuronal cell
death when evaluated over a period longer than a few days,
CHMP2BT104N did not cause the severe rapid cell death as seen with
CHMP2BIntron5, suggesting that this mutation causes mild cellular
pathogenesis associated with endo-lysosomal defects when com-
pared to C-terminal truncation mutations.

In summary, of the five missense variants, CHMP2BT104N caused
its abnormal accumulation in endosomes, probably via a mecha-
nism of lower association with VPS4B, which is involved in disso-
ciation of ESCRT-III components, and delayed EGFR degradation.
Moreover, autophagosomes accumulated considerably in the neu-
rons expressing CHMP2BT104N. However, CHMP2BT104N did not
cause rapid neuronal cell death. Therefore, we propose that the
T104N mutant causes neurodegeneration associated with mild
endo-lysosomal impairment as enabled by several disease-causing
mechanisms. Accumulation of these cellular defects may lead to
age-dependent neurodegenerative diseases such as FTD or ALS.
Further work and clarification are needed in order to fully elucidate
the role and importance of the CHMP2B missense mutation in FTD
or MND, in vivo, using a missense mutant transgenic mouse model.
Further detailed biochemical studies or structural studies are also
required regarding how the substitution of threonine by aspara-
gine affects the function and structure of CHMP2B. One of the pos-
sibilities for mechanism is the change in phosphorylation state as
the naïve threonine site associated with the p.T104N change is pre-
dicted to be a site of phosphorylation [24]. Thus, it will be interest-
ing to determine if this change affects protein structures or protein
interactions.

Our findings provide a better understanding of the cellular
pathogenesis of neurodegenerative diseases associated with
CHMP2B missense mutations, as well as several relevant neurode-
generative disorders.
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