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Loss of lysosomal association of cystatin B proteins
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Loss-of-function mutations in the cystatin B (CSTB), a cysteine protease inhibitor, gene underlie
progressive myoclonus epilepsy of Unverricht–Lundborg type (EPM1), characterized by myoclonic and
tonic–clonic seizures, ataxia and a progressive course. A minisatellite repeat expansion in the promoter
region of the CSTB gene is the most common mutation in EPM1 patients and leads to reduced mRNA levels.
Seven other mutations altering the structure of CSTB, or predicting altered splicing, have been described.
Using a novel monoclonal CSTB antibody and organelle-specific markers in human primary myoblasts, we
show here that endogenous CSTB localizes not only to the nucleus and cytoplasm but also associates with
lysosomes. Upon differentiation to myotubes, CSTB becomes excluded from the nucleus and lysosomes,
suggesting that the subcellular distribution of CSTB is dependent on the differentiation status of the cell.
Four patient mutations altering the CSTB polypeptide were transiently expressed in BHK-21 cells. The
p.Lys73fsX2-truncated mutant protein shows diffuse cytoplasmic and nuclear distribution, whereas
p.Arg68X is rapidly degraded. Two missense mutations, the previously described p.Gly4Arg affecting the
highly conserved glycine, critical for cathepsin binding, and a novel mutation, p.Gln71Pro, fail to associate
with lysosomes. These data imply an important lysosome-associated physiological function for CSTB and
suggest that loss of this association contributes to the molecular pathogenesis of EPM1.
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Introduction
Progressive myoclonus epilepsy of Unverricht–Lundborg

type (EPM1; OMIM 254800) is an autosomal recessive

disorder characterized by the age of onset at 6–15 years,

stimulus-sensitive myoclonus, tonic–clonic epileptic sei-

zures and a progressive course.1,2 Mutations in the

ubiquitously expressed gene encoding cystatin B (CSTB),

a cysteine protease inhibitor, underlie EPM1.3 The majority

of EPM1 patients are homozygous for a minisatellite repeat

expansion mutation in the promoter region of the CSTB

gene.4 – 6 This expanded dodecamer repeat downregulatesReceived 17 June 2004; revised 24 August 2004; accepted 26 August 2004
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CSTB gene expression in vitro and in vivo.3,5 – 8 Seven

additional EPM1-associated mutations have been de-

scribed.3,9 – 11 Five of them, occurring in compound

heterozygous form with the minisatellite expansion, pre-

dict protein truncation either through nonsense

(g.2388C4T, p.Arg68X), frameshift (g.2400_2402delTC,

p.Lys73fsX2) or splicing alterations (g.1925G4C,

g.2027G4A, g.2353A4G). The sixth mutation,

g.426G4C, identified in homozygous form,9 results in

the substitution of a conserved glycine at position four,

critical for binding the proteases,12 to an arginine

(p.Gly4Arg). A novel missense mutation, g.2398A4C,

found in compound heterozygous form with the minisa-

tellite expansion, results in the substitution of a glutamine

at position 71 by a proline (p.Gln71Pro).11

Although CSTB has been shown to function in vitro as a

reversible inhibitor of cathepsins B, H, L and S,13,14 its

physiological function remains unknown. In EPM1 patient

lymphoblastoid cells decreased CSTB inhibitory activity

correlates with enhanced activity of cathepsins B, L and S,

demonstrating that cathepsin activity is regulated by CSTB

also in vivo.15 CSTB-deficient mice develop myoclonic

seizures and ataxia, similar to human patients.16 The mice

also show loss of cerebellar granule cells due to apoptotic

cell death,16 neuronal atrophy and apoptosis outside the

cerebellum and gliosis.17 In mice double-deficient for CSTB

and cathepsin B, the amount of cerebellar apoptosis is

significantly decreased, suggesting that cathepsin B con-

tributes to the apoptotic phenotype in EPM1.18 Moreover,

seizures induce upregulation of CSTB mRNA and protein in

rats.19 Together, these findings strongly implicate a role for

CSTB in neuroprotection.

Apart from the reduced CSTB mRNA expression due to

the minisatellite expansion, consequences of the other

EPM1 patient mutations at cellular level have not been

investigated. We here first analysed the subcellular locali-

zation of CSTB in COS-1 cells, myoblasts and differentiated

myotubes by using a novel, highly specific monoclonal

CSTB antibody. We further focused to study four known

mutations predicted to alter the CSTB polypeptide and

demonstrate loss of lysosomal association of these EPM1

mutant CSTB proteins.

Materials and methods
Production of mouse monoclonal CSTB antibodies

CSTB was purified from human muscle and spleen as

described previously,20 and antibodies were raised accord-

ing to standard methods.21,22 The antigenic epitope was

mapped with overlapping 13-mer peptides using the SPOT

technique.23

Expression constructs

Mutations were introduced to the human CSTB cDNA in

pcDNA3.1(þ ) vector (Invitrogen) using the QuikChanget

Site-Directed Mutagenesis Kit (Stratagene).

Cell culture and transfection

COS-1 and BHK-21 cells were cultured according to

American Type Culture Collection’s instructions. Ep-

stein–Barr virus-transformed lymphoblastoid cells were

cultured in RPMI 1640 with 10% FCS. Human pectoral

myoblasts (kindly provided by Olli Carpén, University of

Helsinki, Finland) were isolated as described before,24

cultured in DMEM with 15% FCS and 2% Ultroser G (Life

Technologies) and differentiated into myotubes for 4 days

in DMEM with 0.4% Ultroser G.

Cells were transfected using FuGENE 6 Transfection

Reagent (Roche), incubated with 25 mM lactacystin (Sigma)

for 3 h and with 5mM LysoTrackers Green DND-26

(Molecular Probes) for 1 h.

In vitro translation, immunoprecipitation and
Western blot

The cDNAs were translated using the TNTs Quick Coupled

Transcription/Translation System and canine pancreatic

microsomal membranes (Promega) and immunoprecipi-

tated. For secretion analysis, CSTB was immunoprecipi-

tated both from the total culture medium and cells lysed

from a 25 cm2 flask. Proteins were separated on 14% SDS–

PAGE gels under reducing conditions. Primary antibodies

were detected using HRP-conjugated secondary antibodies

Figure 1 Specificity of the monoclonal CSTB antibody
2E7. 2E7 detected CSTB in COS-1 and control lympho-
blastoid cells (lanes 1 and 2, respectively) and recognized
purified CSTB (lane 5). There was no immunoreaction in
lymphoblastoid cells of an EPM1 patient homozygous for
the minisatellite repeat expansion (lane 3), of a patient
compound heterozygous for the expansion and the
g.2388C4T mutation predicting truncated p.Arg68X
protein (lane 4) or against purified CSTA protein (lane 6).
15 mg (lanes 1–4) or 50ng (lanes 5 and 6) of proteins were
loaded per lane.
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(Dako) and enhanced chemiluminescence (Amersham

Biosciences).

Immunofluorescence microscopy

The cells were fixed with 4% paraformaldehyde in PBS and

permeabilized with either 0.1% saponin or 0.1% TX-100.

Polyclonal antibodies against protein disulphide isomerase

(PDI) were from StressGen Biotechnologies, TGN46 from

Serotec and CSTB from Biogenesis; mSec13, mannose-6-

phosphate receptor (MPR) and aspartylglucosaminidase

(AGA) were kindly provided by Wanjin Hong (The National

University of Singapore, Republic of Singapore), Kurt von

Figura (University of Göttingen, Germany) and Anu

Jalanko (National Public Health Institute, Finland), respec-

tively. FITC-labelled Lentil lectin was from Sigma and Cy2-

or Cy3-conjucated secondary antibodies were from Jackson

Immunochemicals. The cells were viewed using Axioplan 2

microscope and photographed with AxioVision 3.1 (Zeiss).

Results
Production and specificity of mouse monoclonal CSTB
antibodies

We raised monoclonal antibodies against CSTB purified

from human muscle and spleen. In Western blots of COS-1

cell lysates and control lymphoblastoid cells, the CSTB

antibody from hybridoma clone RJMW 2E7 (2E7) recog-

nized a protein of approximately 12 kDa, the calculated

molecular weight of CSTB, whereas in patient lympho-

blastoid cells, no CSTB protein was detected (Figure 1). The

2E7 antibody did not crossreact with the homologous

cystatin A (CSTA) in Western analyses (Figure 1) or in ELISA

(data not shown). Epitope mapping (data not shown)

revealed amino acids 31–39 (ENKKFPVFK) of the CSTB

sequence as the epitope for the 2E7 antibody. With the

exception of one amino acid, the sequence (TNETYGKLE)

in the corresponding region of CSTA is different adding

further proof to the specificity of 2E7.

Subcellular localization of endogenous CSTB

Immunofluorescence analyses of endogenous CSTB in

COS-1 cells and human primary myoblasts using the

monoclonal 2E7 antibody showed that CSTB exists in

several intracellular compartments (Figure 2). Detergents

with different permeabilization properties were used to

optimally visualize cellular pools of CSTB. We first used

Triton X-100 to visualize both nuclear and cytoplasmic

CSTB. Nuclear staining of CSTB was prominent in COS-1

cells (Figure 2a) as well as in proliferating myoblasts

(Figure 2b). In addition, CSTB was localized diffusely and

in punctate structures in the cytoplasm. In differentiated

myotubes, CSTB was mostly excluded from the nucleus

and mainly localized in the cytoplasm (Figure 2c). Numer-

ous punctate cytoplasmic structures were observed in cells

permeabilized with saponin that was used to optimally

visualize the cytoplasmic pool (Figure 2d and e). The

number of these structures was decreased upon differentia-

tion to myotubes (Figure 2f).

A variety of organelle markers was used to identify the

CSTB-positive punctate cytoplasmic structures in myo-

blasts. No overlap was observed with CSTB and a marker for

the endoplasmic reticulum (ER), PDI (Figure 3a). CSTB was

also excluded from the early secretory pathway as judged

by complete separation of CSTB and an ER exit site marker

mSec13 (Figure 3b) or a Golgi-marker Lentil lectin

(Figure 3c). CSTB colocalized neither with a trans-Golgi

network marker, TGN46 (Figure 3d), nor a late endosomal

marker MPR (Figure 3e). However, CSTB displayed sig-

nificant overlap (Figure 3f) with an antibody against a

Figure 2 Subcellular localization of endogenous CSTB
protein. Fixed cells were permeabilized with either TX-100
(a–c) or saponin (does not permeabilize the nuclear
envelope) (d– f) and stained with the 2E7 antibody. CSTB
in COS-1 cells (a and d) and myoblasts (b and e) show a
nuclear, diffuse cytoplasmic and punctate cytoplasmic
staining pattern. In differentiated myotubes (shown by an
arrow, c and f), CSTB is localized diffusely in the cytoplasm
and excluded from the nucleus and punctate cytoplasmic
structures.
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lysosomal enzyme AGA,25,26 as indicated by the yellow

colour in merged images. Many of the punctate cytoplas-

mic structures positive for CSTB contained AGA, whereas

not all AGA-positive structures stained with the CSTB

antibody. This indicates that CSTB associates only with a

subset of lysosomes. Colocalization of endogenous CSTB

Figure 3 CSTB associates with lysosomes. Immunofluorescence analyses of CSTB (red) and organelle markers (green) in
saponin-permeabilized myoblasts. CSTB does not colocalize with markers for ER (PDI) (a), ER exit site (mSec13) (b), Golgi
(Lentil lectin) (c), trans-Golgi network (TGN46) (d) or late endosomes (MPR) (e), whereas an overlap with the lysosomal
marker AGA (f) is observed.
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with AGA and lack of colocalization with other cellular

markers was also observed in COS-1 cells (data not shown).

CSTB is neither inserted into microsomal membranes
in vitro nor secreted in cell cultures

In vitro translated CSTB was not enriched in microsomes as

a result of cotranslational or post-translational addition of

the membranes, but remained largely in the supernatants

(Figure 4a), showing that CSTB is unable to translocate into

microsomal membranes. On the contrary, a soluble

lysosomal enzyme (AGA) and an integral membrane

protein (p58/ERGIC-53) were translocated through or

integrated in microsomal membranes, respectively (data

not shown). In Western blot analyses of COS-1 cells and

culture medium, CSTB was detected in the cell lysate but

could not be immunoprecipitated from the medium

(Figure 4b), indicating that endogenous CSTB is not

secreted in significant amounts in these cells.

Expression and intracellular targeting of mutant
proteins representing EPM1 patient mutations

The subcellular localization of four CSTB polypeptides

representing EPM1 mutations was investigated using

transient expression in BHK cells: g.426G4C/p.Gly4Arg;

g.2398A4C/p.Gln71Pro; g.2388C4T/p.Arg68X; and

g.2400_2402delTC/p.Lys73fsX2. BHK cells were chosen

for transfection experiments since no significant cross-

reaction with endogenous hamster protein was observed

with the CSTB antibodies used. Since polyclonal antibodies

recognizing a lysosomal protein in hamster cells were not

available, we chose to visualize the lysosomes with

LysoTracker Green. The overexpressed wild-type CSTB

displayed a distribution similar to that of the endogenous

protein, as it was detected in the nucleus, cytoplasm and

lysosomes (Figure 5a). Both the p.Gly4Arg (Figure 5b) and

p.Gln71Pro (Figure 5c) missense mutants were diffusely

localized in the cytoplasm and nucleus, but no punctate

structures overlapping with LysoTracker were observed

(Figure 5b and c). The truncated mutant, p.Lys73fsX2

(Figure 5d), was seen diffusely distributed to the cytoplasm

and nucleus with no colocalization with LysoTracker. The

p.Arg68X mutant protein (Figure 5e) showed diffuse

cellular staining but was detected only in the presence

with a proteasomal inhibitor, lactacystin, indicating rapid

degradation of the newly synthesized protein. In conclu-

sion, the wild-type CSTB is localized in the cytoplasm,

nucleus and lysosomes, while all mutant proteins studied

failed to associate with lysosomes, but were distributed

diffusely in the cytoplasm and nucleus.

Discussion
CSTB, a soluble cytoplasmic cathepsin inhibitor, has been

considered to counteract inappropriate proteolysis due to

cathepsins that leak out of the lysosomes. Recent evidence

shows that CSTB is also found in the nucleus and in

cytoplasmic granular structures, representing either

the Golgi complex or lysosomes, in a variety of cell

lines.19,27 – 29 We show here, in line with previous studies,

that CSTB resides in the nucleus and cytoplasm and

associates with lysosomes in human primary myoblasts.

In vitro translation experiments showed that CSTB was

unable to translocate into microsomal membranes. In

addition, we could not immunoprecipitate CSTB from cell

culture medium or detect it in the cellular compartments

Figure 4 CSTB is neither inserted into membranes nor
secreted. (a) CSTB was in vitro translated without micro-
somal membranes and immunoprecipitated with the 2E7
antibody (lane 1). When microsomes are added either
cotranslationally (lanes 2 and 3) or post-translationally
(lanes 4 and 5), CSTB enriches in the supernatant fractions
(lanes 2 and 4), and is virtually absent from the microsomal
pellets (lanes 3 and 5). The reason for CSTB protein
migrating as doublets in SDS-PAGE is currently unknown.
(b) In Western blot analyses of immunoprecipitated
endogenous CSTB from COS-1 cells and culture medium,
the CSTB protein is detected in the cell lysate but not in the
culture medium, indicating that it is not secreted sig-
nificantly in these cells.

Figure 5 Transient expression of CSTB polypeptides representing EPM1-associated mutations in BHK cells. (a) Transiently
expressed wild-type CSTB (red) displays a distribution similar to that of the endogenous protein including localization to the
nucleus, cytoplasm and lysosomes (visualized with LysoTracker Green). The p.Gly4Arg (b), p.Gln71Pro (c) and p.Lys73fsX2 (d)
mutant proteins are detected in the nucleus and cytoplasm, but show no overlap with the LysoTracker and thus no association
with lysosomes. The p.Arg68X (e) mutant protein is detected only in the presence of lactacystin, indicating rapid degradation
by proteasomes. Immunofluorescence stainings were carried out with the monoclonal (2E7) (a–c) or polyclonal CSTB
antibody (d and e). Even though the epitope recognized by 2E7 was preserved in both truncated mutant proteins, the
antibody failed to detect them and a polyclonal CSTB antibody was used instead.
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of the early secretory pathway even when overexpressed.

Although these results, together with the fact that CSTB

lacks an ER signal sequence, suggest that CSTB is attached

to the outer side of the lysosomal membrane, this would

need confirmation by, for example, immunoelectronmi-

croscopy.

In differentiated myotubes, CSTB is excluded from the

nucleus and lysosomes and localizes diffusely in the
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cytoplasm. This is in agreement with previous findings

in which CSTB was found to reside in the nucleus

in proliferating neuronal cells but distributed to the

cytoplasm in differentiated human neuroblastoma

and rat primary cerebellar granule cells.28 Since findings

of the distribution of CSTB are contradictory in other

neuronal cell types,29 further systematic evaluation is

necessary to determine the role of CSTB during cell

differentiation.

We investigated the consequences of EPM1 muta-

tions that lead to altered CSTB protein sequence on

intracellular targeting of CSTB. The prematurely truncated

protein, p.Lys73fsX29 did not associate with lysosomes,

but showed diffuse cytoplasmic and nuclear distribution.

The p.Arg68X3 polypeptide was rapidly degraded and

only detected in the presence of a proteasomal inhibitor.

This finding is in line with the lack of CSTB immunor-

eactivity in patient cells harboring this mutation (Figure 1).

Missense mutations p.Gly4Arg9 and p.Gln71Pro11 are

predicted to affect functionally important amino acids.

The evolutionary conserved glycine residue at position

four has been shown to be important for interaction with

the target proteases.12,30 – 32 The glutamine at position 71

does not interact directly with target proteases, but is

located proximal to the second hairpin loop, which also

contributes to protease binding.12,33 Mutation of gluta-

mine 71 to a proline predicts shortening of the fourth beta

strand by two residues, which would most likely result in

changes in the second binding loop and altered binding

affinities for cathepsins. Interestingly, both missense

mutations also abolish concentration of CSTB at the

lysosomal membrane, implying an important physiologi-

cal function for this association. However, the possibility

that the loss of lysosomal association is a consequence of

altered cathepsin inhibitory function of CSTB remains

speculative.

The lysosomal association of CSTB is compatible

with the current view of CSTB having a protective role

as a constitutive cytoplasmic inhibitor for cysteine

proteases released from lysosomes. This view is strongly

supported by the decreased cerebellar granule cell

apoptosis detected in mice double-deficient for CSTB

and cathepsin B.18 Yet, the severity of the ataxia and

seizure phenotypes were not reduced,18 suggesting that

CSTB might have other functions than cathepsin inhibi-

tion. The localization of CSTB both in the cytoplasm and

nucleus allows one to speculate a role for CSTB in

signalling events involved in apoptosis with downstream

effects of transcriptional regulation. Data emerging from

yeast two-hybrid studies (Di Giaimo et al34 and our

unpublished data) suggests that CSTB may also be part of

a complex molecular network within the cell and chal-

lenges further studies on CSTB function in normal

physiological as well as in pathological conditions both

in non-neuronal and neuronal cells.
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