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Background: Naturally occurring single mutants, I56T, F57I, W64R and D67H of lysozyme in human, have been
known to form abnormal protein aggregates (amyloid fibrils) and to accumulate in several organs, including
the liver, spleen and kidney, resulting in familial systemic amyloidosis. These human pathogenic lysozyme
variants are considered to raise subtle conformational changes compared to the wild type.
Methods: Here we examined the effects of the aberrant mutant lysozymes I56T, F57I, W64R and D67H, each of
which possesses a point mutation in its molecule, on a cultured human cell line, HEK293, in which the genes
were individually integrated and overexpressed.
Results: Western blot analyses showed lesser amounts of these variant proteins in the medium compared to
the wild type, but they were abundant in the cell pellets, indicating that the modified lysozyme proteins were
scarcely secreted into the medium but were retained in the cells. Immunocytochemistry revealed that these
proteins resided in restricted regions which were stained by an endoplasmic reticulum (ER) marker. Moreover,

the overexpression of the mutant lysozymes were accompanied by marked increases in XBP-1s and GRP78/BiP,
which are downstream agents of the IRE1α signaling pathway responding to the unfolded protein response
(UPR) upon ER stress. RNAi for the mutant lysozymes' expression greatly suppressed the increases of these
agents.
Conclusions and General significance:Our results suggest that the accumulation of pathogenic lysozymes in the ER
caused ER stress and the UPR response mainly via the IRE1α pathway.
© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Accumulations of abnormal proteins that are misfolded and fibrotic
have been observed in cases of pathological amyloidosis such as
Alzheimer's disease, Parkinson's disease, prion diseases, type II diabetes
and lysozyme-related diseases [1–5]. None of the proteins involved in
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(Y. Sugimoto).
these diseases have common amino acid sequences or tertiary struc-
tures, but each of them can form amyloid fibrils consisting of a cross
β-sheet structure and can be deposited in various tissues [6,7]. These
proteins form an oligomer or intermediate after becoming unfolded,
aggregated and finally limbless amyloid-like fibrils [8,9], which are
toxic in most but not all cases. This complicated situation has stimulated
research into the causal link between amyloid fibrils and disease [10,11].
Amyloid beta peptide (Aβ), associated with the cause of Alzheimer's
disease, was shown to be cytotoxic, and it was reported that its early
aggregations (oligomers) as well as its prefibrillar aggregates have
stronger cytotoxicity than the mature fibrils themselves [12]. Such fibril
polymorphisms can result from the protein aggregation of misfolded
monomers and oligomers with distinct conformational characteristics.

Lysozyme is an omnipresent enzyme attacking the peptidoglycan
cell wall of certain microorganisms by the selective hydrolysis of
the β-1,4 glycosidic linkages between the N-acetylmuramic acid and
N-acetylglucosamine [13,14]. There are at most five pathologic mutants
of human lysozyme that cause non-neuropathic systemic amyloidosis.
Naturally occurring single mutants, I56T, F57I, W64R and D67H
(Fig. 1), have been known to form abnormal protein aggregates (amyloid
fibrils) and to accumulate in several organs, including the liver, spleen
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Fig. 1. Structure of human wild-type lysozyme. The locations of the four amyloidogenic
single-point mutations, I56T, F57I, W64R and D67H, as well as Y63 which is crucial
for the fibril formation, are marked by arrows and colored residues. A–D: helices. The
structure was reproduced by using PDB (1LZ1) and PyMOL [27].
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and kidney, resulting in amyloidosis [15]. These human pathogenic
lysozyme variants are considered to raise subtle conformational changes
compared to the wild type.

In addition, it has been reported that lysozyme mutants are apt to
make amyloid fibrils in vitro [16]. Human lysozyme is a secretory pro-
tein that, like most other secretory proteins, is present in body fluid
and extracellular tissues. Whether the secretory conditions of mutant
lysozyme proteins, that may not have normal functions, are changed
or not is of interest. The relationships of secretion with a number of
destabilized human lysozyme variants have been studied thoroughly
in Pichia pastoris[16]; these proteins showed extensively decreased
levels of secretion. The issue as to the stability and secretion status
of human lysozyme mutants was also pursued in a Drosophila
melanogaster system created by the authors [17].

In the present study, we overexpressed the above-described four
pathogenic lysozymemutants (I56T, F57I,W64R and D67H) in cultured
human embryonic kidney (HEK) 293 cells. These proteins were present
mainly in the insoluble fraction of the cell homogenate.We observed an
accumulation of the expressed lysozymemutants in the restricted intra-
cellular area assigned to the endoplasmic reticulum (ER), and examined
whether the accumulation of aberrant proteins were accompanied by
the increases of ER stress signals.

2. Materials and methods

2.1. Cell line and reagents

The HEK293 cell line was from RIKEN BRC (Tsukuba, Japan). Human
lysozyme and other chemical reagents were obtained from Wako Fine
Chemicals (Osaka, Japan). The antibodies used were purchased as
follows: Anti-lysozyme and anti-protein disulfide isomerase (PDI)
antibodies from Abcam (Cambridge, MA); anti-glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) and anti-vimentin antibodies
from Santa Cruz Biotechnology (Santa Cruz, CA); anti-γ-tubulin and
anti-Golgi 58K from Sigma-Aldrich (St. Louis, MO); anti-XBP-1s anti-
body from Biolegend (San Diego, CA); anti-p-eIF2α and anti-cleaved
caspase-3 antibodies from Cell Signaling Technology (Beverly, MA);
and anti-ATF6 antibody from BioAcademica (Osaka, Japan). Anti-
GRP78/BiP antibody was from R&D Systems (Minneapolis, MN) for
western blotting and Santa Cruz Biotechnology for immunocytochemis-
try, respectively. The secondary antibodies used for each first antibody
were HRP-binding antibody (Jackson Immuno Research, WestGrove,
PA) and Alexa Fluor 488a- or 546-conjugated IgG (H+ L) (Life Technol-
ogies, Carlsbad, CA).

2.2. Expression vectors

Lysozyme cDNA containing signal sequence was obtained from a
human leukocyte cDNA library and inserted into pENTRY™11 vector.
Four lysozyme mutant cDNAs were made by using a KOD-plus muta-
genesis kit (Toyobo, Osaka, Japan) from the above cDNA. The obtained
sequences were inserted into the pEBMulti-neo expression vector
(Wako) with EcoRV and Kpn1 restriction sites and used for transfection.

2.3. Transfection, gene expression and analyses

HEK293 cells were cultured in Dulbecco's Modified Eagle's Medium
(DMEM; Wako) with fetal bovine serum (FBS; Thermo Scientific
HyClone, Logan, UT), NEAA (Gibco, Grand Island, NY) and Antibiotic–
antimycotic (Gibco) in a 5% CO2 humidified atmosphere at 37 °C. The
sub-confluent cells (1.5 × 106 cells/35-mm) were then incubated in
the same medium overnight. After the medium was replaced with
Opti MEM (Gibco) medium and incubated for 1 h, the cells were
transfected with plasmid DNA using the X-tremeGENE HP (Roche
Diagnostics, Indianapolis, IN) and incubated for 72 h. The positive
controls for ER stress and caspase-3 were made by treating the cells
with tunicamycin or camptothecin (both Sigma) at a concentration of
2 or 7 μg/ml, respectively.

The cells were subjected to the isolation of total RNAs with TRIzol®
reagent (Life Technologies), which were subjected to reverse
transcription-polymerase chain reaction (RT-PCR) using adequate
primers. After electrophoresis, the PCR products were observed with
the ChemiDoc XRS system (Bio-Rad Laboratories, Hercules, CA). For
the cell viability test, the transiently transfected cells were placed in a
24-well plate at an intensity of 5 × 105 cells/well, incubated at 37 °C
for 72 h with occasional changes of medium, and analyzed using the
Guava ViaCount viability assay kit (Millipore, Bedford, MA) according
to the manufacturer's instructions. Quantitative real-time PCR was
performed by the PCR Cycler (TAKARA-Bio, Otsu, Japan). Analyses
were made for mRNAs of lysozyme, GRP78/BiP etc., as well as the
total, uncut and spliced XBP-1 sequences with appropriate designed
primers (Suppl. Table. S1) designed according to the Primer blast
(Integrated DNA Technologies, Coralville, Iowa). Data were normalized
to GAPDH. For the RNAi and immunocytochemical studies, the incuba-
tion conditions of the cells were modified as described below.

2.4. RNA interference

HEK293 cells (1.5 × 106/well) were seeded in six-well plates,
preincubated for 24 h and cotransfected with the mixture of the
vector-bearing lysozyme sequence and that bearing a 21-nucleotide
double-strandRNA in thepresence of X-tremeGENE siRNAas a transfec-
tion reagent. The double-strand RNA applied was 5′-UUUUGACAACGA
UUUCUCCAU-3′/5′-GGAGAAAUCGUUGUCAAAACA-3′, which corresponds
to the 387–409 sequences of lysozyme. The culture medium used was
DMEM with FBS and non-essential amino acids (NEAAs). After a 72-h
incubation, the cells were collected and used for the western blot
analysis and RT-PCR.

2.5. Western blot analysis

Cells were homogenized with a lysis buffer containing 10 mM
Tris–HCl buffer, pH 7.4, 1% NP-40 and protease inhibitor cocktail



M
oc

k
W

ild
I5

6T
F5

7I
W

64
R

D
67

H

Lysozyme

β-actin

RT-PCR

W.B.
Medium

Lysate

Pellet

Lysate

Pellet

Lysozyme

GAPDH

17.2kDa

26.8kDa

26.8kDa

17.2kDa

26.8kDa

17.2kDa

32.2kDa

32.2kDa

Fig. 2. Expression of wild-type and mutant lysozyme genes introduced into HEK293 cells,
which were incubated for 72 h after transfection. Mock, cells transfected with vector
alone; Wild, the cells transfected with wild-type lysozyme gene; I56T etc., the cells
transfected with the four mutants (Fig. 1). Top two panels: RT-PCR results for lysozymes
aswell as for internalβ-actin as a control. Bottom five panels:Western blots of the cultured
media, cell lysates and cell pellets (from top to the third panels, respectively) using the
anti-human lysozyme antibody. The migration rate coincided with that of an authentic
lysozyme (not shown). The bottom two panels represent the analysis of internal GAPDH
as a control. No lysozyme expression was detected in the Mock. The nuclear fractions of
all of the specimens contained scarcely any lysozymes (not illustrated). Right numbers
denote protein size markers. All results shown here were reproducible in three cycles of
experiments.
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(Roche Diagnostics). After centrifugation at 14,000 g for 20min, the su-
pernatant (lysate) and pellet were subjected to western blotting with
the antibody (see above). The medium was also analyzed. Prior to the
analysis, specimens were adjusted to provide equal concentrations of
protein using the Micro BCA protein assay system (Thermo/Pierce,
Rockford, IL). Immunoblots were visualized using ECL reagent, and the
rough protein quantity in the immunoreactive bands was estimated
using Image Lab™ Software (Bio-Rad) against a house-keeping protein,
GAPDH. The relative values of the ER stress were obtained by the
protein quantities in the bands as described above.

2.6. Immunofluorescence and microscopy

The transiently transfected cells were cultured on a collagen-coated
coverglass (25-mm dia.) for 72 h and washed three times with
phosphate-buffered saline (PBS), followed by fixation in 4% paraformal-
dehyde in PBS or 10% trichloroacetic acid (TCA) at 25 °C for 15min. After
permeabilization with 0.2% Triton X-100 in PBS for 10 min, the cells
were incubated with a blocking solution consisting of 10% goat serum
or 1% bovine serum albumin in TBS-T (0.1% Tween 20) for 30 min,
followed by incubation at 4 °C overnight with the adequate first
antibody.

If necessary, the cells were washed three times with PBS and incu-
bated for 1 h with the secondary antibody diluted in blocking solution.
After three washes in PBS, the coverglass was mounted on a glass slide
in Prolong Gold antifade reagent (Life Technologies) and viewed on a
confocal laser microscope (Nikon EZC-1) using an excitation wave-
length of 488 nm or 546 nm. The images were merged using Adobe
Photoshop (Adobe Systems). For the detection of aggregates, we used
the ProteoStat® Aggresome Detection Kit (Enzo Life Sciences, New
York, NY) according to the protocol provided by the maker. Some of
the transfected cells were treated with MG-132 for 12 h before incuba-
tion. The cells were counterstained with DAPI.

3. Results

3.1. Cell viability

First, the wild-type lysozyme and the four mutant lysozymes I56T,
F57I, W64R and D67H (Fig. 1) were overexpressed for 72 h in HEK293
cells, which were then collected and subjected to flow cytometry
(Table 1). The expression of both wild-type and mutant lysozyme
genes brought about a division into approx. 8–9 to 1 viable versus
apoptotic plus nonviable cell populations. These results were roughly
similar to those obtained in mock experiments. The proportion of non-
viable cells for the W64R mutant lysozyme was the highest among the
samples listed in the table, although the result was not reproducible in
another series of experiments (data not shown).

3.2. Presence of overexpressed lysozymes in and out of the cells

Next, we tested the gene expression and distribution of products in
the HEK293 cells with the wild-type and four mutant lysozyme genes.
Lysozyme mRNAs were detected in all of the specimens except the
Table 1
Viable, apoptotic and non-viable HEK293 cells were identified by differential fluorescence
by Guava Viacount® and flow cytometry.

Viable cells (%) Apoptotic cells (%) Non-viable cells (%)

Mock 87.9 ± 0.9 3.4 ± 0.2 8.7 ± 1.0
Wild 86.9 ± 0.8 5.1 ± 0.2 8.0 ± 0.7
I56T 87.0 ± 0.5 5.1 ± 0.3 8.0 ± 0.5
F57I 87.7 ± 1.1 5.0 ± 0.6 7.4 ± 0.6
W64R 84.8 ± 0.4 5.2 ± 0.3 10.0 ± 0.3
D67H 86.3 ± 1.2 5.2 ± 0.1 8.5 ± 1.2

Statistic analysis of the Viacount® assay (n = 4). Date expressed as mean ± SE.
mock (Fig. 2, top panel). As seen in thewestern blot data for the culture
medium (Fig. 2, third panel), thewild-type lysozyme conferred a strong
signal, indicating that the protein was extensively secreted (≥0.5 μg/ml
medium), whereas the four mutants did not, with a trace band in each
medium.

In contrast, the pellet fraction from the wild type exhibited a weak
band, but the same fractions from the mutants displayed strong bands
(Fig. 2, fifth panel). Cell lysates from both the wild-type and mutant
specimens gave signals which were slightly stronger in the latter than
the former (Fig. 2, fourth panel). These results indicated the occurrence
of a more marked intracellular retention of mutant lysozyme proteins
compared to the wild type.

3.3. Localization of aberrant lysozyme in the cell

Although lysozymes are considered secretory proteins, the lysozyme
signal was found in the insoluble fraction of cells, especially in the mu-
tants (cf. Fig. 2). To investigate the intracellular distribution of lysozyme,
we optically observed the HEK293 cells expressing the wild-type and
mutant lysozymes by staining with the human lysozyme antibody
(Fig. 3). The wild-type lysozyme presented rather equivocal cytoplas-
mic distribution, whereas the mutant lysozymes in all of the specimens
testedwere found in definite intracellular areas, whichwere thought to
represent protein accumulation. This inference was supported by the



Fig. 3. Localization of lysozyme proteins expressed in HEK293 cells. Transfected cells (incubated for 72 h) were fixed, labeled with Alexa 488-conjugated secondary IgG against anti-
lysozyme antibody (green) and observed by confocal laser microscopy. For Mock, Wild and I56T etc., see Fig. 2 legend. Arrows point to the regions of mutant lysozyme accumulation.
Scale bar: 20 μm. These results were reproducible in three cycles of experiments.
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results of the protein-aggregation-detection test with ProteoStat (Fig. 4,
middle panels),wherein the positive regionswere in accordwith the lo-
calization of the lysozyme signal (Fig. 4, top and bottom panels). On the
other hand, the cells with the wild-type lysozyme did not give strong
signals for this test (Fig. 4, ‘Wild’ panels). These findings support the
idea that the lysozyme variant proteins overexpressed in the cells
were secreted only slightly into the culture medium and the majority
Mock Wild I56T

Anti-Lz

ProteoStat®

Merge

Fig. 4. Localization of lysozyme proteins in the ProteoStat-positive regions. Transfected HEK2
secondary IgG against anti-lysozyme antibody (green) and an aggresome detection kit (red),
Middle: Detection of putative aggresomes. Bottom: Superimposed images. MG-132; proteosom
given by three cycles of experiments. A, DAPI; B, DAPI plus ProteoStat. Scale bar: 20 μm.
accumulated in limited regions of the cytoplasm, probably forming
some type of aggregates.

However, these accumulations, although being ProteoStat-positive,
could not be attributed to the so-called aggresomes formed as inclusion
bodies in the cytosol, since the lysozyme regions were not coincident
with the signals for the two aggresome components γ-tubulin and
vimentin as probes (Fig. 5A,B).We then examined themutant lysozymes
F57I W64R D67H MG-132
A

B

93 cells (incubated for 72 h) were fixed and double-labeled with Alexa 488-conjugated
followed by observation by confocal laser microscopy. Top panels: Detection of lysozyme.
e inhibitor as a positive control. See Fig. 2 legend for other details. Similar results were
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Fig. 5. Localization of lysozyme proteins in the areas not positive for γ-tubulin and vimentin signals. Transfected HEK293 cells (incubated for 72 h)were fixed and double-labeledwith Alexa
488-conjugated secondary IgG against anti-lysozyme antibody (green) and an antibody against either of the two aggresome components γ-tubulin or vimentin (red), and observed by
confocal laser microscopy. Top panels of A and B, detection of lysozyme.Middle panels of A, detection of γ-tubulin. White arrows show positions of γ-tubulin.Middle panels of B, detection
of vimentin. Bottom panels of A and B, superimposed images. See Fig. 3 legend for other details. These results were reproducible in three cycles of experiments. Scale bar: 20 μm.
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to elucidate whether these exist in the ER or Golgi body, using PDI and
Golgi 58K as markers, respectively. The regions of lysozymes were in
good agreement with the ER signal (Fig. 6A) but did not overlap with
that of the Golgi (Fig. 6B). These data suggested the possibility that
the aberrant lysozymes accumulate mainly in the ER. Therefore, our
subsequent subject of investigation was the possible involvement of
the unfolded protein response (UPR) and ER stress, both of which are
generally related to the deposition of denatured or disordered proteins.

3.4. Search for indications of the UPR and ER stress

We first attempted to detect GRP78/BiP, which is known to be a
responding sensor to the UPR. Western blots (Fig. 7A) indicated that
GRP78/BiP was abundant in the cell lysates in which its apparent levels
were hardly different among all of the specimens tested. Interestingly,
the bands of GRP78/BiP in the cell pellets of the mutants were at an
intensity comparable to that in the lysates, while the bands for the
wild-type and mock specimens were much weakened. Moreover, the
immunocytochemical staining (Fig. 7B) showed that the signal regions
for GRP78/BiP merged fully with those for the four lysozyme mutants.
We infer that the UPR activation was occurring where the mutant lyso-
zymes accumulated in the cells.

Secondly, we investigated whether any other symptom of ER stress
was augmented by the deposition of aberrant lysozymes. It has been
accepted that, when unfolded proteins are sequestered by GRP78/BiP,
ER-transmembrane transducers including IRE1, PERK and ATF6 are acti-
vated. As seen in Fig. 8, the IRE1's downstream effector XBP-1s, i.e., the
translation product of spliced X-box binding protein 1 mRNA, exhibited
a definite difference between the wild-type and mutant lysozymes,
with stronger band intensity in the latter than in the former (second
panel). However, both the downstream members of PERK and ATF6,
i.e., unphosphorylated/phosphorylated eukaryotic initiation factor 2
(eIF2α and p-eIF2α, respectively) and full-length/cleaved activating
transcription factor (ATF6α), were hardly altered between the wild
type and mutants (Fig. 8, third to fifth panels). Likewise, the cleaved
caspase-3 was unchanged in band intensity (Fig. 8, sixth panel).
Rough quantitation of these ER stress signaling (see the numerals in
Fig. 8) supported the above observations. Results of pharmacological
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Fig. 6. Localization of lysozyme proteins in the areas positive for PDI signal but not for Golgi 58K signal. Transfected HEK293 (incubated for 72 h) cells were fixed and double-labeledwith
Alexa 488-conjugated secondary IgG against anti-lysozyme antibody (green) and either of the antibodies for PDI (an ERmarker) and Golgi 58K (a Golgi body component) (red), followed
by confocal laser microscopy. Top panels of A and B, detection of lysozyme. Middle panels of A, detection of PDI. Middle panels of B, detection of Golgi 58K. Bottom panels of A and B,
superimposed images. See Fig. 3 legend for other details. Reproducible results were obtained in three cycles of experiments. Scale bar: 20 μm.
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induction of ER stress by using tunicamycin were positive, indicating
that the response sensors as far as tested were potentially active in the
HEK cells (cf. the rightmost two lanes in second to sixth panels of Fig. 8).

We then quantified, by real-time PCR, the transcripts of the ER
stress-related UPR genes in the current specimens, and results are
illustrated in Fig. 9A and B. The levels of XBP-1s and GRP78/BiP elevated
significantly, as much as 2-fold, in the mutant cells compared to the
mock and wild-type cells. Also augmented were the data of ERdj4,
HEDJ and GRP94, whose products might somehow be related to the
IRE1–XBP-1–BiP pathway. In addition, expressions of several genes
such as p58IPK (down-regulator of eIF2a–ATF4 pathway) and Armet
(inhibitor of stress-induced cell death) showed a tendency to be
augmented, sometimes over 1.5-fold. ATF4, an indicator of the PERK
pathway, hardly moved, while p58IPK, which is a depressor of PERK,
rose to some extent (Fig. 9B). Although CHOPwas increased, its transla-
tion product CHOP (downstream factor of the PERK pathway) did
not exhibit changes (data not shown). Thus, the overall signals for the
degradation of unfolded proteins and apoptosis seemed to be inert in
the cells expressing the lysozyme variants. This was in agreement
with the observations shown in Table 1 and Fig. 8. Taken together
with the above-described results, the data suggest that the overexpres-
sion of mutant lysozymes brought about ER stress accompanied by the
activation of the IRE1–XBP-1–BiP pathway.

3.5. RNAi for lysozyme mRNAs

To further test the inference that ER stress and the resulting activa-
tion of XBP-1 occurred, we examined the effects of lysozyme RNAi
on the expression of relevant transcripts and proteins by RT-PCR and
western blot, respectively. We confirmed that, by RNAi, the mutant
lysozyme transcripts declined (Fig. 10, top panel of A) and that the lyso-
zyme proteins decreased in the cell pellets (Fig. 10, third panel of B). In
the mutant specimens, the bands of spliced XBP-1 (XBP-1s) were also
clearly downregulated by RNAi, whereas the band of the unspliced
one (XBP-1u) increased (Fig. 10, second panel of A). In addition,
GRP78/BiP, which increased in the cells harboring mutant lysozymes,
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was observed to have declined considerably in the pellets of mutant
cells by RNAi (Fig. 10, fifth panel of B). The overall results indicated
that the overexpression of aberrant lysozymes induced ER stress and
its response, which were reduced by the decreased gene expression
by RNAi.

4. Discussion

The folding process or its failure of wild-type andmutant lysozymes
has been studied in detail [15,18–21]. Regarding the variants of human
lysozymeused in the present examination (I56T, F57I,W64R andD67H;
Fig. 1), the mutation sites are concentrated in the position surrounding
the core region at the β-domain [16], of which nine amino acids
(55G–63Y) are indispensable for amyloid fibril formation [22,23].
Comparisons of the conformational structures of these lysozymes
(our unpublished results and refs. [24,25]) indicated that, in each of
the mutants, the core region is more extruded toward the surface
than is the case in the wild type. In the native state, these lysozyme
variants are thought to have a destabilized structure and a propensity
for misfolding, aggregation and fibril formation.

To further clarify the deleterious effects of such lysozymes on cells,
we constructed expression vectors bearing these human lysozymemu-
tants and introduced each into HEK293 cells. The genes were expressed
well but had no significant effects on viability of cells in comparison to
the wild type. Also apoptosis was hardly observed under the present
experimental conditions as shown above, although the cells were
observed to begin apoptosis in the case of incubation over 72 h after
transfection (the experiments here were carried out at the incubation
time of 72 h since the gene expression tested was maximum at this
period). These results were somewhat different from the previous
results that exogenously added agents, such as amyloid protein oligo-
mers or proto-fibrils and mature fibrils, brought about cytotoxicity
and accompanied apoptosis to cultured cells [12,26]. The problems
pertinent to fibril formation and apoptosis are discussed further below.
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In mouse L cells, misfolding mutants of human lysozyme had previ-
ously reported to be retained, eventually degraded by cysteine protease
in a pre-Golgi compartment and associatedwith protein disulfide isomer-
ase [27]. A recent report using P. pastoris shows that the less stable
variants of human lysozyme are kept within the cell and targeted for
degradation, therefore leading to less amount of secretion [28]. Similarly,
the four types of amyloidogenic lysozymes overexpressed in the HEK293
cells were less secreted into the medium compared to the wild type,
remaining in the insoluble fraction, but they were accumulated within
definite regions of cells as described above. Our results suggest that the
degradation of aberrant lysozymes is much slower in HEK293 cell than
in themouse L cells or P. pastoris. Additionally, another lysozymemutant,
T70N, was found to bewell secreted outside the cells, giving aweak band
in the cell pellets, just like the wild type (Supplemental Fig. S1). This may
be related to the fact that T70N is a non-amyloidogenic mutant, thought
to be present in the British population with an allele frequency of 5%
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Occasionally, cells accumulate a lot of misfolded proteins without
degradation. In this manner, cells may escape from toxic effects due to
protein aggregates. It has been indicated thatmisfoldedpolyubiquitinated
protein aggregates are recruited and transported to a cytoplasmic
structure termed aggresomes, which are surrounded by vimentin via
the microtubule network containing γ-tubulin [30–32]. In the present
study, however, despite being positive for the aggresome detection kit,
the intracellular regions where the present aberrant lysozymes exist did
not match the signal regions for vimentin or γ-tubulin. In addition, the
mutant lysozymes in the pellet fractions of cellsmay not be ubiquitinated,
since these exhibited a single bandwith themigration rate similar to that
of intact lysozyme (Fig. 2, fifth panel). Thus, we concluded that the
present four lysozyme mutants did not form aggresomes in terms of the
strict definition.
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Fig. 9 (continued).
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In general, aberrant proteins such as those that fail to undergo
folding are accumulated in the ER under conditions in which the ER
stress response is taking place. Sometimes ER stress is evoked by the de-
position of misfolding protein in the ER as seen in the present case. ER
stress stimulates the UPR, which is the adaptive process that reduces
the stress by retrieving the protein folding homeostasis [33–36]. The
UPR is conveyed by ER transmembrane sensors such as IRE1α, PERK
and ATF6 [34,37–40]. Molecular chaperons are necessary for correct
folding to overexpression of a large amount of abnormal lysozyme.
GRP78/BiP, one of the major players of the UPR, is known to bind IRE1
in the ER when there is no stress. According to the general concept
[36,41–43], appearance of abnormal protein leads to the dissociation
of GRP78/BiP-IRE1, thereby IRE1 forms a dimer in the ER membrane,
exhibits the RNase activity and splices the uncut XBP-1, which produces
active XBP-1s. Its translation product XBP-1s has been reported to lure
molecular chaperones under the control of the ER stress response
element (ERSE) [44]. We suppose that such processes took place in
the present cells. In parallel with the increase of GRP78/BiP, related
molecular chaperone transcripts examined elevated clearly by the
lysozyme variants as described above. Some of the relevant factors are
known to function against the cell death or the PERK pathway. It is
inferred that the so-called ER-associated protein degradation (ERAD)
system for aberrant protein and the stress-mediated apoptosis system
was promoted solely to a limited extent under the present conditions
of our cells. So far, only the response of the signal pathway involving
XBP-1 and GRP78/BiP was clearly shown. More studies are needed to
determine the participation of other signaling network agents (including
IRE1β).

Moreover, XBP-1s, the spliced form of mature mRNA XBP-1u, was
distinctly increased by the overexpression of lysozyme variants
(Fig. 10A, second panel). These results were verified by RNAi for mutant
lysozymes expression, whose reduction was in concert with the lack of
IRE1 activation and of the GRP78/BiP amount together with a marked
decrease of insoluble lysozymes. GRP78/BiP, as a molecular chaperone,
is said to correct the structure of denatured proteins, although we
could not confirm that this effect took place in the cells that we used.
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It is of interest to know whether GRP78/BiP interacts with aberrant
lysozymes in the ER. Does GRP78/BiP remain bound to lysozymes?
This may be the case, since the GRP78/BiP signal was abundant in the
cell pellets where mutant lysozymes existed (cf. Figs. 2 and 7A). More-
over, our unpublished data using the protein tag technique suggested
the association of GRP78/BiP with lysozyme mutants (details will be
published elsewhere). At the least, the aforementioned defect in the
augmentation of the apoptotic cell ratio in the presence of abundant ab-
errant lysozymes might be explained by the general role of GRP78/BiP
in the restoration of homeostasis. Precise time course experiment
was needed since, as noted above, we have obtained indications that
apoptotic conditions were aroused after a long time of incubation.
One could argue whether the materials derived from amyloidogenic
lysozymes and accumulated in the ER of the present cells are fibrils or
not. Our recent experiments showed that the cytoplasm of I56T cells
incubated for 72 h after transfection produced strong fluorescence of
Thioflavin S, which is said to bind amyloid fibrils, and the signal regions
corresponded with those of lysozyme (Suppl. Fig. S2). As seen in this
figure, no fluorescence was obtained in the wild-type lysozyme speci-
men (see “Wild” panels). Also hardly reacted with thioflavin T were
the lysates and the culture media for the wild-type cells, as well as the
culture media for the mutant cells (data not shown). Nevertheless, it
cannot be concluded that themutant lysozymes formbonafide amyloid
fibrils in the ER because of the limitation of the fluorescence method
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applied and without the study using fibril specific conformational
antibody.

As a whole, our present observations indicate that the overex-
pression of mutant human lysozyme proteins stimulated ER stress,
resulting in UPR activation in cultured cells. Such behavior of
human lysozyme variants have been observed previously in
P. pastoris and D. melanogaster[16,17,28]. Novel aspect of the cur-
rent study using human cell lines is the localization of the aberrant
proteins in the ER. Another significant pointmay be that the gene expres-
sion of variant lysozymes correlated not only with the amount of insolu-
ble proteins but also the extent of UPR activation, i.e., the IRE1 systemwas
selectively induced upon the UPR, although the question as to why and
how the selection occurred, as well as whether or not such phenomena
are also induced by other secretory proteins, is yet amatter of future chal-
lenge. Supposedly, the lysozyme variants are incompletely folded and
bound, without disassociation, to the mobilized GRP78/BiP, resulting in
the formation of insoluble aggregates, which thereby remained accumu-
lated in the ER.

A research goal along this line is to identify the latent pathogenic
consequences of the expression of amyloidogenic lysozymes in human
cells. Aberrant lysozymes cause systemic amyloidosis when located
in organs. The overexpression of amyloidogenic lysozyme (F57I) in
D. melanogaster has been reported to disrupt the eye development
[17]. Although forced overexpression of the amyloidogenicmutant lyso-
zymes leads to their rapid accumulation in the ER, it is estimated, in the
case of human body, that the accumulation of the mutant proteins pro-
ceeds slowly, resulting in developing amyloidosis mainly in the 40–50's
[5,45]. Several diseases including diabetes II [46] and amyotrophic
lateral sclerosis (ALS) [47,48] are known to be brought about by the
accumulation of misfolding proteins in the ER. A recent report indicated
that, in Saccharomyces cerevisiae, unstable lysozymes may interact with
a calnexin homolog, possibly causing their retention in the ER and sub-
sequent elimination via ER-associated degradation [49]. Amyloidogenic
lysozymes might provide fuller information as a common model for
diseases. The causative relationship between the pathogenesis of
mutant lysozymes and the UPR activation in the ER is an open question,
and our experimental system can give insights into the symptom-onset
processes of amyloid diseases.
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