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Abstract

Many cellular stresses cause damages of intracellular proteins, which are eventually
degraded by the ubiquitin and proteasome system. The proteasome is a multicatalytic
protease complex composed of 20S core particle and the proteasome activators that
regulate the proteasome activity. Ecm29 is a 200 kDa protein encoded by KIAA0368 gene,
associates with the proteasome, but its role is largely unknown. Here KIAA0368-deficient
mice were generated and | investigated the function of Ecm29 in stress response.
KIAA0368-deficient mice showed normal peptidase activity and proteasome formation at
normal condition. Under stressed condition, 26S proteasome dissociates in wild-type cells,
but not in KIAA0368 cells. This response was correlated with efficient degradation of
damaged proteins and resistance to oxidative stress of KIAA0368” cells. Thus, Ecm29 is
involved in the dissociation process of 26S proteasome, providing a clue to analyze the

mechanism of proteasomal degradation under various stress condition.



Abbreviations

ATP: Adenosine triphosphate

BIm10: Bleomycin resistant protein 10

CP: Core particle

DTA: Diphtheria toxin A

D-MEM: Dulbecco’s modified Eagle’s medium
DNP: 2,4-Dinitrophenol

DNPH: 2,4-Dinitrophenyl hydrazine

DTT: Dithiothreitol

Ecm29: Extracellular mutants 29

EDTA: ethylenediaminetetraacetic acid
ELISA: Enzyme-linked immunosorbent assay
H&E: Haematoxylin and eosin

HEAT: Huntingtin, elongation factor 3, protein phosphatase 2A and target of rapamycin
1 kinase

KO: Knockout

MEF: Mouse embryonic fibroblast

MHC: Major histocompatibility complex

PA: Proteasome activator

PAGE: Poly acrylamide gel electrophoresis
PBS: Phosphate buffered saline

PCR: Polymerase chain reaction

PFA: Paraformaldehyde



PMSF: Phenylmethylsulfonyl fluoride

RP: Regulatory particle

Rpn: Regulatory particle non-ATPase

Rpt: Regulatory particle ATPase

SDS: sodium dodecyl sulphate

Suc-LLVY-AMC: Succinyl-Leucine-Leucine-Valine-Tyrosine-7-amino-4-
methylcoumarine

TBS-T: Tris-buffered saline-0.1% Tween 20

WCL: Whole cell lysate

WST: Water-soluble tetrazolium salts

WT: Wild-type



General Introduction

Intracellular protein degradation is essential for cell viability and regulates wide range of
biological processes such as immune response, cell cycle, and DNA repair. Intracellular
protein degradation is mainly carried out by two processes, the ubiquitin-proteasome
system and autophagy (Hershko and Ciechanover, 1998, Mizushima and Komatsu, 2011).
The ubiquitin-proteasome system is responsible for selective protein degradation.
Ubiquitin molecules covalently tether the target proteins specifically by several hundreds
of ubiquitin ligases. Ubiquitylated proteins are then recognized and subjected to
degradation by proteasomes in an ATP dependent manner.

The proteasome is a multicatalytic protease complex that functions in eukaryotic
intracellular protein degradation (Goldberg, 1990). The proteasome is composed of over
60 subunits, and the subunits can be divided into 2 particles, one is catalytic core particle
(CP) and the other is proteasome activator. The CP is also called 20S proteasome. CP is
a barrel shaped complex composed of four stacked rings. The rings are composed of two
outer o rings and two inner 3 rings. Both of these two rings are composed of structurally
resembled 7 subunits named ol-7 and B1-7 subunits (Groll et al., 1997). Protein
degradations are carried out by B1, B2 and 5 subunits in the CP. Each of these subunits
is responsible for different peptidase activity, B1 for caspase-like activity, B2 for trypsin-
like activity and B5 for chymotrypsin-like activity (Heinemeyer et al., 2004). Unless
proteasome activators do not bind to the CP, a rings are generally closed and substrates
are unable to enter to the inner core of the CP where the substrates are degraded (Whitby
et al., 2000, Groll et al., 1997, Kohler et al., 2001).

The proteasome activators bind to both ends of CP and regulate the proteasome activity.



Several kinds of proteasome activators were identified up to date, such as PA700 (also
called 19S regulatory particle), PA28ap hetero-heptamer, PA28y homo-heptamer (also
called 11S regulator or REG) and PA200 (Stadtmueller and Hill, 2011). 19S regulatory
particle (RP) conjugated proteasome is called 26S proteasome and it fulfils degradation
of ubiquitylated proteins. In ubiquitin-proteasome system, polyubiquitin chains are
formed on the substrates and become a degradation signal for 26S proteasome (Hershko
and Ciechanover, 1998). 19S RP has a role in the ubiquitin chain recognition, removal of
ubiquitin chain from substrate and unfolding of the substrate (Deveraux et al., 1994, Lam
etal., 2002, Finley, 2002). Binding of 19S RP to the CP requires ATP, but binding of other
proteasome activators such as PA28 and PA200, does not. PA28af heterocomplex
facilitates the antigen processing in MHC class I antigen presentation (Groettrup et al.,
1996, Dick et al., 1996). PA28y complex plays important roles in growth and proliferation
according to the knockout mice phenotypes (Murata et al., 1999). The function of PA200
is linked to spermatogenesis and DNA repair, because Psme4 (which encodes PA200) -
deficient mice shows abnormalities in male reproduction and damaged DNA repair (Qian
etal., 2013).

Extracellular mutants 29 (Ecm29), encoded by KIAA0368 gene, was originally
identified as a mutant defective in cell wall biogenesis by yeast mutant screening (Lussier
et al., 1997). Further research revealed that Ecm29 interacts with 26S proteasome (Gavin
et al., 2002). However the function of Ecm29 on proteasome activities and its
physiological role in mammalian cells has been unknown.

In this study, I have aimed to elucidate the physiological role of Ecm29 and its role on
proteasome activities. In chapter 1, | analyzed the phenotypes of KIAA0368-deficient

mice. KIAA0368-deficient mice were apparently healthy and their proteasomal peptidase



activities were not impaired. In chapter 2, I investigated the regulation of proteasome
under oxidative stress in KIAA0368-deficient cells. This investigation revealed

impairment of proteasome regulation in KIAA0368-deficient cells.



Chapter 1

Phenotype of KIAA0368 knockout mouse

1.1 Summary

Previous researches in yeast reported many features of Ecm29 on proteasome regulation
such as facilitating the tethering between CP and 19S RP, destabilizing the binding of 26S
proteasome and intracellular translocation of proteasome. However, its physiological
importance and the regulation of proteasome functions in mammals were still unclear.
Therefore, | investigated the phenotypes of KIAA0368-deficient mice. KIAA0368-
deficient mice were apparently normal and fertile in both male and female. Peptidase
activities were not impaired in vitro. Proteasome structure were tested by sedimentation
velocity centrifugation assay, but it seemed not to be altered. These data demonstrated
that Ecm29 was not essential for development and viability of mice, and the proteasome

function was not impaired by deficiency of KIAA0368 in basal condition.



1.2 Introduction

Ecm29 is known to be the proteasome-associated protein. Ecm?29 attaches on both the
CP and the 19S RP (Leggett et al., 2002). CP-RP interaction was destabilized in the ATP
deprived condition in ecm29 deletion mutant (Kleijnen et al., 2007), therefore Ecm29 is
thought to strengthen the tethering between 20S CP and 19S RP. On the other hand, other
experiments suggested that Ecm29 has inhibitory effects against proteasome activity by
inducing dissociation of CP-RP (Wang at al., 2010), or suppressing peptidase activities of
aberrant proteasomes (Park et al., 2011, De La Mota-Peynado et al., 2013). It is also
proposed that Ecm29 plays a role in a checkpoint during CP maturation (Lehmann et al.,
2010). In mammals, Ecm29 is located on the cytosolic surface of secretory components
such as endoplasmic reticulum and golgi body and plays a role in the regulation of
proteasome localization and signaling pathway (Gorbea et al., 2004, Gorbea et al., 2010
and Gorbea et al., 2013).

Although Ecm29 in yeast has been reported to regulate the proteasomal CP-RP
interactions, its physiological roles in mammals has not been analyzed. Therefore
KIAA0368-deficient mice were generated and | investigated its phenotypes and effects on

the activities of mammalian proteasome.



1.3 Materials and Methods

Generation of KIAA0368-deficient mice.

Mouse KIAA0368 gene was obtained from C57BL/6J mouse genomic DNA library. The
targeting vector was constructed by cloning the 13.5 kb Hindlll-Hindlll fragment, and
the insertion of 1.2 kb neomycin resistant gene cassette. The diphtheria toxin A gene
(DTA) was used for negative selection. TT2 ES cells were transfected with the targeting
vector and selected by G418 (SIGMA). ES cells heterozygous for KIAA0368 gene were
microinjected to 8-cell stage ICR mice embryos to generate chimeric mice. Germline
transmission of the mutant allele was identified by Southern blot analyses. Heterozygous
mice were backcrossed for more than 10 generations on the C57BL/6J background.
KIAA0368 homozygous mice and their wild-type control littermates were obtained by
heterozygous intercrossing. All animal care and experimental treatments were in

accordance with the University of Tsukuba guidelines for animal care and use.

Genomic PCR

Tails from mice were lysed in DNA extraction buffer (50 mM Tris-HCI [pH 8.0], 100 mM
NaCl, 20 mM ethylenediaminetetraacetic acid [EDTA], 1% SDS, 2 mg/ml proteinase E
and 0.3 mg/ml proteinase K) at 55 °C for overnight. DNA were purified by phenol /
chloroform extraction followed by ethanol precipitation and resuspended in a buffer (10
mM Tris-HCI [pH8.0], 1 mM EDTA). Wild-type and mutant alleles were amplified by
PCR using the primers listed in Table 1. Amplified DNA fragments were electrophoresed
on 1% agarose gel at constant voltage of 200 V for 20 min. Gel was stained with ethidium

bromide and visualized under UV-transilluminator.



Immunoblot analyses

Organs were homogenized using Potter-Elvehjem homogenizer in five times volume per
organ weight of homogenization buffer (25 mM Tris-HCI [pH 7.5], 250 mM Sucrose, 1
mM dithiothreitol [DTT] and 1 mM phenylmethylsulfonyl fluoride [PMSF]) and
centrifuged at 20,000 xg for 30 min. Cells were lysed in ice-cold lysis buffer (50 mM
Tris-HCI [pH 7.5], 5 mM MqgCl;, 2 mM ATP, 0.5% NP-40 and 1 mM DTT) and
centrifuged at 15,000 xg for 30 min. The supernatants were combined with SDS-PAGE
sample buffer and boiled at 100 °C for 5 min. Samples were subjected to SDS-PAGE and
blotted onto PVDF membranes (PALL). Membranes were incubated in 5% non-fat dry
milk in TBS-T (50 mM Tris-HCI [pH 7.5], 150 mM NaCl and 0.05% Tween 20) for
blocking and treated with primary and secondary antibodies. Bands were visualized by

Western Lightning Plus-ECL reagent (PerkinElmer Life Sciences).

Antibodies

Antibodies used in this study are listed in Table 2. Anti-Ecm29, anti-B7 and anti-PA200
antibodies were raised by immunizing His-tagged recombinant Ecm29 (N-terminal 100
amino acids), full length 37 and PA200 (N-terminal 100 amino acids) proteins in rabbit,
respectively. The quality of the antibodies were checked by ELISA and immunoblot.
Anti-PA28a and anti-Rptl antibodies are described previously (Tanahashi et al., 1997,
Tanahashi et al., 1998). Peroxidase-conjugated anti-rabbit and anti-mouse 1gG antibodies
(Jackson ImmunoResearch) were used as secondary antibodies for immunoblot analyses.
Anti-ubiquitin rabbit polyclonal (Dako; Z0458) and Alexa Fluor 488-conjugated anti-

rabbit 1gG (Invitrogen) antibodies were used for immunohistological analyses.
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Sedimentation velocity centrifugation

1 mg of tissue lysates were separated by glycerol density gradient ultracentrifugation (25
mM Tris-HCI [pH 7.5], 10-40% Glycerol, 5 mM MgCl;, 2 mM ATP and 1 mM DTT) at
25,000 r.p.m. with SWA41Ti rotor for 22 h. The gradients were fractionated using liquid
layer injector fractionator (ADVANTEC) equipped with fraction collector (ATTO) into

23 or 32 fractions.

Measurement of proteasome peptidase activity

10 pl of samples were incubated with 0.5 uM fluorogenic substrates in a final 100 pl of
reaction mixture (50 mM Tris-HCI [pH 7.5], 25 mM KCI, 5 mM MgClz, 1 mM ATP with
or without 0.02% SDS) at 37 °C. Succinyl-Leu-Leu-Val-Tyr-7-amino-4-methylcoumarine
(Suc-LLVY-AMC) (Peptide Institute) was used as fluorogenic substrates. The
fluorescence were measured using Multi label counter (PerkinElmer Life Sciences) at 355
nm excitation and 460 nm emission wavelengths. The results show fluorescence per

protein amounts and reaction time.

Histology

Wild-type and KIAA0368-deficient mice of 8 weeks old were fixed in 4%
paraformaldehyde in phosphate buffered saline (PFA/PBS) by perfusion fixation. Fixed
organs were paraffin embedded and sectioned at 2 um. Sections were stained with

haematoxylin and eosin (H&E) or subjected to immunohistochemical analyses.

Immunohistochemistry

Deparaffinized specimens were immersed in a citrate buffer (5 uM CeHgO7 and 5 uM
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Nas3(CeHsO7) [pH 6.0]) and boiled for 3 min to retrieve antigens. The activated tissues
were blocked in 2% goat serum and incubated with anti-ubiquitin rabbit polyclonal
antibody followed by Alexa Fluor 488-conjugated anti-rabbit antibody. The slides were
mounted with VECTASHIELD® (Vector Laboratories) containing Hoechst 33342 (Life

Sciences). The slides were observed using fluorescence microscope (Keyence, BZ-9000).
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1.4 Results

KIAA0368-deficient mice were viable and grew normally.

To investigate the physiological roles of Ecm29, mice lacking KIAA0368 gene were
generated. The targeting vector was designed to replace exon 2 of the KIAA0368 gene
with neomycin resistant gene cassette (Fig. 1). The disruption of KIAA0368 gene was
confirmed by PCR of genomic DNA (Fig. 2). Heterozygous intercrossing yielded
homozygous mice in predicted Mendelian ratio (Table 3). Tissue blot of Ecm29
revealed its protein expression in various organs and the homozygous mice lacked the
expression of Ecm29 suggesting that the mutation is a null mutation. (Fig. 8, upper
panel). The expression level of Ecm29 protein decreased dependent on the mutant gene
dosage (Fig. 3). The KIAA0368 homozygous mice grew normally, were fertile both
male and female. Tissue morphologies on H&E staining were apparently normal at all
major organs analyzed, such as cerebrum, heart, kidney, testis, liver, pancreas and

spleen (Fig. 4).

Proteasomal activities were not impaired in KIAA0368-deficient mice.

I next measured proteasomal peptidase activities in tissue lysates of wild-type,
heterozygous and homozygous mice for KIAA0368 (Fig. 5). To measure the activities of
latent 20S CP, 0.02% SDS was added to the reaction mixture as an artificial proteasome
activator for latent 20S CP. Their peptidase activities were not significantly altered in
KIAA0368 homozygous mice compared to wild-type and heterozygous counterparts. To
further confirm this, | separated the 26S proteasome by glycerol density gradient

centrifugation. The peptidase activities of 26S proteasome in both wild-type and mutant
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mice were observed at fractions 14-16, and their peptidase activities were comparable
(Fig. 6). These results suggest that loss of KIAA0368 does not affect peptidase activities
of 26S proteasome.

Peptidase activities of proteasomes were not affected in lysates from KIAA0368-
deficient mice, however, it may affect degradation of ubiquitylated proteins. Therefore |
immunostained the tissue sections with ubiquitin antibody to check whether ubiquitin
level is changed or ubiquitin-positive aggregates could be observed in KIAAQ368-
deficient mice. The staining pattern of ubiquitin was normal in KIAA0368-deficient
mice as compared to wild-type mice (Fig. 7). The tissue blot of these organs also did not
show marked differences in the amount of ubiquitylated protein (Fig. 8). These results
suggest that proteasomal protein degradation is not impaired in KIAA0368-deficient
tissues, although the possibility of some defects in proteasome function(s) in some

organs cannot be ruled out.

Other Proteasome activators were not altered in KIAA0368-deficient mice.

Although the differences in peptidase activities and protein degradation were not
observed between wild-type and KIAA0368-deficient mice, the expression of
proteasome activators other than 19S RP and their interaction with CP might be affected
by KIAA0368 deletion. To this end, | analyzed the expression of proteasome activators
in tissue lysates and glycerol density gradient-fractionated samples. The expression
levels of PA28a, PA28y and PA200 in tissue lysates were not altered in KIAA0368-
deficient mice (Fig. 9). Next, those expressions on fractionated samples were analyzed
(Fig. 10). In wild-type lysate, subunit of CP (37 subunit) was sedimented in fraction 8-

12. The peak of Ecm29 (fractions 10-14) was observed at overlapping but slightly

14



higher sedimentation fractions than those of 7 subunit. Subunit of 19S RP (Rptl) was
also distributed in higher sedimentation fractions (fractions 10-14). PA28af and y
complex were sedimented in the lower fractions (fractions 2-6), suggesting it was not
associated to CP or dissociated during the centrifugation. PA200 was observed in
fractions 8-12, similar to those of B7. In KIAA0368-deficient lysates, the subunit
distributions were similar to those of wild-type counterpart, and any alteration was
observed. These results demonstrate that 26S proteasome and the hybrid proteasome

with PA200 is not impaired or affected by KIAA0368-deficiency.
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1.5 Discussion

In this study, | reported the phenotypes of KIAA0368-deficient mice. KIAA0368-
deficient mice were viable, fertile, and did not show any obvious histological
abnormalities. Therefore Ecm29 is not essential for development and viability of mice.
Prior investigation reported that Ecm29 tethers both CP and 19S RP to stabilize the
holoenzyme independent of ATP energy (Leggett et al., 2002). | did not observe the
instability of CP-RP in KIAA0368-deficient mice (Fig. 10). The degradation of abnormal

and ubiquitylated proteins was also not observed in KIAA0368-deficient mice (Fig. 7, 8).
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Chapter 2

Regulation of proteasome under oxidative stress

2.1 Summary

Vast majority of intracellular and extracellular stresses are involved in various diseases.
The ubiquitin-proteasome system is known to be important for cell protection against
various stresses. Proteasomes respond to several stresses in order to remove damaged
proteins efficiently. Thus, I investigated stress responses on KIAA0368-deficient cells and
its effects on proteasomes. KIAA0368-deficient cells were more resistant to oxidative
stress-induced cell death than wild-type counterparts. Oxidative stress induced the
dissociation of 26S proteasome into 20S CP and 19S RP in wild-type cells. In contrast,
dissociation of 26S proteasome was impaired in KIAA0368-deficient cells. This response
correlated to efficient removal of oxidized proteins in KIAA0368-deficient cells. Thus,
Ecm?29 is involved in the dissociation process of 26S proteasome and the failure of the

dissociation result in rapid elimination of damaged proteins.
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2.2 Introduction

Cells were constantly exposed to various intracellular and extracellular stresses which
often cause protein damages. Various stresses lead to modification on proteins, lipid and
nucleic acids (Sedelnikova et al., 2010, Adibhatla et al., 2010, Bochkov et al., 2010).
Oxidative stress causes carbonylation of protein, and the abnormal accumulation of such
modified proteins is related to Alzheimer’s disease, inflammatory bowel disease and age-
related diseases such as proteopathy (Reznick and Packer, 1998, Smith et al., 1991, Liu-
Brody et al., 1996, Page et al., 2010). Therefore cells have protective systems to eliminate
damaged proteins. Ubiquitin-proteasome system plays pivotal roles in removal of
aberrant proteins (Goldberg, 2003).

Several regulation of proteasomes against oxidative stress is known to protect cells
from toxicity (Aiken et al., 2011). Prior work demonstrated that uncapped 20S CP is
responsible for degradation of oxidatively damaged proteins because dissociation of 26S
proteasome was induced by oxidative stress and ubiquitin-independent rapid degradation
is facilitated in several stresses (Davies, 2001). On the other hand, other investigation
reported 26S proteasome functions in removal of damaged proteins because
ubiquitylation is upregulated by oxidative stress (Shang et al., 1997). PA28- and PA200-
attached proteasomes and special proteasome called immunoproteasomes are also
suggested to be important for efficient recognition and degradation of damaged proteins
(Pickering and Davies, 2012, Seifert et al., 2010). However the exact mechanism on
removal of oxidatively damaged proteins were remained unclear.

ecm29 deletion mutant was reported to be more sensitive to oxidative stress-induced

cell death in yeast (Wang et al., 2010). However the weakness of oxidative stress-induced
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cell death in KIAA0368-deficient cells and the regulation of proteasome to oxidative stress
was not reported. Therefore, I investigated the response and regulation of proteasomes

upon oxidative stress in KIAA0368-deficient cells.
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2.3 Materials and Methods

Preparation of MEFs and cell culture

Mouse embryonic fibroblast (MEF) cells were isolated from 13.5 days post coitus
embryos and cultured in Dulbecco’s modified Eagle’s medium (D-MEM, high glucose)
(Wako) supplemented with 10% fetal bovine serum and 1% penicillin / streptomycin
(Invitrogen) in 37 °C, 5% CO: incubator. MEF cells were immortalized by transfecting
SV40 large T antigen (kindly provided by N. Mizushima [Tokyo University]) using

polyethyleneimine (Polyscience) according to the manufacturer’s protocol.

Oxidative stress response

MEF cells were cultured in D-MEM containing various concentrations of H,O> or H>O
as control for indicated periods in the presence or absence of 20 uM MG132 (Peptide
Institute). Cells were subsequently subjected to cell viability assay and immunoblot

analyses.

Cell viability assay

3 x 10 cells were cultured in 96-well plate and stimulated with various concentrations of
H>0> for 2 h. After stimulation, medium was replaced with fresh complete medium and
incubated for 16 h. Viable cells were measured by Cell Counting Kit-8 (Dojindo). The
absorbance was measured at 450 nm. For trypan-blue exclusion assay, 1 x 10° cells were
incubated in various concentrations of H20. for 2 h. After incubation, cells were
trypsinized and mixed with equal volumes of 0.4% trypan-blue solution (SIGMA). Cells

were counted on burkerturk hemocytometer, and the ratio of the blue-stained dead cells
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per total cells were calculated.

DNA ladder assay

1 x 10° cells were incubated with various concentrations of H>O, for 24 h. Cells were
harvested and lysed in DNA extraction buffer (50 mM Tris-HCI [pH 8.0], 100 mM NacCl,
20 mM EDTA, 1% SDS, 2 mg/ml proteinase E and 0.3 mg/ml proteinase K) at 55 °C for
overnight. DNA were purified by phenol / chloroform extraction followed by ethanol
precipitation and resuspended in a buffer (10 mM Tris-HCI [pH8.0], 1 MM EDTA and 0.2
mg/ml RNase A). 0.5 pg of DNA were electrophoresed on 1% agarose gel at constant
voltage of 200 V for 10 min. Gel was stained with ethidium bromide and visualized under

UV-transilluminator.

Measurement of carbonylated protein

Carbonyl groups were detected as a marker of damaged proteins (Dalle-Donne et al.,
2003). Cells were lysed in RIPA buffer (50 mM Tris-HCI [pH 7.5], 150 mM NaCl, 1%
NP-40, 1% Sodium deoxycholate, 0.1% SDS and 2 mM DTT). 5 ul of lysates were
denatured by adding 5 pl of 12% SDS and incubated for 5 min at room temperature.
Samples were incubated with 5 pl of 2.5 mM 2,4-dinitrophenylhydrazine dissolved in
2.5% trifluoroacetic acid for 15 min for derivatization, and the reaction was stopped by
adding 7.5 pl of 500 uM Tris and 10% glycerol. 7.5 ug of samples were subjected to

immunoblot analyses using anti-DNP antibody.

Immunocytochemistry

Cells were cultured on coverslips and were exposed to 200 uM H>O and/or 20 uM
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MG132. The cells were fixed in 4% PFA in PBS for 30 min, permeabilized in 0.1% Triton
X-100 in PBS for 30min, and derivatized in 0.1 mg/ml DNPH in 2 N HCI for 30 min. The
coverslips were then immersed in primary antibodies diluted in 1% BSA, 0.1% Tween 20
in PBS followed by secondary immunofluorescent antibodies diluted in 1% BSA, 0.1%
Tween 20 in PBS. Nuclei were stained with Hoechst 33342 (Life Sciences). The
coverslips were mounted onto slides using Fluoromount/Plus mounting solution
(Diagnostic BioSystems) and images were obtained using a fluorescent microscope

(Keyence, BZ-9000).
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2.4 Results

KI1AA0368-deficient cells were resistant to oxidative stress.

Prior investigation in yeast reported that yeast lacking ecm29 is sensitive to oxidative
stress (Wang et al., 2010). Therefore, | analyzed the cell viability and apoptosis using
MEF cells derived from KIAA0368-deficient mice and wild-type littermate control,
following H20> treatment. At all points of H.O. concentrations, KIAA0368-deficient
cells were more resistant to H>O> than wild-type counterparts (Fig. 11). The H20--
induced cell death was also analyzed by trypan blue exclusion assay (Fig. 12). About
20% of cells were dead by 50 uM H20: treatment in wild-type cells. However, only 4%
of cells were dead even by 200 uM H,O: treatment in KIAA0368-deficient cells. These
results indicate KIAA0368-deficient cells are more resistant to H.O»-induced cell death
than wild-type counterparts. When the DNA fragmentation was also analyzed,
apoptosis-induced DNA fragmentation was detected at 200 uM H202 on wild-type cells,
but only at higher concentration in KIAA0368-deficient cells (Fig. 13). Taken together,

KIAA0368-deficient cells were more tolerant to oxidative stress-induced cell death.

Disassembly of proteasomes under oxidative stress was impaired in KIAA0368-deficient
cells.

To test whether the oxidative stress tolerance is associated with any change in the
proteasome composition, the sedimentation of CP and 19S RP under oxidative stress
were analyzed. Wild-type and KIAA0368-deficient MEF cells treated with H.O> were
subjected to glycerol density gradient fractionation followed by immunoblot analyses

(Fig. 14). At untreated normal condition, subunit of CP (B5) was sedimented around 16-
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22 fractions, and subunit of 19S RP (Rptl) appeared at lower fraction and higher
fractions (fractions 8-12 and 20-22) in both wild-type and KIAA0368-deficient cells.
Rptl in fractions 8-12 appears to be 19S RP complex, and fractions 20-22 to be 26S
proteasome. Note that the 19S RP complex in lighter fractions was not detected in tissue
lysate (Figs. 10, and 14). It is known that tissues contain more 26S proteasome than
proliferating cells, and the appearance of free lid complex may be associated with the
cell proliferation (Tai et al., 2010). Ecm29 was detected at wider range of fractions
(fractions 7-29). After exposure to H>O2, Rptl was almost completely lost from the 26S
fractions (fractions 20-22) on wild-type cells. These results suggest the possibility that
26S proteasome dissociates into 19S RP complex and CP in wild-type cells. On the
other hand, Rpt1 still located at 26S fractions in KIAA0368-deficient cells after
treatment of oxidants (fractions 20-22, Fig. 14 bottom 2 panels). These results suggest
that the disassembly of 26S proteasome by the exposure of H2O: is affected by the
absence of Ecm29. The decrease in proteasomal peptidase activity on 26S fractions was
also observed in wild-type, but not mutant MEF cells (Fig. 15, fraction 20), supporting
the notion that 26S proteasome is dissociated and inactivated in wild-type cells but not

KIAA0368-deficient cells.

Degradation of carbonylated proteins were accelerated in KIAA0368-deficient cells.
Oxidative stress is apprehended as to induce the formation of toxic misfolded proteins
(Stadtman, 2006). To assess the effect of proteasome dissociation on degradation of
damaged protein, we analyzed the amount of carbonylated proteins (Dalle-Donne et al.,
2003). After exposure to H.O>, carbonylated proteins were immediately accumulated on

wild-type cells, and subsequently decreased by 360 min post stimulation (Fig. 16, upper
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panel). The ubiquitin blots also show the accumulation of ubiquitylated proteins and their
subsequent degradation in wild-type cells. These results indicate that protein
carbonylation and ubiquitylation are upregulated by exposure to oxidative stress, and they
are slowly subjected to degradation in wild-type cells. On the other hand, the
accumulation of carbonylated proteins nor ubiquitylated proteins were not observed in
KI1AA0368-deficient cells (Fig. 16). These results suggest that carbonylated proteins are
efficiently degraded by 26S proteasome in KIAA0368™ cells. To test whether proteasomes
were reconstructed after 360 min of stimulation, proteasome compositions were analyzed
by sedimentation velocity fractionation. The dissociation of 26S proteasome in wild-type
cells were restored in 360 min H>O> exposure (Fig. 17). Taken together, KIAA0368-
deficiency leads to efficient degradation of damaged and ubiquitylated proteins due to
stabilized 26S proteasome under oxidative stress.

| next assessed whether the rapid degradation of carbonylated and ubiquitylated
proteins in KIAAQ0368-deficiency were dependent on proteasome, accumulation of
carbonylated and ubiquitylated proteins were stained in the presence of proteasome
inhibitor MG132 (Fig. 18). By H202 exposure, accumulation of carbonylated and
ubiquitylated proteins were fewer in KIAA0368™ cells compared to wild-type cells. When
MG132 was added during H>O> treatment, both carbonylated and ubiquitylated proteins
were accumulated in KIAA0368-deficient cells. To confirm that this efficient degradation
is indeed dependent on proteasome, levels of ubiquitylated proteins were detected in the
presence of MG132. In the presence of MG132, HO2-induced accumulation of
ubiquitylated proteins were observed even in KIAA0368™ cells (Fig. 19). Therefore, the
proteasome has significant contribution to efficient degradation of damaged proteins.

Taken together, KIAA0368-deficiency leads to efficient degradation of damaged and
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ubiquitylated proteins due to stabilized 26S proteasome under oxidative stress.
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2.5 Discussion

In this chapter, | unexpectedly observed the stabilization of 26S proteasome under
oxidative stress condition. In yeast, Ecm29 recognizes immature proteasome species and
functions as a scaffold for CP maturation (Lehmann et al., 2010). According to the model
that Ecm29 is involved in the proteasome maturation checkpoint, it is possible that other
protein(s) associated with the 26S proteasome confer the stability of the 26S proteasome
in the absence of Ecm209.

Previous investigation demonstrated that yeast lacking ecm29 was more sensitive to
oxidative stress (Wang et al., 2010). On the contrary, our experiment demonstrated that
KIAA0368-deficient cells were more resistant to oxidative stress (Figs. 12 and 13). In
yeast, Ecm29 was reported to function in de novo synthesis of CP (Lehmann et al., 2010),
while we could not observe defects in proteasome assembly and maturation (Fig. 6).
Therefore, the difference in cell viability may be associated to the different requirement
of Ecm29 on de novo synthesis of CP, which is responsible for efficient degradation of
damaged proteins.

Several investigations reported that, 20S CP (Davies, 2001), immunoproteasome
(Seifert et al., 2010), 26S proteasome (Shang et al., 1997), PA28- and PA200-conjugated
proteasomes (Pickering and Davies, 2012) are responsible for efficient recognition and
degradation of oxidatively damaged proteins. In support of the importance of proteasomes
other than 26S proteasome, my data demonstrated dissociation of 26S proteasome in
wild-type cells (Fig. 14). However my data presented that the elimination of damaged
proteins was faster in KIAA0368-deficient cells (Fig. 16). These results suggest that, even

though 20S CP can degrade oxidatively damaged proteins, and the contribution of other
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PA28-, and PA200- conjugated proteasomes cannot be ruled out, 26S proteasome is more

competent to efficiently eliminate damaged proteins.
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General Discussion

According to the analyses using KIAA0368-deficient mice, obvious phenotypes were not
observed in my experiment. However, KIAA0368-deficient cells showed impaired
proteasome regulation upon H20> treatment (Fig. 14). Therefore, KIAA0368-deficient
mice might show abnormalities by oxidative stress. This investigation is under way.

My experiments provided the possibility that Ecm29 functions on the dissociation of
26S proteasome. The consequence and the factors related to 26S proteasome dissociation
was not identified up to date, therefore further investigation is required to elucidate the
effect of the defects of 26S proteasome dissociation. The Ecm29 study will provide clues
to analyze the detailed mechanism of 26S proteasome dissociation.

| unveiled efficient degradation of carbonylated and ubiquitylated proteins in
KIAA0368-deficient cells (Fig. 16). Because oxidative stress is involved in numerous
diseases (Reznick and Packer, 1998, Smith et al., 1991, Liu-Brody et al., 1996, Aiken et
al., 2011, Page et al., 2010), Ecm29 has the possibility for the potential target for therapy.
In this context, my data provide the notion that Ecm29 is not important for cell protection
against stresses. Previous investigation reported that Ecm29 negatively regulates aberrant
proteasomes which have too high peptidase activities in yeast (Park et al., 2011).
According to this report, Ecm29 might inhibit aberrant proteasomes induced by oxidative
stress. Take account of this, the accumulation of aberrant proteasomes and the
consequence of aberrant proteasomes should be examined using KIAA0368-deficient
cells.

A large part of Ecm29 protein is composed of HEAT-like repeat motifs. Like Ecm29,

proteasome activator PA200 is also composed of HEAT-like motifs (Kajava et al., 2004).
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It was previously reported that both Ecm29 and BIm10 (yeast homologue of PA200)
function in CP assembly pathways (Lehmann et al., 2010, Fehlker et al., 2003) and that
deletion of both ecm29 and biIm10 shows synthetic sensitivities to high temperature and
canavanine-induced proteotoxicity in yeast (Schmidt et al., 2005). In this regard, although
we did not observe the up-regulation of PA200 in the mutant mice, KIAA0368-deficiency
might be compensated in part by PA200. The analysis of double knockout mice lacking

both KIAA0368 and Psme4 would be important, which is under investigation.
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Tables and Figures

Table 1 | Primers used in this study.

Product Primer Name Sequence
11791 fwd CCAGTGTAGC AGGAGTTCTT TCAGG
KIAAO368 14043 rev CATATTTGGT TTTAGATCAG TCCAG

Neo 460-483 GATCAGGATG ATCTGGACGA AGAG
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Table 2 | Antibodies used in this study.

Name Clone Manufactuer
anti-Ecm29 - This study
anti-p5 ab3330 Abcam
anti-p7 - This study
anti-Rptl - Tanahashi et al., 1998
anti-PA28a - Tanahashi et al., 1997
anti-PA28y 611180 BD Transduction Laboratories
anti-PA200 - This study
anti-ubiquitin 20458 Dako
anti-multi ubiquitin FK2 MBL
anti-DNP A150-117A Bethyl Laboratories
anti-a-Tubulin T9026 Sigma
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Genotype

Sex +/+ +/- -/- Total
numbers 77 116 74 267
Male
ratio (%) 28.8 43.4 27.7 50.7
numbers 67 133 60 260
Female
ratio (%) 25.8 51.2 23.1 49.3
numbers 144 249 134 527
Total
ratio (%) 27.3 47.2 25.4 100.0

Table 3 | Number of offspring yielded from heterozygous intercrossing.
The numbers and ratio of offspring corresponding to their sex and genotype produced

from heterozygous intercrossing. Data were acquired from 63 mating pairs.
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Figure 1 | Construct of KIAA0368-deficient mice.
Schematic structure of KIAA0368 wild-type allele, the targeting vector, and the resulting
mutant allele. The exons are illustrated by black boxes. Neo; neomycin-resistant gene

cassette, DTA,; diphtheria toxin A. Bar indicates 1 kb.
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Figure 2 | Determination of mice genotypes by genomic PCR.
Detection of wild-type and mutant allele by genomic PCR. Tail genomic DNAs were
subjected to PCR. Wild-type allele was detected at 2.2 kb and the mutant allele at 0.6 kb.

NC; negative control.
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Figure 3 | Immunoblot of Ecm29 in wild-type, heterozygous and homozyogous to
KIAAQ368.
Detection of Ecm29 protein by immunoblotting. 50 pg of brain lysates of indicated

genotypes were subjected to immunoblotting using antibody against Ecm29.
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Figure 4 | Histology of KIAA0368-deficient mice.

Cerebrum, heart, kidney, testis, liver, pancreas and spleen sections from 8-weeks old wild-
type (WT) and KIAA0368-deficient mice (KO). The tissue sections were stained with

H&E. Scale bars in cerebrum indicates 300 um, and others indicate 50 pm.
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Figure 5 | Peptidase activities of KIAA0368-deficient mice.

Peptidase activities of testes lysates. 100 pg of testes lysates from wild-type, heterozygous
or homozygous mice for KIAA0368, were incubated with fluorescent substrates in the
presence or absence of 0.02% SDS. The bar charts represent the mean + S.D. of
fluorescence/pug/min. LLVY; chymotrypsin-like activity. White bars; wild-type, gray

bars; KIAA0368*", black bars; KIAA0368™. n.s.: not significant by student’s t-test.
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Figure 6 | Peptidase activities on sedimentation gradients.

Peptide hydrolysis activities of sedimentation velocity fractions from wild-type or
KIAAQ368-deficient testes lysates. 1 mg of testis lysates were fractionated by glycerol
density gradient centrifugation (10-40% glycerol from 1 to 22 fractions). Suc-LLVY-
AMC was used to measure the peptidase activities. The relative peptidase activities

(fluorescence/min) normalized to the first fraction are shown.
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Figure 7 | Ubiquitin staining on KIAA0368-deficient mice tissues,
Tissue sections from wild-type or KIAA0368-deficient mice were immunostained with

ubiquitin antibody and counterstained with Hoechst 33342. Scale bars indicate 50 pum.
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Figure 8 | Tissue blots of KIAA0368-deficient mice.
Tissue blots of wild-type (WT) and KIAA0368-deficient mice (KO). 50 ug of heart, liver,
pancreas, testis, brain, lung, spleen and kidney lysates were subjected to immunoblot

analyses using antibodies against Ecm29, Multi-ubiquitin, B5 and a-tubulin.
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Figure 9 | Expression levels of proteasome components.

Expressions of CP subunit (B7) and proteasome activators (Rptl, PA28a, PA28y and
PA200) in each KIAA0368 wild-type (+/+), heterozygous (+/-) and homozygous (-/-)
littermates. 20 ug of testis lysates of each genotype were subjected to immunoblot

analyses.
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Figure 10 | Distributions of proteasome components on sedimentation gradient.

Distributions of Ecm29, CP subunit (f7) and proteasome activators (Rptl, PA28a, PA28y
and PA200) on sedimentation velocity centrifugation. 1 mg of testis lysates were
fractionated by glycerol density gradient centrifugation (10-40% glycerol from 1-22
fractions) and every two fractions were combined as one lane for immunoblot analyses.

Antibodies used are indicated. WT; wild-type, KO; KIAA0368-deficient mice.
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Figure 11 | Cell viabilities under oxidative stress.

Cell viability assay under oxidative stress. 3 x 10° cells were cultured in H-0; of indicated
concentrations and their viabilities were measured by WST assay. The bar charts represent
the mean + S.D. to untreated cells. White bars; wild-type, black bars; KIAA0368™. *P <

0.05 by student’s t-test.
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Figure 12 | Cell death under oxidative stress.

Trypan blue exclusion assay on oxidative stress. Wild-type and KIAA0368-deficient MEF
cells were treated with indicated concentrations of H2O- for 2 h. Dead cells were counted
and the ratio of dead cells per total cells were calculated. The bar charts represent the

mean + S.D. White bars; wild-type, black bars; KIAA0368™". *P < 0.05 by student’s t-test.
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Figure 13 | Cell death-induced DNA fragmentations upon oxidative stress.

DNA ladder assay under oxidative stress. Wild-type and KIAA0368-deficient MEF cells
were treated with indicated concentrations of H20: for 2 h. Genomic DNA were extracted
and 0.5 pg of genomic DNA were electrophoresed on 1% agarose gel and visualized under

UV illuminator.
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Figure 14 | Distrubutions of proteasome components under oxidative stress.

Analysis of proteasome complexes under oxidative stress. Wild-type (WT) or KIAA0368-
deficient (KO) MEF cells were treated with 100 uM H20- or H>O for 20 min. 500 pg of
whole cell lysates were fractionated by glycerol density gradient (10-40% glycerol from
1-32 fractions) and immunoblotted with indicated antibodies. Asterisk indicates non-

specific bands. W.C.L.; whole cell lysate.
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Figure 15 | Peptidase activities upon oxidative stress.
Peptidase activities under oxidative stress. Odd fractions prepared in (A) were measured
using Suc-LLVY-AMC. The vertical axis represent relative fluorescence normalized to

peptidase activity of the first fraction.
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Figure 16 | Accumulation of oxidized and ubiquitylated proteins by H202 exposure.

Detection of oxidatively damaged proteins. Wild-type and KIAA0368-deficient MEF cells

were treated with 200 uM H2O; for indicated times, then cell lysates were immunoblotted

with indicated antibodies.
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Figure 17 | Distribution of proteasome components after long-term H202 exposure.
Analysis of proteasome complexes under oxidative stress. Wild-type (WT) or KIAA0368-
deficient (KO) MEF cells were treated with 100 uM H20; for 30 min or 360 min. 500 pg
of whole cell lysates were fractionated by glycerol density gradient (10-40% glycerol
from 1-32 fractions) and immunoblotted with indicated antibodies. W.C.L.; whole cell

lysate.
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Figure 18 | Accumulation of carbonylated proteins in the cell.
Wild-type and KIAA03687 cells were treated with 200 puM H,0O; in the presence or
absence of 20 uM MG132 and stained with indicated antibodies. Scale bars indicate 10

um.
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Figure 19 | Accumulation of ubiquitylated proteins in the presence of MG132.
Wild-type and KIAA0368-deficient MEF cells were treated with 200 uM H20- for 120
min in the presence or absence of 20 uM MG132 for 60 min, then cell lysates were

immunoblotted with indicated antibodies.
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