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ABSTRACT

The endoplasmic reticulum is responsible for folding of newly
synthesized proteins. Chaperone proteins, calreticulin and calnexin, with the
thiol-oxidoreductase ERp57, interact with nascent proteins in a cycle of quality
control to ensure proteins are folded correctly. In this study, we investigated the
tissue-specific expression of both calnexin and ERp57 throughout embryonic
development. We found that calnexin is primarily expressed in neurological
tissue and cartilage which is not surprising considering that targeted deletion of
calnexin results in live mice with severe motor defects. Targeted deletion of the
Pdia3 gene, which encodes ERp57, in mice is embryonic lethal at embryonic day
13.5. ERp57 expressed mainly in lung, liver and neurological tissue suggesting
that ERp57 may have a critical role in the development of these tissues. Both
calnexin and ERp57 play a role in quality control and my findings suggest that
calnexin- and ERp57-deficient cells are under persistent stress and adapt to
maintain ER homeostasis during. We also show here that STAT3-dependent
signalling is increased in the absence of ERp57 and this can be rescued by
expression of ER-targeted ERp57 but not by cytoplasmic-targeted protein,
indicating that ERp57 affects STAT3 signalling from the lumen of the ER. ERp57
effects on STAT3 signalling are enhanced by ER luminal complex formation

between ERp57 and calreticulin.



We also used site-specific mutagenesis to disrupt cysteine and histidine
residues in the N- and P-domains of calnexin. We identified that disruption
Cys'/1% in calnexin resulted in significant loss of its chaperone activity for
glycoyslated substrates. Disruption of Cys*5¢ also had minor impacts on the
function of calnexin as chaperone for glycosylated substrates. Mutations to H2%,
Cys'1% and Cys®! resulted in enhanced binding of ERp57 to calnexin. In
conclusion, these observations suggest that the cysteine residues within calnexin
are important to the structure and function of calnexin.

Research presented in this thesis highlights the diversity of the functions
of ER proteins calnexin and ERp57 and understanding the ER-associated
molecular mechanisms within a cell will undoubtedly give us essential

knowledge regarding healthy and normal development.
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Table 1 - Primers used in this study

Primers for RT-PCR

Gene Forward Reverse Chapter
Xbpl 5- CCTTGTGGTTGAG 5-CTAGAGGCTTGGT 23
ACCAGG-3 GTATAC-%
calnexin 5-CATGATGGACATG 5- GGTCTTCAGACTTG 5
ATGATGACAC-3’ CATCT GGC-3
GRp78 5-TGGTATTCTCCGA 5-AGTCTTCAATGTC 23
GTGACA GC-3' CGCAT CC-3
5-AACTTTGGCATTG 5-ACACATTGGGGGT
GAPDH TGGAA GG-¥ AGGAACA-3 23
tubulin 5-CCGGACAGTGTGG 5-TGGCCAAAAGGAC 5
CAACCA GATCGG-3 CTGAGCG AACGG-¥
STAT3 5-AGTCACATGCCAC 5-CGGGCAATTTCCAT 3
GT TGGTGT TTC-3 TGGCTTC TCA -3’
Primers used for identifying cassette insertion
Gene Forward Reverse Chapter
INVF1 5-GTTCCCAACG | INVR15 AAGCCATAC 3
ERp57 ATCAAGGCGAG-¥ CAAACGACGAGCG-¥
INVF2 5- TCAAGGCG INVR2 5-CGAGCGTGAC 3
AGTTACATGATCCC-3" | ACCACGATGC-3’
Primers used for genotyping
Gene Forward Reverse Chapter
F2 5-GGACAGTTTTGA | R35-TCTCCATTATCAT 3
GCTGCCAT-¥ CGTACTCC-¥
ERp57

F15-TCAAGGCGAGT
TACATGA TCCC-3

Lentivirus Primers attB1(forward) attB2 (reverse) recombination site (bold), Kozak
sequence for expression in mammalian cells (italics) ,gene specific nucleotides

(underlined)

Gene Forward Reverse Chapter
5-GGGGACAAGTTTG | 5-GGGGACCACTTTG

full-length TACAAAAAAGCAGGC | TACAAGAAAGCTGGG 3

ERp57 TATACCATGCGCTTCAG | TCCTAGAGGTCTCTTGT
CTGCCTAGCT-3’ GCCTTCTT-3’

no signal 5- GGGGACAAGTTT 5-GGGGACCACTTTG

sequence GTACAAAAAAGCAGG | TACAAGAAAGCTGGG 3

ERp57 CTATACCATGGATGTGT | TCCTAGAGGTCTCTTGT




TGGAACTGACGGACGA

GCCTTCTT-3

-3

calnexin

5 GGGGACAAGTTTGT
ACAAAAAAGCAGGCT
TCACCATGGAAGGGAA

5-GGGGACCACTTTGT
ACAAGAAAGCTGGGT
CTCACTCTCTTCGTGGC

GTGGTTACT-3’

TTTCT -3

Mutagenesis Primers for Mouse Calnexin (mutation in bold)

Mutation Forward Reverse Chapter
5-GGAATAGAAGCTGG | 5- GGAAAGCAGCTTC
ClelA TGGTG CCTATGTGAA | ACATAGCACCACCAGC 4
GCTGCTT TCC-3’ TTCTAT-3’
5- GGTCCAGATAAG 5- GAAATGCAGTTTG
C1°A GCTGGAGAG GACTAC | TAGTCCTCTCCAGCCTT 4
AAA CTG CATTTC -3 ATCTGGACC -3
5-GGAGAGGACTACA 5- GGGATTTTTGTG
T AACTGGCATTCATCTTT | TCGAAAGATGAATGCC 4
CGACACAAAAATCCC- | AGTTTGTAGTCCTCTCC
3 -3
5= CCIGTATATGAAGA | o, -\ GaTCTGCATCTG
AAAACATGCAAAGAG
H>A GCCAGATGCAGATCTG GCTTCTTTGCTCGTTTTT 4
3 CTTCATATACACC-3
5- GCCAACCCCAAG 5’- CCCAGGGGCTGAC
C30A GCTGAGTCA GCCCCT | TCAGCCTT GGGGTT 4
GGG-3 GGC-¥
5- GCCCCTGGGGCTGG | 5- CATAGGTCGCTGC
C300A TGTCTGGCAGCGACCT | CAGACACCAGCCCCAG 4
ATG-3 GGGC-3
Mutagenesis Primers for Soluble Dog Calnexin (mutation in bold)
Mutation Forward Reverse Chapter
5-GGAATAGAAGCT 5-GGAAAGCAGTTTC
ClelA GGTGGTGCCGCCTATG | ACATAGGCGGCACCAC 4
TGAAACTGCTTTCC-3 CAGCTTCTATTCC-3
5-GGTCCAGATAAA 5-GAAGTGCAGTTTAT
C°A GCTGGAGAAGCATATA | AGTCTTCTCCAGCTTTA 4
AACTGCACTTC-3 TCTGGACC-3
5-GGAGAAGACTATA 5-GGGGTTTTTGTGGC
A AACTGGCTTTCATCTTC | GGAAGATGAAAGCCA 4
CGCCACAAAAACCCC- | GTTTATAGTCTTCTCC-
3 3
H>A 5-ACAGGCGTATATGA | 5-ATCTGCATCTGGCC 4




AAAGGCTGCTAAGAG
GCCACATGCAGAT-3

TCTTAGCAGCCTITTTCT
TCATATACGCCTGT-3'

CBe1 A

5-CAACCCTAAGGCTG
AGTCGGC CCCTG-3

5-CAGGGGCCGACTCA
GCCTTA GGGTTG-3

C367 A

5-GGCCCCTGGGGCTG
GTGTCTG GCAG-3’

5-CTGCAAGACACCA
GCCCCAG GGGCC-¥

Mutagenesis Primers for Insertion of Restriction Sites (restriction sites

underlined)
template forward reverse Chapter
5- GCTAGCTCTAGAGA | 5'- GGGCCCGAGGGCTG
RElq ATTCGATATCATGGCT | CCCTAGCTCAGAGGGC appendix
ACCATTATCCTGAGC ATATGGAATCAC TGG -
ACCTTCCTGC - 3
5- GCTAGCATGGAAG | > SAATICCAAAATG
mouse CNX GGAAGTIGG TTAC-Y gllkGACCACCCAAAGCC appendix
mouse 5- TCTAGAATGCGCTT | 5 - GATATCGAGGTCCT .
ERp57 | CAGCTGCC TA G-3 CTTGTG CCTT C-3 appendix
5 - GCTAGCATGTCCC | 5 - TCTAGACGATGAA .
GST appendix

CTATACTA GG -3’

TTCCCG GGGATC -3




Table 2 — Antibodies used in this study

Western Blot

Immunostaining

Antibody Name Dilution Dilution Source Chapter
rabbit anti-calnexin 1:1000 1:100 StressGen Inc. 2,34
rabbit anti-PDI 1:1000 1:50 generated in 2,3

our laboratory
goat a‘nﬁ—. 1:500 ) generated in 23
calreticulin our laboratory
. ) 1:100 generated in
rabbit anit-ERp57 1:300 11150 (FACS) our laboratory 2,3
rabbit anti-GAPDH 1:1000 - Abcam 2
mouse anti-IRE1 1:500 - br. R 2
Kaufman
rabbit anti-GRp78 1:1000 1:50 StressGen Inc. 2,3
rabbit anti-GRp94 1:1000 1:50 StressGen Inc. 2
goat anti-rabbit 1:10000 - Invitrogen 2,34
rabbit anti-goat 1:10000 - Invitrogen 2,3,4
rabbit anti-ERp41 1:1000 - generated in 3
our laboratory
rabbit anti-ERp54 1:1000 - generated in 3
our laboratory
rabblt‘ anti-p- 1:1000 - StressGen Inc. 3
tubulin
rabbit-anti-
Cell
phospho-STAT3 1:1000 - . . 3
(Y) Signalling
rabbit anti-STAT3 1:1000 . cell 3
Signalling
rabbit conjugated-
fluorescein 1:100 Invitrosen 34
isothiocyanate 1:200 & ’
(FITC)
anti-rabbit Alexa - 1:100 Tnvitrogen 2

Fluor 546




Table 3 — Cell lines generated and/or used in this study

cell line abbreviation reference Chapter
calnexin wild-type MFs wt generated in this study 2
calnexin-deficient MFs cnx™”- generated in this study 2
calnexin wild-type MEFs wt generated in this study 2
calnexin-deficient MEFs cnx’ generated in this study 2,34
ERp57 and calreticulin wild- . Mesaeli, N., et al., ]. Cell
wild-type . 3
type MEFs Biol., 1999. 144
ERp57-deficient MEFs ERp57-" generated in this study 3
Mesaeli, N, et al., J. Cell
o B
calreticulin-deficient MEFs crt Biol, 1999. 144 3
ERp57-deficient MEFs expressing:
full-length ERp57 ERp577- -ERp57:r | generated this study 3
no signal sequence ERp57 ERp57" -ERp57: | generated this study 3
green florescent protein ERp577- -ERp57crr | generated this study 3
calreticulin-deficient MEFs expressing:
Nakamura, K., et al., J. Cell
_ iouli A
full-length calreticulin crt’--CRT Biol, 2001. 154 3
full-length Calreticu‘lin ‘that cri--CRTEZR Martin, V., et al., ] Biol 3
has loss of ERp57 binding Chem, 2006. 281
full-length C:fllre.ticulin that cri- -CRTG224 Martin, V., et al., ] Biol 3
has ERp57 binding Chem, 2006. 281
calnexin-deficient MEFs expressing:
full-length calnexin cnx’-CNX generated in this study 4
; lani
cysteine 161 toa anine cnx’--Cret generated in this study 4
mutant of calnexin
cysteine 195 to al.a e cnx’-C15 generated in this study 4
mutant of calnexin
histidine 202 to a.l anihe cnx-H?%2 generated in this study 4
mutant of calnexin
histidine 219to al‘amne cnx’-H>? generated in this study 4
mutant of calnexin
; lani
cysteine 360 to a anine cnx’--C360 generated in this study 4
mutant of calnexin
cysteine 366 to al'a e cnx-C36 generated in this study 4
mutant of calnexin
teine 161 195 t
cys (?me 61and 195 to . cnx--C161/19 generated in this study 4
alanine mutant of calnexin
tei t
cysteine 360 and 366 to cnx-- 3605366 generated in this study 4

alanine mutant of calnexin




Table 4 — Plasmids used in this study

Plasmid Description Name Source Chapter
Xbp1 splicing Firefly luciferase,
RL-XFL Dr. R. Kauf 2
CMV Renilla luciferase P ' aviman 3
Firefly luciferase reporter driven
L3-GRp78-
by a 311 bp fragment (-304 to +4) PG 3 CRp78 Dr. R. Kaufman 2,3
luciferase
of the GRp78 promoter
Renilla. luciferase reporter PRL-CMV Promega 23
plasmid
full-length ERp57 in destination nerated in thi
lentiviral vector with p2K7-ERp57¢r generate > 3
. . study
blasticidine resistance
no signal sequence ERp57 in o
ted in th
destination lentiviral vector P2K7-ERp57 eyt generatec in His 3
o . study
blasticidine resistance
o . previously
i;)luble dog calnexin with His PBAD-CNX | generated in our 4
& laboratory
full-length calnexin in
hi 4
destination lentiviral vector p2K7-CNX fte:l;rated this a e;l dix
blasticidine resistance Y PP
full-length mouse IREla with IREla- . .
Dr. K. Myosh d
zeocin resistance pcDNA3.1 i yost appenaix
target plasmid with multiple
cloning site, CMV promoter pcDNAS3.1/zeo | Invitrogen appendix
and zeocin resistance
f:lllc());iif Izlselgﬁrzl:(r)r;ﬁtlple IREla-mini- | generated in this appendix
ning MCS study PP
resistance
mouse calnexin with soluble generated in this .
. . appendix
EcoR1/Nhel restriction sites calnexin-RS | study
mouse FRp§7 with Xbal/EcoRV ERp57-RS generated this appendix
restriction sites study
GST-containing plasmid pGEX-3X GE Healthcare appendix
GST .w1'th Nhel and Xbal GST-RS generated this appendix
restriction sites study
mouse IREla-mini-multiple
cloning site and deletion of IRElaAlumina | generated this appendix
luminal domain with zeocin I-mini-MCS | study PP

resistance




p2K7-calnexin mutant plasmids:

Plasmid Description Name Source Chapter
cyste'ir}e .161 to _alanine, P2K7-CIo1A generated in this 4
blasticidine resistance study
cyste‘ir}e ‘195 to ‘alanine, P2K7-CI95A generated in this 4
blasticidine resistance study
histi?lifle‘ 202 to‘ alanine, p2K7-H22A generated in this 4
blasticidine resistance study
histi?lifle‘ 219 to‘ alanine, p2K7-H29A generated in this 4
blasticidine resistance study
cyste'ir}e .360 to _alanine, P2K7-CHA generated in this 4
blasticidine resistance study
cyste‘ir}e ?»66 to falanine, P2K7-CHA generated in this 4
blasticidine resistance study
cysteine 161 and 195 to alanine, P2K7-CI6S5A generated in this 4
blasticidine resistance study
cysteine 360 and 366 to alanine, p2K7-Coes A generated in this 4
blasticidine resistance study
pBAD-calnexin mutant plasmids for purification:
Plasmid Description Name Source Chapter
T thi
cysteine 161 to alanine, His-tag pBAD-C'A generated in this 4
study
ted in thi
cysteine 195 to alanine, His-tag pBAD-C%A generated i tis 4
study
T . . generated in this
histidine 202 to alanine, His-tag pBAD-H?®2A 4
study
T . . generated in this
histidine 219 to alanine, His-tag pBAD-H?YA 4
study
ted in thi
cysteine 361 to alanine, His-tag pBAD-C31A generated i tis 4
study
ted in thi
cysteine 367 to alanine, His-tag pBAD-C¥"A generated i tis 4
study
cysteine 161 and 195 to alanine, PBAD-CIot1%5A generated in this 4
His-tag study
cysteine 361 and 367 to alanine, PBAD-CH1A7A generated in this 4

His-tag

study
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Introduction




Introduction

The Dynamics of the Endoplasmic Reticulum - The endoplasmic reticulum
(ER) is a large membrane-bound network that is continuous with the
nuclear envelope and found throughout the cytoplasm of all eukaryotes
[1, 2]. The word “endoplasmic” means within the cytoplasm and
“reticulum” is derived from the word meaning “network.” The two types
of ER, rough endoplasmic reticulum and smooth endoplasmic reticulum
(SER) are morphologically and functionally distinct. The rough ER is
studded with ribosomes giving it a rough appearance in electron
microscope images while the smooth ER is markedly absent of ribosomes.
The ER lumen milieu is distinctly different from the rest of the cell
allowing it to have diverse roles such as protein folding, synthesis and
degradation and trafficking, post-translational modifications, lipid and
steroid metabolism, Ca? storage and release and intracellular signalling
and cellular response to stress [2-6]. Additionally, the ER of mammalian
cells is a major site of Ca* storage and has a very high Ca* content relative
to the Ca? content in the cytosol. This high intra-luminal Ca® content is
mediated by numerous ER Ca? buffering proteins and is critical to the
protein folding reactions as well as the protein folding machinery [7, 8].
High luminal Ca* also allows the ER to play a role in intracellular
signalling by releasing its Ca* content into the cytosol resulting in large
increase in cytosolic Ca* concentrations [7]. Often, Ca* buffering proteins
are also components of the protein folding machinery within the ER. The
collection of activities involved protein synthesis, folding and degradation
is termed quality control. Molecular chaperones and foldases are major

components of quality control and they are involved in ensuring newly
2



synthesized proteins obtain their correct functional conformation. When
looking at major redox buffer of the cell, glutathione, the cytosol has a
ratio of reduced (GSH) to oxidized glutathione (GSSG) from 30:1 to 100:1
while the ER has a ratio of 1:1 to 3:1 [9]. This allows the ER to uniquely
provide an oxidizing environment where disulfide bonds can be formed
in newly synthesized proteins. Not only it is a major folding compartment
of the eukaryotic cell, but is also the first compartment in the secretory
pathway [6]. Terminally misfolded proteins are sent for proteasomal
degradation by a mechanism termed ER-associated degradation (ERAD).
If misfolded proteins escape both quality control and ERAD, the increase
in misfolded proteins within the ER lumen is dealt with by several ER
sensors that make up the unfolded protein response (UPR.) Taken
together, the ER has developed numerous mechanisms to ensure that it is
functioning correctly and efficiently and can mediate responses to deal

with fluctuations and shortcomings of the cell.

The contributions of the ER to the coordination of cellular processes is
dictated by the numerous proteins that mediate its functions to make it
major Ca? store of the cell as well as the site of protein synthesis and
folding. Studies of animal and cellular models of deficiencies in these
molecular players will also us to gain insight into structure and function
of the proteins and, ultimately, the ER. This introduction will focus on the

molecular cast that takes the stage to carry out numerous ER functions.

1.0 Ca?* Signalling of the Endoplasmic Reticulum - Cytoplasmic Ca? acts as a
versatile and powerful second messenger impacting cellular events such

as exocytosis, contraction, metabolism, transcription and fertilization [10].



The ER is the major Ca* store of the cell with a total (free and bound) ER
Ca? concentration estimated to be 2 mmol/l while the free ER Ca?" varies
from 50 to 500 umol/l [11]. These fluctuations in ER luminal Ca?" also
impact numerous cellular functions including secretion, contraction—
relaxation, motility, metabolism, protein synthesis, modification and
folding, gene expression, cell-cycle progression and apoptosis [12]. The
enormous capacity of the ER for Ca* is mediated by the Ca* buffering
capacity of the resident proteins [12, 13]. The constantly fluctuating free
Ca* concentrations within the ER is maintained by a balance of uptake
and release into the cytoplasm [13]. Overload and depletion of ER Ca?"

stores can have detrimental effects on the entire cell [14].

1.1 Ca* buffering proteins - Ca* buffering proteins of the ER (Table 1-1) are
unique in a sense that they often possess dual functions and are also
molecular chaperones or folding enzymes involved in protein folding and
posttranslational modification [13, 14]. This fascinating trick of evolution
has resulted in proteins whose folding capability is directly influenced by
intraluminal Ca?" fluctuations [13]. This allows the ER to have fine control
over its folding capacity by modifying Ca? concentration within the
lumen [13]. Perhaps the most widely studied Ca?" buffering protein of the
ER is calreticulin [15]. Calreticulin has been known to be involved in many
cellular processes and this is in part due to its role as a Ca* buffering
protein [15]. Calreticulin has a very specific domain structure with an N-
terminal globular domain, a P-arm domain and a C-terminal tail domain
[15]. In vitro studies have defined two domains of calreticulin with one site
each that are involved in Ca? binding; the P-domain binds Ca? with a

high affinity (Ka = 1 umol/l) and low capacity (1 mol of Ca* per mol of
4



protein) [16] and the C-domain binds Ca? with a low affinity (2 mol/l) and
high capacity (25 mol of Ca? per mol of protein) [16, 17]. The C-domain
consists of a large stretch of acidic amino residues interrupted, at regular
interval, with one or more basic lysine or arginine residues. It was found
that disruption of these basic residues results in a decrease in Ca* binding
capacity and this can be directly attributed to the lysine amino group
sidechains [18]. In fact, the C-domain of calreticulin alone is responsible
for binding over 50% of Ca? within the ER [17]. In order to effectively
understand the Ca* binding properties of calreticulin and its unique role
within the cell, it is important to investigate cellular and animal models
looking calreticulin-deficiency and over-expression. For example, in
calreticulin-deficient mouse embryonic fibroblasts (MEFs) there is a
significant decrease in Ca?" storage and when full-length calreticulin or the
P + C (the domains involved in Ca* binding) domains of calreticulin are
expressed, there is full recovery of Ca?* of the ER [17]. It is likely that this
is due specifically to the high capacity C-domain because expression of the
N + P domain of calreticulin does not recover Ca?" capacity of calreticulin-
deficient MEFs [17]. The impact that the presence or absence of calreticulin
has on ER Ca?* capacity and the influence that Ca2+ fluctuations is known
to have in the regulation of cellular processes, makes it not surprising that
alteration in calreticulin protein levels ultimately impact tissue
development in vivo (See ‘2.2b-iii-Mouse models’) [15, 19-22]. Calreticulin is
also studied as a molecular chaperone involved in protein folding and
quality control (See ‘2.1 Quality Control in the Endoplasmic Reticulum’) [3].
Interestingly, monoglucosylated carbohydrate binding to calreticulin is

dependent of the presence of Ca* [23]. Compelling evidence tying
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together the dual functionality of calreticulin as Ca?* binding protein and
molecular chaperone comes from studies involving limited proteolysis
trypsin digestion [24]. When ER Ca* levels are low (<100 umol/l)
calreticulin is rapidly degraded by trypsin, however under high ER Ca*
concentrations (500 pmol/l to 1 mmol/l) calreticulin forms a N-domain
protease resistant core [24]. This suggests that Ca? fluctuations are able to
affect the conformation of calreticulin and, ultimately, impacting function

[24].

Aside from calreticulin, there are other Ca?* binding proteins resident
within the ER lumen and showing variance in their Ca?* binding affinity as
well as Ca? capacity [13, 15, 22, 25]. Some of these Ca* binding
chaperones and foldases include calnexin, BiP/GRp78, glucose-regulated
binding protein 94 (GRp94), protein disulfide isomerase (PDI)/Calcistorin
and ERp72 [25-30]. Calnexin also binds Ca? but it does not appear to play
a role of Ca? buffer in the ER [31, 32]. Outside of the ER, the cytoplasmic,
highly acidic C-terminal domain of calnexin binds Ca* with moderate
affinity and may affect the function of calnexin (See “2.2a-i-Structure”) [31].
BiP/GRp78 binds Ca? with a very low capacity (1-2 mol of Ca? per mol of
protein) but is surprisingly responsible for as much as 25% of the Ca*
binding capacity of the ER [25]. It is thought that, unlike calreticulin, the
BiP chaperoning domain and Ca* domain may be intermixed as there is
no obvious domain segregation as determined by the polypeptide
sequence [25]. The ATPase activity of BiP is regulated under depletions of
ER Ca* providing another example of Ca* fluctuations and protein
function [33]. BiP has also been shown to be involved in the transport of

Ca* from the ER to the mitochondria through transient associations with
6



the ER membrane sigma-1 receptor (Sig-1R) [33]. As well, BiP plays a role
in Ca* efflux into the ER through its association with Sec61 to keep it
closed during protein translocation or in the absence of translocation [33].
GRp94 is also known to bind ER Ca? through its 15 site, 4 with moderate
affinity (Ka ~ 2 uM) and low capacity (1 mol of Ca* per mol of protein)
and 11 with low affinity (Ka~600 uM) and high capacity (10 mol of Ca?" per
mol of protein) [26]. The function of GRp94 is thought to be regulated by
ER Ca* and studies showing, in vitro, 100 nM of free Ca* can result in
dramatic conformational changes the protein structure [26]. Indeed, it has
been suggested that GRp94 may have a role in myocardial cell
differentiation and heart development and it has been found that a
selective increase in GRp94 expression in response to Ca?" levels is able to
protect cardiomyocytes from ischemia [26-28]. Additionally, through its
modulation of ER Ca? stores, it has been suggested that GRp94 has a role
in anti-oxidant cytoprotection [34]. Finally, it is also thought that Ca*
binding to GRp94 regulate its interactions with other proteins [26]. For
example, in a non-physiological system, GRp94 is able to bind calmodulin
in the presence of Ca?, thereby inhibiting GRp94 from binding actin

filaments [26].

The ER is also home to a number of oxidoreductases that have dual
functions as ER Ca? buffering proteins in addition to being folding
enzymes. PDI is a 58-kDa protein that binds Ca* with a high capacity (19
mol Ca* per mol of protein) and weak affinity (Ka=2-5 mM) [29]. PDI is
thought to bind to Ca?* through a cluster of paired acidic residues in the C-
terminal of the protein [35]. Function of PDI may also be associated with

Ca* binding as UV spectral analysis show that there are conformational



Table 1-1: Calcium buffering proteins of the endoplasmic reticulum

Protein Ca? affinity Ca?* capacity (per mol of protein)
PDI weak - 2-5 mM high - 20 mol of Ca*
high — 2 uM (4 sites) low - 1 mol of Ca*
GRp94 —
P low 6,00 HM high - 10 mol of Ca*
(11sites)
GRp78/BiP - low - 1-2 mol of Ca?
CNX - low capacity
high -1 HM (P- low - 1 mol Ca?
CRT domain)
low =2 mM (C high - 25 mol Ca*
domain)
calcistorin low -1 mM high - 23 mol Ca*
ERp72 low high - 12 mol Ca*




changes in the protein induced by Ca? binding [29]. ERcalcistorin/PDI is
an ER-luminal calsequestrin-like protein that binds Ca? with a high
capacity (23 mol of Ca?" per mol of protein) and low affinity (Ka ~ 1 mM)
[35]. Mutagenesis studies have also suggested that clusters of paired acidic
residues within the C-terminal end of ERcalcistornin/PDI may constitute,
in part, the low affinity binding sites for Ca? [35]. ERp72 (also known as
Ca* binding protein 2 or CaBP2) is a 72-KDa PDI-like family member that
binds Ca* with a high capacity (12 mol of Ca* per mol of protein) and low
affinity [30]. Taken together, a number of ER chaperones and foldases are
responsible for the Ca?* capacity of the ER. The supply of Ca?* to these Ca?"
buffering ER resident proteins is tightly controlled by a number of ER

transmembrane channels and receptors.

1.2 Regulation of ER Ca?* homeostasis - The ER is equipped with a number of
ER Ca?* handling proteins that are involved in Ca* uptake and release
(Figure 1-1) [36]. Release of Ca? from stores is controlled by the inositol
1,4,5-triphosphate (InsPs) receptor and the ryanodine receptor (RyR) to
produce a sustained increase in cytosolic ER Ca* concentrations that can
impact cellular events such as transcriptional activity [36-38]. The binding
of specific hormones and growth factors to specific receptors at the plasma
membrane, lead to activation of phospholipase C (PLC) which catalyses
the hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2) to produce
the intracellular messengers inositol 1,4,5-trisphosphate (InsPs) and
diacylglycerol [39]. InsPs diffuses throughout the cell where it comes into
contact with large homo- or hetero-tetramers of the InsPs receptor
resulting in conformational changes to cause channel opening and

allowing Ca* to enter the cytoplasm [39]. Interestingly, although InsPs
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Figure 1-1 - Regulation of Ca* from intracellular ER stores. Ca?* release (top
panel) involves the binding of specific hormones (blue circle) to specific receptors
(blue rectangle) at the plasma membrane resulting in activation of PLC to
hydrolyse PIP2 to produce InsP3 and DAG. InsP3 activates the InsP3 receptor
and Ca? is released. Ca? refilling (bottom panel) involves ER localized SERCA and
plasma membrane NCX and PMCA to remove cytosolic Ca?. Stim1 accumulates
at the plasma membrane to activate plasma membrane store operated channels
(Orail, for example) to refill ER Ca* stores. PLC: phospholipase C; PIP:
phosphatidylinositol 4,5-biphosphate; InsPs: inostiol 1,4,5-triphosphate; DAG:
diacylglycerol; InsPsR: InsPs receptor; SERCA: sarco/endoplasmic reticulum Ca? -
ATPase; NCX: Na*/Ca? exchanger; PMCA: plasma membrane Ca?* - ATPase;

STIM1: stromal interaction molecule 1
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receptors require InsPs for opening, this opening can be modulated by Ca?
concentrations at the cytoplasmic surface [39]. Modest increases in
cytoplasmic Ca* (0.5-1.0 uM) enhance channel opening while high
concentrations (>1.0 puM) inhibits channel opening [39]. The careful
manipulation of ER Ca* release by both second messenger and cytosolic
Ca? suggest how tightly controlled Ca? release is for complex signalling
events [39]. RyRs form homotetramers and also act to refill ER Ca* in
response to UM concentrations of cytoplasmic Ca*. RyRs are activated by
low cytoplasmic Ca? concentrations (1-10 uM) and are inhibited by high
cytoplasmic Ca? concentrations (>10 uM) [39]. RyRs are also sensitive to
the plant alkyaloid ryanodine (hence the name) and while in the activated
state, low concentrations (1-10 uM) of ryanodine binding locks the RyRs
into a long-lived subconductance state, whereas higher concentrations
(~100 uM) irreversibly inhibit channel opening [39]. Interestingly, RyRs
are also sensitive to caffeine and can be activated my millimolar amounts
[39]. ER luminal Ca? stores are then refilled through the action of the ER
transmembrane protein sarcoplasmic/endoplasmic reticulum Ca?-ATPase
(SERCA) which removes Ca? from the cytoplasm in an ATP-dependent
manner [38, 40]. Cytosolic Ca* stores are also emptied through the action
of the Na*/Ca? exchanger (NXC) and the plasma membrane Ca? ATPase
(PMCA) [41]. Taken together, it is the action of both plasma membrane
and ER localized pumps and exchangers that can exert powerful effects of
ER Ca? on varied cellular functions [22]. Store-operated Ca?" (SOC) influx
results from a depletion of ER Ca? stores by activation of the channels in
the plasma membrane to refill intracellular stores [22, 40, 42]. The

molecule that has been recently shown to be involved in the
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communication of intracellular Ca>* stores to the plasma membrane is the
stromal interaction molecule 1 (Stim1) [22, 40]. Stim1 has two specific
functions and they are acting (1) as the first sensor to detect ER lumen Ca?"
concentrations and (2) as a messenger to translocate to the plasma
membrane to activate store-operated channels [40]. Upon store depletion,
Stim1 accumulates in punctate and clusters at the plasma membrane with
the store operated Ca* channel (CRAC, Orail or transient receptor
potential channels (TRPC), depending on cell type) to increase Ca? influx
into the cell [40]. This fine control of Ca?* transients is critical to

downstream cellular functions.

A sustained increase in cytosolic Ca?* from intracellular ER Ca?" stores is
important for downstream events. For example, calcineurin, a
Ca%*/calmodulin-dependent  phosphatase, dephosphosphorylates a
number of transcription factors, one being nuclear factor of activated T-
cells (NFAT) whose nuclear translocation and DNA-binding activities
requires de-phosphorylation [40]. The nuclear import of NFAT is
important for the induction of a genetic program for proliferation [40]. The
calcineurin/NFAT pathway provides an excellent example of how Ca?
fluctuations can directly and powerfully affect a downstream
transcriptional pathway [40]. Aberrant Ca* signalling can impact both the
neurological and cardiovascular system [15, 43]. The importance of Ca*
signalling from the ER is underscored by the number of diseases that can

result when it is altered.

2.0 Protein Folding in the Endoplasmic Reticulum - The ER has specific

characteristics that make it a unique folding compartment different from
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the cytosol and mitochondria [9, 22]. It has a highly oxidized environment,
a high intracellular concentration of Ca* and it houses a number of
chaperones and foldases [6, 9, 44]. The hydrophobic effect, or the
minimization of hydrophobic amino acid residues at the surface of the
protein, is the driving force of both cytosolic and ER based protein folding
[45]. Proteins can obtain a number of different conformations determined
by a variety of interactions between their amino acid residues [6, 45]. Each
conformation yields a different free energy and the desired conformation
is the one resulting in the lowest free energy and, often, this is the native
conformation of the protein [6]. Unfolded proteins are defined as proteins
with a higher number of hydrophobic patches on their surface resulting
in increased chances of forming aggregates with other unfolded proteins
in the crowded ER lumen (~100 g/1 or 2 mM) [45]. However, a number of
ER specific events result in limiting the number of potential conformations
of a protein and allows for a certain amount of kinetic control of protein
folding [45]. This kinetic control is critical because of the temporal
discrepancy of protein folding and translation [6]. Protein folding happens
very quickly with individual structures such as [-sheets and «-helices
folding with 0.1-1 us with small proteins folding in as little time as 50 ps
[6, 46]. Translation of mRNAs, on the other hand, is a slow process and
proceeds at ~ 4-6 amino acid residues/second [6]. To ensure that the
correct conformation is obtained with amino acid residues that are far
apart, the ER must maintain the newly synthesized protein in a folding
competent intermediate state [6]. The ER has unique mechanisms to
ensure correct protein folding occurs. The first delay actually occurs

outside the ER in the cytoplasm. During translation, approximately the
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Figure 1-2 - The quality control cycle. (1) protein translated from mRNA is
inserted into the ER through the Sec61 channel where its signal sequence is
cleaved by SP and it is N-glycosylated (GlcBMan9GlcNAc2) by OST. (2) The N-
glycan is sequentially cleaved by Glucl/Il (GlucMan9GIcNAc2) allowing it to
interact with chaperones CRT, CNX and the foldase ERp57. (3) The final glucose
is cleaved by Glucll (Man9GIcNAc2) . The misfolded protein is recognized by
UGGT and re-associates with calnexin (CNX), calreticulin (CRT) and ERp57. (4) if
the protein is correctly folded, it exits the ER to the Golgi apparatus for secretion.
(5) Terminally misfolded proteins are cleaved by al,2-man to remove the
innermost mannose (Man8GIcNAc2) and the protein is recognized by EDEM and
sent for proteasomal degradation. SP: signal peptidase; OST:
oligosachharyltransferase; Glucl/II: glucosidase 1 and II; CNX: calnexin; CRT:
calreticulin, UGGT: UDP-glucose:glycoprotein glucosytransferase; «al,2-man:
al,2-mannosidase; EDEM: ER degradation-enhancing oa-mannosidase-like
lectins.
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Figure 1-3 - Processing of N-glycan for regulation of the quality control cycle.
Glucosidase I cleaves the outermoust glucose residue followed by the cleavage of
the next glucose residue by glucosidase II to mediate interaction with
chaperones. Interaction is lost when the innermost glucose is cleaved by
glucosidase II. a-1, 2-mannosidase cleaves the inner mannose to target the
protein for degradation. UGGT re-glucosylates the protein.
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tirst 20 amino acids constituting the signal sequence, are immediately
bound by the signal recognition particle (SRP) which not only targets the
ribosome for the ER membrane but also temporarily halts translations and
only resumes once the ribosome has attached to the ER membrane (via the
SRP-receptor) [47]. This delay in translation provides the first level of
control where folding cannot occur until the protein is in the ER. The
second level of control is N-linked glycosylation, a post-translational
modification obtained when proteins are translated into the ER through
the Sec61 translocon. This modification provides a level of control in
protein folding because not only does it dictate protein attachment sites to
chaperone proteins but it also shields newly synthesized unfolded
proteins from interacting and potentially forming aggregates [45]. N-
linked glycosylation also instils an irreversibility onto the subsequent
protein folding reactions because it directs their attachment sites to the
surface of the protein and shields the vicinity of the attachment sites from
hydrophobic interactions with other proteins [45]. Thirdly, formation of
disulfide bonds takes precedence over the hydrophobic folding and this
slow process limits the number of energy stable conformations possible [6,
45]. Finally, molecular chaperones partially act to reduce the amount of
unfolded aggregates by binding to these hydrophobic surface patches and
physically shielding proteins from interacting [45]. Therefore, the primary
amino acid sequence dictates the 3-dimensional structure of the protein (as
first discussed in Anfinsen’s dogma) [6].

2.1 Quality Control in the Endoplasmic Reticulum - (Figure 1-2) Proteins are
transolocated into the ER lumen through a proteinaceous channel, Sec 61

translocon complex [48, 49]. A number of proteins are transiently
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associated with the translocon such as the signal peptidase (SP),
GRp78/BiP and the oligosacharyltransferase (OST) [48]. GRp78/BiP is
thought to mediate proteins translocating across the membrane by
potentially acting as the molecular motor to power this process [48].
GRp78/BiP has also been shown to be involved in blocking the translocon
channel after protein translation is complete [50]. Following cleavage of
the signal sequence by the SP, the OST enzyme catalyzes the addition of a

preassembled oligosaccharide core (N-acetylglucosamine,-mannose,-
glucose, or Glc,Man,GIcNAc,) at selective asparagine (Asn-Xaa-Ser/Thr)

residues on the nascent polypeptide in a process termed N-glycosylation
(Figure 1-3) [48, 51]. Although the OST has no impact on the activity of the
translocon, N-glycosylation can occur at either end of the protein so the
OST remains associated to the translocon for the entire translation process
[48]. As the newly synthesized, N-glycosylated protein translates into the
ER lumen, it is further modified by the ER enzymes, a-glucosidases I and
II. They sequentially cleave terminal glucose residues with glucosidase I
removing the initial glucose residue and glucosidase II cleaving a further
glucose residues on the oligosaccharide core to reveal a monoglucosylated

core glycan (GlcMany,GIcNAc,) (Figure 1-3) [52]. The monoglucosylated

glycoprotein is now able to enter the quality control cycle through
interaction with the lectin like ER chaperones, calnexin and calreticulin
that associate with the oxidoreductase, ERp57 [53]. The protein is released
from the folding machinery and the innermost glucose residue is removed
by glucosidase II [3]. If the protein is correctly folded, it can now exit the
ER through the Golgi to their correct location within the cell [3, 8]. If the

protein has not obtained its correct conformation, it can re-renter the
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calnexin/calreticulin cycle through re-glucosylation by the ER enzyme
UDP-glucose:glycoprotein glucosyltransferase (UGGT) [54]. UGGT is a
folding sensor as it only recognizes incompletely folded glycoproteins as
its substrate [54]. However, if the protein is terminally misfolded it is
marked for ER associated degradation (ERAD) due to the action of ER
mannosidase I which cleaves the al,2-linked mannose from the inner

branch of the N-glycan (Man,GIcNAc,) (Figure 1-3) [55]. These misfolded

proteins are then recognized by ER degradation-enhancing «-
mannosidase-like lectins (EDEMs) proteins that target substrates for
ERAD. EDEMs associate with derlin-2, derlin-3 and Sec61 that are all
candidates for retro-translocation channel. After dislocation to the
cytoplasm, the protein is polyubiquitinated and degraded via the 26S

cytosolic proteasome [55].

2.2 Protein Folding Machinery - Protein folding in the ER is carried out by a
number of different chaperones, foldases or folding enzymes and sensors.
Specifically, the lectin-like ER chaperones, calnexin and calreticulin, and
the oxidoreductase, ERp57. In the following sections, these proteins, in
terms of the structure function, mouse model and clinical relevance, will

be discussed.
2.2a Calnexin

2.2a-i- Structure - Calnexin is a type 1 integral membrane protein with a
cytoplasmic C-terminal RKPRRE (Arg-Lys-Pro-Arg-Arg-Glu) ER-retention
signal and an N-terminal signal sequence (Figure 1-4) [15]. It can be
divided into four structural and functional domains: the N-globular

domain, the P-arm domain, a short transmembrane domain and a C-
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terminal cytoplasmic domain [56]. The N+P domains comprise the soluble
form of calnexin and are responsible for the lectin-like chaperone function
of the protein [56]. The P-domain extends away from the N-globular
domain and is responsible for binding the oxidoreductase ERp57 [56, 57].
The C-terminal cytoplasmic domain binds Ca? and also contains
phosphorylation sites [32, 58]. The crystal structure of the luminal, soluble
domain of calnexin (N+P) has been solved and this study has allowed us
to gain great insight into the function of the protein [57]. The N-globular
domain of calnexin (amino acid residues 1-270 and 418-482) comprises a
concave [3 sheet with 6 strands and a convex {3 sheet with 7 strands [56,
57]. Strands from opposing sheets are arranged anti-parallel forming a
hydrophobic core through interactions of hydrophobic residues [57]. The
carbohydrate binding site has been mapped to the N-domain and
structural studies have suggested that amino acids Met'®, Tyr!®®, Lys!?,
Tyr®s, Glu?” and Glu*¢ and Cys'®' and Cys'”® may be involved in
coordination [57, 59]. Recent mutagenesis studies also show that the Trp**
residue in the globular domain may also be involved in glycosylated
substrate binding [60]. Studies also suggest that there is a Ca?" binding site
(Asp'® and Asp*¥) in the N-globular domain [57]. However, because this
site is located far away from the carbohydrate site and calnexin is known
to undergo Ca*-dependent changes it is thought that Ca* ion bound here
is likely to have a structural role rather than a ligand binding role [57, 58].
ATP has also been shown to bind calnexin in the N-globular domain
resulting in conformational changes and is also required for substrate-
calnexin interactions [58]. There are also Zn?* binding sites within the N-

terminal domain (residues 1-270) and they induce conformational changes
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Figure 1-4 - Linear model and crystal structure of calnexin (A) A linear model of
calnexin domains is shown. The N-terminal signal sequence (white box), N-
domain (green box), P-domain (blue box) and the C-domain (orange box) and the
C-terminal ER retention sequence are shown (RKPRRE). Amino acid residues
involved in carbohydrate binding (red), amino acid residues involved in ERp57
binding (purple) and amino acid residues involved in phosphorylation (green).
Zn* and Ca? binding sites are indicated and the repeat motifs are indicated in the
P-domain (repeat 1:PXXIXDPDAXXPEPWDE and repeat 2:
GXWXPPXIXNPXYX). (B) The three-dimensional structure of the N- and P-
domain of calnexin based on crystallographic studies with calnexin (Schrag, JD et
al (2001)) (PDB code 1JHN). The extended P-domain (blue) contains residues
involved in ERp57 binding (purple spheres) and loops around to meet the
globular N-domain (green) which contains residues involved in carbohydrate
binding (red spheres). There is a single transmembrane (grey) that passes
through a membrane to give rise to the Ca?" binding C-tail (orange) that contains

phosphorylation sites (green spheres).
20



that are thought to expose its hydrophobic residues [59]. The P-arm
domain (amino acid residues 270-414) of calnexin is a proline-rich tandem
repeat domain [57]. It contains four copies of two proline-rich repeat
domains arranged in linear pattern of 11112222 (motif 1:
PXXIXDPDAXKPEPWDE and motif 2: GXWXPPXIXNPXYX). Together
these amino acid sequences form an extended, flexible arm with repeat
motif 1 extending away from the N-globular domain and repeat motif 2
folding back on motif 1 to return to the N-globular domain [57]. This
extended arm forms a large hairpin because of head-to-tail interactions
between one copy of motif 1 and one copy of motif 2 [57]. Each of the two
repeat motifs has a 3 residue long (-strand and this is the only secondary
structure of the P-domain [57]. The P-domain has been shown to be
responsible for interactions with the oxidoreductase, ERp57 [59, 61, 62].
Mutagenesis studies in the P-domain have shown that amino acid
residues located in the tip of the P-domain (Trp33, Asp*, Gly**, and
Glu*?) are involved in ERp57 binding [61]. Recent studies in our lab also
indicate that Glu®! may also have a role in ERp57 binding [60]. Although
the arm domain of calnexin has not been shown to be directly involved in
substrate binding, it has been shown to enhance the folding function of the
globular domain it is speculated that it may have a role in physically
constraining the glycoprotein when bound to the N-domain [59]. The
transmembrane domain of calnexin (amino acid residues 482-502) anchors
calnexin to the ER membrane [56]. The role of the transmembrane domain,
aside from its role in anchoring calnexin to the ER membrane, remains
unclear and it has been suggested that it may promote association of

calnexin with membrane proteins by holding it at the ER membrane or it
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may directly bind the transmembrane domains of substrates [63]. Studies
with proteolipid protein (PLP) [63] as well as CD82 [64] suggest a role for
calnexin in recognizing misfolded transmembrane domains. The polytopic
protein PLP is rich in polar residues in its transmembrane domains and it
is thought that calnexin may be able to recognize misfolded
transmembrane domains through exposure of these polar residues in the
hydrophobic lipid bilayer. Calnexin is localized near the translocon during
translation [48], so it is possible that calnexin samples transmembrane
domains as they are integrated into the ER membrane, binding stably to
those that mis- or unfolded [63]. The C-terminal domain of calnexin
(amino acid residues 502-593) forms an acidic, charged cytoplasmic tail
[56]. Although the function of the C-tail is not well established, it is known
to be phosphorylated at Ser®™? and Ser*? by casein kinase II (CDK) and at
Ser®! by protein kinase C (PKC) or proline-directed kinase (PDK) [32]. The
highly acidic domains in the C-tail are high capacity Ca* binding sites
[31]. Phosphorylated calnexin is known to interact with major
histocompatibility complex (MHC) class 1 molecules to effect their
transport through the ER [65]. Calnexin is known to interact with
misfolded null Hong Kong mutant of a-1-antitrypsin in a Ca?*dependent
manner [66]. Together, these data suggest that the phosphorylation status
or Ca* regulation of the C-tail may affect the function of calnexin. In fact,
rhodopsin maturation in Drosophila has been found to be mediated by
calnexin in a Ca?-dependent manner [67]. Perhaps this is not surprising as
many ER chaperones function dually as Ca* proteins and it has been
found that often their protein folding function is mediated by their Ca*

buffering. For example, monoglucosylated carbohydrate binding to
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calnexin and calreticulin is dependent of the presence of Ca* and the
absence of Ca* results in these interactions being broken [14, 23].
Interestingly, the cytoplasmic C-tail has also been shown to interact with
membrane- bound ribosome binding and it is speculated that this binding
may, in part, regulate the chaperone activity of calnexin [68]. Overall, it is
thought that modifications to the C-tail of calnexin through
phosphorylation, Ca? binding or interacting partners regulate the function

of calnexin.

2.2a-ii-Function - Calnexin’s role as molecular chaperone is well-
established and highly studied (See “Section 2.1°) [51, 69, 70]. Thus, because
it has been established that calnexin has a great number of substrates, it is
not surprising that calnexin has roles in many other cellular processes [56]
such as Ca? regulation [67, 71, 72], cell-cell adhesion [73], phagocytosis
[74] and apoptosis [75-77].

It has been elucidated that calnexin may play a minor role in the
regulation of Ca* in the ER [31, 71]. As discussed earlier (see ‘Sections 1.0
and 2.1") ER lumen Ca* regulation is key to the maintenance of Ca*
sensitive folding machinery [72]. Regulation of ER luminal proteins in a
Ca*-dependent manner has been suggested in studies where depletion of
intracellular Ca? resulted in extracellular transport of ER resident proteins
[78-80]. It has been previously thought that calnexin may bind Ca? in the
ER membrane thus regulating the retention of ER proteins [71]. In
Xenopus, it was demonstrated that calnexin physically interacts with an
Asp'®¢ in the C-terminus of SERCA2b to inhibit its function [72]. This

interaction is calnexin C-tail phosphorylation-dependent; where
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phosphorylation dictates interaction with SERCA2b and there is loss of
interaction upon de-phosphorylation [72, 81]. SERCAZ2b, faces the ER
lumen and impacts of InsPs -mediated Ca? release into the ER lumen [72,
81]. The localization of calnexin to the ER membrane brings a unique
platform to ER Ca? regulation because it has the ability to transmit
information regarding Ca* within in the ER lumen to the membrane itself

[71].

Calnexin is also involved in cell-cell adhesion through its interaction with
integrins [73]. Cell-cell adhesion and adhesion to proteins to the
extracellular matrix and plasma membrane during differentiation is
mediated by heterodimers of af-integrins [73]. Pi-integrins, the largest
subgroup of the P-chain family, are known to bind many adhesion
proteins such as collagen, laminin, fibronection, vitronectin and VCAM-1
[73]. Calnexin associates only with Bi-integrins and is not only involved
Pi-integrin assembly but also in retention of the immature form in the ER.
By retaining Pi-integrins in the ER, calnexin provides a steady supply of
Pi-integrins that are readily available to associate with a-chains [73]. This
intracellular pool of Bi-integrin, that calnexin maintains, contributes to the
efficiency of the regulation of expression of different heterodimers of af3:-

integrins [73].

A significant pool of the NMDA (N-methyl-D-aspartic acid) receptor
subunit NR1 has been found to be associated with calnexin [82]. Similar to
its function in the maintenance of the fl-integrin pool calnexin may serve
to retain unassembled NR1 subunits until there are sufficient levels of

NR2 subunits [82]. NR1 then disassociates with calnexin and assembles
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with NR2 for its transport to the Golgi apparatus for further processing
and eventual surface expression as a heteromeric complex (NMDA) [82] .
Studies have shown that prenatal exposure to ethanol may affect NMDA

receptor assembly and transport from the ER [82].

The role calnexin plays in the apoptotic pathway of the ER has been
demonstrated using cell lines deficient in calnexin [76, 77]. Although
calnexin-deficient cells are fairly resistant to ER stress-induced apoptosis,
the absence of calnexin resulted in a decrease in caspase 12 expression as
well as an inhibition of Bap31l cleavage [76, 77]. This suggested that
calnexin forms complexes and promotes cleavage of Bap31 into its pro-
apoptotic, p20, fragment [76]. This pro-apoptotic p20 fragment promotes
effector caspase induction and apoptosis via the intrinsic pathway [83].
Calnexin-deficiency, however, does not affect caspase-3, caspase-8 or
cytochrome c release suggesting that the calnexin may not be important in
initiating apoptosis but have more of a role in the induction of the latter
effects of apoptosis [76]. Moreover, calnexin itself is known to be cleaved
by ER-stress-inducing and non-inducing conditions and this cleavage is

known to attenuate apoptosis [75].

The role that calnexin has in the outlined cellular functions by no means
suggests that these roles are mutually exclusive. In fact, the ability of
calnexin to interact with proteins and interpret the protein itself and its
microenvironment is the foundation of its biological functionality in Ca*
regulation, phagocytosis, adhesion, apoptosis and quality control.

Moreover, calnexin’s role as a chaperone or a Ca* binding protein (outside
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of the ER) may overlap, it is unsurprising that the calnexin-deficient

mouse model has severe outcomes [84].

2.2a-iii- Mouse Models - Although calnexin-deficient mice are viable, they
have a severe ataxic phenotype (Table 2) [84, 85]. These live mice are 30-
50% smaller than their wild-type littermates, they show gait disturbance
and splaying of the hindlimbs [84, 85]. Electron micrographs of the spinal
cord and sciatic nerve indicate that there is severe dismyelination in the
peripheral nervous system (PNS) [84, 86]. Thus, it is not surprising that
there is reduced nerve conduction velocity in the calnexin-deficient mice
[84]. Recent and on-going studies in our lab have shown that misfolded
and non-functional myelin specific proteins, protein zero (P0) and
peripheral myelin protein 22 (PMP22) are found in cells-derived from
calnexin-deficient mice [84-86]. These misfolded proteins contribute to the
non-compacted myelin sheath, poor conductance of nerve velocity and
resulting phenotype [86]. Calnexin-deficient mice expressing a mutated
and truncated (15-kDa smaller) form of calnexin have also been created
[85]. The expressed calnexin mutant is an N-globular domain mutant
where the Cys'®! and Cys!'® residues and the Tyr!'® and Lys'®” residues in
the carbohydrate binding pocket are disrupted [85]. This mutant mouse
was phenotypically identical to the calnexin-deficient mouse suggesting
that the chaperone function of calnexin is responsible for the observed
phenotype [85]. Although, the calnexin-deficient mouse model
demonstrates the importance of calnexin in peripheral neuropathies more

work needs to be carried out [85].
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2.2a-iv- Possible Medical Applications - The central role of calnexin in the
quality control cycle of newly synthesized proteins implicate it in
numerous protein folding diseases, specifically, neuropathologies (Table
3). The Schwann cell-derived polytopic integral membrane protein,
PMP22, is a major component of myelin which is responsible for the
proper transmission of nerve signals [87]. PMP22 forms complexes with
calnexin and has been shown to have role in correct folding of PMP22 to
effect function [86, 88]. A number of defects in the gene encoding PMP22
such as intrachromosomal duplications and deletions as well as point and
missence mutations result in mutant PMP22 continually interacting with
calnexin and being retained in the ER [88-90]. This extended interaction
with calnexin causes its sequestration in myelin-like figures (aggresomes)
in the ER preventing it from carrying out chaperoning and calcium
regulation duties [88, 91]. This sequestration presents itself as a number of
neuropathies such as Trembler and Trembler-J in mice as well as Charcot-
Marie-Tooth disease and Dejerine-Sottas syndrome in humans [88-92].
Lack of transport of the NR1 receptor out of the ER may result in
sequestration of calnexin leaving it unavailable to carry out its other
chaperoning duties. Tyrosinase is a type I integral membrane protein that
is the rate limiting enzyme involved in melanin biosynthesis [93, 94]. This
protein is known to associate with calnexin as well as calreticulin to obtain
its correct functional conformation [93]. While mis- or unfolded protein is
targeted for degradation, correctly folded tyrosinase is targeted to the
pigmentation site organelle, the melanasome [93]. Oculocutaneous
albinism type 1 (OCAI) is the absence of pigmentation and it results from

over 100 known mutations in the tyrosine gene [95]. OCAI has been
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referred to as an ER retention disease, where misfolded tyrosinase
proteins are retained in the ER by association with calnexin and
calreticulin [93]. Calnexin also has a lingering interaction with mutant
vasopressin receptor that is implicated in diabetes insipidus [2, 96] and
with cartilage oligomeric matrix protein (COMP) [97]. COMP is another
protein that’s selective retention in ER may be associated with numerous
skeletal dysplasias such as osteoarthritis, pseudoachondroplasia (PSACH)
and multiple epiphyseal dysplasia (MED) [97-99]. Amino acid deletions,
substitutions or additions have been proposed to alter COMP structure
and cause it retention in the ER possibly by calnexin [2, 100]. The R**W
von Willebrand factor (VWF) mutant has decreased expression at the
plasma membrane due to increased retention in the ER membrane and
this results in bleeding disorders [101]. This mutant has been shown to
have prolonged association with calnexin perhaps causing its retention in
the ER [101]. Perhaps the most widely known disease associated with
aberrant retention in the ER by calnexin, is retention of the AF508 protein,
a mutant of the CFTR (cystic fibrosis transmembrane conductance
regulator) chloride channel [2]. This results in the CFTR channel not being
localized to the plasma membrane and this dysfunction is known to
contribute to the disease [96, 102]. Immunoprecipitation experiments have
shown that calnexin interacts with type I and III InsPs receptor [103]. In
the mouse model of Niemann-Pick A disease, SERCA levels as well as
InsP:R levels are reduced [104]. Aberrant calnexin could lead to IPs
receptor unfolding and subsequent degradation and possible disease

phenotype [103, 104].
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MHC class I and II associate quantitatively with calnexin and it assists in
both the assembly and/or retention [105, 106]. MHC class I molecules have
a role in presenting antigenic peptides to T cells. They recognize the
peptide and carry out an immune response against viruses, intracellular
bacteria and tumors [107]. However, calnexin-deficient cell lines do not
show aberrant transport rate of MHC class I to the surface [106]. This
indicates that calnexin may not have an important role in the transport
and surface expression of MHC class I molecules [106]. It has been
suggested, however, that calnexin may have a more prominent role in the

degradation of misfolded MHC class I molecules [107].

a-antitrypsin is a soluble, secretory protein that interacts with calnexin
[108]. It is a member of the serine protease inhibitor family and its
function is to prevent lung elastin fibers from elastolytic destruction [109].
Mutations to a-antitrypsin, to the Z-allele or the null-Hong-Kong variant,
the protein, along with the bound calnexin, is ubiquitinated and targeted
for proteasomal degradation [108]. Both these mutations result in lack of
a-antitryspsin surface expression, causing degradation of lung elastin

fibers and resulting in pulmonary emphysema [109].

Meprins are multidomain, oligomeric glycoproteins that are secreted from
the brush border of kidney and intestinal epithelial cells [110]. The role of
meprins is to activate or degrade bioactive peptides, growth factors,
hormones, cytokines, and matrix proteins [110]. Wild-type meprin A and
its mutant form, AMAM, both interact with calnexin [111]. The wild-type
form is secreted while the deletion mutant is degraded implicating

calnexin in a both a secretory and degradation role [111].

29



Another protein that calnexin is known to bind is a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionate (AMPA) receptor that mediates fast
excitatory transmission in the central nervous system (CNS) [112].
Interaction has been observed in the cell body and dendrites of
hippocampal pyramidal neurons [112]. Because it has been observed that
calnexin associates with both the immature and mature form of the
receptor, it has been suggested that calnexin may also have an additional
and more specialized role in the maturation and targeting of AMPA [112].
Chang et al showed that when they co-transfected nicotinic receptors with
calnexin they were able to stimulate the assembly and surface expression
of nicotinic receptors [113]. Additionally, they also found that calnexin
only associated with the immature form nicotinic receptors [113]. These
two discoveries, when taken together, imply that calnexin, to some degree
is able to control the composition and number of functional receptors
[113]. Although a direct function of calnexin in regards to the nicotinic
receptors is unknown, there have been many speculations. Calnexin may
have a protective role where its binding serves to prevent newly
synthesized nicotinic receptors from being degraded increasing the pool
of subunits in the folding/assembly pathway [113]. Also, calnexin could
successfully shield degradation signals present on the monomeric form of
the receptor until ready to form its mature assembled form [113].
Calnexin also interacts with myeloperoxidase (MPO) a neutrophil
lysosome hemeprotein [114]. It is able to associate with glycosylated
precursor MPO, with enzymatically, heme binding pro-MPO as well as
having extended binding to MPO mutants that could not incorporate

heme suggesting a role for calnexin in maturation of MPO [114].

30



The number of substrates that calnexin is known to associate within
quality control, dictates the high clinical relevance of this protein and its

implication in diseases, specifically, neuropathologies.
2.2b Calreticulin

2.2b-i- Structure - Calreticulin is a 46-kDa soluble ER luminal protein with
a N-terminal cleavable signal sequence and an ER retention sequence,
KDEL (Lys-Asp-Glu-Leu) (Figure 1-5) [15]. It is the major Ca?" buffering
protein (See ‘Section 1.1 Ca** Buffering Proteins’) of the ER and also acts as a
molecular chaperone as a part of quality control (See ‘Section 2.1 Quality
Control in the Endoplasmic Reticulum’) [15]. Similar to calnexin, calreticulin
is composed of distinct structural and functional domains: the N-globular
domain, the P-arm domain and the C-domain [15]. Together, the N+P
domain contain oligosaccharide and polypeptide binding regions and are
important for the chaperone activity of calreticulin [59]. The C-domain is

responsible for the majority of the Ca? binding of calreticulin [17].

The N-globular domain (amino acid residues 1-170) is predicted, based on
the secondary structure of calnexin, to be comprised of eight anti-parallel
B-strands [22, 24, 115]. The N-domain also contains the oligosaccharide
and polypeptide binding domain with specific amino acids contributing to
the oligosaccharide binding and conformational stability of the protein
[116-119]. Mutations to residues Tyr!'” and Asp'® in the N-domain were
shown to completely abolish oligosaccharide binding and a number of
other amino acids (Lys!!!, Tyr2%and Asp3Y) have also been found to be
important for sugar-binding in the N-domain [116, 119, 120]. Trp3? and
His!3 in the N-domain have been shown to be critical for chaperone
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Figure 1-5 - Linear model and crystal structure of calreticulin (A) Linear model
of calreticululin is shown. The N-terminal signal sequence (white box) N-domain
(green box), P-domain (blue box) and the C-domain (orange box) and the C-terminal
ER retention sequence is shown (KDEL). Amino acid residues involved in
carbohydrate binding (red), amino acid residues involved in ERp57 binding
(purple), Zn* and Ca? binding sites are indicated and the repeat motifs are
indicated in the P-domain (repeat 1:IXDPXA/DXKPEDWDX and repeat 2:
GXWXPPXIXNPXYX). (B) The three-dimensional structure of calreticulin based
on crystallographic studies of the P-arm domain of calreticulin and calnexin
(Ellgaard, L et al (2001) (PDB code 1HHN), Schrag, JD et al (2001) (PDB code
IJHN)). The P-domain (blue) contains residues involved in ERp57 binding (purple)
and loops around to meet the N-globular domain (green) which contains residues
involved in carbohydrate binding (red). The C-domain (orange) immediately
follows and has a high capacity for binding Ca?".
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function with His'® also effecting the structure of calreticulin [118, 121].
Surprisingly, when Cys® and Cys'* were mutated to disrupt a disulfide
bridge, there was only partial disruption of the chaperone function of
calreticulin [118]. The N-domain also forms a proteolysis stable core in the
presence of Ca? and this may have specific physiological and
pathophysiological implications [24]. In autoimmune diseases, auto-
antibodies against calreticulin are produced and this proteolysis resistant
N-domain fragment contains most of the antigenic sites [24]. It is
speculated that during cellular stresses, the proteolytic resistant N-domain
(in the presence of high levels of Ca?) would be presented to proteolotyic
enzymes increasing the amounts of protease resistant calreticulin with a
highly antigenic conformation [24]. The N-domain of calreticulin also
binds Zn?* and this may have structural effects on calreticulin to affect
function [118, 122]. The N-domain of calreticulin is of interest because of
its critical role in the chaperone function; however, it is important to note
that for full chaperone function, the N-domain requires the P-domain [15].
The P-arm domain (amino acid residues 170-285) of calreticulin
immediately follows the N-domain and forms a flexible arm domain [123,
124]. It has a very similar structure to calnexin also comprising of proline-
rich amino acid sequences [124]. Although it also has two repeat amino
acid sequences (motif 1: IXDPXA/DXKPEDWDX, and motif 2:
GXWXPPXIXNPXYX) it has only three copies of each (as opposed to four
in calnexin) [124]. Similar to calnexin, they are arranged in a “111222”
pattern and are thought to be involved in oligosaccharide binding with the
N-domain [124]. It is also thought that these repeats may be involved in
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the binding of the oxidoreductase, ERp57 [125]. NMR (nuclear magnetic
resonance) studies in conjunction with mutagenesis and surface plasmon
resonance (SPR) analysis have shown that ERp57 can dock onto the tip of
the P-domain and may involve specific amino acids (Glu?®, Asp?!, Glu*®
and Trp?*) [59, 118, 126]. The P-domain, interestingly, has been found to
bind Ca* with a high affinity (Ka =1 pmol/l) and a low capacity (1 mol of
Ca? per mol of protein) in vitro [16]. The C-domain (amino acid residues
285-400) of calreticulin is responsible for binding 50% of ER Ca* with a
low affinity (K4 = 2 mol/l) and high capacity (25 mol of Ca? per mol of
protein) [16, 17]. The C-domain has large stretches of acidic amino acid
clusters that are interspersed with the basic residues lysine and arginine. It

is the side-chains of the lysine residues that mediate the Ca?* binding [18].

2.2b-ii- Function - Calreticulin has been widely studied for its role in
protein folding and for its role as the major Ca* buffering chaperone of
the ER [15]. Thus, it is not surprising that calreticulin, like calnexin, has
other roles within the cells, many of which are extensions of its roles as a

Ca* buffering and chaperone protein.

Calreticulin is the most potent buffer of ER Ca* and is responsible for
binding over 50% of ER luminal Ca?* [17]. This ability to essentially
regulate ER luminal Ca? concentrations inevitably affects other biological
functions within the cell [15, 127-134]. Cytotoxic T-lymphocytes (CTLs)
release Ca?*-activated perforin, granzymes/proteases

and calreticulin that, upon interaction with a target cell, cause lysis and
apoptosis [127]. Calreticulin regulates this process through Ca* binding

and it has been found the increased levels of calreticulin result in
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increased amounts of chelated Ca* and a decrease in activated perforin
involved in penetration of the plasma membrane of the target cell [127].
Calreticulin has a major role in targeting of CTL to the target cell [127].
Modulation of ER Ca? stores by calreticulin also impacts apoptosis which
needs ER Ca* release for activation of transcriptional cascades [128].
Studies have shown that an increase in calreticulin results in a sensitivity
to apoptosis while a decrease in calreticulin results in a resistance to
apoptosis [129]. Ca?* fluctuations via calreticulin are the molecular switch
that negatively regulates the commitment to adipocyte differentiation by
down-regulating expression and transcriptional activation of pro-
adipocyte factors [133]. In 3T3 cells pre-adipocyte cells and embryonic
stem cells, increases in cytoplasmic Ca? results in an inhibition of
adipogenesis [133]. Additionally, calreticulin overexpression has been
shown to impact osteocyte and chondrocyte differentiation important for
proper skeletal development and this is thought to occur through the
calcineurin pathway [134]

Calreticulin has also been found outside the ER and, subsequently, is
involved in other biological functions within the cell [130, 135]. The
exposure of calreticulin to the cell surface is critical for immunogenic cell
death [135]. Calreticulin co-translocates to the cell surface with ERp57
allowing for presentation to T-cells, initiation of the immune response and
apoptosis of the target cell [135]. Cell surface calreticulin is also important
for focal adhesion assembly for migration and impacts phagocytosis and
pro-inflammatory response [130, 136]. The N-terminal fragment of
calreticulin is also known as vasostatin and has been found in the media of

Epstein-Barr immortalized cells lines [131]. Extracellular
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calreticulin/vasostatin affects angiogenesis by blocking laminin from
interacting with endothelial cells preventing matrix attachment thus
inhibiting growth [131]. Calreticulin also induces the migration and
motility of keratinocytes, fibroblasts, monocytes and macrophages all
important in wound healing [132]. Finally, during embryonic
development, high expression of calreticulin is observed in the cerebral
cortex and retina suggesting that calreticulin may be important for proper

development of the central nervous system [137].

In order to understand the role of calreticulin within the cell, it is
important to examine different animal models that are both deficient and
over express calreticulin. This will allow us to gain insight into the critical

functions of calreticulin within the cell.

2.2b-iii- Mouse Models - The importance of calreticulin as a Ca?" buffering
protein is highlighted by animal models that are deficient in calreticulin
and over-express calreticulin (Table 2) [19-21]. These studies further
demonstrate the critical role that calreticulin plays in Ca? homeostasis
suggesting that it may be far more important than its role in protein

folding [15].

Unlike the calnexin-deficient mouse model, the calreticulin-deficient
mouse is embryonic lethal at 14.5 post-coitum [21]. This provides further
evidence that calnexin and calreticulin, although having similar domain
structure, may have different roles in vivo. Calreticulin is expressed at very
low levels in the adults mouse and also at low levels throughout mouse
embryonic development except in the heart, liver and some central
nervous tissue [21]. Therefore, embryonic lethality of the calreticulin-
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deficient mouse due to impaired cardiac development specifically, a
marked decrease in ventricular wall thickness and deep intrabecular
ventricular walls was not surprising [21]. In fact, electron microscope
analysis revealed that the myofibrils of the ventricles were “wavy” and
thin ventricular walls when compared to wild-type littermates [138].
Calreticulin-deficient embryos also have aberrant formation of the
intercalated disc which are adherens-type junctions of cardiac muscle
[138]. Adherens junctions contain catenins, vinculin and N-cadherin and
they are involved in cardiac development [139]. Perhaps unsurprisingly,
the levels of N-cadherin are down-regulated in the calreticulin-deficient
mouse [138]. Embryonic fibroblasts derived from calreticulin-deficient
embryos show a significant decrease in ER Ca?" capacity but surprisingly,
free ER Ca* remains unchanged [17]. Further studies carried out with
calreticulin-deficient fibroblasts demonstrate that they have an inhibition
of bradykinin-induced Ca? release likely due to bradykinin being unable
to bind to its bradykinin receptor indicating that calreticulin chaperones
the bradykinin receptor [17]. Regardless, inability of bradykinin-induced
Ca? release results in aberrant nuclear localization of a number of factors,
specifically NFAT (nuclear factor of activated T-cells), MEF2C (myocyte
enhancer factor 2C), Nkx2.5 (NK2 transcription factor related locus 5),
COUP-TF1 (chicken ovalbumin upstream transcription factor 1), GATA®6
(GATA-binding protein 6) and Evi-1 (ecotropic viral integration site 1)[21,
140, 141]. Interestingly, these factors have been identified in being
essential for correct vertebrate cardiac morphogenesis and hypertrophy
[141-144]. Bradykinin-binding as well as bradykinin Ca* release is

restored by the expression of full-length calreticulin as well as the N+P-
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domains of calreticulin but is not restored by expression of the P+C-
domains [17]. Expression of the P+C-domains did, however, rescue the
Ca? storage capacity of the ER. These results show that the C- domain of
calreticulin is important in determining Ca*" storage capacity of the ER
while the N+P domain are important in the chaperone function of
calreticulin [17]. Taken together, this suggests that the Ca?" buffering
function of calreticulin, not its chaperone function, are what causes the
lethality observed in calreticulin-deficient mice [15, 17]. Further studies
provide support for the critical function of the Ca? buffering function as
over expression of the serine/threonine phosphatase, calcineurin, rescues
the lethality of the calreticulin-deficient mice [141, 145]. Although, these
mice have rescued cardiac development they show impeded growth,
hypoglycaemia, increased levels of serum triacylglycerols and cholesterol
[145]. Regardless, activated calcineurin expression is able to rescue the
nuclear translocation of both NFAT and MEF2C that is a result of the
absence of calreticulin [141, 145]. These two factors are directly responsible
for the normal cardiac development in utero with MEF2C having an
additional role in regulating the transcription of calreticulin [141, 145].
Nkx2.5 activates the calreticulin gene during cardiac differentiation,
COUP-TF1 is expressed during embryonic development and acts to
repress the calreticulin gene, GAT6 activates the calreticulin gene in the
heart and Evi-1 is thought to have a role in the decline of calreticulin in the
postnatal heart [15, 140, 146]. The relationship between calreticulin and
calcineurin stresses the importance of Ca? signalling pathways in critical

cardiac development [15, 145].
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In order to further investigate the molecular mechanisms involved in the
heart failure observed in calreticulin-deficient embryos, embryonic stem
(ES) cells were derived from calreticulin-deficient and wild-type embryos
and differentiated into cardiomyocytes [147]. By day 8 of differentiation,
there is less beating areas in the calreticulin-deficient ES-derived
cardiomyocytes compared to the wild-type despite normal expression of
cardiac transcription factors [147]. During differentiation, the calreticulin-
deficient ES-derived cardiomyocytes have a severe disruption of
myofibrillogenesis due to insufficient expression and Ca?*-dependent
phosphorylation of ventricular myosin light chain 2 (MLC2v) [147].
Myofibrillogenesis is rescued in calreticulin-deficient ES-derived
cardiomyocytes when they are supplied with a Ca?* ionophore
highlighting the importance of calcium signalling in cardiac development
[147]. This is due to a rescue of the nuclear translocation of MEF2C which
goes on to activate the expression of MLC2v resulting in normal
myofibrillogenesis [147]. Studies at the embryonic stem cell level also
demonstrate how critical the Ca? buffering function of calreticulin is to

cardiac development [138, 147].

Studies looking at the molecular and functional consequences on the over-
expression of calreticulin have also been carried out and they result in a
significant increase in the Ca? capacity of the ER [19, 148, 149]. Transgenic
mice over-expressing calreticulin in the heart display bradycardia,
complete heart block and sudden death, cardiac edema and abnormal
sarcomere structure of the heart, dilated ventricular chamber and atria,
thinner ventricular walls and disarray cardiomyocytes [19, 148]. These

mice also have a reduced HCNI1 (hyperpolarization-activated cyclic
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nucleotide-gated channel 1) and this is significant because of the role of
HCNT1 in the regulation of cardiac pacemaker activity [148]. Calreticulin
over-expression in the heart also results in a decrease in the protein
expression levels of connexin 40 (Cx40) and connexin 43 (Cx43) which are
gap junction components and the cardiac transcription factor, MEF2C
[148]. Together, decreased levels of HCN1, Cx40 and MEF2C results
impaired structure and function of the heart in calreticulin over-
expressing mice [148]. Mice over-expressing calreticulin in heart have a
very similar phenotype to children suffering from congenital heart block
and, interestingly, patients suffering from congenital heart block have
calreticulin autoantibody [19, 148, 150, 151]. Together, this suggests a role
for calreticulin in the pathogenesis of both adult and paediatric congenital

heart block [150, 151].

2.2b-iv-Possible Medical Applications - Calreticulin impacts a variety of
biological pathways and that can lead to a range of disease phenotypes
(Table 3) [15]. Calreticulin has been detected in the serum of people
suffering from autoimmune diseases such as systemic lupus
erythematosus (SLE), coeliac disease, rheumatic disease and a number of
parasitic diseases [15]. Calreticulin can be an important auto-antigen for
some individuals, however, in others it may be involved in the pathology
of immune diseases by forming unfavourable complexes [15]. In order for
tumours to grow, they need a steady blood supply, thus, require
angiogenesis [131, 152]. Calreticulin/vasostatin have been shown to be
good candidates for tumour suppressor drugs as they inhibit angiogenesis
and are small, soluble, stable and easy to produce [131, 152]. However,

caution needs to be taken as vasostatin treatment has also been shown to
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result in enhanced malignant behaviour of some tumour cell lines [153].
Calreticulin is also useful in wound healing as it is temporally and
spatially expressed in fibroblasts of injured dermis and has been shown to
promote healing [132]. In fact, when calreticulin is topically applied to the
wounds of diabetic mice or cortisone-impaired pigs, their wounds heal
faster compared to wild-type controls [15]. Calreticulin has also been
implicated in cardiac disease and this is through its modulation of
intracellular Ca?* stores (See “2.2b-iii-Mouse Models”) [15]. The numerous
functions of calreticulin within the cell not only implicate it in many
disease phenotypes but also heighten the interest to exploit calreticulin for

treatment of disease and understanding of normal development.
2.2c ERp57

2.2c-i- Structure - ERp57 is a thiol-oxidoreductase and has been referred to
as GRp58, ERp60, ERp61, PDI-Q2, Pdia3 and 1,25D3-MARRS (Membrane
Associated, Rapid Response Steroid binding) [154]. Similar to calnexin and
calreticulin, ERp57 is also defined by clear structural and functional
domains (Figure 1-6) [154]. ERp57, like calreticulin and calnexin, has a C-
terminal ER retention/retrieval sequence (QEDL) as well as an N-terminal
signal sequence [154]. ERp57 contains several modification sites such as
two thioredoxin-like domains, six protein kinase C phosphorylation sites,
seven casein kinase II phosphorylation sites, three tyrosine
phosphorylation sites, two sulfation sites and one N-myristoylation site
[154]. ERp57 has a domain architecture very similar to that of another
oxidoreductase, PDI sharing 33% overall identity and the same four

thioredoxin-like domains arranged: a b b” a’ [155]. Also similar to PDI is
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Figure 1-6 - Linear model and crystal structure of ERp57. (A) A linear model of
ERp57 domains is shown. The protein has N-terminal amino acid signal
sequence (white box), catalytic a and a’” domains (light grey boxes) with catalytic
residues (CGHC, yellow), substrate binding b and b’ domains (dark grey boxes)
connected with a linker region (turquoise box), a basic C-terminal (navy blue box)
and a C-terminal ER-retention signal (QEDL). Amino acids involved in calnexin
binding are indicated in blue and disulfide bond in the 2 domain is marked. (B)
The three-dimensional structure of ERp57 based on NMR studies of the a and a’
domain of protein disulfide isomerase (PDI) (Tian et al (2006)) and the b and b’
domains of ERp57 (Kozlov et al (2006)). The catalytic 4 domain (light grey) is
followed immediately by the b domain (dark grey) that contains calnexin binding
residue K 2 which is linked (turquoise box) to the b’ domain (dark grey) that
contains the calnexin binding residues K¥*and K?? (blue). Immediately following,
is the a” domain containing catalytic residues (yellow). A version of this figure
was published previously : Coe, H and Michalak, M, 2010. ERp57, a
multifunctional ER oxidoreductase. Molecule in Focus: The International Journal
of Biochemistry and Cell Biology. D0i:10.1016/j.biocel.2010.01.009
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that, via NMR studies, ERp57 has been shown to have an overall U shape
with the catalytic sites of the two active thioredoxin domains facing each
other [155]. However, what is unique to ERp57 is that it has a basic
carboxyl terminal domain while PDI has an acidic carboxyl domain [156].
This difference has been thought to mediate the substrate binding
specificity of ERp57 [156]. The a and a’ catalytic domains of ERp57 share
over 50% of amino acid identity to PDI [155]. These domains contain
catalytically active motifs (CGHC) and, as such, are redox active domains
[155]. The redox potential of the these domains is -0.167V in the a domain
and -0.156V in the a” domain which is comparable to the redox activity of
PDI (-0.175V) [157]. The disulfide reductase and isomerase activities of
ERp57, however, are 20 times lower than those of PDI [157]. The a domain
also contains a structural disulfide between cysteine residues 61 and 68
[157]. The b and b” domains of ERp57 are thioredoxin-like domains that are
connected by a short linker and they mediate the binding to the lectin-like
chaperone calnexin [155]. X-ray diffraction techniques have allowed us to
gain insight into the structure of this region [155]. The b and b" domains
each consist of a five-stranded [3-sheet core enclosed by four a-helices on
either side and are separated by a short three residue linker that has a role
in interdomain contacts [155]. Although the b and b” domains share 20%
amino acid identity to PDI, the b” domain of ERp57 has a long deletion
while the b’ domain has two 6-7 residue inserts. These inserts, one
comprising helix a3 and the second insert enlarging the (34-85 loop, serve
novel structural and functional roles to ERp57 [155]. The extended loop
not only increases contact between the b and b” domains it also increases

the rigidity of the b and b’ pair [155]. Interestingly, this loop is also the site
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of calnexin binding and when a mutation is made to K in the 34-£35 loop,
there is an 8-fold loss of affinity for calnexin [155]. Another difference
between the b and b’ domains of ERp57 and PD], is the surface charge, +4
and -4, respectively [155]. The positive charge of ERp57 mediates the
binding of the negative P-domain tip of calnexin and when positive
residues of ERp57 are mutated to neutral residues (K**A and R?2A),
binding of ERp57 to calnexin is lost [155]. It seems that the b” domain of
ERpb57 is critical for binding to calnexin while the b domain strengthens

this interaction [155].

2.2c-ii- Function - The promiscuous localization of ERp57 implicates it in a
number of different functions within the cell [158]. The most widely
studied functions of ERp57 in the ER and its role in quality control with
calnexin and calreticulin in the folding of newly synthesized proteins (See
‘Section 2.1 Quality Control of the Endoplasmic Reticulum) and its
involvement for the assembly of the MHC class I molecules [23, 158, 159].
New studies, however, suggest that ERp57 may be found outside of the
ER in the nucleus, cytoplasm and cell surface and involved in gene
regulation [158].

Newly synthesized proteins obtain correct conformation and
posttranslational modifications critical to functionality through the
assistance of chaperone proteins and foldases in the ER lumen [23]. ERp57
is a major protein in this process as it associates with the lectin-like ER
chaperones calreticulin and calnexin to catalyze the isomerization of
disulfide bonds of newly synthesized glycoproteins with unstructured
disulfide-rich domains [23]. Proteins are synthesized into the ER where

they are N-glycosylated and sequentially trimmed to form a mono-
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glucoslyated protein that interacts with either calnexin or calreticulin [23].
ERp57, instead of binding substrates directly, is thought to be recruited
and the b and b” domains of ERp57 interact with the extended P-domains
of both calnexin and calreticulin [23]. It has been suggested that the role of
calnexin and calreticulin is to bring ERp57 into close proximity to
substrate, effectively increasing their local concentration, resulting in an
enhancement of ERp57 activity [160]. Although the isomerase activity of
ERp57 has been shown to be low when compared to PDI, this activity
increases drastically when ERp57 forms complexes with either calnexin or
calreticulin reinforcing further the role ERp57 has in quality control [160,

161].

ERp57 is also known to have a role in the immune system where it is
important for the early and late stages of the folding of the heavy chain
MHC class I [162]. The importance of ERp57 in MHC class I assembly is
emphasized by studies with the ERp57 B cell specific knockout (See “2.2c-
iv-Mouse Models”) [163]. First, in the early stage ERp57, in complex with
calnexin, binds the glycosylated heavy chain and catalyzes disulfide bind
formation allowing the heavy chain to assemble with the B2-microglobulin
(B2-m). Next, at the late stage, heterodimer complexes of heavy chain and
P-m acquire peptides and associate with calreticulin, ERp57, TAP
(peptide transporter), tapasin (a glycoprotein critical for peptide loading
of MHC class I) forming the peptide loading complex (PLC) [159]. The
catalytic 2 and a” domains of ERp57 then form a stable heterodimer with
tapasin, load the peptides onto MHC class 1 and resulting in the $2-m-
heavy chain heterodimer dissociating from the PLC and being exported to

the cell surface [159, 164]. Mutagenesis studies have shown that ERp57 can
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act independently from calnexin and calreticulin to gain access to the
heavy chain arguing against the theory that MHC class I assembly is an
example of quality control [164]. It is also appears that the catalytic activity
of ERp57 is not required for MHC class I assembly as catalytically inactive
ERp57 is able to promote peptide loading in a similar manner to wild-type

ERp57 [164].

Most recently, ERp57 has been localized outside the ER to the nucleus, cell
surface and cytoplasm suggesting that it may have other functions other
than the ones indicated above [165]. ERp57 has been localized to the
nucleus as it has a C-terminus putative nuclear localization signal and, via
DNA-protein cross-linking studies in mammalian cells, has been shown to
interact with DNA [165, 166]. Specifically, ERp57 has been shown to
interact with signal transducer and activator of transcription 3 (STAT3)
[165, 167, 168]. It has been unclear how STAT3 and ERp57 interact but
data has shown that ERp57 may be involved in the regulation of STAT3
and may bind both active and inactive STAT3 [165, 167, 168].
ERp57/1,25D3-MARRS has also recently been shown to interact with the
transcription factor, nuclear factor kappa B (NFkappaB) in differentiating
NB4 leukaemia cells [169]. This suggests a role for ERp57/1,25D3-MARRS

in gene expression and the differentiation of these cells [169].

2.2c-iii- Mouse Models - A global deletion of ERp57 in mice has been
reported to be embryonic lethal, however, when a tissue-specific deletion
of ERp57 in B cells is created, these mice are born live (Table 2) [163].
These mice have normal B cell development, proliferation and antibody

production but have aberrant assembly of the PLC [163]. This provides
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turther evidence for the role of ERp57 in MHC class I antigen presentation
in vivo [163]. Small interfering (si)RNA studies of ERp57 have been carried
out in numerous cell lines to study the in vivo function of ERp57 [170-172].
siRNA studies have been carried out in fibroblasts and they show that
although there is no effect of disulfide bond formation in co-translational
synthesis of glycoproteins into the ER, there is significant loss of post-
translational oxidative folding [170]. This suggests that although ERp57 is
important for disulfide bond formation, there is some level functional
redundancy amongst ER oxidoreductases [170]. In neuroblastoma cells,
siRNA knockdown studies showed that a decrease of ERp57 results in an
enhancement of toxicity of misfolded prion proteins (PrP5¢) while
increased expression of ERp57 decreases sensitivity [171]. ERp57 protein
expression was knocked down in human epithelial cells by siRNA and
these cells had a decrease in tunicamycin- or hyperoxia-induced apoptosis
but an increase in UPR [172]. This suggests that ERp57 may have a role in
paediatric lung injury by providing cellular protection against oxidative

insult-induced apoptosis [172].

2.2c-iv- Possible Medical Applications - ERp57 has been implicated in many
human diseases such as cancer, prion disorders, Alzheimer’s disease and
hepatitis (Table 3) [171, 173-177]. In transformed cells, there is an increase
in ERp57 expression [178]. Its oncogenic properties are thought to be due
to its ability to control intracellular and extracellular redox activities
through its thiol-dependent reductase activity [178]. However, the role
ERp57 has with the modulation of STAT3 could also contribute to its

oncogenic properties [168, 179]. ERp57 has also been linked to the early

stages of prion disease and it may have a neuroprotective role in cellular
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response to prion infection [171]. ERp57 and prion protein interact and
there is enhancement of this interaction in prion infected mouse scrapies
[171]. Targeting of this interaction may have applications for the
development of a treatment as well as early diagnosis of prion diseases
[171]. When looking at the cerebrospinal fluid (CSF) of Alzheimer’s
patients, ERp57, together with calreticulin, are found to be the carrier
proteins that prevent the aggregation of 3-amyloids, a major component
of the toxic plaques found in Alzheimer’s patients. They keep [3-amyloids
in solution and prevent them from forming the toxic aggregates that
contribute to the neuronal dysfunction seen in Alzheimer’s patients [176].
Ingestion of the common anaesthetic halothane can result in liver failure
and, eventually, hepatitis [173]. It has been found that ingestion of
halothane results in triflouroacetylated ERp57 which is non-functional in
quality control leading to aberrant protein folding and liver failure [173].
The numerous functions of ERp57 link it to many disease states and make
it a probable candidate for targeting and manipulation in developing

treatment and diagnosis of diseases.
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Table 1-2: Animal models of chaperone proteins

protein mouse model phenotype references
calnexin(cnx) viable, ataxic, 30-50% Denzel, A. et al
smaller then wild-type, gait (2002) Mol. Cell
o - disturbance, splaying of Biol. 22, 7398-7404
hind-limbs, severe Kraus, A. et al
dysmyelination, misfolded (2010)
myelin proteins Jung, J. et al (2010)
Denzel, A. et al
cnx -+ CNX dentical Inexin (2002) Mol. Cell
CystiCys S TyrisLysler oo © camnexin Biol. 22, 7398-7404
calreticulin Mesaeli, N. et al
(crt) embryonic lethal at 14.5 (1999) J. Cell Biol.
post-coitum, malformation 144, 857 -868
of cardiac system, Lozyk, M.D. et al
crth decreased Ca?* capacity, (2006) BMC Dev.
down-regulated CaN, loss Biol. 6, 54
of NFAT/MEF2C Guo, L. et al (2001)
translocation J. Biol. Chem. 276,
2797-2801
viable, rescued cardiac
development, impeded Lynch, J. et al
crt -+ activated CalN growth, hypoglycaemia, (2005) J. Cell Biol.
increased serum 170, 37-47
triglycerols and cholesterol
viable, death at latest 5 Nakamura, K. .et al
. . (2001) J. Cell Biol,
crt -+ CRT O/E weeks, dilated atria, 154, 961-972.
. ventricular chamber and .
embryonic heart 1L ECG ab liti Hattori, K. et al
wall, abnormalities,
model for A-V block (2007) Mol. Geret.
Metab. 91, 285-293.
crt -+ CRT O/E adult dilated .cardlomyopathy, Lee, D. et al (2010)
heart heart failure
ERp57 Garbi, N. et al
ERpb57++ embryonic lethal (2006) Nat. Immunol

ERp577 in B cells

viable, normal B cell
development, proliferation
and antibody production,
aberrant assembly of PLC

7,93-102

Garbi, N. et al
(2006) Nat. Immuncol
7,93-102
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Table 1-3: Summary of protein function and disease relevance

Possible Disease

Protein Localization Function Reference
Relevance
Calnexin ER chaperone, Ca? Charcot-Marie-Tooth 2,88-
transmembrane signalling outside =~ (CMT), Dejerine- 95,97-114
lumen, apoptosis Sottas,
Oculocutaneous
albinism type 1
(OCAl),
osteaoarthritis,
pseudoachondroplasia
(PSACH), Cystic
Fibrosis, pulmonary
emphysema,
Calreticulin | ER lumen, cell chaperone, Ca?* systemic lupus 15,
surface, buffering and erythemataosus (SLE), 131,132,
cytoplasm signalling celiac disease, 138, 145,
rheumatic disease, 152,153
parasitic disease,
cardiac hypertrophy,
wound healing
ERp57 ER lumen, cell thiol- cancer, prion diseases, 171, 173-
surface, oxidoreductase, Alzheimer’s disease, 177
cytoplasm, MHC class I hepatitis
nucleus assembly, STAT3
modulation

50



3.0 Unfolded Protein Response - Disturbances to any of the players involved
in quality control can results in an increase in misfolded proteins in the ER
lumen and this is termed ER stress [6]. To effectively deal with the
increased load of misfolded proteins in the ER lumen, the cell has evolved
a sophisticated system called the unfolded protein response (UPR) (Figure
1-7) [6, 180]. UPR is directed by three ER transmembrane protein sensors
called activating transcription factor-6 (ATF6), inositol-requiring kinase 1
(IRE) and double-stranded RNA-activated protein kinase-like ER kinase
(PERK) [181]. Together, through three simple adaptive mechanisms ATF6,
IRE1 and PERK alleviate stress on the ER: (1) there is an up-regulation of
chaperone proteins and foldases and an increase in the size/capacity of the
ER (2) there is an inhibition of translation of newly synthesized proteins
into the ER and (3) there is an increase in degradation machinery to
rapidly clear misfolded proteins from the ER lumen [181]. Activation of
the three sensors is maintained by the regulatory “master” protein,
glucose-regulated protein-78(GRp78) or BiP [4]. BiP has been given the
name “master regulator” of the ER because this role in the ER that
prevents aggregation of newly synthesized proteins and associates with

UPR sensors to prevent their activation [3, 4, 182].

Genetic screens of the budding yeast, Saccharomyces cerevisiae, resulted in
the identification of the first component of the UPR pathway, Irelp/Ernlp,
an ER transmembrane protein kinase [183, 184]. It has since been shown
that Irelp is a bi-functional protein with not only a cytosolic carboxy-
terminal kinase domain but also an endoribonuclease (RNase) domain
[185]. Under conditions of no stress, Irelp is maintained as an inactive

homodimer by the protein chaperone Kar2p/BiP/GRp78. However, when
51



misfolded proteins accumulate in the ER lumen, Irelp is released from the
Kar2p/BiP/GRp78 protein and it homodimerizes and trans-
autophosphorylates to activate its endoribonuclease (RNase) activity [8].
The RNase domain of Irelp targets the mRNA of the basic leucine zipper
domain (bZIP) containing transcription factor, Haclp [8]. The splicing of
the mRNA results in the synthesis of a potent protein transcription factor,
HACI, that translocates to the nucleus where it activates the transcription
of UPR element (UPRE) containing genes to alleviate ER stress [8].
Interestingly, the Irelp branch of the UPR pathway has been found to be
conserved in all eukaryotic cells. There are two mammalian homologues
of yeast Irelp and they are IREa and IRE( [186, 187]. As well, the bZIP-
containing transcription factor X-box binding protein (Xbpl) has been
shown to be the mRNA target of the endoribonuclease activity of
mammalian IRE1 [185]. Similar to the yeast system, when UPR is activated
by an accumulation of misfolded proteins within the ER lumen, a 26-
nucleotide intron is cleaved from the mRNA of Xbpl(us) causing a
translational frameshift to an active and stable transcription factor,
Xbpl(s) [8, 185]. This transcription factor, Xbpl(s) goes on to activate the
transcription of UPRE containing genes involved in ERAD in order to

alleviate the build up of misfolded proteins in the ER lumen [185].

PERK is an ER transmembrane kinase whose function to transiently
attenuate mRNA translation decreasing the load of newly synthesized
proteins into the already stressed ER, serves as the first line of defence in
mammalian UPR [8, 188]. When there is an accumulation of misfolded
proteins in the ER lumen, BiP/GRp78 goes on to bind these misfolded

proteins thus, disassociating from PERK freeing PERK to dimerize which
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Figure 1-7 - The unfolded protein response (UPR). UPR is activated as a result
of misfolded proteins (blue squiggles) in the ER (light grey box). BiP is titrated
off the transmembrane sensors IRE1, PERK and ATF6 to bind non-glycosylated
and glycosylated misfolded proteins accumulating in the ER. IRE1 is free to
homodimerize resulting in autophosphorylation that activates its
endoribonuclease activity. It then splices 26-nucleotides from Xbpl mRNA which
activates the spliced form, Xbp1(s). Xbp1(s) translocates to the nucleus where it
binds to CRE promoters resulting in the activation of ERAD genes, genes
involved in membrane biogenesis and quality control. PERK is also free to
homodimerize and autophosphorylate activating its phosphorylation activity. It
phosphorylates elF2a activating it to decrease overall translation but increase the
translation of ATF4. Increased ATF4 protein translocates to the nucleus where it
binds genes with AARE promoters causing an increase in transcription of CHOP,
GADD34 and ATF3. PERK also phosphorylates NRF2 activating it as a
transcription factor where it translocates to the nucleus to bind genes with ARE
to increase the transcription of genes responding to oxidative stress. ATF6 is
released by BiP and CRT and it translocates to the Golgi apparatus where it is
cleaved by S1P and S2P to release the active transcription factor, ATF6-N, that
translocates to the nucleus to bind ERSE containing promoters to activate
transcription of genes such as BiP, Xbpl, P58 and CHOP. These three sensors
work together to decrease ER stress. IRE1: inositol requiring enzyme 1; Xbp1: X-
box binding protein 1; CRE: cAMP response element; ERAD: ER associated
degradation; PERK: double-stranded RNA-activated protein kinase-like ER
kinase; P: phosphorylation; elF2a: eukaryotic elongation factor 2 «; ATF4:
activating transcription factor 4, AARE: amino acid response elements; ATF3:
activating transcription factor 3; NRF2: nuclear respiratory factor 2; ARE:
antioxidant response element; ATF6: activating transcription factor 6; S1P: site-1
protease; S2P: site-2 protease; ERSE: ER-response element. A version of this
figure has been previously published: Jung, J. et al. 2009, Quality control in the
secretory pathway. Handbook of Molecular Chaperones, Durante, P. And
Colucdi, L. eds, Nova Science Publishers.
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results in its trans-autophosphorylation [8]. Subsequently, the cytoplasmic

kinase

domain of PERK phosphorylates the a-subunit of eukaryotic initiation
factor 2 (elF2a) on Ser®! [8, 188]. Phosphorylated elF2a binds the guanine
nucleotide exchange factor elF2B resulting in interference of the assembly
of the 43S translation initiation complex to shut down general translation
initiation consequently reducing protein synthesis [189]. Phosphorylated
elF2a also plays a selective role in the transcription by activating ATF4
(activating transcription factor 4) which results in the transcription of
genes involved in mechanisms such as apoptosis and anti-oxidative stress
response. Activated PERK also targets, nuclear respiratory transcription
tactor 2 (NRF2) which, in unstressed cells, is maintained in the cytoplasm
by interaction with Kelch-like Ech-associated protein 1, Keapl. However,
under stressed conditions, activated PERK phosphorylates NRF2 causing
it to dissociate from Keapl and translocate to the nucleus where it binds to
antioxidant response elements (ARE) to activate the transcription of genes
involved in detoxifying events [190, 191]. Together, these findings are
consistent with the idea that PERK may play a role in alleviating oxidative

stress insult to the cell [8].

The third branch of UPR is a 90-kDa ER transmembrane protein named
ATF6 with its carboxy-terminus located in the ER lumen and its amino-
terminus DNA binding domain located in the cytoplasm [8, 192-194].
There are two isoforms of ATF6 (a and () that are characterized by their
divergent transcriptional activity domains (TAD) [195]. ATF6-a and —(3

possess highly similar domain structures with an amino-terminal TAD, a
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cytoplasmic bZip domain and a single transmembrane domain with
glycosylation sites in the carboxyl-domain [196, 197]. ER stress-dependent
activation of both isoforms of ATF6 is monitored by the two ER resident
proteins, BiP/GRp78 and calreticulin. Under normal conditions, the
luminal domain of ATF6, like PERK and IRE1, is bound by BiP/GRp78
however, it is also bound by calreticulin (through its three glycosylation
sites) and this binding masks Golgi localization sites (GLSs) on ATF6. In
response to ER stress, the luminal domain of ATF6 is released from
BiP/GRp78 and from calreticulin (due to underglycosylation of the three
luminal glycosylation sites) revealing non-consensus Golgi localization
sites (GLSs) [192, 194, 198]. ATF6-a and —f then translocate to the Golgi
apparatus where they are subject to proteolytic processing termed
regulated intramembrane proteolysis (RIP) where they are sequentially
cleaved by Site-1 protease (S1P) and site-2 protease (S2P) [192, 198]. RIP
results in the cleaved and activated nuclear form of ATF6 (N-ATF6) that
translocates to the nucleus to directly bind ERSEs in combination with
other factors like NF-Y and YY1, to induce ER stress genes such as
BiP/GRp78 [199]. N-ATF6 activates genes that contain an ERSE similar to
targets of Xbpl and it is thought that ATF6 and Xbpl may have partially
overlapping target genes [194, 198]. Recent studies show that ATF6-a and
—p can bind ERSEs as homodimers or as a heterodimers to modulate the
ER stress response [195-197]. There appears to be “fine tuning” of the
ATF6 branch of UPR so that the different isoforms, -a and —3, regulate the

strength and duration of the ER stress response [199].

The molecular mechanisms that control protein folding, transport and

degradation must function in perfect balance [3]. The involvement of
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players such as BiP/GRp78 and calreticulin in UPR suggest that Ca* may
have role in the mediation of this stress response. It is of interest that these
sensors are maintained in their “off” states by binding BiP/GRp78 (PERK,
IRE, ATF6) and calreticulin (ATF6) [4, 192]. When quality control and UPR
fail, the outcomes can be either inappropriate retention or disposal of
proteins and this is the basis of a variety of diseases [2, 70, 200]. Loss-of-
function diseases, such as cystic fibrosis, can result from mutant cargo
molecules (cystic fibrosis transmembrane conductance regulator) being
unable to properly fold and are retained in the ER and then sent for
degradation [6]. Conversely, gain-of-function diseases, such as «al-
antitrypsin, results in misfolded protein being retained within the ER and
forming aggregates [3]. As well, direct defects in ER folding and transport-
machinery or UPR machinery also can result in diseases such as
coagulation disorders and neurodegenerative diseases, respectively [3, 6].
ER stress mediated signalling pathways have also been implicated in the

pathologies of neurodegenerative diseases [201].

57



4.0 Research Objective

The objective of my PhD Thesis was to investigate the function of
calnexin and ERp57 in vitro and in vivo with an emphasis on the
expression throughout development and role in the quality control cycle
and intracellular signalling. Considering the surprising viable and ataxic
phenotype of the calnexin-deficient mouse [85] and the embryonic
lethality of the ERp57-deficient mouse [163], it is important to fully
understand the critical and novel roles that these ER proteins play within
the cell. Calnexin has been well established to have a role in the quality
control pathway for newly synthesized proteins [202]. However the
redundancy of this chaperone function may have with calreticulin needs
to be elucidated. ERp57 has been established to be involved in quality
control cycle in association with calnexin and calreticulin [203], have a role
in MHC class I processing [204] and, most recently, suggested to have a
role in gene regulation [168]. In order to fully understand the role ERp57
plays in development, how ERp57 regulates downstream genes must be
investigated. It is important to investigate the principles of protein
folding, export and degradation in the ER because imbalances in these

activities are the foundation of protein folding diseases [205].
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5.0 Research Hypothesis

The hypothesis of this study is that the chaperone proteins, calnexin
and ERp57, both have an impact on cell signalling pathways that
contribute to their mouse model phenotype. To address this hypothesis
I focussed on the role that calnexin plays in mediation of the unfolded
protein response and the role of ERp57 in STAT3 signalling. We set out
to answer three main questions: (i) does the absence of calnexin result in
ER stress and activation of the UPR? (ii) does the absence of ERp57
result in aberrant modulation of STAT3 signalling? and (iii) what amino
acid residues are critical for the chaperone function and ERp57 binding

of calnexin?
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Introduction

The ER is involved in many specialized functions of the cell,
including synthesis of membrane and secretory proteins, regulation of
protein folding and trafficking, cellular responses to stress and regulation
of Ca* homeostasis. In the ER, there are several chaperones and folding
enzymes that associate with newly synthesized proteins to assist with
their correct folding and assembly [1]. Calnexin is a 90-kDa type I integral
ER transmembrane chaperone which transiently binds newly synthesized
monoglucosylated and misfolded glycoproteins, promoting their folding
and oligomerization [1]. The protein, together with calreticulin,
glucosidases, UGGT and ERp57, is a component of a quality control of the
secretory pathway [1]. Calnexin is ubiquitously expressed in all cells
containing the ER [1]. Surprisingly, calnexin-deficient mice survive but
exhibit severe motor problems, develop ataxic features and growth defects
[2] suggesting that expression of calnexin may play an important role
during embryogenesis possibly restricted to specific organ or

developmental stage.

When protein synthesis/folding is disrupted, leading to accumulation
of misfolded proteins, the cell responds by eliciting UPR or ER stress
response [3]. This is characterized by up-regulation of the synthesis of
chaperone proteins (calreticulin, BiP/GRp78, GRp94), by a decrease in
general protein synthesis, and by activation of ERAD [3] [4]. The
signalling proteins that mediate UPR response are ER proteins which
include ATF6, PERK and IRE1 [3]. They act as proximal sensors of a

disturbed ER environment. BiP/GRp78 serves as an important UPR
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regulator and under non-stress conditions, it binds to the luminal domains
of ATF6, PERK and IRE1 [3]. UPR induces translocation of ATF6 to the
Golgi for protease-dependent cleavage, producing a transcription factor
involved in the up-regulation of expression of ER chaperones [3].
Activation of PERK/PEK induces phosphorylation of the a subunit of
elF2a to attenuate translation [3]. Finally, activation of IRE1 leads to
splicing of mRNA encoding Xbpl producing a potent transcription factor
which activates the transcription of chaperone encoding genes [3]. In
addition, proteins that fail to fold correctly are translocated to the

cytoplasm, ubiquitinated and degraded by ERAD [4].

In this study, I investigated activation of the calnexin gene and
expression of calnexin during embryonic development as well as impact
of calnexin deficiency on UPR. During embryonic development, the
calnexin gene was activated in neuronal tissue at early stages of
embryogenesis. There was no significant ER stress at the tissue level,
suggesting compensatory mechanisms may have been developed to deal
with misfolded and aggregated proteins. However, UPR was activated in
cultured non-stimulated calnexin-deficient cells. Importantly, cnx’- cells
had increased proteasomal activity, potentially involved in adapting to the

acute ER stress observed in the absence of the chaperone.
Materials and Methods

Transgenic Mice - ES cells with a deletion of one allele of the calnexin gene
were created by a gene-trap approach, interrupting a coding region of the
gene with a cDNA encoding (3-galactosidase [5-7]. These cells (designated
KST286) were created at BayGenomics [8] and used to generate cnx* mice.
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ES cells were microinjected into 3.5-d-old C57BL/6] blastocysts to generate
chimeric mice. Chimeric males were analyzed for germline transmission
by mating with C57BL/6] females, and the progeny were analyzed by
PCR, B-galactosidase staining and Western blot analyses. Rabbit anti-
calnexin antibody was used at dilution of 1:1,000. cnx*- mice used in this

study were indistinguishable from wild-type littermates [5].

Staining of embryos for B-galactosidase activity - For histological analysis,
wild-type and cnx*- embryos were harvested, washed in Phosphate-
Buffered Saline (PBS) and fixed in 4% paraformaldehyde in PBS, pH 7.2
for 3 hours at 4°C. The embryos were washed in PBS and saturated with
15% sucrose in PBS overnight at 4°C. The embryos were then incubated
with 25% optimal cutting temperature compound (OCT, Tissue-Tek)/15%
sucrose in PBS for 20-60 minutes, in 50% OCT/25% sucrose in PBS for 20-
60 minutes and then in 75% OCT/15% sucrose in PBS for 20-60 minutes.
The embryos were frozen in OCT by submersion into methyl butane
chilled in liquid nitrogen and cryosectioned. Slides were dried overnight,
washed in PBS to remove the OCT and incubated in PBS X-gal (5-Bromo-
4-chloro-3-indoyl-f-D-galactopyranoside) staining solution containing 2
mM MgClz, 0.01% sodium deoxycholate, 0.02% Nonidet-P 40, 20 mM Tris,
pH 8.0, 5 mM potassium ferricyanide, 1 mg/ml X-gal (bromo-chloro-
indolyl-galactopyranoside) in N,N-dimethylformamide for 1-5 hours at
37°C. The slides were washed in PBS, counterstained with eosin (0.1%
eosin in 0.1% acetic acid), washed in 95% ethanol, 100% ethanol, and

mounted with Cytoseal (Richard-Allen Scientific).
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Western Blot and Cell Culture - Proteins were isolated from mouse tissues
by snap freezing the tissues in liquid nitrogen and crushing to a fine
powder with a mortar and pestle. The powdered tissue was re-suspended
in a buffer containing 50 mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1
mM EGTA, 1% Triton X-100, 0.1% SDS, 0.5% sodium deoxycholate with
protease inhibitors (0.5 mM PMSF (phenylmethanesulfonylfluoride or
phenylmethylsulfonyl fluoride), 0.5 mM benzamidine, 0.05 pg/ml
aproprotin, 0.025 pg/ml phosphormidone, 0.05 pg/ml TLCK (1-Chloro-3-
tosylamido-7-amino-2-heptanone HCI), 0.05 pug/ml APMSF (4-
Amidinophenyl-methanesulfonyl-fluoride), 0.05 ug/ml E-64, 0.025 ug/ml
leupeptin and 0.01 pg/ml pepstatin) [9]. Mouse embryonic fibroblasts
were isolated from day 12 calnexin-deficient and wild-type embryos. Cells
were immortalized as described previously [10] and maintained in
Dulbeccos Modified Eagles Medium with 10% fetal bovine serum, 1%
Penicillin/Streptomycin and 2.5 ng/ml of Plasmocin. Cells were treated
with 2 pg/ml of tunicamycin or 1 uM of thapsigargin for 16 hours. Cells
were lysed in a buffer containing in the same lysis buffer used for the
powdered tissue (see above) [9], incubated on ice for 10 minutes and spun
down at 12,100 x g for 10 minutes. Supernatant containing cellular
proteins was collected and proteins were separated by SDS-PAGE. Thirty
ug of protein was separated by SDS-PAGE (10% acrylamide) and
transferred to nitrocellulose [11]. The nitrocellulose membrane was
blocked with 5% milk powder and 0.1% Tween-20 in PBS or Odyssey
Blocking Buffer followed by probing with specific antibodies. Antibodies
used were: rabbit-anti-calnexin at dilution of 1:1,000, rabbit-anti-PDI at

dilution of 1:1,000, goat-anti-calreticulin at dilution of 1:500, rabbit-anti-
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ERp57 at a dilution of 1:300, rabbit-anti-GAPDH at a dilution of 1:1,000
(Abcam), mouse-anti-IRE1 at a dilution of 1:500 (a generous gift from Dr.
R. Kaufman at the Department of Biological Chemistry, Howard Hughes
Medical Institute, University of Michigan Medical Center, Ann Arbor, MI),
rabbit-anti-GRp94 at dilution of 1:1000 (StressGen) or rabbit-anti-GRp78 at
dilution of 1:1,000 (StressGen). Secondary antibodies used were goat anti-
rabbit (1:10,000) and rabbit anti-goat (1:10,000). Blots were analyzed using

the Odyssey Infrared Imaging System (Li-Cor) or by ECL reaction [11]

Immunohistochemistry - For immunocytochemistry, calnexin-deficient or
wild-type cells were grown on glass coverslips. Cells were fixed with 3.7%
formaldehyde in PBS for 15 minutes, permeabilized for 5 minutes in PBS
containing 1% saponin and blocked for 1 hour in PBS/1% saponin
containing 1% milk powder. Primary antibodies used were rabbit anti-PDI
(1:50), rabbit anti-GRp78 (1:50), and rabbit anti-GRp94 (1:50). Secondary
antibody was anti-rabbit Alexa Fluor 546 (1:100). The cells were also
stained with FITC-Concanavalin A (Sigma). The cells were then mounted
onto glass slides and fluorescent signals visualized using an inverted

fluorescent microscope.

RT-PCR - Calnexin-deficient and wild-type cells were treated with
thapsigargin (1 pM), tunicamycin (2 pg/ul), brefeldin-A (2.5 uM) or
castanospermine (5 pg/ml) for 16 hours and total RNA was isolated using
TRIzol Reagent (Invitrogen Life Technologies). cDNA was synthesized
using M-MLV (Moloney Murine Leukemia Virus) Reverse Transcriptase
(Invitrogen) and subsequently amplified with Taq polymerase (Sigma)

with specific primers as follows: for Xbpl forward primer 5'-
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CCTTGTGGTTGAGAACCAGG-¥ and reverse primer 5-
CTAGAGGCTTGGTGTATAC-3’; for calnexin forward primer 5'-
CATGATGGACATGATGATGACAC-3* and reverse primer 5'-
GGTCTTCAGACTTGCATCTGGC-3’; for GRp78 forward primer 5'-
TGGTATTCTCCGAGTGACAGC-3 and reverse primer 5-
AGTCTTCAATGTCCGCATCC-3;  for  GAPDH  forward  5'-
AACTTTGGCATTGTGGAAGG-3 and reverse primer 5-
ACACATTGGGGGTAGGAACA-3; for tubulin forward primer b5'-
CCGGACAGTGTGGCAACCAGATCGG-3" and reverse primer 5'-
TGGCCAAAAGGACCTGAGCGAACGG-3’. PCR  products  were
separated on acrylamide gels containing a 7.5% acrylamide (for Xbp1 PCR
products) or 1% acrylamide (for calnexin, GRp78, GAPDH and tubulin
PCR products). For quantitative analysis, three independent experiments
were carried out and intensities of DNA bands were quantified using

Image] Software.

Cell transfection and luciferase assay - Wild-type and calnexin-deficient cells
were transfected with pRL-XFL vector encoding Renilla luciferase and
Firefly luciferase reporter genes as described previously [12]. The cells
were co-transfected with pGL3-GRp78-luciferase (Firefly luciferase
reporter driven by a 311 bp fragment (-304 to +4) of the GRp78 promoter)
[13] and with Renilla luciferase reporter plasmid pRL-CMV
(cytomegalovirus) (Promega) at 1:50 ratio, respectively, using Effectene
(Qiagen) with 0.2 pg total DNA. Cells were treated with 1 uM of
thapsigargin for 16 hours, lysed, diluted 1:10 in Passive Lysis Buffer
(Promega) and then assayed with the Dual-Luciferase Assay Kit

(Promega) using a luminometer (Berthold-Lumat LB 9501). Relative light
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units (RLUs) were normalized to internal control (pRL-XF) or to Renilla
luciferase reporter gene under control of CMV promoter (pRL-CMV or
pGL3-Xbpl) [12]. Average values * standard deviation of three

independent experiments (n=3) are reported.

Proteasome activity assay - Proteasome activity of cell extracts was
measured using 20S Proteasome Activity Assay Kit from Chemicon
International. Cells were washed twice with PBS and lysed (1x10° cells per
sample) for 30 minutes on ice in a buffer containing 50 mM Hepes, pH 7.5,
5 mM EDTA, 150 mM NaCl and 1% Triton X-100. Lysates were
centrifuged at 14,000 rpm for 15 minutes at 4°C followed by measurement
of fluorescence using 380 nm excitation and 460 nm emission filters in a

fluorometer (SPECTRAmax GEMINI XPS).

Results

Developmental activation of the calnexin gene - Calnexin is a ubiquitously
expressed ER protein, yet calnexin-deficient mice develop specific motor
disorders and neurological problems [2], suggesting an essential role for
the protein during neuronal development. I used a transgenic mouse
model to investigate expression of calnexin during embryonic
development with a special emphasis on the nervous system. First, I
generated mice expressing (3-galactosidase reporter gene under control of
the endogenous calnexin promoter. Second, embryos were harvested at
different gestational times, fixed, frozen and stained for (-galactosidase

activity. Each embryo was tested for the presence of the (3-galactosidase
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transgene by PCR, followed by analysis of sections prepared from
transgenic and wild-type littermates. Figure 2-1 shows sagittal sections of
embryos at different stages of development. At embryonic day 11 (E11.5),
there was high activity of the calnexin promoter and relatively uniform f3-
galactosidase staining throughout the embryo (Figure 2-1A). Interestingly,
there was low activity of the calnexin promoter in the E11.5 embryonic
liver (Figure 2-1A). As the embryo aged, activation of the calnexin gene
became more localized to specific regions. Already at day 12, specific
activity of the B-galactosidase reporter was highest in the neuronal tissue
and cartilage, while the signal in liver tissue remained distinctively low
(Figure 2-1B, E12.5). This pattern became more apparent in later stages of
embryogenesis. Figure 2-1C shows that the calnexin gene was highly
activated in neuronal tissue, lungs, and cartilage. (3-galactosidase activity
remained low in the liver, heart, arteries and ganglions (Figure 2-1C,
E13.5). At day 15 (Figure 2-1D, E15.5), the calnexin promoter remains
highly active in neuronal (brain, spine) and in cartilage tissues. At this
stage of embryonic development, no significant staining for -
galactosidase was detected in the heart, liver and smooth muscle (Figure
2-1D). A high level of activation of the calnexin promoter continued in the
neuronal tissue and cartilage in the 17 and 18-day-old embryos (Figure 2-
1E, F). In the 17-day-old embryo, there was also activation of the calnexin
gene in the lungs, kidney, but very little in the liver (Figure 2-1E, E17). At
day 18 of embryonic development, the calnexin gene remained highly
active in the brain, spine, cartilage and lungs (Figure 2-1F, E18.5). At this
stage of embryonic development, there was significant activation of the

calnexin gene in the liver (Figure 2-1F, E18.5), while the activity remained

81



below detection in the heart, intestine and smooth muscle (Figure 2-1F,

E18.5). Wild-type control embryos had no staining of B-galactosidase.

Next, I isolated RNA from a variety of mouse tissues at different stages of
embryonic development as well as from newborn animals, followed by
RT-PCR analysis of expression of calnexin mRNA (Figure 2-2). In
agreement with observed {-galactosidase signal, calnexin was highly
expressed in brain at all stages of embryonic and postnatal development
compared to other tissues (Figure 2-2). At early stages of embryonic
development, large quantities of calnexin mRNA were found in the liver
and there was no detectable mRNA in the heart, lung and intestine (Figure
2-2, E13.5). Expression of calnexin mRNA increased at later stages of
development in the lung, intestine and kidney (Figure 2-2). In the E17.5
embryos, expression of calnexin mRNA in the brain remained high and
there was no detectable mRNA signal in the heart, intestine, spleen,
kidney and skeletal muscle (Figure 2-2). After birth, a significant level of
calnexin mRNA was also detected in the heart and other tested tissues
(Figure 2-2). In conclusion, both [3-galactosidase reporter gene studies
(Figure 2-1) and RT-PCR analysis (Figure 2-2) indicated that throughout
embryonic development, the calnexin gene is highly activated in a
nervous system, especially in the brain. In order to ensure that the specific
activation of the calnexin gene corresponds to the expression at the
protein level, protein extracts were isolated from wild type mice and mice
embryos and assessed for calnexin expression through western blot
analysis (Figure 2-3). At early embryonic stages of mouse development,
E.13 (Figure 2-3) calnexin is expressed in all tissues that were able to be

differentiated, however, expression varies. Highest expression was
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Figure 2-1 - Activation of the calnexin gene during embryogenesis. Histological
analysis and detection of the (-galactosidase reporter gene activity of cnx*
embryos was carried out as described under “Materials and Methods”. A, shows
a ubiquitous activation of the calnexin promoter in E11.5 embryos (n=2). As early
as E12.5 (n=2) (B) and E13.5 (n=2) (C) there was activation of the calnexin gene in
the brain and cartilage but not in the liver. D, in the E15.5 (n=4) embryo the
strongest -galactosidase signal was observed in the brain and liver but not in
the heart. Activation of the calnexin promoter was also seen in the lungs. At
embryonic stages E17.5 (n=5) (E) and E18.5 (n=2) (F) activation of calnexin
promoter was most apparent in the brain, lungs, kidney and cartilage tissues. No
significant staining was detected in the heart.
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Figure 2-2

Figure 2-2 - RT-PCR analysis of calnexin mRNA in mouse embryonic tissues.
RT-PCR analysis was carried out as described under “Materials and Methods”.
Relatively high level of calnexin mRNA was observed in the brain, lungs and
liver at all stages of development tested. Tissues were isolated from greater than
one embryo (E13.5 n=6; E15.5 n=3; E17.5 n=3; 1-day-old n=3)
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Figure 2-3 — Western blot analysis of calnexin expression in mouse embryonic
tissues. Western blot analysis was carried out as described under “Materials and
Methods”. Relatively high level of calnexin protein was observed in the brain
and liver at all stages of development tested. Each Western blot is representative
from tissues isolated from 3 or more embryos or mice.
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observed in the heart, lowest in the lung with brain, liver and intestine
falling between highest and lowest and having relatively the same amount
of expression. By E.15, expression of calnexin in the brain and liver
increase from E.13 and surpass expression in the heart. However, by E.17,
more tissues are able to be distinguished revealing a different expression
pattern of calnexin. Expression of calnexin is high and similar in brain,
heart, lung, intestine and kidney with lover expression observed in the
liver and thymus. Although there is apparent discrepancy between B-
galactosidase, RT-PCR and protein analysis results, the trend remains the
same that there is high activation of the calnexin gene and high expression
of calnexin in the brain throughout embryonic development when

compared to other tissues

Calnexin-deficient mouse fibroblasts - Calnexin is an important component of
the quality control of the secretory pathway involved in folding of newly
synthesized (glyco)proteins [14]. It is expected that in the absence of
calnexin there might be a build-up of misfolded proteins in the ER and
consequently activation of the UPR. To test if the absence of calnexin
affects UPR, I isolated mouse fibroblasts from wild-type and cnx” mice [5].
As expected, Western blot analysis revealed that wild-type cells contained
immunoreactive calnexin whereas calnexin-deficient cells did not (Figure
2-4A). Densitometrical analysis revealed that there was approximately a 1-
fold increase in the level of GRp94 and ERp57 in cnx” cells and a slight
(0.5-fold) increase in GRp78 (Figure 2-4A). I found no significant
difference in the level of expression of calreticulin and PDI in the absence
of calnexin (Figure 2-4A). Thus, the lack of calnexin in these cells did not

appear to significantly impact expression of other ER folding proteins.
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Moreover, the morphological appearance of the wild-type and calnexin-
deficient cells was indistinguishable (Figure 2-4B, C). The cells attached
firmly to plastic and showed typical, ER-like staining with FITC-ConA,
anti-PDI, anti-GRp78 and anti-GRp94 antibodies (Figure 2-4B, C).

ER stress in calnexin-deficient mouse embryonic fibroblasts - Next, I tested if
calnexin deficiency led to activation of UPR in cultured cells. In the
present study, we examined expression of ER resident stress-sensitive
proteins (Figure 2-5A), splicing of Xbp1 (Figure 2-5B and C, 2-6A and B)
and activation of the BiP promoter (Figure 2-6A and B) [3]. Upon the
accumulation of misfolded proteins, IRE1, an ER, type 1 transmembrane
protein, homodimerizes, undergoes trans-autophosphorylation, leading to
activation of its cytoplasmic endoribonuclease function [15]. The target of
this endoribonuclease is mRNA encoding Xbpl [3, 15]. I used two ER
stress inducers to test for the UPR-dependent expression of ER resident
proteins in the absence of calnexin: tunicamycin (Tn), an inhibitor of N-
glycosylation, and thapsigargin (Tg), an inhibitor of SERCA, an ER
localized Ca?-ATPase and performed experiments in parallel and in
duplicate. Figure 4A shows that both thapsigargin and tunicamycin
induced expression of Grp78 (BiP), Grp94, and IRE1l in wild-type and
calnexin-deficient cells. Although the same level of ER stress has been
detected in non-stimulated, untreated calnexin-deficient cells as indicated
by a slight up-regulation of the GRp78 and GRp94 genes, there was still a
significant, tunicamycin- or thapsigargin-dependent, up-regulation of
UPR in the absence of calnexin (Figure 2-5A).

UPR activation and Xbp1 splicing in calnexin-deficient cells - Next, I examined

if activation of IRE1 and splicing of Xbp1l were affected in the absence of
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Overlay

Figure 2-4

Figure 2-4 - Chaperone expression in calnexin-deficient cells. A, Western blot
analysis of ER folding factors in wild-type (wt) and calnexin-deficient (cnx")
mouse embryonic fibroblasts. Wild-type and calnexin-deficient cells were lysed,
proteins were separated by SDS-PAGE, transferred to nitrocellulose membrane,
and probed with specific antibodies as indicated in the Figure. B and C,
immunostaining of wild-type and calnexin—deficient cells, respectively, with
anti-Grp78, anti-Grp94, anti-PDI antibodies and FITC-ConA.
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calnexin. I isolated RNA from mouse embryonic fibroblasts followed by
RT-PCR analysis of Xbpl mRNA. In addition to tunicamycin and
thapsigargin, UPR was also induced in wild-type and cnx” cells with
brefeldin-A (BFA), an ER-Golgi transport inhibitor, and castanospermine
(Cst), an inhibitor of glucosidase I, thus inhibiting oligosaccharide
processing critical for calnexin-substrate interactions [16, 17]. Treatment of
cells with these drugs leads to protein accumulation in the ER and to
activation of UPR [18]. Figure 2-5B shows that thapsigargin (Tg) or
tunicamycin (Tn) treatment of cells strongly induced a rapid and complete
splicing of Xbp1 to produce a 424 bp spliced variant. Importantly, both cell
lines showed similar sensitivity to thapsigargin- and tunicamycin-induced
UPR. However, under the same experimental conditions, brefeldin A and
castanospermine induced only a partial splicing of Xbp1l (Figure 2-5C).
Most importantly, wild-type cells were more sensitive to brefeldin A- and
castanospermine-induced UPR than calnexin-deficient counterparts

(Figure 2-5).

In order to quantify Xbpl splicing, we took advantage of a luciferase
reporter system developed by Kaufman’s group [12]. Wild-type and cnx™"
cells were transfected with pRL-IXFL vector encoding Renilla luciferase
(internal control) and Firefly luciferase reporter gene, which is activated
only when the 26-nt intron from Xbpl is removed in a UPR-dependent
manner [12]. To report activation of UPR we also transfected cells with
pGL3-GRp78-luciferase vector encoding Firefly luciferase under control of
the GRp78 promoter containing ERSE element [13]. Figure 2-6 shows that
in non-stimulated cells there was a significant difference in UPR activation

between cnx’- and wild-type cells as measured by splicing of Xpbl mRNA
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Figure 2-5 - Induction of UPR in calnexin-deficient cells. A, Western blot
analysis of chaperone proteins in wild-type and calnexin-deficient cells treated
with tunicamycin (Tn) and thapsigargin (Tg). Western blot shown represents
between 3 and 5 independent experiments. Duplicate samples were analyzed by
Western blotting as indicated in the Figure. Densitometry was performed using
Kodak Image Software and a one-tail, two sample t-test was done to determine
significant difference from untreated control. In wild-type cells treated with Tg,
GRp78 increased 80% (p=0.05, n=3), GRp94 increased 139% (p=0.25, n=5) and
IRE1 increased 20% (p=0.05, n=3). Wild-type cells treated with Tn, GRp78
increased 53% (p=0.05, n=5), GRp94 increased 153% (p=0.25, n=5) and IRE1
increased 7% (p=0.05, n=4). In calnexin-deficient cells treated with Tg, GRp78
increased 82% (p=0.25, n=4), GRpY%4 increased 75% (p=0.25, n=4) and IRE1
increased 52% (p=0.05, n=4). In calnexin-deficient cells treated with Tn, GRp78
increased 55% (p=0.05, n=5), GRp94 increased 34% (p=0.05, n=5) and IRE1
increased 3% (p=0.05, n=4). B and C, Xbp1 splicing in wild-type and cnx" cells.
Wild-type (wt) and calnexin-deficient (cnx”) cells were treated with (B)
thapsigargin (Tg) and tunicamycin (Tn) or (C) brefeldin-A (BFA) and
castanosperime (Cst) followed by isolation of mRNA and RT-PCR with primers
specific for unspliced (upper DNA band) and spliced (lower DNA band) variant of
Xbpl mRNA. Densitometry was normalized to wt untreated and shown
graphically below.
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Figure 2-6 - Xbpl splicing and activation of Grp78 promoter in calnexin-
deficient cells. Renilla luciferase and Firefly luciferase activities were measured as
described under “Materials and Methods" and the relative ratio of Firefly
luciferase to Renilla luciferase activity in each cell lysates was calculated. A, wild-
type (open bars) and cnx’ (black bars) cells were transfected with reporter
plasmid for Xbp1 splicing or a plasmid DNA encoding luciferase reported gene
under control of GRp78 promoter as described under “Materials and Methods”.
Cell lysates were assayed for luciferase activity. B, Wild-type (open bars) and
calnexin-deficient (black bars) cells were transfected with reporter plasmid for
Xbp1 splicing or a plasmid DNA encoding luciferase reporter gene under control
of GRp78 promoter as described under “Materials and Methods”. Cells were
treated with thapsigargin (Tg) followed by luciferase assay. Columns and bars
represent the mean #S.D. of nine measurements from three independent
transfection experiments. RLU, relative light units. One tail, two-sample t-test
were performed. * denotes p=0.05, ** denotes p=0.25.
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and activation of the GRp78 promoter. There was 2-fold and 1.7-fold
higher luciferase activity in cnx” cells transfected with pRL-IXFL and
pGL3-GRp78-luciferase vector, respectively. Thapsigargin treatment
significantly enhanced luciferase activity in wild-type and calnexin-
deficient cells expressing luciferase reporter genes (Figure 2-6B). Figure 2-
5B shows that thapsigargin treatment of wild-type and calnexin-deficient
cells resulted in similar levels of activation of luciferase resulting from
Xbp1 splicing. However, comparison of the means of wild-type untreated
cells to wild-type thapsigargin treated cells revealed that thapsigargin-
induced luciferase activity was increased 11-fold, whereas it was induced
only 6.6-fold when comparing the means of calnexin-deficient cells that
are untreated to calnexin-deficient cells that are treated with thapsigargin.
This was likely due to already significantly higher luciferase activity
detected in non-stimulated, untreated cnx’ cells (Figure 2-6A). Figure 2-6B
also shows that there was similar thapsigargin-dependent activation of the
BiP promoter in wild-type and cnx” cells. By using highly sensitive Xbp1
splicing and Grp78 luciferase promoter vectors, we are able to quantify
and more accurately assess small differences that may not be detected by

less sensitive Western blot analysis.

Calnexin-deficient cells have increased proteasomal activity - Although
calnexin-deficient cells have increased UPR, they have typical growth and
survival characteristics observed under standard tissue culture conditions,
suggesting they may develop adaptive mechanisms to deal with increased
stress [19, 20]. One additional pathway induced by UPR is activation of
ERAD and proteasomal activity leading to the removal of misfolded

proteins [19-21]. Therefore, I tested if increased proteasomal activity in the
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Figure 2-7 - Proteasomal activity in calnexin-deficient cells Cellular extracts
were prepared from wild-type (open bar) and cnx” (closed bar) cells and assayed
for proteasome using 20S Proteasome Activity Assay Kit from Chemicon
International as described under “Materials and Methods”. Fluorescence of the
fluorophore 7-amino-4-methylcoumarin was measured using 380 nm excitation
and 460 nm emission filters. RFU, relative fluorescence units.
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absence of calnexin compensated for constitutively active UPR in these
cells. Cellular extracts from wild-type and calnexin-deficient cells were
prepared and tested for proteasomal activity based on detection of the
fluorophore 7-amino-4- methylcoumarin after cleavage from the
fluorescently labelled substrate LLVY (Leu-Leu-Val-Tyr) [22]. Figure 2-7
shows that proteasome activity was 3-fold higher in calnexin-deficient
cells when compared to wild-type cells. This suggests that increased
ERAD may be one mechanism of adaptation to acute ER stress seen in the

absence of calnexin.

Neuronal tissue deficient in calnexin does not have increased ER stress - Next, 1
asked if there is any UPR activation in calnexin-deficient mouse tissues, as
this may contribute to a neuronal phenotype of the calnexin-deficient
mouse [2]. I examined splicing of Xbpl in calnexin-deficient spine, brain,
cerebellum and liver (Figure 2-8). Thapsigargin-induced UPR in wild-type
cells was used as a positive control. Thapsigargin treatment of wild-type
cells resulted in rapid and complete splicing of Xbpl to produce a 424 bp
spliced variant (Figure 2-8, ctrl). Although there was a different level of
expression of Xbpl in mouse tissues tested, RT-PCR analysis of mRNA
showed no detectable splicing of Xbpl in calnexin-deficient (Figure 2-§,
cnx”) and wild-type (Figure 2-8, wt) tissues.

Next, I carried out Western blot analysis of the level of BiP in cerebellum
and brain from wild-type and calnexin-deficient animals. In agreement
with Xbpl splicing results, there was no significant increase in BiP
expression in calnexin-deficient tissues (Figure 2-9). Collectively, these
results indicate that there was no significant activation of UPR in the

presence and absence of calnexin in cerebellum, brain, spine and liver.
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Figure 2-8 - Activation of UPR in wild-type and calnexin-deficient tissues.
RNA was isolated from tissues derived from wild-type (wt) and calnexin-
deficient (cnx"-) 21-day-old mice followed by RT-PCR analysis for Xbp1 unspliced
(450bp) and splice (424bp) variants. Wild-type cells treated with thapsigargin
(Tg) were used as a positive control (ctrl). RT-PCR of tubulin mRNA was used as
a loading control. The arrows indicating the location of unspliced and spliced
Xbp1l RT-PCR DNA fragment.

96



Cerebellum Brain

wt cnx’- wt cnx/-
10 20 50 10 20 50 mug 10 20 50 10 20 50 ug

- e . oo wme GAPDH -— il — et

12000
10000

7 wt
E 8000
6000 anx
2 4000
5
= 2000
10 20 50

8000

wt
6000
anx
4000
2000
10 20 50

units)

2
£

Intensity of protein tand
Intensity of protein band

o

0

Protein (ug) Protein (pg)

Figure 2-9

Figure 2-9 - Expression of GRp78 protein in wild-type and cnx”- cerebellum and
brain. Tissues (n=4) were solubilized in a lysis buffer and proteins were
separated by SDS-PAGE as described under “Materials and Methods”.
Increasing amount of tissue lysates were loaded into SDS-PAGE as indicated in
the Figure. Blots were normalized for expression of GAPDH.
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Discussion

Despite considerable understanding of the calnexin/calreticulin cycle,
virtually nothing is known about the regulation of the calnexin gene and a
potential role for the protein in UPR. Here we report, for the first time, on
the activation of the calnexin gene during embryonic development in
mouse. One of the most striking and unexpected findings is that the
calnexin gene is highly active in neuronal and cartilage tissues at relatively
early stages of embryogenesis. In contrast, activation of the calnexin gene
occurs relatively late in the liver and is undetectable in the heart. Only at
the latest stages of embryo development is there activation of the calnexin
gene in the liver with little to no activation of the gene in the heart.
Neuronal specific activation of the calnexin gene is of great interest
because calnexin-deficient mice exhibit motor disorders [2]. In C. elegans,
calnexin is also highly expressed in the dorsal and ventral nerve cord, and
head and tail neurons throughout development [23]. Moreover, in
Drosophila, calnexin is required for rhodopsin maturation, with mutations
in Drosophila calnexin leading to severe down-regulation in rhodopsin
expression resulting in retinal degeneration [24]. Taken together, these
observations indicate that calnexin may play an important role during
neuronal development. Our finding that calnexin is highly expressed in
the neuronal tissue throughout embryonic development taken together
with evidence that calnexin interacts with the myelin protein, PMP22 [25],
further stresses the impact calnexin may have on neurogenesis and how in
its absence, the neuroprotection function it may serve could be lost,

resulting in neuropathology.
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Although the chaperones calnexin and calreticulin are homologous
proteins with some redundant functions, they yield very different
phenotypes in their mouse deficient models. The calreticulin-deficiency is
embryonic lethal at day 14 of gestation due to impaired cardiac
development [10]. This is not surprising because calreticulin is highly
expressed in the heart during early stages of embryonic development [10].
Furthermore, this lethality is rescued by cardiac specific over-expression
of calcineurin, suggesting that changes in Ca? homeostasis, in the absence
of calreticulin, play an important role during cardiogenesis [26].
Importantly, calnexin is not expressed in the developing heart (this study)
and does not compensate for calreticulin function during cardiogenesis,
further supporting the hypothesis that the Ca* homeostasis role of
calreticulin is responsible for impaired cardiac development in
calreticulin-deficient mice [10]. In sharp contrast, calnexin-deficient mice
survive and exhibit severe motor problems, growth defects and ataxic
features, such as an unstable gait [2]. This is not surprising in view of our
findings that the calnexin gene is highly activated in neuronal tissue at
early stages of embryonic development. Importantly, the drastically
different patterns of expression of calreticulin and calnexin during
embryonic development as well as phenotypes of calreticulin- and
calnexin-deficient mice suggest that the functions of these proteins are not
entirely redundant and that calnexin does not have a critical role in life but

an important role in quality of life.

The important finding of this study is that cnx” cells have
constitutively active UPR as shown by luciferase reporters. This may

represent chronic stress response phenomenon proposed by Kaufman'’s
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group [19, 20]. Yet both wild-type and calnexin-deficient cells have a
similar capacity for ER stress induction with commonly used drugs
(thapsigargin, tunicamycin) but they differ in UPR levels in non-
stimulated cells. This is supported by reporter gene and RT-PCR analyses
as well as by Western blot analysis of ER stress proteins including GRp78
and GRp94. Interesting cnx cells show up-regulation of ERp57, a protein
that has not been associated with ER stress. Relatively high expression of
ERp57 in these cells may represent an ER-stress independent adaptive
mechanism for cells deficient in calnexin. Increased UPR in cnx cells does
not appear to have any effect on cell growth, suggesting that cnx’ must
have developed adaptive mechanisms for dealing with an increased load
of misfolded proteins. Indeed, we show here that calnexin-deficient cells
have significantly increased proteasomal activity, indicative of a high
activity of ERAD. Therefore, we propose that increased ERAD may
represent one mechanism of adaptation to chronic ER stress in the absence
of calnexin. Calnexin-deficient cells do not appear to compensate for the
loss of calnexin by up-regulating expression of other chaperones. Instead,
they modulate specific pathways, including ERAD, to deal with increased

load of misfolded proteins.
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Chapter Three
ERp57 modulates STATS3 signalling from the lumen of the endoplasmic
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Introduction

The ER is involved in many cellular functions including protein synthesis
and modification, regulation of Ca?* homeostasis, phospholipid and
steroid synthesis and regulation of the response to cellular stress [1-3]. To
carry out these diverse functions, the ER is equipped with many
chaperone proteins and folding enzymes [3]. For example, calreticulin,
calnexin and oxidoreductase ERp57 are components of the folding
machinery involved in the quality control of newly synthesized
glycoproteins [3]. ERp57 forms complexes with calnexin and calreticulin
to assist in chaperone functions to ensure that newly synthesized proteins
are correctly folded [3]. Targeted deletion of ERp57 in B cells in mice
results in normal B cell development and proliferation as well as antibody
production [4]. However, there is aberrant assembly of the peptide
loading complex indicating that ERp57 is involved in the assembly of the
peptide loading complex and this protein contributes both qualitatively
and quantitatively to MHC class I antigen presentation in vivo [4].
Interestingly, siRNA studies also demonstrated that ERp57 might be
critical for oxidative folding of immunoglobulin heavy chain but not

important for peptide loading of class one molecules [5].

Aside from its role as a folding enzyme in quality control in the
secretory pathway, ERp57 also known as GRp58 [6-13] has been reported
to affect STAT3 signalling via interaction with STAT3 [6, 14-17]. STATs are
a family of cytoplasmic proteins with SH2 (Src Homology-2) domains that
act as signal messengers and transcription factors as a part of the Janus

kinase (JAK)-STAT pathway [18]. In mammals, there are 7 family
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members (STAT1-7) and they are differentially activated and
phosphorylated to induce transcription of specific genes in response to
different cell stresses [19]. These unique factors are able to bypass second
messengers and directly communicate signals from the plasma membrane

to the nucleus [19].

STAT proteins are a part of the JAK-STAT signalling pathway which
mediates the transduction of stress signals from the plasma membrane to
the nucleus [18]. There are several modes of activation for STATs [19].
The first is the classical JAK-STAT pathway that is activated in response to
cytokines (Figure 3-1A). Initiation of the JAK-STAT pathway begins by
cytokine binding to cell surface cytokine receptors [18]. This results in
homo- or hetero-dimerization of these receptors resulting in
phosphorylation and activation of tyrosine kinase JAK proteins that are
associated with the intracellular domain of the receptor [18]. These
activated JAK proteins, in turn, trans-phosphorylate the intracellular
domains of the receptors creating a docking site for the cytosolic STAT
proteins via their Src-Homology 2 (SH2) domains [18, 19]. Once in close
proximity, activated JAK kinases phosphorylate specific tyrosine residues
of the cytoplasmic tail of STATs (Tyr”® for STAT3) resulting in homo- or
hetero-dimerization of STATs via the phopshotyrosine of one STAT and
the SH2 domain of another STAT [18, 19]. The STAT dimers dissociate
from the receptors and translocate to the nucleus where they bind specific
DNA sequences to activate a number of genes [18]. Some receptors have
intrinsic tyrosine kinase activities and can phosphorylate STATs directly
[19]. STATs can also be activated through non-receptor associated tyrosine

kinases and by proteins that serve as adaptors to bring JAKs into close
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proximity [19, 20]. STAT activation is a rapid event with accumulation of
phosphorylated STAT1 in the nucleus by 30 minutes with faster
dephosphorylation as the half-life of phosphorylated STATT1 is less than 15
minutes [19]. Nuclear import and export of STATs is a dynamic process
and, when activated, there is a shift to import resulting in nuclear

accumulation of STATSs [19].

STAT3 is 770 amino acid residues in length and follows the same
functional domain organization as all isoforms of STATs (Figure 3-2) [19].
STATs consist of a N-terminal STAT protein interaction domain, a coiled-
coil domain followed by a DNA binding domain, linker domain, SH2
domain and transactivation domain [19]. STAT3 contains a conserved
tyrosine (Tyr"®) residue to mediate dimerization and serine (Ser”*) residue
at the C-terminus near the transactivation domain that is also
phosphorylated to maximize transcriptional activation [19, 21]. In
response to glycoprotein-130 (gp130) ligand binding, STAT3 is
phosphorylated at its Tyr™® to mediate dimerization through
phosphotyrosine and SH2 domains interactions [21]. Dimerized STAT3
translocates to the nucleus and binds DNA consensus sequences such as
ISRE/GAS (interferon-gamma activation sequence) to activate and
regulate transcription of specific genes [21]. This activation is mediated by
the transactivation domain in the C-terminus and is maximized by
phosphorylation of the Ser” [21]. Studies have shown that STAT3 recruits
co-activators and other transcription factors to its target genes to activate
transcription [21]. STAT3 is involved in a wide range of physiological
processes including oncogenesis, tumour growth, early embryogenesis,

lymphocyte growth, wound healing and postnatal survival [21]. Many of
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the target genes are known to regulate cell cycle progression, cell growth
and survival and migration [21]. ChIP (chromatin immunoprecipitation)
analysis has identified 34 genes regulated by STAT3 which are involved
in muscle growth and differentiation [21]. Interestingly, ischemia in the
heart results in an increase in interleukin-6 (IL6) cytokine which results in
an activation of STAT3 [18]. This increase in STAT3 serves a
cardioprotective role and results in a decrease in infarct size after
ischemia/reperfusion post-conditioning perhaps through regulation of
target genes or control of mitochondrial function [18]. However, persistent
activation of STATS3 is also associated with malignant transformation [18].
Therefore, to use activated STAT3 for treatment of cardiovascular disease
must be well controlled because of the promiscuity STAT3 has in

downstream target genes [18].
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Figure 3-1 - The classical STAT3 signalling pathway. Cytokines (purple
diamond) bind to plasma membrane cytokine receptors (yellow). These receptors
homo- or hetero-dimerize and activating them to phosphorylate and activate
receptor associated JAK proteins. Activated JAK proteins trans-phosphorylate
intracellular sites on the receptors creating docking sites for STAT3 proteins.
Bound STAT3 proteins, are phosphorylated and activated at Tyr705 by JAK
kinases. Activated STAT3 proteins dimerize , translocate to the nucleus where
they bind ISRE/GAS containing genes to activate transcription. JAK proteins:
Janus-kinase tyrosine kinase; STAT3: signal transducer and activator of
transcription 3; P: phosphate; ISRE/GAS: inteferon-gmma-activator sequence.
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STAT3 has an important role in early embryogenesis so it is not surprising
that STAT3-deficient mice are embryonic lethal at embryonic stage 6.5 to
7.5 [22]. It is thought that lethality may be due to nutritional insufficiency
as the stage of death coincides with expression of STAT3 in visceral
endoderm which is important for nutrient exchange between maternal
and embryonic environments [22]. Tissue specific knockout mouse models
of STAT3 in T-cells, macrophages/neutrophils, keratinocytes and
mammary glands were also created by a Cre-Lox system [23]. Together,
these tissue specific knockouts showed a role for STAT3 in the immune
response, hair growth and apoptosis [23]. Mice expressing an allele of
STAT3 with a substitution of Ser’* with alanine were viable however they
were severely underweight and died soon after birth [24]. Studies with
these mice stress the importance of transcriptional capacity of STAT3 gene
regulation [24]. Mice with a cardiac-specific deletion of STAT3 do not

show a decrease in infract size after ischemic-preconditioning [25].

Although it is not clear how STAT3 activity is negatively regulated by ER
resident ERp57/Grp58 it has been reported that ERp57/Grp58 may
sequester the inactive and active STAT3 preventing its interaction with

DNA and consequently activation of STAT3-dependent genes [6, 12].

In this study we created ERp57-deficient mice and ERp577 cell lines.
ERp57 deficiency is embryonic lethal at embryonic day (E) 13.5 and
ERp57-deficient cells have significantly increased STAT3 activity. We
showed that the ER, but not cytosolic, form of ERp57 is responsible for
inhibition of STAT3 activity. Furthermore, ERp-57-dependent modulation

of STAT3 is enhanced by ER luminal interactions between ERp57 and
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calreticulin. Our results suggest that, in vivo, ERp57 and STAT3 may not
interact and that the observed modulation of STAT3 activity may be due

to ERp57-dependent signaling from the ER.
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Figure 3-2 - A linear representation of the STAT3 protein. Residues separating
domains are indicated above. The N-domain (blue box) is involved in the
dimerization of the protein, the coiled-coiled domain (CC, turquoise box) is
involved with interactions with other proteins, the DNA-binding domain (purple
box) binds DNA, the Src-homology 2 domain (SH2, orange box) is involved in
receptor binding and dimerization and the transactivation domain (TA, red box)
is involved in the activation of target genes. Amino acid indicated in blue, is a
conserved residue that is phosphorylated to dimerize STAT3 proteins, while the
amino acid indicated in red is phosphorylated to maximize activation of genes.
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Materials and Methods

Generation of ERp57-deficient mice - Gene trapping with the trap vector
pGT1TMpfs was used to generate the Pdia3 gene disrupted embryonic
stem cells from the Gene Trap Resource at http://baygenomics.ucsf.edu
(BayGenomics, University of San Francisco, San Francisco, California). The
Pdia3 gene encodes ERp57. Parental cell lines (CGR8 and E14Tg2A) were
established from delayed blastocysts on gelatinized tissue culture dishes
in embryonic stem cell medium containing leukemia inhibitory factor
(LIF) [26]. Embryonic stem cells were cultured in a media containing
Glasgow minimal essential medium (GMEM), 2 mM glutamine, 1 mM
sodium pyruvate, non-essential amino acids, 10% fetal calf serum, -
mercaptoethanol, and 1000 U LIF [27]. Embryonic stem cells were
microinjected into 3.5day old C57BL/6] blastocysts to generate chimeric
mice [28]. Chimeric males were analyzed for germline transmission by
mating with C57BL/6] females, and the progeny was identified by
polymerase chain reaction PCR analysis, [-galactosidase staining, and
Western blot analysis. All animal experimental procedures were approved
by the Animal Welfare Program at the Research Ethics Office, University
of Alberta and conformed to relevant regulatory standards.

Genotype analysis of ERp57-deficient mice - Genomic DNA from
heterozygous mice (carrying the LacZ gene) was isolated using DNeasy
Blood & Tissue kit (Invitrogen). Genomic DNA was purified using a PCR
purification kit (Qiagen), and then DNA fragments were ligated using the
Rapid DNA Ligation Kit (Boehringer). First PCR amplification was
performed wusing primers specific to inserted vector INVF1, 5'-

GITCCCAACGATCAAGGCGAG-3 and INVR1-%
112



AAGCCATACCAAACGACGAGCG-3. The product from the PCR
reaction was used as a template for second PCR with specific (nested)
primers: INVF2 5- TCAAGGCGAGTTACATGATCCC-3, and INVR2 5'-
CGAGCGTGACACCACGATGC-3. Products of the inverse PCR-driven
amplification were analyze by agarose gel electrophoresis, purified using
a gel purification kit (Qiagen) and sequenced. Once the integration site
was identified, we designed a protocol for genotyping wild-type,
heterozygote and homozygote ERp57-deficient embryos (Figure 2-3).
Embryos were harvested at embryonic days 10.5-15.5 followed by the
isolation of genomic The following PCR primers were used for genotyping
wild-type embryos: forward primer (F2) 5-
GGACAGTTTTGAGCTGCCAT-3 (hybridizes to the intron within the
insertion of the vector site) and reverse primer (R3) 5'-
TCTCCATTATCATCGTACTCC-3’ (hybridizes to intron 4 after the vector
insertion site). To identify heterozygous embryos the following primers
were used: forward primer (F1) 5-TCAAGGCGAGTTACATGATCCC-3
(hybridizes to the end of the inserted vector) and reverse primer (R3) 5'-

TCTCCATTATCATCGTACTCC-3'.

Histological analysis - Blastocysts were harvested at 3 days post-coitum and
whole-mount -galactosidase staining of blastocysts was performed.
Blastocysts were washed with phosphate buffered saline (PBS), fixed in
3.7% paraformaldehyde in PBS for 30 min followed by a wash with PBS.
Blastocysts were then incubated for 1 h in freshly prepared staining
solution in 10 ml of PBS containing 2 mM MgCl, 0.01% sodium
deoxycholate, 0.02% NP40, 0.1% 5-bromo-4-chloro-3-indoyl-p-D-

galactopyraonoside (X-gal) dissolved in dimethylformamide [29].
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Photographs of blastocysts were taken using a Nikon Coolpix 995 camera
attached to a Nikon eclipse TS100 microscope with a 10x magnification
objective. B-galactosidase, hematoxilin and eosin staining of wild-type
and ERp57*- embryos was carried out as described previously (page 79-80)
[2]. B-galactosidase stained slides were counterstained with eosin (0.1%
eosin in 0.1% acetic acid.). Embryos were viewed with the Nikon

CoolscanlV.

Cell culture, plasmid DNA, DNA cloning and lentivirus transduction - Mouse
embryonic fibroblasts were isolated from day-11 wild-type and ERp57-
deficient embryos, immortalized and maintained in culture as described
previously [28]. When indicated, cells were treated with 1 pM

thapsigargin or 2.5 uM brefeldin A for 16 hours.

cDNAs encoding full-length ERp57 or encoding mature ERp57 with no
signal sequence were isolated from a mouse brain cDNA library using
Gateway Cloning Technology (Invitrogen). The following forward DNA
primers were used for amplification of full length ERp57 and no signal
sequence ERp57: 5-
GGGGACAAGTTTGTACAAAAAAGCAGGCTATACCATGCGCTTCA

GCTGCCTAGCT-3 and 5-

GGGGACAAGTTTGTACAAAAAAGCAGGCTATACCATGGATGTGTT
GGAACTGACGGACGA -3, respectively. The forward primers contain

an attBl recombination site (bold), Kozak sequence for expression in
mammalian cells (italics) and gene specific nucleotides (underlined). The
same reverse primer was used for the synthesis of cDNAs encoding full-

length and no signal sequence ERp57: 5'-
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GGGGACCACTTTGTACAAGAAAGCTGGGTCCTAGAGGTCTCTTGT

GCCTTCTT-3'. The reverse primer contains an attB2 recombination site
(bold) and the ERp57 gene specific nucleotides (underlined). Both forward
and reverse primers required four guanine residues at the 5" end. First, a
BP clonase reaction was carried out as recommended by the manufacturer
to generate entry clone vectors. Recombination reaction was carried out
using BP Clonase Enzyme Mix to insert cDNA encoding full-length ERp57
or no signal sequence ERp57 and the promoter EFla (cellular polypeptide
chain elongation factor 1 alpha) into the destination lentiviral vector 2K7bsd
(containing a blasticidine resistance gene for cell selection). Expression
vectors p2K7ERp57er and p2K7ERp57qt contained cDNA encoding full-
length ERp57 and no-signal sequence ERp57, respectively. Lentiviral
transduction techniques were used to generate ERp57” and wild-type
fibroblast-derived cells lines stably expressing recombinant proteins
ERp57 or no-signal sequence ERp57 [30]. Protein from bulk cell
population was harvested with RIPA buffer containing 50 mM Tris (pH
7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 0.1% SDS,
0.5% sodium deoxycholate and protease inhibitors (0.5 mM
phenylmethylsulfonyl fluoride [PMSF], 0.5 mM benzamidine, 0.05 pg/ml
aproprotin, 0.025 ug/ml phosphormidone, 0.05 ug/ml Na-tosyl-Lys-
chloromethylketone [TLCK], 0.05 ug/ml 4-amidinophenyl-
methanesulfonyl fluoride hydrochloride monohydrate [APMSF], 0.05
ug/ml (25,35)-3-(N-{(S)-1-[N-(4-guanidinobutyl)carbamoyl]3-
methylbutyljcarbamoyl)oxirane-2-carboxylic acid [E-64], 0.025 ug/ml
leupeptin and 0.01 pg/ml pepstatin)[31]. Expression of full-length ER
targeted ERp57 and cytoplasmically targeted ERp57 (no signal sequence
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ERp57) was monitored by Western blot analysis (page 80-81) [2, 30, 32].
ERp57-deficient cells expressing full-length ERp57 were denoted ERp577-
57er and cells expressing no signal sequence-cytoplasmic ERp57 were

denoted ERp57"-ERp57qyt.

SDS-polyacrylamide gel electrophoresis (PAGE) and Western blot analysis -
Whole cell lysates from wild-type, ERp57", ERp57-57ex and ERp577-
ERp574t mouse embryonic fibroblasts were isolated as described
previously [2]. Twenty pg of protein was separated by SDS-PAGE (10%
acrylamide), transferred to nitrocellulose and probed with specific
antibodies [33]. Antibodies used were rabbit-anti-GRp78/BiP at a dilution
of 1:1000 (StressGen), rabbit-anti-calnexin at a dilution of 1:1000
(StressGen), goat-anti-calreticulin at a dilution of 1:300, rabbit-anti-ERp57
at a dilution of 1:1000, rabbit-anti-protein disulfide isomerase (PDI) at a
dilution of 1:1000, rabbit-anti-ERp41 at a dilution of 1:1000, rabbit-anti-
ERp54 at a dilution of 1:1000 and rabbit-anti-B-tubulin at a dilution of

1:1000 [2, 34].

For detection of phosphorylated-STAT3 (Y"%-phospho STATS3),
ERp57", ERp57"-57er and ERp57"-ERp57qt cells were grown to confluency
and treated with 2 mM NasVOus for 20 minutes prior to harvesting. Cells
were washed with PBS containing 4 mM NasVOs and harvested in RIPA
buffer. Thirty ug of protein was separated by SDS-PAGE (10%
acrylamide) and transferred to nitrocellulose membrane [33]. The
nitrocellulose membrane was washed with 25 ml of TBS buffer containing
20 mM Tris (pH 7.6), and 150 mM NaCl, and blocked for 1 h in TBS

containing 5% milk and 0.1% Tween 20. Membranes were probed with
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rabbit-anti-phospho-STAT3 (Y”®) antibodies (Cell Signaling) or anti-
STAT3 (Cell Signaling) at 1:1000 dilutions overnight at 4°C. Secondary
antibodies used were goat-anti-rabbit (1:10000 or 1:15000 for anti-
phospho-STAT3 antibodies) and rabbit-anti-goat (1:10000 for anti-STAT3

antibodies). Blots were developed using a chemilumenscence system [33].

Reverse transcription (RT)-PCR - Total RNA was isolated from different
tissues using TRIzol Reagent (Invitrogen Life Technologies). cDNA was
synthesized using M-MLV reverse transcriptase (Invitrogen) and
amplified with Taq polymerase (Sigma) using the following primers: for
ERp57, forward primer 5-GGACAGTTTTGAGCTGCCAT-3" and reverse
primer 5-CTCTCCATTATCATCGTACTCC-3’; for Xbpl, forward primer
5-CCTTGTGGTTGAGAACCAGG-3" and  reverse  primer  5'-
CTAGAGGCTTGGTGTATAC-3; for GRp78, forward primer 5'-
TGGTATTCTCCGAGTGACAGC-3' and reverse primer 5'-
AGTCTTCAATGTCCGCATCC-3;  for  GAPDH,  forward  5'-
AACTTTGGCATTGTGGAAGG-3' and reverse primer 5'-
ACACATTGGGGGTAGGAACA-3 and for STATS, 5'-
AGTCACATGCCACGTITGGTGTTITC-3" and reverse primer 5'-
CGGGCAATTTCCATTGGCTTCTCA -3'.

Immunohistochemistry and electron microscopy - For immunostaining, ERp57-
-, ERp577-57er and ERp577-ERp57.t+ mouse embryonic fibroblasts were
grown on glass coverslips. Cells were fixed with 3.7% paraformaldehyde
in PBS for 20 min at room temperature [2]. For immunostaining of ERp57,
cells were permeablized with 0.1% Triton-X in PBS for 20 min at room

temperature and washed twice with PBS. Cells were incubated in PBS
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containing 1% bovine serum albumin (BSA) for 30 min at room
temperature and then incubated with anti-ERp57 (1:100) in PBS containing
1% BSA for 1h at room temperature. The secondary antibody used was
rabbit conjugated-fluorescein isothiocyanate (FITC) at a dilution of 1:100
in PBS containing 1% BSA for 45 min at room temperature [35]. All
coverslips were co-stained with Alexa Flour 546-Concanavalin A at a
dilution of 1:1000 (Sigma). The coverslips were mounted onto glass slides
and fluorescent signals visualized using spinning disk confocal
microscopy (WaveFX from Quorum Technologies, Guelph, Canada) set up
on an Olympus IX-81 inverted stand (Olympus, Markham, Canada).
Images were acquired through a 60X objective (N.A. 1.42) with an
EMCCD camera (Hamamatsu, Japan). The fluorescent dyes, FITC and
Texas Red, were excited by a 491 nm and a 561 nm laser line, respectively
(Spectral Applied Research, Richmond Hill Canada). Z-slices (0.25 pm)
were acquired using Volocity (Improvision) through the cells using a

peizo z-stage (Applied Scientific Instrumentation, Eugene, USA.)

For electron microscopy analysis, cells were harvested, spun down and
fixed at 4°C for 4 hours in a freshly prepared solution containing 2.5%
glutaraldehyde and 2% paraformaldehyde in 100 mM cacodylate, pH 7.2
[36]. Samples were processed for electron microscopy and examined with

a Hitachi Transmission Electron Microscope H-7000.

Subcellular fractionation of cytoplasm and ER membrane - The cell lines; wild-
type, ERp577, ERp57/-ERp57er, ERp57/-ERp57¢t were grown in three 25
cm plates to confluency. Cells were washed three times with PBS and

scraped into 3 mL fractionation buffer composed of 250 mM Sucrose, 20
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mM Hepes, 10 mM KCl, 1.5 mM MgClz, 1 mM EDTA, 1 mM EGTA, 1 mM
fresh DTT, 200 uM PMSF, 100 uM benzamidine, and SL inhibitors (0.05
ug/mL aprotinin, 0.025 ug/mL phosphoramidone, 0.05 pg/mL TLCK, 0.1
ug/mL TPCK, 0.05 ug/mL APMSF, 0.05 ug/mL E-64, 0.025 pg/mL
leupeptin, and 0.01 pg/mL pepstatin [31]). The cellular solution was
incubated on ice for 10 minutes then subjected to 40 strokes with a dounce
homogenizer and incubated a further 20 minutes on ice. 100 pL was
removed as lysate for SDS-PAGE. The cellular solution was centrifuged at
720xg for 5 minutes at 4°C to remove nuclei, the supernatant removed and
recentrifuged at 720xg for 5 minutes at 4°C to remove any remaining
nuclei. The supernatant containing cytoplasm, mitochondria and ER
membranes was then centrifuged at 10000xg for 10 minutes at 4°C to
remove mitochondria, supernatant removed and recentrifuged at 10000xg
for 10 minutes at 4°C to remove any remaining mitochondria. The
supernatant containing cytoplasm and ER membranes was then subjected
to a high speed centrifuge at 100000xg for 1 hour at 4C with the
supernatant removed as the cytoplasmic fraction, approximately 3 mL,
and the pellet washed with 3 mL of 10 mM Tris, pH 7.2 and centrifuged at
100000xg for 45 minutes at 4C. The pellet was resuspended in 1 mL of
RIPA buffer (50 mM Tris, pH 7.2, 150 mM NaCl, 1 mM EDTA, 1 mM
EGTA, 1% Tx-100, 0.1% SDS, 0.5% sodium deoxycholate, 200 uM PMSF,
100 puM benzamidine, and SL inhibitors (0.05 pg/mL aprotinin, 0.025
ug/mL phosphoramidone, 0.05 pg/mL TLCK, 0.1 pug/mL TPCK, 0.05
ug/mL APMSF, 0.05 pg/mL E-64, 0.025 ng/mL leupeptin, and 0.01 pg/mL
pepstatin [31])) and both cytoplasmic fraction and ER fraction precipitated

with ice cold acetone at a ratio of 5:1, incubated at -20°C overnight,
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pelleted and washed with 5 mL of 75% EtOH. The protein pellet was dried
and resuspended in 500 pL of RIPA buffer and diluted 3:1 with SDS
sample buffer and run on SDS-PAGE. Gels were transferred to
nitrocellulose and western blotted with rabbit anti-ERp57 antibody at a
dilution of 1:1000.

Fluorescence-activated cell sorting (FACs) - Samples were analyzed on BD
FACScan single laser flow cytometry (BD Bioscience, San Diego) equipped
with 488nm filter. Data was collected from 10 000 cells and analyzed using
CellQuest software. Cells at confluency 80-90% were harvested by
scraping into PBS, resuspended in 100ul 0.1% of formaldehyde in PBS and
incubate for 10 min at RT, next the primary antibody rabbit anti-ERp57
was added at the concentration 1:150 and cells were incubated on ice for
30min. Cell pellets were than washed 3 times with PBS containing 2% FBS
(fetal bovine serum) followed by addition of FITC label anti-rabbit
(ALEXA Fluor 488 Invitrogen) secondary antibody and incubated on ice
for 30 min. Cells were washed 3 times with PBS with FBS and once with
PBS alone. Staining with secondary antibodies alone was used as a
negative control. All experiments were carried out at least three times. For
staining of intracellular proteins cells were permeabilized with 0.05% of

NP-40 in PBS for 10 min at RT.

Luciferase reporter gene assay - Generation of crt”, crt"-CRT¢*24, and crt'-
CRTE®R mouse embryonic fibroblasts was described previously [37].
ERp57", ERp57"-57er were transfected with ER stress luciferase reporter
vector [pRL-XFL, generous gift from Dr. R.J. Kaufman at the Department

of Biological Chemistry, Howard Hughes Medical Institute, University of
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Michigan Medical Center, Ann Arbor, MI [38] as described previously
(page 83) [2]. Twenty four hours after transfection, cells were treated with
thapsigargin (1 uM) or H20:2 (50 uM) for 16 hours. ERp57", ERp57"-57¢,
ERp57"-ERpS57cy, crt”, crt"-CRT, crt’-CRT*?A, and crt"-CRTE?R cells were
co-transfected with a luciferase reported gene under control of the STAT3
promoter [pLucTKS3, a kind gift from Dr. J. Jung at the Department of
Microbiology and Molecular Genetics, Tumor Virology Division, New
England Primate Research Center, Harvard Medical School,
Southborough, MA and was described previously [39, 40]] with Renilla
luciferase reporter at a 50:1 ratio, respectively [2]. After 48 hours cells were
harvested, lysed and collected in Passive Lysis Buffer (Promega) followed
by measurement of luciferase activity using the Dual-Luciferase Assay Kit
(Promega) and a Berthold-Lumat 9507 luminometer [2]. RLUs were
normalized to the Renilla luciferase under the control of the CMV
promoter [2, 38]. Three or 4 independent transfection experiments were
carried out equaling 9 or 12 measurements. Two-sample unpaired t-tests

were carried out.

Miscellaneous — procedures - Protein concentration was measured
spectrophotometrically using a Bio-Rad procedure (page 80) [2]. The
Annexin V-FITC cell death detection kit (BD Biosciences, San Jose,
California) was used for the detection and quantification of apoptosis in
ERp57", ERp57-57er mouse embryonic fibroblasts. To induce apoptosis,
cells were treated with 1 uM thapsigargin for sixteen hours at 37°C. FACS
analysis was performed using a FACScan Instrument (BD Biosciences Inc,
San Jose, California). Analysis of labeled cells was determined using the

program CellQuest (BD Biosciences Inc. San Jose, California). For Ca*
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fluorescence measurements were carried out using 0.5 uM Fura2-AMc
[27]. Cells were treated with 600 nM bradykinin and 300 nM thapsigargin
[41]. Each trial was calibrated with 1 uM ionomycin and 4 mM CaCl:
fluorescence was measured at Ae=340 nm and Ae=380 nm with Aem=510

nm. Ca? concentrations were calculated from the fluorescence values.

Results

ERpb57 deficiency is embryonic lethal - Figure 1A summarizes the results of
the gene trapping strategy used to generate the ERp57-deficient mice. The
Pdia3 gene, which encodes ERp57, was interrupted between intron 4 and 5
(nucleotides 14083-14084) with the pGT1.8TM cassette containing
neomycin resistance and [-galactosidase genes (Figure 3-3A). PCR
analysis of genomic DNA using the specific sets of primers depicted in the
Figure 3-3A allowed for determination of the genotype of mice. Analysis
of wild-type mice showed only a 797 base pair (bp) DNA product
corresponding to the wild-type allele (Figure 3-3B, primers F1, R3) and no
DNA product with primers F2 and R3 (Figure 3-3B). As expected, ERp57"
mice showed a 1800 bp DNA product with primers F2, R3 and no product
with primers F1, R3 (Figure 3-3B). PCR-driven amplification of genomic
DNA isolated from ERp57* produced both the 797 bp and the 1800 bp
DNA products indicating the presence of one copy of the wild-type allele
and one copy of the targeted knock-out allele (Figure 3-3B). Western blot
analysis revealed that interruption of both alleles of the ERp57 gene

resulted in no detectable expression of ERp57 protein (Figure 3-3C).
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Chimeric mice were crossed with wild-type C57BL6 females to
generate the first generation of heterozygotes. ERp57+- B6/CD-1 mice were
indistinguishable from wild-type animals. ERp57%- males were
intercrossed to ERp57* females to generate homozygote (ERp577) gene
knockout mice. We were unable to obtain any viable ERp57” pups from
this cross. Living embryos were obtained at E13 or earlier (Table 3-1).
Analysis of embryos at or after E13.5 showed a deficient number of
ERp577- embryos indicating that a significant fraction of ERp577- embryos
died earlier. We concluded that the ERp57 gene knockout was embryonic

lethal and that ERp57 is essential for survival.
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Figure 3-3 - Disruption of the ERp57 gene and generation of ERp57/- mice. A.
A linear representation of the Pdia3 gene which encodes ERp57. The gene was
interrupted by insertion of the pGT1.8TM vector (red). The location of the F1, F2,
R3 DNA primers used for genotyping is indicated in the Figure. Introns are
represented as blocks. B. PCR analysis of genomic DNA isolated from wild-type
(wt), heterozygote ERp57+- and homozygote ERp57--embryos. Primers 3R and 1F
were used for detection of wild-type alleles and 3R and 2F for mutated allele. C.
Western blot analysis with anti-ERp57 antibodies (upper panel) and anti-
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) antibodies (lower panel) D.
Hematoxylin and Eosin staining of embryonic day 12.5 wild-type (wt) and
ERp57-deficient embryos (ERp577).

124



Genotyping of offspring from ERp57*- intercross

Table 3-1

1\A/Ii?1§£ Number of Progeny ERpS7 Genotype
+/+ +/- -/-
E15.5 6 1 5 0
E14.5 5 2 3 0
E13.5 11 3 7 1
E12.5 8 2 5 1
E11.5 15 8 4 3
E10.5 9 2 5 2
Total 54 18 24 7
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Developmental activation of the ERp57 gene - Histological analysis of E12.5
ERp57" embryos revealed that although there were no obvious gross
morphological differences between ERp57” and wild-type embryos, the
ERp57" embryos were markedly smaller than wild-type (Figure 3-3D). To
gain additional insight into a potential role of ERp57 during embryonic
development, we carried out [3-galactosidase reporter gene analysis. The
transgenic animals we created in this study were generated by insertion of
a gene cassette containing 3-galactosidase reporter gene (Figure 3-3A). To
quantify transcriptional activation of the ERp57 gene we monitored
expression of the (-galactosidase gene to evaluate ERp57 promoter
activity in blastocysts and during embryonic development. Figure 3-4A
shows high expression and activity of [-galactosidase in blastocysts 3-
days post-coitum indicating high expression of ERp57 during the early
stages of blastocyst formation. High activation of the ERp57 gene was
confined to the inner cell mass (Figure 3-4A, icm) with relatively decreased
activation of the gene in the blastocoel (Figure 3-4A, b) and trophoblast
(Figure 3-4A, t). Next, ERp57* and wild-type embryos were harvested at
different gestational stages and stained for [-galactosidase activity.
Activation of the ERp57 gene, as reported by high activity of f3-
galactosidase, was observed as early as E13.5 (Figure 3-4B). At E13.5 there
was high activation in the lung and vertebra but a relatively low activity
of the gene in the liver and the heart (Figure 3-4B). At E15.5 [3-
galactosidase reporter gene activity was observed most strongly in the
lungs with high activation also in the liver, vertebrae and intestine (Figure
3-4C). However, the activity was strikingly absent in the heart, thymus

and neurological tissue including the brain (Figure 3-4C). At later stages of
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embryonic development (E18.5) the pattern of activation of the ERp57
gene changed. Low activity of the ERp57 promoter was maintained in the
heart, thymus and skeletal muscle and high activity was observed in the
lungs and liver (Figure 3-4D). At E18.5 we now observe a significant
increase in the activation of the ERp57 gene in the brain which was absent
in the (Figure 3-4D). This data suggests that ERp57 may play a direct role
in embryonic development specifically in lung, liver and vertebrae and, in

the later developmental stages in the brain.

Next, we isolated RNA from tissues of wild-type embryos to further assess
ERp57 gene activity. At early embryonic stages of embryonic development
(E13.5) ERp57 mRNA was found largely in the brain, heart and liver with
less expression in the lung and intestine (Figure 3-5). This is in contrast to
B-galactosidase staining of the E13.5 embryo which showed low
expression of ERp57 in the heart and brain and high expression in the lung
(Figure 3-4B). This suggests that although there is high ERp57 mRNA
accumulation in the brain, heart and liver there is a relatively low
transcriptional activity of the ERp57 gene in those tissues. Similarly, while
there were lower amounts of ERp57 mRNA in the lung (Figure 3), there is
higher transcriptional activity of ERp57 in this tissue (Figure 3-4B). We
observe that in tissues taken from embryos at developmental stage 18.5
(E18.5) that there are abundant amounts of ERp57 mRNA in the brain,
lung, liver and kidney and less ERp57 mRNA in the heart, thymus, spleen
and intestine (Figure 3-5). This is consistent with the activation of ERp57
in the E18.5 embryo by {-galactosidase staining which showed high
activity in the brain, lung and liver and low activity in the heart (Figure 3-

4D). At postnatal day 1 there was high ERp57 activation in the brain, lung,
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liver and intestine (Figure 3-5). Seven days postnatal, ERp57 mRNA is
observed in higher amounts in the brain, liver, thymus and spleen (Figure
3-5). In day 1 postnatal there was no detectable level of ERp57 mRNA in
the thymus and in day 7 postnatal there was no detectable level of ERp57
mRNA in the muscle (Figure 3-5). One explanation for this outcome is
that mRNA levels of ERp57 in these tissues are too low to detect visually.
Taken together, -galactosidase studies (Figure 3-4) and RT-PCR data
(Figure 3-5) showed that ERp57 was expressed throughout embryonic
development specifically in the lung and liver and postnatally with high

expression particularly in the brain, lungs and liver.

The ER in ERp57-deficient mouse fibroblasts - To determine the effects of
ERp57 deficiency on ER functions, we isolated mouse embryonic
tibroblasts from ERp57-deficient and wild-type embryos. ERp57-deficient
cells were transfected with expression vectors encoding full length, ER-
targeted ERp57 or cytoplasm-targeted ERp57 with no signal sequence and
were designated ERp57/-ERp57er or ERp57/-ERp57et, respectively. As
expected, Western blot analysis revealed that wild-type, ERp57/-ERp57¢r
or ERp577-ERp57q: cells contained immunoreactive ERp57 (Figure 3-6A).
Figure 3B shows that wild-type and ERp57/-57:r cells expressed ERp57
and that the protein was localized to an ER-like network. As expected,
ERp57 was localized to the cytoplasmic compartment in ERp57-deficient
cells expressing ERp57 without signal sequence (Figure 3-5B, ERp57-/-
ERp57qt). Cytoplasmic localization of ERp57 without signal sequence
(ERp574t) was further confirmed by biochemical fractionation of ERp57-
deficient cells expressing ERp57 without signal sequence (ERp57--

ERp57yt) (Figure 3-6C). Finally, we carried out FACS analysis of different
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Figure 3-4- Activation of the ERp57 promoter during mouse embryogenesis.
Expression of the ERp57 gene was detected as B-galactosidase activity from the
-galactosidase reporter gene inserted in the ERp57 gene within the ERp57+
mouse (see Figure 1). A. Activation of the ERp57 promoter in mouse blastocysts.
High activation of the ERp57 gene was detected in the inner cell mass (icm) of the
blastocysts but not in the blastocoels (b) or the trophoblasts (t). B. Activation of
the ERp57 promoter in lung, liver, and spine but not the heart of E13.5 (n=3)
ERp57+ mouse embryos. C. High activity of the ERp57 promoter in the lung,
liver, gut and spinal cord in an E15.5 (n=3) ERp57* mouse embryo. D. High
activity of the ERp57 promoter in the brain, lungs and liver in an E18.5 (n=3) an
ERp57+- mouse embryo. E. [3-galactosidase staining of a wild-type E15.5 control
embryo (n=2).
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Figure 3-5 - Expression of ERp57 mRNA in mouse embryonic and postnatal
tissues. RT-PCR analysis was carried out as described under “Materials and
Methods.” Relatively high levels of ERp57 mRNA were detected in the brain,
lungs and liver at all stages of development. At E18.5, there was also high level of
ERp57 mRNA in the kidney.(E13.5 n=6; E18.5 n=3; 1-day-old n=3; 7-day-old n=3)
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cells lines and showed that there was a small level of immunoreactive
ERp57 detected on cell surface of cell lines used in this study (Figure 3-
6D).

Morphologically, the ER appeared intact in all cell lines as judged
by staining with Texas Red conjugated Concanavalin A and electron
microscopy (Figure 3-6B and E). Western blot analysis demonstrated that
there was no significant differences in the expression of ER chaperone
proteins calreticulin, calnexin, Grp78/BiP, and Grp94 in the absence of
ERp57 (Figure 3-6F). Next we examined the impact of the absence of
ERp57 on other oxidoreductase folding enzymes family members. Again
there was no significant change in expression of PDI and PDI-like family
of protein ERp19 in the absence of ERp57 (Figure 3-6F). Slight increase in
the level of ERp41 and decrease in the level of ERp54 was seen in the
absence of ERp57 (Figure 3-6F). Thus, the absence of ERp57 had no major

impact on the expression of other ER chaperones or folding enzymes.

ER Ca?* homeostasis in the absence of ERp57 - The ER is the major Ca?" store
of the cell and calreticulin- or Grp94-deficient cells have impaired Ca*
buffering and Ca? homeostasis [41-48]. We examined, therefore, whether
ERp57 deficiency had any effect on ER Ca* homeostasis. Wild-type,
ERp577 and ERp57/-ERp57ek  mouse embryonic fibroblasts were
stimulated with thapsigargin, an inhibitor of sarcoplasmic/endoplasmic
reticulum Ca* ATPase (SERCA) type Ca? pumps or with bradykinin, a
potent activator of the inositol 1,4,5-trisphosphate (InsPs)-dependent Ca?
release channel located in the ER. When cells were stimulated with

bradykinin, the peak amplitude and the duration of enhanced cytoplasmic
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Figure 3-6 - Western blot and microscopy analysis of ERp57-deficient cells. A.
Western blot analysis of wild-type, ERp57-deficient cells (ERp577-) and ERp57-"
cells expressing full length recombinant ERp57 (ERp57--ERp57¢r) or cytoplasmic-
targeted, no signal sequence ERp57 (ERp57"-ERp57c). Blots were probed with
rabbit anti-ERp57 antibodies (lower protein band corresponds to a nonspecific
immunoreactivity) and anti-GAPDH antibodies. In B, Immunostaining of wild-
type cells (wt), ERp57-deficient cells (ERp577), ERp57-deficient cells expressing
full length, ER targeted recombinant ERp57 (ERp57/-ERp57er) and ERp57-
deficient cells expressing cytoplasmically targeted recombinant ERp57 (ERp57--
ERp57cy). Cells were stained with anti-ERp57 antibodies and with TR-ConA,
Texas Red conjugated Concanavalin A. In each panel images represent staining
with anti-ERp57 antibodies, ConA staining, phase ) contrast and merged images
of the cells. Scale bar=16 pum. C. Western blot analysis of cell lysate, cytoplasmic
and microsomal (containing ER) fraction of wild-type, ERP-57-deficient and
ERp57-deficient (ERp57") cell lines expressing cytoplasmic targeted ERp57
(ERp57-ERp57 ). D. Flow cytometry analysis of specific cell lines was carried
out with anti-ERP57 antibodies. Wild-type, ERp57-rr and ERp57-cy cell lines
were used for the analysis. Results are presented as the relative mean
fluorescence intensity after subtracting unspecific staining of ERp57+ cells. M2
represents the gate set on cells stained with antibody E. Electron microscopy
analysis of wild-type and ERp57-deficient cells. The arrows indicate the location
of the ER. Scale bar=16 um. F. Western blot analysis of ER chaperone proteins
and oxidoreductases in wild-type (wt) and ERp57-deficient (ERp57-7-) mouse
embryonic fibroblasts. Antibodies used to probe the Western blot are indicated to
the left of each panel. Lower protein band in the ERp57 lanes corresponds to a
nonspecific immunoreactivity. CNX, calnexin; CRT, calreticulin; PDI, protein
disulfide isomerase
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Ca* concentration was comparable in wild-type, ERp57/ and ERp57/-
ERp57er cells (Figure 3-7A). In ERp57 and ERp57--ERp57er we observed
a slight increase in Ca* concentration in response to thapsigargin when
compared to wild-type (Figure 3-7B), suggesting that there might be
minor changes in ER Ca? capacity in the absence of ERp57. This might be

due to an ERp57-dependent regulation of SERCA2b activity [49].

The unfolded protein response (UPR) in ERp57-deficient cells - Next, we
examined if the absence of ERp57 led to any induction of ER stress and
consequently the initiation of the UPR. The UPR was examined by
splicing analysis of mRNA encoding X-box binding protein (Xbp1l), which
is cleaved and activated by ER-stress-activated inositol-requiring enzyme
(IRE)-1 [2]. As a control, ER stress was induced using a classical ER stress
inducer, thapsigargin [2]. In addition, we induced UPR/ER stress in wild-
type and ERp577 cells with brefeldin A (BFA), an ER-Golgi trafficking
inhibitor [50].

RT-PCR analysis was carried out to test for expression of Grp78/BiP
mRNA and splicing of Xbp1, both markers of UPR. Non-stimulated wild-
type and ERp577 cells did not have an increased level of Grp78/BiP
mRNA nor was there any observable splicing of Xbpl mRNA (Figure 3-
8A). As expected, thapsigargin induced complete splicing of Xbp1l (Figure
3-8A, Xbpls) as well as a significant increase in the level of Grp78/BiP
mRNA (Figure 3-8A). When wild-type and ERp577 cells were treated
with BFA, there was incomplete splicing of Xbpl with both unspliced
(Figure 3-8A, Xbplus) and spliced (Figure 3-8A, Xbpls) forms of Xbpl
mRNA detected. Interestingly, both the level of Grp78/BiP mRNA and the
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Figure 3-7

Figure 3-7 - Endoplasmic reticulum Ca? homeostasis in ERp57-deficient cells
and cells expressing ER targeted ERp57. Cytoplasmic Ca? concentration was
measured in the wild-type and ERp57-deficient cells as described under
“Materials and Methods”. A. Ca?* released by bradykinin. In the absence of
ERp57 (white bar) there was a decrease in bradykinin Ca? release but this not
significantly different from wild-type (black bar). Bradykinin release is decreased
in cells supplied with ER localized ERp57 (ERp57/-ERp57er; grey bar) but this
was not significantly different from wild-type cells. Data is presented as the
mean + SD, n=4. B. Ca* released by thapsigargin. In the absence of ERp57 (ERp57
", white bar) and in ERp57" cells transfected with expression vector encoding
ERp57 (ERp57/-ERp57¢r; grey bar), there was significantly more Ca? release. Data
is presented as the mean * SD, n=4. Two-sample, unpaired t-test was performed.
#p=0.01 vs. wild-type and *p=0.0065 vs. wild-type.
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Figure 3-8 - Endoplasmic reticulum stress in the absence of ERp57.
Endoplasmic reticulum (ER) stress was induced in wild-type and ERp57-
deficient cells with thapsigargin (TG; 1 uM) or Brefeldin A (BFA; 2.5 puM).
U=untreated. A. RT-PCR analysis of Grp78/BiP mRNA and splicing of Xbpl
mRNA [2]. Spliced (Xbp1s) and unspliced (Xbplus) forms of Xbp are indicated
with arrows. RT-PCR of GAPDH mRNA was carried out to normalize for
loading of agarose gels. B. Quantitative analysis of splicing of the Xbpl mRNA in
wild-type and ERp57-deficient cells (ERp57-+). Cells were transfected with DNA
plasmid reporting Xbp1 splicing. ER stress was induced with 1 uM thapsigargin
(TG) or 50 uM H:0:. Renilla luciferase and firefly luciferase activities were
measured and the relative ratio of firefly luciferase to Renilla luciferase activity in
each cell lysate is reported. Data are presented as the mean + SD, n=9.
Experiments were performed with two different ERp57-deficient cell lines and
data shown represents one of the cell lines. RLU, relative light units. Two-
sample, unpaired t-test was performed. #p=0.01 vs. wild-type and *p=0.02 vs.
wild-type.
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spliced form of Xbpl were increased in ERp577/ compared to wild-type
cells (Figure 3-8A), indicating that ERp577 cells were more sensitive to

BFA- ER stress.

Next, we quantified Xbpl splicing using a luciferase reporter
system developed by Kaufman’s group [38]. In this system, only the
spliced form of the Xbpl is in frame with the luciferase reporter gene,
therefore, high luciferase activity reports splicing of Xbpl and increased
ER stress [38]. Figure 3-8B shows that there was a small but significant
increase in the UPR in ERp577 cells when compared to wild-type cells
(Figure 3-8B) and this was not rescued by expression of the recombinant
ERp57 (Figure 3-8B). Thapsigargin treatment significantly enhanced
luciferase activity in wild-type, ERp577 and ERp57/-ERp57:r cells (Figure
3-8B). There was an 8-fold increase in UPR activation upon treatment with
thapsigargin when compared to non-stimulated counterparts (Figure 3-
8B). Although there was a significant increase in ER stress in the absence
of ERp57, this did not result in increased apoptosis in ERp57 cells (Figure
3-9) indicating that ERp57-deficient cells experienced a tolerable level of
ER stress [51]. ERp57 is one of the targets of oxidative stress induced by
H20x2 [52], therefore, we also used H20: to induce ER stress in wild-type
and ERp577 cells. H202was not a very potent inducer of ER stress as there
was only a slight increase in ER stress in cells treated with H20O: (Figure 3-
8C). We concluded that ERp57 deficiency did not have a significant effect
on ER morphology; expression of ER associated chaperones and folding

enzymes, ER stress, or apoptosis.
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Figure 3-9 - Annexin V-FITC staining to detect apoptosis in wild-type (black
bars) and ERp57-deficient (open bars) as described in “Materials and Methods.”
The percentage of staining is plotted. Columns and bars represent the mean +SD
of 3 or 4 measurements depending on cell type (wt: n=3;ERp57"n=4). Two-
sample, unpaired t-test were performed. *p=0.0009 vs thapsigargin treated wt.
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STAT3 activation in the absence of ERp57 - Earlier reports indicate that
ERp57, in addition to its function as an ER oxidoreductase folding
enzyme, may play a role in modulation of STAT3 signalling [6, 15, 53]. It
has been proposed that ERp57 forms complexes with both inactive and
active STATS3, preventing STAT3 interaction with DNA and consequently
leading to inhibition of STAT3-dependent signalling pathway [6, 53].
Therefore we took advantage of ERp57-deficient cells and examined
whether the absence of ERp57 affected STAT3 signalling. STAT3
signalling was monitored using RT-PCR, Western blot analyses of inactive
and active (phosphorylated-Y”®) STAT3, and luciferase activity assay for

STAT3 activated promoter.

Figure 3-10A shows that expression of STAT3 mRNA was not
affected in the absence of ERp57 (ERp577) nor in ERp57-deficient cells
transfected with ERp57 expression vector encoding ERp57 localized to the
ER (ERp577-ERp57:r). Tubulin expression was measured as a control.
However, Western blot analysis showed increased levels of STAT3 protein
and phospho-STAT3 (Y”®) (Figure 3-10B). The level of phospho-STAT3
was not changed in ERp57/-ERp57tr or ERp57/-ERp57t suggesting that
ERp57 may not affect the phosphorylation status of STAT3 (Figure 3-10B).
To quantify STAT3 activation we used plucTKS3 plasmid DNA containing
tirefly luciferase reporter gene under the control of STAT3 binding sites
[39]. Since ERp57 has been shown to inhibit STAT3 activity, we expected
that STAT3-dependent activation of the promoter would result in high
activity of luciferase in the absence of ERp57. Wild-type, ERp57, ERp57-
deficient cells expression ER target ERp57 (ERp57--ERp57tr), cytoplasm

target ERp57 (no N-terminal signal sequence, ERp577/-ERp57t) and green
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fluorescent protein (GFP) control were transfected with luciferase reporter
plasmid followed by analysis of luciferase activity. In non-stimulated
ERp577 cells, there was 2-fold increase in STAT3 activation (Figure 3-10C)
indicating that there was a link between ERp57 and STAT3 activity. Since
STAT3 is a cytoplasmic/nuclear transcription factor found in the
cytoplasm, for ERp57 to interact directly with STAT3 to form functional
complexes, ERp57 would have to be also present in the cytoplasm. ERp57
is a promiscuous protein and is found in the ER as well as the cytoplasm
and nucleus [54]. There are number of possibilities as to how ERp57 could
inhibit STAT3 signalling and some of these are outlined in Figure 3-11. In
order to investigate this further, we tested if the ER targeted or cytoplasm
targeted ERp57 was effective in modulation of STAT3 signalling. High
activity of STAT3 in ERp57+ cells was partially rescued in ERp57-deficient
cells expressing ER targeted ERp57 (Figure 3-10C, ERp57/-ERp57:x) but
not in ERp577 cells expressing cytoplasm targeted protein (Figure 3-10C,
ERp57-ERp57ct). As expected, expression of the recombinant GFP in
ERp57-deficient cells did not have any effect on STAT3 transcriptional
activity. Figure 3-6D shows that there was a detectable level of
immunoreactive ERp57 at the cell surface. However, we do not believe
that this small fraction of ERp57 contributes to the modulation of STAT3
transcriptional activity since addition of purified ERp57 to cell cultures
did not affect STAT3 transcriptional activity in the ERp57-deficient cells
(Figure 3-12). We concluded that the ER targeted ERp57 was the most
effective in influencing STAT3 signalling, suggesting that ERp57

modulates STAT3 activity from the lumen of the ER.
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Figure 3-10 - STAT3 expression and activity in the absence of ERp57. A. RT-
PCR analysis of the STAT3 mRNA in wild-type (wt), calreticulin deletion (crt”),
ERp57-ERp57er and ERp57/-ERp57cs. B. Western blot analysis of STAT3
(inactive) and phosphorylated (Y75) STAT3 (active) in wild-type (wt), ERp57--
ERp57er, and ERp57/-ERp57.s cells. C. STAT3 activity in wild-type (wt), ERp57--
ERp57er and ERp57/-ERpb7«s expressing cells. ERp577-GFP expressing cells
were used a control. Cells were transfected with a plasmid containing the
luciferase reporter gene under control of the STAT3 activated promoter. Renilla
luciferase and firefly luciferase activities were measured as described under
“Materials and Methods,” and the relative ratio of firefly luciferase to Renilla
luciferase activity in each cell lysate is presented. Data are the mean + SD. (wild-
type, n=27; ERp57", n=21, ERp57-ERp57er n=12; ERp57-ERp57¢s n=12; and
ERp57+GFP n=9.) RLU, relative light units. Two-sample, unpaired t-test was
performed. *p=0.0013 vs. wild-type and #p=0.0001 vs. wild-type. **p=.0031 vs.
ERp57--ERp57kr.
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Figure 3-11 — A model of how ERp57 might affect STAT3 signalling. ERp57,
forms complexes in the ER with CRT and CNX for quality control, but A. leaves
the ER to the cytoplasm and sequesters both active (P-STAT3) and inactive
(STAT3) to inhibit signalling B. signals from the ER to an unknown molecule
(blue square) which binds active and inactive STAT3 to inhibit signalling C.
signals directly to active and inactive STAT3 to inhibit signalling D. leaves the ER
and, with an unknown molecule, binds active and inactive STAT3 to inhibit
signalling. CRT: calreticulin; CNX: calnexin; ISRE/GAS: interferon-gamma
activation sequence.
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Figure 3-12 - Exogenous ERp57 and calreticulin do not affect STAT3
transcriptional activity. STAT3 activity in ERp57-deficient cells was measured
using luciferase reported gene under control of STAT3 binding sites. Cells were
incubated with E. coli expressed and purified ERp57 or calreticulin followed by
measurement of Renilla luciferase and firefly luciferase activities as described
under “Materials and Methods”. The relative ratio of firefly luciferase to Renilla
luciferase activity in each cell lysate is presented. Results of two independent
experiments are presented.
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Calreticulin enhances ERp57 modulation of STAT3 signalling - ERp57 forms
functional complexes with calreticulin to assist in folding and
posttranslational modification of newly synthesized proteins [3]. We
asked whether calreticulin may influence ERp57-dependent STAT3
activity. To do this we employed crt”- cells lines expressing wild-type
calreticulin or calreticulin mutants defective in binding ERp57 [37]. In this
study we used a loss of ERp57 binding calreticulin-E?’R mutant and a
calreticulin-G*?A mutant that has no loss in ERp57 binding [37].
Immunostaining for ERp57 showed that these cell lines (crt-/-, crt’-CRT,
crt"-CRT%*#4 and crt"-CRT*?R) have ERp57 protein localized to the ER
(Figure 3-13, A). Concanavalin A staining of these cells also show that the
ER is morphologically intact (Figure 3-13, A). We also carried out FACS
analysis of different cells lines and showed, like the ERp57 cell lines
(Figure 3-6D), that there was a small level of immunoreactive ERp57
detected on cell surface of cell lines used in this study which was
determined by subtracting ERp57 staining of ERp577 cells lines from all
other cells lines (Figure 3-13B). Western blot analysis showed that STAT3
or phospho-STAT3 (Y”) expression was not affected by expression of
calreticulin or calreticulin mutants in crt” cells (Figure 3-14A).
Surprisingly, quantitative analysis of STAT3 activity using luciferase
reporter gene system showed high activity of STAT3 in crt” cells
compared to wild-type counterparts (Figure 3-14B), indicating that
calreticulin may also affect STAT3 signalling. Figure 3-14B shows that
STAT3 was not affected in the absence of calnexin, a homologue of
calreticulin. Expression of wild-type calreticulin (Figure 3-14B, crt’-CRT)

or a calreticulin mutant interacting with ERp57 (Gly*?Ala) (Figure 3-14B,
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crt-CRT*#24) resulted in full recovery of STAT3 activity back to the level
observed in wild-type cells (Figure 3-14B, wt). In contrast, expression of
calreticulin mutant with a loss of ERp57 binding (Glu?**Arg) had no effect
on STATS3 activity (Figure 3-14B, crt"-CRTt*R), which remained high and
at the same level as observed in calreticulin deficient cells (Figure 3-14B,
crt’). Taken together, these results indicate that ERp57-dependent
modulation of STAT3 from the lumen of the ER requires calreticulin

capable of forming complexes with ERp57.
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Figure 3-13

Figure 3-13 - Immunostaining and FACs analysis of crt cell lines. A.
Immunostaining of CRT-deficient cells (crt”), CRT-deficient cells expressing full
length CRT (crt-CRT) and calreticulin deficient cells expressing loss of ERp57
binding mutant (crt’-CRT??*F) and ERp57 binding mutant of calreticulin (crt"-
CRT¢*#4). Cells were stained with anti-ERp57 antibodies and with TR-ConA,
Texas Red conjugated Concanavalin A. In each panel images represent staining
with anti-ERp57 antibodies, ConA staining, phase contrast and merged images of
the cells. Scale bar=16 um. B. Flow cytometry analysis of specific cell lines was
carried out with anti-ERp57 antibodies. crt”, crt”-CRT, crt-CRT®?*R and crt’-
CRTG#4  cell lines were used for the analysis. Results are presented as the
relative mean florescence intensity after subtracting unspecific staining of ERp57-
I- cells. M2 represents the gate set on cells stained with antibody.
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Figure 3-14 -Calreticulin enhances ERp57 effects on STAT3 activity. A. Western
blot analysis of STAT3 (inactive) and phosphorylated (Y7%5) STAT3 (active) in wild-
type (wt), calreticulin-deficient cells (crt"), calreticulin deficient cells with loss of
ERp57 binding mutant (crt-CRT®>*R) or calreticulin-deficient cells with no loss
of ERp57 binding (crt"-CRT¢*#4). Western blot analysis of tubulin was used as
loading control. B. STAT3 activity in wild-type (wt), calreticulin-deficient cells
(crt’), calreticulin deficient cells expression loss of ERp57 binding mutant (crt”-
CRT®»R) or ERp57 no loss of binding mutant of calreticulin (crt/-CRT6?#24).
Renilla luciferase and firefly luciferase activities were measured as described
under “Materials and Methods” and the relative ratio of firefly luciferase to
Renilla luciferase activity in each cell lysate is presented. Data are the mean + SD.
(wild-type, n=14; crt”, n=12, crt"-CRT n=12; crt’-CRT**4 n= 4; and crt’-CRTFR
n=4.) RLU, relative light units. Two-sample, unpaired t-test was performed.

*p<0.0001 vs. wild-type and *p=0.02 vs. wild-type. #p=0.0003 vs. crt". ##p=0.0088
vs. crt’.
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Discussion

In this study, we showed that deletion of the Pdia3 gene, which
encodes ERp57, was embryonic lethal at E13.5. Biochemical and cell
biological analysis of ERp57-deficient cells indicated that the absence of
ERp57 has no impact on ER morphology or expression of ER associated
chaperones and folding enzymes, s significant increase in chronic ER
stress, or decrease in apoptosis. However, we show that STAT3-dependent
signalling was increased in the absence of ERp57 and this could be
rescued by expression of the ER targeted ERp57, indicating that ERp57
affects STAT3 signalling from the lumen of the ER. This effect of ERp57 on
the STAT3 pathway is further enhanced by an ER luminal complex
formation between ERp57 and calreticulin. Increased STAT3 activity in the

absence of ERp57 may contribute to embryonic lethality of ERp57" mice.

The ERp57 gene is differentially regulated during embryonic
development indicating that the protein may play a direct role in the
development of specific tissues. This is in line with earlier observations of
the expression of ER associated ERp57 partner proteins, calreticulin and
calnexin [2, 28]. Calreticulin is predominately expressed in the heart
during early stages of embryonic development and calreticulin-deficient
mice die at E14.5 from impaired cardiac development [28]. In contrast the
calnexin gene is highly activated in neuronal tissue [2] and calnexin-
deficient mice are born with neurological abnormalities [55]. In this study,
we showed that the ERp57 gene was highly active in the inner cell mass of
blastocysts, an origin of the fetus formation [56] and in the lung, liver, and

brain during early stages of embryogenesis, suggesting that impaired
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development of these tissues may, at least in part, contribute to ERp57~
embryonic lethality. The high expression of ERp57 in the lungs seen in this
study is of interest because it has recently been reported that ERp57 is
decreased in a neonatal rat model of hyperoxia-induced lung injury and
cultured cells [52]. siRNA knockdown of ERp57 in human endothelial cells
resulted in cellular protection against hyperoxia and tunicamycin-induced
caspase-3 activation apoptosis, suggesting that ERp57 has a role in the

regulation of apoptosis [52].

Garbi et al. [4] carried out a targeted deletion of the ERp57 gene in
mouse B cells. They also reported no ERp57" offspring, indicating that an
ERp57 deficiency might be embryonic lethal. Here we investigated
embryonic development in the absence of ERp57 and showed that ERp57”-
was embryonic lethal at E13.5. Interestingly, deletion of ERp57 in B cells in
mice results in normal B cell development, proliferation, and antibody
production indicating that ERp57 is not required for glycoprotein folding
in B cells [4]. However, there is aberrant assembly of the peptide loading
complex, showing that ERp57 is involved in the assembly of the peptide
loading complex and it contributes both qualitatively and quantitatively to
MHC class I antigen presentation in vivo. This supports earlier
observations that ERp57 is critically involved in the early folding events of
MHC class I heavy chain [5, 14]. The role of ERp57 in MHC class I
biogenesis and assembly is further supported by ERp57 siRNA studies [5,
57, 58].

In addition to its role as a folding enzyme in quality control in the

secretory pathway, ERp57 is reported to affect STAT3 signalling [12]. This
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may be due to formation of inhibitory complexes between ERp57 and
STAT3 protein either in the cytoplasm or the nucleus [6, 15, 53, 59, 60].
Furthermore, in avian and mammalian cells, DNA-protein cross-linking
experiments indicate that ERp57 is nuclear and it interacts directly with
DNA [15]. In wvitro experiments in HeLa cells showed that ERp57
preferentially binds DNA sequences having characteristic scaffold/matrix
associated regions (S/MARs) [61]. Finally, the protein has also been
suggested to be present on the cell surface and in the cytoplasm [6, 14-17].
Using FACS analysis we detected some immunoreactive ERp57 on the
surface of cells used in this study. However, it is unlikely that the cell
surface ERp57 affects STAT3 transcriptional activity as addition of
extracellular ERp57 did not affected STAT3 function (Figure 3-12). The
conundrum is then: how does ERp57 gain access to the cytoplasm/nucleus
to influence STAT3 activity when its N-terminal signal sequence should
direct it to the ER and its C-terminal QDEL ER retrieval motif should keep
it there? To address this question, we took advantage of available ERp57-
deficient cells and tested, for the first time, STAT3 signalling in the
absence of ERp57. Analysis of STAT3-dependent expression of the
luciferase reporter gene in ERp57-deficient cells revealed that ERp57
indeed affects STAT3 signalling. Most importantly, we showed that the ER
but not the cytoplasmic form of ERp57 was effective in inhibition of
STAT3 activity. This effect is specific to ERp57, since transfection of ER

targeted GFP or calnexin did not have any effect on the STAT3 activity.

Figure 3-15 shows a model of ERp57 function in the lumen of the
ER. ERp57 is an ER resident folding enzyme involved in oxidative folding

of glycoproteins in the ER, biosynthesis of the MHC class I, and as a
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Figure 3-15 - A model of the relationship between STAT3, ERp57 and
calreticulin. This model shows cross talk between ERp57, calreticulin and STAT3
signalling. ERp57 forms functional complexes with calnexin and calreticulin to
promote protein folding, disulfide bond formation and isomerisation. ERp57 is
also critical for MHC class I biosynthesis and assembly. A model shows that
ERp57, from the lumen of the ER, also affects STAT3 singling and functions as a
STAT3 inhibitor. ERp57-dependent modulation of STAT3 is enhanced by
complex formation between ERp57 and calreticulin. CRT: calreticulin; CNX:
calnexin; MHC: major histocompatability; STAT3: signal transducer and activator
of transcription 3.
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component of the loading complex [14]. In this study, we showed that
ERp57 also affects STAT3 signalling from the lumen of the ER (Figure 3-
15). It is not clear at present how ERp57 affected STAT3 signalling, but our
work indicates that the inhibitory function of ERp57 was significantly
enhanced by interaction with another ER resident luminal protein,
calreticulin (Figure 3-15). The two proteins form functional complexes
involved in folding and posttranslational modification of newly
synthesized (glyco)proteins [47]. Our results indicate that ERp57-
dependent modulation of STAT3 activity also depends on the formation of
ERp57- calreticulin complexes in the lumen of the ER. Interestingly,
ERp57-calreticulin complex formation might also be important for cell
surface targeting of these ER proteins [54]. The molecular mechanisms of
ERp57-dependent signalling from the ER are not presently clear, however,
several other cellular processes are controlled by “ER signalling”. For
example, cholesterol homeostasis is controlled by ER-nuclear signalling
via sterol-regulated proteolysis of ER membrane bound transcription
factors called sterol regulatory element-binding proteins [62]. The UPR is
also regulated by ER associated kinases which transduce their signals
from the ER to affect gene expression in the nucleus [63]. One critical
aspect of Ca* homeostasis is involved in store-operated Ca? influx
resulting from ER-dependent activation of the plasma membrane Ca*
channel [64]. Transcriptional activity of steroid receptors is also
modulated by ER luminal proteins [65]. Here we report, for the first time,
that the STAT3-dependent pathway may also be modulated by signalling
from the ER.
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Chapter Four
Site Specific Mutagenesis of Calnexin
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Introduction

The ER is a large, membrane bound organelle that has many critical
functions within the cell. One of the major roles of the ER is its function in
the quality control cycle of newly synthesized proteins [1]. In order to
carry out this critical function, the ER houses many chaperone proteins
such as calnexin and calreticulin and foldases such as ERp57 [1]. Calnexin
and calreticulin bind newly synthesized glycoproteins in the ER as a
mechanism of slowing these proteins down [2]. Both calnexin and
calreticulin form complexes with the oxidoreductase, ERp57, which
catalyzes disulfide bond formation in the newly synthesiszed proteins
essentially speeding up the folding. [2] Quality control requires a balance
between slowing down the folding by the chaperones and speeding up the
folding by foldase to be accurate. The importance of proper ER quality
control is underscored by the numerous diseases that result from aberrant

protein folding [1].

Calnexin is a 90-kDa, type 1 integral membrane protein that has a very
specific domain structure consisting of 4 major domains: the N-globular
domain, the P-arm domain, the transmembrane domain and the C-tail
domain [3]. The N-globular and P-arm domains form a soluble ER lumen
localized domain. Together, these domains are responsible for the folding
capacity of calnexin [3]. The N-globular domain contains the primary
lectin site and a Zn?* binding site but requires the P-arm domain for full
chaperone function [4]. The P-domain is a long, extended flexible arm

domain that is involved in interaction with ERp57 [3]. In a recent study,
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specific residues within the tip of the P-domain have been found to be

critical for ERp57 binding [5].

Calnexin-deficient mice are born live but have severe ataxic phenotype [6,
7]. These mice are 30-50% smaller than their wild-type littermates and
have peripheral and central dismyelination [6].Cells derived from these
mice have increased ER stress and hyperactive proteasomes as well
misfolded and non-functional myelin proteins, PO and PMP22 [8, 9]. These
observations highlight how critical the chaperone function of calnexin is in
proper development of the neurological system in utero and post-natally
[6, 8, 9]. Therefore, the goal of this study was to examine residues within
both the N-globular domain as well as the P-arm domain and determine if
they play a role in the critical chaperone function of calnexin. Mutagenesis
studies with calreticulin have identified His'>* and Trp*? in the N-domain
and Trp?* in the P-domain as being critical for chaperone function [10, 11].
Additionally, mutation of Glu?*®, Glu*?, Asp?! and Trp** in the P-domain
all have decreased binding of ERp57 while mutation of Trp3® of the N-
domain has enhanced ERp57 binding [10]. In calnexin, mutations to
residues Glu®' and Trp*® located in the P-domain and N-domain,
respectively, showed decreased chaperone activity for glycosylated
substrates [12]. Residues located at the tip of the P-domain (Trp3®, Asp3*,
Gly*?, and Glu*?) have been shown via mutagenesis to be involved in
ERp57 binding [5]. Mutation to the Trp**®in the N-globular domain (Trp3®

in calreticulin) results in enhanced ERp57 binding [12].

In the present study I focused on the cysteine residues located within the

N-globular domain (Cys!®! and Cys!*®) and in the P-domain (Cys®*! and
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Cys®”) of calnexin. These cysteine residues are conserved throughout all
species and crystal modelling of calnexin has predicted that they form
disulfide bonds [13]. The contribution of these predicted disulfide bonds
in both the N-domain and P-domain to structure and/or function of
calnexin remains unknown however, it has been suggested that disulfide
bonds are important to maintaining calnexin in the proper conformation
for ATP binding [14]. Also, previous studies looking at the crystal
structure of calnexin show that the putative Cys!®-Cys' disulfide bond is
not only localized near the carbohydrate binding site but it is also labile
and has effects on carbohydrate binding [13]. Mutations to the disulfide
bridge in the N-domain of calreticulin partially disrupted chaperone
function [10]. We also looked at the His?**> residue because the conserved
residue in calreticulin (His'®®) was found to be essential for chaperone
function [11] and we also studied the effects of another N-domain
histidine (His?"?). I found that the His*?, His?!?, Cys!®!, Cys!®®, Cys®!, Cys3”
had and Cys®*'3” mutations have no impact on the chaperone function of
calnexin for non-glycosylated substrates. However, the double mutation
Cys!®1% seemed to accelerate the aggregation of non-glycosylated
substrate. Both double mutations Cys'®1®*Ala and Cys*!3¢’Ala partially
lost their ability to thermally aggregate glycosylated substrate while the
His?*?Ala mutation had no effect. The Cys'¢/1%Ala and His**Ala mutations
resulted in slightly increased ERp57 binding while the Cys®!3Ala
mutation resulted in greatly increased ERp57 binding. These studies show
the importance of the N-globular domain and P-arm domain cysteine

residues in the structure and function of calnexin.
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Materials and Methods

Materials — Trypsin, malate dehydrogenase (MDH), ATP-Mg?, CaCls,
ZnCl2 and Dulbecco’s modified Eagle’s medium were from Sigma. Fetal
bovine serum was from Invitrogen. SDS-PAGE reagents and molecular
weight markers were from Bio-Rad. Ni**-nitrilotriacetic acid-agarose beads
(Ni-NTA) were from Qiagen. CM5 sensor chips, amine coupling kit and
the BIA evaluation analysis program were from BIAcore Inc (GE). All

chemicals were of the highest grade available.

Cloning, site-directed mutagenesis and purification of proteins — For Escherichia
coli (E. coli) expression of wild-type soluble calnexin, the wild-type soluble
(N and P domains with no transmembrane or C domain) domain of dog
calnexin was cloned into enzyme restriction sites Ncol and Xbal of
pBAD/glIII to generate pBad-HisCNX, as described previously [12]. Site
specific mutagenesis on pBad-HisCNX was carried out using protocols
from QuickChange Site-Directed Mutagenesis Kit (Stratagene). In brief,
megaprimers were designed and alanine (A) mutants were created using
Pfu DNA polymerase and Gene Amp PCR system 9700 Thermal Cycler.
The following mutants were created: CNX-H*?A, CNX-H?YA, CNX-CI¢1A,
CNX-C'%, CNX-Cle1%5A, CNX-C*1, CNX-C*7 and CNX-C3¢157A. Proteins
were expressed in ToplOF" E. coli and His-tagged proteins were purified
by one-step Ni** -nitrilotriacetic acid-agarose affinity chromatography in
native condition [10, 12]. Over 90% of the His-tagged protein was purified
to homogeneity by one-step Ni*-nitrilotriacetic acid-agarose column
chromatography [10, 11].  Protein concentration was determined

spectrophometrically (Bio-Rad protein assay) or by Beckman System 6300
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amino acid analyzer [10, 12]. All recombinant proteins were run on an
SDS-PAGE gel to check for impurities and degradation products. Human
ERp57 was expressed in BL21 E.coli and purified as described previously
[15, 16].

For expression in eukaryotic cells, cONA encoding full-length calnexin
were isolated from mouse brain library using Gateway Cloning
Technology (Invitrogen) [17]. The following DNA primers were used for
amplification of full-length calnexin:
5GGGGACAAGTTTGTACAAAAAAGCAGGCTTCACCATGGAAGGG
AAGTGGTTACT-3 (forward) and 5-

GGGGACCACTTTGTACAAGAAAGCTGGGTCICACTCTCTTCGTGG

CTTTCT’-3" (reverse). The forward primer contains an attBl
recombination site (bold), Kozak site for expression in mammalian cells
(italics) and calnexin gene specific nucleotides (underlined). The reverse
primer contains attB2 recombination site (bold) and the calnexin gene
specific nucleotides (underlined). First, to generate entry clone vectors, a
BP Clonase Reaction was carried out as recommended by the
manufacturer. The recombination reaction was carried out using BP
Clonase Enzyme Mix to insert full-length calnexin and the promoter EFla
(cellular polypeptide chain elongation factor 1 alpha) into the destination
lentiviral vector 2K7wsa (containing blasticidine resistance gene for cell
selection.) This vector was called p2K7-CNX and was used as a template
for site-specific mutagenesis. Using, methods from QuickChange XL Site-
Directed Mutagenesis Kit (Stratagene) and Pfu DNA polymerase, the
following mutants were created: CNX-H?22A, CNX-H?YA, CNX-CI®A,

CNX-C%, CNX-Cl15A - CNX-C*, CNX-C% and CNX-C3008%A . Cells
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were selected with blasticidine (10pg/puL — Gibco) and protein from bulk
cell population was harvested with RIPA buffer containing 50mM Tris,
pH 7.5, 150mM NaCl, 1ImM EDTA, 1mM EGTA, 1% Triton X-100, 0.1%
SDS, 0.5% sodium deoxycholate and protease inhibitors (0.5mM PMSF,
0.5mM benzamidine, 0.05pg/ml TLCK, 0.05ug/ml APMSEF, 0.05ug/ml E-64,

0.025ug/ml leupeptin and 0.01pg/ml pepstatin) [18].

Western blot analysis and immunostaining - For Western blot analysis, 30ug
of protein was separated on a 10% SDS-PAGE acrylamide gel, transferred
to nitrocellulose membrane and probed with rabbit-anti-calnexin
(StressGen) at dilution 1:1000 and rabbit-anti tubulin (StressGen) at a
dilution 1:1000 [9]. Blots were developed using a chemiluminescent
system [19]. For immunostaining, wild-type, cnx” and cnx’ -expressing
calnexin mutants mouse embryonic fibroblasts were grown on glass
converslips. Cells were fixed with 3.7% paraformaldehyde in PBS for 20
min at room temperature and washed 3 times with PBS [9]. Cells were
permeabilized with Opas buffer (0.1% Triton X-100, 100mM PIPES, 1mM
EGTA, 4% w/v polyethylene glycol 8000, pH 6.9) for 2 min and washed 3
times with PBS [20]. Primary antibody rabbit-anti-calnexin (StressGen) at a
1:100 dilution and the secondary antibody was rabbit conjugated-
fluorescein isothiocynate (FITC) (Invitrogen) at a dilution of 1:200 in PBS.
Coverslips were also co-stained with Alexa Fluor 546-Concanavalin A at a
dilution of 1:1000 (Sigma) [17]. The coverslips were mounted onto glass
slides and fluorescent signals visualized using spinning disk confocal
microscopy (WaveFX from Quorum Technologies, Geulph, Canada) set up
on an Olympus IX-81 inverted stand (Olympus, Markham, Canada.)

Images were acquired through a 60X objective (N.A. 1.42) with an
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EMCCD camera (Hamamatsu, Japan.) The fluorescent dyes, FITC and
Texas Red, were excited by a 4991nm and a 561nm laser line, respectively
(Spectral Applied Research, Richmond Hill, Canada.) Z-slices (0.25uM)
were acquired using Volocity Software (Improvision) through the cells

using a piezo z-stage (Applied Scientific Instrumentation, Eugene, USA.)

Aggregation assays and intrinsic  fluorescence — Protein aggregation was
carried out using 2uM of denatured malate dehydrogenase (MDH)
suspended in 50mM sodium phosphate buffer, pH 7.5 and 0.2uM of wild-
type or mutant calnexin suspended in 10mM Tris pH 7.0 and 1mM EDTA.
Buffer containing 50mM sodium phosphate , pH 7.5, was incubated at
45°C followed by the addition of both denatured MDH and 0.2uM of
wild-type or mutant calnexin and then measured for light scattering [11,
12, 21]. Protein aggregation was also carried out using IgY isolated from
chicken egg yolk using the EGG-stract IgY purification method (Promega)
[11]. After denaturing, 0.25uM of IgY was suspended in a buffer
containing 10mM Tris-HCI, pH 7.0, 150mM NaCl and 5mM CaCl.. Buffer
containing 10mM Tris-HCl, pH 7.0, 150mM NaCl and 5mM CaCl: was
incubated to 45°C followed by the addition of both 0.2uM of IgY and
0.125uM of wild-type or mutant calnexin [11]. Light scattering was
measured at excitation and emission at 320nm and 360nm, respectively,
for 1h using a spectrofluorometer system C43/2000 (PTI) equipped with a
temperature-controlled cell holder [11, 21]. Both MDH and IgY
aggregation assays were performed 3 times each with wild-type or mutant
calnexin and averages are plotted. For intrinsic fluorescence, 3 uM of wild-
type or calnexin mutant protein was suspended in buffer containing 10

mM 3-(N-morpholino)propanesulfonic acid (MOPS), pH 7.0, 3 mM MgCl.
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and 150 mM KCI. The excitation wavelength was set at 286nM and the
range of emission was set at 295-450nM. The effect of Zn*, Ca? and ATP
on the intrinsic fluorescence of the protein was measured at 25°C using a
spectrofluorometer system C43/2000 [10]. Experiments with wild-type or

mutant calnexin, under each condition, were performed twice.

Proteolytic digestions — Ten ug of purified, recombinant wild-type or
calnexin mutant protein was suspended in a buffer containing 10 mM
Tris-HCl, pH 7.0, 1 mM MgCl> and 100 mM KCI. Proteins samples were
incubated with trypsin at 1:100 (trypsin:protein w/w) in the presence or
absence of 2mM CaCl;, 1 mM ZnCl, or 1 mM ATP-Mg?. Samples of
digested proteins were taken and loaded on a 12.5% SDS-PAGE gel at 0,

0.5, 2, 5, 10 and 20 minutes and then stained with Coomassie Blue [10].

Surface Plasmon Resonance (SPR) — A CM5 sensor chip was activated,
coupled and blocked using an Amine Coupling Kit from BIAcore, as
described previously [10, 12]. In brief, two lanes of a CM5 sensor chip
were activated using a 1:1 mixture of 1-Ethyl-3-(3-dimethyl-aminopropyl)
carbodiimide HCI (EDC) and N-Hydroxysuccinimide (NHS) for 7 min at a
flow rate of 5ul/min. 1uM of purified wild-type calnexin or calnexin
mutant protein was suspended in 10mM sodium acetate at pH 4.0 and
coupled to 1 lane (other lane is control) at a flow rate of 5ul/min until
approximately 1000-3000 RU’s protein were covalently coupled. Both the
ligand bound as well as the control lane were then blocked using 1M
Ethanolamine HCI at pH8.5 for 7 min at a flow rate of 5ul/min. To monitor
homogenous, binary interactions, kinetic analysis experiments were

performed at 21°C in running buffer containing 20 mM Tris-HCl, pH 7.0,
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135 mM KCl, 2 mM CaCly, 0.05% Tween-20 and protease inhibitors
protease inhibitors (200 uM PMSF, 100 uM benzamidine, 0.05pg/ml TLCK,
0.05ug/ml  APMSF, 0.05ug/ml E-64, 0.025ug/ml leupeptin and 0.01pg/ml
pepstatin) at a flow rate of 30ul/min to reduce mass transfer effects
(BIACore control software 3.2). His-tagged human ERp57 was the analyte
used in a concentration series curve from 5000nm to 5nM. Kinetic analysis
was performed using a 1:1 Langmuir binding with drifting baseline as a
model (BIAanalysis software) to generate equilibrium and rate constants.
The maximum relative response was calculated based on the predicted

Rmax and normalized to wild-type control.
Results

Expression of calnexin mutants in calnexin-deficient cells — Calnexin has a very
specific domain homology consisting of 4 domains: the N-terminal
globular domain, the P-arm domain, a short transmembrane domain and a
cytoplasmic C-terminal domain [3]. The N-terminal globular domain is
important for carbohydrate binding [3, 13] and contains a critical
tryptophan (Trp*®) residue that impacts the structural and functional
properties of calnexin [12]. As well, model building of calnexin has
predicted a disulfide bridge between Cys'®-Cys'> in the N-globular
domain [13]. The P-domain of calnexin forms an extended, flexible arm
domain and also may be involved in the binding of carbohydrates in the
ER lumen [3, 13]. Through quantitative binding studies and NMR and
yeast two hybrid studies, ERp57 binding has been mapped to the arm
domain of calnexin [4, 5]. Site-specific mutagenesis on mouse calnexin was

carried out in order to determine if any of these mutations impacted on
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Figure 4-1 - Expression of calnexin mutants in calnexin-deficient mouse
embryonic fibroblasts A. Western blot analysis of protein lysates for calnexin
and for tubulin (loading control) isolated from calnexin-deficient cell lines stably
expressing calnexin mutants. Proteins of all mutants are expressed B.
Immunolocalization of calnexin and calnexin mutants in calnexin-deficient cell
lines. Calnexin localizes to the ER in the wild-type and cell lines expressing
calnexin mutant. Scale bar, 17uM (See “Materials and Methods”.)

169



the localization and potentially function of calnexin. All residues were
mutated to alanine residue to prevent conformational changes in the
protein and impose extreme electrostatic or steric effects [22]. In the N-
terminal domain, we created Cys!¢!A, Cys'®®A and Cys!®V/1%A, were created
to prevent formation of the disulfide bridge. The residues His*?A and
His?? A were also mutated. The His*? residue is conserved between
calreticulin (His'*®*) and in calreticulin has been found to impact chaperone
function [11]. The His?" residue is also important to investigate as it may
also have a role in the chaperone function of calnexin through the
coordination of divalent cations [11]. Also, mutations of the cysteine
residues in the P- domain (Cys®?, Cys*® and Cys3%3¢) to elucidate the
importance of the disulfide bond in calnexin structure and function.
Calnexin-deficient (cnx”) mouse embryonic fibroblast cells were
transduced with lentiviral vectors encoding wild-type calnexin or calnexin
mutants followed by creation of stable cell lines (See “Materials and
Methods”) [9, 17]. The following cell lines were created: cnx”--CNX (CNX),
cnx’” -CNX-His?®? (H*?), cnx” -CNX-His?? (H?Y), cnx’ -CNX-Cys't (C1),
cnx’ -CNX-Cyst® (C%), cnx” -CNX-Cysttt1% (Cl11%) - cnx” -CNX-Cys3®
(C%0), cnx” -CNX-Cys** and cnx-/- -CNX-Cys3e0566 (C3053¢¢), Western blot
analysis showed that all the cell lines expressed recombinant protein
(Figure 4-1A) and this was confirmed by immunostaining for calnexin
(Figure 4-1B). Figure 2B also shows that, morphologically, all mutant cells
lines appear to have intact ER as indicated by counterstaining with
Concanavalin A. Additionally, immunostaining also shows that all

calnexin mutants localize to an ER-like network (Figure 4-1B.) Therefore,
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mutations in residues of calnexin Cys!!, Cys's, His*?, His*’, Cys3** and

Cys*® have no impact on expression or ER-localization.

Structural analysis of calnexin mutants — Previous studies have used both
limited proteolysis analysis and intrinsic fluorescence to reveal amino acid
residues that cause significant conformational changes resulting
differences in trypsin accessible portions of the protein [10-12]. Studies
have identified residues His'®* and Glu*® and Trp** (in the presence of
Ca%) in calreticulin as having important structural roles [10, 11]. In
calnexin, a mutation in the Trp**®in the globular domain also has an effect
on the conformation and only in the presence of Ca* was this protection
recovered [12]. Thus, it is important to determine whether the histidine
and the cysteine residues of calnexin used in this study contribute
significantly to the structural stability of the protein. We were able to
purify and express soluble dog calnexin and calnexin mutants (Figure 4-
2E). I have carried out both limited proteolysis analysis and intrinsic
fluorescence in the absences and presence of Ca%, Zn* and ATP on wild-
type and His??, His?"%, Cys!®!, Cys+, Cys!®/1%, Cys¥!l, Cys*” and Cys361/3¢7

soluble dog calnexin mutant protein (Figure 4-2A-D.)

Soluble wild-type and mutant dog calnexin proteins were incubated with
trypsin and run on a 12.5% SDS-PAGE gel and stained with Coomassie
Blue to monitor the effect of the mutations on protein conformation
resulting in changes in trypsin accessibility (Figure 4-3A-D). Congruent
with previous studies, we also determined that calnexin is partially
resistant trypsin as we observe a fraction of full-length calnexin at the 20

min time point (Figure 4-3A.) Although no ATP has been shown to bind
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Figure 4-2 — Soluble dog calnexin and calnexin mutants expression. A. A linear
model of the N-globular domain (green) and the P-domain (blue) of dog calnexin
with mutations created (red). B. The crystal structure of soluble calnexin. C. The
N-domain with mutated residues in red. D. The P-domain with mutated residues
in red. E. Coomassie gel of the expressed soluble calnexin and calnexin mutants.
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molecular chaperones, ATP has been shown to effect their conformation as
well as their function [14]. Previous studies have shown that ATP binds to
calnexin inducing a conformational change [14]. I have found that in the
presence of 1 mM Mg-ATP, we also observe mutational dependent
conformational changes in calnexin (Figure 4-3B.) Mutations to His*? and
His?"” in the globular domain of calnexin show increased protection to
trypsin in the presence of ATP suggesting that the binding of ATP to
calnexin may be altered with these mutations and result in a different
proteolysis pattern when compared to wild-type. Interestingly, we also
observe increased protection in the Cys*” mutation in the globular domain
suggesting this residue may also impact ATP binding resulting in an
altered trypsin accessible conformation (Figure 4-3B). It is interesting that
the mutation in the Cys*! of the P-domain results in decreased protection
in the presence of ATP. In the presence of ATP, there were no effects on

Cys'®, Cys'” or the double mutants, Cys'®/1% and Cys®*'? (Figure 4-3B.)

Calnexin has one Ca? binding site within the N-globular domain and this
binding is known to affect the protein conformation [3, 13, 14]. In the
presence of Ca?, we do not observe any striking difference in wild-type
calnexin when compared to the absence of Ca* (Figure 4-3A and C.)
However, in the His?"?, Cys®7, Cys*3” and Cys'"/1% mutations we observe
increased resistance to limited trypsin proteolysis when compared to
wild-type calnexin (Figure 4-3C). The His?® and Cys!®"1% residues are
located in the N-globular domain and these data suggest that they may
play a role in Ca?" binding. Interestingly, the Cys>! and Cys3” residues are
located in the P-arm domain of calnexin and they also may have a

structural role in the coordination of the Ca? binding. No dramatic effects
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C. +2mM Ca?*
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Figure 4-3 - Limited trypsin proteolysis of soluble, canine wild-type calnexin
and calnexin mutants in the absence (A) or presence of ATP (B) Ca* (C) and
Zn?* (D) Wild-type calnexin and calnexin mutants (indicated, right) were digested
with trypsin, aliquots taken at the time points indicated (top, minutes), run on an
SDS-PAGE gel and Coomassie stained (See “Materials and Methods.”) The
arrows indicate the location of calnexin protein. CNX, calnexin. Each gel is

representative of at least 3 experiments.
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on trypsin accessibility were observed in mutations to residues His*?,

Cys™!, Cys!* and Cys*! when compared to wild-type (Figure 4-3C).

Calnexin has a Zn?* binding site located within its N-globular domain [4].
The importance of the co-factor Zn* in the function of calnexin has been
demonstrated by studies showing Zn*dependent ERp57 binding [4]. We
wanted to investigate whether mutations within the N-globular domain or
P-arm domain of calnexin resulted in conformational changes in the
presence of Zn?. I found that the presence of Zn*" caused greater trypsin
accessibility on wild-type calnexin protein (Figure 4-3D). This is not
surprising as previous studies with calreticulin have shown that in the
presence of 100uM Zn?*, large hydrophobic patches of the protein are
exposed and this data, along with others, suggest that the binding of Zn?
may also result in large hydrophobic patches of calnexin being exposed [4,
23]. N-globular domain residues, His?*?, His*® and Cys'®/*® resulted in
increased protection of calnexin to trypsin digestion in the presence of
Zn** when compared to wild-type as determined by the presence of full-
length calnexin being observed as late as 10 min (Figure 4-3D).
Interestingly, we also observe increased protection to trypsin in mutations
found in the P-arm domain (Cys*!, Cys*7 and Cys*'5¢7) (Figure 4-3D). In
particular, we observe increased protection in the double Cys®'3” mutant
showing strong, persistent presence of full-length calnexin up to 20 min
(Figure 4-3D.) This implies that these residues in the P-arm may have a
role in the coordination of Zn*. This is of interest as ERp57 binding has
been mapped to the P-arm domain of calnexin [5] and that this may be a

Zn*-dependent interaction [4]
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In order to elucidate structural changes in the calnexin wild-type protein
and mutants, I carried out intrinsic fluorescence analysis. Proteins all have
a unique intrinsic fluorescence that is dictated by the three aromatic
residues tryptophan, tyrosine and phenylalanine [12]. I measured the
intrinsic fluorescence of calnexin mutants with increasing concentrations
of the three cofactors ATP, Ca? and Zn?*" Consistent with previous studies
we found that with increasing concentrations of both Ca* and ATP I
observed a decrease in intrinsic fluorescence of wild-type calnexin protein
suggesting that both ATP and Ca?* effect the conformation of the protein
(Figure 4-5). Interestingly, all the mutants (His*?, His?%, Cys!®, Cys!%,
Cyst1%, Cys*®!, Cys*” and Cys**”) showed very similar intrinsic
fluorescence to increasing concentrations of ATP, Ca?* and Zn?*" as the
wild-type calnexin protein (Figure 4-5.) Although intensity of fluorescence
differs, this is not very informative. Taken together with the limited
trypsin proteolysis data, we can conclude that in the presence of ATP, Ca*
and Zn* there are minor differences in the conformation of calnexin
mutants however not enough to vastly impact the intrinsic fluorescence

signal and tertiary structure.

Cysteine mutants lost their ability to prevent aggregation of IgY and not MDH —
In order to investigate the roles of the residues His?*?, His?", Cys!¢!, Cys!®,
Cys*! and Cys®*” in chaperone activity, I measured their chaperone
activity as a function of their ability to prevent thermal aggregation of two
substrates, the non-glycosylated substrate, malate dehydrogenase (MDH),
and the glycosylated substrate, IgY. MDH is a non-glycosylated,
mitochondrial/cytosolic homodimer protein that can thermally aggregate

at 45°C as measured as a function of light scattering [24]. Previous studies
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Figure 4-4 — Intrinsic fluorescence of wild-type calnexin and mutant calnexin.
Intrinsic fluorescence analysis was carried out in the absence and presence of
increasing Zn**, Ca>* and ATP. The excitation wavelength was set to 286nm and
the range of emission wavelength was set to 295nm-450nm. The 334nm
wavelength fluorescence is plotted with increasing concentration.
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have shown that in the presence of molecular chaperones, thermal
aggregation of MDH can be partially prevented [10-12, 21, 24]. IgY is a
soluble, glycosylated antibody of birds that can also thermally aggregate
at 45°C and this aggregation can be slowed when molecular chaperones
are present [21]. Using these assays, we can measure them impact calnexin
mutants have on the folding of glycosylated versus non-glycosylated

substrates.

Soluble, wild-type calnexin prevents thermal aggregation of the MDH
substrate (Figure 4-5). Mutations to calnexin at His?®?, His?"%, Cys!¢!, Cys!®,
Cys®!, Cys*”and Cys*'5% are able to prevent thermal aggregation of MDH
in a similar manner to wild-type calnexin (Figure 4-5A-D). However, the
double mutant, Cys'®/% in the N-globular domain of calnexin, shows
slightly greater folding of the MDH substrate when compared to wild-
type protein (Figure 4-5D). This suggests that the double mutation to the
residues Cys'® and Cys!® positively impacts the folding abilities of

calnexin on non-glycosylated substrates.

Next, when looking at the effect of calnexin mutations on interaction with
the glycosylated substrate, I focused on the mutations that would break
putative disulfide bonds. We looked specifically at double mutations in
the N-globular domain, Cys'®'®, and in the P-arm domain, Cys*'%, and
used His?® as a control (Figure 4-6). I found that both double cysteine
mutations were less able to prevent thermal aggregation of the IgY
substrate while the histidine mutation was able to prevent aggregation in
a similar manner to wild-type calnexin (Figure 4-6). Specifically, mutations

to the N-globular domain cysteines (Cys'®¥*®) resulted in an expedited
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Figure 4-5 - Effect of soluble wild-type calnexin and calnexin mutants on the
thermal aggregation of malate dehydrogenase (MDH) A. Wild-type, His>?,
His?®, B. Cys'!, Cys'%, D. Cys*!, Cys®’, E. Cys!®/1% and Cys*!?’ calnexin
mutants were incubated with heat-treated MDH and thermal aggregation was
monitored over time at 360nm. All graphs were normalized to the same wild-
type calnexin.
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aggregation of IgY suggesting that this mutation positively impacts
glycosylated substrate. Although, mutations to the P-arm domain
cysteines (Cys*15¢) also result in loss of aggregation of IgY it does not
result in an increase in aggregation beyond the thermal aggregation of IgY
alone suggesting that Cys®!/%’ residues are important for the chaperone

activity of calnexin.

Taken together, I have found that the N-globular domain cysteine residues
Cys' and Cys'”® together are important for the chaperone activity of
calnexin on both glycosylated and non-glycosylated substrates. This is of
particular interest because with non-glycosylated MDH substrate the
Cys!®1% mutation of calnexin increases chaperone activity while in the
case of the non-glycosylated substrate, we observe a loss of chaperone
activity implying that these residues may play a regulatory role in
chaperone function which is dictated by substrate status. The cysteine
residues 361 and 367 in the P-arm domain together have no impact on the
chaperone activity on non-glycosylated.substrate but have a role in the
chaperone activity for glycosylated substrate. Residues 361 and 367 are
involved in the function of calnexin as a chaperone but only if the
substrate is glycosylated

Calnexin  mutants” interaction —with ERp57- Cross-linking studies
demonstrated a functional association of calnexin with ERp57 that brings
ERp57 into proximity of newly synthesized proteins to carry out
isomerisation of disulfide bonds [15, 25]. Genetic screens, NMR studies
and mutagenesis analysis have shown that the C-domain of ERp57
interacts with the P-domain of calnexin [5]. The largest effects on ERp57

binding are seen in residues at the tip of the P-domain of calnexin (Trp3¥,
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Figure 4-6 - Effects of soluble calnexin and calnexin mutants His>?, Cys!61/1
and Cys®*"%7 on the thermal aggregation of glycosylated substrate IgY.Wild-
type, His??, Cys!6/1% and Cys%*1/3¢ calnexin mutants were incubated with IgY and
thermal aggregation was monitored over time at 360nm. All graphs were
normalized to the same wild-type, soluble calnexin.
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Asp3, Gly*® and Glu*?) [5]. Therefore, we wanted to see if any of our
mutated residues, specifically the Cys*!3% in the P-domain, had any
impact on ERp57 interaction. I used a Surface Plasmon Resonance (SPR) or
BIAcore to investigate whether ERp57 binds to the calnexin mutants [10,
12]. BIACore technology exploits SPR to determine the affinity of two
ligands, with one immobilized on a matrix and the other in a test solution.
When these ligands associate, the result is an increase in mass and when
the molecules disassociate, the mass decreases. Mass changes can be
monitored by an SPR signal and binding and rate constants can be

calculated [10, 12, 26].

Purified, soluble canine wild-type calnexin and calnexin mutants, His*?,
Cys'1% and Cys*13¢” were covalently bound to dextran matrix sensor chip
as the ligand and his-tagged ERp57 was in solution as the analyte (See
“Materials and Methods”). Consistent with previous studies, an increase
in mass was seen for wild-type calnexin and ERp57 showing an
interaction between the two proteins [12]. Both the binding constants
(association tendency, Ka and dissociation tendency, Kp) of ERp57 to wild-
type and calnexin mutants are within the normal parameters not only
confirming that the systems is working but also indicating middle level of
affinity of ERp57 for calnexin (Table 4-1). The rate constants (k. kd) of
ERp57 for wild-type calnexin and calnexin mutants also fall within the
normal parameters however, differences between the rate of association
and disassociation of ERp57 to calnexin and calnexin mutants are
observed (Table 4-1.) When comparing the rates of complex formation
(Ka), I observed that the Cys*3, P-domain calnexin mutant has a slower

complex formation then wild-type, His?*” and Cys'¢/1% calnexin (Table 4-1).
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I also observed that all three calnexin mutants form a less stable complex
with ERp57 when compared to wild-type with the Cys*3” having the
least stable complex (Table 4-1). I also plotted the Rmax values of wild-type,
His*?, Cys!/1% and Cys*!%7 calnexin in order to evaluate the amount of
interaction of calnexin with ERp57 (Figure 4-7). These Rmax were plotted
taking into the following parameters: the predicted Rma, the molecular
weight of both ligand and analyte and the valence of these two molecules.
The wild-type:ERp57 binding was arbitrarily set to “1” and the obtained
Rmax values of the calnexin mutants was normalized to this. We
determined that all three calnexin mutants bound more ERp57 than the
wild-type calnexin protein (Figure 4-7). The His?*? and Cys'1> N-globular
domain mutants bound approximately 2.5-fold more ERp57 while the
Cys*137 P-domain mutants bound approximately 5-fold more ERp57
when compared to wild-type (Figure 4-7). This His?*®? and Cys!®/1%
mutations are found within the N-globular domain of calnexin which has
not been shown to have a role in ERp57 binding. The observed increase in
bound ERp57 may result from indirect effects on the interacting P-domain
that could potentially expose residues involved in ERp57 binding. This
phenomenon has been observed previously with both calnexin and
calreticulin where N-domain mutations result in increased ERp57 binding
[12] [10]. Interestingly, the Cys*153¢” results in a 5-fold increase in binding
of ERp57 compared to wild-type calnexin (Figure 4-7). This suggests that
mutation to these P-domain cysteines can result in some conformational
changes that may expose residues involved in ERp57 binding causing

increased accessibility and binding.
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Table 4-1: Kinetic analysis of surface plasmon resonance of recombinant
ERp57 binding to soluble wild-type calnexin and calnexin mutants.

Mutant  ka (1/Ms) kd (1/s) KA (1/M) KD (M)
CNX-wt 1.98e4 1.03e-2 1.93e6 5.19e-7
CNX-His®?  1.05e4 3.24e-3 3.25e6 3.07e-7
CNX-Cys!®V1%  2.2e4 4.35e-3 5.06e6 1.97e-7
CNX-Cys*137 1,933 4.54e-4 4.36e6 2.3e-7
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Figure 4-7 - Maximum interaction of soluble wild-type calnexin and His??,
Cys'e/1% and Cys*1367 calnexin mutants with recombinant ERp57 by surface
plasmon resonance (SPR) Purified soluble calnexin and calnexin mutants were
covalently bound to a sensor chip and ERp57 injected over the chip and mass
changes were recorded. The bar graphs are the Rmax values of wild-type calnexin
and calnexin mutants normalized for molecular weight and valence. Rmax is
plotted in arbitrary units as compared to wild-type. The graph is representative
of two experiments.
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Discussion

In this study I carried out functional and structural studies of N-domain
and P-domain mutants of calnexin. I looked at the impact of specific
cysteine and histidine mutants would have on the chaperone activity of
calnexin on both non-glycosylated and glycosylated substrates, the impact
on ERp57 binding and the impact on the structure of calnexin. I focused
on the cysteine residues in the N-domain (Cys'®!, Cys!®) as it has been
predicted that they form a disulfide bridge that may be important for the
function of calnexin [13, 14]. The P-domain cysteine residues (Cys*,
Cys’?) are also of interest in our studies because it has been predicted that
they also form disulfide bonds [13, 14] and this may contribute to the
structure of calnexin and impact on function. I was also interested in
investigating the histidine residues in the N-globular domain, particularly
His?*? as the corresponding histidine in calreticulin (His'>%) has been
previously shown to be critical in the chaperone function of calrecticulin

[11].

Consistent with earlier studies, I found that wild-type, soluble calnexin
prevented aggregation of both glycosylated substrate (IgY) and, to a lesser
extent, the non-glycosylated substrate (MDH) [12]. This further supports
that calnexin may bind both glycosylated and non-glycosylated substrates
while showing specificity for glycosylated substrates [12]. I report that
both the Cys*%” and the Cys'®/% residues are important for folding of
glycosylated substrates as we observe loss of aggregation of IgY. The N-
globular domain cysteines are conserved within calreticulin (Cys®* and
Cys'?%) and mutation to these residues resulted in partial disruption of

chaperone activity of calreticulin [10] while mutations to the N-globular
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domain Cys!1 of calnexin results in significant loss of chaperone
activity. Structural studies on calnexin have modelled a putative
carbohydrate binding site in the N-globular domain of calnexin with the
third mannose residue of the carbohydrate wrapping around the Cys!®-
Cys'® residues [13]. The involvement of the Cys!®/% residues in the
carbohydrate binding site [13] is further supported by evidence that there
is increased aggregation of the non-glycosylated substrate, MDH. Taken
together, our studies corroborate with structural studies providing further
evidence that the Cys'®-Cys'®® residues form an important part of the
carbohydrate binding site and have a role in the folding of glycosylated
substrate. Interestingly, we observe that the His*? residue has no role in
the chaperone function of calnexin for either glycosylated or non-
glycosylated substrate. Although this was surprising because the
conserved histidine residue in calreticulin (His'®) has been found to be
critical for chaperone function [10], this suggests that calnexin and
calreticulin may chaperone differently and this may contribute to the
specificity of their substrates. The His?” also did not impact thermal
aggregation of glycosylated or non-glycosylated substrates further
suggesting that histidine residues in the N-globular domain of calnexin do

play a role in chaperone function.

The P-domain of calnexin is a flexible arm domain that contains 4 copies
of two unique proline rich domains arranged in 1111222 pattern [3, 13].
The four copies of motif 1 and motif 2 extend away from the lectin domain
and fold back on one another forming a large hairpin [13]. This domain,
because of its unusual extended curved structure, is thought to have a role

in substrate binding [3]. I have found that the cysteine residues 361 and
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367 in the P-arm domain seem to be important in folding of glycosylated
substrate, although to lesser extent then the N-globular domain cysteines.
These cysteines are not conserved in calreticulin [13] and perhaps play a
novel structural or functional role in calnexin. Interestingly, mutations to
these residues do not impact the thermal aggregation of the non-
glycosylated substrate but do partially prevent the thermal aggregation of

glycosylated substrate.

The P-arm domain has also been show to mediate ERp57 interaction,
specifically through residues located at the tip such as residues Trp3** and
Asp** in the 4™ repeat of motif 1 and Gly** and Glu®? located in the 4%
repeat of motif 2 [5]. I have found that when I mutate the P-domain
Cys®137 residues found in the 4% repeat of motif 2, we increase the
interaction with ERp57. Interestingly, I also observed that there is slower
ERp57:calnexin complex formation and this complex is less stable in the
Cys®*137 mutant. This suggests that disruption of Cys¢3%” potentially
results in local conformational changes that could expose the nearby
established ERp57 interaction residues (see above) resulting in increased
interaction, however, this interaction is not normal as revealed by the lack
of propensity to form an unstable complex. This result also provides
further evidence for the model of ERp57 binding to calnexin to fold
substrates rather than binding to calnexin to help form disulfide bonds of
calnexin [27]. Furthermore, we found that the N-globular domain His*?
and Cys!®/1% residues also are involved in ERp57 binding and when
mutated, interaction with ERp57 is enhanced forming a slow and less
stable complex, although to a lesser extent then the P-domain mutant.

Although ERp57 interaction with calnexin is not mediated through its N-
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domain, previous studies have shown that mutations to the N-domain of
calnexin [12] and calreticulin [10] can result in enhanced ERp57 binding
suggesting that modifications to the carbohydrate binding site results in
conformational changes and functional properties that ERp57 binding is
affected. Limited trypsin proteolysis analysis showed that in the Cys!®!/1%
mutant there are differences in the accessibility of trypsin to calnexin. This
indicates that there may be minor structural differences in this mutant that

may affect ERp57 binding.

In conclusion, I have carried out site-specific mutagenesis to generate
mutations to cysteines (Cys!®!, Cys!®, Cys!6/1%, Cys*!, Cys3” and Cys*1/3)
and histidines (His*? and His?"). These studies have shown the cysteine
residues in the N- and P-domain of calnexin are involved in the
functioning of the protein. I have identified the N-globular cysteines Cys'!
and Cys'®, near the carbohydrate binding pocket, as having a major role
in the chaperone activity of glycosylated proteins while the P-domain
cysteines Cys®*! and Cys*” as having a more of a minor role in the
chaperone activity of glycoyslated proteins. I also found that the Cys!®!
and Cys!® and His?*®? enhance ERp57 binding and Cys*!' and Cys,
located near residues involved in ERp57 binding, significantly increase
ERp57 interaction and this all occurs presumably through minor

conformational changes resulting from mutations to these residues.
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The objective of my thesis was to determine the critical functionality of
calnexin and ERp57 with an emphasis on the expression throughout
development and role in the quality control cycle and intracellular
signalling. Major findings from this work included:

expression of calnexin and ERp57 throughout embryonic development is
restricted to neurological and cartilage tissue and to lung, liver and brain
tissue, respectively.

calnexin and ERp57 both have a role in the adaptive unfolded protein
response to ER stress

ERp57 modulates STAT3 signalling from the ER lumen in association with
calreticulin

cysteine residues in the N-globular domain of calnexin are involved in the
binding of glycosylated substrate.

I investigated these two ER associated proteins at both the animal
level as well as the cellular level. The expression of both proteins
throughout embryonic development as well as post-natally was
determined. The function of both ERp57 and calnexin in intracellular
signalling was examined and residues important to the structure and
function of calnexin as a chaperone in association with ERp57 were also
looked at. This study suggested that ERp57 and calnexin may impact and
be involved in the normal development of specific tissues. As well, I also
used calnexin- and ERp57-deficient cell lines to investigate the role both
calnexin and ERp57 have in intracellular signalling that could contribute

to phenotype observed.
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Calnexin and ERp57 Expression Throughout Development

The calnexin-deficient mouse model is viable but displays severely ataxic
phenotype [1]. These mice are 30-50% smaller than their wild-type
littermates and have severe gait disturbances [1, 2]. Electron micrographs
show severe dismyelination of the spinal cord and sciatic nerve resulting
in reduced nerve conduction velocity [2]. This phenotype suggests that the
calnexin expression may be restricted to specific tissues during embryonic
development. On the other hand universal deletion of ERp57 in mouse
models results in embryonic lethality while tissue specific deletion of
ERp57 in B cells results in a live mouse that has aberrant assembly of the
peptide loading complex [3]. Understanding the tissue expression of
ERp57 and calnexin throughout embryonic development will allow us to
gain insight into critical role it plays in development in utero as we can
learn where ERp57 and calnexin are expressed and potentially where they
may play a developmental role.

My studies have revealed that calnexin is highly expressed early on
in embryonic development in cartilage and neuronal tissue with later
expression in the liver and little to no expression observed in the heart
(Figure 2-1, 2-2, 2-3). The neuronal expression that we observed is not
surprising as the calnexin-deficient mouse model exhibits motor disorders
[1, 2]. The calnexin-deficient mice also have dismyelination of the
peripheral nervous system (PNS) [2]. In Caenorhabditis elegans calnexin
(CNX-1) is expressed in dorsal and ventral nerve cord and head and tail
neurons throughout development [4]. C. elegans deficient in calnexin

showed no gross morphological defects under normal conditions
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however, under stress conditions, these animals showed decreased brood
size as well as increased larval and embryonic lethality suggesting a role
for calnexin in stress induced chaperone functions [4]. Further studies
support a role of calnexin in neuronal development as calnexin has been
shown to form functional complexes with myelin proteins, peripheral
myelin protein 22 (PMP22) and protein zero (P0) [5, 6]. In the absence of
calnexin, these proteins are misfolded, they escape quality control and are
localized correctly but are non-functional as adhesion proteins of myelin
[5]. Mutants of PMP22 are retained in the ER and have been linked to the
human pathologies Charcot-Marie-Tooth Disease and Dejerine-Sottas
syndrome [6]. Calnexin has also been found to interact with a mutant form
of the ER transmembrane protein, sepien and it is has been implicated in
several motor neuron pathologies including Silver’s syndrome, variants of
Charcot-Marie-Tooth disease type 2, dHMNYV (distal hereditary motor
neuropathy type V) and spastic paraplegia motor disorders [7, 8]. It is
possible that the role of calnexin in development is neuroprotective and it
has chaperone specificity for proteins involved in neurological
development. How calnexin would mediate this specificity remains to be
answered however, the localization of calnexin to neurological tissue
provides further evidence for this theory. Interestingly, calnexin and
calreticulin, a soluble ER resident homolog of calnexin, have very similar
domain structure (Figure 1-4, 1-5) and have some redundant properties.
However, the mouse model deficient phenotypes of both proteins are
completely different. The calreticulin-deficient mouse model is embryonic
lethal due to cardiac malformation resulting from impaired Ca* signalling

(See “2.2biii — Mouse Models’) [9]. Calreticulin is highly expressed in the
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developing heart [9] while we see decreased calnexin expression in the
heart throughout development (Figure 2-1, 2-2, 2-3). This study provides
further evidence that calreticulin and calnexin do not have compensatory
roles in terms of tissue development, as they are expressed in differently.
The difference in substrate specificity of calnexin and calreticulin
may simply be a matter of one lectin being soluble (calreticulin) and the
other being membrane bound (calnexin) [10]. In fact, when the soluble
domain of calnexin is expressed, the pattern of substrate binding is very
similar to that of calreticulin, however, soluble calnexin cannot replace
calreticulin in all cases [10-12]. Calnexin and calreticulin may bind the
same substrate, however, they bind different oligosaccharides or at
different stages of the maturation process [10]. Another school of thought
is that calnexin mediates specificity of substrates through its
transmembrane domain by either promoting association of calnexin to
membrane proteins by placing it at the ER membrane or it could directly
bind the transmembranes of target proteins [13]. Studies with proteolipid
protein (PLP) a non-glycosylated membrane protein that associates with
calnexin have shown that calnexin binds the misfolded transmembrane
domain [13]. Calnexin binds the membrane proteins PMP22 and PO [5, 6]
providing another example of calnexin binding membrane proteins. Both
PMP22 and PO are glycosylated proteins and calnexin presumably
interacts through the carbohydrate binding domain found in the N-
globular domain [14, 15], however, what mediates the interaction of
PMP22 and PO to calnexin over an interaction with the luminal chaperone
calreticulin is unknown. It would be interesting to generate a luminal

calnexin protein (N + P-domain) with no transmembrane or cytosolic C-
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tail and determine if it is able to interact with both PO and PMP22. If the
interaction between calnexin and PMP22 or PO was abolished, one could
presume that the transmembrane domain and/or cytosolic tail play a role
in the specificity of calnexin substrate binding.

Throughout embryonic development, we also observed calnexin
expression in cartilage and vertebra (Figure 2-1). Proteoglycans, which are
important structural components of the extracellular matrix of cartilage,
are also found to be expressed in the central nervous system specifically
the developing and mature brain [16]. Proteoglycans co-localize with a
number of putative binding partners during differentiation of the central
nervous system tissue suggesting that proteoglycans may also have a role
in brain development [16]. This provides us with evidence of a link
between skeletal and neuronal development. Together with our (-
galactosidase staining of developing embryos (Figure 2-1) it is highlighted
how important it is for us to investigate skeletal development in calnexin-
deficient mice. Interestingly, DNA micro-array analysis has identified
genes relevant for cartilage and bone formations that are developmentally
regulated in myelinating nerves [17]. One of these up-regulated genes is
collagen alpha type II (Col2a1) which is a key component of cartilage but
has also been detected in other tissues, such as the notochord, during
development [17]. The Col2al-deficient mouse is viable but dies shortly
after birth and develops skeletons with no endochondral bone (bone that
replaces cartilage) [18]. Col2al is regulated by axonal signals, such as Sox9
and Maf-2, and was shown to be expressed in Schwann cell lineage as
early as E14 of embryonic development and in both myelinating and

nonmyelinating Schwann cells [17]. It is thought that Col2a1 binds specific
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growth factors to divert early glia to other lineages [17]. Another
transcription factor known to be involved in Schwann cell development
and the myelination program in vivo is Krox-20 [17]. By looking at Krox-
20-deficient embryos, Krox-20 has been shown to be important for
hindbrain development and development of the peripheral nervous
systems [19]. However, Krox-20-deficient mice also have skeletal
abnormalities characterized by decreased length and thickness of newly
formed bones [19]. The Col2al- and Krox-20-deficient mouse models
highlight the relationship between neuronal development and proper
bone formation.

In this study, we also looked at the tissue specific expression of
ERp57 throughout mouse embryonic development. We found that ERp57
is highly expressed in the inner cell mass of blastocysts, which is
important for fetus formation [20], as well as the lung, liver and the brain
during early stages of embryonic development (Figure 3-4 and 3-5). The
ERp57"- mouse is embryonic lethal at stage 13.5 post-coitum (Table 3-1)
and the role it plays in these tissues may be of critical importance to
survival. In the neonatal rat model of hyperoxia-induced lung injury as
well as cultured cells, there is a down-regulation of ERp57 [21].
Additionally, siRNA studies to knockdown ERp57 expression in epithelial
cells showed a decrease in tunicamycin- or hyperoxia-induced apoptosis
(as measured by caspase-3 activation), however, there was an increase in
the UPR (as measured by GRp78/BiP expression) [21]. Taken together,
expression of ERp57 in the lungs of the developing embryo (Figure 3-4
and 3-5) as well as ERp57 providing cellular protection against hyperoxia-

induced apoptosis in epithelial cells [21], suggests that ERp57 may have a
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protective role to prevent paediatric lung injury. ERp57 expression in the
brain is also of interest as siRNA studies performed on N2 neuroblastoma
cells [22]. Neuroblastoma, a malignant neoplasm that arises from the
sympathetic nervous system (SNS), is the most common solid tumour in
children and has a very poor prognosis highlighting the need for new
treatment and therapy [23]. N2 neuroblastoma cells are derived from the
bone marrow of metastatic tumours of children and siRNA studies to
knockdown ERp57 expression results in an increase in sensitivity to
misfolded prion proteins (PrPS) whereas over-expression of ERp57
significantly protects cells against PrP¢ toxicity [22]. Furthermore,
progression of murine scrapie results in an up-regulation of ERp57 which
corresponds to the kinetics of prion replication in different brain areas,
suggesting that ERp57 up-regulation is a specific cellular response induced
by prion replication in vivo [22]. ERp57, with calreticulin, have been shown
to be the carrier proteins that prevent aggregation of (3-amyloids, a major
component of toxic plaques found in the brains of Alzheimer’s patients
[24]. Together, these results suggest that ERp57 expression is an early
event in pathology and perhaps has a role in modulating neurotoxicity
[22]. ERp57 may be a novel target for transmissible spongiform
encephalopathy (TSE) therapy and other neurodegenarative disease, such
as Alzheimer’s disease, that result from misfolded proteins [22].
Interestingly, in liver failure, resulting from inhalation of the anaesthetic
halothane, ERp57 is triflouraceylated and non-functional resulting in an
increase in misfolded proteins which contributes to liver toxicity [25, 26].
The expression pattern of ERp57 throughout development in the liver,

lungs and brain (Figure 3-4 and 3-5) complements studies carried out on
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cells derived from these tissues or from in vivo studies showing that ERp57
is protective in the health and survival of these specific organs [21, 22, 25].
The expression pattern of calnexin and ERp57 provide invaluable
information about the potential organs and systems that could be affected
by the absence of these proteins. Interestingly, calnexin and ERp57 have
different expressions patterns then the ER chaperone, calreticulin. At early
stages of embryonic development calreticulin is expressed primarily in the
heart [9] while calnexin is expressed primarily in the brain (Figure 2-1 and
2-2) and ERp57 is expressed primarily in lung, liver and brain tissue
(Figure 3-4 and 3-5). As well, the deficient-mouse models of these three
proteins are different with calreticulin-deficient mouse being embryonic
lethal at E12.5 due to cardiac malformation [9], calnexin-deficient mouse
being viable but ataxic [1, 2] and ERp57-deficient mouse being embryonic
lethal at E13.5 [3, 27]. Collectively, this suggests that although these three
proteins that are known to function together in the quality control cycle of
the ER, may have very specific roles in quality control or outside of this
cycle that are important for the correct development of specific systems in

utero and post-natally.

The Role of Calnexin and ERp57 in the Unfolded Protein Response

The ER is the primary protein folding compartment of the cell and, as
such, during cell growth, differentiation and in response to environmental
stimuli, it has to deal with different protein folding demands [28]. In
response to developmental demands and physiological requests, the ER
has developed the capacity to enhance protein folding and expedite

secretion [28]. However, if the ER continues to be overwhelmed by protein
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load, it has evolved the UPR (Figure 1-7) to deal with this accumulation
[29]. Evidence suggests that long-lasting ER insult results in prolonged
activation of UPR and this can contribute to the pathogenesis of many
diseases [28]. Apoptotic pathways emanate from the ER and are
extensions of UPR that are mediated by IRE1l, caspase-12 and
PERK/CHOP [28]. We found that both in the absence of calnexin and the
absence of ERp57 there is an activation of the unfolded protein response
(Figure 2-5 and 2-6 for calnexin and Figure 3-8 for ERp57.)

Although wild-type and calnexin-deficient cells seem to have the
same capacity for ER stress induction (when stimulated by tunicamycin
and thapsigargin) in non-stimulated cells, calnexin-deficient cells have
increased UPR when compared to wild-type controls. Interestingly, the
spine, cerebellum, brain and liver of calnexin-deficient mice showed no
activation of UPR when compared to wild-type control littermates (Figure
2-8, 2-9). ER stress is a two-faced term encompassing both acute stress that
is transient in nature such as chemical insult and chronic stress that is
persistent such as a genetic mutation to a component of the quality control
pathway [30]. Acute stress requires cells to tolerate a brief period of
perturbation and then recover by restoring ER homeostasis while chronic
stress requires long term adjustments to cellular function [30]. Calnexin-
deficiency represents a chronic stress where a component of the quality
control pathway is completely absent. Despite the increase in UPR
observed in the calnexin-deficient cells, we do not observe an increase in
cell death as these cells adhere to plastic and proliferate (Figure 2-4) [31].
One characteristic that is common amongst different kinds of chronic

stresses (for example, viral infection that can designate the secretory
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pathway for production of viral proteins or various neurodegenerative
disorders of protein aggregation) is that they demand a cellular
mechanism that can tolerate insult over longer periods of time so there is
minimal cell death [30]. It appears that calnexin-deficient cells have
evolved an adaptive response that allows them to survive and avoid
apoptosis as they are able to survive in vitro in cell culture (Figure 2-4) [30-
32]. It has been suggested that one adaptation of cells undergoing chronic
stress is to improve the protein processing capabilities so as not to execute
apoptotic cascades [30]. Indeed, calnexin-deficient cells have increased
proteasomal activity (Figure 2-7) suggesting an increase in ER associated
degradation (ERAD) to deal with constitutively misfolded proteins in the
ER. However, this raises the question that if there is increased ERAD, is
there a corresponding increase in protein secretion as another mechanism
to deal with the burden of misfolded proteins on the ER? If so, what is the
mechanism that decides which misfolded substrate is degraded and which
is secreted? Recent studies have shown that there is a competition between
ERAD and protein secretion machineries suggesting that the decision
whether to degrade or transport a substrate is effected by a number of
factors including cell stress [33, 34]. There is an adaptable model for
protein transport that goes beyond the traditional school of thought that
mutated proteins are degraded by ERAD if they are less stable then wild-
type and sent for secretion if they are more stable then wild-type [35]. This
adaptable model reveals that export efficiency is affected not only by
folding and misfolding energetics but also by adjustable biological factors
such as ERAD [35]. Very recent results from our laboratory indicate that

calnexin substrates, PMP22 and PO, are transported to the cell surface in
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the absence of calnexin [5]. Although both PMP22 and PO have been
shown to be non-functional at the cell surface they nevertheless, are
properly localized [5]. Interestingly, they are not retained in the ER or sent
for ERAD despite an increase in proteasomal activity in calnexin-deficient
cells [32]. What we know, is that the absence of calnexin is a chronic type
of ER stress and that this results in activation of the UPR. Calnexin-
deficient cells, however, have an adaptive response where they have
increased proteasomal activity to, presumably, clear rapidly accumulating
proteins. Interestingly, in the absence of calnexin both PMP22 and PO
escape ERAD and are exported to the cell surface [5]. The adaptable model
in the context of calnexin-deficient cells suggest that the absence of
calnexin affects more than just the quality control cycle and, in fact,
disrupts ER homeostasis and must make adjustments accordingly. This is
not surprising as previous work has shown that in the absence of the
chaperone calreticulin, ER intracellular Ca* stores are dramatically
affected [9, 36]. Although this study has determined that one of these
mechanisms is an increase in ERAD, recent evidence suggests that
secretion of non-functional proteins may also be affected or even increased
[5]. In order to fully understand the impact the absence of calnexin has on
ER homeostasis in terms of degradation and secretion, we need to
determine a several parameters: (i) how has calnexin-deficiency resulted
in an increase proteasomal activity?, (ii) is there an increase in protein
secretion in the absence of calnexin? and (iii) what are the mechanisms
and factors that decide which proteins are degraded and which proteins
are secreted in the absence of calnexin? The absence of calnexin resulting

in both hyperactive proteasomal activity and non-functional but properly
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localized proteins together with a neurological phenotype of mouse
deficient models highlights the essential role calnexin plays within the ER
and how its absences upsets this critical balance.

We also investigated the activation of the UPR in the absence of ERp57.
ERp57-deficient cells also showed an increase in UPR, however, when we
expressed full-length recombinant ERp57 in ERp57-deficient cells, we did
not see a rescue of UPR (Figure 3-8). In the absence of ERp57, there seems
to be a tolerable low level of UPR that does not activate the apoptosis
pathway, impact ER morphology or expression of ER associated
chaperones and foldases. Our results suggest that the ERp57-deficient cells
may be considered, like the calnexin-deficient cells, a genetic example of
chronic stress and they have adapted to this low-level of persistent stress
[37]. The adaptive responses of cells deficient in calnexin and ERp57 are
not surprising as a deficiency in UGGT1, another component of the quality
control pathway, has been demonstrated as a genetic example of chronic
ER stress that has evolved an adaptive response [37]. The ERp57-deficient
cells have some of the hallmarks of an adaptive response because the cell
population does not undergo apoptosis, proliferation still occurs despite
activation of UPR however, they are not desensitized to stress introduced
by a perturbant [37]. When both wild-type and ERp57-deficient cells lines
are treated with the classical ER stress inducer, thapsigargin, there is an
increased activation of the UPR in the absence of ERp57 (Figure 3-8).
However, this is not rescued by expression of recombinant ERp57 in
ERp57-deficient cells suggesting that ERp57-deficient cells have adapted
to this low-level of UPR. In fact, when we treated wild-type and ERp57-

deficient cells with thapsigargin and measure apoptosis by Annexin-V
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binding, there was a significantly less cell death in the absence of ERp57
(Figure 3-9). This provides additional evidence that ERp57-deficient cells
may have adapted to a low-level, tolerable of UPR.

Our studies provide further evidence for a model showing that cells are
able to adapt to mild, chronic ER stress for survival which is different for
constitutively active UPR that results in apoptosis [37]. This suggests that
the calnexin and ERp57 may have other functions that contribute to the
pathologies of their respective mouse model phenotypes. For example,
calnexin has been shown to interact with myelin specific proteins PO and
PMP22 and it has been suggested that in the absence of calnexin they are
non-functional and could contribute to the phenotype observed [2, 5].
ERp57 has also been shown to interact with STAT3 and loss of modulation
of this transcription factor may also be implicated in the ERp57-deficient
mouse embryonic lethality [27, 38-42].

ERp57 and STAT3 Signalling

Outside of its role as a foldase in the ER, ERp57 (GRp58) has also been
reported to affect STAT3 signalling via interaction of STAT3 [38-40, 43, 44].
Indeed the absence of ERp57 results in an increase in STAT3 signalling
and this phenomenon is mediated by the ER form of ERp57 (Figure 3-10).
Additionally, STAT3 activity depends on the formation of ERp57-
calreticulin complexes in the lumen of the ER (Figure 3-14, 3-15). Both of
these findings were initially surprising however, this is not the first time
that cellular events are controlled by “ER signalling” and it is also not the
tirst time ERp57 has been shown to complex with calreticulin to impact

biological events [45-49].
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How ERp57, in complex with calreticulin, signals from the ER lumen to
impact STAT3 signalling is not clear at present. There are several way that
STAT can be activated including (i) the classical model of the JAK-STAT
pathway that is activated in response to cytokines, (ii) direct
phosphorylation by receptor tyrosine kinases, (iii) through non-receptor
associated tyrosine kinases (iv) by G-coupled protein receptors or (v) by
adaptor proteins bringing JAK proteins into close proximity to STATSs [50].
STAT3 can be activated by the classical pathway through the binding of
cytokines and growth factors, by chemokine binding to G-coupled protein
receptors MIP-1 and RANTES and MEKKI1-C and islet-25 acting as
adaptors to bring STAT3 into close proximity of JAKs [50]. Now, it is
emerging that aside from Tyr and Ser phosphorylation status to regulate
STAT  activation, Arg  methylation, acetylation/deacetylation,
isomerization, ubiquitination, SUMOylation, ISGylation, proteolysis,
protein-protein interaction, have all been described to affect the activities
of STATs [50]. The more we learn about STATs it becomes very clear how
complicated regulation of activation is and we now wonder how ER
localized proteins ERp57 and calreticulin fit into this puzzle. There,
however, be some physiological relevant relationship between STATS3,
ERp57 and calreticulin. Interestingly, in keloid scars, STAT3 is
hyperphosphorylated and expressed suggesting that STAT3 may have a
role in would healing, cell migration and collagen disposition [50].
Calreticulin is also found to promote wound healing and when
calreticulin is applied to the wounds of diabetic mice; their wounds heal
faster than wild-type controls [51]. As well, tissue specific deletion of

STAT3 in bronchiolar and alveolar epithelial cells results in enhanced
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apoptosis following adenoviral injection suggesting a cytoprotective
function of STAT3 [50]. ERp57, has also been shown to be protective in
hyperoxia-induced apoptosis in epithelial cells [21]. Taken together, the
interplay between calreticulin and ERp57 may represent another branch of
STAT3 activation and regulation whose fine control could be critical for
proper development and cellular functioning.

STAT3-deficient mice are embryonic lethal at very early stages of
embryogenesis between E6.5 and E7.5 post-coitum [42]. It is thought that
lethality may be due to defect in the visceral endoderm function which is
the principal site of nutrient exchange between the maternal and
embryonic environments [52]. However, it remains unknown what the
ligand is in the visceral endoderm that activates STAT3 signalling [52]. As
discussed, STAT3 can be activated by a number of different cytokines and
growth factors [50] and mouse-deficient models of a number of these
tfactors have been shown to result in lethality [42]. However, these mice
are lethal at different stages [42]. For example, LIF-receptor and CNFT-
receptor deficient mice are lethal shortly after birth, gp130-deficient mice
are embryonic lethal between E15.5-E18.5 and EGF-receptor deficient mice
are embryonic lethal at E11.5 [42]. It is thought that the lethality observed
may be due to loss of one or more of these signals [42]. This study has
established embryonic lethality of ERp57-defiecient mice at E13.5 post-
coitum [27]. This study has also shown that a complex between ERp57 and
calreticulin formed in the ER lumen effects STAT3 signalling [27].
Although there are some discrepancies in terms of the time frame of
lethality of the ERp57- or STAT3-deficient mouse model, this suggests that

aberrant STAT3 signalling could contribute to the lethality observed in
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ERp57-deficient mouse model. Constitutively active STAT3 (STAT3-C) has
been known to be an oncogene and fibroblasts expressing STAT3-C
developed malignant properties in culture and formed tumors in nude
mice [53]. STAT3-C results in oncogenesis by conferring a survival
advantage through inhibition of apoptosis [53]. Interestingly, in ERp57-
deficient cells, we observe a decrease in apoptosis especially when
exposed to a chemical perturbant (Figure 3-9). In ERp57-deficient cells we
also observe an increase in STAT3 signalling suggesting that this
inhibition of apoptosis could perhaps be due to an increase in STAT3

signalling (Figure 3-10).

Role of Disulfide Bonds in Calnexin Structure and Function

In this study, I have identified that the cysteines in the N- and P-domain of
calnexin are critical to the chaperoning of glycosylated substrates.
Mutation to these residues does not impact on calnexin structure
suggesting that they have a direct role in the functioning of calnexin. This
is interesting because it has been speculated that these cysteine residues
form disulfide bonds and could potentially contribute to the maintaining
the structural integrity of the N- and P- domain [14]. It has also been
speculated that the N-terminal cysteine residues have a direct role in

carbohydrate binding to calnexin [14].

Conclusion
In this study I examined the function of ER proteins calnexin and ERp57
by studying their expression throughout mouse development and their

role in intracellular signalling. Both calnexin and ERp57 have been shown
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to be critical for proper development in utero and this study has identified
potential candidate tissues that these proteins impact. This study has also
allowed us to gain thorough insight into the molecular mechanisms of
both proteins both inside and outside their classical role in quality control.
Together, this study has shown us that calnexin and ERp57 have unique
functions. Insight into the critical functionality of both the calnexin and
ERp57 gene will undoubtedly give us essential knowledge regarding the
progression of devastating diseases. These ideas can be applied to novel

strategies for early diagnosis and eventual treatment.
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This study has provided novel information regarding the expression of
calnexin and ERp57 throughout embryonic development as well insight
into the role these proteins play in intracellular signalling. These projects,
however, can be extended and elaborated on in order to gain further
insight into the function of ERp57 and calnexin and their involvement in
disease.

The calnexin-deficient mice, as discussed earlier, have severe ataxic
phenotype and are significantly smaller than their wild-type littermates. It
would be interesting to monitor skeletal development of both wild-type
and calnexin-deficient mice to determine whether there is any gross
morphological skeletal abnormalities that could contribute to the smaller
size of the deficient mice [1]. Aside from performing x-ray radiography,
we could also perform alcian-blue/alizaine-red staining for acid
mucopolysaccharides and glycosaminoglycans components of cartilage
and for ossified bones (via forming calcium complexes) respectively.
Again, this may indicate whether there is irregular bone formation in the
absences of calnexin that could potentially contribute to the size
differences observed.

In order to investigate the role calnexin may play in skeletal formation, we
could isolate chondrocytes or cartilage cells from both wild-type and
calnexin-deficient mice and measure whether there are any differences in
expression of cartilage specific components [2, 3]. Chondrocytes are highly
specialized cells that function to produce collagen types II, IX, X and XI as
well as the large proteoglycan, aggrecan [3]. Studies using primary

cultures of chondrocytes from wild-type and calnexin-deficient mice
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would complement phenotypic studies and allow us to biochemically
characterize these mice.

In order to fully understand why there is strict expression of calnexin to
neuronal tissues as well as cartilage during embryonic development, it
would be important to look at transcriptional regulation of the calnexin
gene. Previous analysis of the calnexin promoter has shown that the
transcription factor PAX6 (paired box gene 6), that has a role in neuronal
development, activates the calnexin promoter (Qiu, Y, unpublished
results.) Further studies need to be carried out to determine the site of
binding of PAX6 on the calnexin promoter. However, we propose that
there are other candidate transcription factors that contribute to the
expression of calnexin including Krox-20. Krox-20 is of particular interest
because it not only has a very important role in Schwann cell development
but also in proper skeletal development (see Chapter 5 — General
Discussion) [1, 4]. Calnexin is highly expressed in both neuronal and
cartilage tissue of developing embryos and to understand how this
specific expression is achieved by identifying transcription factors
involved would allow us to gain insight into critical functionality of
calnexin throughout development.

In order to investigate the potential protective role of ERp57 in
paediatric lung injury, we propose to administer oxygen-induced
bronchopulmonary dysplasia (BPD) to both wild-type and ERp57-
heterozygote mice pups and measure response in terms of lung injury [5].
We cannot use ERp57-deficient pups because ERp57-deficieny is
embryonic lethal [6, 7]. ERp57-heterozygote mice are viable and have no

gross morphological differences when compared to their wild-type
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littermates. In order to carry out oxygen-induced BPD in our wild-type
and ERp57-heterozygote mice, we would perform experiments as
described by Ladha, F. et al. [5]. We would subject our wild-type and
ERp57-heterozygote mice pups randomly to normoxia conditions (21% Oz)
or hyperoxia conditions (95% O, BPD-model) in sealed containers [5]. We
would perform histological analysis of the lungs and look at number and
size of air spaces and capillary density [5]. In oxygen-induced BPD mouse
models there are fewer and enlarged air spaces as well as decreased
capillary density [5]. We expect that the ERp57-heterozygote mice will be
more susceptible to oxygen-induced BPD and will show more severe lung
injury when compared to wild-type littermates. When ERp57 is expression
is knocked down via siRNA in epithelial cells, we observe sensitivity to
hyperoxia-induced apoptosis as well when neonatal rats are subject to
hyperoxia-induced lung injury there is a down-regulation of ERp57 [8].
We propose that having 2 copies of ERp57 (in the wild-type mice) as
compared to 1 copy of ERp57 (in the ERp57-heterozygote mice) will have
a significant difference in the severity of outcome of oxygen-induced BPD
further demonstrating the role of ERp57 in paediatric lung injury.
Although we know that the absence of ERp57, and calreticulin,
impact STAT3 signalling (Figure 3-10 and 3-11) we do not know which
downstream genes are affected in the absence of ERp57. Knowing genes
that are up- or down-regulated in the absence of ERp57 should help gain
insight into the mechanisms that result in embryonic lethality in these
deficient mice. We propose to carry out gene expression profiling
experiments or DNA microarray analysis on the wild-type and ERp57-

deficient mouse embryonic fibroblasts to help identify genes that are
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impacted by the absence of ERp57. We have established that ERp57
modulates STAT3 signalling and DNA microarrays of STAT3-deficient
and over-expressing cells have identified hundreds of potential
downstream gene targets [9-11]. STAT3 can act as a repressor and
activator to mediate diverse biological processes including cell growth,
oncogenesis and differentiation [9]. This leaves the door wide open for the
candidate genes that ERp57 may modulate through STAT3 for
development and survival.

In order to fully understand whether these cysteine residues contribute to
the functionality of the calnexin in vivo, it would be interesting to link
specific disease causing substrates to calnexin. Myelin specific proteins PO
and PMP22 are critical to the compaction and maintenance of myelin
through hetero- and homo-philic interactions [12]. As discussed earlier,
PMP22 and PO have been shown to bind to calnexin [13, 14] and mutations
to both of these proteins have been linked to neurological diseases such as
Charcot-Marie-Tooth disease [15]. It would be interesting to determine
whether calnexin mutants that we have generated are able to interact with
PO and PMP22 proteins. By directly looking at specific substrates of
calnexin in vivo, not only would we be able to confirm thermal
aggregation in vitro data this would provide us with some intriguing
information. Although mutants of both PO and PMP22 have been
associated with human neuropathologies, calnexin is just recently being
directly implicated in human disease [12, 13]. Recently, our lab showed
that calnexin has a specific and detrimental effect on myelin formation in
mice [12, 13]. Calnexin homologs, however, have been identified in human

and the amino acid sequence of calnexin is highly conserved among
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human and mouse sharing approximately 93-98% sequence identity [16].
Interestingly, a mouse model expressing calnexin with its carbohydrate
binding pocket disrupted was phenotypically identical to that of the
calnexin-deficient mouse [17]. Taken together this suggests that perhaps
that human neuropatholgies are associated with mutant forms of calnexin
that are unable to properly function as a molecular chaperone of PMP22
and P0. Our study has identified that both the N- and P-domain cysteines
have a role in the chaperoning of glycosylated substrates suggesting that

these mutants may be implicated in neuropathologies.
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Introduction

Calnexin is a type I integral endoplasmic reticulum (ER) membrane
protein involved in quality control in the secretory pathway and in the
folding of newly synthesized monoglucosylated proteins [1]. Calnexin
associates with ERp57, an oxidoreductase belonging to a family of protein
disulfide isomerase [2]. ERp57 catalyzes disulfide bond formation and

exchange on the glycoproteins bound to calnexin [2].

Several studies have mapped the carbohydrate binding site to the N-
domain and residues Tyr'®, Lys'®, Tyr'®, Glu?”,Glu**, Trp*®, Cys!®! and
Cys'® have all been implicated [3-5]. Recently, the Cys*! and Cys*”
residues in the P-arm domain have also been shown to be involved in
substrate binding (Chapter 4). The arm domain is not thought to be
directly involved in substrate binding, however it has been shown to
enhance the folding function of the globular domain and it is speculated to
have a role in physically constraining the glycoprotein when bound to the
N-domain [5]. The P-arm domain of calnexin is a proline-rich tandem
repeat domain containing four copies of repeat domains arranged in a
linear pattern of 11112222 [6]. The P-domain is responsible for mediating
interactions of calnexin with ERp57 and mutagenesis studies have
mapped the binding to the tip of the P-domain at residues Trp3®, Asp*,
Gly** and Glu*? [5, 7, 8]. Recent studies in our lab also implicate Cys3!
and Cys*” and N-domain residues His*?, Cys!¢! and Cys'® in ERp57
binding (Chapter 4) [3].

In vitro studies showing ERp57 binding to calnexin such as Surface

Plasmon Resonance (SPR) Analysis and NMR structural analysis have
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identified the P-arm domain of calnexin as being critical to ERp57 binding
[3-5, 7]. The objective of this study was to identified amino acid residues
and of calnexin critical for (i) ERp57-calnexin interactions and (ii) calnexin
specific substrate binding in a cellular system. In this study, we exploit the
IRE1 (inositol requiring enzyme 1) branch of the unfolded protein
response pathway to measure protein interaction in a cellular system
(Figure S1) [7]. We based our model after a yeast-system developed by the
Thomas group [7]. They developed a novel membrane yeast two-hybrid
system (termed MYTHS) that is able to detect interactions between ER
proteins [7]. Through their model they confirmed that the C-terminal
region of ERp57 is responsible for interaction with the tip of the P-domain
of calnexin [7]. We have set out to adapt their yeast system to a
mammalian system to investigate residues of calnexin that are important
for ERp57 binding. In our model, we would use RT-PCR for Xbp1 splicing
[9] as a qualitative readout and luciferase assay using an Xbp1-luciferase
splicing plasmid [9, 10] as a quantitative readout to indirectly show
interaction of two proteins. Developing a mammalian system where
interaction of ER proteins can qualitatively and quantitatively be
measured will provide us with a standard tool to investigate endless

combinations of ER proteins.
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Figure S1 - Model of mammalian IRElaAluminal ER protein-protein
interaction system. Fusions of proteins calnexin (purple circle), ERp57 (green
bowtie) and a calnexin substrate (blue pentagon) in place of the substrate binding
domain of IREla and to the transmembrane kinase/endoribonuclease domain of
IRE1a. Interaction of two proteins results in oligermerization of IREla inducing
autophosphorylation of the IREla kinase domains. This leads to activation of the
IREla endoribonuclease domain which then leads t the processiing of the mRNA
of the UPR transcriptional activator , Xbpl —us (purple rectangle) to Xbpl-s
(glowing purple rectangle). This splicing event of Xbpl can be measured
qualitatively by RT-PCR and quantitatively by luciferase assay.
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Materials and Methods

Plasmids and DNA — Mouse IREla plasmid DNA was a generous gift from
Dr.K. Myoshi. Mouse IREla is cloned into pcDNA3.1(+) at Kpnl and
Apal sites. p2K7-calnexin was derived previously (Chapter 4) and it
contained full length mouse calnexin and the promoter EFla (cellular
polypeptide chain elongation factor 1 alpha) into the destination lentiviral
vector 2K7wsa (containing blasticidine resistance gene for cell selection.)
GST containing plasmid (pGEX-3X) was obtained from GE Healthcare and
contains one copy of GST. ERp57 template was generated previously [11]
and briefly, is cDNA of full-length ERp57 generated from mouse brain
library. Commercial pcDNA3.1/Zeo with a cytomegalovirus (CMV)
promoter and zeocin resistance gene was used as the targeting vector
(Invitrogen).

Mutagenesis — Using, methods from QuickChange XL Site-Directed
Mutagenesis Kit (Stratagene) and Pfu DNA polymerase, restriction sites
were engineered into the above template DNA. The following primers
were used with restriction sites underlined and gene specific nucleotides
in bold: to full-length IREla to clone in the mini-multiple cloning site
(mini-MCS) forward 5'-
GCTAGCTCTAGAGAATTCGATATCATGGCTACCATTATCCTGAGC

ACCTTCCTGC-3 and to «clone in Apal reverse 5'-
GGGCCCGAGGGCTGCCCTAGCTCAGAGGGCATATGGAATCACT
GG-3’; to clone in restriction sites into calnexin Nhel forward 5’-
GCTAGCATGGAAGGGAAGTGGTTAC-3 and EcoR1 reverse 5'-
GAATTCCAAAATGTAGACCACCCAAAGCC-3; to clone in restriction
sites into ERp57 Xbal forward 5-
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TCTAGAATGCGCTTCAGCTGCCTAG-3" and EcoRV reverse 5'-
GATATCGAGGTCCTCTTGTGCCTT-3; and GST Nhel forward 5'-
GCTAGCATGTCCCCTATACTAGG-3 and GST Xbal reverse 5'-
TCTAGACGATGAATTCCCGGGGATC-3'.

E.coli expression, restriction and ligation — All plasmid DNA templates were
expressed in Stbl3.1 MTase-deficient E.coli. After mutagenesis, PCR
purification was carried out (Sigma) and restriction digest performed
using enzymes from New England Biolabs according to the specifications
outlined. Digested products were run on a 1% agarose gel and gel
purification of products performed using QIAquick Gel Extraction Kit
(Qiagen). Ligation of digested products was carried out at 37°C overnight
using T4 ligase and T4 ligation buffer (New England Biolabs) at a 1:10
ratio (based on DNA concentration) of vector to insert. 6ul of ligated
product was transformed into DH5a E.coli and DNA isolated from
resulting colonies using a Sigma mini-prep. Colonies were checked for
insert via size on 1% agarose gels and performed DNA sequencing

analysis.

Results

Engineering in restriction sites — In order to create fusion proteins of the
cytoplasmic/active portion of IRE1 with our proteins of interest, calnexin,
ERp57 and GST (control), we engineered in restriction sites to physically
cut and ligate proteins together. Figure S2A shows the DNA plasmid
templates that we will be utilizing for the study. Mouse IREla is an ER
transmembrane protein with its N-terminal sensor domain that is

responsible for detecting misfolded proteins located in the ER lumen [12].
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In response to misfolded proteins, IRElx oligermerizes and its C-terminal
cytoplasmic domain autophosphorylates activating its endoribonuclease
activity that specifically cleave 26 nucleotides from X-box-binding protein
1 mRNA (Xbpl-us) releasing the active transcription factor (Xbpl-s).
Xbpl-s translocates to the nucleus to activate genes to deal with
misfolded proteins in the ER [12]. Calnexin is also a transmembrane
protein with its chaperone and ERp57 binding domains (N+P domains)
located in the ER and its Ca* binding C-tail located in the cytoplasm [6].
ERp57 is an ER luminal protein that has catalytically active domains (a
and a’) and calnexin binding domains (b and b’) [2]. The GST protein is
used as a positive control as GST proteins will form dimers, thus, once
fused to IREla, will result in a constitutively activated endoribonuclease
activity [7].

When engineering in restriction sites for downstream use, two factors
must be taken into consideration: (i) the restriction sites must be unique
and (ii) the inserted restriction sites must be in frame. Keeping this in
mind, we proceeded to select restriction sites to insert around our protein
of interest followed by insertion of all used restriction sites, in sequence, in
front of the transmembrane domain and endoribonuclease domain of
IREla (Figure S2B). PCR was performed (See “Materials and Methods”) to
engineer these sites into the DNA templates (Figure S2C). We have
obtained PCR products containing restrictions sites for IREla, calnexin,
ERp57 and GST (Figure S2C) that are the correct size and also have been

checked via DNA sequencing analysis.
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Generation of the IRElaAluminal-mini-MCS - The first step of creating this
system was to generate a targeting vector (IRElaAluminal-mini-MCS) that
contains the transmembrane domain and endoribonuclease domain of
IREla and a multiple cloning (mini-MCS) site containing restriction sites
that have been engineered into the proteins of interest (Nhel, Xbal, EcoRV
and EcoR1) (Figure S2B and Figure S3A and B.) First, PCR was carried out
to insert the mini-MCS in front of the transmembrane domain and
endoribonclease domain and an Apal restriction site after the
endoribonclease domain (Figure S2C). Next, restriction digest was carried
out (see “Materials and Methods”) using Apal and Nhel (the most N-
terminal restriction site in the mini-MCS) in the resulting PCR product as
well as a target vector (pcDNA3.1-zeocin) containing a multiple cloning
site as well as a zeocin resistance gene which will be important for
downstream selection (Figure S3A and B). Using a T4 ligase, we inserted
the IRE1-mini-MCS product without the luminal domain into the
pcDNA3.1 vector (Figure S2A and B). The product was transformed into
DHb5a E.coli and selected with ampicillin resistance and 7 positive colonies
were selected (Figure S3B). The increase in size of DNA from colony
number 5 compared to the other 6 colonies suggested that the insert had
ligated into the vector and this was confirmed by digestion of the plasmid
with Apal and Nhel enzymes as well as sequencing (Figure S3A and B).
This resulting plasmid was named IRElaAluminal-mini-MCS and will be

the target of insertion of proteins of interest including calnexin, ERp57 and

GST.
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Figure S2 - Engineering in restriction sites A. Domain structure of IREla from
mouse IREla pcDNA3.1(+), calnexin from p2K7-calnexin (Coe, et al. 2008),
ERp57 from full-length ERp57 (Coe, et. al. 2010) and GST from pGEX-3x (GE
Healthcare). Domains of each protein are color coded and the domain indicated
below B. Restriction sites to be inserted into proteins are indicated above each
protein. IREla has 4 restriction sites (red box, mini-multiple cloning site (MCS))
engineered between its transmembrane /kinase domain (grey box) and its sensor
domain (light blue box) and is then termed IREla-mini-MCS. Calnexin has an
Nhel site (red box) engineered at its N-terminal domain in front of the beginning
of the N-domain (green box) and an EcoR1 site (red box) between the N-domain
(green box) and the transmembrane domain (grey box) and is then termed soluble
calnexin-RS (restriction sites). ERp57 has a Xbal restriction site (red box) inserted
in front of the 4 domain (grey box) and an EcoRV site (red box) behind its ¢’
domain (navy blue) and is then called ERp57-RS. GST is surrounded by a Nhel
site and EcoRV site and is then known as GST-RS. C. Acrylamide gels showing
the template (as in A) and the PCR product with engineered restriction sites (as
in B).
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Figure S3 - Generation of the IRElaAluminal-mini-MCS pcDNA3.1-zeocin A.
IRE1-mini-MCS, pcDNA3.1-zeocin templates were digested with Nhel and Apal
and ligated to form IRElaAluminal-mini-MCS B. acrylamide gels with digestion
products from Nhel/Apal restriction (top arrow, vector and bottom arrow, insert).
After ligation, clones from resulting colonies are shown with * indicates positive
clone. Clone 5 was digested with Nhel/Apal (+) or not digested (-) and top arrow
indicates vector and bottom arrow indicates insert.

234



Insertion of calnexin into IRElaAluminal-mini-MCS — In order to insert
calnexin into our target vector (IRElaAluminal-mini-MCS) we utilized the
EcoR1 and Nhel restriction sites engineered surrounding the soluble
domains of calnexin and in the mini-MCS of IRElaAluminal-mini-MCS
(Figure S2B and Figure S4A). We digested with EcoR1 and Nhel and
ligated the digested vector (Figure S4B, lane 1) and insert (Figure A2-54B,
lane 2) using a T4 ligase. We then transformed DH5a E.coli and isolated
DNA from 4 colonies (Figure S4C, lanes 2-5) and analyzed on a 1%
acrylamide gel (Figure S54C). DNA from clones 3 and 4 was isolated and
we performed sequencing analysis and found to be positive for the N+P
domains of calnexin and the transmembrane and endoribonuclease

domain of IRE (Figure S4A).

Discussion

In this study, we have initiated work on a genetic system that can be
utilized to measure both qualitatively and quantitatively the interaction
between two ER resident proteins (Figure S1). We designed tools that will
exploit the IREla branch of UPR signalling by replacing the sensor
domain of IREla with proteins of interest (Figure S2). We have
successfully created a target vector (IRElaAluminal-mini-MCS) that does
not contain the luminal sensor domain of IREla but does contain a small
multiple cloning site (mini-MCS) for insertion of proteins of interest as
well as the endoribonulease domain of IREla (Figure S3). Using this
vector, we inserted soluble calnexin (N+P domains) in front of
endoribonuclease domain (Figure S4). We also have created mutants of

tull-length ERp57 that contain restriction sites Xbal and EcoRV (ERp57-
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Figure S4 - Insertion of calnexin into IRE1Aluminel-mini-MCS. A. Linear
diagrams of the insert (soluble calnexin-RS) and the vector (IRE1Aluminal-mini-
MCS-pcDNA3.1zeocin) with the enzymes used highlighted in red (Nhel/EcoRI).
A linear diagram of the resulting fusion protein is also shown (CNX-IRE1Alum).
B. Acrylamide gels showing digestion of vector (lane 1) and insert (lane 2) with
Nhel/EcoR1. C. DNA of 4 clones after ligation (* represents positive).
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RS) and GST that contain restriction sites Nhel and EcoRV (GST-RS)
(Figure S2). Additional work will need to be carried out on this project
specifically, insertion of both GST and ERp57 into the IRElaAluminal-
mini-MCS and determination if the system works. For qualitative protein
interaction analysis we will use RT-PCR to look at Xbpl splicing and
luciferase reporter assay for Xbpl splicing to obtain quantitative
information [9]. This system has the potential to be a powerful tool that
can confirm the in vitro studies showing the interaction between ERp57
and calnexin and the amino acid residues that are critical for this
interaction. Furthermore, this system could also be used to confirm the in
vitro interaction between calnexin and substrates, such as PMP22, and
elucidate the amino acid residues important for these functional
interactions. An infinite number of combinations of ER protein can be
engineered into this system and their interactions qualitatively and

quantitatively measured.

237



References

1.

10.

11.

12.

Trombetta, E.S. and A.J. Parodi, Quality Control and Protein Folding in the
Secretory Pathway. Annu. Rev. Cell Dev. Biol., 2003(19): p. 649-676.

Coe, H. and M. Michalak, Molecules in Focus ERp57, a multifunctional
endoplasmic reticulum resident oxidoreductase. Int ] Biochem Cell Biol.
Groenendyk, J., Dabrowska, M., and Michalak, M., Mutational analysis of
calnexin. Biochimica et Biophysica Acta, 2010.

Schrag, J.D., et al., The structure of calnexin, an ER chaperone involved in
quality control of protein folding. Mol. Cell, 2001. 8: p. 633-644.

Leach, M.R,, et al., Localization of the lectin, ERp57 binding, and polypeptide
binding sites of calnexin and calreticulin. ] Biol Chem, 2002. 277(33): p. 29686-
97.

Jung, J., Coe, H., Opas, M., and Michalak, M., Calnexin: An Endoplasmic
Reticulum Integral Membrane Chaperone. Calcium Binding Proteins, 2006.
1(2): p. 67-71.

Pollock, S., et al., Specific interaction of ERp57 and calnexin determined by
NMR spectroscopy and an ER two-hybrid system. Embo ], 2004. 23(5): p.
1020-9.

Oliver, ].D., et al., ERp57 Functions as a Subunit of Specific Complexes Formed
with the ER Lectins Calreticulin and Calnexin. Mol. Biol. Cell, 1999. 10: p.
2573-2582.

Coe, H., et al., Endoplasmic reticulum stress in the absence of calnexin. Cell
Stress Chaperones, 2008. 13(4): p. 497-507.

Back, S.H., et al., Cytoplasmic IRE1{alpha}-mediated XBP1 mRNA Splicing in
the Absence of Nuclear Processing and Endoplasmic Reticulum Stress. ] Biol
Chem, 2006. 281(27): p. 18691-706.

Coe, H., et al., ERp57 modulates STAT3 signalling from the lumen of the
endoplasmic reticulum. ] Biol Chem, 2009.

Schroder, M. and R.J. Kaufman, The mammalian unfolded protein response.
Annu Rev Biochem, 2005. 74: p. 739-89.

238



	titlewith
	examcommittee
	dedication
	Abstract
	Aknowledgements
	Table of contents
	list of tables
	list of figures
	list of abbreviations
	Table 1 Primers
	Table 2 antibodies
	Table 3 cell lines
	Table 4 plasmids
	Chapter 1 Intro and Figures
	Chapter 2 CNX ER Stress and figures
	Chapter 3 STAT3 ERp57
	Chapter 4 CNX Mutants and Figures
	Chapter 5 General Discussion
	Chapter 6 Future Directions
	Appendix IREcloning

