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(Bacl(ground: Cyclophilins catalyze cis-trans isomerization of peptidyl-prolyl bonds.

Results: Depletion of cyclophilins B and C results in endoplasmic reticulum (ER) hyperoxidation including more oxidized
protein-disulfide isomerase enzymes and elevated oxidized:total glutathione ratio.

Conclusion: Cyclophilins B and C participate in ER redox homeostasis.

Significance: An unexpected level of ER redox regulation is revealed that likely contributes to cyclosporine A-induced oxidative
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Protein folding within the endoplasmic reticulum is assisted
by molecular chaperones and folding catalysts that include
members of the protein-disulfide isomerase and peptidyl-prolyl
isomerase families. In this report, we examined the contribu-
tions of the cyclophilin subset of peptidyl-prolyl isomerases to
protein folding and identified cyclophilin C as an endoplasmic
reticulum (ER) cyclophilin in addition to cyclophilin B. Using
albumin and transferrin as models of cis-proline-containing
proteins in human hepatoma cells, we found that combined
knockdown of cyclophilins B and C delayed transferrin secre-
tion but surprisingly resulted in more efficient oxidative folding
and secretion of albumin. Examination of the oxidation status of
ER protein-disulfide isomerase family members revealed a shift
to a more oxidized state. This was accompanied by a >5-fold
elevation in the ratio of oxidized to total glutathione. This
“hyperoxidation” phenotype could be duplicated by incubating
cells with the cyclophilin inhibitor cyclosporine A, a treatment
that triggered efficient ER depletion of cyclophilins B and C by
inducing their secretion to the medium. To identify the pathway
responsible for ER hyperoxidation, we individually depleted
several enzymes that are known or suspected to deliver oxidiz-
ing equivalents to the ER: Erolaf3, VKOR, PRDX4, or QSOX1.
Remarkably, none of these enzymes contributed to the elevated
oxidized to total glutathione ratio induced by cyclosporine A
treatment. These findings establish cyclophilin C as an ER
cyclophilin, demonstrate the novel involvement of cyclophi-
lins B and C in ER redox homeostasis, and suggest the exist-
ence of an additional ER oxidative pathway that is modulated
by ER cyclophilins.

Proteins entering the secretory pathway must fold and
undergo a variety of modifications within the endoplasmic
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reticulum (ER)? to reach their native state. Such modifications
include glycosylation, formation of disulfide bonds, and cis-
trans isomerization of peptidyl-prolyl bonds. These processes
are orchestrated by networks of ER-residing molecular chaper-
ones and folding catalysts. The former function to prevent
aggregation during folding as well as to coordinate the action of
some of the folding catalysts. The latter include the protein-
disulfide isomerases (PDIs), which catalyze the formation,
isomerization, and reduction of disulfide bonds, as well as the
peptidyl-prolyl isomerases (PPIs) that catalyze cis-trans inter-
conversion of peptide bonds N-terminal to proline. Protein
folding in the ER is subject to a stringent quality control system
that retains misfolded proteins and targets them for protea-
some-mediated degradation in the cytosol, a process termed
ER-associated degradation (ERAD) (1). This complex process
also involves the action of molecular chaperones to recognize
misfolded substrates as well as the activities of certain PDI and
PPI family members, apparently to assist in the unfolding of
substrates prior to their retrotranslocation to the cytosol.

The PDIs constitute a large and diverse family of thiol oxi-
doreductases, with more than 20 members identified within the
mammalian ER. PDIs contain at least one thioredoxin domain
with catalytic activity determined by an active site CXXC motif.
This motif must be in an oxidized, disulfide state to catalyze
disulfide formation in substrates and in a reduced, dithiol state
to catalyze disulfide reduction or isomerization (2). The large
number of PDI family members appears to reflect distinct roles
in the formation or reduction of disulfides during folding and
ERAD, respectively, as well as differences in specificity for the
diversity of folding proteins they encounter. For example, both
PDI and ERp57 have well established roles in the oxidative fold-
ing of proteins (3—6), whereas ERdj5 functions primarily as a
reductase in cooperation with the ER Hsp70 BiP to remove

3The abbreviations used are: ER, endoplasmic reticulum; Erol, ER oxi-
doreductin; NEM, N-ethylmaleimide; PDI, protein-disulfide isomerase;
PRDX4, peroxiredoxin IV; QSOX1, quiescin-sulfhydryl oxidase 1; UPR,
unfolded protein response; VKOR, vitamin K epoxide reductase; Tm, tuni-
camycin; BFA, brefeldin A; PNGase F, peptide:N-glycosidase F; Endo H,
endoglycosidase H; Tg, thapsigargin; TCEP, tris(2-carboxyethyl)phosphine;
AMS, 4-acetamido-4’-maleimidylstilbene-2,2’-disulfonic acid; PPI, pepti-
dyl-prolyl isomerase; ERAD, ER-associated degradation; FKBP, FK506-bind-
ing protein; Cyp, cyclophilin.
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aberrant disulfides during protein folding (7) as well as from
misfolded substrates during ERAD (8). Differences in specific-
ity are best illustrated by ERp57, a PDI member that binds to the
glycoprotein-selective chaperones calnexin and calreticulin,
and as a consequence exhibits a strong preference for Asn-
linked glycoprotein substrates (6, 9, 10).

For PDIs to catalyze formation of disulfide bonds in newly
synthesized proteins, their active sites must be oxidized by one
or more oxidant enzymes within the ER. In yeast, this process is
carried out by the essential enzyme ER oxidoreductin 1 (Erol),
a flavoprotein that transfers oxidizing equivalents from molec-
ular oxygen to reduced PDI with concomitant production of
H,0, (11, 12). However, mouse knockouts of the Erola and -3
homologs are viable and exhibit only minor deficiencies in the
oxidative folding of ER-traversing proteins (13). Consequently,
potential complementary activities were examined as contrib-
utors to the PDI member oxidation process, including perox-
iredoxin IV (PRDX4), quiescin-sulfthydryl oxidase 1 (QSOX1),
and vitamin K epoxide reductase (VKOR) (14). PRDX4 uses
H,O, generated by Erol and other activities to form an inter-
chain disulfide that can be donated to PDI family members (15).
Consistent with a role in PDI member oxidation, depletion of
PRDX4 exacerbated the phenotype of Erolaf3 knock-out cells
resulting in impaired growth, hypersensitivity to reducing
agents, and impaired collagen secretion (13). Recently, VKOR
has also been shown to contribute to protein disulfide forma-
tion in human hepatoma cells (16). VKOR catalyzes the reduc-
tion of vitamin K epoxide, resulting in the oxidation of a CXXC
motif that may be transferred to certain PDI members (17-19).
In contrast, the same study was unable to detect a similar role
for QSOX1, an enzyme that uses molecular oxygen to oxidize
an internal thioredoxin active site for transfer to a variety of
substrates in vitro, accompanied by the production of H,O,
(20).

The other major family of protein folding catalysts in the ER
is the PPIs that consist of parvulins, cyclophilins (Cyps), and
FK506-binding proteins (FKBPs). The latter two groups are dis-
tinguished by their abilities to bind the immunosuppressive
drugs cyclosporine A (CsA) or FK506, respectively. Immuno-
suppression is caused by the binding of drug-PPI complexes to
cytosolic calcineurin, inhibiting its phosphatase activity and
resulting in inactivation of the nuclear factor of activated T cells
that is required for T cell activation (21, 22). In vitro, PPIs accel-
erate rate-limiting cis-trans proline interconversion during
the folding of various protein substrates (23). In cells, these
enzymes often facilitate the interconversion of a protein
between alternative conformations that have distinct functions.
For example, the cytosolic Pinl PPI binds selectively to phos-
phorylated Ser/Thr-Pro motifs, catalyzing conformational
changes that influence a wide array of cellular processes includ-
ing cell growth, signal transduction, gene expression, immune
responses, and neuronal function (24). Much less is known
about PPI function within the ER where there are six luminal
FKBPs (FKBP13, -19, -22, -23, -60, and -65) (25) and only one
clearly established cyclophilin, CypB (26, 27). FKBP65 has been
shown to associate with collagen and tropoelastin, interactions
that in vitro can mildly enhance collage triple helix formation
and initiate coacervation of tropoelastin (28, 29). However,
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most of the evidence for ER PPI function comes from studies on
CypB. For example, the Drosophila melanogaster CypB homo-
log NinaA associates with rhodopsin in photoreceptor cells and
is essential for rhodopsin export from the ER (30). CypB has
also been shown to associate with the Na*-dicarboxylate
cotransporter in HEK293 cells and either CsA treatment or
CypB knockdown dramatically reduced receptor expression
(31). In vitro, CypB cooperates with PDI family member ERp72
to accelerate the assembly of disulfide-linked IgG C;;1-C; het-
erodimers (32). In addition, CypB utilizes its PPlase activity in
cooperation with BiP to accelerate the folding of the IgG C,;1
domain following its interaction with the light chain C; domain
(33). Recently, CypB has been shown to play a significant role in
ERAD. CsA treatment or specific depletion of CypB delayed the
degradation of cis-Pro-containing soluble but not membrane-
bound misfolded proteins (34).

The in vitro experiments highlighting CypB cooperation
with BiP and ERp72 are consistent with the finding of large
complexes within the ER containing multiple chaperones and
folding catalysts including BiP, Grp94, Grp170, co-chaperone
ERdj3, and PDI members ERp72, P5, and PDI, and CypB (32,
35). In addition, CypB has been shown to use a conserved sur-
face to interact with multiple partners including calnexin, cal-
reticulin, Grp94, BiP, ERp72, PDI, and P5 (32, 36). Indeed,
interactions between PDI and PPI family members extend
beyond CypB to several ER FKBPs as well (32). Presumably,
such interactions increase the efficiency of chaperone/foldase
functions during folding and ERAD processes.

In this report we focus on the functions of ER cyclophilins
and identify a second ER-residing cyclophilin, CypC. Com-
bined siRNA-mediated depletion of CypB and CypC unexpect-
edly accelerated oxidative folding and secretion of albumin.
This prompted an examination of PDI family members and we
discovered that all enzymes tested had shifted to a more oxi-
dized state, and indeed, the ER was hyperoxidized as exempli-
fied by a dramatic increase in oxidized to total glutathione ratio.
This phenomenon could be duplicated by treating cells with the
cyclophilin inhibitor CsA. Neither Erol, PRDX4, VKOR, nor
QSOX1 were responsible for the hyperoxidation, suggesting
the existence of an additional oxidative pathway that is modu-
lated by ER cyclophilins.

EXPERIMENTAL PROCEDURES

Cell Lines—The human hepatoma cell line HepG2 was cul-
tured in high glucose DMEM (Invitrogen) supplemented with
100 IU/ml of penicillin, 100 pg/ml of streptomycin, 2 mm L-glu-
tamine, and 10% fetal bovine serum. The cells were incubated at
37 °C in a humidified 5% CO, atmosphere.

Antibodies and Other Materials—The following commercial
antibodies were used in this study: anti-CypC (Proteintech,
Chicago, IL) that was found to detect cyclophilins A, B, and C
and was thus designated anti-PPIs, anti-CypB (Abcam, Cam-
bridge, MA), anti-CypA (Abcam), anti-albumin (Sigma), anti-
transferrin (Sigma), anti-GAPDH (Millipore Inc., Billerica,
MA), anti-PrP (Cedarlane, Burlington, ON, Canada; mAb
3F4), anti-ERp72 (AssayDesigns, Farmingdale, NY), anti-P5
(Thermo Scientific, Rockford, IL), anti-Erola (Abcam), and
anti-PRDX4 (Abcam). Anti-MHC class I free heavy chain and
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anti-HA monoclonal antibodies were purified from hybrido-
mas HC10 (37) and 12CAS5, respectively. Rabbit antiserum
directed against mouse ERp57 has been described previously
(38). Rabbit anti-Ero1 (39) and anti-VKOR (40) were gifts of
Dr. David Ron (University of Cambridge, Cambridge, UK) and
Dr. Kathleen Berkner (Cleveland Clinic, Cleveland, Ohio),
respectively. Rabbit anti-human QSOX1a (41) was a gift from
Dr. Neil Bulleid (University of Glasgow, Glasgow, UK). Other
materials include CsA, FK506, and rapamycin from LC Labo-
ratories and thapsigargin (Tg), tunicamycin (Tm) and brefeldin
A (BFA) from Sigma. Peptide:N-glycosidase F (PNGase F) and
endoglycosidase H (Endo H) (New England Biolabs, Whitby,
ON, Canada) were used according to the manufacturer’s
instructions.

RNA Interference—Knockdowns were performed as previ-
ously described (5, 16). In brief, knockdowns used a total of 40
nM of specific (or mixed at the indicated ratios for double
knockdowns) Stealth Select™" siRNAs (Invitrogen) combined
with 6 ul of Oligofectamine™ (Invitrogen). For knockdowns of
CypB, CypC, CypB + CypC (siRNAs mixed at a 1:3 ratio),
PRDX4, and VKOR, HepG2 cells were transfected on day 1 and
again on day 4 followed by analysis on day 7. For knockdown of
QSOX1 (both a and b forms), the cells were transfected on day
1 and analyzed on day 4. Double knockdown of Erola and
ErolB was done by treating the cells with a 1:1 mixture of spe-
cific siRNAs on day 1, then only Erola on day 4, and only Ero13
on day 5 for analysis on day 7. Control transfections were per-
formed with non-targeting negative control Stealth Select
siRNA (Invitrogen).

Pulse-Chase Radiolabeling and Immunoisolation—HepG2
cells were grown on 60-mm plates overnight to 70 -80% con-
fluence, starved for 30 min in Met-free RPMI 1640, then radio-
labeled for 10 min at 37 °C with 0.1 mCi/ml of [**S]Met
(PerkinElmer Life Sciences, >1,000 Ci/mmol) in starvation
medium. Chases were initiated by the addition of pre-warmed
RPMI 1640 supplemented with 10% fetal bovine serum and an
additional 1 mm Met. The chases were stopped by placing the
plates on ice and incubating with 2 ml of ice-cold PBS contain-
ing 20 mm N-ethylmaleimide (NEM) (Sigma) for 3 min. The
cells were then lysed for 30 min in RIPA buffer (50 mm Tris, pH
7.4,150 mm NaCl, 1 mm EDTA, 1% Nonidet P-40, 0.25% sodium
deoxycholate, 0.1% SDS, and protease inhibitors) containing 20
mMm NEM and 10 mm iodoacetamide (IAA) (Sigma-Aldrich)
and centrifuged at 10,000 X g for 10 min. The media samples
and lysate supernatants were subjected to immunoisolation
with 30 ug of anti-albumin or anti-transferrin antibodies for 2 h
followed by a 1-h incubation with 30 ul of protein A-agarose
beads (GE Healthcare). The beads were then washed three
times with 50 mm Tris, pH 7.4, 150 mm NaCl, 1 mm EDTA, 0.1%
Nonidet P-40, 0.025% deoxycholate, 0.01% SDS, and eluted in
SDS-PAGE sample buffer either lacking or containing 40 mm
DTT. Proteins were separated using 10% SDS-PAGE gels,
which were dried, exposed on photostimulable phosphor
plates, and analyzed on a Typhoon Trio+ phosphorimager (GE
Healthcare). Quantification was performed using Quantity
One software (Bio-Rad).

Digitonin Membrane Permeabilization—HepG2 cells (1 X
107) were incubated for 30 min with gentle rocking at room
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temperature in 7 ml of PBS containing digitonin (Sigma) at
concentrations of 0, 0.003, 0.006, or 0.009%. The cells were then
centrifuged, and the pellets were lysed in RIPA buffer followed
by immunoblot analysis to detect various cyclophilins.

Detection of Unfolded Protein Response-Xbpl Splicing Assay—
The assay was performed as previously described (5). In brief,
total RNA was isolated from HepG2 cells using the RNeasy kit
(Qiagen, Toronto, ON, Canada) and subjected to one-step
reverse transcription PCR (Qiagen) using human Xbp1 ampli-
fication primers: 5'-GGAGTTAAGACAGCGCTTGG-3' and
5'-GAGATGTTCTGGAGGGGTGA-3'. As a positive control,
3 mMm DTT was added to the medium of HepG2 cells for 2 h.
Alternatively, where indicated, 3 um Tg or 5 ug/ml of Tm was
incubated with the cells overnight. Dimethyl sulfoxide was used
as vehicle control.

Evaluation of PDI Family Member Redox State—Cells were
rinsed with PBS and then incubated with 20 mm NEM in ice-
cold PBS for 10 min to alkylate free protein thiols, followed by
lysis in RIPA buffer. The lysates were adjusted to 1% SDS, and
10 mm tris(2-carboxyethyl)phosphine (TCEP) (Sigma) was
added to reduce protein disulfides before the lysates were
boiled for 3 min. 4-Acetamido-4'-maleimidylstilbene-2,2’-
disulfonic acid (AMS, 25 muy; Sigma) was then added for 1 h at
room temperature to alkylate the newly exposed thiol groups.
As positive or negative controls, cells were pre-incubated with 5
mM diamide or 5 mm DTT for 5 min at 37 °C, respectively, and
then processed as above. Samples were analyzed using 7.5%
non-reducing SDS-PAGE gels and subsequently immuno-
blotted to detect various PDI family members.

Glutathione Levels—Oxidized glutathione (GSSG) and total
glutathione (GSSG + GSH) levels were measured as described
before (16). In brief, the cells were washed in PBS, scraped off
the plates, and resuspended in 50 ul of 5% 5-sulfosalicyclic acid.
Following centrifugation, the supernatant fraction was recov-
ered and diluted with 330 ul of 0.1 M sodium phosphate buffer,
pH 7.4, containing 1 mm EDTA (PE buffer). To assay total glu-
tathione, 50 ul of sample was added directly to the wells of a flat
bottom 96-well plate. To measure GSS@G, 6 ul of 2-vinylpyridine
(Sigma) was added to 130 ul of each sample, incubated for 1 h at
room temperature, and then a 50-ul aliquot was used for the
analysis in the 96-well plate. To each well, 100 ul of reaction
mixture was added (2.8 ml of 1 mm Ellman’s reagent (5,5'-di-
thiobis(2-nitrobenzoic acid)), 3.75 ml of 1 mm NADPH, 20
units of glutathione reductase, and 5.85 ml of PE buffer; all
reagents from Sigma). Absorbance at 405 nm was recorded
continuously for 5 min. Initial reaction rates were compared
with those obtained with a standard curve spanning 0-500
pmol of GSSG.

Statistical Analysis—Statistical significance was assessed
with the two-tailed, paired Student’s ¢ test for at least three
independently performed experiments, and p value <0.05 was
considered significant.

RESULTS

Cyclophilin C Resides within the Early Secretory Pathway—
Prior to examining the involvement of ER cyclophilins in pro-
tein folding, we addressed the question of whether cyclophilins
other than CypB may be functioning within this organelle.
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Analysis of the cyclophilin family using the SignalP 4.0 online
prediction tool (42) revealed that, in addition to CypB, CypC
contains a potential N-terminal signal sequence that could
directitinto the ER. Indeed, early work suggested a potential ER
localization for CypC (43) and had confirmed its enzymatic
activity and inhibition by CsA (44), but most subsequent stud-
ies assumed a cytosolic location and it is annotated as such in
UniProt (accession P30412). We used a commercially available
anti-CypC antibody to aid in its localization but found that the
antibody is not specific. As shown in Fig. 14 (mock), when used
for immunoblotting lysates of human hepatoma HepG2 cells, it
detected multiple protein bands with the fastest migrating spe-
cies identified as cytosolic CypA (verified in a parallel blot using
anti-CypA antiserum, data not shown). Knockdowns of either
CypB or CypC using specific siRNAs revealed that the species
migrating closest to CypA was CypB, whereas two other major
bands, which sometimes resolved as doublets, could be attrib-
uted to CypC (Fig. 1A4). Given that the anti-CypC antibody
cross-reacted with CypB and CypA, we subsequently refer to
this antibody as “anti-PPIs.” The lower CypC doublet migrated
near the predicted size for CypC of 20 kDa, however, the upper
band suggested post-translational modification, possibly N-
glycosylation. CypC possesses two potential N-glycosylation
sites, and indeed, digestion of cell lysates with PNGase F to
remove attached N-glycans collapsed the upper band into the
low molecular weight CypC species (Fig. 1B, right panel). Diges-
tion of the cellular prion glycoprotein (PrP) served as a positive
control for PNGase F activity, whereas unglycosylated CypB
was used as a negative control (Fig. 1B).

The presence of glycosylated and unglycosylated forms of
CypC might be a consequence of their localizations to different
cellular compartments, i.e. glycosylated CypC would be ex-
pected to localize to or traverse the ER, whereas unglycosylated
CypC may reside in the cytosol. It is also possible that both
species may have translocated into the ER, but glycosylation is
simply inefficient. To distinguish between these possibilities,
the plasma membrane of HepG2 cells was permeabilized with
low concentrations of digitonin to release cytosolic proteins,
whereas luminal proteins of the secretory pathway are retained.
The cells were then lysed and immunoblotted for CypC as well
as cytosolic CypA and ER-localized CypB. As expected, CypA
was gradually lost as a function of increasing digitonin concen-
tration but no loss of CypB was observed (Fig. 1C). Both species
of CypC, glycosylated and unglycosylated, were retained even at
the highest digitonin concentration, consistent with their local-
ization within the secretory pathway (Fig. 1C). The enzyme
Endo H selectively removes immature N-linked glycans from
glycoproteins that reside within the ER or that have not tra-
versed beyond the medial Golgi apparatus. Glycosylated CypC
was fully sensitive to Endo H digestion consistent with its local-
ization to the early secretory pathway, most likely the ER (Fig.
1D). In contrast, MHC class I molecules that progress beyond
the medial Golgi to the cell surface and thus possess immature
glycans as well as mature, Golgi-processed forms, were partially
resistant to Endo H digestion (Fig. 1D).

Neither CypB nor CypC contain a “KDEL-like” ER localiza-
tion signal and previous reports have variously attributed a
localization signal on CypB to its C-terminal 10 residues (45) or
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FIGURE 1. CypB and CypC expression profile and localization in HepG2
cells. A, immunoblotting was used to detect CypB and CypC in HepG2 cells.
The specificity of the anti-PPls antibodies for CypB and CypC was established
by comparison of the band profiles of either CypB or CypC specific knock-
downs (KD) versus a mock control. B, the N-glycosylation status of CypC was
tested by PNGase F (PNG) digestion of cell lysates. Prion protein (PrP) and
CypB were used as glycosylated and unglycosylated protein controls, respec-
tively. G, to test if unglycosylated CypC is cytosolically localized, cells were
treated for 30 min with the indicated concentrations of digitonin to selec-
tively permeabilize the cell membrane and release cytosolic proteins. The
cells were then lysed and analyzed by immunoblotting. CypA and CypB were
used as cytosolic and ER-residing protein controls, respectively. D, glycosy-
lated CypC possesses an endoglycosidase H-sensitive glycan. Cell lysates
were digested with Endo H and PNGase F and analyzed by immunoblotting.
MHC class | was used as a control glycoprotein that traverses the entire secre-
tory pathway and GAPDH served as a loading control. E, UPR activation was
tested in cells treated with CsA (5 or 20 pg/ml), FK506 (20 wg/ml), or thapsi-
gargin (Tg; 3 um) using an Xbp1 splicing assay. mRNA from the treated cells
was isolated and tested for the splicing status of XbpT1 mRNA, unspliced
(Xbp1Y) or spliced Xbp1 (Xbp1*) indicate negative or positive UPR activation,
respectively. F, the efficiency of CypB and CypC retention within the ER was
assessed under different conditions. Cells were treated with CsA (5 or 20
ng/ml), FK506 (20 wg/ml), or Tg (3 um) overnight. Cell lysate and media sam-
ples were tested by immunoblot for the relative levels of CypB and CypC as
well as the ER luminal protein PDI. G, BFA blocks CsA-induced secretion of
CypB and CypC. HepG2 cells were treated with 5 ng/ml of CsA and/or 0.5
ng/ml of BFA overnight and the cell lysates were tested for CypB and CypC
retention. Dimethyl sulfoxide (DMSO) was used as a vehicle control.

to a Trp residue within the CsA binding site (46). Consistent
with the latter finding, it has been reported that CsA treatment
induces CypB secretion from the ER to the media in HeLa and
BHK cells (27). We took advantage of this observation as an
alternative means to localize CypC to the secretory pathway. As
shown in Fig. 1F, treatment of HepG2 cells with 5 or 20 ug/ml of
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CsA induced the secretion not only of CypB but also the glyco-
sylated and unglycosylated forms of CypC. No secretion was
observed for ER-resident PDI or cytosolic proteins CypA and
GAPDH (Fig. 1F). This experiment confirmed that both glyco-
sylated and unglycosylated forms of CypC reside within the
secretory pathway. Secretion of CypB and CypC was not an
indirect effect of CsA inducing the unfolded protein response
(UPR) because 5 pug/ml of CsA resulted in robust secretion, but
no induction of the UPR as measured by the splicing of the
Xbpl transcription factor (Fig. 1E). Furthermore, when the
UPR was induced by Tg treatment, it failed to stimulate
the secretion of CypB or CypC (Fig. 1, E and F). Likewise, inac-
tivation of the cytosolic calcineurin-mediated signal transduc-
tion pathway by CsA did not play a important role in triggering
the secretion of CypB and CypC because treatment with FK506,
which inactivates the same pathway, did not induce secretion
(Fig. 1F). It should be noted that non-induced minor leakage of
CypC, but not CypB, to the media was occasionally observed
(data not shown). Finally, we tested if the CsA-induced secre-
tion of CypB and CypC was sensitive to BFA, a drug that blocks
protein export from the ER. Secretion of CypB and both the
glycosylated and unglycosylated forms of CypC were blocked
upon BFA treatment, consistent with an ER localization for
both proteins and confirming that the induced secretion mech-
anism utilizes the constitutive secretory pathway (Fig. 1G).

Combined CypB and CypC Depletion Differentially Affects
the Oxidative Folding and Secretion of Albumin and Trans-
ferrin—To investigate the role of CypB and CypC in protein
folding within the ER, we used an siRNA approach to specifi-
cally knock down expression of the proteins alone or in combi-
nation in HepG2 cells. We observed that knockdown of either
CypB or CypC resulted in significantly increased expression of
the remaining ER-residing cyclophilin, whereas expression of
cytosolic CypA was unaffected (Fig. 2, A and B). Importantly,
the knockdown conditions did not cause UPR activation, which
increases the expression of a variety of ER chaperones and fold-
ing catalysts, including CypB (47). This was evidenced by a lack
of increase in BiP expression (Fig. 2A4) or in Xbp1 splicing (Fig.
2C). These findings suggest that there are compensatory mech-
anisms to maintain cyclophilin activity within the ER.

Because there is no direct method to track cis-trans isomer-
ization of prolines within the ER we used an indirect approach
to evaluate the contributions of CypB and CypC to protein fold-
ing. Albumin and transferrin were chosen as model cis-Pro-
containing proteins that undergo oxidative folding catalyzed
mainly by PDI, ERp57, and ERp72 (5). Using pulse-chase radio-
labeling, the efficiency of protein folding can be monitored by
quantifying progressive increases in electrophoretic mobility
that accompany disulfide formation, as well as subsequent
secretion to the media. However, when this was performed in
the context of single knockdowns of either CypB or CypC, there
were no measurable changes in oxidative folding or secretion of
either albumin or transferrin (data not shown). We speculated
that single knockdowns of CypB or CypC did not produce any
visible phenotype due to potential compensatory activities of
CypB for CypC and vice versa. Accordingly, we performed a
combined knockdown of both cyclophilins (Fig. 34) and con-
firmed that there was no activation of the UPR under these
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FIGURE 2. Single knockdown of either CypB or CypC results in compensa-
tory up-regulation of the remaining ER-residing cyclophilin in HepG2
cells. A, CypB or CypC knockdown (KD) was performed using specific siRNA
and compared with the mock knockdown performed with negative control
siRNA. Knockdown efficiency was assessed by immunoblotting. CypA served
as a knockdown specificity control, the ER Hsp70 BiP was used as a marker of
UPR induction and GAPDH was a loading control. B, band intensities from the
CypB and CypC immunoblots were quantified by densitometry, normalized
to GAPDH levels, and expressed as a percentage change in expression as a
function of the indicated knockdown condition (n = 3, =S.D.). ¥, indicates
significant difference from control (p < 0.05). C, UPR activation was tested on
day 6in HepG2 cells depleted for either CypB or CypC using the Xbp1 splicing
assay. HepG2 cells treated with 3 mm DTT for 2 h were used as a positive
control for UPR induction.

conditions by monitoring both BiP expression (Fig. 34) and
Xbp1 splicing (Fig. 3B). The effects of combined CypB and -C
depletion on the oxidative folding and secretion of albumin are
shown in Fig. 3C. Note that the initial steps in albumin oxida-
tion are very fast and it is not possible to capture the fully
reduced form of albumin even in pulses as short as 3 min (5).
Consequently, only partially oxidized (PO) intermediates and
fully oxidized (O) species are visible. To visualize the reduced
(R) form of albumin, DTT was added to certain samples prior to
analysis. Surprisingly, depletion of CypB and CypC modestly
increased the rate of albumin oxidative folding and also
increased its rate of secretion to the media (Fig. 3C, quantified
in D and E). In contrast, no effect of combined CypB and CypC
depletion could be detected on the oxidative folding of trans-
ferrin, although we noted a slowing of its secretion (Fig. 3, F
and G).

Combined CypB and CypC Depletion Results in ER
Hyperoxidation—The increased rate of albumin folding and
secretion upon cyclophilin depletion was unexpected because
the few published studies using the cyclophilin inhibitor CsA or
CypB depletion tended to impair production of functional pro-
teins (30, 31, 48). Given that oxidative folding of albumin
depends on PDI family members such as PDI and ERp72 (5),
and that several family members associate with PPIs (32, 35), we
speculated that ER cyclophilin depletion might somehow influ-
ence the activity of PDI members.

Accordingly, we assessed the oxidation state of several PDI
family members under control conditions and following single
or double knockdown of CypB and CypC (Fig. 44). This was
accomplished by first flooding cells with membrane-permeable
NEM to alkylate free protein thiols then, following lysis, protein
disulfides were reduced and alkylated with AMS. Due to the size
of AMS, PDI members whose active sites were in the oxidized
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FIGURE 3. Combined knockdown of CypB and CypC improves oxidative folding and secretion of albumin in HepG2 cells. A, combined CypB and CypC
knockdown (CypB/C) was performed using specific siRNAs and compared with the mock knockdown (KD) performed using negative control siRNA. The
efficiency of the knockdown was assessed by immunoblotting. GAPDH was used as a loading control and BiP served as an indicator of UPR activation. B, UPR
activation was additionally tested on day 6 in double knockdown cells using the Xbp1 splicing assay. HepG2 cells treated with 3 mm DTT for 2 h were used as
a positive control. C, kinetics of albumin disulfide formation and secretion. Cells depleted of both CypB and CypC were radiolabeled with [>**SIMet for 10 min
and then chased with unlabeled Met for the indicated times. NEM (20 mm) was added to alkylate free thiols and then albumin was immunoisolated from cell
lysates and media. The samples were analyzed by SDS-PAGE gel under reducing (+DTT) or non-reducing (—DTT) conditions. The mobilities of reduced (R),
partially oxidized (PO), and oxidized (O) forms of albumin are indicated. D, kinetics of albumin oxidation presented as the amount of fully oxidized protein in
cells and media as a percentage of total radiolabeled albumin at each chase time (n = 3, £5.D.). E, secretion kinetics of aloumin presented as a percentage of
total albumin signal at each chase time (n = 3, £S.D.). F, the kinetics of transferrin oxidation were determined as described for albumin above and are presented
as the amount of fully oxidized protein as a percentage of all forms of transferrin at each chase time (n = 3, £5.D.). G, secretion kinetics of transferrin presented

as a percentage of total transferrin signal at each chase time (n = 3, £5.D.). Data are representative of two independent experiments.

disulfide state migrate more slowly on SDS-PAGE compared
with when their active sites were reduced. As controls, cells
were treated with either DT'T or diamide, to reduce or oxidize
PDIs, respectively. PDI members ERp72, ERp57, and P5 were
used for this analysis because they exhibit significant mobility
shifts following alkylation by AMS in contrast to PDI that shifts
only minimally (49). Under control conditions, the active sites
of ERp72, ERp57, and P5 were predominantly in the reduced
state in HepG2 cells (Fig. 4B) as previously noted in other cell
lines (50). Remarkably, although single knockdown of either
CypB or CypC had no effect on the PDI member oxidation
state, the double knockdown resulted in a shift of all tested PDIs
to a more oxidized state. This phenomenon could be recapitu-
lated by CsA treatment as shown for P5 (Fig. 4C), and ERp72
and ERp57 (Fig. 4E). This was unrelated to CsA induction of the
UPR because it occurred at 5 ug/ml of CsA, which was too low
to activate UPR responses (Fig. 4, C and D), and did not occur
when the UPR was induced by Tm treatment (Fig. 4C). Like-
wise, neither FK506 nor rapamycin (Rapa) influenced the oxi-
dation state of P5 (Fig. 4C).
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The oxidation state of PDIs is influenced by the ER redox
state, which can be measured by assessing the ratio of GSSG,
which arises mainly from the ER (51, 52), to total glutathione
(GS). We assessed the GSSG:GS ratio in cells depleted of both
CypB and CypC and found it to be elevated 5-fold when com-
pared with the non-depleted control (Fig. 4F). CsA treatment
also increased the GSSG:GS ratio but, importantly, combined
CsA treatment and double knockdown did not elevate the ratio
more than double knockdown alone (Fig. 4F). Thus it can be
assumed that a substantial portion of the CsA-mediated ER
oxidation is due to its effects on CypB and CypC. We also tested
whether combined depletion of CypB and CypC resulted in the
generation of H,O,, which might be expected if ER oxidases
such as Erol and QSOX1 were hyperactive (11, 12, 20). How-
ever, no increase in H,O, production was observed as assessed
using the Amplex Red fluorescent peroxide assay of the cell
culture medium (data not shown).

Contribution of Candidate Oxidative Enzymes to CsA-medi-
ated ER Hyperoxidation—We evaluated whether any of the
known ER enzymes that deliver oxidizing equivalents to PDIs,
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FIGURE 4. CsA treatment or double knockdown of CypB and CypC results
in increased oxidation of PDIs and an elevated GSSG:GS ratio in HepG2
cells. A, single and double knockdown (KD) efficiencies of CypB and CypC
were assessed by immunoblotting with GAPDH serving as a loading control.
B, oxidation state of PDIs under single or double depletion of CypB and CypC.
Before lysis, cells were incubated for 10 min with 20 mm NEM in ice-cold PBS to
alkylate free protein thiols. Cells were then lysed and treated with TCEP to
reduce disulfide bonds followed by treatment with the bulkier alkylating
agent AMS to modify newly exposed thiol groups. The lysates were analyzed
by SDS-PAGE and immunoblotted for ERp72, ERp57, and P5. The upward
mobility shifts indicated by arrows represent an increase in the proportion of
PDI members with oxidized active sites. As controls, before the NEM incuba-
tion, cells were treated for 5 min with either 5mm DTT or 5 mm diamide (diam.)
to reduce or oxidize PDlIs, respectively. C, assessment of P5 oxidation state
upon treatment with different PPl inhibitors. HepG2 cells were treated over-
night with CsA, FK506, rapamycin (Rapa) or the UPR inducer Tm at the indi-
cated concentrations. D, UPR activation was assessed by Xbp1 splicing assay
under the same conditions as in panel C. E, assessment of the oxidation state
of ERp72 and ERp57 upon overnight treatment with CsA (5 ng/ml), FK506 (20
mg/ml), or Tm (5 wg/ml). F, evaluation of the oxidation state of cellular gluta-
thione. Cells depleted of CypB and CypC as well as mock knockdown cells
were either left untreated or treated overnight with CsA (5 wg/ml). The cells
were then lysed and the ratio of GSSG to total GS (GSSG + GSH) was deter-
mined (n = 3, £S.D.). *, indicates significant difference between mock and
CypB/C combined knockdown (p < 0.05)

and either directly or indirectly to glutathione, were playing a
role in the observed cyclophilin-dependent hyperoxidation of
the ER. Given the technical challenges of depleting candidate
oxidant enzymes in combination with CypB and CypC knock-
down, we used CsA to induce ER hyperoxidation. Although
CsA has been shown to induce the production of reactive oxy-
gen species by an uncertain mechanism (53-56), we showed
above that CsA depletes CypB and CypC within the ER (Fig. 1).
Furthermore, CsA treatment combined with CypB and CypC
knockdown did not result in greater ER hyperoxidation than
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FIGURE 5. Known ER oxidative enzymes do not contribute to the hyper-
oxidation arising from CsA treatment. A, knockdown (KD) efficiency of ER
oxidative enzymes. Knockdowns in HepG2 cells included double knockdown
of Erolaand Ero1 B or single knockdown of PRDX4, secreted QSOX1, or VKOR.
The efficiency of the knockdowns was assessed by immunoblotting with
GAPDH or secreted albumin (in the case of QSOX1) serving as loading control.
B, the indicated enzymes were depleted and then cells were incubated over-
night in the absence or presence of CsA (5 ug/ml). The ratio of GSSG to total
GS (GSSG + GSH) in cell lysates was assessed (n = 3, =S.D.).

cyclophilin depletion alone (Fig. 4). Thus, a substantial portion
of the CsA-mediated ER hyperoxidation is due to its effects on
CypB and CypC.

Knockdown of each oxidant enzyme was performed and high
efficiency depletion was observed for: Erol (both « and f3 iso-
forms), PRDX4, VKOR, and QSOX1 (Fig. 5A4). Note that
QSOX1 has been shown recently to be present predominantly
in cell secretions in addition to modest levels within the secre-
tory pathway (57) and thus the immunoblot represents secreted
QSOX1 concentrated from culture media using concanavalin
A-agarose beads. Knockdown cells were further treated in the
absence or presence of CsA to assess whether any of these
enzymes contribute to CsA-mediated ER hyperoxidation.
Under control conditions lacking CsA, depletion of Erola3 was
accompanied by an increase in GSSG:GS ratio (Fig. 5B). This
seemingly paradoxical finding has been noted previously, and
presumably reflects the compensatory action of other oxidant
systems upon loss of the predominant ER oxidase (16, 50). Fol-
lowing CsA treatment, it was surprising to observe that
depletion of any of the four oxidant enzymes, Erolaf,
PRDX4, VKOR, or QSOX1, had little impact on the ensuing
hyperoxidation as reflected in the elevated GSSG:GS ratios
(Fig. 5B). A modest reduction in the magnitude of the CsA
response was observed in the case of QSOX1 depletion but
this did not reach statistical significance. This suggests that
one or more additional oxidative pathways exist that con-
tribute to ER hyperoxidation under conditions of cyclophilin
B and C depletion.
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DISCUSSION

During the course of this study, we uncovered an additional
ER-localized member of the cyclophilin family, CypC, that con-
sists of two species: an Endo H-sensitive glycosylated form and
an unglycosylated form. CypC has two potential N-glycosyla-
tion sites at residues 142 and 190. The latter residue is the likely
glycosylation site because it is unique to CypC and is surface
localized (PDB code 2ESL). In contrast, Asn-142 is shared with
unglycosylated CypB and is buried within the protein. In
HepG2 cells, unglycosylated CypC accounts for ~20-30% of
the total protein. This could be due to inefficient glycosylation
or it could be a consequence of inefficient translocation into the
ER, thereby conferring a cytosolic localization for unglyco-
sylated CypC. However, the latter possibility was excluded after
we observed that the unglycosylated species was retained intra-
cellularly upon plasma membrane permeabilization. Further-
more, both the glycosylated and unglycosylated species were
secreted to the medium upon CsA treatment, and this secretion
could be blocked by BFA. Additional efforts to localize CypC by
immunofluorescence microscopy were hampered by the lack of
asuitable antibody. We also transiently overexpressed N termi-
nally epitope-tagged versions of CypB and CypC, but this pro-
duced localization artifacts because their secretion from the ER
was no longer CsA inducible (data not shown).

The basis for CypB or CypC localization within the ER
remains unclear. Neither protein possesses a canonical ER
localization sequence, but CypB retention in the ER has been
suggested to be conferred by a novel C-terminal motif (VEKP-
FAIAKE) (45). Alternatively, because CsA treatment induces
CypB (27) and, as shown here, CypC secretion, it has been sug-
gested that ER localization of CypB is regulated through its CsA
binding site (46). However, mutations within either region did
not substantially alter its ER distribution. The localization of
CypB might be conferred in part through contact with other ER
resident proteins because chemical cross-linking studies have
identified CypB as a component of an extensive network of ER
chaperones and folding catalysts that include BiP, Grp9%4,
Grpl70, co-chaperone ERdj3, and PDI members ERp72, P5,
and PDI (35). Furthermore, using an ER membrane yeast two-
hybrid assay and affinity purification methods a CypB interac-
tome was identified that includes PDI, P5, ERp72, BiP, Grp94,
calnexin, and calreticulin (32). CypB was found to interact with
the tip of the arm domains of calnexin and calreticulin via a
positively charged N-terminal region located opposite its sub-
strate binding site, although this interaction was not affected by
CsA (36). The same region of CypB was later found to be
responsible for interaction with ERp72 and Grp94 (32). Inter-
estingly, CypC shares 67% sequence identity and high struc-
tural similarity with CypB including a positively charged region
near its N terminus (PDB codes 2ESL for CypC and 1CYN for
CypB). This suggests that their ER interactomes may be similar,
potentially affecting their subcellular localization and their
cooperation with functional partners.

We anticipated that combined depletion of CypB and CypC
might have a negative impact on folding efficiency and export
through the secretory pathway of cis-Pro-containing proteins
such as albumin and transferrin. This was based on previous
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experiments in cells in which treatment with CsA or depletion
of CypB alone impaired folding, impeded export, or reduced the
expression of several secretory or membrane proteins (30, 31,
48). Such phenotypes could arise through several mechanisms
including reduced cis-trans isomerase activity, a loss of cyclo-
philin-associated chaperone functions (58) or an alteration in
ER interactome dynamics with a consequent impairment in the
functions of associated chaperones or folding catalysts. Indeed,
we observed a reduced rate of transferrin secretion upon com-
bined CypB and CypC knockdown, consistent with a previous
report employing CsA (48). Given this context, we were sur-
prised to observe under the same knockdown conditions an
accelerated rate of oxidative folding and secretion for albumin.

Because we showed previously that the oxidative folding of
albumin in HepG2 cells was catalyzed in part by PDI and ERp72
(5), we tested the oxidative status of several PDI family mem-
bers upon CypB and CypC knockdown. For all three PDI mem-
bers tested, we observed an increase in the proportion of mol-
ecules with active sites in the oxidized state, although the
majority was still found in reduced forms. Because the oxidized
form is required for catalysis of disulfide formation in folding
substrates, this shift is a likely contributing factor in the more
efficient oxidative folding of albumin.

Why albumin and transferrin are differentially impacted by
depletion of cyclophilins B and C is unclear. Potential explana-
tions include inherent differences in the tolerance of each pro-
tein for changes in the proline isomerization state or differences
in their interactions with the ER quality control machinery, i.e.
transferrin is glycosylated and binds to ER lectin-chaperones,
whereas unglycosylated albumin does not (59). Alternatively,
transferrin may have a greater propensity to acquire incorrect
disulfides than albumin due to increased PDI member oxida-
tion, which subsequently requires more extensive isomeriza-
tion prior to secretion. Such incorrect disulfides are not detect-
able in our assays of oxidative folding (Fig. 3).

How does depletion of ER cyclophilins result in increased
oxidation of PDI enzymes? PDI family members contain a cis-
Pro in proximity to their active sites that is critical for enzy-
matic activity. We considered that CypB and CypC could
potentially regulate the activity of PDIs through isomerization
of this residue. However, this possibility is unlikely as suggested
by a number of previous studies. For example, cytosolic Esche-
richia coli PPI was shown in vitro to improve the oxidative
refolding of RNase T1 mediated by bovine liver PDI (60). Sim-
ilar enhancements in folding rates were observed when PPI was
included during oxidative refolding of an Fab antibody frag-
ment mediated by rat ERp72, PDI, or P5 (61) or upon addition
of CypB to assays monitoring the ERp72-catalyzed assembly of
Ig C,;1-C, heterodimers (32). However, in all cases, the rate
enhancements were found to be substrate specific because they
were not observed in refolding experiments using RNase A,
another cis-Pro-containing substrate. Because the refolding
process was shown to depend on the substrate it is likely that
PPIs participate directly in substrate refolding by catalyzing the
formation of intermediates that are better substrates for PDIs,
rather than through a direct regulation of PDI activity. This
cooperative action is likely enhanced by the physical associa-
tion of CypB with several PDI family members (32, 62). In addi-
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tion to oxidative refolding studies, CypB was also shown not to
regulate the reductase activity of either ERp72 as tested using
the fluorescent substrate Di-Eosin-GSSG (32) or PDI in an
insulin reduction assay (62). Independently, we also tested the
reductase activity of ERp57 in an insulin reduction assay in the
absence or presence of recombinant CypB or CypC but failed to
observe any differences in ERp57 activity (data not shown).
Given that in vitro experiments did not reveal any direct reg-
ulatory activity of CypB or CypC on PDI family members, we
speculated that the more oxidized state of these enzymes upon
CypB and CypC depletion might reflect a more oxidized ER
environment. Indeed, the cellular GSSG:GS ratio increased
dramatically upon combined depletion of ER cyclophilins.
Likewise, CsA treatment, which depletes cyclophilins from the
ER via secretion, induced a similar degree of ER hyperoxidation.
Oxidative stress associated with CsA treatment has been noted
previously and includes an increase in reactive oxygen species,
increased membrane lipid peroxidation, and elevated levels of
oxidized glutathione (54, 63). We can now demonstrate that a
substantial component of this oxidative stress is caused by
depletion of CypB and CypC within the ER rather than through
CsA inhibition of other cellular cyclophilins or through im-
paired cytosolic calcineurin signaling. Because the hyperoxida-
tion phenotype associated with CypB and CypC depletion
could be recapitulated with CsA treatment, we used the latter to
investigate the involvement of candidate oxidant enzymes in
the process of ER hyperoxidation. We reasoned that ER cyclo-
philins might alter the proline isomerization state of these
enzymes and either modulate oxidant activity directly or affect
the recruitment of potential regulatory factors that bind to
alternative cis- or trans-Pro conformers. We focused on Erol,
PRDX4, VKOR, and QSOX1 and observed that in each case
their depletion had no significant impact on CsA-induced
hyperoxidation. This was surprising because Erol, PRDX4, and
VKOR have well established roles in ER oxidation (13, 14, 16,
18). The result for QSOX1 is less surprising because previous
studies depleting QSOX1 in HepG2 cells could detect no role
for the enzyme in the oxidative folding or secretion of albumin
nor did it contribute to the recovery of the ER redox balance
following a reductive challenge (16). In contrast, recent studies
from the Fass group (57) have shown that QSOX1 is primarily
secreted from cells and its oxidative activity is required extra-
cellularly for the incorporation of laminin into the extracellular
matrix of fibroblasts. This raised the idea that combined CypB
and CypC depletion or CsA treatment might impede the secre-
tion of QSOX1, leading to its accumulation in the ER where it
causes hyperoxidation. However, we could not detect any
reproducible changes in QSOX1 secretion under these condi-
tions (data not shown). Consequently, our findings point to the
existence of one or more additional pathways of ER oxidation
that are modulated by ER cyclophilins. Candidates include the
ER glutathione peroxidases GPx7 and GPx8 that have been
shown in vitro to catalyze the peroxide-dependent oxidation of
the active sites of PDI for subsequent disulfide formation in a
reduced and denatured protein substrate (64). Another possi-
bility is dehydroascorbate that can be generated through the
oxidation of ascorbate by several ER enzymes and has been
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shown in vitro to oxidize not only the active sites of PDI but also
thiols in denatured proteins (65, 66).

CsA has successfully been used as an immunosuppressive
drug in solid organ transplantation. However, the dosage of the
drug has to be carefully monitored due to adverse toxic side
effects, such as nephrotoxicity and hypertension, the underly-
ing mechanism of which is not fully understood but is associ-
ated with oxidative stress (54, 63). We have shown that a com-
ponent of the CsA-induced oxidative stress is due to the
attendant depletion of ER-localized CypB and CypC. Conse-
quently, our results contribute to a molecular understanding of
the basis for CsA-induced oxidative stress. Future identifica-
tion of the oxidative pathway affected by cyclophilin depletion
may suggest an alternative target for drugs that could help mit-
igate CsA-induced stress in addition to the use of antioxidants
that have proven beneficial in reducing adverse side effects and
improving recovery following CsA treatment (63, 67-71).
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