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Y-Box Binding Protein-1 Mediates Profibrotic Effects of
Calcineurin Inhibitors in the Kidney

Lydia Hanssen,* Bjorn C. Frye,* Tammo Ostendorf,* Christina Alidousty,*
Sonja Djudjaj,* Peter Boor,”"* Thomas Rauen,* Jiirgen Floege,* Peter R. Mertens,®
and Ute Raffetseder*

The immunosuppressive calcineurin inhibitors (CNIs) cyclosporine A (CsA) and tacrolimus are widely used in transplant organ
recipients, but in the kidney allograft, they may cause tubulointerstitial as well as mesangial fibrosis, with TGF-3 believed to be
a central inductor. In this study, we report that the cold-shock protein Y-box binding protein-1 (YB-1) is a TGF- independent
downstream effector in CsA- as well as in tacrolimus- but not in rapamycin-mediated activation of rat mesangial cells (rMCs).
Intracellular content of YB-1 is several-fold increased in MCs following CNI treatment in vitro and in vivo in mice. This effect
ensues in a time-dependent manner, and the operative concentration range encompasses therapeutically relevant doses for CNIs.
The effect of CNI on cellular YB-1 content is abrogated by specific blockade of translation, whereas retarding the transcription
remains ineffective. The activation of rMCs by CNIs is accomplished by generation of reactive oxygen species. In contrast to TGF-
B-triggered reactive oxygen species generation, hydrogen peroxide especially could be identified as a potent inductor of YB-1
accumulation. In line with this, hindering TGF-f3 did not influence CNI-induced YB-1 upregulation, whereas ERK/Akt pathways
are involved in CNI-mediated YB-1 expression. CsA-induced YB-1 accumulation results in mRNA stabilization and subsequent
generation of collagen. Our results provide strong evidence for a CNI-dependent induction of YB-1 in MCs that contributes to
renal fibrosis via regulation of its own and collagen translation. The Journal of Immunology, 2011, 187: 298-308.

(CNIs) cyclosporine A (CsA) and tacrolimus (Tac) have

contributed to a substantial improvement of allograft survi-
val. These pharmaceuticals are integral parts of standard therapy
regimens to prevent allograft rejection (1, 2), thereby increasing
2-y graft survival rates from 48 to 76% after cadaveric renal
transplantation (3). Despite their beneficial effects on allograft
survival, CNIs also exert nephrotoxic side effects contributing to
acute or chronic allograft nephropathy. Acute CNI nephrotoxicity
is due to hemodynamic alterations caused by vasoconstriction
of the afferent arterioles that eventually leads to a decreased
glomerular filtration rate. Chronic nephrotoxicity is characterized
by arteriolar hyalinosis, increased glomerulosclerosis, and tubu-
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lointerstitial damage (4). These observations account for the large
clinical interest in the development of CNI-sparing regimens (5).

The fibrogenic effect of CNIs in the renal allograft is pre-
dominantly mediated by elevated intrarenal expression of TGF-$3
(6, 7) and subsequent excessive extracellular matrix (ECM) gen-
eration (8, 9). In mesangial cells (MCs), TGF- stimulates the
synthesis of collagen type 1 (CollA) (10), and application of anti—
TGF-B Abs in CsA-treated rats reversed the majority, albeit not
all, of CNI-associated renal lesions (11). Besides TGF-3, a variety
of other mediators have been identified to initiate or modify in-
tracellular signaling pathways that lead to ECM accumulation,
such as platelet-derived growth factor (12) and connective tissue
growth factor (13). Recently, reactive oxygen species (ROS) has
been shown to activate latent TGF-{ in rat MCs (rMCs), important
producers of extracellular CollA in glomeruli (14). However,
despite some knowledge on mediators of CNI nephrotoxicity, the
sequences of pathophysiological events need to be defined more
precisely.

The highly conserved Y-box binding protein-1 (YB-1) belongs to
the family of cold-shock proteins that is of particular relevance in
situations of cellular stress responses. Various studies point to the
mitogenic propensities of YB-1, either beneficial to health and
development (15) or with pathological potential during tumori-
genesis (16). With its capacity to exhibit RNA- as well as DNA-
binding properties, YB-1 controls the cellular content of multiple
proteins. By means of RNA binding, YB-1 protects IL-2 and GM-
CSF mRNA from degradation and controls TGF-$1 translation in
proximal tubular cells (17). Furthermore, YB-1 is involved in
mRNA processing (18).

As a key regulator of gene transcription, YB-1 mediates ex-
pression of genes that are involved in ECM turnover such as Col1A
(19) and matrix metalloproteinase-2 (MMP-2) (20). Recent find-
ings from our group indicate that YB-1 plays a significant role in
coordinating immune cell chemotaxis, as it serves as a potent
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transcriptional trans-regulator of [3-chemokine RANTES/CCLS
expression in monocytes/macrophages (21) as well as in human
arterial smooth muscle cells (22). Thereby, YB-1 contributes to
allotransplant rejection and is involved in accelerated atheroscle-
rosis, as demonstrated in experimental animal models (21, 22).

In a model of acute mesangioproliferative glomerulonephritis
(anti-Thy1.1 nephritis), YB-1 expression is upregulated in MCs in
a time-dependent manner and mediates platelet-derived growth
factor-B effects in renal cells (23, 24). Furthermore, YB-1 induces
MC proliferation via activation of the ERK1/2 pathway (25) and
acts as cell type-specific activator of MMP-2 gene expression
in MCs (20). MMP-2 belongs to the family of zinc-dependent
endopeptidases that controls collagen degradation in the kidney,
and by this, MMP-2 possesses high relevance in fibrotic processes.
Another active role of YB-1 in fibrosis is accomplished by tran-
scriptional control of the cellular content of a-smooth muscle
actin (26) and CollA (19, 27-29). Furthermore, in proximal tu-
bular cells, YB-1 controls TGF-1 translation (17), the most po-
tent and ubiquitous profibrotic cytokine.

Given the participation of YB-1 in fibrosis and immunological
processes, we set out to investigate the role of YB-1 in calcineurin
inhibitor-induced nephrotoxicity in MCs.

Materials and Methods

Cell culture

All cell lines were cultured in humidified air with 5% CO, content at 37°C
except for WTS cells, which were grown at 33°C. rMCs (20) and primary
human MCs (hMCs) were cultured in RPMI 1640 supplemented with 10%
FCS, 2 mM glutamine, 5 ng/ml insulin, 100 U/ml penicillin, and 100 U/ml
streptomycin. Human embryonic kidney (HEK) 293T cells were incubated
in high-glucose DMEM with 10% FBS, 1 mM sodium pyruvate, 10 mM
MEM nonessential amino acids, 100 U/ml penicillin, and 100 U/ml
streptomycin. Immortalized human tubular kidney (HK)-2 cells (18)
were grown in high-glucose DMEM supplemented with 20% FCS, 2 mM
glutamine, 10 pg/ml insulin, 1 mM sodium pyruvate, 10 mM MEM
nonessential amino acids, 100 U/ml penicillin, and 100 U/ml streptomycin.
The immortalized podocytic mouse cell line, WTS5, has been described
previously (30). Undifferentiated WT5 cells were maintained in RPMI
1640 supplemented with 10% FCS, 1% L-glutamine, 1% sodium bi-
carbonate, 10,000 U/ml IFN-y, 100 U/ml penicillin, and 100 U/ml strep-
tomycin. All cell-culture media and supplements were purchased from Life
Technologies unless otherwise stated.

Cell challenge

For stimulation, 1 X 10° cells were seeded in 75 cm? cell-culture flasks and
always grown in serum-reduced media with only 1% FCS for 24 h prior to
challenge. Unless indicated otherwise, cells were stimulated for the in-
dicated periods with 1 uM CsA (Axxora) or 0.01 uM Tac (Axxora), 0.05
1M rapamycin, or DMSO (both from AppliChem). To specify transcrip-
tional and translational effects, rMCs were preincubated either with 10 uM
cycloheximide (CHX) or 10 uM actinomycin D (Act.D) for 15 min prior
to CsA stimulation.

To investigate mRNA stability, cells were preincubated with CsA for 30
min, and Act.D was applied for 0.5, 1, and 24 h. To investigate YB-1 protein
stability under CsA treatment, cells were treated with CsA for 8 h and
subsequently incubated with CHX for the indicated times. CHX and Act.D
were purchased both from AppliChem. To determine the degradation rate of
YB-1 protein upon CsA incubation, rMCs were treated either with 10 or 50
M proteasomal inhibitor MG132 (Sigma-Aldrich) for the indicated
periods. For costimulation, rMCs were preincubated with MG132 for 30
min prior to CsA incubation. To investigate the role of ROS during CsA
stimulation, rMCs were treated for 4 h with 1 uM CsA together with one
of the following ROS inhibitors: 5 mM N-acetylcysteine (Nac), 10 pM
diphenylene iodonium (DPI), 10 uM ebselen (Ebs; Calbiochem), 100 U/ml
polyethylene glycol-superoxide dismutase (PEG-SOD), or 500 U/ml cat-
alase (Cat). The hypoxanthine (50 pM)/xanthine oxidase (8 U/ml) system
(HXXO) served as positive control because it produces endogenous ROS.
Nac, Cat, DPI, PEG-SOD, and HXXO were obtained from Sigma-Aldrich.
H,0, (Merck) application was performed for the stated times and indicated
concentrations. To specify involved signaling pathways, rMCs were
prestimulated either with 10 pM LY294006 (Calbiochem) or 10 pM
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UO126 (Cell Signaling Technology) for 1 h prior to CsA challenge. To
define the impact of Akt phosphorylation, cells were pretreated for 15 min
with LY294006 and then stimulated with CsA for 5 min, 4 h, and 8 h.
TGF-B inhibition was ascertained by 60-min preincubation with 20 pg
neutralizing monoclonal TGF- Ab (R&D Systems).

Knockdown of endogenous YB-1 by small interfering RNA

rMCs were transfected with the empty vector pSuper or the pSuper vector
harboring the sequence 5'-GGTCATCGCAACGAAGGTTTT-3" (Oligo-
Engine) as a tail-to-tail tandem repeat of bp 285-305 of the human YB-1
coding sequence in conjunction with G418 resistance plasmid pUHD15—
Ineo (BD Clontech) using FuGene6 (Roche), as described before (24).
Two of these clones were used for further experiments (YB-1-K0/1 and
YB-1-K072).

Nuclear and cytoplasmic cell extracts and Western blot
analyses

Nuclear and cytoplasmic cell extracts were prepared as described previously
(21). Extracts were stored at —80°C. Protein concentrations were de-
termined by the Bio-Rad protein assay (Bio-Rad) using BSA as standard.
Unless otherwise stated, 10 g protein of cytoplasmic, nuclear, or whole-cell
extracts were subjected to SDS-PAGE, and Western blotting was performed
as described before (18). The following Abs were used: YB-1 (polyclonal
Ab against protein C terminus; from http://www.antibodies-online.com),
phospho—-YB-1 (polyclonal peptide-derived Ab specific against protein-
phosphorylated AKT site; from http://www.antibodies-online.com),
phospho-SMAD?2, ERK, or phospho-ERK (from Cell Signaling Technol-
ogy). Blots of whole-cell lysates or cytoplasmatic extracts were reprobed
with a monoclonal anti-GAPDH-specific Ab (Novus Biologicals), whereas
blots of nuclear extracts were incubated with a polyclonal anti-CREB—
specific Ab (Cell Signaling Technology) to ensure equal protein loading.
Band intensities were quantified by Scion Image software, and after nor-
malization against values determined for GAPDH/CREB, the YB-1 content
in untreated cells was set as 1, and relative band intensities were calculated.

Quantitative real-time PCR and PCR

For quantitative real-time PCR (qRT-PCR), rMCs and YB-1 knockdown
rMCs (YB-1-K0/1 and rMCs YB-1-K0/2) were seeded at 2 X 10° cells/well
in six-well plates and cultured in serum-reduced medium for 24 h before
CsA treatment. Total RNA was purified using the RNeasy Mini Kit
(Qiagen) according to the manufacturer’s protocol. First-strand cDNA was
synthesized with Moloney-monkey leukemia virus reverse transcriptase
(Invitrogen). qRT-PCR was carried out on the 7300 real-time PCR system
(Applied Biosystems). TagMan master mix and TagMan primer sets
were obtained for rat collagen type I (Rn01463848_ml1), human YB-1
(Hs02742754_g1), and eukaryotic 18S rRNA (Hs99999901_s1) as an in-
ternal control from Applied Biosystems.

RT-PCR was performed with primer pairs for rat CollA (5'-CCAAT-
CTGGTTCCCTCCCACC-3' and 5'-GTAAGGTTGAATGCACTTTTG-3")
YB-1 (5'-CAGCGCCGCCGACA-3" and 5'-ATATCCGTTCCTTACATTG-
AACCATT-3"), and GAPDH (5'-ACCACAGTCCATGCCATCAC-3’ and
5'-TCCACCACCCTGTTGCTGTA-3') at the following conditions: 30 cy-
cles at 94°C for 30 s, 55°C for 60 s, and 72°C for 30 s. Products were sep-
arated on 1% agarose gel stained with ethidium bromide. Band intensities
were quantified by Scion Image software.

Coimmunoprecipitation of mRNA associated with YB-1

Prior to immunoprecipitation, polyclonal anti-YB-1 Ab and irrelevant anti-
rabbit IgG (Cell Signaling Technology) as negative control were covalently
linked to protein A-Sepharose beads (50% suspension; Invitrogen). For
this, 20 wg Ab was incubated with 300 wl protein A-Sepharose for 1 h at
room temperature (RT). Pelleted beads (3000 X g, 5 min) were washed
twice with sodium borate (0.1 M [pH 9]), and dimethylpimelidate (Sigma-
Aldrich) was added at a final concentration of 20 mM. After 30 min in-
cubation at RT, beads were spun down, washed once in ethanolamine (0.2
M, pH 8), and subsequently incubated for 2 h in ethanolamine at RT. Beads
were separated from unbound Abs and resuspended in 120 pl PBS con-
taining 0.03% sodium azide. Then, 20 wl protein A-Sepharose coupled
either with polyclonal anti-YB-1 Ab or unspecific IgG was incubated with
150 wg cytoplasmic cell extract from CsA-stimulated or untreated rMCs
for 1.5 h at 4°C in IPP buffer (20 mM HEPES [pH 7.4], 100 mM potassium
chloride, 5 mM magnesium acetate, | mM DTT, 0.025% Triton X-100, and
protease inhibitors). Sepharose beads were washed three times in IPP
buffer, and precipitated material was resuspended in TRIzol reagent
(Invitrogen). Associated RNA was isolated and reverse transcribed, and
PCR analysis was performed as described above.
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CsA application in vivo

Animals were held in cages with constant temperature and humidity and
drinking water and food ad libitum. The local review board approved this
animal experiment according to prevailing guidelines for scientific animal
experimentation. Male and female 14-16-wk-old C57BL/6 mice (The
Jackson Laboratory, Bar Harbor, ME) with a weight of 20 g received
a single dose of CsA, dissolved in olive oil, by s.c. injection at a concen-
tration of 100 mg/kg body weight (n = 4, one male and three females).
Control animals received s.c. injections of olive oil only (n = 3, one male
and two females). Ten hours after injection, animals were sacrificed, and
kidneys were removed and frozen on dry ice for protein extraction or
immunofluorescence. Extraction of proteins from renal cortical tissues was
performed as described before (23).

Immunofluorescence

Immunofluorescence was performed on 4-pm cryosections fixed in —20°C
acetone and washed twice in PBS. Sections were incubated with a primary
Ab specific for YB-1 (polyclonal Ab against protein C terminus; from
http://www.antibodies-online.com) for 1 h at RT. Sections were washed
three times in PBS and incubated with the secondary Ab Alexa Fluor 488-
conjugated goat anti-rabbit IgG (MoBiTech) for 30 min. After washing
twice with PBS, coverslips were mounted on glass slides with Immu-Mount
(Thermo Fisher Scientific), and images were taken with an Olympus BX50
(Color View, Soft Imaging System; software: analySIS Pro).

Statistical analysis

All values are expressed as the means * SD. Statistical significance
was evaluated using the Student 7 test with significance accepted when
p < 0.05. All in vitro experiments were performed at least in triplicate.
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Results
CsA influences YB-1 content in kidney cells

To investigate the impact of YB-1 during CNI-triggered kidney
fibrosis, we analyzed different renal cells regarding their YB-1
expression upon challenge with CsA. For this, rMCs, hMCs,
HK-2, and HEK293T cells, as well as undifferentiated mouse
podocytes (WTS), were incubated for 4 h with CsA using a ther-
apeutically relevant dose of 1 wM. As a control, cells were in-
cubated for equal times with the solvent DMSO only. CsA
treatment resulted in a robust increase of intracellular YB-1 pro-
tein amounts in rtMCs and hMCs (Fig. 1A, upper panel). In con-
trast, HK-2 and WTS cells (Fig. 1A, lower panel) showed a
decreased YB-1 protein amount upon CsA treatment. Intra-
cellular YB-1 protein content in HEK293T cells was not altered
following CsA incubation (Fig. 1A, lower panel).

Next, we extended our studies to another CNI, namely Tac, and
to the mammalian target of rapamycin inhibitor rapamycin. A
comparable stimulatory effect on YB-1 expression was found for
Tac (Fig. 1B). However, rapamycin displayed no efficiency to
enhance the intracellular YB-1 protein amount in rMCs (Fig. 1C).

CNIs induce a rapid and dose-dependent elevation of YB-1
protein content in MCs

To investigate the dose and time dependency of the CNI effects
on YB-1 expression, we opted for rMCs for the subsequent
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analysis using a polyclonal anti-YB-1 Ab raised
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performed with normalization against GAPDH. Rela-
tive band intensities are depicted in the histogram
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protein content monitored by Western blot was com-
pared with vehicle (DMSO)-treated cells. rMCs,
hMCs, HEK293T cells, human renal proximal tubular
cells (HK-2), immortalized undifferentiated podocytes
(WTS5). Representative results of three independent
experiments are shown.
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experiments because these cells displayed the highest increase of

YB-1 protein content upon CsA treatment (Fig. 1). Furthermore,
MCs are of particular importance in glomerular fibrogenesis as
they are important producers of ECM components. The time
course of YB-1 upregulation upon CsA incubation was in-
vestigated in more detail. Within 1 h, a 9-fold increase of YB-1
protein content was detected that lasted for 4 h and gradually
declined after 8 h of CsA challenge (Fig. 2A). Tac led to a similar
>5-fold augmented YB-1 protein content in comparison with
vehicle (DMSO)-treated cells, and a markedly elevated amount

persisted over a 24-h period (Fig. 2B). In contrast, the level of

GAPDH remained unchanged upon inhibition, indicating that the
marked YB-1 increase is due to a specific process but not to an
overall protein accumulation.
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FIGURE 2. CNI-dependent YB-1 upregulation is time and dose de-
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with GAPDH. Relative band intensities are depicted in the histogram be-
low. Representative results of three independent experiments are shown.
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Because the CNI-induced increase of YB-1 protein was observed
already 30 min after CsA and Tac exposure, we next performed
a short-term kinetic for both CNIs starting at 5 min. As can be seen
in Fig. 2C and 2D, intracellular YB-1 protein content more than
doubled as early as 5 min after CNI administration.

Next, the dose-response dependency of CsA/Tac challenge and
intracellular YB-1 content was analyzed, considering the respective
concentration range encompassing therapeutically relevant doses.
As can be seen in Fig. 2F, incremental CsA doses from 0.01-1 uM
induced a dose-dependent YB-1 protein increase, whereas a fur-
ther elevation to 10 M did not result in an additional escalation.
A comparable dose dependency was obtained with Tac, whereby
a concentration as low as 10 nM was sufficient for maximal cel-
lular response (Fig. 1E), reflecting its higher pharmacological
potency to inhibit calcineurin (31).

Taken together, CNIs CsA and Tac induce an extremely rapid
and dose-dependent increase of YB-1 content in a cell type-specific
manner.

Augmented YB-1 expression is due to translation and enhanced
protein stability rather than to a transcriptional process

To define more precisely the cellular mechanism of the very rapid
enhancement of YB-1 expression in rMCs upon CNI administra-
tion, we evaluated the YB-1 mRNA content in rtMCs after ad-
ministration of CsA. CNI application for up to 24 h did not
significantly increase YB-1 transcript levels in comparison with
vehicle-treated cells investigated by qRT-PCR (data not shown). To
support the idea that gene expression is not the major cause for
the immediate YB-1 increase, we included specific inhibitors of
transcription, Act.D (Fig. 3A, lanes 3 and 5), and of translation,
CHX (Fig. 3A, lanes 4 and 6), in the CsA incubation assays. Cells
incubated solely with DMSO (lane 1) or CsA (lane 2) for 4 h
served as negative and positive controls, respectively. Although
both inhibitors were found to block the CsA-induced YB-1 up-
regulation, the inhibitory effect was substantially higher by hin-
dering the translational machinery (Fig. 34, lane 5 compared with
lane 6). However, blocking of translation had no effect on the
early accumulation of YB-1 protein (Fig. 3B, lane 2).

To evaluate the contribution of protein stability on the elevated
YB-1 content, we next assessed the influence of the cell-permeable
proteasome inhibitor MG132, because a 20S proteasome-mediated
cleavage of YB-1 at glycine 220 has been described (32). To prove
the hypothesis that hindered degradation of YB-1 can induce
a conspicuous protein elevation, rMCs were challenged with two
different concentrations (10 and 50 uM) of MG132 either in the
presence or absence of CsA, respectively. In comparison with
untreated cells (Fig. 3C, lane 1), application of MG132 at a con-
centration of 10 wM resulted in a 3-fold induction of YB-1 protein
content and ~8-fold when 50 uM was applied (Fig. 3C, lanes 2
and 3). GAPDH levels remained unchanged at both concen-
trations. This specific increase of YB-1 protein content as a con-
sequence of proteasome inhibition was comparable to the one
achieved by CsA administration (Fig. 3C, lane 4); however,
combined incubation of CsA and MG132 did not lead to a YB-1
increase beyond the one observed with either component alone
(Fig. 3C, lanes 5 and 6).

To narrow down the time slot of YB-1 degradation, rMCs were
treated with CHX either after preincubation for 8 h with CsA or
solely exposed to CHX for different time periods. In the case of
suppressed translation, the protein content of YB-1 in control cells
declined steadily starting immediately after CHX incubation (Fig.
3D, lanes 2—6). In contrast, rMCs that exhibited an elevated YB-1
content due to preincubation with CsA still contained >60% of
the initial YB-1 protein amount 8 h after CHX treatment was

20T ‘v 1snSny uo 1sans Aq /310 ounurr-mmam//:dny woiy papeorumo(q


http://www.jimmunol.org/

302

CNI-INDUCED PROFIBROTIC EFFECTS OF YB-1

10

cell lysate T
kDa 2
50 - L] — <YB-1 g 5
35 - PP WD @0 @9 @ < GAPDH K
CsA - + - - + + >
ActD - - + + -
- + - - + o+
_ GHE - = ot ngn--+-+-
FIGURE 3. Posttranscriptional regula- CHX - - - + — 4
tion of YB-1 expression in rMCs upon
CsA application. A, Prior to DMSO (as B 10 -
vehicle) or CsA application (4 h), a 15 cell lysate
min-preincubation step either with Act.D kba ———
(10 uM) as a specific inhibitor for tran- 50 - — = <YB-1

scription or alternatively with CHX (10
M) to prevent translation was performed.
For Western blot analysis, cell protein
extracts were subjected to SDS-PAGE and
probed with a polyclonal anti-YB-1 Ab
and anti-GAPDH as loading control. B,
Subsequent to CHX incubation (10 uM), C

CsA was applied for the indicated times, kDa

35 - M e—— e < GAPDH

CsA — 5min 4h 8h
CHX + + o+

cell lysate

YB-1/GAPDH
o

= CsA — 5min 4h 8h

CHX + + + +

and YB-1 was detected. C, MCs were
treated with proteasome inhibitor MG132
at two different concentrations together
or without CsA. Densitometry of bands CsA

50 - v m—— 0 amp e W= < YD1

35 - oD anp e aup e == < GAPDH

10 1
I
[=]
o
<
o
@
5=
+ o+ o+
: t : CsA - - - * + +
MG132,10pyM - + - - + -
MG132,50uyM - - + - - +
cell lysate

was performed with normalization against MG132, 10pM - + -
GAPDH. Relative band intensities are MG132, 50 yM — - +
depicted in the histogram below. D, YB-1

protein stability and phosphorylation was

investigated under conditions of disabled

translation in the presence of CHX (10 uM) D kDa

with or without CsA incubation. Densito- 50 - - —

metry of bands was performed with nor-

malization against GAPDH. Relative band 50 -
intensities throughout the time periods are
depicted in the graph whereby in each as-

— A — v— — <. Y B-1

— — — — — — <pYB-

35 - emn aan GHD b e ae  WAGEeEs e sss e < GAPDH

say, bands corresponding to the cells with- g::[[: ]h] - 0;2 0'_5 1_ i E : ; 04'_2 0_;5 1 : E
out CHX inclusion were set to 100%.
Shown is one experiment representative
for three independent experiments with 2 100 A s
similar results = \._'"'.N.\- R
. I ",
o 801 N -{- unst
E "-m
S 60+ ..
hre '<>\
m i
> 40 \
[
2 1 o
g 20 e
2 n— P
CHX[h] - 0.2 0.5 4 8

started (Fig. 3D, lanes 8-13). Following challenge with CsA,
a marked phosphorylation of YB-1 protein was observed that
persisted over the observed period of time (Fig. 3D, middle panel).

Thus, the rapid and profound increase of intracellular YB-1
protein content following CsA treatment relates to posttranscrip-
tional mechanisms such as enhanced translation and decreased
protein degradation.

ROS are involved in the CsA-triggered YB-1 protein increase,
independent of TGF-£3

Because CsA triggers the generation of ROS (33), we investigated
whether the CNI-induced upregulation of YB-1 is dependent on
ROS production. Again, tMCs were stimulated with CsA, but
this time, the cells were preincubated for 30 min with different
inhibitors of redox signaling cascade, namely Nac and DPI.
Whereas the amount of CsA-dependent increase of YB-1 protein
content was entirely abolished by preincubation with the antiox-

idant Nac (Fig. 4A, lane 3), an inhibitor of flavin-containing
enzymes (NADPH oxidases), DPI, prompted a moderate in-
hibition (Fig. 4A, lane 4). To assess the molecular source of CsA-
triggered ROS generation, we introduced specific scavengers and
ROS-converting enzymes, namely peroxynitrite scavenger Ebs,
PEG-SOD, and Cat. The HXXO that generates an extracellular
flux of superoxide anion radical (O, ) and H,O, served as pos-
itive control (lane 8). Among the used ROS scavengers, Cat was
the most potent one to inhibit the CsA-induced effect (Fig. 44,
lane 7). Because Cat accounts for decomposition of H,O,, our
results indicated that H,O, rather than superoxide was responsible
for CsA-triggered YB-1 elevation in rMCs. To prove a direct in-
fluence of H,O, on YB-1 expression, we incubated rMCs for ei-
ther 10 min or 4 h with H,O, at different concentrations starting at
10 uM. In full accordance with ROS scavenger experiments, an
increase of YB-1 protein content was observed already 10 min
after H,O, exposure (Fig. 4B, lanes 2—4), and this occurred in
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FIGURE 4. ROS are involved in CsA-triggered YB-1 protein increase.
A, Prior to CsA challenge (1 uM), rMCs were preincubated with different
inhibitors of redox signaling cascade, namely Nac and DPI and different
ROS scavengers such as Ebs (10 uM), PEG-SOD (100 U/ml), and Cat
(500 U/ml) for 30 min before intracellular YB-1 content was assessed by
Western blot analyses. The HXXO (8 U/ml, 50 pwM) served as positive
control. B, tMCs were incubated either for 10 min or 4 h with H,O, at
different concentrations or with vehicle DMSO. Representative results of
three independent experiments are shown.

a dose-dependent manner peaking in a 4-fold induction of YB-1
protein content at 100 wM H,O,. Prolonged incubation time (4 h)
resulted in a >6-fold upregulation of YB-1 without a dose-
dependent effect (Fig. 4B, lanes 5-7). These data strongly sug-
gest that the CNI-triggered increase of cellular YB-1 content is
mediated by generation of H>O,.

TGF-B has been described to be a central mediator of CNI-
induced renal fibrogenesis, and the phosphorylation of SMAD2
is a key feature of downstream TGF-3 signaling pathway. In our
experiments, the neutralization of TGF-$ using an inhibiting Ab
abolished the CNI-induced SMAD2 phosphorylation (Fig. 5A,
upper panel, lane 4) following CsA exposure (Fig. 5A, upper
panel, lane 3). However, the CsA-induced YB-1 increase was
similar in cells treated with nonspecific IgG or anti-TGF-3 Ab
(Fig. 5A, middle panel, lanes 3 and 4). Thus, the inhibition of the
TGF-B pathway did not influence the CsA-induced increase of
YB-1 expression.

The YB-1 phosphorylation status is altered in response to CsA

Given the fact that YB-1 is a downstream target of MAPK ERK1/2
(34, 35), we analyzed the involvement of ERKI1/2 in CsA-
triggered cell activation. Following treatment of rMCs with CsA
for either 1 or 4 h, we observed an increase of phosphorylated
ERK1/2"02/Y29% in the nucleus at both time points, whereas
CREB and total ERK1/2 levels remained constant (Fig. 5B).

It is well documented that YB-1 undergoes phosphorylation at
serine 102 (Ser'®®) by activated serine/threonine protein kinase

303
A cell lysate B nucleus
kba —m———— kDa -

58 - - < pSMAD2 42 - e w— < ERKA/2

50 - i & YR 42- = = <pERK1/2

35 - = s wm— @ < GAPDH 43 - mmm === @ < CREB
CsA[4 h] - - o+ % CsA[h] - 1 4
TGF-BAB[Sh] — + - +

cytoplasm cytoplasm

C kDa kba —————

50- . == <YB-1 50 - fy= gy gl il < YB-1

50 -« &8 == <pYB-1 50 - - <pYB-1

35 - ———w— < GAPDH

CsA[4 h] s e @ %
LY294006 (5h] — + ~— +

35 - Sme g G0 m== < GAPDH

CsA[4h] - - + +
UO126[5h] - + - +

10 10

PYB-1/GAPDH
(3.

PYB-1/GAPDH
(4]

CsA[4 h] - -+ o+
LY294006 [5h] — + - +

CsA[4h] - - + =+
Uo126(5h] - + - +

D cell lysate
kDa —————

50 - -~ — == <YB-1

35 - == ams esn e < GAPDH

CsA — 5min 4h 8h
LY294006 + + + +

10

PYB-1/GAPDH
o«

CsA - 5min4h 8h
LY294006 + + + +

FIGURE 5. CNI-induced YB-1 protein increase is independent from
TGF-B but involves the ERK/AKT phosphorylation pathway. A, To neu-
tralize TGF-3, rMCs were incubated with an inhibitory anti-TGF-38 Ab 1 h
prior to CsA stimulation (1 wM). YB-1 content and phosphorylation of
SMAD?2 was assessed by Western blot analyses using GAPDH as loading
control. B, Total ERKI and phospho-ERK1 was monitored in nuclear
protein extracts of rMCs stimulated for 1 or 4 h with CsA (1 pM) and
compared with cells left untreated. Equal protein loading was ensured
by determining CREB levels using anti-CREB Abs. C, rMCs were pre-
incubated with specific inhibitors for Akt (LY294006; 10 uM), ERK
(UO126; 10 nM) kinases or solvent 1 h prior to CsA challenge (1 uM)
or left untreated. Total cell protein extracts were probed for non-
phosphorylated as well as for phosphorylated YB-1 using specific anti—
YB-1 Abs. GAPDH served as loading control. D, rMCs were preincubated
with specific inhibitors for Akt (LY294006; 10 wM), and YB-1 protein
content was detected after CsA was applied for the indicated times. Rep-
resentative results of three independent experiments are shown.

Akt/protein kinase B (36, 37). To analyze whether the CNI-
triggered YB-1 increase is dependent on phosphorylation, as this
was shown following application of CsA to rtMCs (Fig. 3D, middle
panel), we introduced a specific pharmacological Akt inhibitor
(LY294006) and analyzed the YB-1 content/phosphorylation sta-
tus following CsA challenge of rMCs. Akt inhibition completely
abolished CsA-induced YB-1 increase (Fig. 5C, left upper panel).
Furthermore, 4 h after CsA challenge, a marked phosphorylation
at Ser'® within the YB-1 protein was observed (Fig. 5C, left
middle panel, lane 3) that was absent after preincubation with Akt
kinase inhibitor (Fig. 5C, left middle panel, lane 4). When ERK
phosphorylation was prevented by UO126 application, the in-
hibitory effect was similarly profound (Fig. 5C, right middle
panel, lane 4). Equally to the effects observed after 4 h, Akt kinase
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inhibition entirely prevented the increase of YB-1 protein that
normally occurs within minutes (Fig. 5D).

Thus, inhibition of Akt/ERK signals upstream of YB-1 activa-
tion prevents its phosphorylation at Ser'®? and abolishes the CsA-
mediated YB-1 protein increase.

YB-1-mediated collagen increase in rMCs upon CsA challenge

Next, we examined fibrogenic responses in tMCs. By performing
quantitative real-time PCR and protein quantification, we examined
the expression of CollA after CsA treatment in rMCs with regular
YB-1 expression and compared this to YB-1 knockdown cells (Fig.
6A, lanes 2 and 3). CollA mRNA significantly increased 1 h
following CsA application in comparison with control cells and
then tapered off (Fig. 6B, light gray columns). Furthermore, there
was a raised collagen protein content in CsA-treated cells (data
not shown). Knockdown of endogenous YB-1 resulted in a sig-
nificantly lower increase of collagen mRNA level after CsA ap-
plication (Fig. 6B, dark gray and black columns).

Because YB-1 serves as a negative regulator of CollA gene
transcription by binding to a proximal Y-box element within the
CollA promoter, we speculated that enhanced protein synthesis
upon CsA-induced YB-1 increase was rather due to higher mRNA
stability, as reported, for example, for the vascular endothelial
growth factor (38). Therefore, we analyzed the collagen mRNA
content following CsA treatment, but under conditions of hindered

CNI-INDUCED PROFIBROTIC EFFECTS OF YB-1

gene transcription. As can be seen in Fig. 6C, CsA incubation
markedly prolonged the 71, of YB-1 and collagen transcripts in
rMCs. Compared to CsA-treated cells, a decrease of YB-1 mRNA
in cells without prior CsA challenge occurred during 30 min of
Act.D incubation. These results were confirmed by qRT-PCR that
demonstrated a 50% reduction of collagen mRNA content within
1 h when subsequent delivery of transcripts was prevented by Act.
D (Fig. 6D). In contrast to this, under conditions of CsA treatment,
CollA mRNA content was unchanged 1 h posttreatment. Thus,
CNI application results in strikingly increased collagen mRNA
stability.

Next, we analyzed whether a physical interaction of YB-1 with
collagen mRNA after CsA application occurs and whether this is
responsible for the enhanced mRNA stability. For this, YB-1 was
immunoprecipitated from cytoplasmic rMC extracts with and
without prior CsA challenge. Coprecipitated mRNA was isolated
and detected by RT-PCR (Fig. 6E). In comparison with unstimu-
lated cells, a 2-fold increase in YB-1-mRNA (Fig. 6E, left upper
panel, lane 4) and 4-fold more ColA transcripts bound to YB-1
were precipitated from cells prior stimulated with CsA (Fig. 6E,
left middle panel, lane 4).

CsA influences YB-1 content in renal cells in vivo

To verify our in vitro results in vivo, we injected mice s.c. with CsA
or vehicle (olive oil) and analyzed renal YB-1 content 8 h after
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FIGURE 6. Enhanced expression of collagen 1 upon CsA incubation in rMCs is dependent on YB-1, whereas YB-1 directly binds and thereby stabilizes
collagen 1 and YB-1 mRNA. A, Comparison of YB-1 expression in rMCs to that of YB-1 knockdown cells by Western blot technique. A total of 20 g total
protein cell extract was analyzed for YB-1 expression using a C-terminal anti-YB-1 and anti-GAPH Ab as loading control, respectively. B, Collagen 1
transcript numbers were quantified in rMCs and in two clones of YB-1 knockdown cells at different time points following CsA incubation. By quantitative
TagMan analysis, mRNA was normalized for the 18S RNA content, whereby value of unstimulated rMCs was set as 1. Values are means * SD (n = 3).
Collagen 1 mRNA stability with and without CsA challenge was analyzed by RT-PCR (C) at different time points under conditions of hindered gene
transcription by inclusion of Act.D (10 wM) and quantified by TagMan analysis (D). E, Physical interaction of YB-1 with YB-1 and collagen mRNA was
analyzed in cytoplasmic rMC extracts with and without prior CsA challenge by immunoprecipitation using anti—-YB-1 Ab and unspecific IgG as control.
Coimmunoprecipitated mRNA was isolated, reverse transcribed, and detected by RT-PCR. PCR products were quantified, whereby values of unstimulated
rMCs were set as 1. Representative results of three independent experiments are shown.
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injection. Immunoblotting of total kidney protein extracts revealed
an elevated YB-1 protein content in the group of CsA-treated mice
in comparison with control animals (Fig. 7A). The GAPDH content
remained unchanged upon CsA application, indicating that the
YB-1 increase is due to a specific process but not to an overall
protein accumulation. To localize more specifically the enhanced
YB-1 expression in the kidney, we performed immunofluores-
cence with a polyclonal anti—-YB-1 Ab. In animals with CsA ap-
plication, increased YB-1 staining was detected in the mesangial
compartment in comparison with olive oil-injected mice (Fig. 7B).

Discussion

Clinical use of the calcineurin inhibitors CsA and Tac is limited
by their various side effects (e.g., nephrotoxicity), and CNIs may
mediate excessive accumulation and deposition of ECM and
thereby harm the renal allograft (39). Activation of matrix-
producing effector cells such as glomerular MCs, interstitial
fibroblasts, and tubular epithelial cells is a central event in renal
fibrogenesis (40, 41). As a model for CNI-mediated glomerular
effects, we focused on MCs because these cells are critically in-
volved in the progression of renal fibrosis.

Hallmarks of mesangial activation during fibrogenesis are de
novo expression of a-smooth muscle actin and overproduction
of interstitial matrix components such as CollA. YB-1 has been
demonstrated to serve as a potent negative transcriptional regu-
lator of both genes (19, 26, 28, 29), whereas it trans-activates
expression of MMP-2, a matrix-degrading enzyme (20, 42). These
findings, together with the fact that YB-1 interferes with the sig-
naling pathway of the central fibrotic factor TGF-$3 (43), have led
to the assumption that YB-1 represents an antifibrotic factor.
Opposing functions of YB-1 on both transcription and translation
may explain the controversial results on CollA generation in CsA-
induced nephropathy described in this study compared with pre-
vious observations. YB-1 negatively regulates CollA gene tran-
scription by binding to a proximal Y-box element, which is highly
conserved among humans, rats, and mice (19). However, the
strong increase of YB-1 protein content in MCs upon CsA treat-
ment directly correlates with an enhanced rate of collagen mes-

305

sage and protein, as CsA-triggered CollA expression is prevented
in YB-1 knockdown cells.

In contrast to MCs, renal tubular epithelial (HK-2) and podocyte
precursor cells exhibited a decreased intracellular YB-1 protein
content following CsA incubation (Fig. 1A, bottom panel). Be-
cause YB-1 is important in preventing premature senescence,
which has been demonstrated in YB-1 knockdown mice (44),
a diminished YB-1 content may cause an impaired proliferation.
This is in line with the observations in renal tubular epithelial
cells, in which CsA mediates cell cycle arrest (45) and enhanced
senescence (46), potentially mediated by YB-1 depletion.

The evolutionarily highly conserved Y-box proteins are im-
portant components of the eukaryotic redox signaling pathway
(47), and in line with this, embryonic fibroblasts from YB-1¥
mice exhibit a reduced ability to respond to oxidative-induced
stress (15). In search of the mechanisms of CsA-dependent YB-
1 upregulation, we identified H,O, to be involved in this pathway.
H,0, led to a significant induction of YB-1 protein content in
rMCs to a comparable degree as that observed after CsA treat-
ment, and specific interference in H,O, generation/persistence by
either DPI or Cat resulted in a blockade of YB-1 upregulation. Of
note, the addition of exogenous ROS (48) to MCs upregulates
gene expression of RANTES, another well-described target YB-1
gene (21, 22). Recent data provide evidence for the impact of ROS
on latent TGF-3 activation in rMCs (14). However, in contrast to
YB-1 upregulation, superoxide, but not H,O,, is responsible for
CNI-induced TGF-B-dependent SMAD signaling. Together with
our observation that an inhibition of the TGF-f3 pathway does not
affect YB-1 protein increase, YB-1 appears to be a TGF-B—in-
dependent downstream target of CsA. Thus, YB-1 might be an-
other important profibrotic factor induced by CsA, perhaps up-
stream but at least in a TGF-B—-independent manner. Of note,
YB-1 controls TGF-3 translation in proximal tubular cells (17).

The rapid YB-1 induction in renal cells by CsA and Tac within
minutes resembles the fast, CNI-triggered induction of the latent
form of TGF-§ (14). Because CNI-dependent YB-1 upregulation
is comparably fast and equally independent of de novo gene
transcription (Fig. 3A), we proposed posttranscriptional me-
chanisms to account for YB-1 maintenance/generation. This
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assumption is corroborated by our experiments with translational
inhibitor CHX that is able to effectively block the CNI-initiated
YB-1 increase in rMCs in contrast to hindered transcription. In
contrast, YB-1 protein stability is strikingly enhanced in the
presence of CsA (Fig. 3D), suggesting that the observed early
increases in YB-1 expression are caused by hindered degradation.
Of note, blocking of translation had no effect on the early accu-
mulation of YB-1 protein. Furthermore, the proteasome inhibitor
MGI132 significantly elevated YB-1 protein content. Similarly,
H,0, prevents proteasomal degradation of the transcription factor
c-fos in cardiomyocytes through phosphorylation (49). In podo-
cytes, CsA treatment efficiently blocks protein degradation of
synaptopodin (50). Conceivably, impaired YB-1 protein degrada-
tion, which is the consequence of enhanced protein stability or
a possible saturation of the degradation process, may explain the
immediate YB-1 accumulation that occurs within only minutes
after CsA application to rMCs.

The high protein content of YB-1 is maintained by augmented
translation. In higher eukaryotes, a large proportion of mRNA
species is preferentially localized to nonpolysomal fractions in
translationally inactive mRNA particles (mRNPs), and YB-1 serves
as a universal protein of cytoplasm mRNPs (51). Under conditions
of serum starvation or stress, the population of nonpolysomal
mRNPs is increased, whereas YB-1-associated messages encode
stress- and growth-related proteins (37). Because YB-1 acts as
a cap-dependent mRNA stabilizer (52), the increase of YB-1
protein in rMCs upon CsA application may result in enhanced
mRNA-YB-1 interaction and stabilization of different proteins
(e.g., of CollA). Indeed, we observed a CsA-dependent increase
in CollA mRNA stability independent of preceding gene tran-
scription and an enhanced physical interaction between YB-1 and
CollA mRNA following CsA treatment. Therefore, YB-1 main-
tains a backup pool of various mRNAs, including its own, that
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enables rapid access for protein synthesis avoiding prior gene
promoter activation.

In addition to mRNA stabilization, YB-1 actively controls RNA
translation, either in an activating (53) or repressive (36) manner.
Notably, YB-1 regulates translation of its own mRNA (32, 51). As
an inhibitor of translation, YB-1 binds to the capped 5’ terminus
of mRNAs encoding proteins that are associated with cell growth
and oncogenesis to inhibit their translation (54). In response to
extracellular stimuli, the phosphorylation status of YB-1 is altered,
and as the phosphorylated form of YB-1 possesses a lower affinity
for the cap structure of mRNA, YB-1 dissociates from mRNA
(36). In our study, we demonstrated that CsA-induced YB-1 ac-
cumulation was dependent on MAPK/ERK and PI3K/Akt path-
ways, as specific kinase inhibitors counteract CsA-initiated effects
on YB-1 (Fig. 5). YB-1 phosphorylation by these pathways is
already well documented. Because the inhibition of Akt kinase
completely abolished the CsA-induced YB-1 increase that occurs
within minutes as well as the increase after 4 h, we propose that
both mechanisms, the enhanced protein stability and mRNA-
stability/translation, are enabled by prior phosphorylation of
YB-1. A phosphorylation-triggered release of YB-1 from mRNA
may result in an induced collagen protein synthesis. Of note, TGF-
B also activates MAPK, with ERK enhancing the TGF-B—stimu-
lated CollA synthesis (55).

We assume that a sequence of consecutive biochemical processes
is responsible for the very strong increase of YB-1 protein in
MCs in response to CNI treatment with phosphorylation obviously
being a key event (Fig. 8). In this study, we elucidate the un-
derlying mechanisms of CNI-mediated YB-1 protein increase that
encompasses phosphorylation of YB-1 by Akt and ERK pathways
and demonstrate that the efficacy of YB-1 translation and sub-
sequently of collagen is controlled by a markedly prolonged #,/, of
mRNA in rMCs.
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FIGURE 8. Schematic model of YB-1 governing collagen synthesis upon CsA response in mesangial cells. CsA induces H,O,-triggered increase on YB-1
content by protein and mRNA stabilization that involves AKT/ERK kinase pathways. Direct physical interaction of YB-1 with collagen mRNA stabilizes

transcripts and promotes collagen synthesis in MCs.
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Our data assign another important role to YB-1 in the context
of kidney transplantation. Recent data from our group already
identified YB-1 as a cell type-specific regulator of one of the key
mediators exhibiting chemotactic potential in kidney transplant
rejection, namely the C-C chemokine RANTES/CCLS. Through
regulation of differential expression in infiltrating monocytes,
macrophages, and T cells, YB-1 potentially acts as an adaptive
controller of inflammation under conditions of kidney allograft
rejection (21). In this study, we report that CNI-mediated fibrosis
may be partially explained by augmented YB-1 protein mainte-
nance/expression in MCs that we could demonstrate in vitro
and in vivo. Of special interest is the fact that rapamycin, an im-
munosuppressive drug with reduced, or even without, fibrogenic
potential (56), does not affect YB-1 content in MCs (Fig. 1C).
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