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Fig. 5. Protein p53 is upregulated by adenovirus vector containing
suppressor of cytokine signaling-1 (AdSOCS-1) in A549 lung cancer
cells. (a) A549 cells were cultured in RPMI-1640 medium containing
10% FBS with AdSOCS-1 at an MOI of 40. After a 24-h culture, protein
extracts were examined with a phospho-kinase array with each phos-
phorylated protein identified in duplicate. The double-labeled spots
in the upper right corner represent the positive controls. (b) Cell
lysates were prepared 48 h after infection with AdLacZ or AdSOCS-1
at an MOI of 40. Cell lysates were immunoblotted with anti-phospho-
53 (p-p53 [Ser15]) and anti-p53 antibodies. (c) Cell lysates were pre-
pared 48 h after exposure to 5 uM JAK inhibitor | and immunoblotted
with anti-p-p53 (Ser15) and anti-p53 antibodies.

(4 x 108 pfu) intratumorally twice per week significantly sup-
pressed tumor growth compared to control AdLacZ injection
(Fig. 6a). AdSOCS-1 in vivo could modulate intracellular sig-
naling in NSCLC cells as in vitro, as Western blot analysis
showed that phosphorylation levels of STAT3 were decreased
in the AS549 tissues from AdSOCS-1 injected animals
(Fig. 6b). Furthermore, few Ki-67-positive nuclei were
detected by immunohistochemical analysis in AdSOCS-1
infected tissues compared to AdLacZ, indicating that prolifer-
ating cells are decreased by overexpression of SOCS-1
(Fig. 6¢). Additionally, induction of apoptosis was detected in
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Fig. 6. Suppressor of cytokine signaling-1 (SOCS-1) shows antitumor
activity in a lung cancer xenograft model. (a) Female ICR nu/nu mice
were s.c. implanted with 2 x 10° A549 cells in their flank. When the
calculated tumor volumes reached to approximately 100 mm?3,
4 x 10® pfu AdSOCS1 or AdLacZ adenoviral vectors were intratumoral-
ly treated twice per week. Tumor volumes were determined twice per
week. The mean volume + SEM of five tumors in each group, and
were analyzed by Student’s t-test (*P < 0.05, **P < 0.01). (b) Western
blot analysis of phosphorylated signal transducer and activator of
transcription 3 (pSTAT3), STAT3, SOCS-1, and GAPDH in A549 tissues
from AdSOCS-1 or AdLacZ injected animals. Lysates from tumors were
analyzed by Western blotting. () Immunohistochemical analysis of
SOCS-1, Ki-67, and TUNEL (blue fluorescence, DAPI staining for nuclei;
cyan fluorescence, TUNEL positivity) in AS549 tissues from animals
injected with AdSOCS-1 or AdLacZ. Scale bar = 25 um.

AdSOCS-1 infected AS549 tissue compared to AdLacZ by
TUNEL analysis (Fig. 6c).

Discussion

In this study, we investigated the possibility that SOCS-1
could be used in LC therapies. Previous reports showed that
PC9 harbors a deletion mutation in EGFR and that A549 and
LUG65 cells possess wild-type EGFR.©**® Although EGFR
mutation in NSCLC was previously reported to activate AKT,
MAPK, and STAT3 signaling,“” our research showed that
STAT3 was more strongly expressed in A549 and LU65 than
in PC9 cells, and that sensitivity to overexpression of SOCS-1
was also higher in A549 and LUG6S5 cells than in PC9 (Fig. 1).
In addition, JAK inhibitor I significantly suppressed prolifera-
tion of A549 and LUG6S5 cells, but not of PC9. Therefore, we
consider that the marked antiproliferative effect by overexpres-
sion of SOCS-1 on A549 and LUG6S cells, but not on PC9, was
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attributable to the inhibition of JAK/STAT3 pathway in vitro.
As SOCS-1 also shows an antiproliferative effect in vivo
(Fig. 6), AdSOCS1 gene therapy might be effective for
patients with NSCLC, in which the JAK/STAT3 signaling
pathway is constitutively activated. It has been reported that
approximately 50% of NSCLC tumors showed elevated phos-
phorylation levels of STAT3 (Tyr705) by immunohistochemi-
cal analysis.” There is a further possibility that LC patients
harboring STAT3 dependence, detected by immunostaining
analysis of phosphorylation levels of STAT3 (Tyr705) in spec-
imens obtained surgically or bronchoscopically, could be
selected for treatment with SOCS-1 overexpression.

Comparative analyses of the antiproliferative effects of
SOCS-1 gene introduction and JAK inhibitor I treatment sug-
gest that overexpression of SOCS-1 may have a stronger
effect than that of the JAK inhibitor I on AS549 and LU65
cells (Fig. 2e). In fact, SOCS-1, but not JAK inhibitor I,
inhibited FAK and EGFR, which are important for the sur-
vival of A549 cells. In addition, the combined effect of FAK
siRNA and JAK inhibitor I, or that of PD153035 and JAK
inhibitor I, was superior to the antiproliferative effect of JAK
inhibitor alone (Figs 3,4). These findings suggest that the
potent antiproliferative effect of SOCS-1 depends not only on
JAK inhibition but also on the suppression of other distinct
signal transduction pathways, such as FAK and EGFR. In
addition, phosphorylation of p53 at Serl5 was enhanced by
the overexpression of the SOCS-1 gene in A549 cells (Fig. 5).
Because phosphorylation of pS53 at Serl5 contributes to anti-
tumor effects under certain experimental conditions,*>® and
A549 cells express wild-type p53,“" activation of p53 by
SOCS-1 overexpression seems to be involved in the antitu-
mor effects. >

In conclusion, the findings of our study suggest that SOCS-/
gene therapy is potentially effective for at least a subset of
NSCLC both in vitro and in vivo. It was shown that SOCS-1

References

—

Hattori M, Fujita M, Ito Y, Toka A, Katanoda K, Nakamura Y. Use of a
population-based cancer registry to calculate twenty-year trends in cancer
incidence and mortality in Fukui Prefecture. J Epidemiol 2010; 20:
244-52.

Goffin J, Lacchetti C, Ellis PM, Ung YC, Evans WK. First-line systemic
chemotherapy in the treatment of advanced non-small cell lung cancer: a
systematic review. J Thorac Oncol 2010; 5: 260-74.

Rossi A, Di Maio M, Chiodini P et al. Carboplatin- or cisplatin-based che-
motherapy in first-line treatment of small-cell lung cancer: the COCIS meta-
analysis of individual patient data. J Clin Oncol 2012; 30: 1692-8.

4 Gao SP, Mark KG, Leslie K et al. Mutations in the EGFR kinase domain
mediate STAT3 activation via IL-6 production in human lung adenocarcino-
mas. J Clin Invest 2007; 117: 3846-56.

Lai SY, Johnson FM. Defining the role of the JAK-STAT pathway in head
and neck and thoracic malignancies: implications for future therapeutic
approaches. Drug Resist Updat 2010; 13: 67-78.

Song L, Rawal B, Nemeth JA, Haura EB. JAK1 activates STAT3 activity in
non-small-cell lung cancer cells and IL-6 neutralizing antibodies can sup-
press JAK1-STATS3 signaling. Mol Cancer Ther 2011; 10: 481-94.

7 Guo Y, Xu F, Lu T, Duan Z, Zhang Z. Interleukin-6 signaling pathway in
targeted therapy for cancer. Cancer Trear Rev 2012; 38: 904-10.

Jiang R, Jin Z, Liu Z, Sun L, Wang L, Li K. Correlation of activated STAT3
expression with clinicopathologic features in lung adenocarcinoma and squa-
mous cell carcinoma. Mol Diagn Ther 2011; 15: 347-52.

Verstovsek S, Kantarjian H, Mesa RA er al. Safety and efficacy of
INCB018424, a JAK1 and JAK?2 inhibitor, in myelofibrosis. N Engl J Med
2010; 363: 1117-27.

10 Naka T, Narazaki M, Hirata M et al. Structure and function of a new
STAT-induced STAT inhibitor. Nature 1997; 387: 924-9,

Starr R, Willson TA, Viney EM ef al. A family of cytokine-inducible inhibi-
tors of signalling. Nature 1997; 387: 917-21.

Endo TA, Masuhara M, Yokouchi M et al. A new protein containing an
SH2 domain that inhibits JAK kinases. Nature 1997; 387: 921-4.

LS

w

i

(=2}

-]

o

1

—

1

1)

1490

had a potent antiproliferative effect on JAK-dependent NSCLC
cells by targeting the JAK/STAT3 pathway. In addition,
SOCS-1 successfully targeted many factors such as FAK,
EGFR, and p53 in NSCLC cells. It is thus possible that SOCS-
1 gene therapy could have a unique advantage over JAK inhib-
itor for the treatment of NSCLC.

Further studies will be needed to elucidate the mechanism of
JAK/STAT3 pathway-dependence in NSCLC, and to validate
the benefits that SOCS-I gene therapy could provide for
NSCLC treatment in clinical practice.
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Introduction

Recent studies have defined the molecular mechanisms of
nucleocytoplasmic signal transduction by karyopherins (KPNs),
which function as receptors for various intracellular molecules and
mediate nuclear import and export during interphase. In humans,
the karyopherin alpha (KPNA) family consists of at least 7 family
members, all of which interact with karyopherin beta (KPNB) 1
and transport various proteins and RINAs through the nuclear
pores in an energy-dependent manner [1-3]. Various extracellular
environmental changes activate intracellular signaling cascades by
which cells exchange activated signaling molecules between the
nucleus and cytoplasm via the KPN-mediated machinery to
regulate proliferation and differentiation status [2,4-6]. KPNA2
expression in human epidermal keratinocytes, but not in human
dermal fibroblasts, is differentially regulated by transforming
growth factor (TGF)-B; and interferon IFN)-y, both of which are
established modulators of epidermal proliferation and differenti-
ation [4]. KPNA2 also mediates the translocation of epidermal
differentiation-inducing signals into the nucleus by recruiting
transcription factors such as interferon regulatory factor-1 (IRF-1),
thereby inducing IFN-y-mediated epidermal differentiation [4].
Karyopherin alphas also mediate mitotic spindle assembly [7-9]
and nuclear membrane formation [10]. KPNBI is also a global
regulator of mitotic spindle assembly, centrosome dynamics,
nuclear membrane formation, and nuclear pore complex assembly

PLOS ONE | www.plosone.org

[11,12]. Recent studies have revealed that KPNs including
KPNA2 are overexpressed in various kinds of tumors such as
breast cancer, cervical cancer, non-small cell lung cancer, prostate
cancer, and primary cutaneous melanoma, and that expression
levels in these tumors are closely associated with prognosis [13—
18]. Nevertheless, the precise roles and mechanisms of KPN
overexpression in proliferative disorders have not been defined.

The rate of cell growth and proliferation is proportional to the
rate of protein synthesis, which is tightly linked to ribosome
biologics [19,20]. RNA synthesis and ribosome construction occur
in the nucleolus and their control is important for regulating
protein synthesis; however, the precise mechanisms and roles of
karyopherins in regulating rRNA and protein synthesis remain
unclear.

We report KPNA2 induction in proliferation disorders regard-
less of malignancy, and suggest KPNA2 regulates rRNA
transcription and general protein synthesis in the nucleolus to
maintain proliferation.

Materials and Methods
Skin Samples

Written informed consent was obtained from all patients, and
the study protocol was approved by Medical Ethics Committee of
Osaka University.
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Cell Culture

HaCaT cells, an immortalized, nontumorigenic keratinocyte
cell line, were cultured in Dulbecco’s modified Eagle’s medium
(DMEM; Nacalai Tesque) containing 10% fetal bovine serum
(FBS) at 37°C under 5% COy-95% air.

RNA Purification and Reverse Transcription-quantitative

Polymerase Chain Reaction

Total RNA was isolated from HaCaT cells with an RNA
isolation kit (Qiagen) and reverse transcribed with SuperScript IIT
reverse transcriptase (Invitrogen). Expression of pre-rRNA was
determined by using Power SYBR green PCR Master Mix
(Applied Biosystems) according to the manufacturer’s protocol. B-
Actin was used to normalize target gene expression. PCR
amplification was performed with 5'-ATCGTCCACCGCA-
AATGCTTCTA-3" and 5'-AGCCATGCCAATCTCATCTT-
GTT-3' for B-actin and 5'-GAACGGTGGTGTGTCGTTC-3’
and 5'-GCGTCTCGTCTCGTCTCACT-3’ for pre-rRNA [21].
PCR cycling conditions were 40 cycles of denaturing at 92°C for
15 sec and annealing at 60°C for 60 sec on an ABI Prism 7000
sequence detection system (Applied Biosystems).

Small Interfering RNA and Plasmid DNA Transfection

Small interfering RNAs (siRINAs) specific for KPNAI, 2, 3, and
4 and the control stealth siRNA were obtained from Invitrogen.
Cells (1.5x10% were transfected with 100 ng siRNAs mixture
using the Neon transfection system (Invitrogen). We performed the
knockdown studies with each siRNA, which ensured more than
50-70% suppression of KPNA2 mRNA and protein.

MTS

[3-(4,5-dimethylthiazol-2-yl)-5(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium] assay. HaCaT cells in-
duced with each siRINA were seeded at their optimal cell density
(7x10* cells/well) in 96-well microtiter plates and incubated to
allow cell attachment. After 6 h, cells were incubated with 0.1%
FBS DMEM for 24, 48, 72, and 120 h. At the end of each
incubation period, cell viability was determined by using the
CellTiter 96® AQ,,cous Non-Radioactive Cell Proliferation Assay
(Promega) according to the manufacturer’s instructions. Samples
were incubated at 37°C in a humidified 5% COjy atmosphere for
1 h. Absorbance was measured at 490 nm using a microplate
reader.

Immunohistochemistry

Slides of skin biopsies in paraffin blocks were stained with
hematoxylin and eosin (HE) and anti-human KPNA2 mouse
monoclonal antibody (BD Biosciences) (1:1000).

Immunofluorescence

HaCaT cells were fixed in 4% formaldehyde in phosphate-
buffered saline (PBS) for 40 min. After rinsing twice with PBS, the
cells were permeabilized in 0.5% Triton X-100 in PBS for 60 s
and blocked with 2% skim milk overnight at 4°C. The cells were
incubated with anti-UBF (Santa Cruz) and anti-KPNA2 antibod-
ies for 1 h and stained with Alexa Fluor 546 goat anti-rabbit IgG
and Alexa Fluor 488 goat anti-mouse IgG secondary antibodies
(1:1000; Invitrogen A-11035 and A-11029) for 1 h. After washing
with PBS, cells were counterstained with 0.5 mg/mL 4', 6'-
diamidino-2-phenylindole (DAPI) and mounted with Vectashield
mounting medium (Vector Laboratories). Cells were analyzed
using a Radiance 2100 confocal scanning-laser microscope (Bio-
Rad) equipped with an Eclipse TE-2000 inverted microscope
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Figure 1. Overexpression of KPNA2 in proliferating cells.
Immunohistochemistry showed KPNA2 was uniformly expressed
throughout the epidermis in healthy skin, although KPNA2 overexpres-
sion was observed in the basal layer in psoriasis. In contrast, very few
cells exhibited KPNA2 staining in the basal cells of atopic dermatitis.
KPNA2 overexpression was observed in the tumor cells of Bowen's
disease, actinic keratosis, squamous cell carcinoma, Paget's disease,
Merkel cell carcinoma, and mycosis fungoides.
doi:10.1371/journal.pone.0076416.9g001

(Nikon) or a Nikon Al confocal scanning-laser microscope
equipped with a Nikon Eclipse Ti inverted microscope.

Tandem Affinity Purification (TAP) and Mass
Spectrometry

KPNA2 and GFP ¢cDNAs were introduced into pCAGIP-gw-
TAP by using Gateway technology (Invitrogen). KPNA2-TAP and
GFP-TAP complexes were purified from HaCaT cell extracts
using TAP technology [22,23]. Proteins were separated by SDS-
PAGE and stained with the Silver Stain MS Kit (Wako Pure
Chemical Industries). Protein bands were excised from the gel and
digested with trypsin (Promega) [24]. NanoLC-MS/MS analyses
were performed on a LTQ-Orbitrap XL mass spectrometer
(Thermo Fisher Scientific) equipped with a nano-ESI source
(AMR) and coupled to a Paradigm MG4 pump (Michrom
Bioresources) and an autosampler (HTC PAL, CTG Analytics).
A spray voltage of 1800 V was applied. The peptide mixture was
separated on a MagicCG18AQ) column (100 pmx150 mm, 3.0 um
particle size, 300 A, Michrom Bioresources) with a flow rate of
500 nl/min. A linear gradient of 5% to 45% B in 30 min, 45% to
95% B in 0.1 min, and 95% B for 2 min and 5% B was employed
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Figure 2. Suppression of cell growth by combined KPNA
knockdown. Under starvation conditions (0.1% FBS), siRNA-mediated
knockdown of KPNA2, 1, 3, and 4 suppressed cell growth after 120 h
(*p<<0.05). Only KPNA2 siRNA subtraction produced no change in
proliferation.

doi:10.1371/journal.pone.0076416.g002

(A=0.1% formic acid in 2% acetonitrile, B=10.1% formic acid in
90% acetonitrile). Intact peptides were detected in the Orbitrap at
60,000 resolutions. For LC-MS/MS analysis, 6 precursor ions
were selected for MS/MS scans in a data-dependent acquisition
mode following each full scan (m/z, 350-1500). A lock mass
function was used for the LTQ-Orbitrap to obtain constant mass
accuracy during gradient analysis.

Peptides and proteins were identified by automated database
searching the Swiss-Prot protein database (version 57.14x) with the
MASCOT search program (version 1.0; Matrix Science) and a
precursor mass tolerance of 10 p.p.m., a fragment ion mass
tolerance of 0.8 Da, and strict trypsin specificity, allowing for up to
2 missed cleavages. Carbamidomethylation of cysteine was set as a
fixed modification and oxidation of methionines was allowed as a
variable modification.

Metabolic Labeling

HaCaT cells were labeled for 2 h with 100 mGi **S-methionine
in methionine-free DMEM (Gibco) supplemented with 10%
dialyzed serum. Protein was extracted with TNE buffer containing
50 mM Tris-HCI at pH 7.4, 150 mM NaCl, 2 mM EDTA, and
0.5% NP-40, then resuspended in 1% sodium dodecyl sulfate and
boiled for 10 min at 100°C. Radioactivity was measured with a
Beckmann Coulter liquid scintillation counter and normalized to
protein content.

Transient Transfection and Luciferase Assay

The human pre-rRINA-luc vector was kindly provided by Dr.
Samson Jacob [25]. HaCaT cells induced with each siRNA were
seeded in a 12-well plate and transfected with 0.34 pg human-pre-
rRNA-luc plasmid and Fugene 6 transfection reagent (Roche).
The luciferase reporter assay was performed using a commercial
luciferase assay kit (Promega). Data were normalized to the protein
concentration.

Statistical Analysis
All data and results were confirmed in at least 3 independent

experiments. Statistical significance was determined by one-way
analysis of variance (ANOVA).
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Results

KPNA2 Overexpression in Proliferative Disorders of the
Skin

To investigate KPNA2 expression in various epidermal-
proliferative disorders of the skin, immunohistochemical staining
of KPNA2 was performed on biopsy specimens of epidermal
tumors as well as psoriasis and atopic dermatitis, which are
inflammatory skin diseases with higher and lower epidermal
proliferation, respectively. KPNA?2 staining was faint and homo-
geneous without significant nuclear accumulation in healthy
epidermis. In contrast, there was marked KPNA2 staining in the
nuclei and cytoplasm of malignant cells in several skin tumors with
different prognoses including Bowen’s disease, actinic keratosis,
squamous cell carcinoma (SCC), Paget’s disease, Merkel cell
carcinoma, and Mycosis fungoides. In malignant cells of SCC in
situ such as Bowen’s disease and actinic keratosis as with well
prognosis, KPNA2 expressed predominantly in the basal layer. In
contrast, established SCC showed rather intense and diffuse
expression of KPNA2 in the malignant cells. Non-squamous cell
malignant tumors of the skin including Paget’s disease, Merkel cell
carcinoma, and mycosis fungoides also showed diffuse, intense
staining of KPNA2, indicating significantly higher expression in
skin malignancy. Marked staining of KPNA2 was also observed in
psoriatic skin, but was limited to the cytoplasm of basal layer
keratinocytes. In contrast, very few but significant numbers of
KPNA2-positive keratinocytes were observed in the basal lesions
of atopic dermatitis, particularly in the inflamed proliferating
lesions (Figure 1).

Contribution of KPNA2 and other KPNAs to Keratinocyte
Cell Growth

To assess the role of KPNs in keratinocyte proliferation, HaCaT
cell growth in culture was assessed by MTS assay after siRNA-
mediated knockdown of KPNs. In culture medium containing
10% FBS, growth was significantly suppressed by KPNBI
knockdown [13]; however, knockdown of other KPNAs produced
no significant effect (data not shown). In starved culture medium
with 0.1% FBS, HaCaT cell growth was significantly suppressed
by siRNA knockdown of KPNALI, 2, 3, and 4, suggesting adequate
expression of KPNAs may be required for growth maintenance,
especially in starved cells such as cancer cells. About 20% of
HaCaT keratinocyte growth was suppressed 120 h after KPNA
knockdown. KPNA siRNAs were individually subtracted from the
siRNA cocktail to investigate the contribution of each KPNA to
growth suppression. Interestingly, only KPNA2 siRNA subtraction
resulted in the significant recovery of cell growth up to the control
level (Figure 2), while removal of the other KPNA siRNAs did
not affect growth suppression (data not shown). KPNA2 knock-
down alone had no significant growth suppression effect,
suggesting the other KPNAs are redundant. These data suggest
KPNAs complement each other during cell growth, but KPNA?2
may be essential for maintaining cell proliferation under starvation
conditions.

Association of KPNA2 with Ribosomal Proteins in the
Nucleolus

To identify proteins that interact with KPNA2 in HaCaT
keratinocytes, we used the TAP method, which enabled us to
easily isolate and purify proteins bound to the stably expressed
TAP-tagged target recombinant protein [22,23]. Proteins associ-
ated with the KPNA2-TAP complex were isolated from the nuclei
and cytoplasm of KPNA2-TAP-expressing HaCaT cells, separated

October 2013 | Volume 8 | Issue 10 | 76416

— 103 —



KPNA2 for rRNA Transcription and Protein Synthesis

tarker (kDa)

Frotein M
© HaCaT
KPR TAR

{cytosol)

Halal

GFRTAR

{evtosal
| RPNAZTAP

(nucleusy

aCaT

GFPTAP

{nucleus)

 HaCaTl

KPMAZ-TAP

e

mRNA processing
Ribonuckeoproteln complex bivgenesis

Chromatin modification

Nucleocytoplasmic transport

Tanscription

L

X101 1x10% 1x10# “"”}E 1x1020

Figure 3. Detection and analysis of proteins that interact with KPNA2 and localization of KPNA2 in the nucleolus. Proteins that
interact with KPNA2 in the cytoplasm and nucleus were purified using the TAP method and detected by silver staining. Proteins marked with arrows
were analyzed by LC/MS/MS. HaCaT cells expressing GFP-TAP were used to detect nonspecific interactions. a) The results of LC/MS/MS were analyzed
by pathway analysis using reactome (http://www.reactome.org). The categories of “mRNA processing”, “ribonucleoprotein complex biogenesis”,
“chromatin modification,” and “transcription” were the most significantly represented pathways. b) Immunohistochemistry revealed KPNA2 co-
localization with UBF, a nucleolar marker.

doi:10.1371/journal.pone.0076416.g003
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Table 1. Lists of proteins analyzed by pathway analysis.

mRNA processing

Nuclear cap-binding protein subunit 1

Serrate RNA effector molecule homolog

RRP1B : Ribosomal RNA processing protein 1 homolog B

PCBP2 Poly(rC)-binding protein 2

PABPC1 Polyadenylate-binding protein 1

RRP1 Ribosomal RNA processing protein 1 homolog B

HNRNPU Heterogeneous nuclear ribonucleoprotein U

SFRS3 Splicing factor, arginine/serine-rich 3

NOP2 Putative ribosomal RNA methyltransferase NOP2

SNRNP200 U5 small nuclear ribonucleoprotein 200 kDa helicase

NOP56 NOP56 protein

KIAA1429 Protein virilizer homolog

NCBP1 Nuclear cap-binding protein subunit 1

60 S ribosome subunit biogenesis protein NIP7 homolog

Phosphorylated adapter RNA export protein

RPS16 protein
U5 small nuclear ribonucleoprotein 200 kDa helicase

NOP56 protein
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Table 1. Cont.

Inhibitor of growth protein 5

POLR1A
MED1
CSDA

doi:10.1371/journal.pone.0076416.t001
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Figure 4. Suppression of ribosomal RNA synthesis by com-
bined KPNA knockdown. Under starvation conditions (0.1% fetal
bovine serum), siRNA-mediated knockdown of KPNA2, 1, 3, and 4
significantly suppressed ribosomal RNA synthesis analyzed by reverse
transcription-quantitative polymerase chain reaction (***p<0.01). The
amount of pre-ribosomal RNA was reduced by about 37% after 72 h.
doi:10.1371/journal.pone.0076416.g004

by SDS-PAGE, and silver stained. HaCaT cells expressing GFP-
TAP were used as a negative control (Figure 3a). KPNA2-TAP-
associated proteins extracted from the silver-stained gel were
identified by mass spectrometry. Numerous proteins were
analyzed by reactome (http://www.reactome.org) to investigate
their biological relationships. Pathway analysis revealed that the
proteins interacting with KPNA2 were associated with mRNA
processing, ribonucleoprotein complex biogenesis, chromatin
modification, and transcription, all of which are essential for cell
activities including cell growth (Figure 3b, Table 1). Interest-
ingly, significant numbers of ribosomal proteins were listed as
associated with KPNA2. Furthermore, immunofluorescence
staining of KPNA2 in cultured HaCaT keratinocytes demonstrat-
ed co-localization of KPNA2 with UBF in the nucleoli, suggesting
a role of KPNA2 for maintaining rRNA function (Figure 3c).

Contribution of KPNA2 to Protein Synthesis and

Ribosomal RNA Transcription
Because the nucleolus is specifically responsible for rRNA
transcription and maintenance of gene expression/transcription
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Figure 6. Suppression of the pre-ribosomal RNA promoter by
combined KPNA knockdown. Under starvation conditions (0.1%
fetal bovine serum), siRNA-mediated knockdown of KPNA2, 1, 3, and 4
significantly suppressed pre-rRNA promoter activity after 24 h
(***p<0.01).

doi:10.1371/journal.pone.0076416.g006

and mRNA processing, we hypothesized that KPNA2 in the
nucleoli may regulate TfRNA transcription to maintain cell growth
under starvation conditions. To test this hypothesis, the siRNA
cocktail was again applied to knockdown KPNAs to observe the
effect on pre-rRINA transcription in starved HaCaT keratinocytes.
Knockdown of all KPNAs reduced pre-rRNA levels as measured
by RT-gPCR. In the 72 h after treatment with the siRNA cocktail,
pre-tTRNA expression was reduced by about 40%. Subtraction of
KPNA2 siRNA restored pre-rRNA expression. The other KPNAs
did not contribute to pre-rRINA expression. Treatment with
KPNA2 siRNA alone had no significant effect, suggesting a
redundant mechanism with other KPNAs (Figure 4). Protein
synthesis in HaCaT keratinocytes was also reduced, corresponding
to the suppression of pre-rRNA expression (Figure 5). The pre-
rRNA promoter was also suppressed by KPNA knockdown after
24 h (Figure 6). Fluorescence-activated cell sorting of HaCaT
cells before and after KPNA knockdown showed no significant
change in the cell cycle pattern (data not shown). These data
suggest KPNA2 might positively regulate rRNA transcription in
the nucleolus, maintaining cell growth by ensuring transcription
and translation directly or indirectly.

72h

si control

si KPNA2 si KPNAZ/1/3i4  si KPNAT/34

Figure 5. Suppression of protein synthesis by combined KPNA knockdown. Under starvation conditions (0.1% fetal bovine serum), siRNA-
mediated knockdown of KPNA2, 1, 3, and 4 significantly suppressed protein synthesis after 48 h (*p<<0.05) and 72 h (***p<0.01), as demonstrated by

metabolic labeling with **S-methionine.
doi:10.1371/journal.pone.0076416.g005
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Discussion

In this study, KPNA2 was overexpressed in proliferating
disorders of the skin and interacted with many kinds of proteins
that control transcription and gene expression directly and
indirectly. This was the first report to show that KPNA2 is
essential for cell growth in terms of rfRNA and protein synthesis
under starvation conditions.

KPNA?2 overexpression in several skin malignancies is associ-
ated with varying prognoses. In the basal cells of psoriasis, KPNA2
expression was diffusely up-regulated in comparison to atopic
dermatitis. Thus, KPNA2 expression might be induced in cells in
which proliferation has been activated. Comparing Bowen’s
disease and actinic keratosis, which are known as SCC i sity,
KPNA2 was remarkably and diffusely overexpressed. KPNA2 may
therefore be a tumor marker with utility as a prognostic factor of
proliferative activity in skin malignancies, although we have
insufficient sample sizes to determine significance. Previous reports
have demonstrated KPNA2 overexpression in various tumors cells
in vitro and in vivo; elevated KPNA2 and KPNB1 expression in
cancer cells correlates with altered transcriptional regulation
associated with deregulated E2F/Rb activities [26]. Some studies
have indicated that higher KPNA2 expression in tumor cell nuclei
shortens patient survival, although the mechanisms and precise
roles of KPNA2 in the tumor cells remained unclear [16,17].
Researchers also hypothesized that KPNA2-mediated nuclear
transport of proteins necessary for maintaining cell proliferation,
such as transcription factors, promote tumor cell growth. In this
context, KPNA2 was shown to interact with NBS1 (Nijmegen
breakage syndrome 1), a key regulator of the MRE11/RAD50/
NBS1 complex. NBSI promotes tumorigenesis by binding and
activating the phosphatidylinositol 3-kinase/AKT pathway [27].
Interestingly, siRNA-medicated KPNA2 knockdown studies
revealed a different cellular response to KPNAZ2 inhibition in
prostate and cervical cancer cell lines. In prostate cell line PC3,
proliferation and viability were significantly reduced when
KPNA2 expression was inhibited, whereas there was no significant
change in a cervical cancer cell line. This difference could be due
to tissue-specific tumor etiologies [13,17].

In this study, we characterized KPNA2-binding proteins i sifu
i immortalized HaCaT keratinocytes. In silico gene ontology
indicated a significant relationship between KPNAZ2 binding
proteins and mRNA processing, ribonucleoprotein complex
biogenesis, chromatin modification, and transcription. KPNA2
interacted with various ribosomal proteins and heterogeneous
nuclear ribonucleoproteins directly or indirectly and was located in
the nucleolus, the site of pre-rRNA transcription and processing
and ribosome assembly. rRINA synthesis, the first event in
ribosome synthesis, is a fundamental determinant of a cell’s
capacity to grow and proliferate. Ribosomal RNA genes (rDNAs)
are transcribed with high efficiency and the complex regulation of
rRINA synthesis is responsive to general metabolism and specific
environmental challenges [20,28]. Serum starvation is also a well-
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established approach to inducing a broad range of cellular stress.
TAP analysis revealed that KPNA2 associates with numerous
ribosomal RNA synthesis-related proteins including RNA poly-
merase 1 subunit, rRNA methyl transferase, rRNA subunit
biogenesis protein, and rRNA processing proteins. Furthermore,
KPNA?2 accumulates in the nucleolus and contributes to rRNA
transcription i vitro. These lines of evidence suggest KPNA2 may
serve important roles as a canonical nuclear transporter and to
ensure TRNA biogenesis in proliferating cells. In this context,
enhanced KPNA2 expression in malignant and inflammatory
keratinocytes may positively regulate their proliferating capacity
by supporting rRNA synthesis, which is indispensable. In
malignant cells, the poor prognosis indicated by nuclear KPNA2
accumulation may be associated with KPNA2 retention in
response to cellular stress and increasing rRNA synthesis or
changing gene expression.

KPNA subtypes exhibit different abilities to interact with
specific NLS-containing cargos and in various expression patterns
in cells and tissues. KPNAZ2 is highly expressed in undifferentiated
embryonic stem cells and down-regulated during neural differen-
tiation, indicating that proper expression of KPNA2 is required for
embryonic stem cells to maintain their undifferentiated state [29].
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the effect of KPNA2 siRNA subtraction on RINA expression in
normal human keratinocytes by microarray analysis [4]; however,
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In this study, KPNA2 was essential for cell growth related to
rRNA and protein synthesis under starvation conditions; however,
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to suppress cell growth and KPNA2 was indispensable. Even
under these conditions, growth suppression was gradual and mild
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results indicated that KPNAs might play complementary roles
with sufficient reserves.

Further studies are needed to clarify the additional function of
KPNA2 in cell proliferation, which would be a focus for a new
treatment to regulate KPNA2.
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ifn-y-dependent secretion of IL-10 from Th1 cells and
microglia/macrophages contributes to functional
recovery after spinal cord injury

H Ishii%3, S Tanabe'2, M Ueno"?, T Kubo®, H Kayama®®, S Serada® M Fujimoto®, K Takeda®®, T Naka® and T Yamashita*'?

Transfer of type-1 helper T-conditioned (Th1-conditioned) cells promotes functional recovery with enhanced axonal remodeling
after spinal cord injury (SCI). This study explored the molecular mechanisms underlying the beneficial effects of
pro-inflammatory Th1-conditioned cells after SCI. The effect of Th1-conditioned cells from interferon-y (ifn-y) knockout mice
(ifn-y —/ — Th1 cells) on the recovery after SCI was reduced. Transfer of Th1-conditioned cells led to the activation of microglia
(MG) and macrophages (Mds), with interleukin 10 (IL-10) upregulation. This upregulation of IL-10 was reduced when ifn-y —/ —
Th1 cells were transferred. Intrathecal neutralization of IL-10 in the spinal cord attenuated the effects of Thi-conditioned cells.

Further, IL-10 is robustly secreted from Thi-conditioned cells in an ifn-y-dependent man
interleukin 10 knockout (i/-10 — / — ) mice had no effects on recovery from SCI. These findings de
secretion of IL-10 from Th1 cells, as well as native MG/M®s, is required for the promotion of:
Cell Death and Disease (2013) 4, ee; doi:10.1038/cddis.2013.234; published online XX XX 201

Subject Category: Neuroscience

In mammals, once the central nervous system (CNS) is
injured, in contrast to peripheral nervous system, neural
regeneration and functional recovery are very limited." Until
recently, immune reactions have been considered detrimental
after CNS injuries. For example, infiltrating macrophages
(M®s) and resident microglia (MG) are considered deleterio
to recovery after CNS injuries®™* and T cells are pathogeni
the injured CNS.*® Hence, massive dose of glucoc
has been infused to patients after spinal cord inj
attenuate immune reactions in the CNS, althoug
convincing evidences that prove significant.
treatment. However, in some conditions, T ¢
for repair of the injured CNS, althoug
controversial.*”"° These contradi
the role of T cells after CNS i
by differences in the subsets
this hypothesis, a previou monstrated that adoptive
transfer of interferon-y roducing type-1 helper
T-conditioned (Th1-conditioned) cells promote functional
recovery after SCI in mice.’® Enhanced axonal remodeling
of corticospinal tract (CST) and serotonergic fibers are also
observed in mice that undergo Th1-cell transfer. Although
type-2 helper cells (Th2 cells) are considered neuroprotective

re beneficial
on remains
ings regarding
could be explained
cells. In support of

Thi-conditioned cells from
strate that ifn-y-dependent
tor-recovery after SCI.

,11112 this previous study did not demon-
ntianced recovery from SCI after transfer of Th2-
cells.® Furthermore, transfer of IL-17-producing
(Th17) cells, pathogenic in multiple sclerosis
1Sy and in an animal model of MS,"® limits recovery in the
e phase after SCL.'® Importantly, upregulation of the
anti-inflammatory/neuroprotective M2 subtype of MG/Mds
was observed in the injured spinal cord after transfer of Th1
cells that had previously been considered to be involved in the
onset and progression of autoimmune diseases such as
MS."15 |n the current study, we explored the mechanism
underlying the restorative effects of transferred Th1 cells after
SCl in mice.

w

Results

Therapeutic effects of Th1 cells after SCI depend on
IFN-y. The objective of this study was to explore the
mechanism behind the effects of adoptively transferred
Th1-conditioned cells on the functional recovery after SCI.
We first assessed whether IFN-y, a major cytokine secreted
by Th1 cells,'® was required for the effects. We isolated cluster
of differentiation 4 (CD4)* T cells from spleens of wild-type
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(WT) and interferon-y (ifn-y)-knockout (ifn-y —/—) mice. The
cells were then cuiltured with IL-2/IL-12 and anti-IL-4 neutralizing
antibody to induce differentiation into Th1 cells. We confirmed
with enzyme-linked immunosorbent assay (ELISA) that IFN-y
secretion from Thi ifn-y—/— cells was totally abrogated
compared with WT Th1 cells and Th17 cells (Figure 1a). In
addition, abundant expression of T-bet, a T-box transcription
factor of the Th1 master gene,'” was observed in cultured
WT Th1-conditioned cells by flow cytometry (Figure 1b).
T-bet in ifn-y —/— Thi-conditioned cells was expressed at
an intermediate level between ThO and Th1 cells (Figure 1b).

Mouse vertebrae were laminectomized and the exposed
spinal cords were contused at the level between thoracic
vertebrae 9 (T9) and 10 (T10) by an impactor with a force of
60 kdyn. On the first day after contusion, the hindlimbs of all
mice were completely paraplegic and gradually displayed
partial recovery of motor function after day 1. At 4 days after
contusion SCI, 1.0 x 107 WT and ifn-y —/ — Th1-conditioned
cells were transferred intraperitoneally (i.p.) into the mice
and recovery of motor function was assessed using the
Basso Mouse Scale (BMS).® Enhanced motor recovery was
observed in mice that received Thi ifn-y —/— cell transfer
compared with control mice, but the extent of the improvement
was less than that observed in mice receiving a transfer of WT
Th1-conditioned cells (Figure 1c).

Consistent results were obtained when the grid-walk test
was performed, which assesses voluntary movement control
mediated by the corticospinal and the rubrospinal systems.'®
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Figure 1

Transfer of Th1 ifn-y —/— cells led to a significantly greater
frequency of hindlimb dropping (mistakes) compared with that
of WT Th1 cells (Figure 1d). Thus, IFN-y in Th1-conditioned
cells contributes to improved functional recovery.

ifny-dependent activation of MG by adoptive transfer of
Th1i-conditioned cells. Previous observations with flow
cytometry after SCI showed that transfer of Th1-conditioned
cells led to an increase in MG/M®s and to upregulation of the
neuroprotective M2 subtype: CD206™* cells among the Mds
and arginase 17 (Arg1) cells among the MG."® Morphological
analysis by immunohistochemistry for ionized calcium-
binding adapter molecule 1 (lba1) in the contused spinal
cord revealed that with Th1 transfer, MG/M®s increased,
enlarged, and were more round compared with those in
control mice (Figures 2a and b). This observation is
consistent with the previous data that showed both activation
of MG/M®s with CD11b and €D45 immunoreactivity using
flow cytometry and upregulati the M2 subtype, which
has characteristics inclt . anti-inflammatory effects,
phagocytic behavior nd shape compared with the
pro-inflammatory, .destructive, and ramified M1 subtype.'®

Cell counts

50+ -+ Th1 ifrry -/-
& 40
£ 301
£ 204 gf‘*{’f\ .
0 . : .
10 20 30 40

Days after contusion

Improved recovery induced by Th1 cells after SCI depends on IFN-y. Enhanced recovery from SCI by Th1 transfer is dependent on interferon-y (ifn+y) in

transferred Thi cells. (a) Level of IFN-y secreted from Thi cells, Th1 ifn-y —/— cells, and Th17 cells, which was detected by ELISA(n=3). (b) Comparison of
T-bet production in helper T cells differentiated ex vivo, which was assessed by flow cytometry histogram. Representative data from three independent experiments. (c) Time
course of hindlimb locomotion using the BMS with adoptive transfer of 1.0 x 107 each helper T-cell subsets (PBS, n=7; Th1 n=7; Th1 ifn-y —/ —, n=5). (d) Time course
of the grid-walk test (PBS, n=4; Th1, n=6; Th1 ifny — /— , n=4). Data are presented as mean + S.E.M. *P<0.01, ***P<0.001 versus the PBS group, *P<0.05 versus

Thi group (two-way ANOVA with repeated measures, Bonferroni post-test)
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Figure 2 Microglial activation induced by Th1-cell transfer depends on IFN-y. Adoptive transfer of Th1-conditioned cells after SCI leads to activation of MG/M®s at the
injured site, and microglial activation is dependent on ifn-y in transferred Th1 cells. (a) Immunochistochemistry for MG/M®s labeled with anti-lba1 antibody. Spinal cords
removed on day 10 after SCI were cut transversely. The section at 0 mm corresponds to the epicenter of the contusion and the distance shown is caudal from the epicenter.
Scale bar, 500 um. (b) Higher magnification views of (a). Scale bar, 100 um. (c) Representative flow cytometry profile of MG/M®s that accumulated in the spinal cord on SCI
day 6, 2 days after the injection of PBS or cultured T cells. Upper dot plots indicate the side-scatter/forward-scatter profile by which CD11b/CD45 profiles were gated. In lower

dot plots, CD11b CD45

corresponds to MG, whereas CD11b "9" CD45 "9" corresponds to M®s. The leftmost dot plots indicate a profile using isotype-

matched immunoglobulins as a control. (d) The number of MG or Mds that accumulated in the spinal cord on day 6 after SCI, 2 days after the injection of PBS or
Thi-conditioned cells. PBS, n=3; Th1, n=4; Th1 ifny —/—, n= 3. Leukocytes isolated from the spinal cords of two to four mice were analyzed in each experiment.

*P<0.05 (one-way ANOVA with Bonferroni post-test)

MG/M®s have a role in the enhanced functional recovery
induced by Thi-cell transfer after SCI. Intracellular cytokine
staining of MG/M®s indicated that interleukin 10 (IL-10),
which is considered to be cerebroprotective after an ischemic
stroke®! and is one of the M2 anti-inflammatory markers,??
was upregulated in MG/M®s in the spinal cord after transfer
of Th1-conditioned cells (Figure 3a). This upregulation was

reduced if Th1 ifn-y—/— cells were adoptively transferred
(Figure 3a), demonstrating that IFN-y secreted from Th1-
conditioned cells contributes to IL-10 production from
MG/M®s. We previously demonstrated that neutralization
of IL-10 from Th1 cells attenuates the functional recovery
initiated by the transfer of Th1 cells after SCI.'® However, it

remains to be determined whether IL-10 secretion in the CNS
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Figure 3 Neutralization of IL-10 in the CNS attenuates functional recovery by Th1 cells transfer. IL-10 expressed in the CNS partially contributes to functional recovery
after SCI with adoptive transfer of Th1-conditioned cells. (a) Upper histograms: comparison of 1L-10 production from MG/M®s evaluated using histograms of intracellular
cytokine staining. The histogram is representative of four independent experiments. All histograms were gated from the populations of MG or M®s as shown in Figure 2c.
Lower graph: quantification of IL-10 production as indicated above. *P<0.05 versus the PBS group, *P<0.05 versus Tht group (one-way ANOVA, Bonferroni post-test).
(b—d) Functional recovery from SCI evaluated by: BMS scores (b), grid-walk test (c), and inclined-plane test (d) in Thi-conditioned cell-transferred SCI mice treated with
control IgG or anti-IL-10 antibody into the cerebral ventricles (i.c.v.; control rat IgG -+ Th1, n=15; anti-IL-10 + Th1, n= 13 (BMS scores and inclined-plane test)/control
IgG +Th1, n=9; anti-IL-10 + Th1, n=8 (grid-walk test)). “P<0.05 versus control IgG + Th1 group (two-way ANOVA with repeated measures, Bonferroni post-test)
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Figure 4 In vitro assay for IL-10 detection in MG/M® culture and in vivo experiment u
marrow-derived M®s were cultured on 96-well plate. The MG or the Mds were

IL-10 levels at different time points were measured by using ELISA (schematic dr
unlike in the injured spinal cord after Th1-cell transfer. However, Th1 cells secrete:
pivotal role in improved recovery after SCI. (a) Time course of IL-10 level det
n=4; Th1 w/o MG: Th1 cells without MG, n=4; Th1 ifn-y —/ — , n=3; |
by ELISA in macrophage (M®) culture media after treatment with T-c
ifny — 1 —, n=3; IFN-y: recombinant IFN-y at 20 ng/m}, n=3; Th
(MG: medium, n=4; Th1, n=4; Th1 cells without MG, n=
M®: Thi cells without MG, n=4; Th1 ifny —/—,

Figure 5 GDNF secretion from Th1 cells is dependent on IFN-y. Expression of
neurofrophic factors in cultured helper T cells. GDNF (a), and NT-3 (b) in the
supematant of Th1, Th1 ifny —/ — , and Th17 cells detected by ELISA (Th1, n=3;
Tht ifn-y —/—, n=3; Th17, n=3). *P<0.01, **P<0.001; NS, not significant
(one-way ANOVA with Bonferroni post-test)

after Thi transfer has neuroprotective effects, because
anti-IL-10-neutralizing antibody could block not only IL-10
secretion from transferred Th1 cells but also from native cells
in the injured CNS, as shown in our previous experiment.
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kout mice. Neonatal mouse brain-derived MG or mouse femoral bone
e T-cell conditioned media (CM) or recombinant IFN-y and, thereafter,
pper panel). IL-10 surge from MG/M®s was not observed in the in vitro assay
0 in an ifn-y-dependent manner, and this IL-10 secretion from Th1 cells had a
A in MG culture media after treatment with T-cell CM or [FN-y (medium, n=4; Th1,

ombinant IFN-y at 20 ng/ml), n=3; Th17, n=2). (b) Time course of IL-10 level detected
C (medium, n=4; Th1, n=4; Th1 w/o microglia (MG): Th1 cells without M®s, n=4; Th1

). (€) IL-10 level in MG or M® culture media at 3h after treatment with T-cell CM or IFN-y
, n=13; [FN-y: recombinant IFN-y at 20 ng/ml, n= 3; M®s: medium, n=4; Th1, n=4; Th1 w/o
9 recomblnant IFN-y at 20 ng/ml n= 3) **P<0.01, **P<0.001 versus the medium group,

To assess whether IL-10 produced by MG/M®s in the CNS is
required for the in vivo effects, anti-IL-10-neutralizing anti-
body or control IgG was injected into the cerebral ventricles
(i.c.v.) using an osmotic pump catheterized to the right lateral
ventricle for 7 days after SCI in mice. Th1-conditioned
lymphocytes were injected i.p. to these mice on day 4 after
SCI. Compared with treatment with control 1gG, antibody
infusion significantly suppressed motor recovery at time
points later than 4 weeks after SCI, as assessed by BMS
scoring (Figure 3b). Although there were no significant
differences observed in the grid-walk test (Figure 3c), the
ameliorated recovery of motor functions by Th1-cell transfer
was attenuated in the inclined-plane test (Figure 3d). There-
fore, IL-10 secreted from the cells in the CNS is a partial
contributor to enhanced motor recovery after SCI.

ifn-y-dependent secretion of IL-10 from Th1 cells have a
pivotal role in improved recovery after SCIL. We next
performed in vitro experiments to confirm whether we can
recapitulate IL-10 upregulation from MG and M®s by Thi-
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Figure 6 Schematic representation showing molecular mechanism of
restorative effects of transferred Th1-conditioned lymphocytes on recovery after
SCl. ifn-y-dependent secretion of IL-10 from transferred Th1-conditioned cells
contributes to an increase of M2 subtype of MG/M®s, as shown by the upregulation
of IL-10, arginase 1 (Arg1), and CD206, leading to restorative effects on functional
recovery after SCI

conditioned lymphocytes. First, we cultured MG from
neonatal mouse brains and mouse femoral bone-derived
M®s. Secretion of IL-10 was measured using ELISA after
MG (Figure 4a), or M®s (Figure 4b) cultured in 96-well plates
were treated with conditioned media (CM) of Th1 cells, Th1
ifn-y—/— cells, and Th17 cells or recombinant IFN-y
(Figure 4 upper schematic). Even at the starting point, high
levels of IL-10 were observed in Th1-cell group (Figures 4a
and b), demonstrating that CM of Thi cells themselves
contained abundant IL-10 compared with Th1 ifn-y —/ — cells
and Th17 cells. Although IL-10 expression from MG/M®s
unexpectedly did not surge, IL-10 leveis from MG or M
treated with CM of Th1 cells were significantly higher_th
only CM of Th1 cells at 3 h after the treatment (Figures #
It is suggested that comparatively small amount
were secreted from cultured MG/M®s in the ea
treatment of Th1 CM. As Th1 cells rol
neuroprotective IL-10 (Figures 4a and
whether genetic deletion of /F10 in trans

cells transfer completely dim
of Th1 cells transfer on
assessed by BMS scoring (

Thi-conditioned lymphocytes secrete neurotrophic
factors. Candidate neurotrophic factors in Th1-conditioned
cells that promote neuroprotection were investigated after
contusion SCI and the expression of neurotrophic factors,
such as glia-derived neurotrophic factor (GDNF) and
neurotrophin 3 (NT-3), in Thi-conditioned cells was shown
to be higher than that in Th17 cells, which limited functional
recovery after SCL'® It has been shown that GDNF is
neuroprotective after SCI?® and that NT-3 promotes growth
and differentiation of neurons and synapses.?* In the current
study, the expression levels of GDNF and NT-3 among Th1
cells, Th1 ifn-y—/— cells, and Th17 cells were compared
using ELISA. GDNF expression was higher in Th1 cells than
thatin Th1 ifn-y —/ — celis or Th17 cells (Figure 5a), although
expression of NT-3 was not significantly different between
Th1 cells and Th1 ifn-y —/— cells (Figure 5b).

Cell Death and Disease

Discussion

The current study demonstrated that ifn-y-dependent secre-
tion of IL-10 from Th1 cells as well as from MG/M®s is
required for the enhanced recovery from SCi induced by Th1
transfer (Figure 6). It is surprising that expression of the
neuroprotective cytokine 1L-10 is upregulated from MG/M®s
in an Jifn-y-dependent manner (Figure 3a), although pro-
inflammatory Th1 cells were transferred after SCI. However,
effects of these cytokines especially IL-10 upregulation in the
CNS are partial (Figures 3b and d). Th1 cell-transferred spinal
cord after SCI showed accumulation of activated round MG
and M®s around the injured dorsal and lateral CST, although
activated and ramified MG/M®s are also observed without
treatment after SCI (Figures 2a and b). Itis suggested that the
increased proportion of neuroprotective M2 MG/M®s induced
by Th1 cells transfer'® may protect and repair injured neuronal
fibers, including the CST. To elucidate the progression of IFN-
y from Th1 cells leading to IL-10upregulation in MG/Mds, we
treated cultured MG/M®s CM or recombinant IFN-y
and measured IL-10 (Figures 4a-c). The result
suggests that Thi cé mselves secrete abundant IL-10
and, comparati ] expectedly small amount of IL-10
VIG/M®s when treated with Th1 CM. It is
state of the cultured MG/M®s in our

ay be. different from in vivo MG/M®s after SCI
a) and that other micro-environmental factors, such

from MG/M®s. Whereas experiments neutralizing
n the CNS only attenuated the effects of Thi-
ditioned cells transfer (Figures 3b and d), transfer of
h1-conditioned cells derived from i-10 —/—~ mice showed
complete abrogation of the restorative effects of Th1 cells
(Figure 4d). Thus, ifn-y-dependent secretion of IL-10 from
transferred Th1 cells (Figures 4a and b) may contribute to the
entirety of the effects by directly shifting the CNS into a
neuroprotective state® in addition to increasing the proportion
of the neuroprotective M2 subtype of MG/M®s observed and
upregulation of Arg1, CD206,'® and IL-10 (Figure 6). Indeed,
transfer of Th1-conditioned cells has enhanced restorative
effects compared with just inducing viral expression of IL-10 in
the CNS after SCI.2° This may be caused by shifting systems in
the periphery, such as M®s in the lymph nodes into a
neuroprotective state, as well as the CNS with Th1-cell transfer.
On the other hand, IFN-y did not have direct effects on IL-10
upregulation from MG/M®s (Figures 4a—c). We conclude that
ifn-y is required to maintain transferred Th1 cells to abundantly
secrete IL-10 rather than directly upregulating IL-10 from MG/
M®s in the lesion site after SCI. Our result is consistent with a
report that ifn-y mediates IL-10 reactivation by parasite-reactive
Th1 cells.?® The notion may be consistent with our previous
report that IFN-y is necessary for maintaining Th1 cells to
promote neurite outgrowth from cortical neurons rather than
directly elongating neurites.?” On the other hand, other
mechanism independent of ifn-y may be partially responsible
for IL-10 secretion from Th1 cells, because comparatively very
small amounts of IL-10 were still secreted from Th1 jfiy —/ —
cells (Figures 4a and b). This residual secretion of IL-10 may be
attributed to ifn-y-independent activation of signal transducer
and activator of transcription 4, as previously reported.®
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In general, inflammation is considered to be detrimental to
the CNS injury, but there are some reports demonstrating that
pro-inflammatory T cells are beneficial to the CNS injury.
Those T cells may be attributed to the functions of Th1 cells in
ifn-y-dependent manner. Indeed, IFN-y promotes neuronal
differentiation®® and neurogenesis.®® Secretion of IFN-y by the
transferred Th1-conditioned cells has a role in MG activation
(Figures 2c and d), leading to functional recovery from SCI. It
has been suggested that activated MG induce neuronal
differentiation®' and are neuroprotective.?? In addition, the
beneficial role of M®s in the injured CNS is known. 232

IFN-y contributes to the upregulation of GDNF in Th1 cells
(Figure 5a), which may have positive effects on neuroprotec-
tion after SCI. Thus, the in vivo effects of IFN-y secreted by
Th1-conditioned cells are important for functional recovery
after SCI. However, it should be noted that Th1-conditioned
cells lacking IFN-y still had limited beneficial effects (Figures
1c and d). These remnant effects may be mediated by
neuroprotective IL-10 (Figures 4a and b) and trophic factors,
such as NT-3 (Figure 5b).

Taken together, pro-inflammatory Th1 cells have restora-
tive effects on functional recovery after SCI in ifn-y- and i-10-
dependent manner. There are many side effects after
massive dose of glucocorticoid treatment such as increased
susceptibility to infection, gastroinstestinal ulcer, diabetes
mellitus, and mental disorder. Therefore, our study provides
new insights into future immunomodulatory treatment after
CNS trauma (for example, transfer of Th1 cells or skewing to
Th1), which not only promotes beneficial immune reactions

but also attenuates harmful ones such as devastating Th17 °

cells.

Materials and Methods
Mice. C57BL/6j mice were purchased from Charles Rivel
(Wilmington, MA, USA). As previously reported, ifn-y —/— mice’
mice® on the C57BL/6 background were used. All mice
housed in specific pathogen-free conditions and were tr

experimental animals.

Animal model of SCI. Adult (7-9 wee
anesthetized with sodium pentobarb
Japan). Following dorsal laminec
contused with a force of 60 kdyn nite Horizon Impactor (Precision
Systems & Instrumentation, Fairfax Station, VA, USA), as previously described.®
The muscle and skin layers were then sutured. The bladder was expressed daily
using manual abdominal pressure until 10 days after injury. Food and water were
provided ad libitum.

g
T10 level), the spinal cord was

Adoptive transfer of cultured T cells. The procedure was performed
according to a previously described procedure.'® The procedure is briefly indicated
as following: spleens were collected from the mice. CD4™ T cells were isolated
using magnet sorting with anti-CD4 magnet beads (Miltenyi Biotec, Cologne,
Germany). CD4™ T cells were stimulated with anti-CD3-¢/anti-CD28 antibodies
(5 ug/ml, respectively, Pharmingen/BD Biosciences) coated on 24-well plates
(Greiner Bio-One, Kremsmiinster, Austria). Thi-conditioned cells were differ-
entiated by the addition of recombinant IL-2 (25 U/ml; R&D Systems/TECHNE,
Minneapolis, MN, USA), IL-12 (10 U/ml; R&D systems), and anti-IL-4 antibodies
(25% culture supematant of hybridoma; clone HB-188; American Type Culture
Collection, Manassas, VA, USA). Th17-conditioned cells were differentiated by the
addition of recombinant IL-6 (20ng/ml; R&D systems), IL-23 (20ng/ml; R&D
systems), TGF-f1 (3ng/ml; R&D systems), anti-IL-4 antibodies (25% culture
supematant of the hybridoma), and anti-IFN-y antibodies (1% culture supematant
of hybridoma; clone HB-170; American Type Culture Collection) in the presence of
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anti-IL-2 antibody (10 ug/ml; R&D Systems). ThO cells were cultured in the
presence of only IL-2 (25 U/ml; R&D Systems). On day 4, the helper T cells were
collected. The cells were centrifuged at 1000 x g for 20 min with Lympholyte-M
(Cedarlane Laboratories, Burlington, Ontario, Canada), and the intermediate layer
was collected to eliminate the dead cells. The cells were restimulated for 3 h with
anti-CD3-¢ and anti-CD28 antbodies. On day 4 after SCI, helper T cells
(1.0 x 107) suspended in 500 ul phosphate-buffered saline (PBS) were injected
i.p. into mice. As a control, 500 ul PBS was injected into mice after SCI.

Behavioral analysis. Hindlimb motor function was evaluated using the BMS
open-field locomotor test, in which scores range from 0 to 9."® BMS scores were
recorded on days 1, 3, and 7 after injury, and once weekly thereafter for a total of
6 weeks.

The grid-walk test was also performed to evaluate hindlimb locomation.'® Deficits
in descending motor control were examined by assessing the ability of mice to step
on a square framework, 26 cm on a side, consisting of 1-cm? grids made of round
metal bars. Analysis was performed by counting the number of errors (that is,
dropping the hindlimb from the grid) in 50 steps for each hindlimb. The mean
percentage of errors was then calculated. Error percentages were not calculated
before 2 weeks after SCI because, bef is time, animals were unable to move
their hindlimbs owing to insufficient rec

A subset of animals was analyze
evaluates the animal's ability t
incrementally to increasing ang
with the integrity of the rut

1

ng the inclined-plane test,”® which

body position on a board raised
Performance on the inclined plane correlates
inal tract (and other nonpyramidal pathways) after
.3, 7 after injury, and once weekly thereafter for
tested in each position, after which the angle was

d with 4% paraformaldehyde and preserved spinal cord tissues were
. The entire spine was dissected out and post-fixed in 4% paraformalde-
e for 3h at 4 °C. The spinal cord was removed from the vertebral column and
red for 12h in 15% sucrose in 0.2M PBS at 4°C. The spinal cord was then

“placed in 30% sucrose in 0.2M PBS for 24h at 4°C. The spinal cord was

embedded in Tissue Tek OCT compound (Sakura, Tokyo, Japan) and immediately
frozen on dry ice at — 80 °C. A series of 20-um transverse sections were cut on a
cryostat and mounted on Matsunami Adhesive Silan-coated glass slides (Matsunami
Glass, Osaka, Japan). After washing three times with PBS, all sections were blocked
in PBS containing 5% BSA and 0.3% Triton X-100 for 1 h at room temperature. The
sections were then incubated with polyclonal anti-lbal antibody (1:200; Wako,
Osaka, Japan) overnight at 4 °C, washed three times with PBS, and incubated with
fluorescein-conjugated secondary antibodies (1:500; Life Technologies, Carlshad,
CA, USA) for 1 h at room temperature. Sections were then rinsed three times in PBS
and mounted. The sections were viewed under an inverted light microscope
equipped with epifluorescence optics and a dry condenser for phase-contrast
microscopy (DP70, Olympus, Tokyo, Japan).

Preparation of leukocytes from injured spinal cords. The
extraction of leukocytes from the spinal cord was performed according to a
previously described procedure.” First, mice were transcardially perfused with ice-
cold PBS. The spinal cord was then dissected and suspended in Hank's Balanced
Salt Solution (Life Technologies) supplemented with 3% fetal bovine serum (FBS),
100 1U/ml penicillin, and 100 pg/mi streptomycin. The spinal cords were digested
with collagenase D (5.0 mg/ml; Roche Diagnostics, Tokyo, Japan) plus 2.5mM
calcium chloride. After filtration with a 70-um Cell Strainer (BD Biosciences), lysis
of red blood cells with RBC Lysis Buffer (BioLegend, San Diego, CA, USA) and
washing, the pellet, isolated by 38% Percoll centrifugation at 1500 x g for 20 min,
was collected for flow cytometry.

Cell-surface and intracellular antigen staining. Cultured lymphocytes
or collected leukocytes from mouse spinal cords were stimulated with 50 ng/ml
phorbol 12-myristate 13-acetate (Sigma-Aldrich, St. Louis, MO, USA) and
750 ng/ml ionomycin (Calbiochem/EMD Millipore, Billerica, MA, USA) for 4 h and
with 10 ug/ml brefeldin A (Sigma-Aldrich) for the last 2h. The cells were
suspended in Fixation Buffer (eBioscience, San Diego, CA, USA) and surface
stained with anti-CD45-Alexa647 (BioLegend) and anti-CD11b-PE (BioLegend).

~
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Intracellular staining was performed according to the manufacturer’s protocol,
using anti-T-bet-PE (eBioscience) and anti-IL-10-FITC (BioLegend).

Flow cytometric analysis. Flow cytometry was performed with the
FACSCalibur flow cytometer (BD Biosciences), and was analyzed using ProQuest
(BD Biosciences) and FlowJo software (TreeStar, Ashland, OR, USA). Control
experiments using isotype-matched immunoglobulins (BioLegend) were performed
to determine the specificity of the signals of antibodies against specific antigens.

Infusion i.c.v. Following SCI, the right lateral ventricle of the mouse was
stereotaxically perforated with a brain infusion kit 3 (ALZET, DURET Corporation,
Cupertino, CA, USA; coordinates: 0.5 mm posterior to the bregma, 1.0 mm lateral
to the bregma, 2 mm deep) and connected to an osmotic minipump (ALZET; pump
model: 1007D) filled with 1mg/ml anti-IL-10-neutralizing antibody (eBioscience;
clone: JES5-16E3) or rat IgG (eBioscience). The anti-IL-10 antibody was infused
for 7 days.

Culture of MG/M®s and treatment of T-cell culture media. Culture
of MG and Mds was performed according to a previously described procedure.®®
MG were obtained from the brain of C57BL/6j mice on postnatal day 1-2. The
cerebral cortex of each mouse was dissected out and the meninges were
eliminated. The brains were minced with surgical knives, and then digested with
0.25% trypsin for 15min and 0.5 mg/ml DNase for the last 1 min at 37 °C. The
cells were passed through a 70-um Cell Strainer (BD Biosciences). The resuitant
cell suspension was diluted with Dulbecco’s Modified Eagle Medium (DMEM,;
Invitrogen) and spun down. The pellet was suspended with 10% FBS/1% penicillin
and streptomycin/DMEM (DMEM growth medium) and plated on poly-L-lysine-
coated 75-cm® culture flask (Greiner Bio-One). On day 1 and every 3 days
thereafter, DMEM growth medium was replaced. After >7 days, the flask was
shaken for 30min so that floating MG could be collected from the astrocyte
monolayer sheet and cultured at the density of 3.3 x 10* cells in 100 gl growth
medium for 1 well of 96-well plate (Greiner Bio-One). More than 90% of the cells
were CD11b™ MG.

Bone marrow-derived M®s were obtained from bilateral femoral bones of 9-
week-old C57BL6/j mice. Marrow cores were flushed using 10-ml syringes filled wi
RPMI1640 (Invitrogen)/10% FBS. After trituration and lysis of red blood cefls.
RBC Lysis Buffer (BioLegend), the cells were washed in the medium
plated and cultured in RPMI1640 with 10% FBS, penicillin/streptol

collected at day 4. On day 6, the cells were replated on 96-well pl
of 3.3 x 10* cells in 100 uI of RPMI growth medium for one
were treated with the T-cell supemnatant. More thal
CD11b™ Md®s.

One hundred microliters of CM of cultured
T-cell culture) or 40ng/ml IFN-y (BioLegend
applied to MG or Mds cultured as abo
T-cell CM, supernatant of the
with ELISA.

100 pl medium were
‘and 24 h after treatment of

Enzyme-linked immunosorbent assay. Thi, Thi ifny —/—, and Th17
cells were prepared as described above. Three hours after restimulation with anti-
CD3-¢/anti-CD28 antibodies, cells were centrifuged and their supernatants were
collected and stored at — 80 °C until use. Concentrations of IFN-y, IL-10, NT-3,
and GDNF in the superatants of each cell were analyzed using the ELISA kits,
according to the manufacturer's protocol (IFN-y and IL-10: R&D Systems; NT-3:
Emax Immunoassay System; GDNF: Promega, Fitchburg, W, USA). Absorbance
values were read at 450nm on a plate reader (SpectraMax M2; Molecular
Devices, Sunnyvale, CA, USA).

Statistical analysis. All values are expressed as mean+S.E.M. Motor
function scores were analyzed using two-way ANOVA with repeated measures
with a Bonferroni post-test for 2-3 groups. For all other data, a one-way ANOVA
with a Bonferroni post-test collection was used. Values of P<0.05 were
considered statistically significant.
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