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hse70 was generated by reverse transcription-polymerase chain
reaction (RT-PCR) from the mRNA obtained from the peripheral
blood mononuclear cells (PBMCs) of a healthy volunteer, The total
mRNA was extracted from the PBMCs with an Isogen kit (Wako,
Osaka, Japan). The mRNA was transcribed to cDNA with oligo (dT)
16 primer using AMV reverse transcriptase (Promega, Tokyo, Japan).
The ¢DNA encoding hsc70 was amplified by LA Taq polymerase
(Takara, Tokyo, Japan) using the primers AT GGATCC C ATG TCC
AAG GGA CCT G (forward) and AT GGTACC TTA ATC AAC CTC
TTC AAT G (reverse). The amplified cDNA was cloned into a pQE31
expression vector (Qiagen, Tokyo, Japan) at 5° BamHI and 3" Kpnl
restriction sites. The hsc70/ESO pl57-165 fusion protein was
generated by incorporating a mini-gene encoding NY-ESO-1 p157-
165 in either the forward or reverse primers containing the 5° BamH1
and 3" Kpnl restriction sites. Escherichia coli strain M15 was
transformed by the constructed plasmids and grown in an Luria-
Bertani (LB) medium, containing ampicillin (50 upg/ml) and
kanamyecin (20 pg/ml). Protein expression was induced by 0.1 M
isopropyl-f-D-thiogalactoside (IPTG). The protein was solubilized in
buffer B (8 M urea, 0.1 M sodium phosphate, 0.01 M Tris/ HC1, pH
8.0), the lysate was centrifuged of at 10,000 xg, and the supernatant
was applied to an Ni2*-nitrilotriacetic acid (NTA) agarose column and
extensively washed with buffer C (8 M urea, 0.1 M sodium
phosphate, 0.01 M Tris/HCI, pH 6.3). The Ni*-NTA resin-bound 6x
His-tagged protein was re-folded rapidly by washing with 15 column
volumes of urea-free Tris buffer (pH 7.5) and eluted with Tris buffer
containing 200 mM imidazole. The eluate was extensively dialyzed
against phosphate buffered saline (PBS) (pH 7.4) to remove imidazole
and then concentrated using an Amicon Ultra-15 centrifugal filter
device (Millipore, Bedford, MA, USA). The fusion proteins were
treated with Kurimover 1 and 11 (Kurita Incorporation, Tokyo, Japan)
to remove the contaminating lipopolysaccharide (LPS). The level of
LPS was determined by the Limulus ES-II test (Wako, Osaka, Japan).

Peptide. The human leukocyte antigen (HLA)-A0201 restricted NY-
ESO-1 peptide pl57-165 (SLLMWITQC) was identified by
reactivity with cluster of differentiation 8 (CD8)* T-cell from
patients with spontaneous NY-ESO-1 immunity. This epitope (ESO
pl57-165) was selected to analyze the CD8+* T-cell response (17,
18). The peptide was synthesized by using the Multiple Peptide
Systems, with a purity of >86%, as determined by reversed-phase
high-performance liquid chromatography (HPLC).

Generation of dendritic cells from PBMCs. Mononuclear cells were
isolated from the peripheral blood of healthy individuals by using
Ficoll-Paque density gradient centrifugation after obtaining
informed consent (19, 20). The CD14+ monocytes were enriched by
negative isolation using magnetic beads (Dynal, Oslo, Norway).
Monocytes were seeded at a density of 1x10¢ cells/well in 24-well
plates in 2 ml of RPMI 1640 medium with 2.5% or 10% fatal calf
serum (FCS), 100 ng/ml granulocyte macrophage colony-
stimulating factor (GM-CSF) (Leukine; Immunex, Seattle, WA,
USA) and 50 ng/ml IL-4 (R&D Systems, Minneapolis, MN, USA).
The culture was incubated at 37°C in a humidified atmosphere with
5% CO, for 5 days. The harvested cells were characterized by flow
cytometry and were then stimulated with hsc70/ESO p157-165
fusion protein or p157-165 peptide.

Flow cytomerry. The cells were processed for double-staining using
fluorescein isothiocyanate (FITC)-CD14, FITC-CD1a, phycoerythrin
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(PE)-CDS83, PE-HLA-DR, PE-CD86 (B7.2) monoclonal antibodies
(mAbs) (BD Pharmingen, San Diego, CA, USA). Fluorescence
acquisition was carried out on a FACSCan (BD Biosciences. San
Diego, CA, USA), and data analysis was carried out using the
CellQuest software package (BD Biosciences).

Stimulation of DCs and measurement of cytokines. The harvested
cells were incubated with GM-CSF and IL-4 for 5 days and exposed
to pl157-165 (53 pg/ml) or hsc70/ESO pl157-165 fusion protein
(350 pg/mly in RPMI 1640 for 12 h. The cell culture supernatants
were collected and then particulates were removed by
centrifugation. The concentration of the cytokines (IL-10 and 12) in
the supernatants was measured by an enzyme-linked immunosorbent
assay (ELISA; Quantikine, R&D Systems, Minneapolis, MN, USA).

Neurralization of 1L-6 for differentiation of DCs from monocyies.
mo-DCs were generated as described above. Anti-human I1L-6
and/or IL-6R neutralizing antibodies, at a concentration of 2.5 pg/mi
(R&D Systems), were added to the cultures at day 0 and 3 (21).

Results

Phenotype of mo-DCs from healthy donors. The population
of monocytes isolated from PBMCs exhibited a unique
phenotype (Figure la). However, the mo-DCs from the
healthy donor were differentiated into two distinct
phenotypes (Figure 1b). After 5 days, culture in RPMI,
containing 10% FCS with GM-CSF and IL-4, the
expression of CD14 was down-regulated in cells from half
of the donors. On the other hand, CD1a was expressed in
those cases. The expression of CD83 was negative in cells
from all donors.

IL-10 production of mo-DCs from each donor. IL-10 was
measured in the supernatants of DCs stimulated for 12 h by
hsc70/ESO p157-165 fusion protein or p157-165 (Figure
2). CD14*CDla” DCs secreted significant amounts of IL-
10 in response to hsc70/ESO pl157-165 fusion protein.
However, there was less IL-10 secretion stimulated by
hsc70/ESO p157-165 fusion protein in CD14"CDla* DCs
from donors 1 and 3.

The expression of CDla and production of cytokines from
mo-DCs. CD147CDla™ DCs (donor 5) produced IL-10, but
IL-12, which plays a prominent role in the induction of the
T-helper 1 (Th1) immune response against cancer, was barely
sccreted. Meanwhile, CD147CDlat DCs from donor 6
exhibited a reversed pattern of cytokine production for IL-
10 and 11.-12 (Figure 3). The expression of surface markers
CD14 and CD1a of mo-DCs had an effect on the balance of
Th1 and Th2 response.

Mo-DCs from the same donor exhibited different surface
marker phenotype after induction under different conditions.
CDI147CD1a*™ DCs were generated from donor 7 following
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Figure 1. a: Phenotype of monocytes isolated by magnetic heads from peripheral blood mononuclear cells. Cells were enrviched and harvested
immediately. b: Phenotype of monocyte-derived dendritic cells, Peripheral blood mononuclear cells were isolated from the peripheral blood of
healthy individuals, The CDI4" monocyies enriched by negative isolation were incubated in RPMI plus 10% fetal calf serum, granulocyte
macrophage colony-siimulating factor and interienkin-4, for 6 days, The phenotypes (CD14, CDia, CDS3, HLA-DR, CDS86) of the harvested cells

were analyvzed by flow cytometry.

culture in RPMI with 10% FCS. However, CD147CDla”
DCs were generated under culture conditions of RPMI with
2.5% FCS, using cells from the same donor. This phenotypic
conversion changed the function of DCs, which exhibited IL-
10 production rather than IL-12, in response to stimulation
with hsc70/ESQO pl157-165 fusion protein (Figure 4).

The expression of CDla and 1L-6 antagonists. IL-6 affects the
differentiation of monocytes into DCs and macrophages. The
addition of IL-6 and/or IL-6R antibodies during the generation
of mo-DCs up-regulated the expression of CDla. The
expression of CDla was remarkable following blocking of
both IL-6 and IL-6R (Figure 5). Although the DCs generated
in medium containing 2.5% FCS were almost all CDla™ cells,
the expression of CDla was positive Tollowing the addition of
neutralizing IL-6 and IL-6R antibodies on day 0 and 3. The
function of the DCs differed according to their phenotypic
features and they produced IL-12 in response to the activation
by hsc70/ESO pl157-165 fusion protein (Figure 6).
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Figure 2. Interlewkin-10 (IL-10} production of dendritic cells (DCs).
CDI4-CDla* DCs and CDI47CDla~ RCs were stimulated by
hse70/ESO pl57-165 fusion protein or pl37-165 in RPMI medivm for
12 . The 1L-10 in the supernatanis of pulsed DCs was measured by an
enzyne-linked immunosorbent assay.
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measured by an enzyme-linked immunosorbent assay.
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Figure 4. Cytokine production of dendritic cells (DCs) in different culture medium. The percentage of fetal calf serum (FCS) in RPMI medium for
generation of monocyte-derived DCs was changed from 10% to 2.5%.
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Discussion

NY-ESO-1 is a prototype cancer/testis antigen that is
expressed in a variety of human malignancies, but not in
normal tissues. except for the testis. Spontaneous immune
responses involving an antibody, as well as CD4" and CD8*
T-cells directed against a broad range of MHC class I- and
class Il-restricted NY-ESO-1 peptides are observed in
patients with advanced NY-ESO-1-expressing tumors (22).
Therefore, NY-ESO-1 is thought to be a favorable target for
use as a cancer vaccine. The initial trials of peptide
vaceination against NY-ESO-1 were particularly effective in
generating CD8" T-cell responses. However. the clinical
outcome remains unsatisfactory.

The major role of heat shock proteins (HSPs) is to act as
a molecular chaperone, binding immature peptides during
their synthesis and assisting in their folding (23-25). The
peptides are thought to be degraded in the cytoplasm and are
then transferred to the endoplasmic reticulum by binding to
HSP70 or HSP90. but not by natural diffusion (26). In

addition, HSPs are thought to bind to a diverse array of

antigenic peptides in tumor cells, and that the tumor-derived
HSP-antigenic peptide complexes can be purified for
vaccination against cancer (27).

A mini-gene encompassing the NY-ESO-1 cytotoxic
T-lymphocyte (CTL) epitope p157-165 (ESO pl57-165) was
genetically fused to the human heat shock cognate protein-70
(hsc70). and the resulting fusion proteins were expressed in E.
coli. mo-DCs captured and endogenously processed the
hsc70/ESO p157-1635 fusion protein to MHC class I molecules

through the cross-presentation pathway. Finally. NY-ESO-1-
specific CTL were generated by in vitro stimulation with
hsc7O/ESO pl157-165 fusion protein on mo-DCs.

DCs play a crucial role in the initiation of antigen-specific
immune responses, exhibiting a variety of specializations that
contribute to their efficiency as antigen-presenting cells (9.
28). One major population of DCs is myeloid DCs which
include specific subtypes, including Langerhans cells.
interstitial DCs and mo-DCs that have unique phenotypic
features. The CD14¥ monocytes are the most common sotrce
of DCs and can be enriched by negative isolation from
PBMCs and incubated in RPMI with 10% FCS. GM-CSF and
[L-4 to generate DCs (29, 30). However. not all DCs generated
or cultured under the same conditions are equivalent (31).
They appear to be derived from multiple lineages and.
depending on their origin, site of residence, or the type of
maturation stimulus received, they program different T-cell
mo-DCs  exhibit various
cxpression levels of CDla, CDI4, CD83, human leucocyte
antigen-DR (HLA-DR) and CD86 according to the culture
conditions and individuals from which they are sourced. mo-
DC subsets are defined by their phenotypic features and have
a functional diversity of cytokine production that regulates the
polarization of naive T-cells to Thi or Th2 (33-36). However.
this diversity creates difficulties in their clinical application in
cancer immunotherapy using DCs. The optimal phenotypic
features of DCs and appropriate conditions for clinical
applications must be determined.

CDla is one of the common DC subset markers (37, 38).
The proportion of CD1a* and CDla™ DCs varies in individuals.

¢
outcomes (32). The generated
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Figure 6. Interleukin-12 (1L-12) production of monocyre-derived dendritic cells (mo-DCs} following culture with aniibodies to interlenkin-6 (1L-6)
and IL-6R. The DCs generated in RPMI plus 2.5% fetal calf serim (FCS) and IL6/IL-0R antibodies up-regulated their expression of CD1a. The 11.-
12 production from DCs cultured with and without neutralizing 1L-6 antibodies is shown.

CDla* DCs are able to secrete more IL-12 in response to
stimulation with LPS than do CD1a™ DCs. On the other hand.
the 1L-10 production of CD1a™ DCs is less, or similar to that of
CD1a™ DCs (39). The present study generated two types of
DCs, CDla® and CDla™, under the same conditions.
Interestingly. there were different patterns of CDla expression
under the different conditions during induction, even when
using cells from the same donor. This strongly suggests that
the conditions of DC culture were critical for induction of the
appropriate antigen-presenting cells in vivo.

Humoral factors in the serum also affect the differentiation
of immature DCs (40, 41). Culture medium with 2.5% FCS
converted the phenotype of DCs from CDla* to CDl1a™. This
conversion also changed the cytokine production from 1L-12
to IL-10. This is a critical conversion associated with the
polarization of Thl and Th2 cells. A major question was
whether this conversion was reversible, 11.-6 inhibits the
differentiation of monocytes to DCs by promoting their
differentiation toward macrophages (42, 43}. On the other
hand, an antagonist of IL-6 can drive monocytes to form
immature DCs. Therefore, the present study compared the
effect of anti-1L-6 agents on CD1a expression. Cells treated
with both antibodies to IL-6 and IL-6R, recovered CDla
expression and secreted IL-12. These results suggest that
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anti-IL-6 analogs may be used as an effective adjuvant for
the development of a mo-DC-based cancer vaccine with the
hsc70/ESO p157-165 fusion protein.
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Abstract

AIM: To investigate the immunological repertoire in the
peritoneal cavity of gastric cancer patients.

METHODS: The peritoneal cavity is a compartment
in which immunological host-tumor interactions can
occur. However, the role of lymphocytes in the peri-
toneal cavity of gastric cancer patients is unclear. We
observed 64 patients who underwent gastrectomy for
gastric cancer and 11 patients who underwent lapa-
roscopic cholecystectomy for gallstones and acted as
controls. Lymphocytes isolated from both peripheral
blood and peritoneal lavage were analyzed for surface
markers of lymphocytes and their cytokine production
by flow cytometry. CD4*CD25™" T cells isolated from
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the patient’s peripheral blood were co-cultivated for 4
d with the intra-peritoneal lymphocytes, and a cytokine
assay was performed.

RESULTS: At gastrectomy, CCR7” CD45RA™ CD8" ef-
fector memory T cells were observed in the peritoneal
cavity. The frequency of CD4* CD25 ™" T cells in both
the peripheral blood and peritoneal cavity was el-
evated in patients at advanced stage [control vs stage
IV in the peripheral blood: 6.89 (3.39-10.4) vs 15.34
(11.37-19.31), P < 0.05, control vs stage IV in the peri-
toneal cavity: 8.65 (5.28-12.0) vs 19.56 (14.81-24.32),
P < 0.05]. On the other hand, the suppression was
restored with CD4* CD25™" T cells from their own pe-
ripheral blood. This study is the first to analyze lympho-
cyte and cytokine production in the peritoneal cavity in
patients with gastric cancer. Immune regulation at ad-
vanced stage is reversible at the point of gastrectomy.

CONCLUSION: The immunological milieu in the peri-
toneal cavity of patients with advanced gastric cancer
elicited a Th2 response even at gastrectomy, but this
response was reversible.

© 2012 Baishideng. All rights reserved.
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INTRODUCTION

Tumor progression is governed not only by the genetic
changes intrinsic to cancer cells, but also by epigenetic
and environmental factors. Therefore, neoplastic cell
factors and biophylactic side factors such as immune
reactions are interacting in the survival and development
of micrometastasis. Increasing evidence gleaned from
studies in immune-compromised hosts suggests that the
cellular mechanisms of immunosurveillance influence
tumor development. There are several lines of research
which indicate the critical role of the immune system in
controlling the growth of malignant cells"™. Thus, im-
pairment of anti-tumor immunity, which leads to immu-
nologic toleration of malignant cells, contributes to the
development and progression of peritoneal metastasis'”.
The elimination phase of the cancer immunosurveillance
mechanism is thought to be a continuous process, and lo-
cal control of metastatic invasion by the immune system
may be critical for survival. Howevet, the role of lympho-
cytes in the peritoneal cavity for anti-tumor immunity in
gastric cancer patients is unknown.

Studies in rodents have demonstrated that adoptive
immunotherapy with antigen-specific CD8" T cells is
effective for cancer, and there is evidence that this ap-
proach has therapeutic activity in humans®'". Memory T
cells circulate throughout all tissues of the body and are
primed to rapidly produce secondary immune responses
upon antigen challenge[“]. The nature of the cells that
mediate the different facts of immunological memory
remains unresolved. Natural killer T cells are a specialized
subset of T cells. They express T-cell and natural killer-
lineage cell surface markers and key cytokines, which
regulate the course of the immune response. There are
many mechanisms that regulate and dampen the im-
mune response to cancers’ . Regulatory T cells protect
the host from autoimmune disease by suppressing self-
reactive immune cells. As such, regulatory T cells may
also block antitumor immune responses. Regulatory T
cells have been an active research area in basic as well as
in clinical immunology"®'®. Th1 immune responses are
considered to be essential for eradicating malignant cells.
Based on the cytokine profile, interferon-gamma is a Thl
cytokine with an antitumor effect. Interleukin-10, a Th2
cytokine, inhibits Th1 immune responses and enhances
the production of other Th2 cytokines™?.

In order to clarify the clinical significance of the host
immune response within the peritoneal cavity in patients
with gastric cancer, we conducted an immunological anal-
ysis of the peritoneal lavage obtained from patients at the
time of gastrectomy.

MATERIALS AND METHODS

Patients

A total of 75 patients (50 males and 25 females; mean age:
(4.3 years) wete included in this study. Sixty-four patients
were histologically diagnosed as having gastric cancer.
Among these, 56 had gastrectomy, 2 underwent bypass op-
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Variables No. of patients
Total cases 64
Age (yr) 675£28
Sex (male/female) 42/22
Depth of tumor invasion
T1 32
T2 20
T3 9
T4 3
Lymphnode metastasis
NO 34
N1 12
N2 14
N3 4
Peritoneal metastasis
Absent 56
Present 8
Cytology
Negative 57
Positive 7
Stage
Stage 1 A 25
Stage 1B 13
Stage Il 7
Stage 1l 7
Stage IV 12

eration, and 6 had exploratory laparotomy. Eleven patients
who underwent laparoscopic cholecystectomy for benign
disease acted as controls. The resected specimens were
histologically examined by hematoxylin and cosin staining
according to the general rules of the Japanese Classification
of Gastric Carcinoma®. The investigation protocol was
approved by the Institutional Review Boatd of the Naga-
saki University School of Medicine (#14122694). Written
informed consent was obtained from all patients. The
stages of gastric cancer patients were as follows: stage |
A, n= 25 patients; stage I B, # = 13; stage I, » = 7; stage
I, »= 7; and stage IV, » = 12. The clinicopathological
features of the patients are shown in Table 1.

Isolation of mononuclear cells from peripheral blood
and peritoneal lavage

Endotracheal general anesthesia was induced and 10 mL
of peripheral blood was taken from all patients. Four
hundred milliliter of physiological saline was poured into
the peritoneal cavity prior to manipulation of the tumor,
and was recoveted after being gently stirred. Half of the
peritoneal lavage was allocated for conventional cytol-
ogy and carcinoembryonic antigen (CEA) analysis by an
enzyme-linked immunosorbent assay. The other half of
the peritoneal lavage was immediately centrifuged at 2000
rpm for 10 min, and the supernatants were assayed for
CEA values. The peritoneal CEA levels were then mea-
sured using an enzyme immunoassay kit IMx-SERECT
CEA, Dainabot, Tokyo) and the protein concentration
was determined using a protein assay kit (Bio-Rad, Rich-
mond, CA, United States). The cell component was used
for lymphocyte analysis. Lymphocytes from peripheral
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Source Control Stage | A Stage | B Stage Il Stage lll Stage IV
CEA
PB (ng/mL) Not tested 2.09 (1.39-2.78) 2.03 (0.96-3.1) 3.06 (2.04-4.07) 254 (0.38-4.69) 7.98 (1.18-15.82)
PL (ng/g protein) 56.53 (21.82-91.24) 44.17 (27.37-60.96)  61.95 (11.98-111.91)  83.14 (7.31-187.54) 262.63 (7.26-517.26)  1234.00 (87.77-2380.22)
CD4/CD8
PB (ratio) 5379 (2705-8.052) 5.595(3.224-7.967) 4571 (2.057-7.086)  5.277 (1.369-9.184)  7.999 (3366-12.632)  4.156 (2.228-6.083)
PL (ratio) 0494 (0.338-0.649) 0.553 (0.421-0.685)  0.697 (0.511-0.883)  0.638 (0.395-0.881)  1.242 (0.961-1.522)  1.158 (0.907-1.408)
CD45RA-/CCR7-
PB (%) 60.43 (46.42-74.44) 58.29 (48.93-67.64)  53.92 (32.65-75.2) 57.36 (42.01-72.71)  49.01 (29.31-68.71) 45.73 (32.79-58.67)
PL (%) 81.17 (81.12-93.22) 81.67 (7635-87.01)  76.2 (59.43-92.96)  72.3 (61.01-83.58) 6836 (58.70-78.02)  51.92 (38.34-65.50)
NKT
PB (%) 9.19 (5.83-12.54) 7.59 (5.63-9.56) 9.47 (4.41-14.53) 10.71 (1.55-19.87) 5.43 (0.54-10.33) 7.16 (3.95-10.3)
PL (%) 18.1 (9.83-26.37) 17.25 (13.54-20.97)  15.74 (9.23-22.25) 15.38 (7.71-23.04) 9.66 (1.2-18.11) 9.91 (6.94-12.88)

PB: Peripheral blood; PL: Peritoneal lavage; Cl: Confidence interval. The data are presented as the median and 95% CI. The statistical analysis of the
differences revealed higher CEA and CD4/CD8, lower CD8" effector memory T cells and NKT cells in the peritoneal cavity in patients with advanced stage

than in controls.

blood were isolated by density centrifugation over Ficoll-
Paque™ gradients (Amersham, Uppsala, Sweden).

Flow cytometry

The following monoclonal antibodies were used in the
present study: fluorescein isothiocyanate (FITC)-conjugat-
ed anti-CD8, FITC-CD25, FITC-CD45RA, phycoerythrin
(PE)-conjugated anti-CD4, PE-CD56, PE-CCR7, PE-
IFN-y, PE-IL-10, PE-Foxp3, cychrome (Cy)-conjugated
anti-CD3, and Cy-CD8 (BD Pharmingen, San Diego,
CA, United States). Single-cell suspensions were stained
in phosphate-buffered saline-1% fetal calf serum at satu-
rating concentrations according to standard procedures.
Flow cytometry was performed on the BD Biosystems-
FACSCanto I system (BD Biosciences, San Diego, CA,
United States), and FACSDiva software (BD Biosciences,
San Diego, CA, United States) was used for analysis. All
analyses of T' cells were carried out after gating by CD3.
The ratio of the percentage of CD4 and CD8 cells was
represented as the CD4/CD8 ratio.

Intracellular staining for Foxp3

Intracellular staining for Foxp3 was performed using the
Human Foxp3 Buffer set (BD Pharmingen, San Diego, CA,
United States) according to the manufacturer’s protocol.

Cytokine assays
Anti-IFN-y-PE and and-IL-10-PE mAbs were used for
the intracellular analysis of cytokine production. Pe-
ripheral and intra-peritoneal lymphocytes were activated
with 10 ng/mL phorbol 12-myristate-13-acetate (PMA),
0.5 pg/mL Ionomycin, and 1 pL/mL GolgiPlug (BD
Pharmingen, San Diego, CA, United States) for 4 h. Cells
were washed, fixed and permeabilized by Cytofix/Cy-
toperm solution (BD Pharmingen, San Diego, CA, Unit-
ed States), and stained with titrated amounts of cytokine-
specific antibodies.

Next, the CD4" CD25 " T cells were isolated from
peripheral blood by magnetic beads (Miltenyi Biotech,Be
rgischGladbach, Germany). These CD4™ CD25 ™ T cells

(4
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were mixed with intraperitoneal lymphocytes at a ratio of
1:10 and co-cultivated for 4 d in RPMI with 10% FBS.
The CD4" CD25 T cells were co-cultivated with intra-
peritoneal lymphocytes as controls. The cytokine assay
was performed by the intracellular cytokine method after
4 d of co-cultivation.

Statistical analysis

The statistical analysis was performed using the Kruskal-
Wallis test (non-parametric ANOVA) using a personal
computer and the StatViewV.5.0 software package (SAS
Institute, Cary, NC, United States). P values less than 0.05
were considered to indicate statistical significance.

RESULTS

Carcinoembryonic antigen values in sera and peritoneal
lavage

For the interaction between peripheral blood and the
petitoneal cavity, we investigated the CEA values in both
serum and peritoneal lavage at the time of surgery. The
serum CEA values were elevated only in patients with
stage IV disease. On the other hand, the values in peri-
toneal lavage were found to be elevated even at stage III,
and they were also related to the clinical stage (Table 2).

Analysis of lymphocyte populations in peripheral blood
and the peritoneal cavity

After purification of lymphocytes from peritoneal lavage,
we investigated the phenotypes of lymphocytes in both
peripheral blood and the peritoneal cavity. The mean
value of the CD4/CD8 ratio for all patients was 2.17 in
petipheral blood. The CD8" T cells were dominant in the
peritoneal cavity and the CD4/CDS8 ratio was reversed.
The ratio in patients with stage Il or IV was significantly
higher than in stage | or control patients (Table 2).

The CCR7 CD45RA” CD8" T cells were counted as
effector memory T cell subsets. The percentage of ef-
fector memory T' cells in the peritoneal cavity was higher
than that in peripheral blood. However, the percentage
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Figure 1 Co-staining with foxp3 and CD25 for CD4" T cells. High correlation was shown between both populations.

decreased in association with the clinical stage (Table 2).
The CD3"CD56" cells were measured as natural killer
T cells. The percentage of these cells in the peritoneal
lavage was also low in patients with stage Il or stage IV
(Table 2). As the co-staining of foxp3 and CD25 revealed
a high correlation between both populations, CD25""
was used following cytokine producing assays (Figure 1).
The frequency of CD4" CD25™ T cells in patients with
advanced stage cancer was higher than that in control pa-
tients in both peripheral blood and the peritoneal cavity
(Figure 2A and B).

Cytokine production by lymphocytes

The cytokine production from CD3" T cells after stimu-
lation with PMA + ionomycin was evaluated by a cyto-
kine production assay. The lymphocytes in the peritoneal
cavity were more sensitive for the production of IFN-y
than those in the peripheral blood. The ratio of IFN-y
producing cells in the peritoneal cavity was significantly
lower in patients with advanced stage disease in compari-
son to the controls (Figure 3A and B). The ratio of IL-10
producing cells in the peritoneal cavity in patients with
advanced stages was higher in comparison to the controls
(Figuzre 3C and D).

Cytokine assays of intra-peritoneal lymphocytes after
co-cultivation with self- CD4' CD25"" T cells

In order to investigate whether the suppression of IFN-y
production from T cells in the peritoneal cavity at ad-
vanced stages was caused by CD4" CD25™" T cells, fur-
ther assays were performed. The IFN-y production of
CD8" T cells was suppressed in intra-peritoneal lympho-
cytes co-cultivated with isolated CD4" CD25"" T cells
from self-peripheral blood (Figure 4A). No inhibition was
seen when the lymphocytes were co-cultivated with CD4"
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CD25 cells (Figure 4B).

DISCUSSION

The peritoneal cavity is a compartment in which the im-
munological host-tumor interaction can occur™, This
study investigated lymphocytes in the peritoneal cavity
of patients with gastric cancer in relation to anti-tumor
immunity. Some tumors can acquire the ability to down-
regulate immune responses and exploit this action to pro-
mote tumor cell proliferation, survival, and invasion" %"\
Therefore, the presence of leukocytes in the peritoneal
cavity may be a consequence of an immune response
that favors either dissemination of tumor cells or a pro-
tective host response. Malignant ascites has been used as
a common source of immunological analysis in previous
ICPOITS[“ %

I To the best of our knowledge, there are no
reports describing the lymphocyte and cytokine produc-
tion ability in peritoneal lavage from patients with gastric
cancer at the time of gastrectomy.

In our initial experiments, the CEA values in peri-
toneal lavage were found to correlate with the clinical
stages. Interestingly, the CEA values were elevated even
in cases without serosal invasion. This result suggests that
some fragments of cancer cells may spread throughout
the peritoneal cavity and induce an immune reaction be-
tween the tumor and host”?".

The frequency of CDA4" T cells in all patients was
higher than that of CD8" T cells in peripheral blood, but
this pattern was reversed in peritoneal lavage fluid. CD8"
T cells were dominant in the petitoneal cavity. Our data
suggested that the immunological environment in the
petipheral blood is different from that in the peritoneal
cavity. There were significant differences in the CD4/
CD8 ratio in the peritoneal cavity between gastric cancer
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cancer and control patients. Data are presented as the mean + SD.

patients at advanced stage and control patients. Cancer
progression may have an effect on the balance of the T
cell population in the peritoneal cavity.

Immunological memory is demonstrated by following
T cell subsets: lymph-node-homing cells lacking inflam-
matory and cytotoxic function (defined as central mem-
ory T cells, CCR7* CD45RA) and tissue-homing cells
endowed with various effector functions (defined as ef-
fector memory T cells, CCR7 CD45RA)). These two sub-
sets allow for the division of labor among memory cells.
Effector memory T cells represent a readily available pool
of antigen-primed cells that can enter peripheral tissues
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to mediate inflammatory reactions or cytotoxicity, thus
rapidly containing invasive pathogens and cancer anti-
gens""***. Our data show that CD8" effector memory T
cells were rich in the peritoneal cavity. This indicates the
migration of effector memory cells from the peripheral
blood to local sites. However, in advanced cases, the fre-
quency of CD8" effector memory cells in the peritoneal
lavage was low. These results suggest that the peritoneal
cavity exerts the local immune response, more than pe-
ripheral blood.

Natural killer T cells, a2 unique lymphocyte subpopula-
tion, are characterized by the expression of invariant an-
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Data are presented as the mean + SD. The statistical analysis was performed by the Kruskal-Wallis test. After gating of CD3+ T cells, 10 000 events were analyzed. The
production of IFN-y in the peritoneal cavity was higher than that in the peripheral blood. The ratio of IFN-y production cells in the peritoneal lavage was significantly lower
in patients with advanced-stage than in controls [control vs stage IV: 51.1 (35.1-67.1) vs 10.7 (2.6-22.1), *P < 0.05}; C: The gating and counting of the IL-10 producing cell
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tigen receptors’ ~'”. Natural killer T cells have been sug-
gested to serve as a bridge between innate and acquired
immunity"*'?. However, the mechanisms underlying the
anti-tumor effect of human natural killer T' cell-mediated
immunotherapy remain unclear so far. The frequency of
natural killer T cells was lower in patients with stages [l
and IV than in control patients. Therefore, a decrease in
the number of natural killer T cells in the peritoneal cav-
ity may be one aspect of the interaction between host-
immunity and cancer progression.

Recent studies have shown that CD4* CD25™" foxp3*
T cells exhibiting regulatory/suppressive properties are
naturally present in humans"*"™, The roles of regulatory
T cells have been active topics of research in both basic
and clinical immunology. Naturally-occurring regula-
tory T cells represent a small fraction (5%-6%) of the
overall CD4" T cell population, and play an important
role in down-regulation of the response of T cells to
foreign and self antigens””. The depletion of this subset
of regulatory T cells in normal hosts results in various
autoimmune diseases because the host immune system is
unchecked and attacks the body’s own tissues”. Despite
the importance of these cells in preventing autoimmune
disease, their presence in the tumor microenvironment
diminishes anti-tumor immune responses®™ Y,

Within the CD4" T cell subset, there is a population of
naturally occurting foxp3”™ T cells that are defined as regula-
tory T cells. These cells can be identified as CD4 " foxp3”
T cells by flow cytometry. However, because foxp3 is
intracellular and requires permeabilization of cells for
detection by flow cytometry, regulatory T cells are iso-
lated as CD4"CD25™" T cells, which were shown to
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have functional suppressive abilities in our co-culture
experirnentspn, In the present study, the mean percent-
age of CD4" CD25™" T cells in the peritoneal cavity in
advanced gastric cancer patients was higher than that
of control patients. After the co-cultivation of the self-
CD4" CD25"™" T cell population of intra-peritoneal
lymphocytes, the production of IFN-y was inhibited.

IFN-y, a Thl cytokine, not only exerts an anti-tumor
effect, but also inhibits the proliferation of Th2 clones" ™,
IL-10, a Th2 cytokine, suppresses the synthesis of Thl
cytokines such as IFN—yw'2 . This study showed that the
production of intracellular cytokines in the peritoneal
cavity was higher than that in the peripheral blood after
appropriate stimulation. IFN-y production was down-
regulated in advanced cases, but not in the controls and
stage I patients. On the other hand, IL-10 production
was up-regulated, which revealed the switch of Thl and
Th2 responses in the petitoneal cavity of these patients.
IFN-y production in intra-peritoneal lymphocytes was
suppressed after co-cultivation with self-CD4" CD25""
T cells, but not CD4" CD25 T cells. Interestingly, the
replacement of CD4" CD25 T cells for CD4" CD25""
T cells could recover the production of IFN-y in intra-
peritoneal lymphocytes.

Background

The peritoneal cavity is a compartment in which immunological host-tumor
interactions can occur. Neoplastic cell factors and biophylactic side factors such
as immune reacfions are interacting in the survival and development of micro-
metastasis. However, the role of lymphocytes in the peritoneal cavity of gastric
cancer patients is unclear.
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Clinical and experimental studies have established that leukocyte infiltrations
around tumors promote the development or regression of solid tumors, but-
whether the organ-specific cellular and molecular programs promote tumor
growth or exhibit anti-tumor immunity by leukocytes are incompletely under-
stood. Recent studies have shown that CD4" CD25™" foxp3' T cells exhibiting
regulatory/suppressive properties are naturally present in humans. The roles of
regulatory T cells have been active topics of research in both basic and clinical
immunology.

Innovations and breakthroughs

In most previous studies, malignant ascites have been a common source of im-
munological analysis. However, there are no reports describing the lymphocyte
and cytokine production ability in peritoneal lavage from patients with gastric
cancer at the time of gastrectomy. In the present study, CD4' CD25™" T cells
were found to be increased in the peritoneal cavity of advanced gastric cancer
patients, but in the co-cultivation of the self- CD4' CD25™ T cell population of
intra-peritoneal lymphocytes, the production of IFN-ywas inhibited.
Applications

Peritoneal lavage samples from patients with gastric cancer are more suscep-
tible than peripheral biood for monitoring the interaction between the host’s
immune system and tumor cells.

Terminology

Regulatory T cells: Regulatory T cells contribute to the maintenance of immuno-
logic self-tolerance. Recent reports underscore that regulatory T cells not only
play a role in the maintenance of immunotolerance but are also potent inhibitors
of antitumor immune responses.

Peer review

The authors have investigated T-cells isolated from peripheral blood and perito-
neal lavage in patients with gastric cancer and controls. Main findings are that
in stage Il and IV gastric cancers the lavage fluid contains less CD8 memory
cells, NKT cells and more CD25™" regulatory T cells.
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ABSTRACT

in human mitochondria, 10 mRNAs species are
generated from a long polycistronic precursor that
is transcribed from the heavy chain of mitochondrial
DNA, in theory vyielding equal copy numbers of
mRNA molecules. However, the steady-state levels
of these mRNAs differ substantially. Through
absolute quantification of mRNAs in HeLa cells, we
show that the copy numbers of all mitochondrial
mRNA species range from 6000 to 51 000 molecules
per cell, indicating that mitochondria actively
regulate mRNA metabolism. In addition, the copy
numbers of mitochondrial mRNAs correlated with
their cellular half-life. Previously, mRNAs with
longer half-lives were shown to be stabilized by
the LRPPRC/SLIRP complex, which we find that
cotranscriptionally binds to coding sequences of
mRNAs. We observed that the LRPPRC/SLIRP
complex suppressed 3 exonucleolytic mRNA
degradation mediated by PNPase and SUVS3.
Moreover, LRPPRC promoted the polyadenylation
of mRNAs mediated by mitochondrial poly(A) poly-
merase (MTPAP) in vitro. These findings provide a
framework for understanding the molecular mech-
anism of mMRNA metabolism in human mitochondria.

INTRODUCTION

Human mitochondria contain circular, double-stranded
DNAs (mtDNA) of 16.6kb, which encode 37 genes in
both the H- and L-strands: 13 of these encode the essential
subunits of the respiratory complexes I, III, IV and V; 22

encode tRNAs and 2 encode rRNAs (1) (Figure 1A). To
translate the 13 genes that encode proteins, mitochondria
have a specific protein synthesis machinery in which
all tRNAs and rRNAs are supplied from mtDNA. A
long polycistronic precursor RNA of the H-strand is
transcribed from the H-strand promoter 2 (HSP2)
(Figure 1A) and is then processed to yield 10 mRNAs
for 12 genes (ND4L/4 and ATP8/6 are bicistronic), 2
rRNAs and 14 tRNAs (2). Only the mRNA for ND6 is
transcribed from the L-strand of mtDNA, together with
eight tRNAs (Figure 1A). Hence, in theory, equal copy
numbers of 10 mRNA species are generated stoichiomet-
rically from the single polycistronic transcript of the
H-strand. However, the steady-state levels of these 10
mRNAs have been reported to differ substantially (3,4).
In addition, our group previously determined that the
half-life of each mitochondrial mRNA in HeLa cells
ranged from 68 to 231 min (5). These studies implied the
existence of a post-transcriptional regulatory mechanism
that controls the stability and metabolism of mRNAs in
mitochondria.

Leigh Syndrome French Canadian variant (LSFC) is an
autosomal, neurodegenerative disease from which patients
die of fulminant metabolic acidosis (6). LSFC is charac-
terized by a tissue-specific deficiency in complex IV (cyto-
chrome ¢ oxidase) activity, which particularly affects
the brain and liver (7). The cause of LSFC was identified
as a C-to-T point mutation at nucleotide position 1119 of
the leucine-rich pentatricopeptide repeat (PPR) motif-
containing protein (LRPPRC) gene (8). This mutation
changes the alanine at position 354 to valine (A354V),
and the cellular level of mutant LRPPRC is reduced sig-
nificantly (9). Moreover, the steady-state levels of mito-
chondrial mRNAs are also significantly decreased (9,10).
LRPPRC is predominantly localized to mitochondria (11).
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Figure 1. Variable steady-state levels and half-lives of human mitochondrial mRNAs. (A) Schematic representation of human mtDNA with its gene
organization and transcriptional units. The outer and inner circles represent the H- and L-strands of mtDNA, respectively. Protein (blue) and
ribosomal RNA (orange) genes are interspersed with 22 tRNA genes (yellow, with single-letter amino acid codes). The L- and H-strand transcripts
from the promoters LSP, HSP1 and HSP2 are indicated by circular arrows showing the direction of transcription. The sites for RNA processing are
indicated by arrowheads. The processing site for ND6 is shown as a question mark because its 3’-end has not yet been defined (4,18). (B) Copy
numbers of mRNAs (means + SD, # = 3) in HeLa cells plotted against their half-lives in HeLa cells, as previously reported (5). The correlation

factor (R%) of the plot is 0.601.

LRPPRC contains 16 PPR motifs (12), which are predicted
to bind to single-stranded nucleic acids (13). In fact,
LRPPRC can bind to a single-stranded RNA in vitro and
is found crosslinked to poly(A)” RNA in mitochondrial
fractions isolated from ultraviolet-irradiated cells (11).
LRPPRC physically forms a stable complex with the
SRA  stem-loop-interacting RNA-binding  protein
(SLIRP) (9), which is a small protein bearing a single
RNA recognition motif (RRM) that is localized primarily
to mitochondria (14). Knockdown of either LRPPRC (15)
or SLIRP (16) results in similar decreases in mRINA levels
but does not affect the levels of tRNAs or rRNAs,
indicating that the LRPPRC/SLIRP complex plays a
specific role in mRNA maturation or stabilization after
transcription in mitochondria (9). In addition, a
LRPPRC knockout mouse is embryonic lethal and defi-
cient in mRNA polyadenylation (17). Moreover, an
aberrant pattern of mitochondrial translation was
observed in a LRPPRC knockout mouse, demonstrating
that LRPPRC is necessary for regulated translation in
mamimalian mitochondria.

Human mitochondrial mRNAs have short (~50nt)
poly(A) tails (18), whose lengths are regulated by
mitochondria-specific poly(A) polymerase (MTPAP)
(19,20) and polynucleotide phosphorylase (PNPase) (19).
The role of the poly(A) tail in mRNA stabilization or de-
stabilization remains elusive. When M TPA P was knocked
down by RNAI, the poly(A) tail of each mRNA was
shortened and the steady-state levels of several mRNAs,
including COXI and COX2, were reduced, while mRNA
levels for NDI1, ND2, ND3 and CYTB were unchanged or
increased (5,19,20). When artificial deadenylation of mt
mRNAs was induced by targeting cytosolic deadenylase

(PARN) to mitochondria (21) or by overexpressing
PDEI2 (22), the steady-state level of COXI] and COX2
mRNAs decreased, while mRNA levels of NDI, ND2,
ND3 and CYTB increased.

The entity of the mRNA degradation machinery in
human mitochondria has remained elusive (23). PNPase
is one of the major 3-5 exonucleases in bacteria (24). In
human mitochondria, the involvement of PNPase in
homeostasis of the poly(A) tail has been suggested.
Downregulation of PNPase by RNAI resulted in the
elongation of mRNA poly(A) tails for COXI, COX2,
COX3, ATP8/6 and ND3 (19), although the steady-state
levels of these mRNAs and proteins were unaffected
(19,25). This indicated that PNPase participates in the
deadenylation of the poly(A) tail of a subset of mRNAs.
However, PNPase mainly localizes to the intermembrane
space (IMS) of mitochondria where mRNAs are absent
(25). In addition, PNPase is involved in the transport of
the RNA component for RNaseMRP into mitochondria
(26) and participates in the degradation of c-myc mRNA
(27) and miR-221 in human melanoma cells (28). These
facts further complicate the issue of whether PNPase acts
as a 3-5 exonuclease of mRNASs in mitochondria.

The mitochondrial RNA degradosome (mtEXO) in
Saccharomyces cerevisiae consists of Dsslp, which func-
tions as a 3'-5 exonuclease (RNase Il-like), and Suv3p,
which acts as a DExH/D RNA helicase (29). Recombinant
protein of the human homolog of SUV3 forms a stable
complex with PNPase, which degrades RNA in the 3'-5
direction in vitro (30). Overexpression of the dominant
negative mutant of SUV3 (or SUPV3LI) results in the
clongation of the poly(A) tail of mRNAs and the accumu-
lation of aberrant transcripts from the antisense strand,
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indicating the involvement of SUV3 in mitochondrial
mRNA degradation (31).

In this article, we provide evidence that the LRPPRC/
SLIRP complex suppresses mRNA degradation mediated
by PNPase and SUV3 and promotes polyadenylation of
mRNA mediated by mitochondrial poly(A) polymerase
MTPAP in vitro.

MATERIALS AND METHODS
Cell culture

HeLa cells were grown in Dulbecco’s modified
Eagle medium (DMEM) supplemented with 10% fetal
bovine serum at 37°C under a humidified atmosphere
with 5% CO-.

Quantitative reverse-transcription real-time polymerase
chain reaction

Total RNA was isolated from cells using TRI Pure
(Roche), according to the manufacturer’s instructions.
RNA was treated with DNase I (Promega) for 30 min at
37°C. cDNA was synthesized using the Transcriptor First
Strand cDNA Synthesis Kit (Roche). Random N6 primers
or gene-specific reverse primers [quantitative polymerase
chain reaction (qQPCR) reverse primers] were used for
cDNA synthesis. For mitochondrial tRNAs, qPCR
reverse primers were used for the first strand cDNA syn-
thesis. Amplification of cDNA was monitored with the
LightCycler 480 SYBR Green I Master (Roche) on a
LightCycler 480 (Roche), according to the manufacturer’s
instructions. The sequences of the gPCR primers are listed
in Supplementary Table S1.

Absolute quantification of human mitochondrial mRNAs
in HeLa cells

For absolute quantification of mRNAs, in vitro
transcribed mRNAs were prepared as external standards
for qRT-PCR. The cDNAs for all mitochondrial mRNAs
were amplified by RT-PCR from the total RNA of Hela
cells using the primers listed in Supplementary Table S1,
preceded by a T7 class III promoter sequence (32). All 11
mitochondrial mRNAs were transcribed by T7 RNA
polymerase in vitro (32) and purified by denaturing poly-
acrylamide gel electrophoresis. The isolated mitochondrial
mRNAs were quantified by measuring the optical density
at 260nm. HeLa cells grown in five dishes (4.86 +

0.26 x 10° cells/dish) were washed with phosphate-
buffered saline (PBS) and lysed by adding TRI Pure
(Roche) directly to the dishes. Twenty micrograms of
total RNA from Echerichia coli was added to this
mixture as a doped marker to estimate the recovery rate
of total RNA. Total RNA was isolated from the cells ac-
cording to the manufacturer’s instructions and dissolved
in 100 pl of water. The recovery rate of total RNA from
HeLa cells was calculated by analyzing the loss of E. coli
gapA mRNA in the doped marker by qRT-PCR. The total
RNA (5pg) from each of the five dishes was treated with
DNase I (Promega), and a portion of the total RNA was
subjected to cDNA synthesis using gene-specific reverse

Nucleic Acids Research, 2012 3

primers for all mitochondrial mRNAs (qPCR reverse
primers listed in Supplementary Table S1). qRT-PCR
was conducted as described above. The copy number of
each mitochondrial mRNA in the total RNA from one
HeLa cell was determined using the calibration line of
each mRNA, which was generated by quantifying the
amount of in vitre transcribed mRNAs by qRT-PCR.
The recovery rate of RNA extraction was also taken
into account to determine the copy numbers.

RNAi

siRNAs targeted to LRPPRC, SLIRP, PNPase, PDEI2,
SUV3 and luciferase were designed using the siRNA
design algorithm ‘siExplorer’ (33). The siRNAs used
here are listed in Supplementary Table S1. HeLa cells
(2.5 x 10°) were transfected with 60pmol of siRNA
(5nM, final concentration) using Lipofectamine RNAI
Max (Invitrogen).

Inhibition of mitochondrial transcription

Mitochondrial transcription was inhibited, as previously
described (5). Cell culture medium was replaced with
DMEM su;laplemented with 10% fetal bovine serum and
500ng=ml™" of ethidium bromide, and total RNA was
collected at 0, 1, 2, 4 or 6h after the initiation of mito-
chondrial transcription inhibition.

Western blotting

Cells were washed with PBS and collected with a rubber
scraper. After centrifugation at 1000g for 2 min, cell pellets
were resuspended in 100 pl of lysis buffer [100 mM NaCl,
10 mM Tris-HCI (pH 7.4), 2.5mM MgCl,, 0.2% sodium
dodecyl sulfate (SDS) and protease inhibitor cocktail
(Roche)] and sonicated with a Sonifier 450D (Branson)
for 5s at power 3. Lysates were clarified at 20000 g for
10 min, and the samples were then resolved by SDS poly-
acrylamide gel electrophoresis (SDS-PAGE) and
transferred to a nitrocellulose membrane using an iBlot
transfer apparatus (Invitrogen). Membranes were
blocked with 10% Sea Block blocking buffer (Pierce) in
Tris-buffered saline and probed with primary antibodies.
Primary antibodies for LRPPRC (Santa Cruz), SLIRP
(Santa Cruz) and B-actin (Sigma) were used at a dilution
factor of 1:200, 1:100 and 1:5000, respectively.
Horseradish peroxidase-conjugated anti-mouse (Dako)
and anti-rabbit (Jackson ImmunoResearch Laboratories)
secondary antibodies were used at 1:2000 and 1:15000,
respectively. Proteins were illuminated using ECL Plus
(GE Healthcare) and visualized with an ImageQuant
LAS4000 mini (GE Healthcare).

Immunoprecipitation

Approximately 5x 10® HeLa cells were washed by PBS
and crosslinked by incubation in PBS containing 0.15%
formaldehyde for 10 min at room temperature (34). The
crosslinking reaction was quenched with 0.25M glycine
(final concentration). Cells were washed with PBS and
collected by a rubber scraper, followed by centrifugation
at 1000g for 2min. The cell pellet was resuspended in
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Iml of buffer A [100 mM NaCl, 10mM Tris-HCI (pH
7.4), 2.5mM MgCl,, 0.1% SDS, 0.5% sodium
deoxycholate, 1% Triton X-100 and 1 mM dithiothreitol
(DTT)] containing Complete protease inhibitor cocktail
(Roche) and SUPERaseIN (Ambion) and passed
through a 25-gauge needle 10 times. Lysates were
centrifuged at 20000g for 25min and the supernatant
was incubated with Protein G agarose for 1h. The
samples were then centrifuged and the supernatant was
incubated with LRPPRC antibody (Santa Cruz)-bound
Protein G beads for 2h. The antibody beads were
washed five times with buffer A. After immunopre-
cipitation, the cell lysate and precipitants were
decrosslinked by incubating the precipitants in 100 pl of
crosslink reversal buffer [SO mM Tris-HCl (pH 7.4), 5mM
ethylenediaminetetraacetic acid (EDTA) (pH 8.0), 1%
SDS and 10 mM DTT] at 70°C for 30 min. For the experi-
ment in Figure 3B, immunoprecipitation was conducted in
the same way as described above, except that cells were
transfected with the LRPPRC-Flag vector (as described
below) and anti-Flag M2 agarose (Sigma) was used
instead of LRPPRC antibody-bound beads.

Analysis of RNA fragments bound to the LRPPRC/
SLIRP complex

The Human Gateway entry clone (35) and DEST12.2 Flag
plasmid were used in this study. The LRPPRC expression
vector was generated by LR reaction of pDEST12.2 Flag
and Entry clone FLJ43793AAAN using LR Clonase
(Invitrogen). The C-terminally Flag-tagged LRPPRC
vector was generated by changing the stop codon of the
LRPPRC expression vector to Tyr, using the primers
Y-actcttcttatgacccagetttettg-3’ and 5'-caagaaagctgggtca-
taagaagagt-3’. Approximately, 2x 107 HeLa cells were
transfected with the LRPPRC-Flag expression vector
using FuGENE HD (Roche). At 40h post-transfection,
the cells were crosslinked, collected, lysed and precleared
and immunoprecipitated (as described above) using
anti-Flag M2 affinity beads. Subsequently, the antibody
beads were washed twice with buffer B [100 mM NaCl,
10mM Tris—HCI (pH 7.4), 0.1mM EDTA, 1mM DTT],
followed by fragmentation of RNAs by incubation in
100l of buffer B containing 5 units/ul RNase TI
(Epicentre) and 10 pg/ml RNase A (Ambion) for 1h at
37°C. The antibody beads were then washed four times
with buffer A. 100 pl of crosslink reversal buffer and 10 pl
of Proteinase K (Roche) were added, and the beads were
incubated at 55°C for 30 min and then at 70°C for 20 min.
One milliliter of TRI Pure (Roche) was added, and
the RNA fragments were extracted according to the
manufacturer’s instructions, except that ethanol precipita-
tion was performed overnight at —80°C. The RNA
precipitate was dephosphorylated by bacterial alkaline
phosphatase Al19 (Takara) and then extracted by
phenol-chloroform—isoamyl alcohol (PCI) (Nacalai)
and precipitated with ethanol. The adaptor DNA
(5'-p-atgtgagatcatgcacagtcata-NH»-3') was ligated at the
3’ ends of isolated RNA fragments, as described in the
poly(A) tail length assay. Next, 3’ adaptor-ligated RNA
fragments were extracted by PCI and precipitated with

ethanol. The fragments were resolved by denaturing
PAGE and stained with SYBR Gold (Invitrogen).
Fragments larger than 20nt were excised, and the RNA
fragments were eluted from the gel and ethanol
precipitated. The 5 ends of 3’ adaptor-ligated RNA frag-
ments were phosphorylated by T4 polynucleotide kinase
(Toyobo), and the RNA solution was put through a
NAPS column (GE Healthcare) to remove excess ATP
and then precipitated with ethanol. The 5 ends of
the RNA fragments were ligated to 5 adaptor DNA
(5'-ctectggeaaaaggtcagag-3’) using T4 RNA ligase, as
described in the mt poly(A) length assay, and were then
extracted by PCI and ethanol precipitated. The 5" and 3
adaptor-ligated RNAs were resolved by denaturing PAGE
and stained with SYBR Gold. Fragments larger than 50 nt
were excised from the gel, eluted and recovered by ethanol
precipitation. Adaptor-ligated RNA fragments were
reverse-transcribed by Transcriptor reverse transcriptase
(Roche). cDNAs were amplified by Taq polymerase
(Toyobo) with the primers 5'-ctcctggcaaaaggtcagag-3/
and &-gactgtgcatgatctcacat-3’. The PCR product was
resolved by native PAGE and stained with Mupid Blue
(Takara). PCR products larger than 50bp were excised
from the gel, eluted, collected by isopropanol precipitation
and cloned into plasmids using the TA cloning kit
(Invitrogen) for DNA sequencing.

Poly(A) tail length assay

The assay is based on and altered from the method
described by Temperley et al. (36). An adaptor DNA
oligonucleotide was ligated to the 3’ termini of total
RNA (5pg) by T4 RNA ligase (New England Biolabs)
at 37°C for 3h, according to the manufacturer’s instruc-
tions. The ligated RNA was isolated by TRI Pure (Roche)
and isopropanol precipitation and then reverse-
transcribed using the First Strand ¢cDNA Synthesis Kit
(Roche) with the anti-adaptor primer. A first round of
PCR (27 cycles) was carried out using a gene-specific
upper primer and the anti-adaptor primer, followed by a
second round of 10-cycle PCR using an inner anti-adaptor
primer and a gene-specific lower primer. Finally, the PCR
product was resolved by 10% polyacrylamide gel electro-
phoresis in TBE buffer, dyed with SYBR Gold
(Invitrogen) and visualized with an FLA-7000 (Fujifilm).
All oligo-DNAs are listed in Supplementary Table S1.

Quantification of human LRPPRC protein in Hel.a cells

HeLa cells grown in three dishes (2.76 + 0.20 x 10° cells/
dish) were washed with PBS and lysed by direct addition
of lysis buffer [100 mM NaCl, 10 mM Tris-HCl (pH 7.4),
2.5mM MgCl,, 0.2 % SDS and protease inhibitor cocktail
(Roche)] to the dishes. Cell lysates were collected from
dishes with a rubber scraper and sonicated with a
Sonifier 450D (Branson) for 24s.

For LRPPRC protein quantification, recombinant His-
LRPPRC was prepared as an external standard for western
blotting. The cDNA for LRPPRC without the mitochond-
ria-targeting signal (amino acid residues 60-1394) was
amplified by RT-PCR of the total RNA from HeLa cells
using the primers 5-caacgtgctagegecattgetgecaaagaaa-3’
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