IMMUNOBIOLOGY

T lymphocytes congtitutively produce an interferonlike cytokine limitin
characterized as a heat- and acid-stable and heparin-binding glycoprotein

Keniji Oritani, Seiichi Hirota, Taishirou Nakagawa, Isao Takahashi, Shin-ichiro Kawamoto, Masahide Yamada,

Naoko Ishida, Toshihiko Kadoya, Yoshiaki Tomiyama, Paul W. Kincade, and Yuji Matsuzawa

Several reports have described “multifunc-
tional” eukaryotic mRNAs producing more
than one protein through alternative transla-
tional initiation at multiple AUG codons.
There are 2 such codons inthe 5 ' region of
our recently cloned limitin gene where 2
open reading frames overlap by 34 nucleo-
tides. The deduced protein translated from
the first ATG contains 33 amino acids, lacks

a signal peptide, and has no obvious effects
on the transfected 293T cells. We found that

the second ATG is more effective as a trans-
lational initiation site than the first ATG and

yields a secreted protein of 182 amino acids
with the same activity as products made
with full-length limitin cDNA. Immunohisto-

chemical and reverse transcription—poly-
merase chain reaction analysis revealed that
the longer limitin protein is produced by

mature T lymphocytes in spleen and thy-
mus as well as by bronchial epithelial and
salivary duct cells in healthy mice. Proper-

ties of recombinant limitin were determined,
revealing it to be a serologically distinct,
heat- and acid-stable, heparin-binding glyco-
protein with the potential for dimerization.
Although the longer limitin protein is struc-

turally and characteristically related to type |
interferons, its production is uniquely regu-

lated by translation as well as transcription.
(Blood. 2003;101:178-185)
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Introduction

B-lymphocyte precursors undergo immunoglobulin (1g) heavy- and
light-chain gene rearrangements within bone marrow, and only
cells with useful receptors are selected for export to the periphery.
The extensive proliferation and differentiation events that accom-
pany this vital process are controlled by signals from the microen-
vironment.6 For example, the orientation and movement of
maturing lymphocytes is dependent on transmembrane cell interac-
tion molecules displayed by marrow stromal cells178 Culture
studies have reveadled that stem cell factor, FIt3 ligand, and
interleukin 7 (IL-7) are sufficient positive signals for survival and
differentiation of murine lymphocyte precursors.>1 Results of
experimental animal studies indicate that steroid hormones are
important for limiting the numbers of lymphocytes that are
produced under normal and steady-state conditions.>14 A recently
discovered cytokine that we designated limitin is also a potential
negative regulator of B lymphopoiesis.’®> The deduced limitin
sequence has homology with interferon o (IFN-o), IFN-B, and
IFN-0.15 Limitin binds to and uses the IFN-a/B receptors on
B-lymphocyte precursors.’® As has been reported for type | IFNs,
limitin suppressed the proliferation of IL-7—responding pre-B
cells and completely blocked the production of B lymphocytes
in Whitlock-Witte-type long-term bone marrow cultures.'®
However, our initial characterization did not reveal influences of
limitin on nonlymphoid hematopoietic cells that have been
described for IFNs, IL-1, tumor necrosisfactor o, and transform-
ing growth factor .15

It is interesting that the 5’ portion of the limitin cDNA
contains 2 ATGs, with 2 corresponding open reading frames that
overlap by 34 nucleotides (Figure 1). The first could encode a
33-amino acid peptide that would lack a signal sequence. It
could be speculated to have intracellular roles and translation is
now demonstrated in this study. Translational initiation at the
second of the 2 ATGs would result in a completely different
182-residue secreted protein. Experiments were performed to
learn the efficiency of such translation and to authenticate the
protein product as biologically active limitin. Although the AUG
codon nearest the 5" end of mRNA is usually a unique site for
initiation of translation and most MRNASs in eukaryotes are
monocistronic, some mRNAS for proto-oncogenes, transcription
factors, and growth factors are regulated at the translational
level. Some transcripts can encode 2 or more proteins via
alternative translational initiation at different AUG codons.16-23
The functional relevance of such complex arrangements is not
well understood, but usually entails some regulation or inhibi-
tion. The potent biologic activity of limitin requires that it be
produced under rigid and tissue-specific control. We now
provide information about the relative translation efficiency
from its 2 potential initiation sites. To better understand limitin,
we also examined its source in healthy mice and its protein
character using newly established polyclonal antibodies spe-
cific to the longer limitin protein that is translated from the
second ATG.
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Figure 1. The genetic organization of the limitin transcript. cDNA sequence and
deduced amino acid sequences of open reading frames translated from the first and
second ATGs are shown along with each translational starting codon (boxed). The
N-terminal amino acid sequence of the mature protein translated from the second
ATG was determined by using amino acid sequencer and shown with a bold
underline. The putative N-glycosylation site is circled. The terminal codon is indicated
by an asterisk. These sequence data are available from EMBL/GenBank/DDBJ under
accession number AB024521.

Materials and methods
Cells and mice

A human transformed embryonal kidney cell line (293T) and mouse stromal
cell clones (BMS2.4, BMS2, OP42, and MS-5) were maintained in
Dulbecco modified Eagle medium (DMEM; Nakarai Tesque, Kyoto, Japan)
supplemented with 10% fetal calf serum (FCS; Gibco, Grand Island, NY).
A mouse long-term bone marrow culture—derived pre-B cell clone (BC7.12)
was maintained in McCoy 5A medium (Gibco) supplemented with 5% FCS
and 5 X 10~5M 2-mercaptethanol in the presence of 1 ng/mL IL-7 (R& D
Systems, Minneapolis, MN).

Balb/c mice were purchased from Nippon SLC (Shizuoka, Japan). All
mice were maintained at the Institute for Experimental Animals, Osaka
University. To purify CD4", CD8*, and CD45RA/B220" cell populations,
peritoneal lymph node cells were positive-selected by immunomagnetic
beads conjugated with the indicated antibodies (Miltenyi Biotec, Auburn,
CA), as previously described.?* In our series, more than 95% of the purified
cells always expressed the indicated phenotypes and their viability was
higher than 98%.

Plasmid construct

For production of renilla luciferase using the first ATG of the limitin gene,
limitin cDNA was amplified by polymerase chain reaction (PCR) with
5-GGGCTGCAGTCAGCGAGCAAGAGCCCGAAG-3' and 5'-GGGG-
CTAGCCACAGGCAGCATGCTGAAGCTTGA-3'. For the construct to
produce renilla luciferase using the second ATG of the limitin gene, limitin
cDNA was amplified by PCR with 5'-GGGCTGCAGTCAGCGAGCAA-
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GAGCCCGAAG-3' and 5'-GGGGCTAGCACAGGCAGCATGCTGAA-
GCTTGA-3'. The original ATG site for the renilla luciferase protein of the
pRL-SV40 plasmid (Promega, Madison, WI) was destroyed by site-
directed mutagenesis (null ATG/pRL-SV40). The PCR-amplified fragments
were digested with Nhel and cloned into the null ATG/pRL-SV40 (1t-ATG/
pRL-SV40 and 2nd-ATG/pRL-SV40).

To produce proteins that are translated from the first or the second ATG
of the limitin gene, limitin cDNA was amplified by PCR. The oligonucleo-
tide primers used for these reactions were as follows: 5'-GGGCTCGAGT-
CAGCGAGCAAGGAGCCCGAAG-3' and 5'-GGGCTCGAGCTGGGCT-
GCAGCTCAGCA-3' for thefirst ATG; 5'-GGGCTCGAGAATCGTCAA-
GCTTCAGCA-3' and 5'-GGGCTCGAGCTTCTCCTCATCTTGGGC-3'
for the second ATG. The amplified fragment was digested with Xhol and
cloned into the pEFBOSX plasmid that was yielded by site-directed
mutagenesis to remove the Xhol site at 3524 of pEFBOS (1st-ATG/
pPEFBOSX and 2nd-ATG/pEFBOSX).

An |g/pEFBOSX vector was used to produce |g fusion proteins
composed of CH2 + CH3 cassette of human 1gG1.2> The cDNA correspond-
ing to the entire coding region of the limitin protein translated from the
second ATG was amplified by PCR with 5'-GGGGCGGCCGCCGCAAT-
CGTCAAGCTTCA-3' and 5'-GGGCTCGAGCTTGGGCCTCTTCTCG-
CAGA-3', and the PCR sample was digested with Notl and Xhol, and
ligated into the Ig/pEFBOSX vector (limitin-Ig/pEFBOSX). Limitin-1g/
pEFBOSX produces a fusion protein composed of the protein translated
from the second ATG of the limitin gene and human Ig (limitin-1g).

An HT/pEFBOSX vector was used to produce fusion proteins com-
posed of an HPC4 epitope and a transmembrane domain of tissue factor.?
The cDNA corresponding to the entire coding region of the limitin protein
translated from the second ATG was amplified by PCR with 5* GGGGCG-
GCCGCCGCAATCGTCAAGCTTCA-3' and 5'-GGGCTCGAGCTTGGG-
CCTCTTCTCGCAGA-3', and the PCR sample was digested with Notl and
Xhol, and ligated into the HT/pEFBOSX vector (limitin-HT/pEFBOSX).

Preparation of polyclonal antibody specific
to limitin (antilimitin)

Thelimitin cDNA except for itssignal sequence was amplified by PCR with
5’-CGCAATCGTCAAGCTTCAGCATG-3' and 5-GAGATTCCTG-
CACGGGGCTTCTCCTCA-3'". The amplified fragment was digested with
Ndel and BamHI and cloned into the pET3a expression vector (limitin/
pET3a). Escherichia coli BL21 (DE3) was transformed with the limitin/
pET3a plasmid and cultured in the presence of isopropyl thiogalactose
(IPTG). The synthesized longer limitin protein was separated by sodium
dodecy! sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) of the
E coli inclusion body and extracted from the gel. Antilimitin antiserum was
raised in rabbits that were immunized repeatedly with the purified longer
limitin protein.

Preparation and purification of recombinant limitin
protein translated from the second ATG

A pTrace vector (Invitrogen, Groningen, The Netherlands) was used to
produce recombinant limitin. The Chinese hamster ovary (CHO) ras no.
1 cells overexpressing recombinant limitin were cultured in DMEM/
F-12 medium (Gibco).% The supernatant was collected after 4 days
of culture. The selected recombinant limitin was purified by a combina-
tion of immunoaffinity chromatography with antilimitin and ion-
exchange chromatography on SP-Sepharose FF (Amersham Pharmacia,
Buckinghamshire, England).

Detection of amino acid sequence

293T cells were transfected with limitin-1g/pEFBOSX. Limitin-lg was
purified from the supernatant of the transfectant with aprotein A column. Its
N-terminal amino acid sequence was determined using a protein sequencer,
model 477A (Applied Biosystems, Foster City, CA).

Luciferase assay

Luciferase assays were performed using the Dual-Luciferase Reporter
System (Promega), in which transfection efficiency was monitored by
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cotransfected pGL-Control vector (Promega), an expression vector of
firefly luciferase. The cultured cells were transfected with 10 g 1st-ATG/
pRL-SV40 or 2nd-ATG/pRL-SV40 together with 1 wg pGL-Control vector
by lipofectamin transfection method. The transfected cells were lysed in
buffer supplied by the manufacturer, followed by measurement of the
firefly and renillaluciferase activities on luminometer LB96P (Berthold
Japan, Tokyo, Japan). The relative renilla luciferase activities were
calculated by normalizing transfection efficiencies according to the
firefly luciferase activities.

CFU-IL-7 colony assay

Bone marrow cells were prepared and suspended in 1 mL assay medium as
previously described.?” The semisolid agar assay for colony-forming unit
(CFU)-L-7 was done with 1 ng/mL IL-7. Numbers of colonies were
counted after 6 days of culture.

Western blot analysis

Supernatants or recombinant limitin were subjected to SDS-PAGE, and the
proteins were electrophoretically transferred onto a polyvinylidene difluo-
ride membrane (Immobilion; Millipore, Bedford, MA). After blocking of
residual binding sites on the filter, immunoblotting was performed with the
antilimitin. Immunoreactive proteins were visualized with the enhanced
chemiluminescence detection system (Dupont NEN, Boston, MA).

RT-PCR

Total RNAs (2.5 g) were reverse transcripted to cDNA at 37°C for 1 hour
in total reaction volume of 50 L comprised of Moloney murine leukemia
virus (M-MLV) reverse transcriptase (RT; Gibco), oligo dT (1 pg), 0.1 M
dithiothreitol (DTT), 10 uM each dNTP, and 1 X RT buffer. To perform
PCR, 10 L of the above RT mixture was added to PCR buffer containing
1.5 uM MgCl,, 1 U Taq polymerase (Perkin Elmer, Branchburg, NJ), 2 .M
each dNTP, and relevant sense and antisense primers. PCR reaction
mixtures were amplified under the following conditions: 25 cycles of 94°C
for 1 minute, 55°C for 2 minutes, and 72°C for 3 minutes. The oligonucleo-
tide primers used for these reactions were as follows: 5'-TCCAGCGTC-
CAGCGCAGC 3’ and 5'-CGGAGCTCTGCTAGGAAG-3' for limitin, and
5-CCTAAGGCCAACCGTGAAAAG -3 and5'-TCTTCATGGTGCTAG-
GAGCCA -3’ for B-actin.

Immunohistochemical staining

Immunohistochemistry was carried out using paraffin sections of healthy
mouse tissues. Deparaffinized sections were incubated in 0.3% hydrogen
peroxide in methanol to inactivate endogenous peroxidase. The slides were
incubated with antilimitin or anti-CD3 (Dako, Glostrup, Denmark). Bind-
ing of the antibody was demonstrated by ENVISION+ system (Dako). Asa
chromogen, 3, 3'-diaminobenzidine tetrahydrochl oride was used.

Results

Preferential translation from the second ATG
yields active limitin

The 5" portion of the originally isolated cDNA clone for limitin
consists of a 997—base pair (bp) insert with ATGs at positions 96
and 161, corresponding to 2 distinct open reading frames (Figure
1). This would presumably allow production of 2 completely
different proteins containing 33 or 182 amino acids and only the
larger has apredicted signal sequence. To analyze which ATG isthe
major tranglation initiation site, we constructed 1st-ATG/pRL-
SV40 and 2nd-ATG/pRL-SV40 plasmids that produce renilla
luciferase under control of the SV40 early enhancer/promoter
(Figure 2A). The renilla luciferase protein is translated from the
first ATG of the limitin gene in 1st-ATG/pRL-SV40. Although the
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Figure 2. The second ATG of the limitin gene is a major transcriptional initiation
codon. (A) Constructs of the pRL-SV40, 1st-ATG/pRL-SV40, 2nd-ATG/pRL-SV40,
mulst-ATG/pRL-SV40, and mu2nd-ATG/pRL-SV40 plasmids. The relative positions
of the open reading frames of the limitin proteins with the translational start codons
are shown. The open reading frame of renilla luciferase is in frame when the first ATG
of the limitin gene is used as a translational initiation codon (1st-ATG/pRL-SV40 and
mulst-ATG/pRL-SV40). The open reading frame of renilla luciferase is in-frame when
the second ATG of the limitin gene is used as a translational initiation codon
(2nd-ATG/pRL-SV40 and mu2nd-ATG/pRL-SV40). (B,C) BMS2.4 stromal cells (B)
and the indicated stromas (C) were transfected with the indicated plasmids, together
with pGL-Control vector by lipofectamine transfaction. After 2 days of culture, the
transfectants were collected and subjected to luciferase assays. The relative renilla
luciferase activities were calculated by normalizing transfection efficiency according
to the firefly luciferase activities. Results are shown as means *= SDs of triplicate
samples. Similar results were obtained in 3 independent experiments.

2nd-ATG/pRL-SV40 construct contains both ATGs of the limitin
gene, only the second is in-frame for the renilla luciferase protein.
The null ATG/pRL-SV40 plasmid whose original ATG for the
renilla luciferase protein is destroyed was used for a negative
control. As shown in Figure 2B, BMS2.4 cells transfected with
2nd-ATG/pRL-SV40 synthesized renilla luciferase protein more
effectively than those transfected with 1st-ATG/pRL-SV40 (> 10-
fold). Similar results were observed in al stromal cells examined
(BMS2, OP42, and M S-5; data not shown).

The originaly isolated clone, full cDNA/pEFBOS, contained
full-length limitin cDNA in the pEFBOS expression vector. We
next constructed 1st-ATG/pEFBOSX that produces the shortest
limitin gene product and 2nd-ATG/pEFBOSX that produces the
larger protein, respectively (Figure 3A). Full cDNA/pEFBOS,
1st-ATG/pEFBOSX, or 2nd-ATG/pEFBOSX was transfected to
293T cells, and the supernatants of each transfectant were added to
cultures of BC7.12 pre-B cells. As shown in Figure 3, panels B and
C, the supernatant of 293T cells transfected with full cDNA/
pPEFBOS inhibited cell proliferation and induced cell death in
BC7.12 cells. Whereas the supernatant of 293T cells transfected
with 2nd-ATG/pEFBOSX showed similar growth inhibitory effects
on BC7.12 cells, the supernatant of 293T cells transfected with
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Figure 3. Limitin protein translated from the second ATG but not that from the first ATG has growth-inhibiting properties on BC7.12, a pre-B cell line. (A) Constructs
of the full cDONA/pEFBOS, 1st-ATG/pEFBOS, and 2nd-ATG/pEFBOS plasmids. The relative positions of the open reading frames of the limitin proteins with the translational
start and stop codons are shown. The cDNA inserts of each plasmid are indicated by arrows. (B) The full cDNA/pEFBOS, 1st-ATG/pEFBOSX, or 2nd-ATG/pEFBOSX plasmids
were transfected into 293T cells with a calcium phosphate precipitation method. The transfectants were cultured for 3 days, and then their supernatants were collected. BC7.12
cells (1 x 10%well) were cultured in the presence of 10% of the indicated supernatants for 2 days. Their viable cell number was evaluated by a hemocytometer. Results are
shown as means *+ SDs of triplicate samples. Statistically significant differences from control values (P < .01) are indicated by **. Similar results were obtained in 3
independent experiments. (C) Whole cell lysates were prepared from 293T cells transfected with or without 1st-FLAG/CMV-5a, and subjected to Western blot analysis probed
with anti-FLAG antibody. The arrow indicates the product from the 1st-FLAG/CMV-5a plasmid. (D) A fusion protein composed of the 33 amino acid short limitin protein and the
FLAG tag was purified from cell lysates of 293T cells transfected with 1st-FLAG/CMV-5a by using anti-FLAG affinity chromatography. BC7.12 cells (1 X 10%well) were cultured
in the presence of the fusion protein or recombinant limitin for 2 days. Viable cell numbers were then evaluated with a hemocytometer. Results are shown as means = SDs of
triplicate samples. Statistically significant differences from control values (P < .01) are indicated by **.

1st-ATG/pEFBOSX contained no activity. It is noteworthy that no

A transfection changes in morphology or growth were noticed in 293T cells
HT/pEFBOSX  limitin-HT/pEFBOSX staining transfected with any of the constructs. Therefore, no role was
. o apparent for the shortest limitin gene product and previously
% described activities can be attributed to the longer, secreted protein.
E . HPC-4

? o Serologic detection and characterization of limitin
lg # o A polyclona antibody was prepared by immunizing rabbits with the
it Al fta full-length recombinant limitin protein trandated from the second ATG.
% &ﬁﬁw It recognized 293T cdls expressing a fuson protein composed of the
fluorescence intensity longer limitin protein, an HPC4 epitope, and the transmembrane domain
B c D of tissue factor, whereas these did not stain 293T cellstransfected with a
control plasmid (Figure4A). Western blot anaysiswith thisnew reagent
'%:‘“‘m revedled that limitin is serologically unique and contains at least one
g g § epitope not shared with IFN-a, IFN-B, or IFN-y (Figure 4B). The 293T
E E %. cdls transfected with full cDNA/pEFBOS as well as those transfected
secomblnaiil R supernatant with 2nd-ATG/pEFBOSX expressed full-length limitin protein that was
m é % % a3 Say recogni;ed by antilimiti_n (Figure 4C). In contrast, no protein was
dw BEEE Mw TEE g =iy serologically detected in 293T cells transfected with 1S-ATG/
196.3- 196.3- 196.3. pEFBOSX. Limitinwasoriginally cloned from the BMS2.4 stromal cell
subclone, and this was the only one of 5 cell lines that secreted an
99,7- 99.7- 99.7- approximately 20-kDa protein (Figure 4D). Supernates of 3 other
o 5 J6.2- stromal cdll clones that did not kill pre-B cells and a myelomonocytic
28.7- 28.7- 28.7- leukemia line that did not express limitin transcripts were negative in
{gg o %gg gé: this Western blot assay. These observations establish the specificity of

antilimitin, show that the cytokine is serologicdly digtinct from other
IFNs, and confirm that BMS2.4 cdlls secrete the longer limitin protein
trandated from the second ATG.

Figure 4. Polyclonal antibody to the longer limitin protein. (A) 293T cells
transfected with the HT/pEFBOSX or Limitin-HT/pEFBOSX plasmids were stained
with the indicated antibodies and their immunofluorescent intensities analyzed by
flow cytometry. (B) Recombinant limitin, IFN-c, IFN-B, and IFN-y (50 ng/lane) were
subjected to Western blot probed with anti-limitin. (C) 293T cells were transfected
with the indicated plasmids. Their supernatants were collected after 3-day cultures
and subjected to Western blot probed with antilimitin. (D) The supernatants of the
indicated cells were collected after 5 days of culture and subjected to Western blot
probed with antilimitin. All panels show 1 of 2 independent experiments.

Limitin expression in normal murine tissues

Previous PCR analysis suggested that limitin might normally be
transcribed in hematopoietic organs, but little information was
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available about cell types that produce this new cytokine.’® Thus,
we used the new limitin-specific antibody for immunohistochemi-
cal staining (Figure 5). Limitin-containing cells were detected in
sections of spleen, thymus, lung, and sdlivary gland. The T
cell-rich zone of the spleen known as the periaortic lymphoid
sheath included limitin-positive cells. Furthermore, the antibody
recognized cells in the thymic medulla where mature CD3* cells
reside. In addition to T lymphocytes, bronchia epithelial cells and
sdlivary duct cells were strongly positive. No limitin protein was
detectable in liver, kidney, or heart. With one exception, these
results are compatible with PCR analyses made with whole tissue
extracts (Figures 5 and 6). Transcripts were detectable in spleen,
thymus, lymph node, lung, kidney, and salivary gland, but not in
liver or heart (Figure 6A). Note that although limitin mRNA was
present in the kidney, no staining was observed by
immunohistochemical staining.

A more detailed analysis of limitin expression was then
performed with enriched populations of lymphocytes from various
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Figure 6. Limitin mRNA distribution in mice. (A-C) Total RNAs (2.5 pg) isolated
from the indicated tissues (A), the thymocytes of the indicated ages of mice (B), and
the subpopulations of lymph node cells purified using immunomagnetic beads
conjugated with the indicated antibodies (C) were subjected to RT-PCR. The
amplified products were electrophoresed through 1% agarose gels containing
ethidium bromide. (D) cDNA from the sorted naive (CD4*CD45RB"g") and memory
(CD4+CD45RB"") T cells of lymph node cells were obtained using the Cells-to-cDNA
kit (Ambion, Austin, TX) and subjected to PCR. (E) Balb/c mice were injected
lipopolysaccharide (400 wg/mouse) or herpes simplex virus (5 X 103 plagque-forming
units per mouse) intraperitoneally. After 24 hours of injection, their lymph node cells
were collected and used for RNA preparation, followed by the indicated cycles of
PCR. All the panels show 1 of 2 independent experiments that gave similar results.
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Figure 5. Localization of the longer limitin protein in tissues
of healthy mice. (A) Sections of the indicated murine tissues
were stained with anti-limitin or anti-CD3 and photographed;
original magnification, X 400. (B) Whole cell lysates were
isolated from the indicated tissues and subjected to Western blot
analysis probed with antilimitin. The arrow indicates the limitin
protein. Each photomicrograph and blot shows 1 of 3 indepen-
dent experiments that gave similar results.

recombinant limitin

tissues. As shown in Figure 6B, RT-PCR detected limitin tran-
scripts in CD4+ as well as CD8* lymph node cells, but not in
samples prepared from CD45RA/B220" cells. Fetal thymocyte
suspensions provided an enriched population of immature double-
negative cells, whereas mature CD4" and CD8* T lymphocytes
emerged gradually after birth (data not shown). As shown in Figure
6C, limitin expression was not detectable in fetal thymocytes
(gestation day 14), was very faint in newborn thymuses, and
increased in intensity with development. These findings suggest
that mature T lymphocytes and epithelial cells, but not B lympho-
cytes, are anatural source of this cytokinein healthy mice.

Structural properties of the secreted limitin protein

The ability to express recombinant limitin will facilitate many
types of structure-function analysis. The biologic activity of this
material was confirmed using CFU—-IL-7 colony assays (Figure
7A). Clond proliferation of B-cell precursors was inhibited in a
dose-dependent manner, with maximal activity observed at a
concentration of 50 ng/mL. Although IFN-vy lost activity when
treated with either acid or heat, recombinant limitin was stable to
these treatments (Figure 7B).

The cDNA sequence corresponding to the longer limitin protein
predicts a highly hydrophobic stretch at the N-terminal end and
biologic activity was found in the supernatant of transfected 293T
cells. Although these facts are consistent with a functional signal
peptide, we performed N-termina amino acid sequencing to
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Figure 7. Recombinant limitin inhibits IL-7—dependent colony formation and is
stable to both acid and heat treatment. (A) The indicated concentrations of
recombinant limitin were added to CFU-IL-7 cultures. The results are shown as
means * SDs of triplicate cultures. (B) Recombinant limitin or IFN-y was treated with
acid (pH 2) or heat (56°C) for 30 minutes. The indicated concentrations of treated
factors were added to CFU-IL-7 colony assays. The results are shown as means +
SDs of triplicate cultures. Similar results were obtained in 2 independent experiments.
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determine the precise structure of the mature protein. Thisreveaed
the sequence LDXGKSGSLH where X represents one undeter-
mined amino acid residue. This precisely corresponds to the
Leu??-His®! segment predicted from the limitin cDNA sequence
(Figure 1). Therefore, a signa peptide with cleavage site between
Ser?! and Leu? probably facilitates limitin secretion.

The limitin sequence contains a single potential N-linked
glycosylation site NXS/T at amino acid residue 68 (Figure 1). As
shown in Figure 8A, treatment of recombinant limitin with
N-glycosidase F changed its mobility in SDS-PAGE from 20 to 16
kDa. Therefore, the longer limitin protein is glycosylated. The
limitin sequence contains 6 cysteine residues, and the mature
secreted protein has 5 cysteine residues (Figure 1). Migration was
dightly faster in SDS-PAGE when recombinant limitin was
electrophoresed under reducing rather than nonreducing conditions
(Figure 8B). In addition, an approximately 40-kDa band that was
seen under the nonreduced condition disappeared following 2-mer-
captethanol treatment. Therefore, mature secreted limitin has
intramolecular disulfide bonds and may use one cysteine residue
for dimerization.

Chemokines and certain other cytokines physically interact with
heparan sulfate proteoglycans of the extracellular matrix. We
determined that recombinant limitin bound to heparin-Sepharose
(Figure 8C). Thisrecognition was completely blocked by an excess
of free heparin, but not chondroitin sulfate. Furthermore, native
limitin protein produced by BMS2.4 cells was enriched and
purified with a heparin-Sepharose column (data not shown). These
observations show that fully active limitin can be produced
in recombinant form and extend our understanding of the se-
creted protein.

Discussion

This study extends our understanding of the normal expression and
biophysical properties of a recently discovered cytokine. The
limitin gene contains 2 open reading frames that potentially encode
different proteins. However, trandlational initiation was found to
preferentially use the second ATG that encodes the full-length,
biologically active cytokine. The protein is serologically distinct
from other IFNs and has other characteristics that may beimportant
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Figure 8. Characterization of the longer limitin protein. (A) Recombinant limitin
was treated with or without N-glycosidase F overnight. The treated proteins were
subjected to Western blot probed with antilimitin under reduced conditions. (B)
BC7.12 cells (1 x 10%well) were cultured in the presence of the indicated concentra-
tions of recombinant limitin with (@) or without (O) glycosidase F treatment for 2 days.
Viable cell numbers were evaluated with a hemocytometer. Similar results were
obtained in 3 independent experiments. (C) Recombinant limitin was subjected to
Western blot probed with antilimitin under the indicated conditions. (D) Recombinant
limitin was immunoprecipitated with heparin-Sephalose in the presence of excess of
chondroitin sulfate or heparin. Each precipitate was subjected to Western blot probed
with antilimitin. Similar results were obtained in 3 independent experiments.
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for itsbiologic activities. Finally, we show that this potent inhibitor
of B lymphopoiesisis constitutively made in healthy animals.

Database searches with the limitin cDNA sequence yield few
homologous matches, but many IFNs are retrieved when the
analysis is based on the predicted limitin protein segquence.
Structural similarity is also paralleled by binding and apparent use
of the IFN-a/f receptors.’®> IFN-a and IFN-o are produced by
leukocytes, whereas IFN-B is a fibroblast product.230 These
cytokines are produced in limiting quantities under healthy condi-
tions, but synthesis can be dramatically increased by viral infec-
tions or exposure to double-stranded nucleic acids3! It was
important to learn if limitin is similar with respect to tissue
distribution and investigate mechanisms for regulation of its
production.

With the exception of one pseudogene, we are unaware of
transcripts for any IFN genes that have 2 ATGs within the 5'
segment, as is the case for limitin (Figure 1). Our experiments
demonstrate more than 10-fold preference for translational initia-
tion from the second ATG and this results in the secreted,
biologicaly active protein. Although not common, aternative
translation sites are used in other eukaryotic genes such as c-myc,
cot, glutathione peroxidase, BAG-1/RAP46, catechol O-methyl-
transferase, HER-2/neu, Pit-1, and molybdopterin synthase.16-23
Multiple proteins translated by alternative initiation from different
AUGs were previously shown to yield molecules with discrete
functions.1617 Depending on the cellular environment, expression
of 4 isoforms of human BAG-1/RAP46 proteins occurs by
alternative translation from 4 different initiation codons.*® Thus, it
is important to analyze whether the short limitin gene product has
intrinsic activity or only exists to regulate expression of the longer
limitin protein translated from the second ATG. Because no
obvious changes in morphology or growth were noticed in 293T
cellstransfected with 1st-ATG/pEFBOSX, it remains unclear if the
shortest limitin gene product has afunction.

Regulation of trandational initiation on eukaryotic ribosomesis
known to be complicated, but there is some basis for speculation
about how a particular AUG codon is selected when more than one
are present.32-3¢ The 408 ribosomal subunit binds initialy at the 5’
end of MRNA and subsequently migratesto the first AUG codon in
afavorable context for initiating translation. The 5’-proximal AUG
triplet serves as the initiator codon in approximately 95% of
mMRNAs. However, initiation at downstream AUG codons occursin
some specific circumstances. When the upstream AUG codon is
followed shortly by an in-frame terminator codon, ribosomes can
reinitiate trandation at the next AUG codon downstream. When
there are fewer than 10 nucleotides between the cap and the first
AUG codon, ribosomes may initiate at both the first and the second
AUG codons. The other mechanism by which ribosomes can reach
an internal AUG codon is termed “leaky scanning.” This phenom-
enon occurs when the 5’-proximal AUG codon lies in an unfavor-
able context for initiation. Manipulating sequences in the vicinity
of the AUG initiator codon and analyzing naturally occurring viral
bifunctional mMRNAs suggest that the optimal context for initiation
isCCACCAUGG or CCGCCAUGG. The purinein position —3 (3
nucleotides upstream from the AUG codon) and the G in position
+4 (immediately following the AUG codon) are particularly
important. In general, when position —3 isthe U or the C or when
position —3isthe G and position +4 is not the G, “leaky scanning”
enables some ribosomes to initiate the second AUG codon. For
example, a type of thalassemia has a change in sequence from
CACCAUG to CCCCAUG, aong with drastically impaired initia-
tion of translation of a-globin.3” The sequence around the first ATG
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of the limitin gene is GCTCAATGG and would be classified as
“weak” for trandation because position —3 is the T. Therefore,
ribosomes may initiate the second ATG whose surrounding se-
guence of TCAGCATGC represents a more favorable context.
Therefore, “leaky scanning” could account for why the second
ATG of thelimitin geneis preferentially used.

Our immunohistochemical analysis revealed that T lympho-
cytes in thymus and spleen, as well as bronchia epithelial and
salivary duct cells, could be sources of the biologically active,
full-length limitin protein. With the exception of the kidney, this
tissue distribution closely accords with the results of RT-PCR. The
apparent absence of protein in an organ that contains mRNA raises
the possibility that in addition to transcriptional regulation, protein
synthesis can be controlled at the translation or posttransational
steps. Alternatively, these results might be attributable to differ-
ences in sensitivities between assays.

Selective staining of the thymic medulla as well as RT-PCR
analysis of enriched cell suspensions suggest that mature T cellsin
central and peripheral lymphoid tissues constitutively produce
limitin under normal, steady-state conditions. This raises provoca-
tive questions about the function of this cytokine in healthy
animals. Limitin is a potent inhibitor of B lymphopoiesis, capable
of arresting the process from avery early stage in bone marrow.1
B cellsare not normally made from stem cellsin other tissuesand it
is possible that limitin contributes to an unfavorable environment.
It has recently been shown that the thymus is capable of supporting
B lymphopoiesis but is normally prevented from doing so through
signals delivered via the Notch/Notch ligand family of mol-
ecules.34 An additional contribution of limitin is possible.
Additional rolesfor thiscytokinein lymphoid tissues might include
the surveillance of B-lineage malignancies. Constitutive limitin
expression in bronchia epithelial and salivary duct cells raises the
possibility of other specialized functionsin those restricted areas.
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The 3-dimensional crystal structure of murine IFN-3 revealed
that it isa globular protein with 5 « helices (A-E) and 4 loops.t A
similar crystal structure for a zinc dimer of human IFN-a,, Was
also reported.*? As aresult of computer analysis, the longer limitin
protein structure, like IFN-« and IFN-3, isaglobular structure with
5long « helices and a single short helix in the middle of the loop
connecting helices B and C.* In this model, Cys*? and Cys!>” as
well as Cys® and Cys!'¥® position very closely to each other. In
addition, limitin has an extra cysteine residue at position 61 that
could permit dimerization in some circumstances. Our Western blot
analysis supports the possibility that limitin has intramolecular
disulfide bonds and that it partially dimerizes via the fifth cysteine
residue. Type | IFNs differ with respect to N-glycosylation sites,
being present in IFN- and our new cytokine. IFN-« and IFN-B are
15 to 21 kDa and 22 kDa in size, respectively, and the molecular
weight of the longer limitin protein is approximately 20 kDa.
Additionally, all type | IFNs are acid stable to pH 2 and heat stable,
whereas | FN-vy is sensitive to these treatments.?® We show here that
limitinisliketypel IFNsin thisand other respects.

Heparan-sulfated proteoglycans are major components of extra-
cellular matrix.?2 Glycosaminoglycan recognition is a feature of
certain cell adhesion molecules such as CD31.# Furthermore, this
modification is essential for responsiveness of cells to basic
fibroblast growth factor.*> Heparan-sulfated proteins can influence
the differentiation of hematopoietic cells,* in part because of their
ability to immobilize cytokines such as granulocyte-macrophage
colony-stimulating factor, IL-3, basic fibroblast growth factor,
IL-7, and IFN-y.4%0 We found that the limitin protein was
recognized by heparin, indicating that it may be focally concen-
trated by extracellular matrix surrounding limitin-producing cells.
Alternatively, interactions with heparan sulfate proteoglycans may
influence its localization in other tissues or the ability of cells to
respond to it.

1.

Kincade PW, Oritani K, Zheng Z, Borghesi L,
Smithson G, Yamashita Y. Cell interaction mol-
ecules utilized in bone marrow. Cell Adhes Com-
mun. 1998;6:211-215.

Oritani K, Kincade PW. Lymphopoiesis and matrix
glycoprotein SC1/ECM2. Leuk Lymphoma. 1998;
32:1-7.

Morrison SJ, Shah NM, Anderson DJ. Regulatory
mechanisms in stem cell biology. Cell. 1997;88:
287-298.

Burrows PD, Cooper MD. B cell development and
differentiation. Curr Opin Immunol. 1997;9:239-
344,

Whetton AD, Spooncer E. Role of cytokines and
extracellular matrix in the regulation of haemopoi-
etic stem cells. Curr Opin Cell Biol. 1998;10:721-
726.

Lyman SD, Jacobsen SEW. c-kit ligand and flt3
ligand: Stem/progenitor cell factors with overlap-
ping yet distinct activities. Blood. 1998;91:1101-
1134.

Miyake K, Underhill CB, Lesley J, Kincade PW.
Hyaluronate can function as a cell adhesion mol-
ecule and CD44 participates in hyaluronate rec-
ognition. J Exp Med. 1990;172:69-75.

Miyake K, Medina K, Ishihara K, Kimoto M, Auer-
bach R, Kincade PW. A VCAM-like adhesion mol-
ecule on murine bone marrow stromal cells medi-
ates binding of lymphocyte precursors in culture.

J Cell Biol. 1991;114:557-565.

Borge OJ, Ramsfjell V, Cui L, Jacobsen SE. Abil-
ity of early acting cytokines to directly promote

survival and suppress apoptosis of human primi-
tive CD34*CD38~ bone marrow cells with multi-

10.

11.

12.

13.

14.

15.

16.

17.

lineage potential at the single-cell level: key role
of thrombopoietin. Blood. 1997;90:2282-2292.

Borge OJ, Adolfsson J, Jacobsen AM. Lymphoid-
restricted development from multipotent candi-
date murine stem cells: distinct and complimen-
tary functions of the c-kit and flt3-ligands. Blood.
1999;94:3781-3790.

Kouro T, Medina KL, Oritani K, Kincade PW.
Characteristics of early murine B-lymphocyte pre-
cursors and their direct sensitivity to negative
regulators. Blood. 2001;97:2708-2715.

Medina KL, Kincade PW. Pregnancy-related ste-
roids are potential negative regulators of B lym-
phopoiesis. Proc Natl Acad Sci U S A. 1994;91:
5382-5386.

Medina KL, Strasser A, Kincade PW. Estrogen
influences the differentiation, proliferation, and
survival of early B-lineage precursors. Blood.
2000;95:2059-2067.

Smithson G, Beamer WG, Shultz KL, Christian-
son SW, Shultz LD, Kincade PW. Increased B
lymphopoiesis in genetically sex steroid-deficient
hypogonadal (hpg) mice. J Exp Med. 1994;180:
717-720.

Oritani K, Medina KL, Tomiyama Y, et al. An inter-
feron-like cytokine that preferentially influences
B-lymphocyte precursors. Nat Med. 2000;6:659-
666.

Spotts GD, Patel SV, Xiao Q, Hann SR. Identifica-

tion of downstream-initiated c-Myc proteins which
are dominant-negative inhibitors of transactiva-
tion by full-length c-Myc proteins. Mol Cell Biol.
1997;17:1459-1468.

Aoki M, Hamada F, Sugimoto T, Sumida S,

18.

19.

20.

21.

22.

23.

24.

Akiyama T, Toyoshima K. The human cot proto
oncogene encodes two protein serine/threonine
kinases with different transforming activities by
alternative initiation of translation. J Biol Chem.
1993;268:22723-22732.

Pushpa-Rekha TR, Burdsall AL, Oleksa LM,
Chisolm GM, Driscoll DM. cDNA cloning and
identification of multiple transcription and transla-
tion start sites. J Biol Chem. 1995;270:26993-
26999.

Yang X, Chernenk G, Hao Y, Ding Z, Pater A,
Tang SC. Human BAG-1/RAP46 protein is gener-
ated as four isoforms by alternative translation
initiation and overexpressed in cancer cells. On-
cogene. 1998;17:981-989.

Tenhunen J, Ulmanen I. Production of rat soluble
and membrane-bound catechol O-methyltrans-
ferase forms from bifunctional MRNAs. Biochem
J. 1993;296:595-600.

Child SJ, Miller MK, Geballe AP. Translational
control by an upstream open reading frame in the
HER-2/neu transcript. J Biol Chem. 1999;274:
24335-24341.

Voss JW, Yao TP, Rosenfeld MG. Alternative
translation initiation site usage results in two
structurally distinct forms of Pit-1. J Biol Chem.
1991;266:12832-12835.

Stallmeyer B, Drugeon G, Reiss J, Haenni AL,
Mendel RR. Human molybdopterin synthase
gene: identification of a bicistronic transcript with
overlapping reading frames. Am J Hum Genet.
1999;64:698-705.

Yokota T, Oritani K, Takahashi |, et al. Adiponec-
tin, a new member of the family of soluble de-
fense collagens, negatively regulates the growth



BLOOD, 1 JANUARY 2003 * VOLUME 101, NUMBER 1

25.

26.

27.

28.

29.

30.

31.

32.

33.

of myelomonocytic progenitors and the function
of macrophages. Blood. 2000;96:1723-1732.

Oritani K, Kincade PW. Identification of stromal
cell products that interact with pre-B cells. J Cell
Biol. 1996;134:771-782.

Shirahata S, Watanabe J, Teruya K, et al. EIA
and ras oncogenes synergistically enhance re-
combinant protein production under control of the
cytomegalovirus promoter in BHK-21 cells. Biosci
Biotechnol Biochem. 1995;59:345-347.

Medina KL, Smithson G, Kincade PW. Suppres-
sion of B lymphopoiesis during normal preg-
nancy. J Exp Med. 1993;178:1507-1515.
DeMaeyer E, Maeyer-Guignard J. Type | interfer-
ons. Int Rev Immunol. 1998;17:53-73.

Walter MR, Bordens R, Nagabhushan TL, et al.
Review of recent developments in the molecular
characterization of recombinant alfa interferons
on the 40th anniversary of the discovery of inter-
feron. Cancer Biother Radiopharm. 1998;13:143-
154.

Uze G, Lutfalla G, Mogensen KE. Alpha and beta
interferons and their receptor and their friends

and relations. J Interferon Cytokine Res. 1995;15:

3-26.

Sekellick MJ, Marcus PI. Interferon induction by
viruses, VIII: vesicular stomatitis virus: [+/—]DI-
011 particles induce interferon in the absence of
standard virions. Virology. 1982;117:280-285.
Kozak M. Possible role of flanking nucleotides in
recognition of the AUG initiator codon by eukary-
otic ribosomes. Nucleic Acids Res. 1981;9:5233-
5252.

Kozak M. Complication and analysis of se-
guences upstream from the translational start site

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

in eukaryotic mMRNAs. Nucleic Acids Res. 1984,
12:857-872.

Kozak M. Point mutations define a sequence
flanking the AUG initiator codon that modulates
translation by eukaryotic ribosomes. Cell. 1986;
44:283-292.

Kozak M. The scanning model for translation: an
update. J Cell Biol. 1989;108:229-241.

Kozak M. Initiation of translation in prokaryotes
and eukaryotes. Gene. 1999:234:187-208.

Morle F, Lopez B, Henni T, Godet J. a-Thalas-
saemia associated with the deletion of two nucle-
otides at position —2 and —3 preceding the AUG
codon. EMBO J. 1985;4:1245-1250.

Bertrand FE, Eckfeldt CE, Fink JR, et al. Microen-
vironmental influences on human B-cell develop-
ment. Immunol Rev. 2000;175:175-186.

Pui JC, Allman D, Xu L, et al. Notchl expression
in early lymphopoiesis influences B versus T lin-
eage determination. Immunity. 1999;11:299-308.

Akashi K, Richie LI, Miyamoto T, Carr WH, Weiss-
man IL. B lymphopoiesis in the thymus. J Immu-
nol. 2000;164:5221-5226.

Senda T, Shimizu T, Matsuda S, et al. Three-di-
mensional crystal structure of recombinant mu-
rine interferon-beta. EMBO J. 1992;11:3193-
3201.

Radhakrishnan R, Walter M, Hruza A, et al. Zinc
mediated dimer of human interferon-alpha 2b re-
vealed by X-ray crystallography. Structure. 1996;
4:1453-1463.

Oritani K, Kincade PW, Zhang C, Tomiyama Y,

Matsuzawa Y. Type | interferons and limitin: a
comparison of structures, receptors, and func-

AN INTERFERONLIKE CYTOKINE LIMITIN

44.

45.

46.

47.

48.

49.

50.

185

tions. Cytokine Growth Factor Rev. 2001;12:337-
348.

DelLisser HM, Yan HC, Newman PJ, Muller WA,
Buck CA, Albelda SM. Platelet/endothelial cell
adhesion molecule-1 (CD31)-mediated cellular
aggregation involves cell surface glycosaminogly-
cans. J Biol Chem. 1993;268:16037-16046.

Rapraeger AC, Krufka A, Olwin BB. Requirement
of heparan sulfate for bFGF-mediated fibroblast
growth and myoblast differentiation. Science.
1991;252:1705-1708.

Borghesi LA, Yamashita Y, Kincade PW. Heparan
sulfate proteoglycans mediate interleukin-7-de-
pendent B lymphopoiesis. Blood. 1999;93:140-
148.

Brunner G, Metz CN, Nguyen H, et al. An endog-
enous glycosylphosphatidylinositol-specific phos-
pholipase D releases basic fibroblast growth fac-
tor-heparan sulfate proteoglycan complexes from
human bone marrow cultures. Blood. 1994;83:
2115-2125.

Gordon MY, Riley GP, Watt SM, Greaves MF.
Compartmentalization of a haematopoietic
growth factor (GM-CSF) by glycosaminoglycans
in the bone marrow microenvironment. Nature.
1987;326:403-405.

Roberts R, Gallagher J, Spooncer E, Allen TD,
Bloomfield F, Dexter TM. Heparan sulphate
bound growth factors: a mechanism for stromal
cell mediated haemopoiesis. Nature. 1988;332:
376-378.

Lortat-Jacob H, Grimaud J. Interferon-gamma
C-terminal function: new working hypothesis.
Heparan sulfate and heparin, new targets for IFN-
gamma, protect, relax the cytokine and regulate
its activity. Cell Mol Biol. 1991;37:253-260.



