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ABSTRACT In a cell line (NB4) derived from a patient
with acute promyelocytic leukemia, all-frans-retinoic acid
(ATRA) and interferon (IFN) induce the expression of a novel
gene we call RIG-G (for retinoic acid-induced gene G). This
gene codes for a 58-kDa protein containing 490 amino acids
with several potential sites for post-translational modifica-
tion. In untreated NB4 cells, the expression of RIG-G is
undetectable. ATRA treatment induces the transcriptional
expression of RIG-G relatively late (12-24 hr) in a protein
synthesis-dependent manner, whereas IFN-« induces its ex-
pression early (30 min to 3 hr). Database search has revealed
a high-level homology between RIG-G and several IFN-
stimulated genes in human (ISG54K, ISG56K, and IFN-
inducible and retinoic acid-inducible 58K gene) and some
other species, defining a well conserved gene family. The gene
is composed of two exons and has been mapped by fluores-
cence in situ hybridization to chromosome 10q24, where two
other human IFN-stimulated gene members are localized. A
synergistic induction of RIG-G expression in NB4 cells by
combined treatment with ATRA and IFNs suggests that a
collaboration exists between their respective signaling path-
ways.

Acute promyelocytic leukemia (APL) is the first example of
human cancer differentiation therapy (1) and is characterized
by a specific chromosome translocation t(15;17) that fuses the
retinoic acid receptor (RAR) a gene on chromosome 17q21
with the promyelocytic leukemia (PML) gene on chromosome
15q22 (2). The chimeric PML-RARa receptor retains all the
important functional domains of both genes. It was previously
considered that PML-RARe inhibits all-frans-retinoic acid
(ATRA)-induced differentiation and contributes to leukemo-
genesis in a dominant-negative fashion and that ATRA treat-
ment converts PML-RAR« from an antagonist to an agonist
of differentiation (3). Recent studies indicate that ATRA can
increase the degradation of PML-R AR« and allows APL cells
to differentiate by relieving the differentiation block caused by
PML-RAR« (4, 5). The molecular mechanism(s) that might
lead to the functional conversion of PML-RARa or to its
degradation by ATRA treatment leading to terminal differ-
entiation are not yet clarified.

During ATR A-induced differentiation of APL cells, a vast
array of genes may be regulated (6). By using differential
display-PCR (DD-PCR) technique, a gene designated RIG-G
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has been shown to be expressed in NB4 cells induced to
differentiate by ATRA. Because RIG-G is also inducible by
interferon (IFN) and bears strong homology to a family of the
IFN-stimulated gene (ISG), a possible crosstalk between ret-
inoid and IFN signaling pathways has been speculated and
further examined.

MATERIALS AND METHODS

Cell Culture and Treatment. APL cell line NB4 and breast
cancer cell lines T47D and MDA-MB-231 were cultured in
RPMI medium 1640 supplemented with 10% calf serum.
ATRA (1076 to 1078 M) was added to cell culture with or
without human recombinant IFN-«a or IFN-y (500 units/ml
and 2,000 units/ml, respectively). In some experiments, cells
were treated only with IFNs.

DD-PCR. DD-PCR was performed as previously described
(6) with the following modification. The total RNA of NB4
cells was pretreated with DNase I (RNase-free) to eliminate
DNA contamination. DD-PCR products were separated by
sequencing gel and visualized by autoradiography. The repro-
ducible bands were excised and eluted from the gel. After
reamplification, the bands were cloned into pGEM-T vector
(Promega).

cDNA and Genomic DNA Cloning. The cDNA library was
constructed from the mRNAs of NB4 cells treated with ATRA
for 48 hr. The cDNA fragment from DD-PCR was used to
screen the library according to the standard protocol (Strat-
agene). One of the cDNA clones isolated from cDNA library
was prepared as a probe to screen the human genomic DNA
library constructed into EMBL3 (CLONTECH).

DNA Sequencing and Sequence Analysis. DNA sequencing
was carried out using T7 Sequencing Kit (Pharmacia) or
performed on 373 DNA sequencer using cycle sequencing kit
(Applied Biosystems). The complete cDNA sequence was
constructed by sequencing the overlapping clones and primer
extension. The genomic clones isolated were characterized by
restriction map and Southern blot analysis and were subcloned
into pBluescript and partially sequenced. The cDNA sequence
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was analyzed by using STRIDE 1.2 software. The sequence of
cDNA and the predicted protein sequence were searched
against GenBank and Swissprot databases for homology using
the GCG package (Genetics Computer Group, Madison, WI).

Northern Blot Analysis. Total RNA (20 wg) was size-
fractionated on 1.2% agarose/5% formamide and transferred
to nylon membrane by capillary method. The Northern blot I
containing mRNAs from eight different tissues (heart, brain,
placenta, lung, liver, skeletal muscle, kidney, and pancreas)
was from CLONTECH. Hybridization was performed by using
1.5-kb cDNA probe under the conditions reported previously
(6).

In Vitro Transcription and Translation. The cDNA con-
taining the whole ORF was purified and used as template for
in vitro transcription and translation, by using TNT Coupled
Reticulocytic Lysate System (Promega) using [**S]methionine
according to manufacturer’s recommendation. The proteins
were separated on PAGE and visualized by autoradiography.

Expression Plasmid Construction. An epitope-tagged ex-
pression vector was constructed by insertion of a duplex
oligonucleotide sequence: 5'-TCGAGGCCACCATGGAC-
TACAAGGACGACGATGACAAGGTAC-3' 3'-CCGGTG-
GTACCTGATGTTCCTGCTGCTACTGTTC-5" into pCI
(Promega) with Xhol and Kpnl sites (7). A primer pair was
designed to amplify the entire RIG-G coding sequence. The
resultant PCR fragment has a Kpnl site on the 5" end and is
in frame with the Flag epitope sequence. The fragment then
was inserted into the constructed epitope-tagged pCI vector
using Kpnl and Smal sites. The resulting fusion gene encodes
the RIG-G protein, with N-terminal Flag epitope.

Transfection and Immunofluorescent Cell Staining. Chi-
nese hamster ovary cells were used for transient transfection
assay to determine the subcellular location of RIG-G protein.
The transfection assay was performed using a LipofectAmine
Transfection Kit (GIBCO/BRL) according to the manufac-
turer’s instructions. The cells transfected with RIG-G expres-
sion vector were fixed and incubated with anti-Flag mAb M2
(IBI), followed by incubation with fluorescein isothiocyanate-
conjugated anti-mouse IgG.

Fluorescence in Situ Hybridization. Two phage clones, about
15 kb in length, were isolated from the EMBL3 genomic library
and used as probes. The phage DNAs were biotinylated with
biotin-16-dUTP using nick translation system (Boehringer
Mannheim) and probed on normal human lymphocyte chro-
mosomes in metaphase (8). The hybridization signal and PI
(Sigma)-banded chromosomes were visualized with a Nikon
microscope and merged using Cytovision image analysis soft-
ware (Applied Imaging, Sunderland, U.K.).

Yeast Artificial Chromosome (YAC) Library Screening. To
facilitate the mapping of RIG-G with regard to other members
of the ISG family, the Centre d’Etude du Polymorphisme
Humain (CEPH) MegaYAC library was screened with PCR
using specific primers for RIG-G. Two YAC clones, namely
638E08 and 944C01, were obtained and analyzed using South-
ern analysis and PCR for human ISG-54K and ISG-56K genes.

RESULTS

Isolation and Characterization of RIG-G ¢cDNA. DD-PCR
was carried out to identify ATRA-induced genes. In the 30
primer pair combinations, one pair of primers, 3'DD6
(TTTTTTTTTTTCC) and 5'DD7 (TACAACGAGG), pro-
duced three differentially displayed bands in NB4 cells treated
with ATRA (Fig. 14). The resulting pattern was reproducible,
and the differentially amplified products were excised and
cloned. One clone (600 bp in length) was confirmed to be part
of a differentially expressed gene by Northern blot analysis
(Fig. 1B). This cloned PCR product was then sequenced. After
searching through GenBank with BLAST, this cDNA fragment
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FiG. 1. Induced expression of RIG-G by ATRA. (A4) Differential
display of mRNA from NB4 cells treated with ATR A for 6, 12, 24, 48,
and 72 hr. Untreated cells (Oh) are used as control. RIG-G is derived
from the band indicated by the arrow. (B) Northern blot analysis of
RIG-G expression in NB4 cells treated with ATRA (10~% M) for 6, 12,
24, 48, and 72 hr. Hybridization with glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) cDNA is a control for the amount of RNA
loaded.

GAPDH

proved to be from a novel gene, which was then named RIG-G
(for retinoic acid-induced gene G).

To get the full-length cDNA, a cDNA library of NB4 cells
treated with ATRA for 48 hr was constructed with random
primers and screened with this novel cDNA fragment obtained
from DD-PCR. Eighty positive clones were identified, among
which eight cDNA clones were isolated. These clones collec-
tively define a 1,919-bp ¢cDNA sequence (Fig. 24), which
contains a 1,473-bp ORF encoding 490 amino acid residues. A
stop codon is found in frame upstream of the first ATG codon
(Fig. 2A4). The amino acid sequence deduced from the
1,919-bp RIG-G cDNA is shown in Fig. 24. The in vitro
transcription and translation of RIG-G gene revealed a protein
product of 58 kD in good agreement with the predicted amino
acid sequence of cDNA (Fig. 2B).

RIG-G Is Highly Homologous to Some Members of ISGs.
Computer-assisted homology comparison revealed that the
RIG-G shares high homology with some members of ISGs.
Deduced amino acid sequences of those proteins are of high
similarity. For example, the homology of deduced RIG-G
protein sequence with the protein sequences deduced from
human ISG 54K, human ISG 56K, human IFN-inducible and
retinoic acid-inducible 58K (U34605), C.L ISG 56K and mu-
rine IRG2 are 57.3% (473 amino acids), 44.3% (470 amino
acids), 44.0% (461 amino acids), 50.5% (424 amino acids), and
60.3% (403 amino acids), respectively (Fig. 34) (9-12). The
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FiG. 2. Characterization of RIG-G c¢cDNA. (4) RIG-G cDNA
nucleotide sequence and deduced amino acid sequence. The amino
acid sequence is listed below the nucleotide sequence and numbered
on the right. The termination codon in frame upstream of the start
codon is underlined. (B) In vitro transcription and translation of
RIG-G c¢DNA. The TNT Coupled Reticulocytic Lysate System was
supplemented with 1.5-kb RIG-G cDNA using T3 (lane 1) or T7 (lane
2) RNA polymerase, or without template (lane 3). The size markers
are listed on the right.

amino acid sequence at the N terminal is more conserved than
that at the C terminal, suggesting that the N-terminal region
is more important for function.

Several potential sites for post-translational modification
are present in the deduced RIG-G protein sequence, such as
one potential N-glycosylation site (at residue 405), one gly-
cosaminoglycan attachment site (at residue 451), two potential
cAMP- and cGMP-dependent kinase phosphorylation sites (at
residues 125 and 391), six casein kinase II phosphorylation
sites (at residues 136, 394, 459, 461, 478, and 484), and five
protein kinase C phosphorylation sites (at residues 123, 318,
390, 394, and 478). In addition, a potential tyrosine phosphor-
ylation site at residue 109 is conserved among all RIG-G-
related family members.

Expression Pattern of RIG-G Gene. The Northern blot
analysis detected an unique transcript of 2.8-2.9 kb in NB4
cells treated with ATRA but not in untreated NB4 cells. The
kinetic study showed that RIG-G expression was detectable at
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12-24 hr after ATRA (107% M) treatment and reached a
maximal level at 48—72 hr (Fig. 1B). When the concentration
of ATRA was decreased to 1078 M, the expression of RIG-G
could still be induced but at relatively lower level and was
detected at a later stage (24—48 hr after ATRA treatment)
(Fig. 4B). The induction may require protein synthesis, because
it was inhibited by cycloheximide (data not shown), indicating
that RIG-G expression is dependent on at least one ATRA-
induced protein. IFN-a (500 units/ml) was also capable of
inducing RIG-G expression in NB4 cells but with different
kinetics. The expression rapidly increased at 30 min to 3 hr and
reached its peak at 6 hr followed by slow declines. When NB4
cells were treated with both ATRA and IFN-«, there was a
high level expression of RIG-G from 6 to 72 hr (Fig. 4B). IFN-vy
alone (2,000 units/ml) exerted no effect on the expression of
RIG-G in NB4 cells. Nevertheless, when it was used with
ATRA (1078 M), the expression of RIG-G was earlier and
enhanced (data not shown). These data taken as a whole
suggest a synergy between ATR A and IFNs in inducing RIG-G
expression.

In contrast to the induced expression in NB4 cells, no
obvious expression of RIG-G was observed in HL-60 before
and after ATR A treatment. In addition, no RIG-G mRNA was
detected in fresh cells from patients with acute myeloid and
lymphoid leukemias as well as the U-937 cell line (data not
shown). The basal level of expression of RIG-G was low in eight
normal human tissues studied (Fig. 44). Hybridization signals
could be detected by Northern blot using poly(A)" RNA only
after prolonged exposure (15 days). Although RIG-G expres-
sion could be induced by IFN-y or IFN-« in two breast cancer
cell lines (ATRA proliferation sensitive and resistant breast
cancer cell lines T47D and MDA-MB-231), no significant
modulation of expression was observed when these cells were
treated with ATRA (Fig. 4C).

Subcellular Distribution of RIG-G Protein. Transfection
performed in Chinese hamster ovary cells using Flag-tagged
RIG-G expression vector, followed by anti-flag mAb M2 and
indirect immunofluorescence staining showed a diffuse distri-
bution pattern in the cytoplasm, with an enhancement in the
perinuclear region. There was no obvious nuclear staining
(Fig. 5).

Genomic Structure and Chromosomal Localization of
RIG-G Gene. A genomic library in EMBL3 was screened with
1.5-kb RIG-G cDNA fragment. Five positive clones were
isolated and characterized by restriction map and Southern
blot analysis as contiguous DNA fragments. They were sub-
cloned into pBluescript and partially sequenced to determine
the exon-intron organization. As shown in Fig. 3B, the gene
consists of a small first exon and a large second exon. The
exon-intron borders conform to the GT/AG rule.

It may be interesting to note that the exon-intron organi-
zation of RIG-G is also highly conserved during evolution,
because RIG-G, human ISG 54K, C.L ISG54K, and two murine
ISGs, Ifi54k (for interferon-induced) and Ifi56k, genes are all
composed of a small first exon and the second exon that
contains all ORF except the ATG start codon and two
nucleotides of the second codon (9, 12, 13) as shown in Fig. 3B.

To determine the chromosomal locus of the RIG-G, two
biotinylated probes prepared from the genomic clones were
hybridized to metaphase chromosome of human lymphocytes.
The hybridization with either of the probes showed signals on
chromosome 10q24 (Fig. 6). Using PCR and Southern analysis,
RIG-G, ISG-54K, and ISG-56K were clustered within a YAC
contig of approximately 1 Mb (data not shown).

DISCUSSION

Because great success was achieved in the treatment of APL
with ATRA (14), the APL cell line NB4 carrying chromosome
translocation t(15;17) was selected and used as a model system



Genetics: Yu ef al. Proc. Natl. Acad. Sci. USA 94 (1997) 7409
A
RIG-G ~MSEVTKNSL EKILPQLKCH FTWNLFKEDS VSRDLEDRVC NQIEFLNTEF KATMYNLLAY IKHLDGNNEA ALECLRQAEE LIQQEHADQA EIRSLYTWGN 99
U34605 ~MSEIRKDTL KAILLELECH FTWNLLKEDI DLFEVEDTIG QQLEFLTTKS RLALYNLLAY VKHLKGQNKD ALECLEQAEE IIQQEHSDKE EVRSLYTWGN 99
ISG-54k ~MSENNKNSL ESSLRQLKCH FTWNLMEGEN SLDDFEDKVF YRTEFQNREF KATMCNLLAY LKKLKGQNEA ALECLRKAEE LIQQEHADQA EIRSLYTWGN 99
ISG-56k MSTNGDDHQV KDSLEQLRCH FTWELSIDDD EMPDLENRVL DQIEFLDTKY SVGIHNLLAY VKHLKGQNEE ALKSLKEAEN LMQEEKDNQA NVRSLVTWGN 100
CL54K  ~MSTTTKKSL ESKLQQLKCH FTWNLMAGDE SLDEFEDKVF NKDEFQKREC KATMCNILAF VKHRRGQNAS ALKELEKAEQ FIQQQHPDHV EIRNIVTWGN 99
Mus-glu ~MSEVNRESL EAILPQLKCH FTWNLFREGS MSSHMEDRVC NQVEHLNSEE KATMYDLLAY IKHLDGESKA ALECLGQAED LRKSEHNDQS EIRRLYTWGN 99
RIG-G YAWVYYHLGR LSDAQIYVDK VKQTCKKFSN P..YSIEYSE LDCEEGWTQL KCGR..NERA KVCEEKALEE KPNNPEFSSG LATAMYHLDN HP..... EKQ 190
U34605 YAWVYYHMDQ LEEAQKYTGK IGNVCKKLSS PSNYKLECPE TDCEKGWALL KFGGKYYQKA KAAFEKALEV EPDNPEFNIG YAITVYRLDD SD.REGSVKS 198
ISG-54k  YAWVYYHMGR LSDVQIYVDKX VKHVCEKFSS P..YRIESPE LDCEEGWTRL KCGGNQNERA KVCFEXALEK KPKNPEFTSG LATASYRLDN WP..... PSQ 192
ISG-56k  FAWMYYHMGR LAEAQTYLDK VENICKKLSN PFRYRMECPE IDCEEGWALL KCGGKNYERA KACFEXVLEV DPENPESSAG YAISAYRLDG FKLATKNHKP 200
CL54K YAWVYYHMGQ LEKAQAYLDK VRQVCEKFSS P..YRIESPE LDCEEGWARL KCTRNQNERV KVCFEKALEK DPKNPEFTSG WAISNYRLDF WP..... AQQ 192
Mus-glu YAWIYYHMGR LSEAQAYVDK VRQVCQKFAN P..YSMECPE LECEEGWTRL KCGR..NERA KMCFEXALEE KPKDPECSSG MALAMFRLEE KP..... EKQ 190
RIG-G FSTOVLKQAI ELSPDNQYVK VLLGLKLQKM ....NKEAEG EQFVEEALEK SPCQTDYLRS AAKFYRRKGD LDKAIELFQR VLESTPNNGY LYHQIGCCYK 286
U34605 FSLGPLRKAY TLNPDNSYIK VFLALKLQ.. ..DVHAEAEG EKYIEEILDQ ISSQPYVLRY AAKFYRRKNS WNKALELLKK ALEVTPTSSF LHHQMGLCYR 294
ISG-54k  NAIDPLRQAI RLNPDNQYLK VLLALKLHKM REEGEEEGEG EKLVEEALEK APGVTDVLRS AAKFYRRKDE PDKAIELLKK ALEYIPNNAY LHCQIGCCYR 292
ISG-56k  FSLLPLRQAV RLNPDNGYIK VLLALKLQ.. ..DEGQEAEG EKYIEEALAN MSSQTYVFRY AAKFYRRKGS VDKALELLKK ALQETPTSVL LHHQIGLCYK 296
CL54K NAVDSLKQAI RMSPNSPYVK VLLALKL... ..EMNQENQG KELVEEALRE APGETDVLRS AARFYYKTHD KDRAIQLLSQ ALELLPNNAY VYYYIGCFYR 287
Mus-glu  FSVDALKQAM ELNPQNQYLK VLLALKLLRM ....GEEAEG ERLIKDALGK APNQTDVLQK AAQFYKKKGN LDRAIELLGK ALRSTVNNSP LYSLVMCRYR 286
RIG-G AKVROMQ..N TGESEASGNK EMIEALKQYA ..... MDYSN KALEKGLNPL NAYSDLAE.F LETE.CYQTP FNKEVPDAEK QQQSHQRYCN LQKYNGKSED 377
U34605 AQMIQIKKAT HNRPKGKDKL KVDELISSAI FHFKAAMERD SMFAFAYTDL ANMYAEGGQY SNAEDIFRKA LRLENITDDH KHQIHYHYGR FQEFHRKSEN 394
ISG-54k AKVFQVM..N LRENGMYGKR KLLELIGHAV AHLKKADEAN DNLFRVCSIL ASLHALADQY EDAEYYFQKE FSKELTPVAK QL.LHLRYGN FQLYQMKCED 389
ISG-56k AQMIQIKEAT KGQPRGQNRE KLDKMIRSAI FHFESAVEKK PTFEVAHLDL ARMYIEAGNH RKAEENFQKL LCMKPVVEET MQDIHFYYGR FQEFQKKSDV 396
CL54K SKVLQID..S RRETSQNENR E..QLLKQAI YYLKKAEETK EMIKDSCSYL AHLYVLAEQY KEADYYFQKG FKKELTPGLK QL.LHLRYGN FQFFQMKCED 382
Mus-glu EILEQLQ..N KGDADSSERR QRMAELRRLT ..... MEFMQ KTLQRRRSPL NSYSDLID.F PEVERCYQMV ISKESPDVE. EEDLYERYCN LQEYHRKSED 377
RIG-G TAVQHGLEGL SISKKSTDKE EIKDQPQNVS ENLLPQNAPN YWYLQGLIHK QNGDLLQAKC YEKELGRLLR DAPSGIGSIF LSASELEDGS EEMGQGAVSS 477
U34605 TAIHHYLEAL KVKDRSPLRT KLTSALKKLS TKRLCHNALD VQSLSALGFY YKLEGEKRQA AEYYEKAQKI DPENAEFLTA LCELRLSI 482
ISG-54k KAIHHFIEGY KINQKSREKE KMKDKLQKIA KMRLSKNGAD SEALHVLAFL QELNEKMQQA DEDSERGLES GSLIPSASSW NGE 472
ISG-56k NAITHYLKAT KIEQASLTRD KSINSLKKLV LRKLRRKALD LESLSLLGFY YKLEGNMNEA LEYYERALRL AADFENSVRQ GP 478
CL54K KATHQYLEGV KIRQKTKPKE KMTNKLRFIA ERRRSQNGFD SKALHILAFL QELNKESQQA AKVSERGQDS ERPVFSPSLH EGGNEQ 463
Mus-glu LAALECLLQF PRNERSIEKE EVKEQT 403
RIG-G SPRELLSNSE QLN 490
B Ex1 Int 1 Ex2
f—— 5.4 kb —>]
RIG-G . e
Ex-Int border ~ ATGAGgtcagt-— ---ccacagTGAGGTCACC—
Amino Acids M S E V T—
Ex1 Int 1 Ex2
}—3.4 kb—>|
CL 54k ——a
Ex-Int border  ATGAGgtatgt-—- --ccacagCACAACCACT-—
Amino Acids M S TT T—
Ex1 Int 1 Ex2
|4—3.7 kb —»=]
16 54k ! -
Ex-Int border ATGAGgtaaat— --ctacagTGAGAACAAT—
Amino Acids M S E N N— 1 kb
——

F16. 3. Homology of RIG-G with related ISGs. (4) Comparison of deduced protein sequence of RIG-G with those of related ISG proteins.
Amino acid residues conserved in the six ISGs are outlined. A potential tyrosine phosphorylation site is underlined. The numbers on the right
represent the amino acid residues of the corresponding protein. (B) The exon-intron organization of RIG-G-related family members. The boxes
represent the exons of the genes, and the coding regions of the genes are designated by filled boxes. The length of intron 1 is indicated by arrowheads.
The exon-intron border sequences are listed below the exon-intron organization. The nucleotides of exon and intron are shown in capital and
lowercase letters, respectively, and the corresponding amino acid residues are listed below the exon sequences.

to study the mechanism of ATRA-induced differentiation
(15). Using the DD-PCR technique, we have identified the
RIG-G gene, whose expression was induced at 12-24 hr after
ATRA treatment. The fact that the protein synthesis inhibitor
cycloheximide can completely block the ATRA induction of
RIG-G expression suggests that ATRA-induced protein(s)
must be synthesized to trigger the RIG-G expression, in
contrast to ATRA-induced primary response genes such as
RARGa2 isoform. On the other hand, the expression of RIG-G
can be rapidly induced by IFN-« in NB4 cells (30 min to 3 hr)
and by IFN-a or IFN-vy in breast cancer cell lines.

It was previously reported that interaction of IFN with its
receptor results in the induction of a group of ISGs (16). The
expression of ISGs, such as human ISG54K, ISG56K, and C.L.

ISG54K with cis-acting sequences IFN stimulation response
element and IFN-y activation sequence in promoter regions
has been shown to be directly regulated at the transcriptional
level through the Janus kinase—signal transducers and activa-
tors of transcription (STAT) pathway (12, 13, 17-19). Inter-
estingly, RIG-G bears high homology with several ISGs in
human (ISG54K, ISG56K, and IFN-inducible and retinoic
acid-inducible 58K gene) and in other species. These genes
should belong to the same family. In support of the view that
RIG-G is a new member of this ISG family, our preliminary
finding showed that the promotor region of RIG-G gene
contains one relatively well conserved IFN-stimulation re-
sponse element and several putative vy activation sequences
(unpublished work). It is thus possible that RIG-G may be
activated through the Janus kinase-STAT pathway.
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FiG.4. Pattern of RIG-G expression. (4) The expression of RIG-G
mRNA in eight tissues. (B) The time course of RIG-G mRNA induced
by IFN-« (500 units/ml), ATRA (10-8 M), or the combination. The
time course of NB4 cells treated by ATRA or IFN-« is indicated
(Upper). (Lower) The same blot probed with glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) cDNA. (C) The expression of
RIG-G in ATR A-sensitive and ATR A-resistant breast cancer cell lines
(T474D and MDA-MB-231, respectively). The reagents used are
indicated above. The time courses of the treatment are listed on the
left. The hybridization with GAPDH cDNA was used as the internal
control of the amount of the RNA loaded.

Four mouse ISGs, namely Ifi54k, Ifi56k, Ifi56-psi, and
Ifi56-ps2, all could be assigned to the mouse 19D1 locus (13).
The fluorescence in situ hybridization mapping in the present
work determined that RIG-G gene was located on human
chromosome 10q24, the same region where human ISG54K

FiG. 5. (A) Control Chinese hamster ovary cells transfected with
pClI vector. (B) The subcellular localization of RIG-G. Note that the
expressed proteins are distributed in the cytoplasm, especially in the
perinuclear region.

Proc. Natl. Acad. Sci. USA 94 (1997)

FiG. 6. The chromosome localization of RIG-G gene was deter-
mined by fluorescence in situ hybridization. Two spots of hybridization
signals are present on both chromosome 10 at 10q24.

and ISG56K are located. The PCR and hybridization analysis
of YAC contig confirmed that the three genes were clustered
in a range of about 1 Mb. In addition, both primary sequences
and exon-intron organization are well conserved among the
related mouse and human genes. Therefore, they should come
from the same origin by duplication during evolution.

The amino acid motifs deduced from the RIG-G cDNA
sequence suggest that it could be the target molecule of
phosphorylation by a number of important kinases, such as
cAMP and cGMP-dependent kinase, casein kinase II, protein
kinase C, and tyrosine kinase. RIG-G may thus be involved in
many kinase pathways. The cytoplasmic localization of RIG-G
protein is in good agreement with its possible role in cytosolic
signal transduction. Tyrosine phosphorylation is the most
likely way for RIG-G-related family members to participate in
a signal transduction network because they all contain a
consensus tyrosine phosphorylation motif, which is found at
residue 109 in RIG-G. Although the precise function of
RIG-G and its downstream partners remains to be identified,
it seems that the expression of RIG-G may be involved in
differentiation and anti-proliferation in ATR A-induced dif-
ferentiation of APL cells. The fact that two other members of
the ISG family, ISG54K (data not shown) and IFN-inducible
and retinoic acid-inducible 58K gene reported by T. Niikura et
al. (GenBank accession no. HSU34605) also were induced by
ATRA suggests that ATRA could induce several members of
this ISG family in NB4 cells, perhaps through a common
pathway. Like RIG-G, other members of this family may also
somehow participate in ATRA-induced differentiation. Be-
sides, significant RIG-G induction was observed only in NB4
cells, but not in ATRA-susceptible HL-60 cells and breast
cancer cell line, suggesting that this induction may need
regulatory factors specific to APL cells.

It has been reported that retinoic acid and IFN can exert
synergistic effects on regulating proliferation and differentia-
tion in several tumor cell lines and in some clinical settings
(20-22). Some studies suggested that these effects might be in
part due to the synergy in inducing the expression of some
genes, such as ISGs (23). Now our results show that ATRA and
IFNs have synergistic effect on the transcription of a family of
ISG, including RIG-G in NB4 cells (Fig. 4B). It is worth noting
that our previously described RIG-E gene (6) is also regulated
by both IFNs and ATRA in NB4 cells. These data are in line
with our recent finding that IFN-vy potentiate the effect of
ATRA in inducing the differentiation of ATR A-sensitive NB4
cells (data not shown) and the previous reports that combined
use of ATRA and IFN could synergize in the induction of
differentiation of fresh AML cells (24) and of maturation of
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APL cells resistant to ATRA (25). There is also a synergistic
induction of the cyclin-dependent kinase inhibitor p21WAF! by
IFN-y and ATRA in NB4 cells (26), which is followed by an
increased G cell cycle arrest and induction of differentiation
27).

The mechanism of the synergism between ATRA and IFNs
may involve STAT proteins, which are rapidly activated by
IFN-induced phosphorylation. Among the six STATs (STAT
la, 1B, 2, 3, 4, and 5) studied (28-31), only STAT1 was found
to be up-regulated by ATR A-treated NB4 cells after 48 hr (ref.
32; unpublished work). Hence, the quantitative increment of
STAT1 mRNA and proteins does not seem to be the primary
event in the induced expression of RIG-G by ATRA. The
dependence on protein synthesis for RIG-G expression may
involve some proteins necessary for the post-translational
phosphorylation of STAT-1 (32). ATRA also can interact with
IFN signaling by regulating the positive and negative cofactors
IRF-1 and IRF-2 (33). On the other hand, IFNs also can
participate in the retinoid signaling pathway by regulating the
expression of cytoplasmic and nuclear binding proteins (34).
Understanding the network between ATR A and IFN signaling
will facilitate the combinative use of these two agents in cancer
therapy.
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