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RIG-I has been implicated in innate immunity by sensing intracel-
lular viral RNAs and inducing type I IFN production. However, we
have found a significant RIG-I induction in a biological setting
without active viral infection—namely, during RA-induced termi-
nal granulocytic differentiation of acute myeloid leukemias. Here,
we present evidence that a significant Rig-l induction also occurs
during normal myelopoiesis and that the disruption of the Rig-/
gene in mice leads to the development of a progressive myelo-
proliferative disorder. The initiation of progressive myeloprolifer-
ative disorder is mainly due to an intrinsic defect of Rig-I-/~
myeloid cells, which are characterized by a reduced expression of
IFN consensus sequence binding protein, a major regulator of
myeloid differentiation. Thus, our study reveals a critical regula-
tory role of Rig-l in modulating the generation and differentiation
of granulocytes.
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A-induced granulocytic differentiation of acute promyelo-

cytic leukemia (APL) represents a successful application of
tumor differentiation-inducing therapy in the treatment of hu-
man malignancies. It is also an excellent model for studying the
cellular and molecular mechanisms controlling R A-induced, and
probably physiological cues-regulated myelopoiesis. Previously,
we reported the isolation of a number of genes whose mRNA
levels were highly up-regulated, along with all-trans-RA
(ATRA)-induced terminal granulocytic differentiation of APL
cell line NB4 cells in vitro. Among the up-regulated genes, a
particularly interesting one was RIG-I, encoding a putative
DExD/H box-containing RNA helicase (1). Recently, RIG-I has
also been identified in the screening experiment for the mole-
cules that mediate viral RNA-induced type I IFN generation (2).
Upon the occupancy of its DExD/H box-containing carboxyl
terminal region by foreign invading RNAs, or even RNase
L-cleaved small self-RNAs (3), the amino-terminal double-
CARD motif of RIG-I binds onto IPS-1/MAVS/VISA/Cardif,
resulting in the recruitment and phosphorylation of certain
downstream cytoplasmic factors, including IKKy and IKK-
related kinases TBK1/IKKe. These immediate events, in turn,
relay signals via phosphorylation cascade and nuclear translo-
cation of transcription factors such as NF-«B and IRF3 to
coordinate the formation of IFN-B promoter enhancesome
within the nucleus (4, 5). As expected, melanoma differentiation
antigen 5 (MDA-S), a close structural and functional analogue
of RIG-I, was also found to mediate a viral infection-induced
type I IFN transcription through the IPS-1 pathway (6, 7).
Notably, MDA-5 activity has been implicated in a biological
setting without any signs of active viral infection. The overex-
pression of full-length of MDA-5, but not that of the CARD
domain- or ATPase domain-deleted mutant, induced melanoma
cells to apoptosis (8). Now that RIG-I expression can be highly
induced by regulatory cues other than type I IFN, such as RA
and IFN-vy, we postulated that additional biological functions of
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RIG-I analogues other than as a sole inducer of type I IFN
generation in antiviral immunity may exist. In this study, we
provide evidence that a development-associated expression pat-
tern of the Rig-I molecule occurs along with myeloid differen-
tiations. The phenotypic analyses of a Rig-I~/~ mouse model
further show that Rig-I is an essential negative regulator of
physiological myelopoiesis. Moreover, Rig-I exerts this function
at least partially through its prompting role on myeloid expres-
sion of interferon consensus sequence binding protein (Icsbp), a
major transcription factor regulating myeloid cell differentia-
tion. Thus, our work has uncovered an important aspect of Rig-I
intrinsic activities different from its involvement with type I IFN
induction and will better our understanding of how Rig-I ho-
mologues exert versatile roles in basic regulatory mechanism
controlling cell growth and survival.

Results

Rig-1 Expression Is Up-Regulated Along with Myeloid Differentiation.
To further characterize a possible correlation between the RIG-I
induction and the restoration, at least in part, to the normal
differentiation program of malignant myeloid leukemia cells by
RA signaling, we screened various myeloid leukemia cells for
RIG-I induction kinetics after their exposure to 1 uM ATRA.
As shown in Fig. 1 A-C, ATRA selectively induced the up-
regulation of RIG-I mRNA and protein levels only upon the
terminal granulocytic differentiation of RA-sensitive myeloid
leukemia cell lines, including human APL cell line NB4 and the
M2 subtype of acute myeloid leukemia cell line HL-60, in
addition to primary human and mouse APL cells harboring
oncogenic fusion product PML-RARa. ATRA caused no sig-
nificant induction of RIG-I mRNA level in the ATRA-resistant
NB4 derivative NB4R2 cell line or PLZF-RARa-harboring
primary murine leukemia cells (Fig. 1 D and E).

Now that RA-induced granulocytic differentiation of myeloid
leukemias may at least partly mimic the normal developmental
program, we reasoned that Rig-I might participate in the regu-
latory mechanism that governs normal myelopoiesis. To address
this, we examined the expression profile of Rig-l mRNA and
protein during normal myelopoiesis. Of note, the Rig-l mRNA
level was not evenly distributed among different stages of
hematopoietic cells along with normal myelopoiesis (Fig. 1F),

Author contributions: Z.-G.W., Z.C., and J.Z. designed research; N.-N.Z., S.-H.S., L.-J.J.,, W.Z.,
H.-X.Z., X.-Y.L., Q.-H.H., and J.Z. performed research; H.-X.Z. and Y.-P.S. contributed new
reagents/analytic tools; N.-N.Z., S.-H.S., B.-X.G., S.-J.C., Z.-G.W., and J.Z. analyzed data; and
Z.C. and J.Z. wrote the paper.

The authors declare no conflict of interest.
TN.-N. Z. and S.-H. S. contributed equally to this work.

ITo whom correspondence may be addressed at: Rui Jin Hospital Affiliated to Shanghai Jiao
Tong University School of Medicine, 197 Rui Jin Road II, Shanghai, 20005, People’s Republic
of China. E-mail: zhujiang@shsmu.edu.cn, zchen@stn.sh.cn, or zhugangw@shsmu.edu.cn.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0804895105/DCSupplemental.

© 2008 by The National Academy of Sciences of the USA

PNAS | July 29,2008 | vol. 105 | no.30 | 10553-10558

wv
w
)
2
w
v
wv
-
<
g
=
w
=



http://www.pnas.org/cgi/content/full/0804895105/DCSupplemental
http://www.pnas.org/cgi/content/full/0804895105/DCSupplemental

Lo L

P

1\

=y

2]
A B3
1 uM ATRA H Human APL blasts
0 3 6 12 24 48 72 96 120 (hr) ‘z‘;
NB4 T
RIG-ImRNA E . C 1M ATRA
g 0 0 3 6 12 24 48 72 96 (hr)
18s,12 cycles ﬁ 5 RIG-ImRNA
18s,15 cycles 2 4
5 18s
i e’ 0 24 48 72 (hr)
o . s (D S G s | R1G-| Protein RIG-I protein
s o | B-actin e e i o | (1-aCti
B 0 24 48 72 96 120 (hr) p-actin

E PML-RARo PLZF-RARa

| RIG-I
D 1 uM ATRA ——— )
0 6 12 24 48 72 (hn) | —— . | v-tubulin -APL cells -leukemia cells

RIG- mMRNA 0 24 48 72 0 24 48 72 (hr)

H Rig-1
§ 357 Real-time PCR s 18s
(] =
2 30 BM cells ] 1 uM ATRA 1 uM ATRA
Z 2 s 3
i 20 é’ Y 2 2
& 15 5% 1 1
20 <4 4 S 0 24 48 72 0 24 48 72 (hn)
g 3
T s

o]

MP Granul a>Rig-|

Fig. 1. RIG-l expression is up-regulated along with myeloid differentiation. (A) NB4 cells were treated with 1 M ATRA for the indicated time points. Total RNA
samples and whole cell lysates were analyzed by one-step RT-PCR and Western blotting assays, respectively. (B) Representative RIG-/ induction of fresh human
APL blasts by ATRA, as measured by real-time RT-PCR and Western blotting assay. (C) RIG-/induction in HL-60 cells by ATRA was measured by RT-PCR and Western
blotting assays. (D) NB4R2 cells, an RA-resistant derivative of NB4 cells, were treated as in A, and total RNA samples were assayed by RT-PCR. (E) Rig- mRNA
induction in the freshly isolated APL blasts from PML-RARa transgenic mice or in the primary leukemia cells of PLZF-RARa transgenic mice by ATRA was assayed
by RT-PCR. The relative induction folds of Rig-/ mRNA are numerated in the bottom panel. (F-H) Lin~Sca-1*c-Kit** hematopoietic stem cells (HSCs),
Lin~IL-7Ra~Sca-1~c-Kit* myeloid precursors (MPs), c-Kit*Gr-1'° granulocytic progenitors (GPs), and Gr-17*Mac-17* mature granulocytes (Granuls) from normal
mouse BM were sorted out by FACS. The mRNA level of Rig-/ was measured by semiquantitative RT-PCR. (F) Triangle indicates three serial dilutions (1:3) of each
RNA sample, which were run for a given cycle of PCR simultaneously. (G) Rig- mRNA was measured by real-time RT-PCR assay. (H) Cytospin of primary BM cells,

including mature granulocytes (arrowheads) was stained with an Alexa Fluor 555-coupled Rig-l antibody and DAPI.

with a significant up-regulation of Rig-I mRNA level (>25-fold)
being observed during the physiological maturation of the early
myeloid precursors toward the Mac-1**/Gr-1** granulocytes at
the intermediate to late stages (Fig. 1G). Accordingly, strong
immunostaining signals of Rig-I protein were detected within
the cytoplasm of mature myeloid cells with a ring-shaped or
band-shaped nucleus, indicating the identity of granulocytes
(Fig. 1H). Thus, the expression of Rig-I was shown to be
developmentally regulated along with myeloid differentiation.

Rig-1 Deficiency Leads to a Progressive Granulocytosis. Recently, we
reported a Rig-I~/~ mouse model developed by removing its exon
4 to exon 8 region (encoding the most part of the second CARD
domain and DExD/H domain) (9). In this model, Rig-I protein
was absent in both bone marrow (BM) and spleen tissues of adult
Rig-I"/~ mice (Fig. 24). The undetectable expression of a
possible truncated Rig-I protein (Aaa142-405) could be ascribed
either to the promoter interference from an inserted Neo'-
expressing cassette in the reverse transcriptional direction to-
ward the Rig-I allele (9) and/or to an extremely unstable status
of such a mutant protein. In accordance with a highly expressed
level of Rig-I in normal myeloid cells, which might imply a role
of Rig-I in either involving developmental regulation or con-
ducting mature cellular activity, the analyses of adult Rig-I~/~
mice revealed an apparently perturbed granulopoiesis. An ap-
parent granulocytosis in peripheral blood leukocytes (PBLs)
appeared as soon as 6 weeks after birth and progressed with the
aging (Fig. 2B). Notably, the percentage of Gr-1"°c-Kit* gran-
ulocytic progenitors within BM was doubled (Fig. 2C) in asso-
ciation with Rig-I deficiency, although those for common my-
eloid precursors, granulocytic and monocytic precursors, and
megakaryocytic and erythroid precursors were not significantly
altered (data not shown). The grossly increased production of
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the intermediate to later stages of Mac-1""/Gr-1** granulo-
cytes was ubiquitously evident in BM, spleen, and PBLs (Fig.
2C). An unsaturated Mac-1 expression in Rig-I~/~ granulocytes
in comparison with that measured in the wild-type counterparts
(Fig. 2D), in addition to the enlarged cellular and nuclear sizes
of mutant granulocytes (data not shown), indicates a certain
extent of myeloid differentiation hindrance caused by the loss of
Rig-I function. In striking contrast, the B-cell production, espe-
cially at its final maturation stages, was significantly hampered in
both BM and spleen (data not shown), which was in line with the
previous finding of reduced B-cell amounts in Peyer’s patches of
Rig-I/~ mice (9). The in vitro colony assay of measuring B-cell
production suggested that the reduced B-cell level might be
partly related to a defect in the commitment and/or differenti-
ation of the hematopoietic stem/progenitor cells toward B-cell
lineage (data not shown). On the other hand, the decreased
production of erythroid cells in BM, as shown by a reduced
Ter119* cell compartment size, was compensated for by an
increased activity of erythropoiesis in spleen (data not shown),
suggesting an occurrence of extramedullary hematopoiesis. The
thymic and BM CD4+/CD8* T cell ratios and the percentage of
CD41" megakaryocytes in BM seemed undisturbed (data not
shown), although an abnormality in peripheral T cell activation
was identified (9).

Remarkably, a chronic myeloid leukemia (CML)-like pheno-
type developed after the age of 9 months, with hugely enlarged
spleens infiltrated by swarms of granulocytes (Fig. 2 E and F),
and in half of them, even with granulocytic foci invading into
hepatic tissue (Fig. 2G). The percentage of mice with a CML-like
phenotype reached up to ~90% of all Rig-I~/~ littermates at the
age of 16 months. The measurement on freshly isolated BM cells
indicated that Rig-I deficiency resulted in not only an increased
cell proliferation capacity but also an enhanced survival ability
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Fig. 2. Rig-l deficiency leads to a progressive granulocytosis. (A) Rig-l expression levels within whole BM cell and spleen cell lysates from Rig-I1*/*, Rig-I*/~, or

Rig-I-/~ mice were measured by Western blotting assay. (B) Onset and progress of the abnormal Gr-1"/Mac-1hi granulocytic production in PBLs (mean + SD). (C)
Representative results of analyzing the percentages of c-Kit*Gr-1'° granulocytic progenitors (GPs) and Gr-1**Mac-1** granulocytes in BM, spleen, and PBLs of
Rig-I""* or Rig-I/~ mice at the age of 6 months. Notably, Mac-1 signal strength of Rig-I~/~ myeloid cells is lower than that in wild-type counterparts. (D)
Comparison of Mac-1 expression strengths in Rig-I"/* and Rig-I—'~ peripheral blood granulocytes. (E) Rig-I deficiency resulted in severe splenomegaly in aged
mice. A representative enlarged spleen frequently found in old Rig-/~/~ mice (=9 months) is shown. (F) Hematoxylin-eosin staining of splenic sections shows the
disrupted splenic nodules by the infiltrating granulocytic cells (Right and Lower Left) in Rig-I~/~ mice in comparison with the normal splenic nodular structure.
(G) Rig-I~"~ granulocytes invaded hepatic tissues. An infiltration focus of Rig-I~/~ granulocytes into the perivascular compartment of liver is shown. (H) Rig-I='~
granulocytes survived better than their normal counterparts. The freshly isolated primary BM cells were simultaneously stained with Gr-1, B220, Annexin V, and
propidium iodide (Pl). One set of representative flow cytometric data of gated B220~ Gr-1** myeloid cells from Rig-I~/~ or Rig-I"'* mice is shown. (/) Cell cycle
statuses of Gr-1** BM myeloid cells were measured by Pl staining after permeabilization. The average lengths for indicated cell cycling phases are expressed as

mean * SD (n = 5, S phase P < 0.05).

of mutant granulocytes (Fig. 2 H and I). Taken together, these
results demonstrate a developmentally regulatory role of Rig-I
in promoting the terminal differentiation of granulocytes but
curbing the scale of late granulocytosis.

Rig-1 Deficiency-Associated Granulopoiesis Is Ascribed to an Autono-
mous Defect of Hematopoietic Cells. It was previously reported that
Rig-I~/~ mice are frequently associated with the occurrence of
colitis, with an onset of ~2 weeks later than the biased granu-
locytic generation in PBLs (Fig. 2B) (9). To examine whether
Rig-I deficiency-related granulocytosis is simply a secondary
response to this accompanying colitis or a reflection of a possible
abnormality in the hematopoietic microenvironment, we did
hematopoietic transplantation studies of Rig-I =/~ early hemato-
poietic cells into wild-type syngeneic recipients and traced their
differentiation potentials toward myeloid compartment in vivo.
As shown in Fig. 3 A and B, in 7 weeks after tail vein injection,
an apparent granulocytosis was recapitulated through the trans-
plantation of 5-fluorouracil (5-FU)-treated Rig-I~/~ BM cells,
not only within primary recipients but also within secondary
recipients when no sign of colitis was observed yet (data not
shown), suggesting that the Rig-I deficiency-related granulocy-
tosis could be mainly attributed to an intrinsic defect of hema-
topoietic cells.

We then isolated Rig-I~/~ BM cells and tested their in vitro
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responses to the stimulations of hematopoietic cytokines in
terms of the myeloid differentiation and proliferation potentials.
As shown in Fig. 3 C and D, although the combination of stem
cell factor (SCF), IL-3, and IL-6 stimulated the growth of similar
numbers of colonies from Rig-I"™/* and Rig-I~/~ BM cells, more
myeloid colonies were generated in Rig-I~/~ background by the
stimulation of myeloid-specific cytokine GM-CSF. Moreover, in
both conditions, the retrieved colony cells of Rig-I~/~ back-
ground retained a higher percentage of c-Kit*Gr-1° granulo-
cytic progenitors. The morphological examinations of GM-CSF-
stimulated colony cells further showed that the generation of
foamy macrophages in Rig-I"/~ background was significantly
reduced in BM cells (60 = 5% versus 11 = 3%); instead, the
granulocytes or certain immature myeloid cells were produced
(Fig. 3E). Taken together, these data indicate an intrinsic activity
of Rig-I in regulating the myeloid differentiation and prolifer-
ation potentials of hematopoietic progenitors.

Reduced Expression of Icsbp Associates with Rig-I Deficiency-Related
Granulocytosis. Orchestrated activities of myeloid transcription
factors that are subject to the modulation of numerous environ-
mental cues govern normal granulocytic development. The
gene-targeting procedures of these transcription factors in mice
greatly perturb normal myelopoiesis. In certain cases, they
produce the phenotypes of biased granulocytosis similar to what
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Fig.3. Rig-/deficiency-associated granulopoiesis is ascribed to an autonomous defect of hematopoietic cells. (A) Total of 1 X 108 pooled BM cells from Rig-I*/*
or Rig-I~/~ mice at 6 months of age (n = 3) were transplanted into the lethally irradiated syngeneic mice (n = 7). The regeneration of BM or PBL granulocytes
was measured 7 weeks later. The color images on the right show May-Griinwald-Giemsa-stained cytospins of PBLs from primary recipients. The DNA-PCR analysis
of PBLs showed that >90% of leukocytes were derived from donors (data not shown). (B) Bone marrow cells from the primary recipients were harvested and
further transplanted into the secondary recipients. A representative sample of flow cytometric analysis of granulocytes in PBLs, BM, and spleen was performed
7 weeks later (n = 6). (C) Primary colony-forming potentials of Rig-I*/* or Rig-I/~ BM myeloid progenitors responded to the stimulations by different cytokines
as indicated (mean + SD) (GM-CSF colony, P = 0.02). (D) Percentages of c-Kit*Gr-1'° granulocytic progenitors (GPs) within the retrieved colony cells. (E)
May-Giemsa staining of macrophages (black arrowheads), granulocytes (white arrowheads) and immature myeloid cells (gray arrowheads) were generated from
primary Rig-I*/* and Rig-I~ BM myeloid progenitors stimulated by GM-CSF.

we observed in Rig-I~/~ mice (10-15). To understand the
molecular mechanisms underlying the consequence of Rig-I loss
on granulopoiesis modulation, we started by comparing the
mRNA expression profile of Rig-I™/* granulocytes with that of
Rig-I"/~ granulocytes to search for the known granulopoiesis-
regulatory mechanism that could be affected by Rig-I deficiency.
The results revealed that among some 200 genes with altered
expression, the mRNA and protein levels of myeloid-specific
transcription factor Iesbp were mostly deregulated in Rig-I~/~
myeloid cells (Fig. 44), whereas those for Pu.1, Clebpa, Clebpp,
Clebpry, Clebpe, and their target genes, including Gm-csfr, PS,
and G-csfr, were not affected [supporting information (SI) Fig.
S1]. It is significant in considering that Icsbp deficiency has been
shown to lead to a similar phenotype of biased granulocytosis
(12, 13). To further examine a possible Rig-I and Icsbp functional
connection, we performed an Icsbp rescue experiment in which
the in vivo granulocytic differentiation potentials of 5-FU-
treated Rig-I~/~ BM cells were measured after they had been
transduced with either empty retroviral vector MigRI, or Rig-I
cDNA, or Icsbp cDNA (Fig. 4B) and subsequently transplanted
into lethally irradiated wild-type littermates. As shown in Fig.
4C, the reintroduction of Icsbp cDNA, like that of Rig-I cDNA,
reduced granulocytosis of PBLs 4 weeks after transplantation.
Furthermore, restoration of Icsbp activation not only decreased
the granulocytosis of BM tissue in 8 weeks after transplantation
but also drove Rig-I~/~ granulocytes to further differentiation, as
indicated by the elevated expression levels of maturation-related
antigen Mac-1 in Iesbp ¢DNA-transduced Gr-17"/Mac-1"+
granulocytes (Fig. 4D).

To confirm that an autonomous defect accounts for the
reduced Icsbp expression in Rig-I~/~ hematopoietic cells, we
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isolated c-Kit™ progenitor cells from Rig-I~/~ BM and trans-
duced them in vitro with either empty MigRI vector or MigRI-
Rig-I retroviruses. As shown in Fig. 4E, in the presence of 5%
FCS, 10 ng/ml of IFN-vy, and other hematopoietic cytokines
supporting myeloid differentiation, the transduction of Rig-I
cDNA, but not of vector, significantly elevated the Icsbp mRNA
level in transduced myeloid cells (GFP™), suggesting that the
expression level of Rig-I within myeloid cells is a critical factor
determining the expression level of Icsbp. Nevertheless, Icsbp
mRNA levels in both Rig-I*/* and Rig-I~/~ myeloid cells were
not up-regulated by the stimulation of type I IFN even at high
concentration (Fig. 4F), suggesting that this intrinsic defect in
Rig-I-deficient myeloid cells that results in the reduced expres-
sion of Icsbp may not be due to a feasible defective production
of type I IFN within hematopoietic microenvironment.

Discussion

In the current model of innate immunity, RIG-I analogues are
depicted as a kind of molecules with two basic functional
domains: a C-terminal part, behaving as a default N-terminal
CARD inhibitory domain whose inhibitory function can be
zeroed by sensing and binding to multiple forms of cytoplasmic
viral RNAs, and an N-terminal CARD domain, acting as a signal
transducer through its direct binding with mitochondrial mem-
brane-anchored IPS-1/MAVS/VISA/Cardif. Although this
model does well in explaining the roles of RIG-I analogues in
inducing type I IFN transcription upon certain viral infections,
it hardly explains their involvement in the differentiation and/or
apoptosis-induction processes of malignancies in the absence of
viral infection and foreign RNA transfection. In this study, we
provide further in vivo evidence supporting that Rig-I intrinsic
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RT-PCR assay (as in Fig. 1E) and real-time RT-PCR assay. (F) Rig-I*/* or Rig-I~/~ myeloid cells were stimulated with either IFN-a or IFN-y for 12 h, and /csbp mRNA

levels of indicated cells were measured by real-time PCR assays.

activities other than sensing foreign RNAs exist, as evident by its
crucial role in maintaining the homeostasis of late granulopoi-
esis by negatively regulating the proliferation and survival of
granulocytes. Theoretically, this activity might be exploited by
innate immunity machinery, after the up-regulation of RIG-I by
type I IFN signaling, to inhibit the survival of viral infected host
cells, thus limiting the propagation and spreading of viral
particles.

It is notable that a previously reported Rig-I gene-targeting
procedure led most of Rig-I~/~ mice to die before birth (16). The
massive cell death, as observed in embryonic hepatic tissue,
actually provided evidence supporting the notion that Rig-I
might harbor an intrinsic role in regulating cellular development
and survival in the absence of viral infection. However, the newer
Rig-I"/~ mice we used grow up to adulthood, which provides us
an opportunity to study the possible influence of Rig-I deficiency
on the development of adult tissues, such as hematopoiesis. This
striking phenotype discrepancy between these two Rig-I~/~
models could be basically due to the fact that in these two
models, two different regions of Rig-I gene in two different
mouse strains were targeted. Interestingly, like our Rig-I~/~
models, the gene-targeting mice of Mda-5 and Ips-1 (6, 17), a
Rig-1 analogue and a direct partner of the Rig-I signal trans-
duction pathway in activating the transcription of type I IFN
induction, respectively, both also lived up to adulthood.

Previously, we reported that Rig-I deficiency results in the
frequent occurrence of a colitis-like phenotype (70%), with the
underlying mechanisms not fully understood. Although it is
known that colitis is usually associated with anemia rather than
with a progressive granulocytosis, which would evolve to a
CML-like phenotype, we cannot currently completely exclude
the possibility that the accompanying inflammation might, more
or less, contribute to the severity of granulocytosis in some mice.
However, it is evident that one intrinsic defect in Rig-I~/~
myeloid cells contributes to the initiation and development of
granulocytosis, because the apparent granulocytosis preceded
colitis by ~2 weeks and two rounds of transplantation of Rig-I~/~
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BM cells into the normal host environment consistently reca-
pitulated the phenotype of granulocytosis (Fig. 3 4 and B).
Furthermore, in vitro colony assays also revealed an intrinsic
defect of Rig-I"/~ myeloid progenitors in term of their prolifer-
ation and differentiation potentials, as stimulated by myeloid
cytokines (Fig. 3 C-E).

Our data also suggest that the reduced expression level of
Icsbp, is at least partly underlying the mechanism responsible for
the biased granulocytosis in Rig-I-deficient mice. However,
although the critical role of Icsbp in determining the fates of
myeloid differentiation has been well established, the environ-
mental cues or upstream transcriptional regulatory mechanism
are not understood. Hence, it is currently not known how Rig-I
deficiency affects the expression regulation of Icsbp in myeloid
cells. Coincidently, the expression levels of several other poten-
tial regulators of myelopoiesis, such as KIf4 and Trail, were also
altered in Rig-I~/~ myeloid cells. It is interesting to further
investigate whether a shared upstream regulatory pathway that
is modulated by Rig-I activity exists. However, the in vitro Rig-1
rescue experiment (Fig. 4F) demonstrates that Icsbp expression
reduction is ascribed to an autonomous defect of Rig-I~/~
myeloid cells via a mechanism different from Rig-I-mediated
type I IFN generation. It could be postulated that Rig-I defi-
ciency might lead to a lower level of type I IFN within the
microenvironment that governs granulocytic differentiation, but
this is not likely to be the major reason causing Icsbp reduction
in myeloid cells, because our data and those of others suggest
that type II, but not type I, IFNs are upstream regulators of Icsbp
expression (18, 19). The possible effect of the Rig-I-Icsbp
pathway on the in vivo proliferation of leukemia-initiating cells
is worthy of investigation in the near future.

Materials and Methods

Mice and Cells. Rig-/ KO mice and littermates (12953) were bred in the animal
facility of Shanghai Jiao-Tong University with sterilized water and food. Bone
marrow samples of APL patients were obtained with informed consent.
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Flow Cytometry. All of the fluorescence-labeled antibodies and the Annexin V
detection kit were purchased from BD PharMingen. The flow cytometry data
were collected by a FACSCalibur machine (Becton Dickinson) and analyzed by
FlowlJo software. The stained cells were sorted out with a MoFlo high-speed cell
sorter (DakoCytomation) installed in the Shanghai Institute of Hematology.

RT-PCR. RNA samples were isolated by using TRIzol (Invitrogen) or the RNeasy
Mini Kit (QIAGEN GmbH). The real-time PCR reagents (SYBR green) were
purchased from Applied Biosystems and performed by following the manu-
facturer’s protocol. The primer sequences for real-time PCR are listed as
follows: mouse Rig-I, forward: CCACCTACATCCTCAGCTACATGA, reverse:
TGGGCCCTTGTTGTTCTTCT; human RIG-I/, forward: GGACGTGGCAAAA-
CAAATCAG, reverse: GCAATGTCAATGCCTTCATCA; and mouse Icsbp, for-
ward: CACCAACCAGTTCATCCGAGA, reverse: TGTCAGGTAGGCGGCTCTG.
The primer sequences for semiquantitative reverse transcriptase PCR are listed
as follows: mouse Rig-I, forward: ATTCAGGAAGAGCCAGAGTGTC, reverse:
GTCTTCAATGATGTGCTGCAGC; human RIG-/, forward: TGATCGATTCCATCAC-
TATCCATC, reverse: CCTGTACAATCTCTTCGAATCCTG; and mouse Icsbp, for-
ward: GTTCGTGAAGCGGCTGTGCC, reverse: CTCTTGCCCGCTTCCTCCAC.

Western Blot Analysis. The Icsbp antibody was purchased form Santa Cruz
Biotechnologies. The y-tubulin antibodies were purchased from Sigma. In
Figs. 1A and 2A, a polyclonal RIG-I antibody was a generous gift from
Tadaatsu Imaizumi (Hirosaki University School of Medicine, Hirosaki, Japan).
In all other cases, RIG-l antibody was isolated from rabbit serum immunized by
purified human RIG-I protein.

Immunofluorescence. Bone marrow cells were stained with a RIG-1 C15 anti-
body (Santa Cruz Biotechnologies), washed, and then restained with Alexa
Fluor 555-coupled donkey anti-goat antibody (Molecular Probes).

Colony Assay. Bone marrow cells were cultivated in 0.9% methylcellulose
semisolid culture media supplemented with 15% FCS and appropriate amount
of cytokines (R&D). The cultures, set up in triplicate in 24-well plates, were
incubated in a humidified chamber in the conditions of 5% CO, and 37°C for
7 days before scoring.
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Histological Methods. Tissues were sequentially fixed in 4% formaldehyde/PBS,
paraffin-embedded, sectioned, and stained with hematoxylin-eosin. Other-
wise, 2 X 10° cells were cytospined onto glass slides and stained with May-
Grunwald and Giemsa solutions (Fluka).

Rig-1 cDNA, Icsbp cDNA, MigR1 Retroviral Vector, and Preparation of Retrovi-
ruses. Complementary DNA for Rig-I and Icsbp was amplified from normal
murine RNA samples by Pfu DNA Polymerase (Stratagene). MigR1 retroviral
vector was obtained from Warren Pear (University of Pennsylvania, Philadel-
phia). For the preparation of retroviruses, the ecotropic packaging cells Eco-
Pack2-293 (Clontech) were transiently transfected with MigR1, MigR1-Rig-I,
or MigR1-Icsbp plasmid plus Superfect (Qiagen).

Transduction of Rig-I or Icshp ¢cDNA into Rig-I-'~ Primitive BM Cells and BM
Transplantation. Primitive BM cells were enriched by pretreating the donor
mice with 5-FU (Amersham Pharmacia and Upjohn) at a concentration of 150
mg/kg for 4 days before BM cell harvesting. 5-FU-treated BM cells were
incubated in MyeloCult M5300 (StemCell Technologies) supplemented with 6
ngof IL-3, 10 ng of IL-6, and 100 ng of SCF per milliliter (R&D Systems) and were
infected by spinoculation. Six to 8 h after the second infection, the nonad-
herent cells were harvested and washed in PBS once. A total of 1 X 10° of live
nonadherent cells were injected into the tail vein of each syngeneic recipient
that had received split 10-Gy whole-body y-ray irradiation. For the in vitro
Rig-l rescue experiment, Rig-I~/~ c-Kit™ BM cells were sorted out with a MoFlo
high-speed cell sorter and infected with vector or Rig-/retrovirus as previously
described. Then, the GFP* cells were sorted out and incubated in RPMI
medium 1640 containing 5% FCS supplemented with 10 ng/ml of IFNyfor 12 h.
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