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Abstract

Keywords: STAT2, ENU-mutagenized mice, DC, type I IFN

Type I and type II interferons (IFN) are critical for regulating innate and adaptive immunity. We
have recently identified one mutant mouse that displayed impaired response to IFNa through
screening ENU-mutagenized mice. The phenotype of hypo-responsiveness of IFNa was recessive.
Through genetic mapping and DNA sequencing, we have located a T-> A point mutation, which
was in the splicing donor of intron 4-5 of STAT?2, resulting in pre-maturation of STAT2 mRNA
and dramatic reduction of STAT?2 protein expression in the mutant mice. To study the role of
STAT?2 in DC development and maturation, bone marrow cells of STAT2 mutant mice and wild
type littermates were treated with FIt3L in the presence or absence of added type I IFN.
Interestingly, IFNa suppressed the development of ¢cDC but enhanced pDC development in wild
type cells, which was blocked in STAT2 mutant cells. The expression of CD86, a maturation
marker, on cDC was, however, enhanced wild type cells in response to IFNo which was also
dependent on STAT2. To investigate the role of STAT2 in IFNa-mediated regulation of DC
development, wild type or STAT2 mutant mice were treated with poly IC, an IFNa inducer. After
treatment of poly IC in vivo, DC development in the BM was monitored by flow cytometry.
These results suggested that there were, at least, two effects of STAT2 on IFNa-mediated
modulation of DC development and maturation. It was reported that type I IFN could negatively
regulate the development of dendritic cells in a STAT2-dependent but STATI1-independent
pathway. This is in contrast to what has been known that the functions of type I IFN that are both
STAT1 and STAT2-dependent. Therefore, we are currently investigating this unique
phenomenon using in vitro and in vivo approaches. In addition, we are also generating mutant
mice lacking both STAT1 and STAT?2 and doing gene profiling using STAT1KO, STAT2 mutant
and double mutant mice to understand specific and redundant roles of STAT1 and STAT2 in

Vivo.



PR

M4tia: STAT2,ENU 2 8 &, 3 wmve, ¥ - ii'l-“#,é%

FoAeS - AT B FAFNH L Aot 2 B LA PALELER - APH_ENU 2% &7
3 - EHIFNaF b7 24 ¥ & o g g% f\}jLIFNaﬁﬂ&m}; BEEM GG o Ak @
i AFTRENFHRY A PHITLER Y Reh- B TOA BRI > vehinl 4
STAT2 ehintron 4-5 7% & 5% © & 17 B8R % ¥ 3% STAT2 mRNA #% % = # 2 STAT2 3¢
?aﬂmd*°%lﬁﬁﬁmwm%fﬁéﬁ’ﬂW#smmﬂﬁﬂa ¥ 8 B e
* FIt3L 2 % - 3| F 4§ % 2 g3 &EIFNa ¢ drd|d F F Bwre 2 = cDC i i2:& pDC
chg 4 o F b — B2 ehikik CD86 % cDC i P £ 7] IFNo chifse » R %4 &
7 & STAT2- % 7 f#48 N STAT2 # IFNo 3 #2 DC e & ¢ » 28 ¢ & * — {3 IFNo 551 &l -poly
IC# aflpre 2% » AP HFRSTAT2 3 4§ A it AL EDCHEFTELRH - h
ﬁpﬂﬁﬁ*’“—ﬂlé%ﬁﬁﬁmeﬁapé&mm¥’afﬁ%m@{ﬁsnwz
3 B eqfe STATL & B o &% % fodv P Lanide-% - 3| F 3§ 4 s i § b pFirdg STATI
fo STAT2 thie* thfg ;2 RApE F cho Fpb > A p 5 T % P 2 fheben= 23 2 H =
TEBHER T b AL B4 F44 5 STATI 2 STAT2 ch¥ &> H p ch ¥ & % £ KA W
2 r pFat 2 STATI, STAT2 ¥ B i gk T4 fcrw= 3 1By f# STAT1 v STAT2 i p # chis
7 I A



Background and significance

Genetic approaches either using transgenic or homologous recombination techniques have
proved to be useful and powerful ways to understand the functions of specific genes in vivo.
However, such methods do not scale well in the context of the whole genome. Neither do they
provide detailed information of different functional domains of a gene in vivo. ENU-mediated
genome-wide mutagenesis in mice can complement these drawbacks. Through the screening of
ENU-mutagenized mice, we can acquire mice with abnormal phenotypes and identify genes that
account for the alterations in the development or functions of the immune system. This
phenotype-driven or forward genetic approach provides us with a unique opportunity to assign
function to genes in an unbiased global manner. Furthermore, this approach is also useful to identify
the cause of immune diseases that are mutligenic in nature such as autoimmune diseases. In addition
to forward-genetics, we can also apply reverse-genetics to screen for mutations in a family of genes
that are known critical for immune system in the ENU-mutagenized mice. With this we can easily
study the effect of functionally closely related genes in immune response. This is completely
different from traditional gene targeting approach in which only a mutant mouse can be generated at
a time. This approach has recently been successfully employed to identify Zebrafish rag/ mutations
in a mutant library generated by ENU (1). Therefore, both forward and reverse-genetic approaches
can be used simultaneously for screening to increase the chance of identifying mutations that affect

the immune response.

IFNs come in various forms that are capable of interfering viral infection. Recent studies have
demonstrated that IFNs not only participate in anti-viral response, they also display different
functions, including modulation of immune system, promoting or impeding the differentiation of
certain cell types, and inhibition of cell proliferation (2). Due to these effects, IFNs are now widely
used in the treatment for chronic infection of hepatitis B and C, hairy-cell leukemia, kaposi’s
sarcoma, multiple sclerosis, and chronic granulomatous disease (3). IFNs can be classified into two
types based on their structure and other properties. Type I IFN comprises mainly two serologically
distinct groups; IFNa and IFN, that are produced by many cell types and induced by different
substances. Viruses and double-stranded RNAs are amongst the best inducers. Type II IFN consists
of only one kind of IFN, IFNy that is mainly produced by T lymphocytes and NK cells when

stimulated.

Signal transduction of IFNs is mainly mediated by JAK-STAT pathway. Upon ligand binding to
IFNYy receptor, JAK1 and JAK2 are activated followed by activation of STATI by tyrosine
phosphorylation. Activated STAT1 forms dimers and translocates into nucleus where they bind to
gamma-activated site (GAS) in the promoter region of IFNYy-inducible genes and lead to the
transcription of these genes. Likewise, binding of IFNo/f to their receptors triggers the activation
of JAK1 and TYK2 followed by activation of STAT1, STAT2 and STAT3. STAT1, STAT2 and
IRF9, a member of the IFN regulatory factor family, form hetero-trimer and bind to the IFN
stimulated responsible element (ISRE) element in the promoter region of IFNao/f inducible genes.
STAT1 and/or STAT?3 can also form homo- and hetero-dimer, which bind to the GAS element (4,
5).

While the activation of JAK-STAT pathway in IFN response is more or less well characterized,



other pathways activated by IFNs are less clear. Several lines of evidence suggest the existence of
such pathways. For example, the phenotypes of mice deficient in IFNo/[3 and/or IFNY receptors are
not completely equivalent to those of mice lacking STATI, a shared signal mediator for both IFNs
(6, 7). Besides, biochemical experiments also implied that in addition to JAK-STAT pathway, PI3
kinase and NFkB were also activated (8-10). Given the fact that phosphorylation of both tyrosine
and serine residues is required for a full activity of STAT protein and that JAK kinases can only
phosphorylate tyrosine residues suggests that another pathway is involved to phosphorylate the
serine residue. Although p38 MAPK has been shown to enhance the transcription ability of STATI,
it, however, is independent of ser727 phosphorylation (11, 12). In any case, genetic approach using

ENU-mutagenized mice allows us to identify pathways other than JAK-STAT in the IFN responses.

Results and discussions

We have identified a mouse with reduced IFNa responsiveness from ENU-mutagenized mice
generated in the MMPCEF at Sinica Academia. The pedigree 117 of the mutant mouse is shown in
the Fig. 1. Clearly, the impaired IFNa response in the mutant mice of the pedigree 117 was

recessive.
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Fig. 1 Hypo-responsiveness to IFNo of the 117 pedigree mutant mice was recessive. Inheritance test of the
hypo-responsive phenotype of the mutant mouse 117. 117i-152 G3 mouse was first generated from G1 (117)
crossed with G2 (i). Intercross between 117i-152 with its sister 117i-149 generated many mice displaying the
same phenotypes of 117i-152, suggesting that the phenotypes were inheritable. 117i-152 crossed with wild type
C57BL/6 mice resulting in graded phenotypes in their offspring B6F1. B6F1 mice that showed no phenotype
were intercrossed and around 25% of their offspring (B6F2) displayed phenotypes. A B6F1 was crossed with a
wild type C57BL/6 and their offspring did not show any mutant phenotype.

To locate the mutation site of the mouse, the pedigree 117 was outcrossed to C3H mice,
genetic background completely unrelated to B6 mice. After intercross of F1 (B6xC3H), the mice
with or without mutant phenotype were subjected to rough mapping and the linkage of the mutant
phenotype was mapped to chromosome 10 close to marker D10MIT233 (Fig. 2).
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Fig. 2 Linkage of the mutant phenotype to Chromosome 10 closing to marker D10MIT233/ 113.7 Mb. Tail
DNA of the pedigree 117xC3H F2 mice that displayed abnormal phenotype were subjected to rough mapping, a
service provided by the MMP Core Facility. Base on Chi square (y 2) value and the lowest score of
non-recombinant from unaffected group, the chance probability at the D10MIT233 marker is less than 0.001.
As a result, the mutation is most likely linking to Chromosome 10.

Since the impaired response of the mutant mice was only restricted to IFNa but not to IFNy
(data not shown), we figured that the mutation that results in the mutant phenotype must have
been signal mediators specifically operated in type I IFNs. We first aimed to look for mutation in
STAT?2 gene because first this molecule is only activated by IFNa but not I[FNy. Secondly, STAT2
gene is located in chromosome 10 close to the genetic marker D10MIT233 as revealed by the
rough mapping shown in Fig. 2. After sequencing, we have identified a point mutation T->A
located in the splicing donor of intron 4 to 5 (Fig. 3).
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Fig. 3 T->A mutation at splicing donor of intron 4-5 of mouse STAT2 in the mutant mice. (A) Tail DNA
prepared from wild-type, heterozygous and homozygous mutant mice were subjected to PCR-mediated
sequencing. The corresponding site of mutation in sense or anti-sense strain was indicated by arrows. (B) The
mutation was located in the splicing donor (ga) of intron 4-5 of STAT2.

To further confirm the finding of the mutation in STAT2, Western blotting was performed to
measure the expression of STAT2 protein in the mutant mice. Interestingly, the expression of
STAT?2 protein in the spleen of homozygous mutant mice (STAT2™™) was greatly reduced as
opposed to that of wild type mice although the level of STAT2 was still induced in response to
IFNa treatment (Fig. 4A). Consequently, the levels of IFNa downstream genes such as OAS and



PKR were significantly reduced in response to IFNo when compared to that of wild type or
heterozygous littermates (Fig. 4B and 4C).
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Fig. 4 Reduced expression of STAT2 and impaired response to IFNo in STAT2m/m mouse. Cell lysates
prepared from mSTAT?2 transfected 293T, or splenocytes of WT or STAT2m/m mouse that were treated with
IFNa for 3h or 6h were subjected to Western blotting using antibodies to STAT1 or STAT2 (A). mRNA
prepared from splenocytes of WT, STAT2™* and STAT2™™ mice that were treated with IFNa for 3h and 6h
were subjected to RT-QPCR using primers to OAS (B) or PKR (C). Relative mRNA was calculated by
normalizing the values to that of B-actin.

It was previously shown that STAT2 may be involved in regulating the development of DC
independent of STAT1 through IFNa (13). Therefore, we sought to determine the development of
DC in the mutant mice. First of all, in vitro development of DC was performed by incubating BM
cells of wild type or STAT2™™ mice with FIt3L in the absence or presence of IFNa and the
percentage of cDC (CD11b+CD11¢+B220-) or pDC (CDI11b-CD11¢c+B220+) was measured.
Interestingly, the development of cDC was suppressed and pDC was enhanced by the presence of
IFNa. in wild type cells. This effect apparently was dependent on STAT2, as the abnormal
phenotype seen in wild type cells was absent in STAT2™™ after treated with IFNa (Fig 5A). We
also observed that though development of cDC was suppressed in wild type cells by IFNa, the
maturation was, on the contrary, enhanced by the same treatment. As shown in Fig. 5B, CD86, a
costimulatory molecule and a maturation marker was increased after IFNa treatment. This
phenomenon was absent in STAT2™™ cells, suggesting that IFNa suppressed development but
enhanced maturation of cDC and these effects are STAT2-dependent.
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Fig. 5 Promotion of pDC development and cDC differentiation ir vitro by IFNa is STAT2-dependent.
¢DC or pDC were derived from BM cells of WT or STAT2™™ mice that were cultured with FIt3L in the
presence of absence of IFNa were four-color stained with anti-CD11b, anti-CD11c, anti-B220 and anti-CD86
followed by FACS analysis by gating on CD11c positive cells. The percentages of CD11¢"CD11b"B220" (¢cDC)
and CD11c"CD11b'B220" (pDC) cells were shown (A). The expression of CD86, a maturation marker, on pDC
(upper panels) and cDC (lower panels) in WT (B) or STAT2™™ (C) in the absence or presence of IFNa was
shown.

To further determine the effect of IFNa on DC development, we injected poly IC, a TLR3
ligand and an IFNa inducer, in vivo to confirm the phenotype seen in vitro. Wild type or
STAT2m/m mice were injected with poly IC daily for three day to maintain a certain levels of
IFNa in vivo. BM cells of treated mice were then subjected to FACS analysis for DCs.
Interestingly, increased percentage of cDC but reduced percentage of pDC was observed in wild
type mice after poly IC treatment. Again, this phenomenon was STAT2-dependent as no change
was observed in STAT2™™ mice (Fig. 6A). The injection of poly IC also induced maturation of
both ¢cDC and pDC as indicated by the increased expression of CD86. Nonetheless, poly
IC-induced pDC but not cDC maturation was only affected in STAT2™™ mice (Fig. 6B).
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Fig. 6 TLR3 signaling-induced enhancement of cDC development and pDC maturation in vivo were
STAT2-dependent . BM of WT or STAT2™™ that were i.p. injected without (upper panels) or with (lower
panels) poly IC (100 mg) for 3 times in 3 days were subjected to four color staining with anti-CD11b,
anti-CD11c, anti-B220 and CD86 followed by FACS analysis by gating on CDI1lc positive cells. The
percentage of CD11¢*CD11b"B220" (cDC) and CD11¢*CD11bB220" (pDC) was shown in (A). The expression
of CD86 on cDC (upper panels) and pDC (lower panels) of WT (B) or STAT2™™ (C) with or without poly IC
treatment was shown.

In sum, we have identified a mutant mouse from ENU-mutagenized mice. This mouse
displayed a decreased response to type I but not type II IFNs. Inheritance test suggests that the
phenotype is a recessive trait. Genetic mapping suggests that the mutation(s) accounts for the
phenotype lies in chromosome 10 near to a genetic marker DM10MIT233. By genomic
sequencing, we have located a T-> A mutation, which is located in the intron 4 to 5 of STAT2
gene. The expression of STAT2 protein in the mutant mice was dramatically decreased although it
can still be induced by the treatment of IFNa. Development of different cell types such as T, B,
granulocytes, NK and macrophages are not affected in the mutant mice, suggesting that STAT2
does not participate in hematopoiesis. However, STAT?2 is required for regulation of development
and maturation of DC by type I IFNs. In mutant mice, IFNa-mediated suppression of cDC
development and enhancement of cDC maturation in vitro are STAT2-dependent. Besides, the
treatment of poly IC results in enhanced development of ¢cDC but reduced development pDC.
Maturation of both ¢cDC and pDC are also enhanced by the treatment of poly IC. Nonetheless,
only maturation of pDC is largely dependent on STAT2. Apparently, some discrepancies between
in vitro and in vivo treatment are observed. Therefore, more detailed analysis is required to sort
out the mechanisms of IFNa- and STAT2-depedent regulation of DC development and

maturation.
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