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Abstract
We have previously shown that the protein tyrosine phosphatase SHP-1 is highly expressed in
CNS glia and is an important modulator of cytokine signaling. As such, mice genetically lacking
SHP-1 display constitutive myelin abnormalities, severe virus-induced demyelinating disease, and
defects in innate anti-viral responses in the CNS. In this study, we show the differential
distribution of the SHP-1 promoter-specific transcripts and demonstrate that several cytokines
significantly induce SHP-1 expression in CNS glia. Consistent with these cytokine effects,
infection with a neurotropic virus both in vitro and in vivo up-regulates SHP-1 transcripts and
protein in CNS cells. Using CNS glial cultures of gene knockout mice, we show that interferons-β
and interferons-γ act through STAT-1 and interferon regulatory factor-1 to induce the SHP-1
promoter I transcripts. Conversely, interferons-β and IL-6 act through STAT-3 to induce SHP-1
promoter II transcripts. This study demonstrates that interferons and other cytokines associated
with virus infections in the CNS can significantly induce the expression of SHP-1 through
STAT-1/3 activity and provides a better understanding of the molecular mechanisms regulating
cytokine-induced expression important for multiple homeostatic functions of SHP-1 in the CNS.
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SHP-1 is an SH2 domain-containing protein tyrosine phosphatase that is a negative regulator
of interferon, cytokine, and growth factor signaling primarily via Jak/Stat pathways (David
et al. 1995; Haque et al. 1998; Massa and Wu 1998; Paling and Welham 2002; Marsh et al.
2003; Frank et al. 2004). Loss of SHP-1 in the CNS as seen in motheaten (me/me) mice
leads to myelin pathology (Massa et al. 2000, 2004) that may be caused by effects of an
increased inflammatory milieu and/or specific alterations in cytokine signaling on the
myelin-forming oligodendrocytes. Importantly, it was recently shown that leukocytes of MS
patients have decreased levels of the phosphatase SHP-1, which results in increased
inflammatory gene expression (Christophi et al. 2008). Furthermore, SHP-1 plays a critical
role in fighting CNS viral infections such as Theiler’s murine encephalomyelitis virus
(TMEV) (Massa et al. 2002). We have recently shown that SHP-1 deficiency leads to higher
viral replication as a result of unrestrained STAT-6-dependent arginase I gene expression
and reduced nitric oxide production in CNS glia (Massa et al. 2002; Bonaparte et al. 2006).
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Two distinct promoters drive the expression of two different SHP-1 transcripts from the
SHP-1 gene, both in human (Banville et al. 1995) and mouse (Martin et al. 1999). It was
previously shown that the two SHP-1 transcripts are differentially expressed in mouse and
human cell lines (Tsui et al. 2002). These distinct transcripts in turn encode two different
protein isoforms. The isoform translated from transcript II is two amino acids shorter and
has two amino acids in the N-terminus that differ from promoter I derived isoform. In
addition, it has been shown that promoter II transcript can generate another longer isoform
(SHP-1L) through alternative splicing (Jin et al. 1999). Because the enzymatic activity
between the SHP-1 isoforms is negligible (Martin et al. 1999), the alternative promoter
usage may be primarily important for homoeostatic regulation of SHP-1 activity under
various physiological settings in specific tissues and cell types.

Promoter I, upstream of exon 1, is preferentially active in cells of epithelial origin (Xu et al.
2001). Promoter I activity may be under the control of various transcription factors
including nuclear factor-κB (NF-κB), USF, or NF-Y (Xu et al. 2001; Tsui et al. 2002).
Promoter II, upstream of exon 2, was shown to be more active in hematopoetic compared to
epithelial tissues (Banville et al. 1995). Hematopoietic SHP-1 controls multiple cytokines
involved in proliferation and differentiation of these cells. Recently, it was shown that the
hematopoietic cell-specific transcription factor PU.1 plays a role in regulating promoter II
transcripts in leukemia/lymphoma cell lines (Wlodarski et al. 2007). SHP-1 is a known
tumor suppressor in hematopoietic cells and numerous reports document the down-
regulation of promoter II transcripts in leukemia/lymphoma, demonstrating the potential
importance of epigenetic SHP-1 promoter modulation in human disease (Zhang et al. 2000;
Oka et al. 2001;Wu et al. 2003).

We have previously shown that cytokines that act via the JAK/STAT pathway increase the
expression of SHP-1 in mouse CNS glia (Massa et al. 2000). These data, along with the
observation that SHP-1 is crucial in regulating interferon-induced genes and fighting CNS
viral infections led us to hypothesize that the SHP-1 gene may possess cytokine-inducible
promoter activity. As such, the antiviral and immunomodulatory activities of interferons
(Platanias 2005; van Boxel-Dezaire et al. 2006) may in part be mediated by SHP-1 and may
relate to the mechanisms of interferon activity against demyelinating diseases in animals and
humans (Teige et al. 2003; Rudick et al. 2004; Ann Marrie and Rudick 2006; Kinkel et al.
2006; Yarilina et al. 2007).

Here we document the differential expression of the two SHP-1 transcripts in several tissues
and show that SHP-1 protein and mRNA is induced by cytokines in CNS glia. Importantly,
viral infection of CNS cells both in vitro and in vivo significantly induces the expression of
SHP-1 protein and SHP-1 mRNA transcripts. Furthermore, we show that virus infection and
interferons increase the expression of promoter I transcripts through STAT-1 and interferon
regulatory factor-1 (IRF-1) activity in the brain and in cultured CNS glia. Additionally,
interferons-β (IFN-β) also induces promoter II transcripts in a STAT-3-dependent manner.
Dissecting the specific contribution of each promoter in modulating SHP-1 expression levels
in CNS glia will allow a better understanding of the molecular mechanisms regulating the
activity of this important protein tyrosine phosphatase in the central nervous and immune
systems.

Materials and methods
Animals

Breeding pairs of STAT-1 null mice (129S6/SvEv-Stat1tm1Rds) were purchased from
Taconic Farms (Germantown, New York, NY, USA). Breeding pairs of IRF-1 null mice
(C57BL/6-irf1 tm1Mak; IRF-1−/−) were obtained from Jackson Laboratories (Bar Harbor,
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ME, USA). SHP-1-deficient motheaten (me/me) mice on a C3HeB/FeJLe-a/a background
were produced from heterozygous breeding pairs obtained from Jackson Laboratories.

Glial cultures
Mixed glial cultures containing astrocytes, oligodendrocytes, and microglia were produced
from brains of 8-day-old mice by a modified procedure as previously described (McCarthy
and de Vellis 1980; Massa et al. 2000). Briefly, brains were minced in Kreb’s buffer with
curved scissors into fine pieces. The minced brain was centrifuged and resuspended in
Kreb’s buffer containing 0.25% trypsin and incubated at 37°C for 1 min. After addition of
5% fetal bovine serum and 40 µg/mL Dnase in Kreb’s buffer to stop trypsinization, the
tissue was pelleted and resuspended in fresh Kreb’s/FBS/Dnase buffer. The tissue was
repeatedly triturated with a fire polished pipette to dissociate cells. The cells were
centrifuged, then resuspended in complete culture medium containing Dulbecco’s modified
Eagle’s medium (DMEM) with 10% fetal bovine serum, 24.5 mM KCl, and 100 µg/mL
insulin and plated onto polylysine-coated dishes. Every three days, cells were fed with fresh
medium consisting of DMEM with 10% heat-inactivated horse serum (heat-inactivated at
56°C for 1 h), and used at 10 days after plating. Purified cultures of astrocytes,
oligodendrocytes, and microglia were produced from 2-week-old mixed glial cultures as
described previously (McCarthy and de Vellis 1980; Massa et al. 1986, 2000).

Splenocyte culture
Spleens were removed from 4-week-old mice and ground between the frosted surfaces of
two glass slides in Hanks balanced salt solution. Freed cells were left for 2 min on ice,
pelleted by centrifugation, and the supernatant discarded. The pellet was resuspended in 4
mL/spleen of red blood cell lysis buffer (155 mM NH3Cl, 0.1 mM EDTA, 12 mM NaHCO2)
and incubated on ice for 1 min. Cells were washed twice with Hank’s balanced salt solution
and were resuspended in Roswell Park Memorial Institute 1640 medium with 10% fetal
bovine serum in a concentration of 106cells/mL.

Cytokine and siRNA treatment
Cells were treated with 100U/mL recombinant murine IFN-β, 10ng/mL of IL-6, 10 ng/mL
of recombinant murine IL-1β (R&D Systems, Minneapolis, MN, USA) and 100 U/mL of
recombinant murine interferons-γ (IFN-γ) (Genentech INC., San Fransisco, CA, USA).
Mouse mixed glial cells were transfected with 1 µg/1 million cells of siRNA against mouse
STAT-3 or control scramble siRNA (Santa Cruz, Santa Cruz, CA, USA). The transfection
reagent (Dharmafect 3, Dharmacon, Chicago, IL, USA) was used as specified by the
manufacturer. Cells were incubated with the transfection medium in serum-free DMEM for
24 h, after which the cells were incubated with serum-containing complete medium for
another 48 h before treatment with cytokines or virus. The efficiency of the siRNA to
deplete STAT-3 was verified by real-time RT-PCR using primers specific for murine
STAT-3 (Santa Cruz).

Virus inoculation
The attenuated strain of TMEV, BeAn 8386 (ATCC, Manassas, VA, USA) was propagated
in BHK-21 cells and titrated by plaque assay on BHK-21 cells. Mixed glial cultures were
inoculated with 1 × 106 PFU/mL at a multiplicity of infection of 2.0. Mice were inoculated
intracerebrally (i.c.) in the right hemisphere with 1 × 106 PFU of BeAn 8386 in a volume of
0.01 mL. At various times after infection, the right cerebral hemispheres of the mice were
resuspended in RNA STAT-60 (TEL-TEST, Friendswood, TX, USA) for RNA analysis and
the left hemisphere was resuspended in radioimmunoprecipitation assay buffer for protein
analysis by western immunoblot assay.
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Real-time RT-PCR
Total RNA was isolated using RNA STAT-60 (Tel-test, Friendswood). RNA was quantified
spectrophotometrically and 0.5 µg of total RNA was converted into cDNA (Hudson et al.
2006). Briefly, 25 µL volume of the RNA and random primers (Invitrogen, Carlsbad, CA,
USA) were incubated at 72°C for 10 min. Reverse transcription was performed using the
Superscript II RT enzyme (Invitrogen) and followed the specifications of the manufacturer.
cDNA was diluted to 200 µL with water and 2 µL was used for quantitative PCR using
SYBR Green kit (Abgene, Rochester, NY, USA). The PCR parameters were 15 min for
95°C and 35 cycles of 95°C for 15 s and 60°C for 1 min in ABI prism 700 (Applied
Biosystems, Foster city, CA, USA). The following primers were used at a 10 nM
concentration: SHP-1 Promoter I transcript: (5′-GTCGCCCTTTGCCTGTGAC-3′) as the
forward and (5′-TCACCCTGGTTCTTGCGG-3′) as the reverse; SHP-1 Promoter II
transcript: (5′-CCAGACAAACTGTTCCCTCCAC-3′) as the forward and (5′-
GAAACCACCTCACCATCCTG-3′) as the reverse; VP2 region of TMEV: (5′-
TGGTCGACTCTGTGGTTACG-3′) as the forward and (5′-
GCCGGTCTTGCAAAGATAGT-3′) as the reverse. Serial dilutions of cDNA clones
containing a known copy number of each gene were used in each qPCR run to generate a
standard curve relating copy number with threshold amplification cycle. Relative gene
expression levels were calculated during the logarithmic amplification phase by determining
the initial mRNA copy number using the standard curve (Christophi et al. 2004; Scarisbrick
et al. 2006). Amplification of each gene-specific fragment was confirmed both by
examination of melting peaks and by agarose gel electrophoresis. To control for loading,
parallel examination of the housekeeping gene glyceraldehyde phosphate 3-dehydrogenase
(GAPDH) was assessed in each RNA sample using (5′-ACCACCATGGAGAAGGC3′) as
the forward and (5′GGCATGGACTGTGGTCATGA3′) as the reverse primer.

Western immunoblotting
Whole cell and tissue extracts were prepared as previously described (Massa and Wu 1996b,
1998). Briefly, glial cultures and CNS tissues were rinsed with phosphate-buffered saline,
and then lysed with radioimmunoprecipitation assay buffer (50 mM Tris–HCl, pH 7.4, 1%
NP-40, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM
phenylmethylsulfonyl fluoride, 1 µg/mL aprotinin, 1 µg/mL leupeptin, 1 µg/mL pepstatin,
and 1 mM activated Na3VO4). The protein concentration was quantified by the Lowry
protein assay and 100 µg of protein per lane was electrophoresed through a 10%
polyacrylamide resolving gel and electroblotted to a polyvinylidene difluoride membrane
(Millipore Corporation, Burlington, MA, USA). Membranes were blocked with 5% non-fat
dry milk for 1 h, and then incubated with anti-SHP-1 (Upstate, Lake Placid, NY, USA) or
anti-IRF-1 (M-20) (Santa Cruz) antibodies followed by horseradish peroxidase conjugated
rabbit IgG antibody (DAKO Corporation, Carpinteria, CA, USA). Enhanced
chemiluminescence (Amersham Life Sciences, Inc., Cleveland, OH, USA) was used to
visualize reactive protein bands on X-ray film.

Statistical analysis
Histograms contain statistical means with the standard error values. The p-values were
generated using the unpaired Student’s t-test and a p-value of < 0.05 was chosen to indicate
statistical significance between two sample means.
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Results
Tissue and cell distribution of SHP-1

The expression of SHP-1 promoter I and promoter II transcripts were quantified in several
tissues and cell types derived from C3HeB/FeJLe wild-type mice (Fig. 1). Promoter I
transcripts (Fig. 1a) were highly expressed in the brain, liver, and kidney to levels
approaching 107 mRNA copies/ng total RNA. In the spinal cord, spleen, and thymus, the
expression of promoter I transcripts was 20-fold lower compared to the brain. Mixed glial
cultures and microglial cultures had similar levels of promoter I mRNA to the spinal cord.
Cultured purified oligodendrocytes and astrocytes had 5 × 104 promoter I transcript copies/
ng RNA. The sequence-specific primers that amplify SHP-1 (I), SHP-1(II), and GAPDH
were used to amplify 1 × 106 cDNA vectors carrying the SHP-1 (I), SHP-1(II), or GAPDH
sequence to illustrate the specificity of the PCR primers (Fig. 1).

Promoter II transcripts (Fig. 1b) overall showed close to a 100-fold higher expression than
promoter I transcripts in all the tissues assayed except in brain, liver, and kidney. The
hematopoietic tissues had significantly the highest levels of promoter II transcripts, with
spleen expressing 108 copies/ng RNA. The brain and spinal cord had comparable levels of
promoter II transcripts (approximately 106 mRNA copies/ng RNA). Cultured glial cells
including mixed glia, purified oligodendrocytes, astrocytes, and microglia had a significant
10-fold increase in promoter II copies compared to the brain or spinal cord. The
oligodendrocytes had particularly high levels of the promoter II transcripts relative to all
other CNS glia in pure culture including microglia and were more than a 100-fold higher
than promoter I transcripts. Taken together we concluded that the promoter I and II
transcripts are preferentially expressed in epithelial and hematopoetic tissues, respectively.
However, unexpectedly, glial cells preferentially expressed the promoter II/hematopoietic
transcripts in vitro.

Cytokines regulate SHP-1 protein expression
We have previously described that the cytokine IL-6 increases the expression of SHP-1 in
CNS glia by a currently unknown pathway (Massa et al. 2000). Glial cultures derived either
from wild-type mice or me/+ mice expressed constitutive SHP-1 protein at the expected
relative levels and SHP-1 was significantly induced in both genotypes in response to IL-6
(Fig. 2a). Further, IL-1β and tumor necrosis factor-α (TNF-α) considerably increased the
expression of SHP-1 protein. Treatment of CNS glia with interferons, IFN-γ (Fig. 5) and
IFN-β (Fig. 2b), substantially increased the levels of SHP-1 protein implicating STAT-1 or
other STATs in the regulation of SHP-1. As expected, glia from heterozygous (me/+) mice
showed induction of SHP-1 following cytokine treatment, but to lower levels compared to +/
+ mice. Taken together, these data illustrate that SHP-1 levels are substantially regulated by
both gene dosage and in response to a variety of cytokine stimuli.

Neurotropic virus infection up-regulates SHP-1 in the CNS
We have previously shown that motheaten mice show increased inflammatory
demyelination compared to wild-type littermates when infected with TMEV, implicating
SHP-1 in controlling virus-induced inflammation in the CNS. As such, induction of SHP-1
by virus-induced cytokines may represent a negative feedback response to cytokine
signaling in the CNS. Therefore, we examined whether SHP-1 levels increased following
virus infection of CNS glia in vitro. First, wild-type glial cultures were inoculated with
TMEV or viral mimic dsRNA for 24 and 72 h and the levels of SHP-1 transcripts were
measured. Promoter I transcripts were significantly increased by 2–4-fold over time after
inoculation with either TMEV or treatment with dsRNA compared to untreated controls
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(Fig. 2c). Similarly, promoter II transcripts were induced by 2–3-fold over time after similar
treatment with either TMEV or dsRNA compared to untreated cultures (Fig. 2d).

Next, we wanted to determine whether TMEV inoculation in vivo was able to up-regulate
the levels of SHP-1. Wild-type (+/+) and me/+ mice were inoculated into the right
hemisphere with TMEV and were sacrificed at different time points to examine the
expression of SHP-1 in the brain. SHP-1 protein was increased both in the +/+ and me/+
mice at 1 and 7 days post-infection (d.p.i.) (Fig. 3a). In order to delineate the contribution of
promoter I and II transcripts in inducing SHP-1, sequence-specific primers were used to
quantify each transcript. SHP-1 promoter I transcripts were increased 20-fold after 4 or 7 d.
p.i. (Fig. 3b). At 17 and 28 d.p.i., the levels of SHP-1 promoter I transcripts were not
significantly different from the levels of SHP-1 promoter I transcripts in the uninfected
mice. As expected, the levels of SHP-1 promoter I transcripts were significantly lower in the
heterozygous mice and were induced following infection.

Similarly, SHP-1 promoter II transcripts were up-regulated in the brains of mice that were
inoculated with TMEV (Fig. 3c). Early during infection at 4 or 7 d.p.i., the SHP-1 promoter
II transcripts were increased 50-fold compared to uninfected mice. As the infection
progressed, the levels of SHP-1 promoter II transcripts remained higher compared to the
uninfected mice, but were significantly lower compared to the early stage of infection. At 17
d.p.i., SHP-1 promoter II transcripts were nine-fold higher than uninfected mice and at 70
d.p.i. SHP-1 transcripts were 3.5-fold higher than in uninfected mice. The levels of the viral
RNA and the mRNA expression of the housekeeping gene GAPDH are also shown to both
ascertain the presence of persisting virus during the time course of analysis and determine
specificity of SHP-1 induction in response to infection. These data demonstrate that viral
infection in the CNS, most likely via virus-induced cytokines, up-regulates SHP-1
transcripts and protein both in vitro and in vivo.

STAT-1 controls SHP-1 promoter I transcript expression
Since SHP-1 was induced by viral infection in vivo and by interferons in cultured glia and
interferons signal primarily via STAT-1, it was of interest to determine whether STAT-1
was required for SHP-1 induction. Mixed glial cultures prepared from newborn 129S6/SvEv
wild-type and STAT-1 null mice were treated with IFN-β or IFN-γ for 24 h and total RNA
was isolated. As controls, cells were also treated with IL-6 and IL-1β, which signal
primarily via STAT-3 and NF-κB, respectively. The levels of the promoter I transcripts in
wild-type glia showed a significant five-fold increase following treatment with IFN-β, four-
fold with IFN-γ treatment, and 2.5-fold with IL-1β treatment (Fig. 4). Treatment with IL-6
did not affect levels of promoter 1 transcripts. Importantly, constitutive levels of promoter I
transcripts were four-fold less in STAT-1 null mouse glial cells compared to wild-type cells.
Moreover, when STAT-1 null glia were treated with IFN-β or IFN-γ, the increase in the
promoter I transcripts seen in wild-type cells was abolished (Fig. 4b). On the other hand,
IL-1β treatment significantly increased the SHP-1 promoter transcript in STAT-1 null cells,
which is consistent with previous observations that NF-κB activation leads to up-regulation
of promoter I transcripts (Tsui et al. 2002). The levels of the SHP-1 promoter II transcripts
in wild-type glia (Fig. 4c) also showed a significant four-fold increase with IFN-β treatment.
Furthermore, IL-6 treatment significantly increased the promoter II transcripts by two-fold,
but treatment with either IL-1β or IFN-γ failed to increase the levels of the promoter II
transcripts. The loss of STAT-1 in glial cells did not affect either the constitutive levels of
promoter II transcripts or IFN-β-/IL-6-induced levels of the promoter II transcripts.
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IRF-1 controls SHP-1 promoter I transcript expression
Because interferon regulatory factor-1 indirectly mediates multiple STAT-1-dependent
responses to interferons and virus infections, we wanted to examine the role of IRF-1 on
SHP-1 expression in glia treated with interferon. IFN-γ treatment concomitantly induced the
expression of both IRF-1 and SHP-1 protein in wild-type glial cultures (Fig. 5). When me/+
glia were treated with IFN-γ the same amount of IRF-1 was induced compared to +/+ glia,
however, as expected, approximately half of the SHP-1 protein was induced. Also, glial cells
treated with either TNF-α, which activates NF-κB, or IFN-γ raised the levels of SHP-1 to
the same degree, although TNF-α alone showed a very slight induction of IRF-1. The latter
may indicate that TNF-α acts via a known κB site in promoter I while IFN-γ acts on
promoter 1 in a distinct STAT-1/IRF-1 dependent manner.

In order to directly demonstrate the role of IRF-1 in the regulation of SHP-1, mixed glia
cultures from IRF-1−/− mice were compared to wild-type glial cultures for the expression of
the two SHP-1 transcripts (Fig. 6). IFN-β and IFN-γ increased the expression of promoter I
transcripts by approximately four-fold and IL-1β by two-fold in wild-type 129S6/SvEv
mouse glia. However, glial cells from IRF-1−/− mice on the same background showed half
the constitutive expression of promoter I transcripts compared to wild-type glial cells (Fig.
6b). Moreover, glial cells from IRF-1−/− showed no induction of promoter I transcripts
following treatment with IFN-β or IFN-γ, but showed the same two-fold induction after
IL-1β treatment as seen in wild-type cells. On the contrary, there were no differences
observed in the constitutive or induced levels of promoter II transcript between glial cells
from IRF-1−/− mice and wild-type mice (Fig. 6c and d). Furthermore, promoter II
transcripts showed a four-fold induction in glia cells of both wild-type and IRF-1−/− mice
following IFN-β treatment. IL-6 showed a two-fold induction of promoter II transcripts in
glial cells from both wild-type and IRF-1−/− mice, while IFN-γ and IL-1β failed to
significantly raise promoter II transcript levels. Taken together, these data indicate that
STAT-1 and IRF-1 contribute to both constitutive and interferon-induced expression of
promoter I but not promoter II transcripts in CNS glia.

SHP-1 (I) is regulated in vivo by STAT-1 and IRF-1
We wanted to determine whether SHP-1 transcripts of STAT-1 and IRF-1 null mice are
lower in brain compared to wild-type mice and whether the lack of STAT-1 or IRF-1 would
prevent the induction of the SHP-1 in the CNS of mice infected with TMEV. Wild-type,
STAT-1 null, and IRF-1 null mice were inoculated in the right hemisphere with an
attenuated strain of TMEV. Since infection of STAT-1 null mice is lethal within 1 week,
mice were sacrificed at 5 d.p.i. to examine the expression of SHP-1 in the brain (Fig. 7).
SHP-1 promoter I transcripts were constitutively lower in the brain of STAT-1 or IRF-1 KO
mice compared to +/+ mice, which is in agreement with the results obtained from glial
cultures. When mice were infected with TMEV, the levels of SHP-1 promoter I transcripts
rose 10-fold (Fig. 7a). Although SHP-1 promoter I transcripts were considerably induced in
STAT-1 and IRF-1 KO mice, this induction was significantly lower than in wild-type
control mice. The induction of SHP-1 promoter I transcripts could have been caused by the
increased TNF-α levels seen in TMEV infection (Gerhauser et al. 2007), acting via the
known NF-κB site (Tsui et al. 2002).

On the other hand, there were no constitutive differences in the levels of SHP-1 promoter II
transcripts between wild-type and STAT-1 or IRF-1 null mice (Fig. 7b). Interestingly, when
mice were infected with TMEV, the levels of SHP-1 promoter II transcripts in +/+ wild-type
mice increased 20-fold, while STAT-1 and IRF-1 null mice showed significantly higher
induction compared to +/+ mice. As expected, STAT-1 null mice had significantly 30-fold
higher viral loads and IRF-1 null mice had 10-fold higher viral loads compared to +/+ mice.
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Therefore, the higher induction of SHP-1 promoter II levels in STAT-1/IRF-1 null mice
could be attributed to the higher viral stimulus on cytokine expression seen in those mice.
Taken together, these data indicated that STAT-1/IRF-1 increased promoter I activity in
response to CNS virus infection, but had little effect on the promoter II activity.

STAT-3 controls SHP-1 promoter II transcript expression
It has previously been shown that STAT-3 binds to and plays a role in constitutive activity
of SHP-1 promoter II in human lymphocytic tumor cell lines (Zhang et al. 2005). However,
in these cells, STAT-3 appeared to negatively regulate promoter activity. We have
previously shown that IL-6 both activated STAT-3 and induced the expression of SHP-1 in
CNS glia (Massa et al. 2000) and others have shown functional STAT-3 binding elements in
promoter II suggesting that STAT-3 signaling may be involved in regulation of the SHP-1
gene. In order to investigate whether either of the two SHP-1 transcripts were regulated
through STAT-3, and considering that targeted disruption of the mouse Stat3 gene leads to
early embryonic lethality (Takeda et al. 1997), we used siRNA to deplete STAT-3
expression and analyzed the resulting expression of SHP-1 in wild-type glia. Glial cells from
wild-type mice were pre-treated for 72 h with either siRNA against STAT-3 mRNA or
siRNA with scrambled sequence as control. Pre-treated glial cells were further treated with
medium alone, IFN-β, IFN-γ, IL-1β and IL-6 for 24 h and then RNA was isolated. The
efficiency of the siRNA to deplete STAT-3 was verified by measuring the levels of STAT-3
mRNA. We found that STAT-3 expression was 200-fold lower in glia treated with STAT-3
siRNA compared to glia treated with scramble siRNA (Fig. 8g). The constitutive levels of
the promoter I transcripts were the same in glial cells that received either no treatment (Fig.
4a), scrambled siRNA, or siRNA against STAT-3 (Fig. 8a and b). Additionally, pre-
treatment with either scrambled siRNA or STAT-3 siRNA did not affect the five-fold
increase in promoter I transcripts induced by IFN-β or the two-fold increase induced by
IL-1β. In contrast, glial cells that were pre-treated with STAT-3 siRNA (Fig. 8d) had three-
fold lower constitutive levels of promoter II transcripts compared to cells that received
scrambled siRNA. Moreover, in glia pre-treated with siRNA against STAT-3 the increase of
the promoter II transcripts following treatment with either IFN-β or IL-6 was abolished.
Combined treatment with IFN-β and IL-6 showed a five-fold increase of the promoter II
transcripts compared to untreated cultures and STAT-3 siRNA abolished this induction. In
summary, induction of promoter II transcripts by SHP-1 by either Il-6 or IFN-β is
specifically dependent on STAT-3 in CNS glia.

SHP-1 regulation in splenocytes
To determine whether SHP-1 is regulated in a similar way in hematopoetic cells as in CNS
cells we cultured mouse splenocytes and examined the expression of both SHP-1 transcripts
following several treatments. Promoter I transcripts showed a significant three-fold
induction following 24 h treatment with either IFN-β or γ compared to untreated controls
(Fig. 9a). IL-1β treatment increased promoter I transcripts by two-fold and IL-6 did not
induce promoter I compared to control. Promoter II transcript levels showed a significant
three-fold increase when splenocytes were treated with IFN-β compared to control (Fig. 9b).
IL-6 also significantly increased the promoter II transcript levels two-fold. Thus, inducible
promoter I and promoter II activities appear to be similarly regulated in CNS and
hematopoetic tissues.

Discussion
In this study, we show the differential expression of the two SHP-1 transcripts in several
tissues of mice. Although the designation of epithelial and hematopoetic transcripts
generally reflect the greater abundance of the SHP-1 (II)/hematopoetic transcript in
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hematopoetic cell lines and the SHP-1 (I)/epithelial transcript in epithelial cell lines, here we
demonstrate that both promoters are active in tissues of both epithelial and hematopoetic
origin. Furthermore, we show that SHP-1 protein and mRNA is induced by a variety of
cytokines in CNS glia and peripheral hematopoetic cells in a promoter-specific manner.

Importantly, we demonstrate for the first time that virus infection of CNS cells both in vitro
and in vivo significantly induces the expression of SHP-1 mRNA transcripts and protein,
which is in accordance with the fact that virus-induced interferons and pro-inflammatory
cytokines including IL-6 and TNF-α substantially induce SHP-1 levels. The intermediary
role of cytokines in virus-induced SHP-1 was supported by the loss of SHP-1 induction in
vivo in STAT-1-and IRF-1-null mice. In agreement with previous observations that
complete loss of SHP-1 leads to augmented viral loads and inflammation following TMEV
infection (Massa et al. 2002), an increase in SHP-1 activity would be expected to counteract
viral replication partly through increased iNOS activity as recently reported by us
(Bonaparte et al. 2006). Moreover, the role of iNOS and NO in inhibiting NF-κB activity
and tissue inflammation in tissues including the CNS has been demonstrated (Arnett et al.
2002; Ckless et al. 2007).

We have shown that loss of SHP-1 in the CNS as seen in motheaten mice leads to myelin
pathology by currently unknown mechanisms (Massa et al. 2000, 2004). However, recent
evidence indicates that chronic constitutive inflammation and especially increased
production of reactive oxygen species in the CNS of SHP-1-deficient mice during the period
of active myelination may be responsible for the observed effects on myelin. Additionally,
when motheaten mice are infected with TMEV, me/me mice show severe inflammatory
demyelination compared to +/+ littermates (Massa et al. 2002). Similarly, mice deficient in
SHP-1 developed a more severe course of experimental allergic encephalomyelitis and a
more pronounced inflammatory profile compared to wild-type mice (Deng et al. 2002).
These studies point to an important role of SHP-1 in controlling inflammatory
demyelinating processes.

Since viral infections and associated cytokines of innate immunity increase the levels of
SHP-1 protein by inducing the expression of both SHP-1 promoter I and promoter II
transcripts, we elucidated the responsible gene regulatory factors that may be involved. Here
we showed that promoter I drives high expression levels of SHP-1 (I) transcripts in the brain
in an IRF-1-dependent manner. Our data are also compatible with previous observations that
SHP-1 (I) transcripts are under the control of NF-κB (Tsui et al. 2002) because the NF-κB
inducer IL-1β induces promoter I transcript expression in IRF-1 null glia. On the other hand,
STAT-3 appeared to act exclusively to increase the levels of SHP-1 (II) transcripts via
promoter II in response to multiple cytokines. In agreement with these data, analysis of the
SHP-1 promoter revealed the presence of IRF-1 and STAT-3 cis regulatory elements in
promoter I and promoter II respectively, which could be responsible for the promoter-
specific expression of SHP-1 (Fig. 10). Whether these potential regulatory elements are
responsible for IRF-1 and STAT-3 effects on promoter activity requires further studies on
promoter function in CNS glia. Promoter-specific effects of cytokines and downstream
transcription factors may allow modulation of SHP-1 expression in a precise way for tissue-
specific homeostatic or therapeutic purposes.

Several studies demonstrate that human MS lesions and peripheral blood mononuclear cells
from MS patients contain activated transcription factors like NF-κB, STAT-1, STAT-3, and
STAT-6 (Gobin et al. 2001; Cannella and Raine 2004; Frisullo et al. 2006; Zeis et al. 2007;
Eggert et al. 2008), suggesting that regulation of inflammatory signaling may be altered in
MS and may be responsible for inflammatory demyelination. Furthermore, SHP-1 is a
negative regulator of these transcription factors in both the CNS and immune systems
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(David et al. 1995; Massa and Wu 1996a, 1998; Hanson et al. 2003; Bonaparte et al. 2006).
In accordance with that data, we have recently shown that peripheral leukocytes of MS
patients have significantly lower levels of SHP-1 mRNA and protein expression and that MS
patients have elevated levels of inflammatory gene expression controlled by SHP-1
(Christophi et al. 2008).

Therefore, it is of great interest to determine whether IFN-β, a current effective treatment for
the human demyelinating disease multiple sclerosis (Ann Marrie and Rudick 2006; Javed
and Reder 2006), acts to elevate the levels of SHP-1 in both CNS resident cells and
peripheral leukocytes. Preliminary studies in our laboratory, using peripheral blood
mononuclear cells of normal subjects and MS patients have shown that IFN-β increases
SHP-1 protein and mRNA expression. Increased levels of SHP-1 would be expected to
decrease activation of several pro-inflammatory cytokines and associated transcription
factors and attenuate inflammatory gene expression (Fig. 11). Hence, it becomes essential to
delineate the tissue-specific molecular mechanisms controlling the transcriptional regulation
of SHP-1 and to further study the functional effects of increased SHP-1 levels on CNS
inflammatory disease.
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Fig. 1.
Tissue and cell distribution of the SHP-1 transcripts. The y-axis represents the copy number
of each specific mRNA transcript per ng of total RNA. (a) The epithelial transcript of SHP-1
(I), Accession # NM_001077705, was quantified in several mouse tissues and cell types
using sequence-specific primers by real time RT-PCR. (b) The hematopoietic transcript of
SHP-1 (II), Accession # NM_013545, was also quantified in the same samples. (c) The
housekeeping gene GAPDH was quantified in the same tissues. (The x-axis is labeled:
SHP1(I)–106 vectors of the SHP-1 (I) cDNA sequence, SHP1(II)–106 vectors of the SHP-1
(II) cDNA sequence, GAPDH–106 vectors of the GAPDH cDNA sequence, BR-brain,
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SpCo-Spinal Cord, Glia-mixed glia, Astr-astrocytes, Micgl-microglia, N2a-neuronal cell
line, Spl-Spleen, Thy-Thymus, Mast-mast cells, Liv-liver, Kidn-Kidney).
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Fig. 2.
Cytokine treatment and virus infection induce the expression of SHP-1 protein and mRNA
in glial cells. (a) Induction of SHP-1 by proinflammatory cytokines. Glial cells from +/+ or
me/+ mice were treated with 10 ng/mL of IL-6, 10 ng/mL of IL-1β, and 100 U/mL of TNF-
α for 24 h and SHP-1 protein was measured by western immunoblot analysis. Equal
amounts of cell protein extract were loaded per lane (100 µg). (b) Glial cells from +/+, me/
me, or mev/mev (viable motheaten) mice were treated with 1000 U/mL or 10 U/mL of IFN-β
for 24 h and SHP-1 levels were analyzed. (c and d) Wild-type glial cells were infected with
TMEV or treated with dsRNA for either 1 day or 3 days and the levels of SHP-1 (I)/
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epithelial transcripts (c) or SHP-1 (II)/hematopoetic transcripts (d). were measured by real
time RT-PCR.
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Fig. 3.
TMEV infection in vivo induces SHP-1 expression in the CNS. Mice were inoculated
intracerebrally in the right hemisphere with 1 × 106 PFU of TMEV. Mice were sacrificed at
different time points and the right hemisphere of the mice was used for RNA analysis and
the left for protein analysis. (a) Western blot showing SHP-1 expression in +/+, me/+, and
me/me mice before and after 1 or 7 days post-infection. Equal amounts of tissue protein
extract were loaded per lane (100 µg). (b and c) The SHP-1 (I) and SHP-1 (II) transcript
levels in brain of TMEV-infected mice at 0, 4, 7, 17, 28, and 70 days post-infection (d.p.i.)
were measured with real time RT-PCR. (d) Primers recognizing the viral protein 2 (VP2) of
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TMEV were used to quantify the viral RNA loads in the +/+ and me/+ mice. (e) GAPDH
mRNA levels from the same samples were quantified to control for RNA loading.
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Fig. 4.
SHP-1 expression in glia of STAT-1 null mice. Expression of SHP-1 transcripts in mixed
glial cultures of wild-type (wt) and STAT-1 null (STAT-1 KO) mice following 24 h
treatment with medim alone, 100 U/mL of IFN-β, 10 U/mL of IFN-γ, 10 ng/mL of IL-6,
and 10 ng/mL of IL-1β measured with real time RT-PCR (mRNA copy number/1.0 ng total
RNA). (a) SHP-1 (I) transcript mRNA in +/+ glia, (b) SHP-1 (I) transcript mRNA in
STAT-1 null glia, (c) SHP-1 (II) transcript mRNA in +/+ glia, (d) SHP-1 (II) transcript
mRNA in STAT-1 null glia, (e and f) GAPDH levels in glia of +/+ and STAT-1 null mice.
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Fig. 5.
Western blot of the induction patterns of SHP-1 and IRF-1 proteins. Astrocytes from +/+,
me/+, or me/me mice were treated with either IFN-γ (100 U/mL), TNF-α (1000 U/mL), or
IFN-γ and TNF-α combined for 8 h and the levels of SHP-1 and IRF-1 proteins were
detected by chemiluminescence. Equal amounts of cell protein extract were loaded per lane
(100 µg).
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Fig. 6.
SHP-1 expression in glia of IRF-1 null mice. Expression of the SHP-1 transcripts in mixed
glia cultures of wild-type (wt) and IRF-1 null (IRF-1 KO) mice following 24 h treatment
with medium alone, 100 U/mL of IFN-β, 10 U/mL of IFN-γ, 10 ng/mL of IL-6, and 10 ng/
mL of IL-1β was measured with real time RT-PCR and the mRNA copy number/1.0 ng total
RNA is shown. (a) SHP-1 (I) transcript mRNA in +/+ glia. (b) SHP-1 (I) transcript mRNA
in IRF-1 null glia. (c) SHP-1 (II) transcript mRNA in +/+ mice. (d) SHP-1 (II) transcript
mRNA in IRF-1 null mice. (e and f) GAPDH levels in glia of +/+ and IRF-1 null mice.
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Fig. 7.
SHP-1 expression in the CNS of STAT-1 and IRF-1 null mice following TMEV infection.
Wild-type (+/+), STAT-1 null (STAT-1 KO), and IRF-1 (IRF-1 KO) null mice were
inoculated in the right hemisphere with an attenuated stain of TMEV. Mice were sacrificed
at 5 days p.i. to examine the expression levels of SHP-1 in the brain using real-time RT-PCR
(mRNA copy number/1.0 ng total RNA). (a) Promoter I transcript copy numbers per 1.0 ng
of total RNA in the right hemisphere of +/+, STAT-1 null, and IRF-1 null mice before and
after TMEV infection. (b) SHP-1 (II) transcript levels. (c) TMEV RNA levels, and (d)
GAPDH RNA levels.

Christophi et al. Page 23

J Neurochem. Author manuscript; available in PMC 2012 August 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 8.
SHP-1 promoter I and II expression in STAT-3 siRNA-treated glia. Real-time PCR was
used to quantify the expression of the SHP-1 transcripts (mRNA copy number/1.0 ng total
RNA) in mixed glia cultures from wild-type mice pre-treated for 72 h with either siRNA
agaist STAT-3 or scrambled sequence siRNA. Then, glia were treated for 24 h with media
alone, 100 U/mL of IFN-β, 10 ng/mL of IL-6, and 10 ng/mL of IL-1β. (a) SHP-1 (I) in wild-
type glial cells pre-treated with scramble siRNA (b). SHP-1 (I) in glia pre-treated with
siRNA against STAT-3. (c) SHP-1 (II) in wild-type glia cells pre-treated with scramble
siRNA (d) SHP-1 (II) in glia pre-treated with siRNA against STAT-3. (e and f) The levels of
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GAPDH were quantified in the same samples. (g) The efficiency of the siRNA to deplete
STAT-3 mRNA was verified by real time RT-PCR.
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Fig. 9.
SHP-1 transcript expression in splenocyte cultures following cytokine stimulation.
Splenocytes from wild-type mice were cultured for 24 h with media alone, 100 U/mL of
IFN-β, 10 U/mL of IFN-γ, 10 ng/mL of IL-6, and 10 ng/mL of IL-1β. Total RNA was
isolated and analyzed by real time RT-PCR (mRNA copy number/1.0 ng total RNA) to
measure the levels of (a) SHP-1 (I) transcript mRNA. (b) SHP-1 (II) transcript mRNA. (c)
GAPDH mRNA.
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Fig. 10.
Schematic representation of the two SHP-1 transcripts transcribed via promoter I and II. The
gray boxes represent the exons that can form the SH-2 binding domains or the catalytic
domain. Both transcripts translate into identical isoforms except at the N-terminus where the
isoform driven from promoter I, SHP-1 (I), has the amino acids MLSG and the isoform
driven by promoter II, SHP-1 (II) has the amino acids MVR. Promoter I is upstream of exon
I and contains consensus sequences that can bind NF-κB, IRF-1, and SP-1. Promoter II is
found between exon 1 and 2 and has several STAT-3 binding sites. The table lists the
nucleotide sequences of the cis-regulatory elements found either in Promoter I or in
Promoter II both in human and mouse.
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Fig. 11.
Schematic diagram of the signaling pathways contributing to SHP-1 induction. Interferons
and cytokines that result from viral infections can activate either promoter I or II of the
SHP-1 gene. In particular, IFN-γ and IFN-β can activate STAT-1, resulting in the induction
of IRF-1 and subsequent induction of the SHP-1 promoter I transcripts. In contrast, IFN-β
and IL-6 can activate STAT-3, resulting in the induction of promoter II transcripts.
Consequently, the increased SHP-1 activity is expected to counteract viral replication and
inhibit cytokine signaling.
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