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(Background: Hyperactivation of Ras signaling in neurons promotes gliosis and astrocytoma in a cell nonautonomous
Results: Neuronal expression of Kras G12D/+ leads to gliosis and overexpression of SI00A8-S100A9, which serve as chemoat-

Conclusion: Overexpression of SI00A8-S100A9 in neurons is an early event in Kras G12D-induced gliosis.
Significance: SI00A8-S100A9 expressed in nonhematopoietic cells may be involved in early stage tumorigenesis.

J

Previous studies suggest that up-regulation of Ras signaling in
neurons promotes gliosis and astrocytoma formation in a cell
nonautonomous manner. However, the underlying mechanisms
remain unknown. To address this question, we generated com-
pound mice (LSL Kras G12D/+;CamKII-Cre) that express onco-
genic Kras from its endogenous locus in postmitotic neurons
after birth. These mice developed progressive gliosis, which is
associated with hyperactivation of Ras signaling pathways.
Microarray analysis identified S100A8 and S100A9 as two
secreted molecules that are significantly overexpressed in
mutant cortices. In contrast to their usual predominant expres-
sion in myeloid cells, we found that overexpression of SI00A8
and S100A9 in the mutant cortex is primarily in neurons. This
neuronal expression pattern is associated with increased infil-
tration of microglia in mutant cortex. Moreover, purified
S100A8-S100A9 but not S1I00A8 or S100A9 alone promotes
growth of primary astrocytes in vitro through both TLR4 and
receptor of advanced glycation end product receptors. In sum-
mary, our results identify overexpression of SI00A8-S100A9 in
neurons as an early step in oncogenic Kras-induced gliosis.
These molecules expressed in nonhematopoietic cells may be
involved in tumorigenesis at a stage much earlier than what has
been reported previously.
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Pilocytic astrocytoma (PA),” alow grade glioma (WHO grade
I), is the second most common brain tumor found in children
(1). These tumors may arise anywhere within the neuroaxis
and are generally composed of neoplastic glial fibrillary
acidic protein (GFAP)-positive cells (2). The earlier observa-
tion that one-third of PA tumors arise in children with the
neurofibromatosis type 1 (NF1) implicates the involvement
of the NF1 gene in the molecular pathogenesis of PA (3). NF1
encodes a GTPase-activating protein (GAP) of p21 RAS pro-
teins, which accelerates the intrinsic hydrolysis of RAS-GTP
to RAS-GDP and the conversion of Ras from its active GTP-
bound form to an inactive GDP-bound form (4). Consistent
with the role of Nfl as a RAS-GAP (a negative regulator of
Ras signaling), loss of Nf1 expression in various cell types is
associated with higher levels of activated Ras (Ras-GTP) and
increased Ras downstream signaling in both human and
mouse (5-11), whereas overexpression of the GAP domain
of Nf1 leads to reduction of Ras hyperactivation to wild-type
levels (12). These studies implicate the possible involvement
of oncogenic RAS in PA development. Indeed, subsequent
studies identified mutations in the KRAS gene in ~5% of
sporadic NF1-free PA patients (1, 13).

Extensive research has been focusing on how dysregulated
Ras signaling leads to PA. Ablation of Nfl expression in neu-
rons results in severe reactive gliosis in mouse, indicating a
cell-nonautonomous role of neurons in gliosis, a condition
involved in many diseases of the central nervous system (e.g.
inflammation and stroke) (14). However, these mice show no
evidence of neurofibromas or optic pathway gliomas (a subtype
of PA) that are common features of human NF1 (15). These
data indicate that although NfI-deficient neurons promote
proliferation/survival of wild-type glial cells, they are insuffi-
cient to generate gliomas. Astrocyte-specific knock-out of Nf1

2The abbreviations used are: PA, pilocytic astrocytoma; RAGE, receptor of
advanced glycation end products; GFAP, glial fibrillary acidic protein; P1,
postnatal day 1; GAP, GTPase-activating protein.
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in mice leads to preferential hyperactivation of Kras but not
other Ras isoforms (12). Astrocyte-specific expression of
endogenous oncogenic Kras (Kras G12D) (12) or astrocyte-spe-
cific inactivation of Nf1 (16) results in moderate gliosis but does
not lead to PA. However, in combination with germ line
removal of one copy of Nfl, these genetic alterations result in
optic pathway gliomas (12, 17). These results suggest that
although dysregulated Ras signaling in astrocytes alone (either
through loss of Nf1 or expression of oncogenic Kras) is insuffi-
cient to generate gliomas, these astrocytes in the presence of
NfI heterozygous neurons might be able to generate gliomas. It
is likely that neurons with dysregulated Ras signaling secrete
growth factors/chemokines that support proliferation and/or
survival of adjacent astrocytes and thus promote gliosis and
gliomas.

S100A8 and S100A9 are predominantly expressed and
secreted by myeloid cells, including granulocytes, monocytes,
myeloid-derived suppressor cells, and other immature cells of
myeloid lineage (18, 19). They belong to a family of more than
20 EF-hand motif calcium-binding proteins in vertebrates.
Secreted S100A8-S100A9 are reported to bind to Toll-like
receptor 4 (TLR4) and receptor of advanced glycation end
products (RAGE) and play an important role in anti-infection,
autoimmunity, and cancer (18, 19). Under inflammatory con-
ditions as well as in many tumors, the expression levels of
S100A8 and S100A9 are significantly up-regulated. Recent
studies show that SI00A8-S100A9 not only serve as markers of
immune cells within the tumor microenvironment, but they
also play independent pathogenic roles in cancer progression
and metastasis. However, up-regulation of S100A8-S100A9
expression in nonhematopoietic cells and their involvement in
early stage tumorigenesis have not been reported before.

Here, we use a mouse model that expresses endogenous
oncogenic Kras in post-mitotic neurons since postnatal day 1
(P1) to study the molecular mechanisms underlying how dys-
regulated Ras signaling in neurons leads to gliosis, a process
involving neuron-to-astrocyte signaling that may be important
for astrocytoma formation. Our results identify SI00A8 and
S100A9 as major players mediating this process. These mole-
cules are predominantly overexpressed in mutant neurons and
can directly promote astrocyte growth in vitro through both
RAGE and TLR4 receptors. Increased infiltration of microglia
in the mutant cortex might also contribute to the gliosis phe-
notype. Our study identifies elevated expression of SI00A8 and
S100A9 in neurons as an early and key step in oncogenic Kras-
induced gliosis and suggests a potential role of these molecules
in pre-cancer or early stage tumorigenesis.

MATERIALS AND METHODS

Mice—The LSL Kras G12D/+ mice (20) were crossed to
CamKII-Cre transgenic mice (21, 22) to generate mice carrying
both alleles (LSL Kras G12D/+;CamKII-Cre). All mouse lines
were maintained on a pure C57BL/6 genetic background
(>N10). All experiments were conducted with the ethical
approval of International Association for Assessment and
Accreditation of Laboratory Animal Care at the University of
Wisconsin-Madison.
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Microarray Analysis—Total RNAs were isolated from the
cortices of four pairs of mutants and their littermate controls
(17-19 weeks old). Microarray was performed using the whole
mouse genome array (4X44K; Agilent Technologies). Statistical
analysis of the obtained data were performed using Edge® soft-
ware (23) to identify differentially expressed genes. The identi-
fied significantly up-regulated genes were sorted into biological
pathways using DAVID functional analyses (24, 25).

Western Blot Analysis—Preparation of protein lysates from
cortices and analysis of Western blot were performed essen-
tially as described previously (26). Briefly, the cortex regions
were isolated from the whole brain, rinsed with PBS, and soni-
cated in lysis buffer containing 7 M urea, 2 M thiourea, 4%
CHAPS, 130 mwm dithiothreitol, a complete protein inhibitor
mixture (Roche Applied Science), and 1 mm NaF and Na,VOs,.
Protein lysates were resolved on 4-12% polyacrylamide gels
(Novex) in MOPS buffer. The primary antibodies against the
following antigens were used in this study: GFAP (1:1000; Mil-
lipore), SI00A8 and S100A9 (10 pg/ml; R & D Systems), a-
actin (1:5000; Sigma), IkBB (1:2000; Santa Cruz Biotechnol-
ogy), and ERK, p-ERK, Akt, p-Akt, p85/70S6K, and p-p85/
70S6K (1:1000; Cell Signaling Technologies). Protein expres-
sion levels were quantified using ImageQuant software (GE
Healthcare) and normalized against their respective controls.

Immunofluorescence Staining—Free-floating sections were
cut at 40 um on a freezing microtome. Primary antibodies were
used against GFAP (1:1000; Millipore) or Ki67 (1:500; DAKO)
and followed by Cy2- or Cy3-conjugated secondary antibodies
(Jackson ImmunoResearch). Slides were counterstained with
DAPI (Vector Laboratories) and mounted in Fluoromount G
(Electron Microscopy Sciences). The sections were examined
using fluorescence microscopy (Zeiss).

Semi-quantitative RT-PCR—Total RNAs were isolated from
dissected cortices using RNeasy mini kit (Qiagen). First strand
c¢DNAs were synthesized using random primers and Super-
Scriptll reverse transcriptase (Invitrogen). The PCRs were per-
formed under the following conditions: 94 °C for 2 min, 34
cycles at 94 °C for 30's, 60 °C for 30 s, and 72 °C for 30 s. Primers
used for RT-PCR were as follows: 5'-TGAGCAACCTCATTG-
ATGTCTACC-3’ (forward) and 5-ATGCCACACCCACTTT-
TATCACC-3’ (reverse) for mS100A8; 5'-TCATCGACACCT-
TTCCATCAA-3’ (forward) and 5'-GATCAATGCCATCAG-
CA-3' (reverse) for mS100A9. The PCR products were
quantified using ImageQuant software (GE Healthcare) and
normalized against GAPDH.

Isolation and Analysis of Myeloid Cells—Mice were perfused
with Hanks’ balanced salt solution before cortex or whole
brain dissection. Microglia/macrophages were enriched
using Percoll gradient centrifugation from homogenized tis-
sue essentially as described previously (27, 28). The enriched
viable cells were counted in 0.4% trypan blue (Sigma). The
isolated cells were stained simultaneously with allophyco-
cyanin (APC)-conjugated antibody against Macl (M1/70),
phycoerythrin (PE)-conjugated antibody against CD45 (30-
F11), and fluorescein isothiocyanate (FITC)-conjugated anti-
body against Gr-1 (RB6—8C5). All antibodies were purchased
from eBiosciences. The stained cells were analyzed on a FAC-
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SCalibur (BD Biosciences). The data were analyzed using
FlowJo Version 9.0.2 software (Version 1.0.2, TreeStar).

Immunohistochemistry—Paraffin sections were cut at 5 um,
deparaffinized, and rehydrated. The color visualization of the
primary antibodies was performed with either the SuperSensi-
tiveT™ polymer-HRP IHC Detection System (for GFAP, Ibal,
and NeuN; BioGenex) or Vectastain Elite ABC kit (for SI00AS8
and S100A9; Vector Laboratories) according to the manufac-
turer’s instructions. Slides were counterstained with hematox-
ylin and mounted with Permount. The primary antibodies
against following antigens were used in this study: GFAP
(1:1000; Millipore), Ibal (1:200; Wako), NeuN (1:1000; Milli-
pore), SI00A8 (1:50; Santa Cruz Biotechnology), and S100A9 (5
pg/ml; R&D Systems). The sections were examined using
bright field microscopy (Leica).

Purification of S1I00A8 and S100A9 Proteins—S100A8 and
S100A9 were amplified from wild-type mouse spleen. The PCR
products were cloned into the pFC-14K HaloTag T7 Flexi vec-
tor (Promega). Recombinant S100A8-Halo and S100A9-Halo
proteins were purified using HaloLink resin (Promega), and the
HaloTag was removed via proteolytic cleavage using HaloTEV
protease (Promega) according to the manufacturer’s instruc-
tions. Purified proteins were separated by SDS-PAGE and
stained with Coomassie Blue to confirm their purities.

Primary Cell Cultures—Cortices were isolated from wild-
type mice on postnatal day 1, dissociated, and cultured for neu-
rons (Neurobasal medium (Invitrogen) containing B27, gluta-
mine, and penicillin/streptomycin) or astrocytes (DMEM
containing 1% FBS and penicillin/streptomycin) essentially as
described (29). 500 live astrocytes were seeded in triplicate in
96-well plates in the presence of vehicle or various concentra-
tions of purified SI00A8 and/or S100A9. To block the function
of SI00A8-S100A9 receptors, cells were treated with 50 ng/ml
rat IgG2a (isotype control for TLR4 antibody), goat IgG (isotype
control for RAGE antibody), TLR4 blocking antibody (clone
MTS510, eBioscience) (30), or RAGE blocking antibody (R&D)
(31) for 1 h prior to the addition of vehicle or 50 ng/ml of puri-
fied SI00A8-S100A9. After 96 h in culture, numbers of viable
cells were determined using CellTiter Glo Assay (Promega)
according to the manufacturer’s instructions.

To visualize cultured astrocytes, 2500 live cells were seeded
on polylysine (Sigma)-coated coverslips in 24-well plates and
cultured in the presence of SI00A8-S100A9 (50 ng/ml) or vehi-
cle. After 96 h in culture, cells were fixed with 4% paraformal-
dehyde and permeabilized with 0.3% Triton X-100 in PBS.
Immunofluorescence staining for GFAP was performed as
described above.

RESULTS

Kras GI12D/+ Mutant Cortex Displays a Progressive Gliosis—
To induce expression of oncogenic Kras in postmitotic neu-
rons, we bred conditional oncogenic Kras mice (Lox-Stop-Lox-
[LSL] Kras G12D/+) (20) with CamKII-Cre transgenic mice
(21, 22) to generate compound mice (LSL Kras G12D/+;Cam-
KII-Cre) on a pure C57BL/6 background. We refer to these
compound mice as Kras G12D/+ mice and CamKII-Cre mice
as wild-type control mice throughout.
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To determine whether neuronal expression of endogenous
oncogenic Kras leads to gliosis, we examined GFAP expression
in forebrain, midbrain, and hindbrain from 8-week-old control
and Kras G12D/+ mutant mice using Western blot analysis
(supplemental Fig. S1). Only mutant forebrain showed signifi-
cant up-regulation of GFAP compared with controls. Thus,
we focused on the cortex for further characterization. As
expected, the GFAP level in mutant cortex was significantly
elevated (~3-fold compared with control cortex) (Fig. 14).
To confirm that the increased GFAP level in mutant cortex is
due to increased number of GFAP-positive astrocytes, we
performed GFAP immunofluorescence staining on serially
sectioned control and mutant cortices (Fig. 1B). Kras
G12D/+ mutant mice displayed extensive GFAP immuno-
reactivity, which reflects gliosis throughout the cerebral cor-
tex. Our result is consistent with a previous report that loss
of NF1 function in neurons induces reactive gliosis in the
brain (14). Further analysis with simultaneous staining of
Ki67 and GFAP detected no appreciable level of proliferation
in these GFAP™ astrocytes in the cortex (Fig. 1C). As a pos-
itive control, Ki67 immunoreactivity was readily detected in
neural stem/progenitor cells in both the subventricular zone
and the subgranular zone on the same section.

Because mutant neurons express oncogenic Kras since post-
natal day 1 (P1), we analyzed control and mutant mice at differ-
ent ages to determine the onset of gliosis in mutant cortex
(Table 1). Three of three 4-week-old Kras G12D/+ mice
showed indistinguishable GFAP immunoreactivity from con-
trol mice, whereas 4/5 8- and 3/3 15-week-old mutant mice
displayed strong GFAP immunoreactivity compared with con-
trols. Our results indicate that Kras G12D/+ cortex develops a
progressive gliosis. However, none of the mutant mice devel-
oped astrocytoma. Furthermore, to determine whether this
gliosis phenotype is associated with neuronal degeneration, we
examined Kras G12D/+ cortices for evidence of necrosis or
apoptosis using H&E and caspase 3 staining and were unable to
detect evidence of degenerating neurons. These results suggest
that expression of Kras G12D/+ in neurons might alter normal
neuronal physiology and thus exerts an effect on surrounding
astrocytes (14, 32, 33).

Neuronal Expression of Kras G12D/+ Promotes Hyperactiva-
tion of Multiple Downstream Signaling Pathways in Mutant
Cortex—To investigate whether expression of endogenous
oncogenic Kras in neurons promotes aberrant downstream sig-
naling in the mutant cortex, we first examined the well charac-
terized Ras effector pathways, PI3K/Akt and MEK/ERK, in
lysates prepared from freshly isolated control and mutant cor-
tices (Fig. 2, A and B). As expected, both pathways were hyper-
activated in mutant cortices. Consistent with this result, the
level of phospho-S6K, a convergent target of the Akt and ERK
pathways, was also significantly elevated in mutant cortices
(Fig. 2C). It was previously shown that NF«B is activated by
oncogenic Ras (34, 35), and activation of the NF«B pathway is
required for oncogenic Kras-induced lung tumorigenesis (36).
Thus, we examined the expression level of IkBf3, a negative
regulator of the NF«kB pathway, in control and mutant cortices
and found that IkBB was down-regulated in Kras G12D/+ cor-
tex (Fig. 2D). Taken together, these results indicate that neuro-

VOLUME 287 +NUMBER 27+JUNE 29, 2012


http://www.jbc.org/cgi/content/full/M112.357772/DC1

Neuronal Expression of Kras G12D Induces Gliosis

o

2 .
2 P=0.016
c 4
Control KrasG12D/+ %
7]
— e a— w—  GFAP ,uaa.-"’
X
- au» am» e (octn
51 I
[]
14
0
Control KrasG12D/+
B GFAP T

KrasG12D/+

DAPI GFAP/DAPI
20X 20X
63X

| KrasG12D/+ || Control |

| GFAP || Ki67 ” DAPI Il GFAP/Ki67/DAPI I

--
-

FIGURE 1. Neuronal expression of endogenous Kras G12D induces gliosis. In compound CamKII-Cre; LSL Kras G12D/+ (Kras G12D/+) mice, expression of
endogenous Kras G12D was induced in postmitotic neurons since P1. A, expression levels of GFAP were analyzed by Western blot using protein extracts from
cortices of 8-week-old control and Kras G12D/+ mice. GFAP levels relative to B-actin levels in Kras G12D/+ cortices were quantified and compared with those
in control cortices (n = 4). The average of control is arbitrarily set at 1. Results are presented as average + S.D. Asterisk indicates statistically significant change.
B and G, representative images of coronal sections (40 um thickness, Cryostat) of the cortices stained with GFAP antibodies (red) and DAPI (blue) or (B) GFAP

antibodies (green), Ki67 antibodies (red), and DAPI (blue) (C).

TABLE 1
CamKII-Cre;KrasG12D/+ mice develop a progressive gliosis
+++, strong expression; ++, moderate expression; -, no expression.

Age Genotypes GFAP immunostaining
4 weeks Control (n = 2) -
CamKII-Cre;KrasG12D/+ (n = 3) -
8 weeks Control (n = 3) -
CamKII-Cre;KrasG12D/+ (n = 5) +++ (4/5), ++ (1/5)
15 weeks  Control (n = 2)

CamKII-Cre;KrasG12D/+ (n = 3)  +++

nal expression of oncogenic Kras indeed elicits profound sig-
naling changes in the mutant cortex, and these changes might
contribute to gliosis.

S100A8 and S100A9 Are Significantly Overexpressed in Kras
GI12D/+ Neurons—Because hyperactivation of Ras signaling is
often associated with overproduction of secreted proteins (37),
we hypothesized that Kras G12D neurons provide additional
growth factors that support proliferation and/or survival of
adjacent astrocytes, which subsequently leads to gliosis. To
identify such potential growth factors, we examined gene tran-
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scription profiles in four pairs of control and mutant cortices
using Agilent two-color microarray analysis. The significantly
dysregulated genes were further analyzed to identify genes
encoding known or unknown secreted proteins. SI00A8 and
S100A9 were found as two of the most up-regulated genes
encoding secreted proteins in a mutant cortex (Fig. 3A4). This
microarray result was further validated using semi-quantitative
RT-PCR at the RNA level (Fig. 3B) and Western blot analysis at
the protein level (Fig. 3B).

Because S100A8 and S100A9 are primarily expressed in mye-
loid cells (18), for example, neutrophils, monocytes, and tissue-
infiltrated macrophages, we were wondering which cell type(s)
overexpresses them in the Kras G12D/+ cortex. Three major
cell types could be readily labeled in a mutant cortex using
immunohistochemical staining as follows: NeuN for neurons,
GFAP for astrocytes, and Ibal for microglia (Fig. 44). We found
that in Kras G12D/+ cortices, both SI00A8 and S100A9 were
predominantly overexpressed in neurons (Fig. 4B), supporting
our initial hypothesis.
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FIGURE 2. Ras signaling pathways are hyperactivated in Kras G12D/+ cortex. Protein lysates were prepared from 12- to 18-week-old control and CamKII-
Cre; LSL Kras G12D/+ (Kras G12D/+) cortices. Activation of multiple signaling pathways downstream of Kras was measured by Western blot. The averages of
controls are arbitrarily set at 1. Results are presented as average + S.D. Asterisks indicate statistically significant changes. A-C, phosphorylated and total levels
of Akt (A, n = 3), ERK (B, n = 3),and p85/70S6K (C, n = 4) proteins were measured by Western blot. Phosphorylated protein levels relative to their total protein
levels in Kras G12D/+ cortices were quantified and compared with those in control cortices. D, expression levels of IkBf3, a negative regulator of NF-«B
signaling, relative to B-actin levels in Kras G12D/+ cortices were quantified and compared with those in control cortices (n = 3).

Kras G12D/+ Cortex Shows Increased Infiltration of Myeloid
Cells—Several studies show that S100A8 and S100A9 act as
strong chemoattractants for monocytes and neutrophils (38—
41). Therefore, we further analyzed microglia and macrophages
in control and mutant cortices to determine whether overex-
pression of SI00A8 and S100A9 in mutant neurons is corre-
lated to increased infiltration of these cells. Immunohisto-
chemical staining of Ibal displayed that in some areas of mutant
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cortex the number of microglia appeared significantly in-
creased (supplemental Fig. S2).

To accurately quantify the number of infiltrated myeloid
cells in control and mutant cortices, these cells were enriched
and analyzed using flow cytometry (Fig. 5) (27, 28). The total
number of recovered myeloid cells was significantly increased
in mutant cortices compared with that in control cortices (~2-
fold increase of Macl™ cells, M; Fig. 5B). Further fractionation
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FIGURE 3. S100A8 and S100A9 are overexpressed in Kras G12D/+ cortex. A, expression level changes of ST00A8 and ST00A9 in four pairs of control and
CamKII-Cre; LSL Kras G12D/+ (Kras G12D/+) cortices (17-19 weeks old) using Agilent mouse whole-genome microarray analysis (p < 0.01). Band C, validation
of microarray results by semi-quantitative RT-PCR (B) and Western blot (C). The averages of controls are arbitrarily set at 1. Results are presented as average +
S.D. Asterisks indicate statistically significant changes. B, STO0A8 or STO0A9 mRNA levels relative to GAPDH levels in Kras G12D/+ cortices were quantified and
compared with those in control cortices (n = 4). C, ST00A8 or S100A9 protein levels relative to B-actin levels in Kras G12D/+ cortices were quantified and

compared with those in control cortices (n = 4).
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FIGURE 4.S100A8 and S100A9 are overexpressed in Kras G12D/+ neu-
rons. Cortices were isolated from 12-week-old control and CamKlI-Cre;
LSL Kras G12D/+ (Kras G12D/+) mice (n = 3). Serial coronal sections were
cut at 5 um thickness (paraffin) and analyzed by NeuN, GFAP, Ibal,
S100A8, and S100A9 immunohistochemical staining. A, representative
images of NeuN, GFAP, and Iba1l immunoreactivities to show the morpho-
logies of neurons, astrocytes, and microglia, respectively, in Kras G12D/+
cortex. B,immunohistochemical analysis of ST00A8 and ST00A9 in control
and Kras G12D/+ cortex. Panels c and d, high magnification views of the
boxed area in panels a and b. The insets in panels c-f show high magnifica-
tion views of cells overexpressing ST00A8 in panels ¢ and d or ST00A9 in
panels e and f. Morphologically, ST00A8- or S100A9-positive cells resem-
ble neurons. Ctx, cerebral cortex.

JUNE 29, 2012 +VOLUME 287+NUMBER 27

of recovered myeloid cells showed that the number of microglia
(Macl™* CD45™4, R2; Fig. 54) (42) was moderately increased in
mutant cortices (~2.2-fold over controls), although the num-
bers of macrophages (Macl ™ CD45", R1; Fig. 54) (42) and neu-
trophils (Macl™ Gr1™, M1; Fig. 5B) were much more elevated
in mutant cortices compared with those in controls (above
4-fold increase). To determine whether increased myeloid cells
in Kras G12D/+ cortices is caused by overproduction of these
cells in blood, we performed a complete blood count in a large
cohort of control and Kras G12D/+ mice, and no such evidence
was found (Table 2). Rather, our results suggest that increased
infiltration of microglia/macrophages and neutrophils in
mutant cortices might be mediated through chemokines
(including S100A8 and S100A9) produced by Kras G12D/+
neurons.

Purified S100A8-S100A9 Promotes Primary Astrocyte
Growth in Vitro Partially through the TLR4 and RAGE Re-
ceptors—To test whether SI00A8 and S100A9 can exert any
direct effects on astrocytes, we first examined whether these
cells express the receptors for SI00A8 and S100A9, TLR4 (43),
and/or RAGE (44). Indeed, both TLR4 and RAGE were readily
detectable in cultured primary astrocytes using RT-PCR (sup-
plemental Fig. S3). We then purified SI00A8 and S100A9 from
transiently transfected 293T cells using HaloTag purification
system (Fig. 6A4). When primary astrocytes were cultured in the
presence of these exogenous factors, we found that only
S100A8-S100A9, but not SI00A8 alone or SI00A9 alone, pro-
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TABLE 2

Complete blood count analysis of CamKII-Cre;KrasG12D/+ and control mice
The p value is 0.06, 0.14, 0.27, and 0.2 for WBC, hematocrit, platelet, and RBC, respectively.

WBC (x 10> per pl) Hematocrit Platelet (X 10° per ul) RBC (X 10° per pl)
Genotype Range Median Range Median Range Median Range Median
%
Control (n = 10) 3.2-8.8 6.5 42-47.6 44 898-1290 1141 8.66-9.88 9.23
KrasG12D/+ (n = 12) 2-11.8 9 38.6-66.4 46 838-1592 1175 7.96-13.26 9.31

moted astrocyte growth in a dose-dependent manner (Fig. 6B).
Further examination of cultured astrocytes in the presence of
S100A8-S100A9 not only validated increased cell numbers as
shown in CellTiter Glo assay (Fig. 6B) but also demonstrated
up-regulation of GFAP compared with vehicle control (Fig.
6C). These effects are consistent with the phenotypes we
observed in vivo, suggesting that neuronal expression of endog-
enous Kras G12D induces gliosis mainly through up-regulating
S100A8-S100A9 expression.

To determine whether SI00A8-S100A9 promotes astrocyte
growth through the known TLR4 and/or RAGE receptors, we
cultured primary astrocytes with 50 ng/ml of SI00A8-S100A9
and in the presence of isotype control antibodies, TLR4 block-
ing antibody, or RAGE blocking antibody over a wide range of
concentrations (50 -200 ng/ml) (Fig. 6D). Both of these block-
ing antibodies efficiently inhibited astrocyte growth promoted
by SI00A8-S100A9.

22954 JOURNAL OF BIOLOGICAL CHEMISTRY

Purified S100A8-S100A9 Does Not Directly Activate Periph-
eral Blood Monocytes/Macrophages—We tested whether
S100A8-S100A9 directly activates monocytes/macrophages
(supplemental Fig. S4). Peripheral blood monocytes/macro-
phages were incubated with or without 1 wg/ml LPS (serving as
a positive control) or 50 ng/ml purified SI00A8-S100A9. Upon
LPS stimulation, production of TNFa was observed in ~55% of
monocytes/macrophases, a hallmark of monocyte/macrophage
activation. However, production of TNFa« in these cells incu-
bated with S100A8-S100A9 was comparable with that in
unstimulated cells, indicating that SI00A8-S100A9 does not
directly activate monocytes/macrophages.

DISCUSSION

In this work, we study the molecular mechanisms underlying
gliosis induced by Kras G12D/+ neurons. First, expression of
endogenous Kras G12D/+ in postmitotic neurons after birth
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FIGURE 6. S100A8-S100A9 complex promotes astrocyte growth in vitro partially through the TLR4 and RAGE receptors. A, purification of mouse
S100A8 and S100A9 proteins from transiently transfected HEK293T cells. Left panels, Coomassie Blue-stained SDS-polyacrylamide gels show purification
of mS100A8 and mS100A9 proteins using the HaloTag purification system. Cell lysate represents the total protein extracts from transiently transfected
HEK292T cells; flow-through represents the unbound lysate after an overnight incubation with HaloLink resin, and purified proteins are the tag-free
mS100A8 and mS100A9 proteins after HaloTag-TEV protease cleavage of the HaloLink resin. Red arrowheads indicated the mS100A8-Halo or mS100A9-
Halo overexpressed in HEK293T cells. Right panels, Western blot analysis of STO0A8 and S100A9 confirms the identities of purified proteins. Note: minor
fraction of mS100A9 was purified as homodimers, similar to purified hST00A9 in other reports. B, C, and D, cortices were isolated from wild-type P1
neonates and dissociated. Cells were cultured in vitro to promote astrocyte growth. Confluent astrocytes were split and seeded in triplicate in 96-well
plates. Astrocytes were cultured for 96 h before analyses. B, cell viability was analyzed by CellTiter Glo assay. Percentages of astrocyte growth in response
to S100A8 alone, STO0A9 alone, or ST00A8-S100A9 complex were quantified relative to vehicle control, which is arbitrarily set at 100%. Results are
presented as average + S.D. (n = 5). C, representative images of GFAP staining (green) in wild-type astrocytes cultured in the presence of 100 ng/ml
S100A8-S100A9 complex or vehicle. The cell nuclei were counterstained with DAPI (blue). D, astrocyte cultures were set up as described under “Materials
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induces a progressive gliosis but not astrocytoma. Second, over-
expression of S100A8 and S100A9 in mutant neurons corre-
lates with increased infiltration of microglia and other myeloid
cells in mutant cortex. These cells might partially contribute to
the gliosis phenotype. Third, purified ST00A8-S100A9 but not

JUNE 29, 2012+ VOLUME 287 +NUMBER 27

S100A8 or S100A9 alone promotes primary astrocyte growth in
vitro through both RAGE and TLR4 receptors.

Neuronal Expression of Endogenous Kras G12D/+ Induces a
Progressive Gliosis but Not Astrocytoma—Gliosis often occurs
in response to infection, injury, or neurodegeneration. Under
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these conditions, astrocytes in the central nervous system
undergo hypertrophy, which is associated with altered gene
expression, including up-regulation of GFAP (45). One post-
mortem case study reported three NF1 patients with extensive
astrogliosis (46), suggesting that in the case of dysregulated Ras
signaling gliosis might reflect a pre-cancer stage. The develop-
ment of progressive gliosis in our model (Fig. 1 and Table 1) is
consistent with that observed in the NF15"*'KO mice, in which
Nfl expression is specifically ablated in neurons (14). How-
ever, we do not observe the cortical compression phenotype
reported in NF1%™KO mice. This difference is likely due to the
different temporal expression of the Cre recombinase. Synap-
sin I-Cre drives Nfl loss in neurons as early as embryonic day
12.5 (14), although CamKII-Cre induces Kras G12D expression
since P1 (21, 22). In addition, because the spatial patterns of Cre
recombinase are different between these two Cre lines, gliosis is
observed primarily in the cerebral cortex in our model (supple-
mental Fig. S1), although it is most severe in the brainstem in
the NF15"™KO mice (14). Because our model involves the
expression of Kras G12D in all forebrain neurons, it might not
recapitulate gliosis occurring under a physiological condition of
infection, injury, or neurodegeneration, which only involves
local or a group of neurons.

Gliosis in the NF1"™'KO mice is not associated with exten-
sive neuronal death or microgliosis (14). In our model, although
we did not observe any evidence of neurodegeneration,
increased infiltration of microglia and other types of myeloid
cells to the mutant cortex is evident (Fig. 5). Because it is well
documented that microglia play an important role in inflamma-
tory diseases of the brain as well as in brain tumors (42),
increased infiltration of microglia in the Kras G12D/+ cortex
might partially contribute to the gliosis phenotype. In addition
to the different temporal and spatial expression patterns of Cre
lines used in two studies, the difference in signaling strength
elicited by the loss of Nfl and the expression of Kras G12D
might also attribute to the distinct involvement of microglia in
gliosis. Biochemically, NF1 inactivation is a less severe lesion
than an oncogenic Ras mutation because oncogenic Ras muta-
tions impair both endogenous Ras GTPase activities and the
association of Ras proteins with Ras GAP proteins, whereas
NF1 abolishes its interaction with Ras proteins without affect-
ing their GTPase activities. In addition, NF1 is only one of more
than 20 Ras GAP proteins found in mammals. It is likely that its
inactivation is partially compensated by other family members.
Conceivably, the Ras-GTP level might be lower in cells deficient
in NF1 than in cells expressing endogenous oncogenic Kras.
This possibility is further supported by studies in the hemato-
poietic system from us and other groups, which show that the
myeloproliferative phenotypes induced by oncogenic Kras are
much more severe than those initiated by NF1 deficiency
(47-49).

The absence of astrocytoma in our model is not surprising
because previous studies suggest that dysregulation of Ras sig-
naling in only one cell type, either in neurons or astrocytes, is
insufficient to cause astrocytoma (12, 14, 16). Rather, these
genetic alterations in astrocytes in combination with germ line
removal of one copy of Nfl result in optic pathway gliomas (12,
17), suggesting that more than one cell type is required in brain
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tumorigenesis. Thus, neural stem cells that can generate both
neurons and astrocytes become an attractive candidate to ini-
tiate astrocytomas. The role of neural stem cells in astrocytoma
development has been validated by the findings that concomi-
tant deletion of p53 and PTEN or expression of Kras G12D in
neural stem cells leads to highly penetrant astrocytoma (50, 51).
Nonetheless, our model of postmitotic neuron-specific expres-
sion of oncogenic Kras allows us a unique opportunity to study
neuron-to-astrocyte signaling that may be important for astro-
cytoma formation. Indeed, gene set enrichment analysis of our
microarray results reveals that glioma-associated genes are sig-
nificantly enriched among genes differentially expressed in the
Kras G12D mutant cortex.

S100A8 and S100A9 Play Dual Functions in Kras G12D-in-
duced Gliosis—Our data suggest that SI00A8 and S100A9 act
as both growth factors to promote primary astrocyte growth
and chemokines to induce the infiltration of myeloid cells to
the cortex, consistent with the dual role of these molecules in
inflammation-associated cancer (52). The growth-promot-
ing activity of SI00A8-S100A9 on various human cancer
cells was previously documented (31, 53). This activity was
mediated by RAGE. Consistent with this finding, we found
that primary astrocytes express RAGE (supplemental Fig.
S3). Interestingly, after SI00A8-S100A9 binds to RAGE,
multiple signaling pathways are activated, including Ras/
ERK/NFkB and PI3K/Akt (31, 44, 53). Thus, it is possible
that the profound signaling changes we observed in the Kras
G12D/+ cortex (Fig. 2) are caused by a combination of neu-
ronal expression of Kras G12D and overexpression of
S100A8-S100A9. However, in contrast to previous studies,
S100A8-S100A9 promotes astrocyte growth at a concentra-
tion in the range of nanograms/ml (Fig. 6B) rather than
micrograms/ml, more consistent with their role as growth
factors. Moreover, unlike their effect on human cancer cells,
the growth-promoting activity of SI00A8-S100A9 on astro-
cytes is through both RAGE and TLR4 receptors (Fig. 6D).

The observed increased infiltration of microglia and other
types of myeloid cells in the mutant cortex (Fig. 5) could be
caused by elevated myeloid cells in the peripheral blood of
mutant mice. We think this is unlikely, because the complete
blood cell count in mutants is indistinguishable from that of
wild-type control (Table 2). Alternatively, Kras G12D/+ neu-
rons may secret chemotactic factors to attract more myeloid
cells. Indeed, several studies have reported that S100A8 and
S100A9 act as strong chemoattractants for monocytes and neu-
trophils (38 —41) as well as for metastatic lung cancer cells (54).
Thus, it is possible that SI00A8 and S100A9 overexpressed/
secreted by the Kras G12D/+ neurons serve as chemokines to
attract monocytes and neutrophils.

A Model for Kras G12D/+ Neuron-induced Gliosis—Based
on our data, we propose the following model to explain neuro-
nal expression of Kras G12D-induced gliosis (supplemental Fig.
S5). When postmitotic neurons express Kras G12D from its
endogenous locus after birth, expression levels of SI00A8 and
S100A9 are significantly elevated. Secreted S100A8-S100A9
may act as chemoattractants for myeloid cells (e.¢g. monocytes
and neutrophils). The increased infiltration of these cells in
turn might regulate mutant neurons and wild-type astrocytes in
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the mutant cortex. Over time, significant overexpression of
S100A8-S100A9 potentially promotes astrocyte growth and
eventually leads to severe gliosis. This model will be tested in
future studies using genetic approaches.
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