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Background: Nuclear factor I (NFI)
phosphorylation controls the expression of glial
genes associated with migration.

Results: NFI is dephosphorylated and activated by
a cleaved form of calcineurin in malignant glioma
cells.

Conclusion: NFI transcriptional activity in
malignant glioma is regulated in part by
calcineurin.

Significance: Regulation of NFI by calcineurin
provides a novel approach to control the
expression of genes associated with
migration/infiltration in malignant glioma.

ABSTRACT

Malignant gliomas (MG), comprising
grades 11l and IV astrocytomas, are the most
common adult brain tumors. These tumors are
highly aggressive with a median survival of less
than two years. Nuclear Factor I (NFI) is a
family of transcription factors that regulates
the expression of glial genes in the developing
brain. We have previously shown that
regulation of the brain fatty acid-binding
protein (B-FABP) and glial fibrillary acidic
protein (GFAP) genes in MG cells is dependent
on the phosphorylation state of NFI, with
hypophosphorylation of NFI correlating with
GFAP and B-FABP expression. Importantly,
NFI  phosphorylation is dependent on
phosphatase activity that is enriched in
GFAP/B-FABP+ve cells. Using chromatin
immunoprecipitation, we show that NFI

occupies the GFAP and B-FABP promoters in
NFI-hypophosphorylated ~ GFAP/B-FABP+ve
MG cells. NFI occupancy, NFI-dependent
transcription activity and NFI phosphorylation
are all modulated by the serine/threonine
phosphatase calcineurin. Importantly, a cleaved
form of calcineurin, associated with increased
phosphatase activity, is specifically expressed in
NFI-hypophosphorylated = GFAP/B-FABP+ve
MG cells. Calcineurin in GFAP/B-FABP+ve
MG cells localizes to the nucleus. In contrast,
calcineurin is primarily found in the cytoplasm
of GFAP/B-FABP-ve cells, suggesting a dual
mechanism for calcineurin activation in MG.
Finally, our results demonstrate that
calcineurin expression is upregulated in areas
of high infiltration/migration in grade IV
astrocytoma tumor tissue. Our data suggest a
critical role for calcineurin in  NFI
transcriptional  regulation and in the
determination of MG infiltrative properties.
Malignant gliomas (MG), comprising
grades III and IV astrocytomas, are the most
common adult brain tumors. These tumors have a
dismal prognosis with a median survival of less
than two years (1). MGs are highly infiltrative,
resulting in recurrence despite aggressive
treatment including surgical resection,
radiotherapy, and chemotherapy (2). MGs have
traditionally been hypothesized to arise from
astrocytes as tumor cells express glial fibrillary
acidic protein (GFAP), an intermediate filament
protein expressed in differentiated astrocytes (3).
More recent findings suggest that these tumors
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may arise from less differentiated glial cell types
(4,5). MG tumors express brain fatty acid-binding
protein (B-FABP) (6), a marker of radial glial
cells. Radial glial cells have been shown to have
neural precursor cell properties as defined by the
ability to self renew and differentiate into glial and
neuronal cells (7-11). B-FABP expression
correlates with decreased survival in grade IV
astrocytomas (12-14) and B-FABP expression
increases MG cell migration and is associated with
sites of infiltration in MG tumors (5,15).

Expression of B-FABP and GFAP in MG
cells is regulated by nuclear factor I (NFI) (16,17).
The NFI family of transcription factors consists of
four genes: NFIA, NFIB, NFIC, NFIX, all of
which can bind to the consensus binding site
5’TTGGCNsGCCAA 3’ as a homodimer or
heterodimer, to regulate target gene expression
(18,19). While the N-terminal DNA-binding
domain is highly conserved in all four NFIs, the C-
terminal domain shows divergence among family
members (20). Our lab has demonstrated that
specific NFIs have distinct effects on NFI-
dependent promoter activity (16). Furthermore,
NFIs can either activate or repress transcription
from NFI-dependent promoters, and regulation by
NFI is both tissue- and promoter context-
dependent (16,20).

In addition to B-FABP and GFAP, NFI
consensus binding sites have been identified in
many brain specific promoters (21), and NFIs have
been shown to be regulators of glial cell
differentiation (22-24). Nfia-/- and Nfib-/- mice
exhibit agenesis of the corpus callosum,
enlargement of lateral ventricles, and reduction of
specific glial cell populations (25-27). In addition,
Nfib-/- mice have defects in lung maturation
(26,28). Nfix-/- mice show enlargement of lateral
ventricles and a host of skeletal defects (29).
Unlike Nfia, Nfib, and Nfix knock-out mice, Nfic-/-
mice have defects in tooth root development, but
no apparent brain defects (30,31). In the
developing spinal cord, NFIA and NFIB control
glial fate specification (22). At early stages of
development, both NFIA and NFIB are necessary
for the maintenance of neural progenitor cells
including radial glial cells. At later stages of
development, NFIA regulates the migration and
differentiation of these precursor cells into
astrocytes (22). NFIA has also been shown to be
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critical for astrocyte differentiation of neural
precursor cells in the developing brain (23).

The B-FABP and GFAP promoters each
contain three NFI consensus binding sites
(16,17,32). Based on chromatin
immunoprecipitation (ChIP) and electrophoretic
mobility shift assays, NFI binds to all three NFI
consensus sites in both genes. In addition, we have
shown that modulation of NFI expression alters B-
FABP and GFAP promoter activity, as well as
endogenous expression of B-FABP and GFAP in
MG cell lines (16). Our data indicate that NFI is
differentially phosphorylated in different MG cell
lines and that NFI phosphorylation state correlates
with expression of B-FABP and GFAP; i.e., NFl is
hyperphosphorylated in MG cell lines that do not
express B-FABP or GFAP and is
hypophosphorylated in MG cell lines that express
B-FABP and GFAP (17). Intriguingly, this
differential phosphorylation appears to be due to a
phosphatase activity that is specifically present in
MG cell lines with hypophosphorylated NFI (17).
Thus, regulation of NFI dephosphorylation may be
vital to the control of neural/glial gene expression
in MG.

Calcineurin is a calcium-dependent
serine/threonine phosphatase (33) composed of
two subunits: calcineurin A (CNA; PP2B), the
catalytic subunit (33), and calcineurin B (CNB), a
regulatory calcium binding subunit (34).
Calcineurin plays a wide variety of biological
functions, linking calcium signalling to multiple
outputs ranging from immediate cellular responses
to long term alterations in gene expression (35,36).
In the brain, calcineurin is highly expressed, and
plays important roles in synaptic plasticity (37-
39). In developing cerebellar granule neurons,
calcineurin signalling activates NFAT binding to
NFI target genes, blocking NFI occupancy. As
these neurons mature, binding of NFAT is
temporally downregulated resulting in an increase
in NFI binding to target genes (40). A more direct
link between calcineurin and NFI comes from the
observation that calcineurin is able to activate the
transactivation domain of NFIC in fibroblasts (41).

Here, we investigate the regulation of NFI
dephosphorylation and activity in MG cell lines.
We show that calcineurin regulates NFI
dephosphorylation and activity in MG cell lines. In
addition, we identify a cleaved form of CNA that
is specific to MG cell lines with
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hypophosphorylated NFI. A similar truncated form
of CNA has previously been shown to have
increased phosphatase activity, suggesting that
NFI dephosphorylation and activation is regulated
by activated calcineurin in MG. The discovery of a
novel regulatory mechanism for controlling the
expression of neural and glial genes in MG opens
up new avenues for controlling the growth
properties of MG.

EXPERIMENTAL PROCEDURES
Cell lines, constructs, chemicals and
transfections
The human MG cell lines have been
previously described (6,16). All cell lines were
cultured in Dulbecco’s modification of Eagle’s
minimum essential medium supplemented with
10% fetal calf serum, penicillin (100 U/mL), and
streptomycin (100 pg/mL). Cyclosporin A (CsA)
was obtained from Sigma-Aldrich, and ionomycin
from Fisher Scientific. The pCAT/GFAP reporter
construct contains -1708 to +8 bp of the GFAP
promoter cloned into the pCAT basic vector. The
pCAT/GFAP G-br1*, pCAT/GFAP G-br2*,
pCAT/GFAP G-br3* and pCAT/GFAP G-br1*/G-
br2*/G-br3* reporter constructs contain mutations
disrupting one or all three NFI binding sites (16).
The HA-tagged constitutively active CNA
expression construct (CNA-CA) and catalytically
inactive construct (CNA-IN) in pcDNA3 were
obtained from Dr. R. Chen (School of Life
Sciences, Xiamen University, China) and have
previously been described (42). HA-DDXI1 cloned
into pcDNA3 (Invitrogen) was used as a
transfection control. The calpastatin expression
vector was obtained from Dr. D. Jay (Cross
Cancer Institute, Edmonton, Canada) (43). U251
MG cells were transfected using polyethylenimine
(PEI) (Polysciences Inc). U87 MG cells were
transfected by calcium phosphate-mediated DNA
precipitation. Cells were harvested 60 h post-
transfection. Where indicated, cells were treated
24 h post-transfection with drugs, and harvested
24 h later. Chloramphenicol acetyltransferase
(CAT) activity from pCAT (Promega) in lysates
was measured following the manufacturer’s
protocol. Acetylated ['*C]chloramphenicol was
quantified in cpm using a scintillation counter.
Chromatin immunoprecipitation
ChIP was carried out as
described (16,44). Primers (Table

previously
1) were
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designed to amplify regions of the GFAP and B-
FABP promoters containing NFI binding sites.
The GAPDH promoter was used as a negative
control. A pan-specific anti-NFI antibody sc-870
(Santa Cruz) and purified rabbit IgG (negative
control) were used for immunoprecipitations.

Western blot analysis and phosphatase
treatment

Whole cell extracts were prepared by
lysing cells on ice for 20 min in 50 mM Tris-HCI
(pH 7.5), 150 mM NaCl, 0.5% sodium
deoxycholate, 1% Nonidet P-40, 1x Complete
protease inhibitor (Roche), 1 mM PMSF. Nuclear
extracts were prepared by lysing purified nuclei.
Briefly, 3 X 10° cells were resuspended in 200 uL
nuclei isolation buffer (20 mM Tris-HCI pH 8.0,
150 mM NaCl, 1.5 mM MgCl,, 0.2 mM CacCl,,
250 mM sucrose, 0.1% Nonidet P-40, 1x
Complete protease inhibitor (Roche), 1x PhoSTOP
phosphatase inhibitor cocktail (Roche) and
incubated on ice for 10 min. Nuclei were pelleted
by centrifugation at 3200 x g for 10 min at 4°C,
washed once in nuclei isolation buffer (45) and
lysed in 200 pL RIPA buffer [50 mM Tris-HCI pH
8.0, 150 mM NaCl, 0.1% (w/v) SDS, 0.5% (w/v)
sodium deoxycholate, 1% (v/v) Triton X-100]
containing 1X Complete protease inhibitor and 1X
PhoSTOP. Chromatin was digested by addition of
microccocal nuclease (New England Biolabs) and
1 pL 1M CaCl,. Protein extracts were
electrophoresed in 10% polyacrylamide-SDS gels,
and transferred to polyvinylidene fluoride (PVDF)
membranes. Membranes were immunostained
with  mouse anti-CNA (G182-1847; BD
Pharmingen) (1:10 000), rabbit anti-CNAa (07-
1492; Millipore) (1:1000), rabbit anti-CNAP (07-
1493; Millipore) (1:1000),,rabbit anti-NFI (gift
from Dr. N Tanese, NYU Medical Center, NY)
(1:1000), rabbit anti-DDX1 (46) (1:5000) and
mouse anti-a-tubulin (12G10; Developmental
Studies Hybridoma Bank) (1:100000) antibodies.
Primary  antibodies were detected with
horseradish-peroxidase-conjugated secondary
antibodies (Jackson ImmunoResearch Biotech)
using Immobilon (Millipore). For phosphatase
treatment, nuclear extracts were prepared in the
absence of 1X PhoSTOP, and incubated for 1 h at
37°C in A-phosphatase buffer (50 mM Tris-HCl
pH 7.5, 100 mM NaCl, 0.lmM EGTA, 2 mM
dithiothreitol, 0.01% Brij 35, 2 mM MnCl,) with
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or without 400 U A-phosphatase (New England
Biolabs).

Co-immunoprecipitations

Whole cell extracts were prepared as
described above. For co-immunoprecipitations,
500 pg of U251 whole cell extracts were diluted in
wash buffer [S0 mM Tris-HCI1 pH 7.5, 150 mM
NaCl, 0.25% sodium deoxycholate, 0.5%
Nonident P-40, 1x Complete protease inhibitor
(Roche)], incubated with 2 pL. a-CNA antibody or
2 ng purified mouse IgG (negative control) for 3 h
at 4°C, and immunoprecipitated with protein G
Sepharose beads (GE healthcare).
Immunoprecipitates were washed three times, and
subjected to western blot analysis.

Calcineurin activity assay

Whole cell lysates were prepared by
lysing cells in hypotonic lysis buffer (50 mM Tris-
HCI pH 7.5, 0.1 mM EGTA, 1 mM EDTA, 0.5
mM DTT, 50 pg/mL PMSF, 50 pg/mL trypsin
inhibitor, 10 pg/mL leupeptin, 10 pg/mL
aprotinin) (47). Calcineurin activity in extracts
was measured using [y->*P]RII peptide substrate as
previously described (47).

Immunofluorescence analysis

Cells growing on coverslips were treated
for 1 h with 10 uM ionomycin or DMSO (control),
and fixed with 1% (U251 cells) or 2% (U87 cells)
paraformaldehyde in phosphate-buffered saline for
10 min, followed by permeabilization in 0.5%
Triton X-100 for 5 min. Cells were immunostained
with mouse a-CNA antibody (1:50-1:200),
followed by Alexa 488-conjugated goat anti-
mouse secondary antibody (1:200). Coverslips
were mounted onto slides with polyvinylalcohol
containing 1 pg/mL 4’6-diamidino-2-phenylindole
(DAPI). Images were acquired with a 40X/1.3 oil
immersion lens on a Zeiss LSM 710 confocal
microscope.

Immunohistochemical analysis

Paraffin-embedded grade IV astrocytomas
were obtained from the Brain Tumour Tissue
Bank, London Health Sciences Centre, London
(Canada). Tissues were de-waxed in xylene, and
rehydrated in 100% ethanol. Slides were
microwaved for 10 min in citraconic anhydride
epitope retrieval buffer (pH 7.4), and blocked with
0.5% fish gelatin in Tris-buffered saline with 0.1%
Tween 20. Slides were incubated in anti-CNA
antibody (1:500) overnight at 4°C, then washed
and incubated with anti-mouse DakoCytomation
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Envision+System  labelled  polymer = HRP
(DakoCytomation, Denmark) for 1 h. CNA
immunoreactivity was detected with Dako Liquid

DAB+ Substrate Chromagen System, and
counterstained with hematoxylin.
RESULTS

In vivo occupancy of NFIs at endogenous
promoters

B-FABP and GFAP expression correlates
with NFI phosphorylation in MG cell lines. B-
FABP and GFAP are expressed in MG cell lines
that have hyposphosphorylated NFIs, but not in
cell lines that have hyperphosphorylated NFIs
(17). To compare NFI occupancy of the GFAP and
B-FABP  promoters in MG cells with
hyperphosphorylated vs  hypophosphorylated
NFIs, we performed ChIP experiments using a
pan-specific NFI antibody in B-FABP/GFAP+ve
U251 (hyposphorylated NFI) and B-FABP/GFAP-
ve U87 (hyperphosphorylated NFI) MG cell lines
(17). DNA crosslinked to NFI was PCR amplified
using primers flanking NFI binding sites in the
GFAP and B-FABP promoters (Table 1 and Figure
1A). Bands corresponding to the NFI binding sites
in the GFAP (G-brl, and G-br2/3) and B-FABP
(B-br1/2/3) promoters were detected in samples
from U251 cells, but not U87 cells (Figure 1B).
No bands were detected using primers to the
GAPDH promoter, or in the rabbit IgG lanes
which served as the negative controls for the ChIP
experiments. Input represents sonicated genomic
DNA and thus serves as a positive control for the
PCR reactions. These results indicate that NFI
occupies NFI binding sites in U251 cells, but not
in U87 cells.

CsA regulates NFI promoter binding and
dephosphorylation

Our lab has previously shown by gel shifts
and phosphatase inhibition experiments that there
is a  phosphatase  activity in  NFI-
hypophosphorylated MG cells that is absent in
NFI-hyperphosphorylated MG cells (17). The
serine/threonine  phosphatase  calcineurin s
expressed in neurons and reactive astrocytes
(48,49), and has previously been associated with
NFIC transactivation in NIH3T3 cells (41). We
performed ChIP on U251 MG cells treated with
the calcineurin inhibitor CsA to determine if there
was any effect on NFI occupancy of endogenous
promoters. U251 cells were incubated with 10 uM
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CsA, or DMSO (control) for 1 h followed by ChIP
analysis as described above. Band intensity was
markedly decreased in the presence of CsA
compared to the DMSO control in the NFI IP
lanes using primers flanking G-brl, and B-br1/2/3
(Figure 1C) indicating a decrease in
immunoprecipitated DNA. No change was
observed using primers flanking G-br2/3 (compare
IgG and CsA lanes), and no signal was detected
using primers to the GAPDH promoter. These
results indicate that inhibition of calcineurin in
U251 cells decreases NFI binding at endogenous
consensus binding sites.

To determine if the decrease in B-FABP
and GFAP promoter binding is due to changes in
NFI phosphorylation, we treated U251 and U87
MG cells with 10 pM CsA, isolated nuclear
extracts, and analyzed NFI phosphorylation by
western blotting. The banding patterns of NFI
were distinctly different in U251 and US87 cells
(Figure 1D), with a slower migrating band (band
a) specific to U87 cells observed in the DMSO
lane. Furthermore, the fastest migrating band
(band d) in the U251 control (DMSO) lane was
absent in the U87 control (DMSOQO) lane. This
recapitulates the increased phosphorylation of NFI
reported in U87 compared to U251 MG cells (17).
Upon inhibition of calcineurin with CsA, there
was a shift up towards the slower migrating bands
(bands b and c) in U251 cells (CsA lane) with a
decrease in the intensity of the fastest migrating
band (band d). CsA treatment did not alter the
intensity of the slower migrating bands (bands b
and c) in U87 cells.

Calcineurin is a calcium-dependent
phosphatase. We therefore used the calcium
ionophore ionomycin to increase the level of
intracellular calcium in MG cells to determine if
NFI phosphorylation is calcium sensitive. Western
blot analysis of NFI following exposure of U87
cells to 10 uM ionomycin for 1 h revealed a
change in NFI phosphorylation. In particular, we
observed a faster migrating band in U87 cells
which corresponds in size to the fastest migrating
band in U251 (Figure 1C, lane 6, band d). There
was no significant change in the NFI
phosphorylation status of U251 cells treated with
ionomycin.

To verify that changes in NFI mobility
was due to phosphorylation, U251 and US87
nuclear extracts were prepared in the absence of
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phosphatase inhibitors, and treated with A-
phosphatase (Figure 1E). A shift to faster
migrating bands was observed in the presence of
A-phosphatase in U251 cells. In comparison, all
bands were shifted to the fastest migrating form
when US87 cell lysates were incubated with A-
phosphatase. The persistence of slower migrating
bands in phosphatase-treated U251 cell lysates
suggests the presence of a different population of
NFI family members.

Calcineurin regulates NFI activity

To study the effect of calcineurin
modulation on NFI-dependent transcriptional
activity, U251 cells were transfected with a CAT
reporter gene under the control of the GFAP
promoter (pCAT/GFAP) containing three well-
characterized NFI binding sites, and treated with
CsA or DMSO (control). Following treatment with
CsA, CAT activity decreased to 74% of control
levels (p<0.001) (Figure 2A). U251 cells were also
transfected with the CAT reporter gene under the
control of the GFAP promoter with each of the

three NFI binding site mutated singly
(pCAT/GFAP G-br1*, pCAT/GFAP G-br2%*,
pCAT/GFAP G-br3*) and in combination
(pCAT/GFAP  G-br1*/2*/3*%). As previously

reported, mutation of G-brl had the most striking
effect on promoter activity, with no further
decreases observed upon mutation of all three NFI
binding sites (16). These results are consistent
with our ChIP results showing strongest binding of
NFI to G-brl. CsA treatment had no effect on the
CAT activity of the mutated constructs.

To determine if increasing calcineurin
activity modifies NFI-dependent promoter
activity, U251 and US87 cells were co-transfected
with: (i) pCAT/GFAP or pCAT/GFAP G-
br1*/2*/3* and (ii) control (HA-tagged DDXI;
used as transfection control), HA-tagged CNA-IN
(catalytically inactive CNA) or HA-tagged CNA-
CA (constitutively active CNA) construct.
Expression of constitutively active CNA resulted
in a 1.41-fold increase in CAT activity in U251
with pCAT/GFAP (p<0.01) (Figure 2B), and a
1.45-fold increase in CAT activity in U87 cells
compared to expression of catalytically inactive
CNA (p<0.01) (Figure 2C). There was no
difference in CAT activity between control and
CNA-IN, or upon co-transfection of control, CNA-
IN or CNA-CA along with pCAT/GFAP G-
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br1*/2*/3* in either U251 or U87 cells (Figures
2B,C).

The alteration in NFI phosphorylation
resulting from inhibition of calcineurin suggests
that calcineurin is at least one of the phosphatases
responsible for regulating the phosphorylation
state of NFI. To address whether calcineurin exists
in the same complex as NFI, we carried out co-
immunoprecipitations. Using an anti-CNA
antibody, we were able to immunoprecipitate a
very large fraction of CNA, completely depleting
CNA from the supernatant (Figure 3). A small
amount of NFI was co-immunoprecipitated with
CNA. No NFI was detected in the IgG control
lane. We were unable to co-immunoprecipitate
CNA with anti-NFI antibody. These results
suggest that there may be a weak interaction
between CNA and NFI and/or a small subset of
NFI resides in the same cellular complex as
calcineurin.

CNA expression in MG cell lines

Our results indicate a role for CNA in
regulating NFI dephosphorylation. We therefore
examined CNA expression in a panel of 10 MG
cell lines, five that express B-FABP/GFAP and
have hyposphorylated NFI (M016, M049, M103,
U251, and U373) and five that do not express B-
FABP/GFAP and have hyperphosphorylated NFI
(A172, CLA, M021, T98, and U87) (17). Western
blot analysis of whole cell extracts revealed
significant variation in expression of CNA (60
kDa) with highest levels in A172, CLA, MO021,
and T98, and lowest levels in M103, U251, and
U373 (Figure 4A). Intriguingly, we also observed
a faster migrating band of approximately 57 kDa
present exclusively in the five B-FABP/GFAP+ve
cell lines with hypophosphorylated NFIs. This 57
kDa form of CNA has previously been reported to
be a cleaved form of CNA with approximately 2-
fold increased activity compared to uncleaved
CNA (50). The observed correlation between the
57 kDa form of CNA and NFI
hyposphosphorylation suggests that the cleaved
form of CNA may regulate NFI dephosphorylation
in MG cells.

Our antibody to CNA recognizes both the
alpha and beta CNA isoforms. A third CNA
isoform is testis-specific (51,52). To identify the
CNA isoform(s) cleaved in B-FABP/GFAP+ve
MG cells, we immunostained our panel of 10 MG
cell lines with antibodies specific to CNAa and
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CNAB. Overall, CNAa was expressed at higher
levels in B-FABP/GFAP-ve cell lines, with only
the higher-migrating band observed (Figure 4A).
Immunostaining  with  anti-CNAP  antibody
revealed two bands in B-FABP/GFAP+ve MG cell
lines (Figure 4A). These results suggest that
CNAB, but not CNAoq, is being cleaved and
activated in B-FABP/GFAP+ve cells.

Specific calcineurin activity in whole cell
lysates was measured by dephosphorylation of
[**PIRII peptide, a peptide selectively and
efficiently dephosphorylated by calcineurin in
vitro (53,54). As with CNA expression,
calcineurin activity varied widely among MG cell
lines (Figure 4B). Highest activity was detected in
A172 and T98 cells, releasing 23.9 and 24.5
pmol/min/mg protein of [**P] from the RII peptide.
U87 cells had the lowest level of calcineurin
activity, 5.7 pmol/min/mg protein. The remaining
cell lines had activities ranging from 7.9
pmol/min/mg  protein  (M021) to  16.0
pmol/min/mg protein (CLA). Interestingly, though
expression of CNA was lowest in M103, U251,
and U373, calcineurin activity in these cell lines
using this assay was comparable to CLA and
MO021 which had very high levels of CNA.

Calpastatin  modulates NFI-dependent
promoter activity

CNA has been reported to be cleaved to a
57 kDa form by the protease calpain (50,55). As
calpastatin is an endogenous inhibitor of calpain
activity (56), we co-transfected U251 and US87
cells with a calpastatin expression construct along
with pCAT/GFAP to determine whether inhibition
of calpain could alter NFI-dependent promoter
activity. In U251 cells. calpastatin significantly
decreased CAT activity, to 67% of the control
levels obtained with empty vector (p<0.05)
(Figure 5A). U87 cells, which do not have the 57
kDa cleaved form of CNA, showed no change in
CAT activity. We also prepared nuclear and
cytoplasmic extracts from U251 and US87 cells
transfected with calpastatin. Expression of
calpastatin did not alter CNAP expression or
cleavage in the cytoplasm of U251 or U87 cells;
however, there was a clear decrease in the amount
of cleaved CNAP in the nucleus of U251 cells
treated with calpastatin (Figure 5B). No CNAP
was detected in the nucleus of U87 cells.

lonomycin alters NFI phosphorylation and
NFI-dependent promoter activity
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As previously shown in Figure 1D,
treatment of U87 cells with the calcium ionophore
ionomycin resulted in increased dephosphorylation
of NFI. We therefore examined NFI-dependent
promoter activity in U251 and U87 cells following
treatment with ionomycin to see if changes in NFI
phosphorylation might result in altered NFI
activity. U251 and U87 cells were transfected with
pCAT/GFAP, followed by treatment with
ionomycin or DMSO (control) for 24 h. CAT
activity was not altered in U251 cells where
ionomycin had little effect on NFI phosphorylation
(Figures 1C - lane 3 and 6A). However, in U87
cells, treatment with ionomycin increased CAT
activity 1.8 fold (p<0.001) (Figure 6A).

CNA localization in MG cell lines and
astrocytoma tumors

The differences in CNA expression and
activity observed in U251 and U87 cells led us to
examine CNA subcellular localization in these
cells. In U251 control (DMSO-treated) cells, CNA
was concentrated in the nucleus, with dense areas
of perinuclear staining. CNA staining in the
cytoplasm was much weaker than in the nucleus
(Figure 6B). Interestingly, this pattern was
reversed in U87 cells, with CNA primarily found
in the cytoplasm. Upon addition of 10 uM
ionomycin for 1 h, CNA translocated to the
nucleus in U87 cells but had no effect on U251
cells. We then quantitated the subcellular
localization of CNA in the cytoplasm and nucleus
of U87 cells. As indicated in Figure 6C, CNA was
primarily found in the cytoplasm of 99% of U87
control cells, with only 1% of untreated cells
showing a predominantly nuclear pattern. Upon
exposure to ionomycin, localization of CNA to the
nucleus was observed in 88% of U87 cells. We
verified these changes in subcellular localization
by nuclear and cytoplasmic fractionation. Cleaved
CNApP was detected in the nucleus of U251 cells
treated with DMSO and ionomycin, with
uncleaved CNAP detected only in the cytoplasm
(Figure 6D). In U87 cells, CNAP was not detected
in the nucleus of DMSO-treated cells; however,
following treatment with ionomycin, cleaved
CNAp was clearly detected in the nucleus.

Next, we examined CNA expression in
brain and MG tumor tissue. CNA was not detected
in normal human brain (frontal lobe) based on
immunohistochemical analysis (Figure 7A).
Immunostaining of grades I, Il and IV astrocytoma

Regulation of NFI by calcineurin in malignant glioma

tumor tissues revealed increased expression of
CNA in high grade (grade IV) astrocytomas
(Figures 7E-H) compared to grade I and II tumors
(Figures 7B, C). Expression of CNA was primarily
restricted to the cytoplasm of a small subset of
cells in grade I tumors (Figure 7B). The staining
pattern in grade II astrocytomas was similar to that
of grade I astrocytomas with CNA expression
primarily found in the cytoplasm of a small
number of cells. In grade IV tumors, we observed
increased expression of CNA in areas of tumor
infiltration. Figures 7D to F show progressively
higher levels of CNA staining in regions of low
infiltration to high infiltration. In some areas
(Figure 7E), CNA staining was primarily diffuse
and cytoplasmic, whereas in other areas (Figure
7F), CNA staining was primarily perinuclear, with
a small subset of cells showing nuclear staining
(indicated in inset). Of note, strong staining was
detected in pseudopalisading cells surrounding
necrotic areas (Figures 7G, H). Hypercellular
pseudopalisades are commonly observed in high
grade astrocytomas and are formed by actively
migrating cells (57).

DISCUSSION

The NFI family of transcription factors is
a key regulator of neural cell differentiation,
playing an essential role in gliogenesis in the brain
and spinal cord (22,23). In the spinal cord,
induction of NFIA and NFIB expression coincides
with the start of gliogenesis, and knockdown of
NFIA results in loss of glial cell progenitors in the
chick embryo (22). Following gliogenesis, NFIA
and NFIB promote astrocyte differentiation. In the
brain, NFIA expression confers astrocytic
potential on neural precursor cells downstream of
Notch-induced signaling and Sox9 (23,24). In
MG, NFI regulates expression of B-FABP and
GFAP, normally expressed in radial glial cells and
in differentiated astrocytes, respectively (16).
Importantly, NFI is differentially phosphorylated
in MG cells, with hypophosphorylated NFI found

in B-FABP/GFAP+ve MG cell lines and
hyperphosphorylated NFI  found in B-
FABP/GFAP-ve MG cell lines (17). These

observations agree with previous experiments
demonstrating that increased phosphorylation of
NFIs results in decreased transactivation of NFI-
dependent promoters (58). Importantly, NFI
activity appears to be regulated by a phosphatase
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activity that is specific to B-FABP/GFAP+ve (NFI
hyposphorylated) MG cells rather than a kinase
activity that is specific to B-FABP/GFAP-ve (NFI
hyperphosphorylated) MG cells (17).

Here, we identify the phosphatase
calcineurin as an important regulator of NFI
dephosphorylation and activity in MG cells. Our
combined approaches, including CNA
overexpression and inhibition, co-
immunoprecipitation with NFI, ChIP analysis of
NFI-dependent B-FABP and GFAP promoters,
western blot analysis of CNA, and reporter gene
assays, point to a direct link between calcineurin
and dephosphorylation of NFI in MG cells.
Calcineurin is a serine/threonine phosphatase that
is highly expressed in neurons (48,59). Calcineurin
has also been detected in C6 glioma cells and
cultured astrocytes (60,61). In astrocytes,
calcineurin plays an important role in regulating
the inflammatory response (62), and calcineurin
expression increases in astrocytes but not neurons
in a mouse aging model (63). Calcineurin has also
been shown to increase NFIC transactivation (41),
providing a direct link between calcineurin and the

NFI family.
The distinguishing characteristics of
calcineurin in NFI-hypophosphorylated versus

NFI-hyperphosphorylated MG cell lines are
neither its expression levels nor its activity as
measured using the RII peptide in vitro assay, but
rather: (i) the presence of a cleaved 57 kDa CNA
fragment specifically associated with NFI-
hyposphosphorylated MG cells, and (ii) the
nuclear localization of CNA in NFI-
hypophosphorylated MG cells. A 57 kDa cleaved
product of CNA has been previously reported in
cortical neurons following glutamate exposure and
in the brains of Alzheimer’s disease patients
(50,64). Of note, the 57 kDa form of calcineurin
identified in the brains of Alzheimer’s disease
patients shows a 2-fold increase in phosphatase
activity compared to full-length CNA (50). There
are two CNA isoforms expressed in brain, CNAa«
and CNAP (65). In this study, we demonstrate that
the CNA isoform that is cleaved in NFI-
hypophosphorylated MG cells is CNAP . Although
both CNA isoforms have been shown to
dephosphorylate the same substrates in vitro, each
isoform has different substrate preference, and
differs in substrate binding affinity and turnover
(66). The differential expression of CNAo and

Regulation of NFI by calcineurin in malignant glioma

CNAQ in different MG cell lines, combined with
specific  cleavage of CNAP in  NFI-
hypophosphorylated MG cell lines, suggest unique
roles for these two CNA isoforms in these tumor
cells.

It is unclear why the 57 kDa form of
CNAPB is more active, as the cleavage site is C-
terminal to the CNB binding domain, the
calmodulin binding domain, and the autoinhibitory
domain (Grundke-igbal 2005). Furthermore,
despite the cleavage site being located downstream
of identified NLS and NES sequences (67), we
found that cleaved CNAP preferentially localizes
to the nucleus whereas the uncleaved form
preferentially localizes to the cytoplasm. We
postulate that removal of the C-terminal 20 amino
acids of CNAP increases both its phosphatase
activity as the result of an altered protein structure
and its ability to localize to the nucleus.

CNA is cleaved by the Ca’" dependent
cysteine protease calpain, and inhibition of calpain
inhibits this cleavage. Our results indicate that
inhibition of calpain by calpastatin, a specific
endogenous inhibitor of calpain (56), decreases
NFI-dependent promoter activity in U251 cells,
but not in U87 cells. These observations are in
agreement with CNA cleavage being calpain-
dependent in MG cell lines that express the
hypophosphorylated form of NFI. It will be
interesting to examine expression and activity of
calpain, and calpain regulators including
calpastatin, in MG cell lines and tumors, as they
may be important upstream regulators of
calcineurin, and consequently NFI activity.

An intriguing finding is the different
subcellular distribution of CNA in MG cell lines.
In U251 cells, CNA localizes almost exclusively
to the nucleus, whereas CNA is primarily found in
the cytoplasm of U87 cells. When U87 cells are
treated with ionomycin, a calcium ionophore
which causes an influx of calcium in the cells,
CNAB is cleaved and translocates to the nucleus.
CNA has been detected in the nucleus of a variety
of cell types (68-70), and has been reported to
translocate to the nucleus following addition of a
calcium ionophore (71). Translocation of CNA to
the nucleus of MG cells may be an important
regulatory step in NFI dephosphorylation as NFT is
normally found in the nucleus (72). In keeping
with this idea, suppression of CNA translocation
to the nucleus in cardiomyocytes obtained from
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cases of myocardial hypertrophy has been shown
to inhibit CNA signaling (67,73). Thus, we
propose that in B-FABP/GFAP+ve, NFI-
hypophosphorylated MG cells, where CNA is
truncated and nuclear, CNA is active and able to
dephosphorylate NFI, whereas in B-FABP/GFAP-
ve, NFI-hyperphophorylated MG cells, CNA
localization to the cytoplasm prevents interaction
with and dephosphorylation of NFI.

Differential cleavage and localization of
CNA suggests that there may be differences in
calcium signaling in MG cell lines. In glial cells,
calcium signaling regulates cell function by
controlling cellular homeostasis and releasing
gliotransmitters (74). Interestingly, overexpression
of calcium-permeable AMPA receptors has been
reported in brain tumor initiating cells (75). As
AMPA receptors allow calcium influx upon
stimulation, increased levels of these receptors in
MG cells may contribute to the cleavage and
activation of calcineurin. In turn, increased activity
of calcineurin may have wide-ranging effects
beyond NFI phosphorylation since calcineurin has
many targets. Further examination of MG cell
lines and tumor tissues for changes in calcium
signaling including expression of calcium
channels and receptors may elucidate how both
calpain and calcineurin are activated in these cells.

In normal brain, CNA is highly expressed
in neurons, with little or no expression in
astrocytes (48,76). Calcineurin is activated in
astrocytes by inflammatory signals in a cell-
context dependent manner, with activation of
calcineurin in resting astrocytes resulting in
progression of the inflammatory cascade, and

resolution of the inflammatory cascade in
activated astrocytes (62). In low grade
astrocytomas, CNA expression is weak and

limited to a small percentage of cells. However,
CNA levels are considerably higher in grade IV

astrocytomas, especially at sites of tumor
infiltration and in pseudopalisading cells
surrounding necrotic zones. Pseudopalisades,

associated with aggressive tumors and a hallmark
of grade IV astrocytomas, are regions of
hypercellularity formed by tumor cells actively
migrating away from hypoxic areas (57). Our
results suggest that CNA is preferentially
expressed in the most aggressively growing
regions of the tumors. B-FABP, a target of NFI,
has also been shown to be associated with sites of
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tumor infiltration and migration in MG tumors and
cell lines (5,12,14). Thus, calcineurin may reside
at the apex of a regulatory cascade centered on the
activation of genes associated with
migration/infiltration. As such, calcineurin may
represent a key target for the treatment of high
grade astrocytomas.

There are a number of NFI
phosphorylation states in MG cells, suggesting
that NFIs are phosphorylated at multiple sites (17).
In fact, even the most hypophosphorylated form of
NFI in U251 can be further dephosphorylated by
addition of potato acid phosphatase (17). Thus, we
propose that NFI phosphorylation effectively
serves as a rheostat to control function, with
increasing phosphorylation resulting in increased
negative charge. The outcome is a gradual
disruption of molecular interactions and decreased
activity. A graded response to multisite
phosphorylation has been characterized previously
as a way of finely regulating DNA binding by the
transcription factor Ets-1 (77) and p53 binding to
CREB-binding protein (78). Alternatively, there
may be a threshold of
phosphorylation/dephosphorylation ~ that  acts
analogously to an on/off switch. Such a
mechanism has been demonstrated for NFATI1
which requires dephosphorylation of thirteen
phosphoserines by CNA for its activation (79). A
third possibility is that
phosphorylation/dephosphorylation of one or a
small number of specific residues regulates
activity. This is the case for Fox03 in which
phosphorylation of S207 by MST1, independent of
other phosphorylation events, triggers nuclear
localization (80). It remains to be seen which of
these mechanisms underlies the control of NFI
activity.

Taken together, our data support an
important role for calcineurin in  the
dephosphorylation and activation of NFI
dependent promoter activity in MG cells. A
complex regulatory picture emerges, consisting of
at least four principal steps: (i) cleavage of full
length calcineurin to the more active 57 kDa form,
(i1) translocation of calcineurin to the nucleus, (iii)
interaction of calcineurin with NFI resulting in
NFI dephosphorylation, and (iv) binding of NFI
to (and regulation of) NFI target gene promoters
(Figure 8). Based on CNA’s position at the top of
this regulatory cascade, it should be possible to
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regulate the expression of NFI target genes in MG
through modulation of CNA activity. One NFI
target gene, B-FABP, has already been shown to
correlate with poor prognosis and reduced survival
in MG tumors (12,81), as well as increased
migration in MG cell lines and infiltration in grade
IV astrocytomas (5). Thus, we may be able to alter
the migratory properties of MG cells through
modulation of NFI phosphorylation by inhibiting
CNA activation and/or translocation. Future work
will involve examining MG tumors to determine if

Regulation of NFI by calcineurin in malignant glioma
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the CNA detected in these tissues is activated
through calpain and how NFI phosphorylation and
expression of NFI target genes are affected by
CNA expression in MG tumors.
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FOOTNOTES

The abbreviations used are MG, malignant gliomas; GFAP, glial fibrillary acidic protein; B-FABP, brain
fatty acid-binding protein; NFI, nuclear factor I; CNA, calcineurin A; CNB, calcineurin B; CsA.
cyclosporin A; CAT, chloramphenicol acetyltransferase; ChIP, chromatin immunoprecipitation; PVDF,
polyvinyl fluoride

FIGURE LEGENDS

FIGURE 1. NFI-dependent promoter binding and activity. (A) Schematic diagram of the GFAP and B-
FABP promoter regions showing the relative location of the three NFI binding sites located in each
promoter. (B) ChIP analysis was carried out in U251 and U87 cells using either a pan-specific anti-NFI
antibody or normal rabbit IgG as a negative control. Primers flanking the NFI binding sites identified in
the GFAP (G-brl and G-br2/3) and B-FABP promoters (B-br1/2/3) were used for PCR amplification
(Table 1). Primers flanking the proximal GAPDH promoter were used as a negative control. Input DNA
represents DNA isolated from U251 or U87 cell lysates following sonication but prior to
immunoprecipitation. Input DNA serves as the positive control for the PCR reactions, and reveals
products of the expected sizes. (C) U251 cells were treated for 1 h with 10 uM CsA or DMSO (CON,
control), followed by ChIP analysis as described in (B) Asterisk (*) denotes non-specific band, arrowhead
denotes specific band. (D) Western blot analysis of NFI in U251 and U87 cells treated with CsA and
ionomycin (Iono). U251 and U87 cells were treated for 1 h with DMSO, 10 uM CsA, or 10 uM
ionomycin, and harvested using trypsin to dissociate the cells. Nuclear extracts were electrophoresed in a
10% SDS-polyacrylamide gel, transferred to a PVDF membrane, and immunostained with rabbit anti-NFI
antibody. The primary antibody was detected with horseradish-peroxidase conjugated antibody and the
signal was detected with Immobilon reagent. (E) Lambda phosphatase treatment of U251 and U87
nuclear extracts. U251 and U87 nuclear extracts were prepared in the absence of phosphatase inhibitors,
and treated with or without A-phosphatase (PPase) for 1 h at 30°C. Following treatment, extracts were
subjected to western blot analysis as in (D).

FIGURE 2. Calcineurin modulates NFI-dependent promoter activity. (A) U251 cells were transfected
with pCAT/GFAP, pCAT/GFAP G-br1*, pCAT/GFAP G-br2*, pCAT/GFAP G-br3*, or pCAT/GFAP G-
br1*/2#/3* (NFI sites mutated) and treated with 10 pM CsA, or DMSO (control) for 24 h. Acetylated ['*
C]chloramphenicol was measured in cpm from equal aliquots of cell lysates using a scintillation counter.
The fold increases in CAT activity are relative to U251 treated with DMSO and transfected with
pCAT/GFAP. The results are an average of 4 (pCAT/GFAP G-br1*, pCAT/GFAP G-br2*, pCAT/GFAP
G-br3*, pCAT/GFAP G-br1*/2*/3* constructs) to 6 (pCAT/GFAP construct) independent experiments
with standard deviation indicated by error bars. (B, C) U251 (B) and U87 (C) cells were co-transfected
with pCAT/GFAP or pCAT/GFAP G-br1*/2*/3* and HA-DDXI (control), catalytically inactive (CNA-
IN) or constitutively active (CNA-CA) HA-tagged calcineurin. The fold increases in CAT activity are
relative to U251 pCAT/GFAP: HA-DDXI (control) (B) or U87 pCAT/GFAP HA-DDXI1 (control) (C).
The results are an average of 4 independent experiments with standard deviation indicated by error bars.
Statistical significance was determined using unpaired t test. * denotes p<0.01, ** denotes p<0.001.
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FIGURE 3. Co-immunoprecipitation of CNA and NFI. Whole cell extracts from U251 cells were
incubated with either anti-CNA antibody or purified mouse IgG. The immunocomplexes were subjected
to gel electrophoresis, transferred to a PVDF membrane and immunostained with anti-NFI antibody
(Tanese) and anti-CNA antibody. Five percent of the supernatant from each immunoprecipitation was
loaded in indicated lanes. IP, immunoprecipitation; IB, immunoblotting.

FIGURE 4. CNA expression in MG cell lines. (A) Whole cell extracts from MG cell lines were
electropheresed, transferred to PVDF membranes, and probed with anti-CNA , anti-CNAa, anti-CNAJ,
and anti-a-tubulin antibodies. (B) Calcineurin activity (pmol/min/mg protein) in whole cell lysates was
measured using [y-"“P]RII peptide substrate. The results are an average of 3 replicates with standard
deviation indicated by error bars.

FIGURE 5. Calpastatin alters NFI dependent promoter activity. (A) U251 and U87 cells were co-
transfected with pCAT/GFAP and control (empty vector) or calpastatin expression construct. Acetylated
['*C]chloramphenicol was measured from equal aliquots of cell lysates using a scintillation counter. The
fold increases in CAT activity are relative to control (empty vector). The results are an average of 4
independent experiments with standard deviation indicated by error bars. Statistical significance was
determined using unpaired t test. * denotes p<0.01. (B) U251 and U87 cells were transfected with control
(Con; empty vector) or calpastatin (Calp), and cytoplasmic (Cyto) and nuclear (Nuc) fractions were
prepared. Extracts were electrophoresed, transferred to PVDF membranes and probed with anti-CNA
and anti-DDX1 (loading control) antibodies.

FIGURE 6. Ionomycin alters NFI-dependent promoter activity and calcineurin localization. (A) U251
and U87 cells were transfected with pCAT/GFAP and treated with 10 uM ionomycin (Iono), or DMSO
(control) for 24 h. Acetylated ["*C]chloramphenicol was measured in cpm from equal aliquots of cell
lysates using a scintillation counter. The fold increases in CAT activity are relative to the DMSO control.
The results are an average of 4 independent experiments with standard deviation indicated by error bars.
(B) Subcellular localization of calcineurin in U251 and U87 cells treated with DMSO (control) or 10 uM
ionomycin (Iono) was analyzed by immunofluorescence using anti-CNA primary antibody followed by
Alexa 488-conjugated secondary antibody. DNA was stained with 4’6-diamidino-2-phenylindole (DAPI).
Bar = 10 um. (C) Percentage of cells with predominantly cytoplasmic staining versus cells with nuclear
and cytoplasmic staining for CNA in U87 cells treated with DMSO (control) or 10 uM ionomycin for 1 h.
This analysis was carried out >100 cells for each parameter. Briefly, 10 separate fields with
approximately 10 — 15 cells per field were randomly selected for each parameter. Line scans through the
cytoplasm and nucleus of each cell were used to assess relative signal in the nucleus and cytoplasm.
Statistical significance was determined using unpaired t test. ** denotes p<0.001. (D) U251 and U&7
cells were treated with DMSO (control) or 10 pM ionomycin (Iono) for 1 h, harvested, and cytoplasmic
and nuclear extracts were prepared. Extracts were electrophoresed, transferred to PVDF membranes and
immunostained with anti-CNAP and anti-DDX1 (loading control) antibodies.

FIGURE 7. Immunohistochemical analysis of CNA in human astrocytoma tumors. Tissue sections were
immunostained with anti-CNA antibody and counterstained with hematoxylin. (A) Normal human brain.
(B) Grade I astrocytoma. Arrows indicate positive cells (patient 983). (C) Grade Il astrocytoma (patient
470). Arrow indicates area of positive staining. (D) Grade IV astrocytoma, no visible tumor cells (patient
1046). (E) Grade IV astrocytoma, tumor centre (patient 1046). (F) Grade IV astrocytoma, heavy tumor
infiltration. Inset: arrow indicates perinuclear staining; arrowhead indicates nuclear staining (patient 335).
(G, H) Grade IV astrocytoma, heavy tumor infiltration (patient 1046).

FIGURE 8. Model of regulation of calcineurin and NFI activity in MG cells. In the cytoplasm, calpain
cleaves CNA (bound by regulatory subunit CNB). Cleaved CNA bound to CNB translocates to the
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nucleus and dephosphorylates NFI. Hypophosphorylated NFI can now interact with NFI consensus
binding sites in target gene promoters.
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Table 1. Sequences of primers used for ChIP analysis

Fragment Forward sequence (5’-3") Reverse sequence (5’-3")

G-brl GTC CTC TTG CTT CAG CGG TGG GCT AGA CTG GCG ATG

G-br2/3 CAG ACC TGG CAG CAT TGG CTG CTC AAT GGG CTT CTC G

B-brl1/2/3 CGA ACC TGA AAGCCCTTCT GCT CCT GCC TTC TTA TTT GG

GAPDH GAA CCA GCA CCG ATC ACC CCA GCC CAA GGT CTT GAG
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Figure 8
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