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Glioblastomas (GBM),2 classified as World Health Organization grade IV astrocytomas, are the most aggressive form of
adult brain tumors (1). Despite recent advances in therapeutic
intervention, the prognosis for GBM patients remains dismal,
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with median survival times of ⬃15 months (2, 3). GBM cells are
highly infiltrative, a property that may be driven by expression
of neural stem markers. These stem-like/infiltrative properties
allow GBM cells to evade conventional treatment, including
surgery, chemotherapy (usually temozolomide), and radiation
therapy (4 –6). Without effective second-line treatment,
patients often succumb to the disease shortly after tumor recurrence (7–9). Although significant effort has been made to
unravel the mechanisms underlying GBM infiltration of normal brain tissue, we still have a poor understanding of what
drives infiltration at the molecular level.
The nuclear factor I family of four transcription factors
(NFIA, NFIB, NFIC, and NFIX) plays an integral role in regulating genes involved in neural cell migration and gliogenesis
(10, 11). We have shown that NFIs regulate the neural progenitor/stem cell marker gene (brain fatty acid-binding protein,
FABP7) (12, 13), whose expression is associated with higher
GBM cell migration in vitro and infiltration in vivo (14 –17).
NFI regulation of FABP7 depends on its phosphorylation state,
with hypophosphorylated NFI up-regulating FABP7 expression
(12). NFIs are dephosphorylated by calcineurin phosphatase in
GBM cells (18).
Calcineurin cleavage and activation are mediated by calpain,
a family of calcium-dependent neutral proteases (19 –21). The
best-characterized calpains, calpain 1 (-calpain) and calpain 2
(m-calpain), are named based on the amount of calcium
required for their activation in vitro: micro ()- or milli (m)molar Ca2⫹ concentrations (21). Both calpains 1 and 2 function
as heterodimers, composed of a distinct large subunit, CAPN1
(for -calpain) or CAPN2 (for m-calpain), and a shared smaller
subunit (CAPSN1) (22). Calpain can either promote or inhibit
cell migration depending on cell type. For example, inhibition
of calpain 1 activity results in reduced platelet cell spreading
(23). In contrast, inhibition of calpain 1 activity promotes random neutrophil migration (24). In addition, calpain 1 has been
shown to prevent endothelial cell spreading as the result of
calpain 1-mediated proteolysis of RhoA, a key factor in cell
migration (25).
Calpain proteolytic activity is tightly regulated. Soon after its
discovery, calpain was shown to undergo autoproteolysis (or
autolysis) (21). Autolyzed calpain requires lower calcium to
reach half-maximal activity and thus is more active compared
with full-length calpain (26). However, autolyzed calpain is also
more unstable and prone to degradation and/or aggregation,
the latter resulting in its inactivation (26). This instability may
protect cells from detrimental effects associated with hyperac-
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Glioblastoma (GBM) is a brain tumor that remains largely
incurable because of its highly-infiltrative properties. Nuclear
factor I (NFI)-type transcription factors regulate genes associated with GBM cell migration and infiltration. We have previously shown that NFI activity depends on the NFI phosphorylation state and that calcineurin phosphatase dephosphorylates
and activates NFI. Calcineurin is cleaved and activated by calpain proteases whose activity is, in turn, regulated by an endogenous inhibitor, calpastatin (CAST). The CAST gene is a target
of NFI in GBM cells, with differentially phosphorylated NFIs
regulating the levels of CAST transcript variants. Here, we
uncovered an NFIB– calpain 1-positive feedback loop mediated
through CAST and calcineurin. In NFI-hyperphosphorylated
GBM cells, NFIB expression decreased the CAST–to– calpain 1
ratio in the cytoplasm. This reduced ratio increased autolysis
and activity of cytoplasmic calpain 1. Conversely, in NFIhypophosphorylated cells, NFIB expression induced differential
subcellular compartmentalization of CAST and calpain 1, with
CAST localizing primarily to the cytoplasm and calpain 1 to the
nucleus. Overall, this altered compartmentalization increased
nuclear calpain 1 activity. We also show that nuclear calpain 1,
by cleaving and activating calcineurin, induces NFIB dephosphorylation. Of note, knockdown of calpain 1, NFIB, or both
increased GBM cell migration and up-regulated the pro-migratory factors fatty acid– binding protein 7 (FABP7) and Ras homolog family member A (RHOA). In summary, our findings
reveal bidirectional cross-talk between NFIB and calpain 1 in
GBM cells. A physiological consequence of this positive feedback loop appears to be decreased GBM cell migration.

NFIB– calpain 1-positive feedback loop in GBM cells

Results
NFI directly regulates CAST but not calpain genes
We have previously shown that the expression of CAST variants in GBM cells depends on the NFI phosphorylation state
(33). To examine how differentially-phosphorylated NFI affects
calpastatin protein levels, we transiently transfected T98 (NFIhyperphosphorylated) and U251 (NFI-hypophosphorylated)
GBM cells (13) with either NFI expression constructs or previously validated siRNAs (12, 33, 34) targeting each of the four
NFIs. Knocking down individual NFIs in NFI-hypophosphorylated U251 cells resulted in increased levels of calpastatin (Fig.
1A, left panel), with NFI overexpression having no effect on
calpastatin (data not shown). In contrast, NFI depletion in NFIhyperphosphorylated T98 GBM cells had no effect on calpastatin levels (data not shown). However, NFI overexpression
reduced calpastatin levels (Fig. 1A, right panel). These data
indicate that all four NFIs, through regulation of CAST variants,
suppress the expression of calpastatin in GBM cells. Of note,
the calpastatin antibody used for these experiments is specific
to full-length calpastatin (⬃145 kDa), which has four calpain
inhibitory domains (I–IV), the XL and the L N-terminal
domains.
Calpastatin is an endogenous inhibitor of calpain. Because
NFIs affect levels of calpastatin, we were interested in whether
NFIs might also affect calpain activity through a calpastatin

feedforward loop. First, however, we wanted to ensure that NFI
did not directly regulate calpain genes, as this would negate the
need for a calpastatin-mediated feedforward loop. To address
this possibility, we transiently transfected U87 and U251 GBM
cells with siRNAs targeting each NFI member and carried out
RT-qPCR using primers flanking the large subunit of calpain 1
(CAPN1), the large subunit of calpain 2 (CAPN2), and the small
subunit (CAPSN1) that is shared by both calpains. Depletion of
NFIs did not significantly affect CAPN1, CAPN2, and CAPSN1
RNA levels (Fig. 1, B and C). Thus, NFI does not appear to
regulate the transcription of calpain genes. In line with these
results, we did not identify NFI-binding sites in the promoter
regions of CAPN1, CAPN2, and CAPSN1, based on in silico
analysis.
Differentially phosphorylated NFIB exert distinct effects on the
subcellular distribution of calpain 1
Of the four NFIs, the role of NFIB in cancer is the best documented (35–37). Thus, we focused on examining the role of
NFIB in the calpastatin/calpain pathway. To determine
whether NFIB-mediated regulation of CAST affects calpains 1
and 2, we transiently transfected NFI-hyperphosphorylated
U87 and NFI-hypophosphorylated U251 GBM cells (13) with
two siRNAs targeting different regions of NFIB, and we carried
out Western blot analysis using antibodies to either calpain 1 or
calpain 2. Because calpain-mediated proteolysis of downstream
effectors depends on the subcellular location of calpain, we carried out nuclear and cytoplasmic fractionation to investigate
whether NFIB differentially affects calpain levels in these two
cellular compartments.
Knocking down NFIB in U87 GBM cells had no effect on
either the cytoplasmic or nuclear levels of calpain 2 (Fig. 2, A
and B, left panels) but resulted in increased levels of full-length
calpain 1 in the cytoplasm (Fig. 2A, left panel). Levels of calpain
1 in the nucleus were not affected (Fig. 2B, left panel). As depletion of NFIB in GBM cells increased overall levels of calpastatin
(Fig. 1A), and calpastatin binds and inhibits calpain autolysis,
our combined results suggest that hyperphosphorylated NFIB
in U87 cells promotes activation of cytoplasmic calpain 1.
In contrast, depletion of NFIB in NFI-hypophosphorylated
U251 cells had no effect on cytoplasmic calpain 1 (Fig. 2A, right
panel) but led to a decrease in levels of an ⬃55-kDa autolyzed
form of calpain 1 in the nucleus (Fig. 2B, right panel). Of note,
we did not detect full-length calpain 1 in the nucleus of either
U87 or U251 cells, suggesting that either autolysis of calpain 1 is
required for its nuclear translocation or calpain 1 autolysis
occurs with higher efficacy in the nucleus. These data suggest
that hypophosphorylated NFIB can indirectly influence levels
of nuclear, but not cytoplasmic, calpain 1. We used ␣-tubulin
and lamin A/C as the loading controls for the cytoplasmic and
nuclear fractions, respectively. NFIB knockdown efficiency is
shown in both cell lines (Fig. 2C). Because NFIB depletion
affected calpain 1, but not calpain 2, we focused on calpain 1 in
subsequent experiments.
Next, we used immunostaining analysis to examine the effect
of NFIB depletion on the subcellular distribution of calpastatin
and calpain 1. In NFI-hyperphosphorylated U87 cells, calpastatin was found throughout the cytoplasm with little to no calJ. Biol. Chem. (2019) 294(34) 12638 –12654
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tive calpain. Calpain activity is also regulated by its highly-specific endogenous inhibitor, calpastatin (27). Binding of calpastatin to calpain not only inhibits its activity, but also
prevents full autolysis of calpain leading to accumulation of the
full-length form (28). Because calpastatin and calpain are ubiquitously expressed, their ratio and/or subcellular distributions
may determine the level of calpain proteolytic activity within a
cell.
Calpains can be inhibited by a wide array of exogenous inhibitors, including calpain inhibitor I (ALLN), a membrane-permeable synthetic peptide that specifically targets both calpain 1
and 2 in vitro (29). Aclacinomycin A (aclarubicin, ACM), used
for the treatment of patients with relapsed or refractory myeloid cancers, is a doxorubicin-like antibiotic that inhibits calpain activity (30 –32)
We have previously shown that the CAST gene, encoding
calpastatin, is a target of NFI in GBM cells. NFI functions
through an alternative promoter containing two NFI-binding
sites located in CAST intron 3 (33, 34). By differentially regulating the usage of CAST canonical and alternative promoters, NFI
can alter the relative levels of CAST variants encoding fulllength versus truncated calpastatin in GBM cells, with accompanying changes in the subcellular localization of calpastatin
(33). NFI phosphorylation is an important determinant of
CAST variant levels in GBM cells (33). Here, we show that
NFIB regulation of CAST variants, and therefore calpastatin
isoforms, affects calpain 1 levels and calpain 1 subcellular distribution in GBM cells. In turn, calpain 1 induces NFIB dephosphorylation through activation of calcineurin. This NFIB–
calpain 1-positive feedback loop suppresses GBM cell
migration but does not affect GBM cell survival.

NFIB– calpain 1-positive feedback loop in GBM cells

pastatin in the nucleus. NFIB depletion resulted in increased
aggregation of calpastatin surrounding the nucleus, with no
apparent effect on nuclear calpastatin (Fig. 3A, arrow). These
two patterns of localization have been reported for calpastatin
in other systems (38, 39). Similarly, NFIB depletion in U87 cells
resulted in increased cytoplasmic aggregation of calpain 1 to
one side of the cell (see arrow, Fig. 3, A and C, left panel). These
observations suggest an association between hyperphosphorylated NFIB and disaggregation of cytoplasmic calpastatin and
calpain 1.
We have previously shown that calpastatin has a perinuclear
distribution in NFI-hypophosphorylated U251 cells, with NFIB
depletion resulting in increased levels of nuclear calpastatin
(33). Here, we show that calpain 1 is primarily in the nucleus of
U251 cells (Fig. 3B). NFIB knockdown resulted in decreased
levels of nuclear calpain 1 (Fig. 3C, right panel), presumably the
autolyzed form of calpain 1 based on our Western blottings
(Fig. 3B). These results point to a role for hypophosphorylated
NFIB in the differential localization of calpastatin (to the cytoplasm) and calpain 1 (to the nucleus).
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NFIB depletion decreases calpain activity and GBM cell
migration but does not affect GBM cell viability
Whether through accumulation of cytoplasmic full-length
calpain 1 (as observed in NFI-hyperphosphorylated U87 cells)
or loss of autolyzed nuclear calpain 1 (as observed in NFIhypophosphorylated U251 cells), our results, taken in light of
evidence from the literature, point to reduced calpain 1 activity
upon NFIB depletion in GBM cells. To investigate how calpain
1 proteolytic activity changes upon NFIB depletion, we transiently transfected U87 and U251 cells with two siRNAs targeting NFIB and then measured calpain activity using a fluorometric substrate. NFIB depletion resulted in decreased calpain
proteolytic activity in both cell lines. Specifically, NFIB knockdown in U87 cells resulted in lower levels of relative fluorescence intensity, to 0.29-fold (siNFIB-1, p ⬍ 0.0001) and
0.55-fold (siNFIB-2, p ⬍ 0.001), compared with scrambled
siRNA-transfected cells (Fig. 4A, left panel). Similarly, NFIB
depletion in U251 cells resulted in reduced levels of relative
fluorescence intensity, to 0.51-fold (siNFIB-1, p ⬍ 0.0001) and
0.57-fold (siNFIB-2, p ⬍ 0.001), compared with scrambled
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Figure 1. NFI directly regulates CAST but not calpain genes. A, whole-cell lysates were prepared from T98 and U251 cells transfected with the indicated
siRNAs (left) or NFI expression constructs (right). Proteins were separated by SDS-PAGE, electroblotted onto nitrocellulose membranes, and immunoblotted
with a rabbit anti-calpastatin mAb or a mouse anti-␤-actin antibody. Numbers below each lane represent fold changes in densitometric values relative to actin
compared with control transfections (n ⫽ 2). B and C, U87 and U251 cells were transfected with siRNAs specific to each NFI member, and total RNA was
extracted using the TRIzol reagent. B, cDNA was PCR-amplified using primers flanking the indicated genes, with actin serving as a loading control. C, cDNA was
amplified by qPCR using CAPN1-specific primers. Relative fold changes were generated by normalizing CAPN1 data to those of GAPDH and then to the internal
scrambled siRNA control. Results are representative of three independent experiments. n.s., p value ⬎ 0.05.

NFIB– calpain 1-positive feedback loop in GBM cells
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Figure 2. Changes in cytoplasmic and nuclear calpain 1 levels upon NFIB knockdown. U87 and U251 cells were transfected with scrambled (control, CNT)
siRNAs or two different siRNAs targeting NFIB. Cytoplasmic (A), nuclear (B), or both cytoplasmic and nuclear (C) lysates were prepared using the NE-PER kit,
electrophoresed on polyacrylamide gel, and transferred to nitrocellulose membranes. Blots were immunostained with mouse anti-calpain 1 and rabbit
anti-calpain 2 antibodies. ␣-Tubulin and lamin A/C served as loading controls for the cytoplasmic and nuclear fractions, respectively. Histograms represent
relative fold changes in densitometric values compared with scrambled siRNA control (n ⫽ 3) (n.s., p value ⬎0.05; **, p value ⬍0.01; and ****, p value ⬍0.0001).
C, blots are representative of three independent experiments. Abbreviations used are as follows: C, cytoplasmic; N, nuclear.

siRNA-transfected cells (Fig. 4A, right panel). Whereas our calpain activity fluorometric assay does not differentiate between
calpain 1 and calpain 2, our Western blottings show that calpain
2 levels are not affected by NFIB knockdown (Fig. 2, A and B).
As NFIB depletion reduced total calpain activity to ⬃50% compared with control cells, we conclude that the effect of NFIB on
calpain activity is mediated chiefly through calpain 1.
We used the Transwell assay to examine how reduced calpain 1 proteolytic activity in NFIB-depleted cells affects GBM

cell migration. NFIB knockdown in U87 and U251 cells resulted
in ⬃3- and ⬃2-fold increases in numbers of migrating cells,
respectively (Fig. 4B). Specifically, the number of migrated U87
cells increased from 392 to 1179 in control- versus siNFIB-1–
treated cells (⬃3-fold, p ⬍ 0.0001). Likewise, the number of
migrated U251 cells increased from 433 to 843 in controlversus siNFIB-1–treated cells (⬃2-fold, p ⬍ 0.0001). These
results suggest that NFIB inhibits GBM cell migration, irrespective of the NFI phosphorylation state.
J. Biol. Chem. (2019) 294(34) 12638 –12654
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Figure 3. Changes in calpastatin and calpain 1 subcellular localization upon NFIB depletion. U87 (A) or U251 (B) cells were transiently transfected with
scrambled (control, CNT) siRNAs or an NFIB-specific siRNA and then plated onto coverslips. Cells were cultured for 24 h and then fixed with 4% paraformaldehyde and immunostained with either rabbit anti-calpastatin (A) or mouse anti-calpain 1 (A and B) antibodies followed by Alexa 488 (rabbit, green)- or Alexa 555
(mouse, red)-conjugated secondary antibodies, respectively. Nuclei were visualized with DAPI (blue), and images were acquired with a ⫻40/1.3 oil immersion
lens using the Zeiss LSM 710 confocal microscope and Zeiss ZEN imaging software. Bars, 20 m. Images are representative of the majority of cells observed
under each condition and are derived from three independent experiments. C, for quantification of calpain 1 subcellular localization, fluorescence intensity
values in the red channel (calpain 1) were generated for nuclear (DAPI as marker) and cytoplasmic fractions using 300 random U251 cells (100 cells for each
biological replicate). Data are presented as percent nuclear fluorescence intensity relative to cytoplasmic fluorescence intensity. (***, p value ⬍0.001, and ****,
p value ⬍0.0001.)

We also examined the effect of NFIB depletion on GBM cell
survival using the MTS assay. The MTS assay measures cell
metabolism and is a surrogate assay for cell viability (40). NFIB
knockdown had no effect on cell viability in both U87 (p ⬎ 0.65)
and U251 (p ⬎ 0.48) cells (Fig. 4C). These observations indicate
that NFIB– calpastatin– calpain 1 cross-talk may not be important for GBM cell viability.
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Calpain 1 depletion induces NFIB phosphorylation
So far, we have shown that NFIB affects calpain 1 levels and
activity, with concomitant changes in levels and subcellular distribution of calpastatin. Here, we address the possibility of bidirectional signaling between calcineurin/NFIB and calpain 1 in
GBM cells. We transiently transfected NFIB-hypophosphorylated U251 cells with two siRNAs targeting calpain 1 and exam-

NFIB– calpain 1-positive feedback loop in GBM cells
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Figure 4. Effects of NFIB depletion on calpain activity and GBM cell migration and viability. A–C, U87 and U251 cells were transfected with scrambled
siRNAs or siRNAs targeting NFIB. A, calpain activity was assessed by measuring the cleavage of a synthetic substrate provided in the calpain activity fluorometric
assay kit (Calbiochem). Fluorescent signals obtained in a buffer that activates calpain activity was normalized against fluorescent signals obtained in a buffer
that inhibits calpain activity. Relative fold change was obtained by normalizing the scrambled siRNA control to 1. B, 30,000 cells in FBS-free DMEM were seeded
in the top chambers of Falcon cell culture inserts in a 24-well plate. Directional migration was induced by supplementing the medium in the bottom chamber
with 10% FBS. After 20 h, cells that had migrated through the porous membrane of the inserts were fixed with methanol and stained with crystal violet.
Migrated cells were imaged with the Zeiss Axioskop2 plus microscope. Cells were counted using MetaMorph software. Bars, 200 m. C, cell metabolism, used
as a surrogate for cell viability, was measured using the MTS assay. 3500 cells were seeded in 96-well plates. After 48 h, cells were incubated with the MTS
reagent for 2 h. Fluorescence emission (495 nm) was measured using the FLUOstar Optima plate reader and then normalized to the scrambled siRNA control.
Each experiment was repeated at least three times. (n.s., p value ⬎0.05; ***, p value ⬍ 0.001, and ****, p value ⬍ 0.0001).

ined the effect of calpain 1 depletion on the catalytic subunit of
calcineurin and NFIB phosphorylation. In keeping with calcineurin being cleaved and activated by calpain 1 (19, 20),

knocking down calpain 1 resulted in accumulation of the
uncleaved form of calcineurin (⬃60 kDa) in the cytoplasm of
U251 cells (Fig. 5A). Loss of calpain 1 also led to increased levels
J. Biol. Chem. (2019) 294(34) 12638 –12654

12643

NFIB– calpain 1-positive feedback loop in GBM cells

of full-length calpastatin in U251 cells (Fig. 5A), which agrees
with our previous findings showing that NFI-hyperphosphorylated GBM cells preferentially express full-length calpastatin
(33).
As expected, depletion of calpain 1 also resulted in decreased
levels of the cleaved forms of calcineurin in U251 cells (Fig. 5B;
indicated by the asterisk). Of note, cleaved calcineurin was only
observed in the nucleus of U251 cells, suggesting that the cleavage of calcineurin occurs after its nuclear translocation and
thus can be influenced by calpain 1 concentration in the
nucleus. This observation may explain how NFI remains
hyperphosphorylated in U87 cells despite increased cytoplasmic calpain 1 levels. Along with reduced calcineurin cleavage,
we observed hyperphosphorylation of NFIB in calpain 1-depleted U251 cells compared with control cells (asterisk in Fig.
5C). It is noteworthy that these hyperphosphorylated forms of
NFIB migrate even more slowly than those observed in U87 cells
(Fig. 5C), suggesting that NFIB exists in a basally hyperphosphorylated state in control (i.e. noncalpain 1-depleted) U87
GBM cells. To confirm that the slower-migrating forms of
NFIB observed upon calpain 1 depletion are indeed hyperphosphorylated, we treated U251 cell extracts with -phosphatase.
All the NFIB bands underwent a reduction in size after -phosphatase treatment (Fig. 5D). Of note, the banding patterns of
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NFIB were different depending on whether phosphatase inhibitors were included (Fig. 5C) or not (Fig. 5D). This is likely due
to the potent phosphatase activity of calcineurin, which may
dephosphorylate NFIB in the absence of phosphatase inhibitors. Together, our data support the second signaling branch of
the NFIB– calpain 1 cross-talk in GBM cells; calpain 1 cleaves
and activates calcineurin, which in turn dephosphorylates
NFIB in U251 cells.
Calpain 1 depletion alters the subcellular distribution of
calcineurin and NFIB
We performed immunofluorescence analysis of calpain
1-depleted U251 (NFI-hypophosphorylated) cells to further
investigate the effect of calpain 1 on the subcellular localization
of calcineurin and NFIB. In control cells, both NFIB and calcineurin had a diffuse nuclear pattern (Fig. 6A, 1st row). Calpain
1 knockdown resulted in reduced levels of calcineurin in the
nucleus with much higher levels of calcineurin in the cytoplasm
(Fig. 6, A, 2nd row, and B, right panel). These results are in
agreement with our Western blotting data (Fig. 5A). Loss of
calpain 1 also led to changes in the immunostaining pattern of
NFIB such that NFIB appeared to be excluded from nucleoli
compared with control cells (Fig. 6, A, 2nd row, and B, left
panel).
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Figure 5. Calpain 1 depletion affects levels of calpastatin and calcineurin as well as NFIB dephosphorylation. Cytoplasmic (A) and nuclear lysates (B)
were prepared from U251 cells transiently transfected with scrambled siRNAs or siRNAs targeting calpain 1 (siCAPN1-1 and siCAPN1-2). Numbers represent
relative fold changes in densitometric values compared with control transfections (n ⫽ 2). The asterisk indicates the cleaved form of calcineurin. C, nuclear
fractions were prepared from U87 and U251 cells transfected with scrambled siRNAs (CNT) or siRNAs targeting calpain 1 (siCAPN1-1 and siCAPN1-2). Blots are
representative of three independent experiments. The asterisk indicates the hyperphosphorylated forms of NFIB. D, nuclear extracts were prepared from U251
cells transfected with CAPN1-1 siRNA in the absence of phosphatase inhibitors and then treated with -phosphatase ( PPase) for 1 h at 30 °C. Blots are
representative of two independent experiments. A–D, proteins were electrophoresed on SDS-polyacrylamide gels and transferred to nitrocellulose membranes. Blots were immunostained with mouse anti-calpain 1, mouse anti-calcineurin, rabbit anti-calpastatin, and rabbit anti-NFIB antibodies. ␣-Tubulin and
lamin A/C were used as loading controls for cytoplasmic and nuclear fractions, respectively.

NFIB– calpain 1-positive feedback loop in GBM cells
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Figure 6. Changes in calcineurin and NFIB subcellular localization upon calpain 1 depletion. U251 (A and B) or U87 (C) cells were transiently transfected
with scrambled siRNAs or calpain 1-specific siRNAs and then plated on coverslips. Cells were cultured for 24 h and then fixed with 4% paraformaldehyde and
immunostained with rabbit anti-NFIB and mouse anti-calcineurin antibodies followed by Alexa 488 rabbit (green)- or Alexa 555 mouse (red)– conjugated
secondary antibodies, respectively. Nuclei were visualized with DAPI (blue), and images were acquired with a ⫻40/1.3 oil immersion lens using the Zeiss LSM
710 confocal microscope and Zeiss ZEN imaging software. Bars, 50 m (A) and 5 m (insets); 20 m (C). Images are representative of the majority of cells
observed under each condition and are derived from three independent experiments. B, 300 random U251 cells (100 cells for each biological replicate) were
used for NFIB and calcineurin quantification. For NFIB nucleolus localization, cells showing absence of nucleolar staining in the green channel (NFIB) were
manually counted. Data are presented as percent of cells negative for nucleolar NFIB immunostaining relative to total number of cells counted. For calcineurin
subcellular localization, fluorescence intensity values in the red channel (calcineurin) were generated for nuclear (DAPI as marker) and cytoplasmic fractions.
Data are presented as percent nuclear fluorescence intensity relative to cytoplasmic fluorescence intensity. (**, p value ⬍0.01; ***, p value ⬍0.001, and ****, p
value ⬍0.0001).

It is noteworthy that the subcellular distribution of calcineurin and NFIB in calpain 1-depleted U251 cells was similar to
that observed in control U87 (NFI-hyperphosphorylated) cells
(Fig. 6C). These observations suggest that the phosphorylation

state of NFIB may influence its subcellular distribution. Thus,
calpain 1 may alter NFIB subcellular localization through modulation of calcineurin phosphatase activity. Taken together, our
data support a positive feedback loop between NFIB and calJ. Biol. Chem. (2019) 294(34) 12638 –12654
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pain 1 such that NFIB, through calpastatin, promotes autolysis
and activation of calpain 1. In turn, calpain 1 up-regulates calcineurin phosphatase activity, which results in NFIB dephosphorylation, which has been previously correlated with
increased transcriptional activity (12, 13, 18).
Calpain 1 depletion increases GBM cell migration but does not
affect cell survival

Calpain 1 depletion increases levels of RhoA and FABP7, both
implicated in GBM cell migration
To gain mechanistic insights into calpain 1’s role in the inhibition of GBM cell migration, we examined the levels of the
pro-migratory factor RhoA. Cleavage of RhoA by calpain 1 has
previously been shown to reduce spreading in bovine aortic
endothelial cells (25). Calpain 1-depleted U251 cells showed a
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Targeting the NFI– calpain pathway in GBM cells using calpain
inhibitors
It is well-known that calpains 1 and 2 can functionally compensate for the loss of one another under certain conditions,
including the cleavage and activation of calcineurin (19, 20). To
bypass this compensatory pathway, we examined the effect of
two inhibitors targeting both calpains 1 and 2, ACM and ALLN,
on GBM cell viability using the colony formation assay. Both
T98 (NFI-hyperphosphorylated) and U251 (NFI-hypophosphorylated) cells showed a dose-dependent decrease in colony
formation in response to either ACM or ALLN treatment (Fig.
8A). The LD50 values for ACM and ALLN were ⬃10 nM and
⬃10 M, respectively (Fig. 8A). At higher doses of ACM (100
nM) and ALLN (10 M), we observed a significant difference
between T98 (NFI-hyperphosphorylated) and U251 (NFIhypophosphorylated) colony formation, with 10.4% of plated
T98 cells forming colonies compared with 1% of plated U251
cells in the case of ACM (p ⬍ 0.0001) and 18.8% of plated
T98 cells forming colonies compared with 11.4% of plated U251
cells in the case of ALLN (p ⬍ 0.0001) (Fig. 8A). We also
observed differences in cell viability that were dependent on the
NFI-phosphorylation state of U87 (NFI-hyperphosphorylated)
and U373 (NFI-hypophosphorylated) (13) GBM cells at the
higher ACM doses using the MTS assay (Fig. 8B). Together,
these results suggest the following: (i) inhibition of combined
calpain 1 and 2 activity reduces GBM cell survival/proliferation,
and (ii) GBM cells with hyperphosphorylated NFI may be more
resistant to calpain inhibitors than GBM cells with hypophosphorylated NFI.
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To understand the effects of the NFIB– calpain 1-positive
feedback loop on GBM cell migration and cell survival, we
repeated the Transwell assay using U87 and U251 cells depleted
of either calpain 1 or both calpain 1 and NFIB. Similar to NFIB
depletion, knocking down calpain 1 resulted in increased cell
migration in both cell lines. Specifically, the number of
migrated cells increased from 392 in control to 917 in
siCAPN1-transfected U87 cells (⬃2.34-fold increase, p ⬍
0.0001) (Fig. 7A). Likewise, the number of migrated cells
increased from 433 in control to 991 in siCAPN1-transfected
U251 cells (⬃2.29-fold, p ⬍ 0.0001) (Fig. 7B). These data indicate that calpain 1, like NFIB, inhibits GBM cell migration. Codepletion of NFIB and calpain 1 in U87 cells led to a statistically
significant further increase in the number of migrated cells
compared with calpain 1 depletion: 1238 cells for the former
versus 917 cells for the latter (⬃1.35-fold, p ⬍ 0.01) (Fig. 7A).
Similar results were obtained with U251 cells: 1965 cells for
NFIB/calpain 1 co-depletion compared with 991 cells for calpain 1 depletion alone (⬃1.98-fold, p ⬍ 0.001) (Fig. 7B). In
agreement with our proposed role for NFIB in the negative
regulation of GBM cell migration, NFIB ectopic expression
resulted in decreased numbers of migrated cells compared
with control (⬃0.23-fold, p ⬍ 0.0001, Fig. 7C). Importantly,
co-transfection of U251 cells with both a calpain 1-specific
siRNA and an NFIB expression construct reversed the NFIBinduced reduction in cell migration observed in NFIB-overexpressing U251 cells (p ⬍ 0.01, Fig. 7C). These data indicate that
the negative effect of NFIB on GBM cell migration is at least
partly mediated through calpain 1 signaling, thereby providing
functional support for our proposed NFIB– calpain 1-positive
feedback loop.
Similar to NFIB knockdown, depletion of either calpain 1 or
both NFIB and calpain 1 had no effect on either U87 (p ⬎ 0.32
and p ⬎ 0.74, respectively) or U251 (p ⬎ 0.18 and p ⬎ 0.85,
respectively) cell survival as measured by the MTS assay (Fig.
7F). Our data thus indicate that NFIB and calpain 1 act in concert to dampen GBM cell migration but have no effect on cell
proliferation. However, given the further increases in cell
migration observed upon co-depletion of calpain 1 and NFIB
compared with calpain 1-depleted GBM cells (Fig. 7, A and B),
NFIB and calpain 1 may have target genes and downstream
effectors that are independent from NFIB– calpain cross-talk.

5–7-fold increase in uncleaved RhoA (22 kDa) compared with
control cells (Fig. 7D). These results are in line with RhoA serving as an important regulator of GBM cell migration (41, 42).
Although our antibody did not to detect cleaved RhoA (20
kDa), perhaps due to the labile nature of this truncated form,
our results are consistent with calpain 1-mediated proteolysis
of RhoA being a downstream mechanism by which the NFIB–
calpain 1 feedback loop down-regulates GBM cell migration.
Brain fatty acid– binding protein (FABP7) is a target of NFI
transcription factors that has been directly linked to increased
GBM cell migration (12, 13, 17, 43). To examine whether the
NFIB– calpain 1 cross-talk exerts its negative regulation on
GBM cell migration through FABP7, we transfected U251 cells
with calpain 1 siRNAs. Calpain 1 depletion led to a 3– 4-fold
increase in levels of FABP7 (Fig. 7D). Next, we ectopically
expressed NFIB in U251 cells. A consistent decrease in FABP7
protein levels was observed in these cells compared with control cells (Fig. 7E). Finally, by transfecting NFIB-overexpressing
U251 cells with calpain 1 siRNAs, we showed recovery of
FABP7 protein levels to that observed in control cells (Fig. 7E).
The parallels in the effects NFIB and calpain 1 have on FABP7
expression and GBM cell migration (Fig. 7C), combined with
FABP7’s previously demonstrated pro-migratory effects, suggest a central role for our proposed NFIB– calpain 1-positive
feedback loop on regulating GBM cell migration through
FABP7.
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Discussion
Despite extensive research, GBM remains a devastating disease, with low survival time and poor quality of life (44). The
lack of improvement in clinical outcome may be attributed to
the incomplete understanding of biological processes underlying GBM tumorigenesis and progression, particularly how
tumor cells infiltrate normal brain parenchyma. Both calpain
and NFI pathways have been shown to play key roles in regulating GBM cell migration. Calpain-mediated proteolysis of
downstream effectors is critical for all aspects of cell migration
(45, 46). More specific to GBM, calpain 2 is required for tumor
cell invasion and infiltration in vitro and in vivo (47, 48). NFI
regulates genes essential for neural cell migration in developing

Figure 7. Effects of calpain 1 depletion on GBM cell migration and viability. U87 (A) and U251 (B) cells were transfected with scrambled (CNT) siRNAs or
siRNAs targeting either calpain 1 alone or both calpain 1 and NFIB. C, U251 cells were co-transfected with siRNAs (CNT, scrambled siRNAs, or CAPN1-1, calpain
1-specific siRNA) and DNA constructs (Empty, parent pCH vector; NFIB, pCH-NFIB expression construct) using the jetPrime reagent. 30,000 U87 (A) or U251 (B
and C) cells in fetal calf serum-free DMEM were seeded in the top chambers of Falcon cell culture inserts in a 24-well plate. Directional migration was induced,
imaged, and quantified as described in Fig. 4B. Bars, 200 m. A and B, CNT panels are shared with Fig. 4B as these transfections were carried out at the same time,
but are reported separately to focus on the effect of NFIB depletion (Fig. 4B) or calpain 1 depletion (Fig. 7, A and B) on glioblastoma cell migration. D, whole-cell
lysates were prepared from U251 cells transiently transfected with scrambled siRNAs or siRNAs targeting calpain 1 (siCAPN1-1 and siCAPN1-2). E, whole-cell
lysates were prepared from U251 cells transfected with an NFIB expression construct or co-transfected with calpain 1 siRNA and an NFIB expression construct.
D and E, cell lysates were electrophoresed in SDS-polyacrylamide gels and transferred to nitrocellulose membranes. Blots were immunostained with mouse
anti-RhoA, rabbit anti-FABP7, and mouse anti-actin antibodies. Numbers represent relative fold changes in densitometric values compared with control
transfections (n ⫽ 2). F, U87 and U251 cells were transfected with the indicated siRNAs as outlined in A and B, respectively. Cell viability was measured using
the MTS assay as described in Fig. 4C. Each experiment (except for D and E) was repeated at least three times. (n.s., p value ⬎ 0.05; **, p value ⬍ 0.01, and ****,
p value ⬍ 0.0001).
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Figure 8. Effects of calpain inhibitors on GBM cell clonogenic survival. A,
500 T98 (NFI-hyperphosphorylated) or U251 (NFI-hypophosphorylated) cells
were treated with increasing doses of ACM or calpain inhibitor I (ALLN). After
24 h, the drugs were removed, and cells were allowed to grow for another 12
days. Cells were then fixed and stained with 1% crystal violet in 70% ethanol.
Colonies (colony defined as ⬎30 cells) were counted. B, cell metabolism, a
surrogate for cell viability, was measured using the MTS assay. 3500 U87 (NFIhyperphosphorylated) or U373 (NFI-hypophosphorylated) cells were seeded
in triplicate in 96-well plates. After 24 h, cells were treated with indicated
concentrations of ACM. At 36 h post-treatment, cells were incubated with the
MTS reagent for an additional 2 h. Fluorescence emission (495 nm) was measured using the FLUOstar Optima plate reader and then normalized to the
scrambled siRNA control. Each experiment was repeated three times. (**, p
value ⬍0.01, and ****, p value ⬍0.0001).

brain (11, 49). In GBM cells, NFI regulates FABP7 (12, 13), a
gene associated with increased cell migration and worse clinical
outcomes in patients (14 –17).
In light of (i) the significant intersection of calpain and NFI
functions in both normal brain development and GBM and (ii)
previous work showing that NFI regulates the gene encoding
the endogenous inhibitor of calpain, calpastatin (CAST), we
hypothesized that cross-signaling occurs between the NFI and
calpain pathways. The first empirical evidence supporting
NFI– calpain cross-talk was our discovery that NFI transcriptional activity is regulated by calcineurin, which regulates the
NFI phosphorylation state (18). Calcineurin is a well-known
calpain downstream effector (19, 20, 50, 51). Our subsequent
finding that NFI regulates CAST, which encodes calpastatin,
provided further substantiation for NFI– calpain cross-talk in
GBM cells (33).
In this study, we present evidence for a positive feedback loop
between NFIB and calpain 1 in GBM cells. Both NFIB and calpain 1 play paradoxical roles in different types of malignancies.
For example, whereas NFIB acts as an oncogene in small-cell
lung cancer (36), it functions as a tumor suppressor in cutaneous squamous cell carcinoma (52). Similarly, calpain 1 expression has been correlated with both higher and lower survival in
different types of breast cancer (53, 54). We found that NFIB
can affect calpain 1 activity through two different mechanisms
in GBM cells, depending on NFIB phosphorylation state. When
NFIB is hyperphosphorylated (Fig. 9A), it down-regulates transcription from an alternative promoter of CAST, which contains NFI-binding elements (33). Consequently, CAST transcription is primarily initiated at the canonical promoter,
resulting in higher levels of full-length calpastatin that has a
diffuse cytoplasmic distribution (33). Diffused cytoplasmic calpastatin has been correlated with intracellular activation of calpain (55). Induction of calpain autolysis through suppression of
calpastatin expression has previously been demonstrated for
the c-Myc transcription factor (56). However, when NFI is
hypophosphorylated (Fig. 9B), NFIB promotes transcription
from the alternative CAST promoter, resulting in higher levels
of a truncated form of calpastatin that lacks the XL domain (33).
This XL-less calpastatin preferentially localizes to the perinuclear region of the cell (33) and thus is unable to bind and prevent the activation of calpain 1 in other compartments of the
cytoplasm. Moreover, the ⬃55-kDa autolyzed form of calpain 1
detected in our Western blotting experiments has been shown
to have lower affinity for calpastatin compared with the fulllength form (57). As a result, autolyzed calpain 1 can translocate
to the nucleus, further insulating itself from the inhibitory
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activity of calpastatin. Thus, our combined data suggest that
although mechanistically different, both hyper- and hypophosphorylated NFIB can enhance calpain 1 activity. In support of
an NFIB– calpain 1-positive feedback loop in GBM, we also
found that calpain 1 can affect NFIB phosphorylation. We have
previously shown that NFIB phosphorylation affects its transcriptional activity (12, 13). Thus, calpain 1 cleaves and activates calcineurin, which in turn dephosphorylates NFIB and

perpetuates the signaling cycle. Whether calpain 1-induced and
calcineurin-mediated dephosphorylation can be extended to
members of the NFI family other than NFIB remains to be
examined.
Evidence from the literature suggests various roles for NFIB
in cancer cell migration. For example, NFIB enhances migration of tumor cells by changing chromatin state and accessibility (58, 59). However, NFIB expression can also be inversely
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Figure 9. Proposed models for the NFIB– calpain 1-positive feedback loop and how it negatively regulates GBM cell migration. A, in NFI-hyperphosphorylated GBM cells, low levels of CnA result in basally-hyperphosphorylated NFIB. CnA, in turn, is cleaved and activated by autolyzed calpain 1 in the nucleus.
Hyperphosphorylated NFIB does not up-regulate the alternative promoter containing NFI-binding sites, resulting in higher levels of full-length calpastatin,
which has a diffuse distribution in the cytoplasm. Diffused calpastatin is unable to effectively prevent the autolysis and activation of full-length calpain 1,
resulting in a small amount of autolyzed calpain 1. This autolyzed calpain 1, with low affinity for calpastatin, translocates into the nucleus resulting in low levels
of CnA activation, repeating the signaling cycle. B, in NFI-hypophosphorylated GBM cells, NFIB is dephosphorylated by high levels of CnA in the nucleus.
Hypophosphorylated NFIB up-regulates the alternative CAST promoter, resulting in increased levels of a truncated form of calpastatin that lacks the XL domain.
This XL-less calpastatin preferentially localizes to the perinuclear region of the cell. As a result, calpastatin is unable to bind calpain 1 in other compartments of
the cytoplasm. The majority of free cytoplasmic calpain 1 undergoes autolysis, producing high levels of autolyzed calpain 1. The latter accumulates in the
nucleus, resulting in increased levels of cleaved and activated CnA, which in turn further dephosphorylates NFIB, perpetuating the positive feedback loop. C,
calpain 1-NFIB-positive feedback loop negatively regulates GBM cell migration through calpain 1-mediated proteolysis of RhoA (generating a dominantnegative fragment) and NFIB-mediated down-regulation of FABP7 expression.
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synaptic plasticity: calpain 1 is neuroprotective and induces
long-term potentiation (LTP), in contrast to calpain 2, which
promotes neurodegeneration and restricts LTP (64). In the
context of brain development, calpain 1 acts to maintain the
self-renewing capacity of neural stem cells, whereas calpain 2
promotes the differentiation of these cells (65).
In summary, we report a positive NFIB– calpain 1 feedback
loop in GBM cell lines. Our results shed light on the molecular
basis of the signaling pathways of this cross-talk, with calpain 1
inducing NFIB dephosphorylation through cleavage and activation of calcineurin and NFIB increasing calpain 1 activity
through CAST-mediated regulation of calpastatin levels and
subcellular localization. We also provide evidence that NFIB,
through NFIB-mediated down-regulation of FABP7, and calpain 1, likely through calpain 1-mediated proteolysis of RhoA
into its dominant-negative form (Fig. 9C), act in concert to suppress GBM cell migration. Finally, our data suggest that inhibitors targeting both calpains 1 and 2, although useful for reducing tumor mass, may not be of benefit in controlling GBM cell
migration and infiltration.

Experimental procedures
Cell lines, constructs, transfections, and treatments
T98, U87, U251, and U373 GBM cell lines have been
described elsewhere (12, 66). Cells were cultured in Dulbecco’s modified Eagle’s minimum essential medium supplemented with 8% fetal bovine serum (FBS), streptomycin (50
g/ml), and penicillin (50 units/ml). pCH-NFI expression
constructs were a generous gift from Dr. R. Gronostajski
(Case Western Reserve University). GBM cells were transfected with pCH empty vector or NFI-expression constructs
using polyethyleneimine (PEI) (Polysciences) with a ratio of
5:1 (g of PEI/g of DNA). Co-transfection of calpain 1
siRNA and NFIB expression construct (pCH-NFIB) was carried out using the jetPrime reagent (VWR International).
Cells were harvested 60 h post-transfection.
Knockdown of endogenous NFIs and CAPN1
GBM cells were transfected with the following siRNAs (Life
Technologies, Inc.): scrambled (control) siRNAs (catalog nos.
12935-200 and 12935-300); NFIA, NM_005595_stealth_919
(5⬘-GAAAGUUCUUCAUACUACAGCAUGA-3⬘); NFIB-1,
NM_005596_stealth_1020 (5⬘-AAGCCACAAUGAUCCUGCCAAGAAU-3⬘); NFIB-2, NIFBHSS107131 (5⬘-GCUGGAAGUCGAACAUGGCACGAAA-3⬘); NFIC, NM_005597_
stealth_1045 (5⬘-CAGAGAUGGACAAGUCACCAUUCAA3⬘); NFIX, NM_002501_stealth_752 (5⬘-GAGAGUAUCACAGACUCCUGUUGCA-3⬘); CAPN1-1, CAPN1HSS188701 (5⬘CAGAGUGGAACAACGUGGACCCAUA-3⬘); and CAPN1-2,
CAPN1HSS101345 (5⬘-CCGUACCACUUGAAGCGUGACUUCUU-3⬘). Ten nM of each siRNA was introduced into GBM cells
using the RNAiMAX Lipofectamine reagent (Invitrogen) according to the manufacturer’s instruction. Cells were trypsinized and
replated 48 h post-transfection (1:6) for the second round of
siRNA. Cells were harvested 60 h after the second transfection.
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correlated with cell migration and invasion, as demonstrated in
osteosarcoma (60). In line with the latter observation, we show
that NFIB negatively regulates GBM cell migration by downregulating the expression of GBM pro-migratory protein
FABP7. Intriguingly, hypophosphorylated NFIs have previously been shown to up-regulate, not down-regulate, FABP7
expression in GBM cells (12). However, closer examination of
the data in this paper shows similar results to those reported
here, i.e. up-regulation of FABP7 upon NFIB depletion. Brun et
al. (12) attributed the effect of NFIB on FABP7 to possible interplay between the various members of the NFI family. However,
in light of our new data, a more likely explanation is that different members of the NFI family play different roles in GBM cells.
Thus, NFIB, as a negative regulator of FABP7, may counteract
the oncogenic effect of other NFI members. Also, in agreement
with our results, there is a correlation between higher levels of
NFIB and increased survival in patients with classical and mesenchymal GBM tumors (35). Because both U87 and U251 are of
the mesenchymal GBM subtype (61, 62), the association
between NFIB expression and better clinical outcomes may be
explained in part by NFIB-mediated down-regulation of FABP7
expression, resulting in reduced GBM cell migration.
Similar to NFIB, the role of calpain 1 in regulating cell migration varies depending on the system being analyzed, perhaps
due to functional compensation provided by other calpain
members. Whereas a number of studies have established calpain 2 as an essential promoter of GBM cell migration, this
work may be the first to implicate calpain 1 as a negative regulator of cell migration in GBM. A few reports in other systems
support an anti-migratory role for calpain 1. For example, in
bovine aortic endothelial cells, calpain 1 can cleave and generate a dominant-negative fragment of RhoA that inhibits cell
spreading (25). Although we were not able to detect the cleaved
form of RhoA in GBM cells, possibly due to the instability of
calpain 1–proteolyzed RhoA, we did observe increased levels of
full-length RhoA upon calpain 1 depletion in GBM cells. Calpain 1 depletion in GBM cells also led to an increase in the
expression of pro-migratory FABP7. These combined observations support a link between NFIB, calpain 1, and RhoA/
FABP7-mediated cell migration.
Over the last few decades, there has been increasing interest
in using calpain activators and inhibitors for clinical purposes
(22, 29, 63), with attention focusing on using calpain inhibitors
for the treatment of many pathological conditions, including
neurodegenerative diseases and cancer. Our colony formation
assay indicates that calpain inhibitors ACM and ALLN can be
used to significantly reduce GBM cell survival. NFIs, like many
other transcription factors, remain largely undruggable. Consequently, the existence of cross-talk between NFI and calpain
may allow targeting of these key pathways with calpain inhibitors. However, our Transwell and colony formation data suggest that inhibiting both calpains 1 and 2 may also cause
increased tumor cell migration, a hallmark of tumor infiltration. As the NFIB– calpain 1-positive feedback loop in GBM
cells appears to suppress tumor cell migration, we suggest that
a calpain 1-specific agonist holds the most promise for targeting infiltrative GBM cells. Opposite effects for calpain 1 and
calpain 2 have been observed in both neurodegeneration and
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Table 1
Primer sequences
Locus

Forward primer
(5ⴕ to 3ⴕ)

Reverse primer
(5ⴕ to 3ⴕ)

GAPDH
CAPN1
CAPN2
CAPNS1
ACTB

ACCAGGGAGGGCTGCAGT
CACCACACTCTACGAAGGCA
TAACGGAAGCCTACAGAAACT
CCAACGAGAGTGAGGAGGT
CTGGCACCACACCTTCTAC

CAGTTCGGAGCCCACACG
ACGCTTCAAGTGTACGGCC
TTTTTGCTGAGGTGGATGTTG
TGACCAAGCAGCTGATGAAG
CATACTCCTGCTTGCTGATC

Reverse transcription (RT) and qPCR

Western blot analysis
Whole-cell lysates were prepared by lysing cells in modified
RIPA buffer (50 mM Tris-HCl, pH 7.5, 1% sodium deoxycholate,
1% Triton X-100, 150 mM NaCl, 50 mM sodium fluoride, 1 mM
sodium orthovanadate, 10 mM EDTA, 0.1% SDS, 0.5 mM phenylmethylsulfonyl fluoride, 1⫻ cOmplete protease inhibitor
(Roche Applied Science), and 1⫻ PhosSTOP phosphatase
inhibitor (Roche Applied Science)). For -phosphatase (New
England Biolabs) treatment, 10 g of nuclear lysates were incubated with either water (negative control) or 400 units of
-phosphatase for 1 h at 30 °C in the supplied reaction buffer,
supplemented with 1 mM MnCl2. Whole-cell and nuclear
lysates were resolved in SDS-polyacrylamide gels and transferred to nitrocellulose membranes. Blots were then immunostained with the following: rabbit anti-calpastatin antibody
(1:5000, Abcam, catalog no. ab5582); mouse anti-calpain 1 antibody (1:500, Santa Cruz Biotechnology, catalog no. sc-271313);
rabbit anti-calpain 2 antibody (1:1000, Santa Cruz Biotechnology, catalog no. sc-30064); mouse anti-calcineurin antibody
(1:1000, Pharmingen, clone G182-1847); rabbit anti-NFIB antibody (1:2500, Invitrogen, catalog no. PA5-52032); mouse antiRhoA antibody (1:500, Santa Cruz Biotechnology, catalog no.
sc-418); mouse anti-lamin A/C antibody (1:1000, Thermo
Fisher Scientific, catalog no. MA3-1000); mouse anti-␣-tubulin
(1:100,000, Hybridoma Bank, clone 12G10); or mouse anti-␤actin antibody (1:100,000, Sigma, clone AC-15). Proteins of
interest were visualized using horseradish peroxidase-conjugated secondary antibody (Jackson ImmunoResearch Biotech)
with the Immobilon (EMD Millipore) or ECL (GE Healthcare)
chemiluminescent HRP substrate.
Cytoplasmic and nuclear fractionation
Nuclear and cytoplasmic fractionation was carried out using
the NE-PER kit (Thermo Fisher Scientific) with modification
for nuclear fractionation. Briefly, cytoplasmic lysates were
prepared using the supplied reagents supplemented with 1⫻
cOmplete protease inhibitors and 1⫻ PhosSTOP. Nuclei were

Calpain activity assay
Calpain proteolytic activity was measured using the fluorogenic calpain activity assay kit (Calbiochem). Briefly, whole-cell
lysates were prepared from U87 and U251 GBM cells using the
supplied lysis buffer. Changes in fluorescence intensity upon
substrate cleavage was measured in buffers that promote (Activation buffer) or suppress (Inhibition buffer) calpain activity
using the FLUOstar Optima microplate reader (355 nm excitation and 480 nm emission, BMG Labtech). Raw data obtained
with the Activation buffer were normalized against those
obtained with the Inhibition buffer. Relative fold change in fluorescence intensity was generated by normalizing each data
point to the respective scrambled siRNA control.
Transwell migration assay
U251 and U87 GBM cells were transfected with the indicated
siRNAs and plasmid-based expression constructs. Thirty thousand cells in FBS-free DMEM were seeded in the top chamber
of Falcon cell culture inserts (Thermo Fisher Scientific). Cells
were allowed to migrate through an 8-m polyethylene terephthalate membrane toward a chemoattractant (DMEM ⫹ 10%
fetal calf serum) in the bottom chamber for 20 h. Cells were
then fixed with 100% cold methanol for 20 min and stained with
1% crystal violet in 20% methanol for 30 min. Migrated cells
were imaged using a Zeiss Axioskop2 plus microscope using
multiple fields covering the whole surface of the inserts. Cell
counting was carried out using MetaMorph software (Molecular Devices).
MTS assay
U87, T98, U251, and U373 GBM cells were transfected with
the indicated siRNAs as described previously or treated with
the indicated concentrations of ACM. Cell metabolism, a surrogate of cell viability, was measured using the CellTiter 96威
nonradioactive cell proliferation MTS assay (Promega). Briefly,
⬃3500 siRNA-transfected cells were seeded in 96-well plates in
triplicate and allowed to grow for 48 h. For ACM treatment,
⬃3500 cells were seeded and allowed to recover for 24 h and
then incubated with the drug for an additional 36 h. Next, 20 l
of MTS reagent was added to each well and then incubated for
an additional 2 h. Absorbance was measured using the FLUOstar OPTIMA microplate reader with the absorbance wavelength of 495 nm. Relative fold change was generated by normalizing absorbance values to their respective scrambled
siRNA or DMSO controls.
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The TRIzol威 reagent (Thermo Fisher Scientific) was used to
isolate total RNA from GBM cells. First-strand cDNA synthesis
was carried out with Superscript II威 reverse transcriptase
(Invitrogen). For RT-PCR, primers specific to CAPN1, CAPN2,
CAPSN1, and ACTB were used to amplify cDNA (Table 1). For
RT-qPCR, cDNAs were amplified using primers flanking a
unique region of CAPN1 with the BrightGreen威 qPCR master
mix (ABM Scientific). Raw signals were first normalized to
GAPDH and then to the respective scrambled siRNA control to
generate relative fold change data.

obtained by centrifugation of cytoplasmic lysates. Purified
nuclei were lysed in modified RIPA buffer as described above.
For -phosphatase treatment, cytoplasmic and nuclear fractionation was carried out in the absence of EDTA and phosphatase inhibitors (sodium fluoride, sodium orthovanadate, and
PhosSTOP). To shear chromatin, nuclear lysates were subjected to 20 cycles of sonication at 4 °C (high output, 30 s power
on and 30 s power off) using a Bioruptor 300威 sonicator (Diagenode). Nuclear debris was pelleted by centrifugation. The
supernatant was then removed and used as nuclear lysates.
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Colony formation assay
The colony formation assay was carried out as previously
described (67). Briefly, ⬃500 T98 or U251 GMB cells were
plated in triplicate and treated with the indicated doses of ACM
or ALLN. After 24 h, the medium was changed followed by
washing with PBS to remove traces of drug. Cells were allowed
to grow for an additional 12 days and then fixed and stained
with 1% crystal violet in 70% ethanol. Colonies (⬎30 cells) were
counted.
Immunofluorescence analysis
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