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The present studies examined the biology of the multiple sclerosis drug dimethyl-fumarate (DMF) or its in
vivo breakdown product and active metabolite mono-methyl-fumarate (MMF), alone or in combination with
proteasome inhibitors, in primary human glioblastoma (GBM) cells. MMF enhanced velcade and carfilzomib
toxicity in multiple primary GBM isolates. Similar data were obtained in breast and colon cancer cells. MMF
reduced the invasiveness of GBM cells, and enhanced the toxicity of ionizing radiation and temozolomide. MMF
killed freshly isolated activated microglia which was associated with reduced IL-6, TGFb and TNFa production.
The combination of MMF and the multiple sclerosis drug Gilenya further reduced both GBM and activated
microglia viability and cytokine production. Over-expression of c-FLIP-s or BCL-XL protected GBM cells from MMF
and velcade toxicity. MMF and velcade increased plasma membrane localization of CD95, and knock down of
CD95 or FADD blocked the drug interaction. The drug combination inactivated AKT, ERK1/2 and mTOR. Molecular
inhibition of AKT/ERK/mTOR signaling enhanced drug combination toxicity whereas molecular activation of these
pathways suppressed killing. MMF and velcade increased the levels of autophagosomes and autolysosomes and
knock down of ATG5 or Beclin1 protected cells. Inhibition of the eIF2a/ATF4 arm or the IRE1a/XBP1 arm of the
ER stress response enhanced drug combination lethality. This was associated with greater production of reactive
oxygen species and quenching of ROS suppressed cell killing.

Introduction

In the United States, glioblastoma multiforme (GBM) is diag-
nosed in »20,000 patients per annum. High-grade tumors such
as anaplastic astrocytoma and GBM account for the majority of
tumors.1,2 Even under optimal circumstances, in which all of the
tumor can be surgically removed and the patients are maximally
treated with radiation and chemotherapy, the mean survival is
only extended from »3 months to 1 y There is a major unmet
need for new approaches to treat this lethal disease.

Dimethyl fumarate (DMF) is a methyl ester of fumaric acid
and for many years has been used in Europe for the treatment of
psoriasis.3 More recently, DMF has been approved in The
United States for the treatment of multiple sclerosis (Tecfidera).4

The drug has immunomodulatory actions, e.g. T cell inactiva-
tion, that may be linked to increased expression of Nrf2 and
HO-1 and an anti-oxidant response.5,6 DMF, at the approved
dose for multiple sclerosis therapy, is rapidly metabolized to

mono-methyl fumarate (MMF), and has a C max in plasma of
»15 mM, with an approximate steady state tissue and plasma
concentration of 5 mM, though many studies using this com-
pound have used the drug at much higher concentrations.4,7-10

In addition to its actions on immune cells, DMF also suppresses
the inflammatory biology of microglia and astrocytes.11-15 As
activated microglia and reactive astrocytes play key roles in the
biology and progression of GBM tumors in vivo, DMF repre-
sents one potential drug which could alter GBM growth and the
growth of other tumor types in vivo.16,17

Proteasome inhibitors e.g., velcade, carfilzomib inhibit the
activity of the 20S proteasome.18 Velcade is a reversible inhibitor;
carfilzomib is an irreversible inhibitor and can kill tumor cells
made resistant to velcade.19-26 The ubiquitin-proteasome system
regulates protein expression within cells and has a regulatory role
in the apoptotic rheostat and the response to reactive oxygen spe-
cies (ROS) and to DNA damage. The mechanisms by which pro-
teasome inhibitors kill tumor cells are diverse and include
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endoplasmic reticulum stress; the generation of ROS; inhibition
of NFkB; and modulation of signal transduction pathway activi-
ties. DMF has also been shown to inhibit NFkB.17,27

The endoplasmic reticulum (ER) stress response prevents
accumulation of unfolded proteins in the ER, and may lead to
autophagy if unchecked. There are 3 primary UPR sensors:
PERK, (PKR-like ER kinase), ATF6 (activating transcription fac-
tor 6) and IRE1.28 As unfolded proteins accumulate, BiP
(Grp78), the HSP70 ER resident chaperone, dissociates from
PERK, ATF6 or IRE1.29 BiP/Grp78 dissociation from PERK
allows this protein to dimerize, autophosphorlate, and then phos-
phorylate eIF2a, the protein required for bringing the initiator
methionyl-tRNA to the 40S ribosome.30 Phosphorylated eIF2a
thus leads to repression of global translation, helping to allow
cells to recover from the accumulation of unfolded proteins.
Reduced translation, however, can also lower expression of some
pro-survival proteins such as MCL-1 leading to increased cell
death.31 Phosphorylation of eIF2a also leads to the increased
transcription of activating transcription factor 4 (ATF4), which
activates subsets of genes involved in metabolism, transport,
redox reactions and ER stress-induced programmed cell death.32

One of these proteins C/EBP homologous transcription factor
(CHOP / GADD153) is implicated in both growth arrest and in
apoptosis.33 When Grp78/BiP dissociates from ATF6, this pro-
tein translocates to the Golgi complex, where it is cleaved by S1P
and S2P.34 This active form of ATF6 then translocates to the
nucleus, where it binds to the ER stress response element (ERSE)
to promote the transcription of ER-resident chaperones, e.g.
Grp78/BiP, and other enzymes that assist in protein folding.
After Grp78/BiP releases IRE1, this protein dimerizes, activating
its cytosolic RNAse domain. This domain of IRE1 cleaves a
sequence from the X-box DNA binding protein (XBP1).35 The
cleaved XBP1 translocates to the nucleus and binds the upstream
DNA UPR element (UPRE) and thus is a potent activator of
UPR genes. The UPR genes regulated by the UPRE are essential
for protein folding, maturation and degradation. Although some
ER stress responses lead to increased cell survival, under pro-
longed ER stress, the UPR can lead to reduced expression of pro-
survival proteins and in addition, disruption of ER calcium
homeostasis.36

The present studies were designed to examine the biology of
DMF in primary human GBM cells, and also when the drug is
combined with therapeutic agents, particularly standard of care
therapies as well as proteasome inhibitors. DMF modestly
enhanced the lethality of ionizing radiation and temozolomide,
and enhanced proteasome inhibitor toxicity. Cell killing was
associated with increased autophagy and activation of the extrin-
sic apoptosis pathway. Endoplasmic reticulum stress was induced
with the eIF2a and IRE1a arms of the stress response being pro-
tective against drug combination toxicity.

Results

Initial studies examined the effect of DMF on velcade and car-
filzomib toxicity. In semi-established GBM cells DMF and

velcade interacted to cause increased levels of cell killing
(Fig. 1A). Similar data were obtained using freshly isolated GBM
cell isolates (Fig. 1B). Velcade and DMF interacted to kill breast,
medulloblastoma and colon cancer cells; killing was marginally
altered by loss of p53 function (Fig. 1C and D). We next deter-
mined whether the irreversible proteasome inhibitor carfilzomib
interacted with DMF; in semi-established GBM cells and in
freshly isolated GBM cells carfilzomib interacted with DMF to
cause tumor cell death (Fig. 1E and F).

We next determined the impact of DMF and its breakdown
product MMF on the toxic actions of standard of care therapies
for GBM. DMF and MMF enhanced radiation toxicity in GBM
cells (Fig. 2A and B). These effects correlated with inhibition of
radiation-induced NFkB p65; ERK1/2 and AKT phosphoryla-
tion (Fig. 2C). DMF and MMF enhanced the toxicity of temo-
zolomide in GBM cells (Fig. 2D–F). MMF interacted with
temozolomide to kill GBM cells as measured in colony formation
assays after transient drug exposure (Fig. 2G). DMF suppressed
the invasiveness of GBM cells (Fig. 2H).

As noted in the Introduction, DMF / MMF has been reported
to suppress the reactive phenotype of microglia and astrocytes.
Using activated microglia freshly isolated from patient GBM
tumors we found that MMF, within 12 h, suppressed the pro-
duction of IL-6 and TNFa (Fig. 3A). Similar data were obtained
for TGFb (Fig. 3B). Identical data were obtained treating a
mouse with DMF carrying a human GBM tumor growing in its
brain (Fig. 3B, upper panel). Treatment of activated microglia
with DMF or with MMF caused significant amounts of micro-
glia cell death within 24 h (Fig. 3C). In orthotopic pre-formed
GBM6 tumors in the brains of mice, a 48 h exposure to MMF
resulted in a reduction in mouse microglia levels within the
tumor (Fig. 3D).

DMF is a recently approved medication for the treatment of
multiple sclerosis; another recently approved drug for multiple
sclerosis therapy is FTY720 (Fingolimod, Gilenya). Whereas
DMF modulates cellular redox status to suppress immune cell
activation, FTY720 acts to block sphingosine-1-phosphate sig-
naling through inhibition of sphingosine kinases and down-regu-
lation of sphingosine-1-phosphate receptors. MMF and FTY720
interacted to kill GBM cells within 24 h (Fig. 4A). The lethality
of the standard of care drug Temozolomide was also enhanced
by [MMF C FTY720] treatment within 12 h (Fig. 4B–E).
Treatment of GBM cells for 12 h followed by drug free out-
growth for 48 h still resulted in elevated levels of tumor cell kill-
ing (Fig. 4F). Similar cell killing data to those with our PDX
GBM isolates were obtained when we examined MMF /
FTY720 / Temozolomide lethality in freshly isolated human
GBM cells and in their associated purified activated microglia
(Fig. 4G). As judged using H&E staining of tissues isolated from
drug treated animals, no normal tissue toxicity was observed
using any of our drug combinations (Fig. 4H and data not
shown).

We next attempted to define the signaling and cell death path-
ways by which DMF and velcade interacted to kill GBM cells.
The toxic interaction between DMF and velcade was suppressed
by overexpression of BCL-XL or c-FLIP-s but not by expression
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of dominant negative caspase 9 (Fig. 5A). DMF and velcade
interacted to cause plasma membrane localization of the death
receptor CD95, and knock down of CD95 or of the docking
protein FADD suppressed the toxic interaction between the
drugs (Fig. 5B and C). Plasma membrane localization of CD95
was blocked by incubation of cells with the reactive oxygen spe-
cies quenching agent N-acetyl cysteine and the inhibitor of cer-
amide synthase enzymes fumonisin B1. Knock down of CD95 or
FADD protected cells from DMF and Velcade toxicity
(Fig. 5D). Quenching of reactive oxygen species protected cells
from DMF and Velcade toxicity whereas surprisingly, inhibition
of ceramide synthase enzymes increased cell killing (Fig. 5E).
The drug combination increased the numbers of

autophagosomes and autolysosomes in cells, and knock down of
the autophagy regulatory proteins Beclin1 or ATG5 suppress cell
killing by DMF and velcade (Fig. 5F–H).

Treatment of GBM cells with DMF and velcade reduced the
activities of the AKT and ERK1/2 pathways as well as the
mTOR and STAT3 pathways and enhanced the activity of the
JNK pathway (Fig. 6A). Expression of dominant negative
MEK1 or dominant negative AKT enhanced the toxicities of
the individual drugs and the drug combination (Fig. 6B).
Expression of activated forms of MEK1 or AKT suppressed cell
killing (Fig. 6C). Expression of activated forms of mTOR or
STAT3 suppressed cell killing, as did inhibition of the JNK
pathway (Fig. 6D).

Figure 1. DMF enhances proteasome inhibitor toxicity in tumor cells. (A) GBM5/6/12/14 cells were treated with DMF (5 mM), velcade (10 nM) or the drug
combination. Cells were isolated 24 h after treatment and viability determined by trypan blue exclusion assay (n D 3, C/¡ SEM) *P < 0.05 greater than
DMF alone. (B) Freshly isolated GBM cells (patients 1/2/3) were treated with DMF (5 mM), velcade (10 nM) or the drug combination. Cells were isolated
24 h after treatment and viability determined by trypan blue exclusion assay (n D 3, C/¡ SEM) *P < 0.05 greater than DMF alone. (C) Breast cancer cells
(MCF7, SKBR3; SUM149PT) or primary medulloblastoma cells (HOSS1) were treated with DMF (5 mM), velcade (10 nM) or the drug combination. Cells
were isolated 24 h after treatment and viability determined by trypan blue exclusion assay (n D 3, C/¡ SEM) *P < 0.05 greater than DMF alone. (D)
HCT116 wild type and HCT116 p53 ¡/¡ colon cancer cells were treated with DMF (5 mM), velcade (10 nM) or the drug combination. Cells were isolated
24 h after treatment and viability determined by trypan blue exclusion assay (n D 3, C/¡ SEM) *P < 0.05 greater than DMF alone. (E) GBM5/6/12/14 cells
were treated with DMF (5 mM), carfilzomib (5 nM) or the drug combination. Cells were isolated 24 h after treatment and viability determined by trypan
blue exclusion assay (n D 3, C/¡ SEM) *P < 0.05 greater than DMF alone. (F) Freshly isolated GBM cells (patients 1/2/3) were treated with DMF (5 mM),
carfilzomib (5 nM) or the drug combination. Cells were isolated 24 h after treatment and viability determined by trypan blue exclusion assay (n D 3,
C/¡ SEM) *P< 0.05 greater than DMF alone.
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As the combination of DMF and velcade was increasing the
levels of autophagosomes, and the fact that velcade increases the
levels of unfolded proteins, we determined the relative roles of
endoplasmic reticulum stress response and autophagy pathways
in the survival/killing response to DMF and velcade treatment.

DMF and velcade treatment increased the protein levels of p62
and LAMP2, suggestive of an autophagy flux stall (Fig. 6A).
We then knocked down the expression of individual proteins
within the 3 arms of the ER stress response. Knockdown of
ATF6 did not significantly alter the toxicity of DMF, velcade or

Figure 2. DMF interacts with standard of care GBM therapeutics to enhance cell killing. (A) GBM5/6/ 12/14 cells were treated with DMF (5 mM) followed,
as indicated, by irradiation (4 Gy). Cells were isolated 24 h and 48 h after treatment and viability determined by trypan blue exclusion assay (n D 3, C/¡
SEM) *P < 0.05 greater than DMF alone. (B) GBM5/6/ 12/14 cells were treated with MMF (5 mM) followed, as indicated, by irradiation (4 Gy). Cells were
isolated 24 h and 48 h after treatment and viability determined by trypan blue exclusion assay (n D 3, C/¡ SEM) *P < 0.05 greater than DMF alone. (C)
GBM6 cells were irradiated (4 Gy) in the presence of vehicle of DMF (5 mM). Cells were isolated at the indicated times and immunoblotting performed to
determine the phosphorylation of p65 NFkB; ERK1/2 and AKT (n D 3). (D) GBM5/6/12/14 cells were treated with DMF (5 mM) and/or temozolomide
(3 mM). Cells were isolated 24 h after treatment and viability determined by trypan blue exclusion assay (n D 3, C/¡ SEM) *P < 0.05 greater than DMF
alone. (E) GBM5/6/12/14 cells were treated with MMF (5 mM) and/or temozolomide (3 mM). Cells were isolated 24 h after treatment and viability deter-
mined by live / dead assay where green D alive; yellow D almost dead; red D dead (n D 3, C/¡ SEM) *P < 0.05 greater than MMF alone. (F) GBM5/6/12/
14 cells were treated with MMF (5 mM) and/or temozolomide (3 mM). Cells were isolated 24 h after treatment and viability determined by trypan blue
exclusion assay (n D 3, C/¡ SEM) *P < 0.05 greater than MMF alone. (G) GBM6/12/14 cells that express MMGT were plated as single cells in 60 mm
dishes (250–1,500 cell per dish). Twelve h after plating cells were treated with vehicle, MMF (5 mM), Temozolomide (TMZ, 3 mM) or the drugs in combina-
tion for 24 h. After 24 h the media was removed, the cells washed with drug free media and the media replaced using drug free media. Colonies were
permitted to form for 10–14 days, after which time the colonies were fixed, stained and counted (n D 2 studies, in sextuplicate C/¡ SEM). # P < 0.05
less than TMZ alone treatment. (H) GBM5/12/14 cells were placed into chambers in 24 well plates and the migration of cells in the presence of vehicle or
MMF (5 mM) was determined as in Methods (n D 3, C/¡ SEM) #P < 0.05 less than vehicle.
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DMF and velcade treatment (Fig. 7B and C). In contrast to
data examining the ATF6 pathway, knock down of the IRE1a/
XBP1 or the eIF2a/ATF4 arms of the ER stress response
increased the toxicity of DMF, velcade or DMF and velcade
treatment. Knock down of CHOP did not alter the response of
cells to DMF and velcade. Knock down of eIF2a or IRE1a
enhanced the generation of reactive oxygen species following
DMF and velcade treatment (Fig. 7D and E). Quenching of
ROS using N-acetyl cysteine protected cells from DMF and vel-
cade toxicity (Fig. 7F).

Discussion

The present studies were performed to determine whether the
FDA approved drug for multiple sclerosis, DMF/MMF, could
kill glioma cells and interact with other therapeutic agents to
enhance GBM cell killing. In multiple primary human GBM cell
isolates DMF/MMF interacted with proteasome inhibitors to
cause GBM cell killing. DMF/MMF modestly enhanced the tox-
icity of standard of care GBM therapeutic modalities and killed
freshly isolated activated microglia with a parallel reduction in

Figure 3. MMF kills freshly activated microglia from GBM tumors that is associated with reduced cytokine expression. Activated microglia were isolated
from grade IV GBM tumors. (A) Cells were treated with vehicle or MMF (5 mM) and 24 h later cells examined using IHC for the expression of IL6 and
TNFa (n D microglia from 3 tumors in triplicate C/¡ SEM) #P < 0.05 less than vehicle. (B) Cells were treated with vehicle or MMF (5 mM) and 24 h later
cells examined using IHC for the expression of TGFb (n D microglia from 3 tumors in triplicate C/¡ SEM) #P < 0.05 less than vehicle. (C) Upper images:
activated microglia were treated with vehicle, DMF (5 mM) or MMF (5 mM) for 24 h after which they were isolated and cell viability determined by live /
dead assay (n D microglia from 3 tumors in triplicate C/¡ SEM). Lower graph: activated microglia from 3 patients were treated with vehicle or MMF
(5 mM) for 24 h after which they were isolated and cell viability determined by live / dead assay (n D 3, C/¡ SEM) *P < 0.05 greater than vehicle. (D)
GBM6 cells (5 £ 105) were infused into the right caudate putamen of athymic mice. Fourteen days after infusion animals were treated with either vehicle
diluent (0.08% methocel) or with diluent containing MMF 30 mg/kg BID for 2 d PO. After 48 h, animals were sacrificed, their brains fixed and sectioned
in a microtone (10 mm) and immuno-histochemistry performed against CD11b and CD68 in the tumors. Sections were counter-stained with DAPI. Images
are at 10£ and 100£magnification of the proliferating edge of the GBM6 tumor (n D 3).
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the expression of growth promoting and inflammatory cytokines.
Collectively our findings argue that DMF/MMF could represent
a novel therapeutic response modifier for GBM treatment.

We determined that DMF/MMF and velcade lethality was
reduced by protecting the mitochondrion (BCL-XL over-expres-
sion) or inhibition of caspase 8 (c-FLIP-s overexpression), but
not impacted by inhibition of caspase 9 function. Based on our
findings expressing c-FLIP-s, we determined that DMF/MMF
and velcade treatment activated the death receptor CD95 and
knock down of CD95 or the docking protein FADD suppressed
killing by the drug combination. Activation of CD95 required

the generation of reactive oxygen species and was blocked by
inhibition of ceramide synthase enzymes. Velcade has been
shown to kill in part through the generation of reactive oxygen
species and mitochondrial dysfunction, but not through activa-
tion of death receptors. Recently velcade toxicity has been linked
in pancreatic tumor cells to ceramide generation, though the vel-
cade concentrations used were supra-physiologic. Many studies
in tumor cells with DMF/MMF have used supra-physiologic
concentrations of the agent, and in these studies DMF/MMF has
been proposed to promote a more differentiated state, reduce
reactive oxygen species generation and inactivate NFkB. Using

F

Figure 4. MMF interacts with FTY720 (Fingolimod, Gilenya) to kill GBM cells. (A) GBM cells were treated with vehicle or MMF (5 mM), FTY720 (50 nM) or
both drugs in combination and viability determined 24 h later using a live / dead assay (n D 3 C/¡ SEM) * P < 0.05 greater than MMF alone. (B–E)
GBM5, GBM6, GBM12, GBM14 cells were treated with MMF (5 mM), FTY720 (50 nM), Temozolomide (TMZ, 3 mM) or in combination as indicated for the
times (3 h–12 h) as indicated. Cell viability was assessed by live / dead assay. (n D 3 C/¡ SEM) *P < 0.05 greater than MMF; **P < 0.05 greater than
MMFCFTY720 value. (F) GBM cells were treated with MMFCFTY720 or with MMFCFTY720CTMZ for 12 h. Cells were washed free of drug, and cell growth
/ repopulation permitted to occur for 48 h. Cell viability was assessed by live / dead assay. (G) GBM tumors, fresh from the operating room, were gently
digested and dissociated, and microglia and primary GBM cells purified. Cells were plated and 12 h after plating were treated with MMF (5 mM), FTY720
(50 nM), Temozolomide (TMZ, 3 mM) or in combination as indicated for 12 h. Cell viability was assessed by live / dead assay. (n D 3 C/¡ SEM) *P < 0.05
greater than MMF; **P < 0.05 greater than MMFCFTY720 value. (H) BALB/c immune competent mice were treated for 14 d with: vehicle (cremophore);
DMF (75 mg/kg); FTY720 (0.6 mg/kg) or the drugs in combination. After 14 d the mice were sacrificed and their organs fixed. Sections (10 mm) or each
organ were taken and stained with H&E.
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lower concentrations of both agents we observed a cooperative
interaction to increase CD95 activity and generate reactive oxy-
gen species. Further investigations outside of the present manu-
script will be required to fully define how reactive oxygen species

and de novo ceramide generation are regulated by this drug com-
bination to kill.

In addition to increased death receptor signaling we also
observed that the drug combination increased the levels of

Figure 5. The molecular mechanisms by which DMF/MMF and velcade interact to kill. (A) GBM cells (patient 2/3) were infected with recombinant adeno-
viruses to express: empty vector (CMV); the mitochondrial protective protein BCL-XL; the caspase 8 inhibitor c-FLIP-s; dominant negative caspase 9.
Twenty 4 h after infection cells were treated with DMF (5 mM), velcade (10 nM) or the drug combination. Cells were isolated 24 h after treatment and
viability determined by trypan blue exclusion assay (n D 3, C/¡ SEM) # P < 0.05 less than corresponding value in CMV infected cells. (B) GBM cells
(patient 2) were treated with DMF (5 mM), velcade (10 nM) or the drug combination, or in parallel with N-acetyl cysteine (10 mM) or Fumonisin B1 (FB1,
25 mM). Cells were isolated 6 h after treatment and the cell surface levels of the death receptor CD95 determined (n D 3, C/¡ SEM) * P < 0.05 greater
than DMF alone. (C) GBM cells (patient 3) were treated with DMF (5 mM), velcade (10 nM) or the drug combination, or in parallel with N-acetyl cysteine
(10 mM) or Fumonisin B1 (FB1, 25 mM). Cells were isolated 6 h after treatment and the cell surface levels of the death receptor CD95 determined. (D)
GBM cells (patient 2/3) were transfected with either a scrambled siRNA (siSCR) or siRNA molecules to knock down expression of CD95 or FADD. Thirty
6 h after transfection cells were treated with DMF (5 mM), velcade (10 nM) or the drug combination. Cells were isolated 24 h after treatment and viability
determined by trypan blue exclusion assay (n D 3, C/¡ SEM) #P < 0.05 less than corresponding value in siSCR cells. (E) GBM cells (patients 2 and 3) were
pre-treated with N-acetyl cysteine (10 mM) or fumonisin B1 (25 mM) and then treated with DMF (5 mM) and velcade (10 nM) in combination. Cells were
isolated 6 h after treatment and the cell surface levels of the death receptor CD95 determined (n D 3,C/¡ SEM) #P< 0.05 less than corresponding value
in VEH cells; *P < 0.05 greater than corresponding value in VEH cells. (F and G) GBM cells (patient 2/3) were transfected with a plasmid to express LC3-
GFP-RFP. Twenty 4 h after transfection cells were treated with DMF (5 mM), velcade (10 nM) or the drug combination. Cells were examined under a fluo-
rescent microscope (£40) 12 h after drug treatment and the numbers of intense GFPC and RFPC punctae determined. (H) GBM cells (patient 2/3) were
transfected with either a scrambled siRNA (siSCR) or siRNA molecules to knock down expression of Beclin1 or ATG5. Thirty 6 h after transfection cells
were treated with DMF (5 mM), velcade (10 nM) or the drug combination. Cells were isolated 24 h after treatment and viability determined by trypan
blue exclusion assay (nD 3, C/¡ SEM) #P< 0.05 less than corresponding value in siSCR cells.
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autophagosomes and autolysosomes. Inhibition of autophago-
some and autolysosome production via knock down of ATG5 or
Beclin1 suppressed cell killing. In prior studies e.g., with lapati-
nib and obatoclax we have shown the drug combination increases
autophagosome levels, with autophagosomes co-localizing with
mitochondria, suggestive of mitophagy. In the present studies we
also observed co-localization of autophagosomes with mitochon-
dria (data not shown). Mitophagy can play both a survival role in
response to modest levels of cell stress but can, in the face of
higher amounts of stress; act as a cell executioner (observed in the

present studies).37 One possible explanation for our data is that
as ubiquination of outer mitochondrial membrane proteins by
Parkin plays a role in mitophagy, and velcade prevents the degra-
dation of ubiquinated proteins, we would expect mitophagy lev-
els to rise.

Velcade and DMF/MMF treatment inactivated AKT, ERK,
mTOR and STAT3. Expression of an activated form of MEK,
and to a greater extent AKT suppressed cell killing. Expression of
an activated form of mTOR or of STAT3 suppressed the
increased levels of autophagosome and autolysosome production

Figure 6. Altered signaling by ERK, AKT, mTOR, NFkB and STAT3 are associated with drug combination toxicity. (A) GBM cells (patient 2/3) were treated
with DMF (5 mM), velcade (10 nM) or the drug combination. Cells were isolated 12 h after exposure and subjected to SDS PAGE followed by immuno-
blotting to determine the expression and phosphorylation of the indicated proteins (n D 3). (B) GBM cells (patient 2/3) were infected with recombinant
adenoviruses to express empty vector (CMV); dominant negative MEK; dominant negative AKT. Twenty 4 h after infection cells were treated with DMF
(5 mM), velcade (10 nM) or the drug combination. Cells were isolated 24 h after treatment and viability determined by trypan blue exclusion assay (n D
3, C/¡ SEM) *P< 0.05 greater than corresponding value in VEH cells. (C) GBM cells (patient 2/3) were infected with recombinant adenoviruses to express
empty vector (CMV); constitutively active MEK; constitutively active AKT. Twenty 4 h after infection cells were treated with DMF (5 mM), velcade (10 nM)
or the drug combination. Cells were isolated 24 h after treatment and viability determined by trypan blue exclusion assay (n D 3, C/¡ SEM) #P < 0.05
less than corresponding value in CMV cells. (D and E) GBM cells (patient 2/3) were transfected with empty vector plasmid (CMV) or plasmids to express
constitutively active STAT3 or constitutively active mTOR. The JNK inhibitory peptide (JNK-IP) was used at 10 mM. Twenty 4 h after transfection cells
were treated with DMF (5 mM), velcade (10 nM) or the drug combination. Cells were isolated 24 h after treatment and viability determined by trypan
blue exclusion assay (nD 3, C/¡ SEM) *P < 0.05 greater than corresponding value in CMV cells.
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and blocked drug combination toxicity. The precise molecular
mechanisms by which velcade and DMF modulate cell signaling
are unclear, and will require additional study beyond the present
manuscript.38

It is now becoming widely appreciated that many anti-cancer
drugs induce an endoplasmic reticulum stress / unfolded protein
response. In the present studies we observed that inhibition of
the ATF6 arm of the stress response did not appear to effect
DMF/MMF and velcade toxicity. However, inhibition of either
the IRE1a/XBP-1 arm or the PERK/eIF2a/ATF4 arm of the
stress response enhanced the toxicities of the individual drugs
and the drug combination. Knock down of eIF2a or IRE1a
increased the levels of reactive oxygen species generated by drug

treatment; quenching of reactive oxygen species prevented cell
killing. The molecular mechanisms by which loss of the IRE1a/
XBP-1 arm or the PERK/eIF2a/ATF4 arm enhances reactive
oxygen species production at present remain unclear.

In conclusion, DMF/MMF can be combined with multiple
standard of care and novel therapeutic agents to kill semi-estab-
lished primary glioblastoma cell isolates. Killing involves inhibi-
tion of protective signaling pathways, the induction of
autophagosome formation, death receptor activation and the
actions of reactive oxygen species. Based on our encouraging data
a Phase I dose-limiting toxicity trial is about to open at VCU/
MCVH in newly diagnosed glioblastoma patients combining
DMF with Temozolomide and radiotherapy.

E

Figure 7. Endoplasmic reticulum stress pathways regulate the cellular response to DMF and velcade treatment. (A) GBM cells (patients 2 and 3) were
treated with DMF (5 mM), velcade (10 nM) or the drug combination. Cells were isolated 12 h after exposure and subjected to SDS PAGE followed by
immunoblotting to determine the expression and phosphorylation of the indicated proteins (n D 3). (B) GBM cells (patient 2) and (C) GBM cells (patient
3) were transfected with siRNA molecules to knock down the expression of: ATF6; XBP-1; IRE1a; eIF2a; ATF4; CHOP or with a scrambled siRNA (siSCR).
Thirty 6 h after transfection cells were treated with DMF (5 mM), velcade (10 nM) or the drug combination. Cells were isolated 24 h after treatment and
viability determined by trypan blue exclusion assay (n D 3, C/¡ SEM) *P < 0.05 greater than corresponding value in siSCR cells. (D and E) GBM cells
(patient 2/3) were transfected with siRNA molecules to knock down the expression of: IRE1a; eIF2a or with a scrambled siRNA (siSCR). Thirty 6 h after
transfection cells were treated with DMF (5 mM), velcade (10 nM) or the drug combination. The levels of reactive oxygen species in cells was determined
3 h after drug exposure using DCFH-DA. Data are plotted as the –Fold increase in ROS levels, with basal DCFH-DA fluorescence subtracted (n D 3, C/¡
SEM) *P < 0.05 greater than corresponding value in siSCR cells. (F) GBM cells (patient 2/3) were transfected with siRNA molecules to knock down the
expression of: IRE1a; eIF2a or with a scrambled siRNA (siSCR). Thirty 6 h after transfection cells were pre-treated with N-acetyl cysteine (10 mM) and
then treated with DMF (5 mM), velcade (10 nM) or the drug combination. Cells were isolated 24 h after treatment and viability determined by trypan
blue exclusion assay (nD 3, C/¡ SEM) #P< 0.05 less than corresponding value in siSCR cells.

1654 Volume 15 Issue 12Cancer Biology & Therapy



Materials and Methods

Materials
Phospho-/total- antibodies were purchased from Cell Signal-

ing Technologies (Danvers, MA) and Santa Cruz Biotech. (Santa
Cruz, CA). All drugs were purchased from Selleckchem (Hous-
ton, TX). Commercially available validated short hairpin RNA
molecules to knock down RNA / protein levels were from Qiagen
(Valencia, CA). Antibody reagents, other kinase inhibitors, cas-
pase inhibitors cell culture reagents, and non-commercial recom-
binant adenoviruses have been previously described.39-42

Previously characterized semi-established GBM5 / GBM6 /
GBM12 / GBM14 glioblastoma cells were supplied by Dr. C.D.
James (University of California, San Francisco) and Dr. J.N. Sar-
karia (Mayo Clinic, Rochester MN) and were not further charac-
terized by ourselves. The primary human GBM isolates (patient
1; patient 2; patient 3) and primary human medulloblastoma iso-
lates (HOSS1, VC312, CON1) were obtained / isolated from
discarded tumor tissue after standard of care surgery. Patients
had previously given informed consent under an IRB protocol to
the use of tumor tissue. Tumor samples were made anonymous
of all patient identifiers by the VCU TDAAC prior to hand-over
to the Dent laboratory.

Methods

Cell culture and in vitro exposure of cells to drugs
All fully established cancer lines were cultured at 37�C

(5% (v/v CO2) in vitro using RPMI supplemented with 10%
(v/v) fetal calf serum and 10% (v/v) Non-essential amino
acids. All primary human GBM cells were cultured at 37�C
(5% (v/v CO2) in vitro using RPMI supplemented with 2%
(v/v) fetal calf serum and 10% (v/v) Non-essential amino
acids. at 37�C (5% (v/v CO2). For short-term cell killing
assays and immunoblotting, cells were plated at a density of
3 £ 103 per cm2 and 24 h after plating were treated with
various drugs, as indicated. In vitro small molecule inhibitor
treatments were from a 100 mM stock solution of each drug
and the maximal concentration of Vehicle (DMSO) in media
was 0.02% (v/v). Cells were not cultured in reduced serum
media during any study.

Cell treatments, SDS-PAGE and Western blot analysis
Cells were treated with various drug concentrations, as indi-

cated in the figure legends. Samples were isolated at the indicated
times and SDS PAGE and immunoblotting was performed as
described in refs.39-42 Blots were observed by using an Odyssey
IR imaging system (LI-COR Biosciences, Lincoln, NE).

Recombinant adenoviral vectors; infection in vitro
We generated and purchased previously noted recombinant

adenoviruses as per refs.39-42 Cells were infected with these
adenoviruses at an approximate m.o.i. as indicated in the figure
legend (usually an moi of 50). Cells were incubated for 24 h to
ensure adequate expression of transduced gene products prior to
drug exposures.

Detection of cell death by Trypan Blue assay
Cells were harvested by trypsinization with Trypsin/EDTA

for »10 min at 37�C. Harvested cells were combined with the
culture media containing unattached cells and the mixture centri-
fuged (800 rpm, 5 min). Cell pellets were resuspended in PBS
and mixed with trypan blue agent. Viability was determined
microscopically using a hemocytometer. Five hundred cells from
randomly chosen fields were counted and the number of dead
cells was counted and expressed as a percentage of the total num-
ber of cells counted. Cell killing was confirmed using the Sceptor
instrument (Millipore, Billerica MA) with a 60 mm tip, which
measured tumor cell size/sub G1 DNA as an indication of tumor
cell viability.

Assessment of autophagy
Cells were transfected with a plasmid to express a green fluo-

rescent protein (GFP) and red fluorescent protein (RFP) tagged
form of LC3 (ATG8). For analysis of cells transfected with the
GFP-RFP-LC3 construct, the GFP/RFP -positive vesicularized
cells were examined under the X40 objective of a Zeiss Axiovert
fluorescent microscope.

Plasmid transfection

Plasmids. Cells were plated as described above and 24 h after
plating, transfected. Plasmids (0.5 mg) expressing a specific
mRNA or appropriate vector control plasmid DNA was diluted
in 50 ml serum-free and antibiotic-free medium (1 portion for
each sample). Concurrently, 2 ml Lipofectamine 2000 (Invitro-
gen), was diluted into 50 ml of serum-free and antibiotic-free
medium. Diluted DNA was added to the diluted Lipofectamine
2000 for each sample and incubated at room temperature for
30 min. This mixture was added to each well/dish of cells con-
taining 200 ml serum-free and antibiotic-free medium for a total
volume of 300 ml and the cells were incubated for 4 h at 37�C.
An equal volume of 2£ medium was then added to each well.
Cells were incubated for 48 h, then treated with drugs. To assess
transfection efficiency of plasmids we used a plasmid to express
GFP and defined the percentage of cells being infected as the per-
centage of GFPC cells. For all cell lines the infection efficiency
was >70%.

siRNA. Cells were plated in 60 mm dishes from a fresh cul-
ture growing in log phase as described above, and 24 h after plat-
ing transfected. Prior to transfection, the medium was aspirated
and 1 ml serum-free medium was added to each plate. For trans-
fection, 10 nM of the annealed siRNA, the positive sense control
doubled stranded siRNA targeting GAPDH or the negative con-
trol (a “scrambled” sequence with no significant homology to
any known gene sequences from mouse, rat or human cell lines)
were used (predominantly Qiagen, Valencia, CA; occasional
alternate siRNA molecules were purchased from Ambion, Inc.,
Austin, Texas). Ten nM siRNA (scrambled or experimental) was
diluted in serum-free media. Four ml Hiperfect (Qiagen) was
added to this mixture and the solution was mixed by pipetting
up and down several times. This solution was incubated at room
temp for 10 min, then added drop-wise to each dish. The
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medium in each dish was swirled gently to mix, then incubated at
37�C for 2 h. One ml of 10% (v/v) serum-containing medium
was added to each plate, and cells were incubated at 37�C for
24–48 h before re-plating (50 £ 103 cells each) onto 12-well
plates. Cells were allowed to attach overnight, then treated with
drugs (0–48 h). Trypan blue exclusion assays and SDS PAGE /
immunoblotting analyses were then performed at the indicated
time points.

Immunohistochemistry and live-dead assays
Immunohistochemistry and live-dead assays were performed

in 96 well plates using a Hermes Wiscan instrument (IDEA Bio-
medical, Rehovot, Israel). Cells were plated and treated with
drugs for 12–24 h as indicated in the figure legend. After treat-
ment plates were centrifuged to deposit floating cells onto the
plate (800 rpm, 5 min). Cells were then either fixed in place
(4% paraformaldehyde in PBS) or were subjected to live-dead
assay using a commercially available kit and performed according
to the manufacturer’s method (Life Technologies, Grand Island,
NY). Cell viability was measured using Wisoft software. Fixed
cells were subjected to Ki67 / IL-6 / TNFa staining using stan-
dard procedures.

Isolation of activated microglia
Following acquisition of fresh GBM tumor tissue under an

approved IRB protocol, we isolated activated microglia using

CD11b microglia microbeads (MACS, Miltenyi Biotec., San
Diego, CA). Tumor tissue was macerated and single cell suspen-
sions obtained using a Miltenyi neural tissue dissociation kit.

Data analysis
Comparison of the effects of various treatments was per-

formed using one way analysis of variance and a 2 tailed
Student’s t-test. Statistical examination of in vivo animal survival
data utilized log rank statistical analyses between the different
treatment groups. Differences with a P-value of <0.05 were con-
sidered statistically significant. Experiments shown are the means
of multiple individual points from multiple experiments (§
SEM).
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