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Abstract

Purpose: Parallel signaling reduces the effects of receptor
tyrosine kinase (RTK)–targeted therapies in glioma. We hypo-
thesized that inhibition of protein N-linked glycosylation,
an endoplasmic reticulum co- and posttranslational modifica-
tion crucial for RTK maturation and activation, could provide
a new therapeutic approach for glioma radiosensitization.

ExperimentalDesign:We investigated the effects of a small-
molecule inhibitor of the oligosaccharyltransferase (NGI-1)
on EGFR family receptors, MET, PDGFR, and FGFR1. The
influence of glycosylation state on tumor cell radiosensitivity,
chemotherapy-induced cell toxicity, DNA damage, and cell-
cycle arrest were determined and correlated with glioma cell
receptor expression profiles. The effects of NGI-1 on xenograft
tumor growth were tested using a nanoparticle formulation
validated by in vivomolecular imaging. A mechanistic role for
RTK signaling was evaluated through the expression of a
glycosylation-independent CD8-EGFR chimera.

Results: NGI-1 reduced glycosylation, protein levels, and
activation of most RTKs. NGI-1 also enhanced the radio-
sensitivity and cytotoxic effects of chemotherapy in those
glioma cells with elevated ErbB family activation, but not in
cells without high levels of RTK activation. NGI-1 radio-
sensitization was associated with increases in both DNA
damage and G1 cell-cycle arrest. Combined treatment of
glioma xenografts with fractionated radiotherapy and
NGI-1 significantly reduced tumor growth compared with
controls. Expression of the CD8-EGFR eliminated the effects
of NGI-1 on G1 arrest, DNA damage, and cellular radio-
sensitivity, identifying RTK inhibition as the principal
mechanism for the NGI-1 effect.

Conclusions: This study suggests that oligosaccharyltrans-
ferase inhibition with NGI-1 is a novel approach to radio-
sensitize malignant gliomas with enhanced RTK signaling.

See related commentary by Wahl and Lawrence, p. 455

Introduction
Receptor tyrosine kinases (RTK) are transmembrane glyco-

proteins that regulate downstream signaling involved in cell
proliferation and survival. Receptor overexpression or activa-
tion caused by mutation is critical for the development and
progression of many tumors including glioblastoma (GBM), an
incurable malignant brain tumor (1, 2). RTKs such as ErbB2
and EGFR, as well as the RTK ligand, VEGF, have been success-
fully targeted in multiple tumor types both as monotherapies
or combined with cytotoxic chemotherapy. In head and neck
squamous cell carcinoma, EGFR inhibition has also been
identified as an effective method for tumor cell radiosensitiza-
tion (3–5). However, targeting RTKs in glioblastoma has pro-

duced limited clinical responses (6–8), questioning whether
specific receptors are effective targets in this tumor type.

Parallel or bypass kinase signaling has been identified as a
mechanism for resistance to therapeutics that target specific
RTKs. For example, derepression of PDGFRb transcription has
been implicated as an alternative signaling pathway that pro-
motes acquired resistance to EGFR tyrosine kinase inhibitors
in glioblastoma (9). The coexpression of EGFR and c-Met has
also been shown to rescue survival signaling and counteract EGFR
signaling blockade (10, 11). In addition, the dependence of
downstream signaling on multiple coexpressed RTKs (12, 13)
provides a further understanding of the limitations for targeting
individual RTKs in GBM and emphasizes the need for therapeutic
strategies that disrupt signaling through multiple RTK proteins.

N-linked glycosylation (NLG) is an endoplasmic reticulum
(ER) co- and posttranslational protein modification that has
an important role in the assembly and maturation of cell sur-
face glycoprotein receptors (reviewed in ref. 14). NLG is a
conserved two-phase process in eukaryotic cells. It involves the
assembly of an oligosaccharide on a lipid carrier followed
by the transfer of the oligosaccharide to asparagine residues
within a specific amino acid consensus sequence (NXS/T; where
X can be any amino acid other than proline). The sequential
assembly of the mature oligosaccharide is initiated on the ER
cytoplasmic leaflet, completed in the ER lumen, and requires
the activity of multiple enzymes and glycosyltransferases (15).
The glycosylation reaction itself is catalyzed in the ER lumen by
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the oligosaccharyltransferase (OST), a multisubunit enzyme
complex that exists in several isoforms (16). The glycosylation
pathway therefore represents a potential upstream biosynthetic
node for regulating the function of multiple cell surface recep-
tors, including RTKs, and is therefore an attractive target for
cancer biology investigations.

NLG is known to be essential for the function for several
transmembrane receptors that are targets for cancer therapy,
including the ErbB family members, VEGFR, and IGF-1R
(17–19). Furthermore, we have previously demonstrated
that inhibition of NLG with tunicamycin, an inhibitor of
dolichyl-phosphate N-acetylglucosamine-phospho-transferase
(DPAGT1), or siRNA/shRNA knockdown of MPI, an enzyme
required for glycan precursor biosynthesis, blocks RTK function
and enhances glioma cell radiosensitivity (20, 21).

Recently, a high-throughput screening campaign for small-
molecule inhibitors of NLG identified a novel aminobenzami-
desulfonamide chemical series that disrupts the function of the
OST. The lead compound from this group, NGI-1, targets the OST
catalytic subunits through a direct and reversible interaction (22).
Importantly, NGI-1 does not completely abolish all OST activi-
ties, producing incomplete inhibition of glycosylation that is
associated with low toxicity. Because NGI-1 is predicted to alter
the glycosylation and function of multiple RTKs, we sought to
investigate the effects of NGI-1 treatment in malignant glioma
cells. Our work tests combinatorial effects of NGI-1 with both
radiotherapy and cytotoxic chemotherapy with the goal of under-
standing the underlying cellular mechanisms that are affected.
Together, this work evaluates the potential of OST inhibition as
novel therapeutic strategy for the treatment of malignant glioma.

Materials and Methods
Cell lines and pharmacologic inhibitors

In this study, we used the D54, SKMG3, U251, T98G, and
42-MG glioma cell lines. The source of D54, SKMG3, and U251
cells has been described previously (17, 23). The 42-MG and

T98G cells were provided by Todd Waldman (Georgetown
University, Washington, DC) and Dr. Ranjit Bindra (Yale Uni-
versity, New Haven, CT), respectively. The cells were cultured in
DMEM/F12 (D54 and T98G), DMEM (42-MG and U251), or
RPMI 1640 (SKMG3) þ 10% FBS supplemented with penicillin
and streptomycin (Gibco, Life Technologies) in a humidified
incubator with 5% CO2, and they were kept in culture no more
than 6months after resuscitation from the original stocks. All cell
lines used in the study were authenticated by the American Type
Culture Collection (ATCC) short tandem repeat (STR) profiling,
other than SKMG3 which does not have a published STR profile
but was confirmed to be of human origin and matched no other
cell lines in the ATCC or DMSZ databases. Mycoplasma cell
culture contamination was routinely checked and ruled out using
a biochemical test (MycoAlert Mycoplasma Detection Kit from
Lonza). Tunicamycin was purchased from Calbiochem/EMD-
Millipore. Cetuximab and Erlotinib were purchased at Selleck
Chemicals LLC. Luciferin was supplied by Promega. For in vitro
experiments, radiation (XRT) was administered at room temper-
ature using a Precision X-ray 320-kV orthovoltage unit at a dose
rate of 2 Gy/45 seconds (PXI X-Ray Systems) with 2 mm alumi-
num filter. For in vivo studies, radiotherapy was administered at
room temperature using a Precision X-ray 250-kV orthovoltage
unit at a dose rate of 6.42Gy/min (PXI X-Ray Systems) with 2mm
aluminum filter. Quality Assurance for both irradiators was
performed monthly using a P.T.W. 0.3 cm3 Ionization Chamber
calibrated to NIST standards and quarterly dosimetry using ther-
moluminescent dosimeter–based or ferrous sulfate–based
dosimeters.

Generation of CD8-EGFR cell lines
The CD8 cDNA was a gift from Paula Kavathas (Yale Univer-

sity, New Haven, CT). The CD8-EGFR was constructed accord-
ing to a strategy that generated a constitutively active IGF-1R (24).
The extracellular domain of CD8was PCR amplifiedwith a 50 XbaI
and 30 SalI restriction site and cloned in-frame with the intracel-
lular kinase domain of EGFR using the pDCB5-EGFR plasmid.
SKMG3-CD8-EGFR cells were generated by Lipofectamine (Life
Technologies) transfection of the plasmid followed by selection
with 500 mg/mL G418. Expression of CD8-EGFR was validated
by Western blot analysis of the wild type and CD8-EGFR.

Radiation survival and proliferation assays
Clonogenic survival assays were performed with cells treated in

the presence or absence of 10 mmol/L NGI-1 48 hours before
radiotherapy, andmaintained until cells were replated. Radiation
(XRT) doses of either 0, 2, 4, or 6 Gy were delivered with a Pre-
cision X-ray 320-kV orthovoltage unit at a dose rate of 2 Gy/45
seconds (PXI X-Ray Systems). Twenty-four hours following XRT
cells were washed, trypsinized, and replated in triplicate wells to
determine clonogenic survival. Cultures were grown for 14 days,
washed once with 1� PBS, and stained with 0.25% crystal violet
in 80% methanol. Colonies with >50 cells were counted, and
clonogenic cell survival differences for each treatment were com-
pared using survival curves generated from the linear quadratic
equation using GraphPad Prism7 (GraphPad Software Inc.).
Growth rates were determined by CellTiter 96 Non-Radioactive
Cell Proliferation Assay (Promega) according to the manufac-
turer's directions. For each experiment, 1,000 cells were seeded in
triplicate wells in 96-well plates. The following day, cell cultures
were treated with NGI-1 (1 mmol/L), temozolomide (TMZ,
10 mmol/L), etoposide (VP-16, 0.1 mmol/L), or combinations for

Translational Relevance

Receptor tyrosine kinases are validated therapeutic targets
for the treatment of malignant disease. However, redundant
signaling through coexpressed RTK networks enables thera-
peutic resistance and limits the effects of targeting individual
receptors. N-linked glycosylation is an endoplasmic reticu-
lum (ER) co- and posttranslational protein modification that
has a vital role in the assembly and maturation of multiple
cell surface glycoprotein receptors. Recently, we identified a
small-molecule inhibitor (NGI-1) that partially blocks the
function of the oligosaccharyltransferase (OST), a multisu-
bunit enzymatic complex that transfers glycan precursors to
elongating proteins in the ER. In the present study, we
investigate the effect of NGI-1 on multiple RTKs important
for the progression and survival of malignant gliomas. We
show that NGI-1 radiosensitizes and enhances cytotoxic
chemotherapy in vitro and that delivery of NGI-1 in vivo
significantly reduces tumor growth. Together, these results
suggest that OST inhibition is a novel therapeutic approach
for the treatment of malignant glioma.
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5 days. Absorbance at 540 nm was measured using the spectro-
photometric reading (BioTek Synergy 2).

Western blot analysis
Western blot analyses were performed as previously de-

scribed (25). We used the following primary antibodies
(see Supplementary Table S1). The nitrocellulose-bound pri-
mary antibodies were detected with anti-rabbit IgG horserad-
ish peroxidase–linked antibody or anti-mouse IgG horseradish
peroxidase–linked antibody (EMD-Millipore) and were de-
tected by the enhanced chemoluminescence staining ECL (GE
Healthcare–Amersham Pharmacia).

Immunofluorescence and cell-cycle analysis
To determine histone H2AX phosphorylation (gH2AX), cells

were cultured on glass cover slips and pretreated with either
vehicle or NGI-1 for 48 hours followed by radiation treatment.
Samples were fixed with 4% neutral-buffered formaldehyde,
washed (0.1% triton in PBS for 30 minutes), and incubated for
1 hour with protein-blocking solution (PBS containing 10%
normal goat–horse serum; Sigma-Aldrich). Next, the slides were
incubated with primary anti–phospho-histone gH2AX S139
(1:500, Millipore-Upstate) followed by incubation with second-
ary antibody Alexa Fluor 555–conjugated goat anti-mouse IgG
(1:750, Molecular probes/Invitrogen), for 1 hour at room tem-
perature. Nuclei were stained using DAPI containing vectashield
mounting solution (Vector Labs). Confocal cellular images were
captured with an inverted Zeiss LSM 510 Pascal laser confocal
microscope (C. Zeiss), using a 63/1.4 plan-apochromat objective.
Five randomly selected fields per slide were analyzed. Cells were
counted using the ImageJ program, public domain Java image
processing software (http://rsb.info.nih.gov/ij/).

Cell-cycle distribution was determined following treatment
with vehicle, radiation, and/or 10 mmol/L NGI-1. Cells were
trypsinized and centrifuged, washed once with ice-cold PBS,
fixed with ice-cold 70% ethanol, and stored overnight at
�20�C. After washing twice with PBS, they were incubated for
30 minutes at room temperature in 200 mL of Guava Cell Cycle
Reagent (Guava Technologies). Cytofluorometric acquisitions
were performed on a LSRII cytometer (BD Biosciences). First-
line analysis was performed with FlowJo software, upon gating
of the events characterized by normal forward and side scatter
parameters and discrimination of doublets in a FSC-A versus
FSC-H bivariate plot. Approximately 50,000 cells were analyzed
per experiment.

NGI-1 nanoparticle preparation and evaluation
Polyethylene glycol (PEG)-b-Polylactic acid (PLA) nanopar-

ticles (NP) were synthesized using diblock polymer (Mw
PEG ¼ 5 kDa, Mw PLA ¼ 10 kDa; Polysciences, Inc.) and Poly-
ethyeleneimine (PEI; branched – average Mw �800, average
Mn�600; Sigma-Aldrich) using a nanoprecipitation technique,
similar to one previously reported (26). For control NPs,
100 mg of polymer was dissolved in 5 mL DMSO at room
temperature for 2 hours and a 200 mL aliquot was added drop-
wise to 1 mL deionized (DI) water under strong vortex to create
an NP suspension. These suspensions were immediately dilut-
ed 5x with DI water and transferred to an Amicon Ultracell
100k centrifugal filter unit, and centrifuged at 4,000 g at 4�C for
30 minutes. NPs were washed 3 times with DI water to achieve
a final concentration of 100 mg NP/mL DI water and snap-

frozen at –80�C until use. For drug-loaded NPs, NGI-1 was
dissolved in DMSO at a concentration of 50 mg/mL, and
PEI was dissolved in DMSO at 50 mg/mL. The NGI-1 and PEI
solutions were then mixed at a 6:1 ratio (by weight) of PEI:
drug. The solution was vortexed for approximately 10 seconds
and then incubated at room temperature for 15 minutes. After
the incubation period, the PEI/NGI-1 solution was then added
to the PLA-PEG solution at a 10% ratio of NGI-1:PLA-25
PEG by weight. This combined solution was briefly vortexed
and then water-bath sonicated to ensure uniform mixing. The
solution was then added drop-wise to DI water under vortex at
a final ratio of 1:5 organic:aqueous phase. All NP preparations
were tested for particle size distribution by dynamic light
scattering using a Malvern Nano-ZS (Malvern Instruments).

All experimental procedures were approved in accordance
with Institutional Animal Care and Use Committee and Yale
University institutional guidelines for animal care and ethics
and guidelines for the welfare and use of animals in cancer
research (27). NGI-1 delivery to glioma xenografts was evalu-
ated using a bioluminescent imaging platform that detects
inhibition of NLG (17). Ten days after subcutaneous injection
of 1 � 107 gliomas cells, mice bearing palpable tumors were
treated with control or NGI-1-NPs (20 mg/kg) or tunicamycin
(1 mg/kg) and imaged 5 to 30 minutes after delivery of i.p.
luciferin (150 mg/kg). Signal intensity was quantified for a
region of interest encompassing each tumor, and induction of
bioluminescence was calculated by comparing peak biolumi-
nescent activity from pre- and posttreatment imaging at 24 and
48 hours.

NGI-1 therapeutic studies in glioma xenografts
D54 and SKMG3 bilateral xenografts were established in nude

mice by subcutaneous injection of 1 � 106 cells into hind limb.
Four days after injection, mice were randomized to one of four
treatment groups. They received either control or NGI-1-NPs i.v.
(20 mg/kg) every other day for a total of 3 doses and either sham
irradiation or a total of 10 Gy administered in daily 2 Gy fractions
using a Precision X-ray 250-kV orthovoltage unit. Tumor size was
measured 2 times per week and calculated according to the
formula p/6 � (large diameter) � (small diameter)2.

Statistical analysis
Results are expressed as mean� SE unless otherwise indicated.

The Statistical Package for Social Sciences (SPSS, version 20.0)was
used for data analysis. Statistically significant differences in
between-group comparisons were defined at a significance level
of P value � 0.05 in the Mann–Whitney test.

Results
NGI-1 disrupts RTK signaling in glioblastoma cells

Molecular studies of glioblastoma tumors have identified
increased RTK expression (28, 29). Because these receptors are
highly glycosylated, we tested the effects of a novel small-
molecule inhibitor of glycosylation (NGI-1) on RTK glycosyl-
ation and activation. We observed that SKMG3 and D54 cell
lines had high expression and activation levels of ErbB family
members including EGFR, ErbB2, and ErbB3 (Fig. 1A and B).
NGI-1 reduced glycosylation, determined by increased protein
gel mobility on Western blot, as well as phosphorylation of
EGFR, ErbB2, and ErbB3. The reduced EGFR phosphorylation
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was not caused by decreases in EGFR protein levels, contrary
to our prior observations with tunicamycin (20). However, we
did observe a reduction in ErbB2 protein levels in SKMG3, as
well as a reduction of ErbB3 protein levels in both D54 and
SKMG3 cell lines.

To further characterize the effect of NGI-1 on these glioma
cell lines, we investigated the phosphorylation levels of MET,
PDGFR, and FGFR RTKs (Fig. 1C). We found that 42-MG, D54,
SKMG3, U251, and T98G cell lines each had a distinct profile of
receptor expression and activation. Unlike the ErbB family of
RTKs, expression levels did not directly correlate with the
phosphorylation of these receptors. Regardless, NGI-1 uni-
formly reduced phosphorylation of MET in D54, SKMG3,
U251, and T98G cells, and phosphorylation of PDGFR in
42-MG, SKMG3, and T98G cells. This reduction of phosphor-
ylation was observed to be independent of the effects of NGI-1
on RTK protein levels. Surprisingly, FGFR1 levels were increas-
ed by NGI-1, although this was not accompanied by an increase
in receptor phosphorylation.

NGI-1 radiosensitizes glioblastoma cell lines with activated
ErbB receptors

RTK activation protects tumor cells from radiation-induced
cell death (30–32). We therefore investigated the effects of
NGI-1 on glioma cell radiosensitivity using clonogenic survival
analysis (Fig. 2). We found that D54 and SKMG3 cell lines,
both with significant ErbB family RTK activation, were signif-
icantly radiosensitized by NGI-1 at each dose tested (Fig. 2A
and B; P < 0.05). The survival fraction at 2 Gy (SF2Gy) was
reduced from 69% to 51% for D54 cells and from 87% to 77%
for SKMG3 cells. The dose enhancement factors at a surviving
fraction of 0.4 for D54 and SKMG3 were 1.3 and 1.2, respec-

tively. In contrast, for both T98G and U251 cells, the SF2Gy was
unaffected by NGI-1 (Fig. 2C and D). The correlation of ErbB
family RTK signaling with the radiation response suggests
that NGI-1 radiosensitizes glioma cells by disrupting ErbB RTK
signaling.

NGI-1 enhances cytotoxic chemotherapy in glioma
To investigate the effects of NGI-1 in combination with

cytotoxic chemotherapy, we first performed dose-response
experiments with NGI-1, TMZ, or etoposide (VP-16) to deter-
mine the effects on proliferation and to select the appropriate
concentrations for this line of experimentation (Supplement-
ary Fig. S1). Glioma cell line proliferation was sensitive to
NGI-1, and we therefore used a dose of 1 mmol/L for combi-
nation treatment experiments. D54, SKMG3, T98G, or U251
cells were then treated for 5 days with NGI-1, with or without
TMZ or VP-16. For D54 and SKMG3, we found that the
combinations of NGI-1 with TMZ or VP-16 further reduced
glioma cell proliferation, although these effects were not syn-
ergistic (Fig. 3A; P � 0.05, light gray bars). In contrast, NGI-1
treatment did not enhance the antiproliferative effects of TMZ
or VP-16 in T98G or U251 cells (Fig. 3B). These data parallel the
observations with radiation clonogenic survival and suggest
that blockade of RTK signaling may also enhance the effects of
cytotoxic chemotherapy in malignant glioma.

NGI-1 enhances cell-cycle arrest and DNA damage in glioma
We have previously identified an accumulation of cells in the

G1 phase of the cell cycle after NGI-1 treatment in NSCLC (22).
We therefore examined the effects of NGI-1 on cell-cycle dis-
tributions after 48 hours of NGI-1 treatment. Our results
demonstrate that NGI-1 caused a significant G1 arrest in D54

Figure 1.

NGI-1 reduces RTK glycosylation and phosphorylation in glioma cell lines. A, Western blots demonstrating changes in EGFR molecular weight and
phosphorylation after 10 mmol/L NGI-1 treatment for 48 hours in 42-MG, D54, SKMG3, U251, and T98G cell lines. B, ErbB2, ErbB3, and ErbB4
phosphorylation and expression. C, MET, PDGFR, and FGFR1 phosphorylation and expression. GADPH was used as a loading control. Representative
data from two independent experiments are shown.
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(83% vs. 75%), SKMG3 (78% vs. 69%), and U251 (64% vs.
72%) cells (Fig. 4A, P � 0.05), but no arrest in the T98G cell
line. Six hours after 4 Gy, a significant G1 arrest was again
observed with NGI-1 treatment for D54 (77% vs. 66%) and
SKMG-3 (72% vs. 56%), but not for either the T98G or U251
cells. These data indicate that NGI-1 reduces progression
through the cell cycle after radiotherapy and suggests that
inhibition of upstream growth factor receptor glycoproteins
alters these downstream cell-cycle distributions.

To evaluate the effects of NGI-1 on the DNA damage
response, we performed time course experiments to determine
the kinetics of phospho-gH2AX foci formation in the presence
or absence of NGI-1. D54 cells were irradiated with 4 Gy, and
foci were detected with a S139 phospho-specific antibody at
0 (preradiation), 2, 4, 6, and 8 hours. Radiation alone induced
a 6.4-fold increase of phospho-gH2AX foci formation followed
by a rapid decrease at 4 hours and full resolution of foci by
8 hours. NGI-1 treatment increased phospho-gH2AX foci for-
mation significantly up to 8.6-fold (P ¼ 0.03, Fig. 4B), followed
by a similar time frame for foci resolution as radiation alone
(Supplementary Fig. S2).

We next quantified the induction of phospho-gH2AX foci
at 2 hours in D54, SKMG3, U251, and T98G cell lines irradi-
ated with 4 Gy. NGI-1 increased phospho-gH2AX foci forma-
tion (Fig. 4C; P � 0.05, light gray bars) by a factor of 1.3 and

1.2 in D54 and SKMG3 cell lines, respectively, compared with
radiation alone (P � 0.05; dark gray bars) consistent with
an increase in DNA damage. However, no enhancement of
phospho-gH2AX foci formation was observed in either T98G
or U251 cells. Together, these results suggest that in cells with
high levels of cytoprotective RTK signaling, NGI-1 enhances
DNA damage which contributes to cell-cycle arrest and tumor
cell death.

NGI-1 reduces tumor growth of glioblastoma with activated
ErbB receptors in vivo

To assess the effect of NGI-1 on xenograft tumor growth, we
used an NGI-1-NP formulation that overcomes the low solu-
bility of this compound. First, the effect of NGI-NPs was tested
using D54-ERLucT xenografts, which increase bioluminescence
after inhibition of glycosylation (17). We found a significant
induction of bioluminescence in mice that received NGI-1 at
both 24 (1.7-fold, P ¼ 0.03; Fig. 5A) and 48-hour (1.7-fold,
P ¼ 0.03; Fig. 5A) time points. Tunicamycin, another inhibitor
of NLG, was used as a positive control and induced biolumi-
nescence (4.2-fold at 24 hours; P ¼ 0.007). These results
confirmed the ability of NGI-1-NPs to inhibit glycosylation in
D54 tumors in vivo.

To evaluate the therapeutic potential of NGI-1 in vivo, we
tested the effect of NGI-1-NPs on glioma tumor growth both

Figure 2.

NGI-1 radiosensitization in glioma cell
lines. Clonogenic survival of D54 (A),
SKMG3 (B), T98G (C), and U251 (D)
cells treated with vehicle or 10 mmol/L
NGI-1. The results represent data from
three independent experiments for
each cell line. Data are represented as
the mean � SE. An � indicates a
significant difference (P � 0.05)
compared with radiation alone.
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alone and in combination with radiation for both D54 and
SKMG3 cell lines. In these experiments, mice were randomly
assigned to receive treatment in one of four groups: control
NPs, control NPs þ XRT, NGI-1-NPs, and NGI-1-NPs þ XRT.
NGI-1-NPs (20 mg/kg) were delivered every other day for a
total of 3 doses, and XRT was delivered in 5 daily doses of 2 Gy.
In D54 xenografts, tumor growth was significantly delayed by
radiation alone or radiation þ NGI-NP treatment. The addition
of NGI-NPs to XRT significantly reduced tumor growth com-
pared with those treated with radiation alone. At 39 days,
median tumor volumes for the NGI-1-NP þ XRT group were
566 � 200 mm3 compared with 1,383 � 305 mm3 for the
XRT-alone group (P ¼ 0.001; Fig. 5B). Similar results favoring
combined treatment with NGI-1-NPs and XRT were observed
in the SKMG3 xenografts. In this cell line, both radiation and
NGI-NPs reduced tumor growth when administered as a
single therapy. The combination of NGI-1-NPsþ XRT produced
significantly larger reductions in tumor growth. The mean
tumor volume at day 98 for the radiation þ NGI-1-NP group
was nearly undetectable. In comparison, tumor volumes for
blank NPs (379 � 38 mm3; P ¼ 0.001), radiation (139 �

27 mm3; P ¼ 0.001), and NGI-1-NP (151 � 7 mm3; P ¼ 0.001)
were all significantly greater (Fig. 5C). For both in vivo xenograft
experiments, there was no evidence for significant weight
loss or other toxicity in animals treated with the NGI-NP.
Taken together, these results indicate that the combination of
NGI-1 þ XRT could be a therapeutic approach for the treatment
of glioblastoma.

CD8-EGFR rescues glioma cells from radiosensitization
NGI-1 disrupts glycosylation of multiple cell surface glyco-

proteins, but our data suggest that the mechanism of radio-
sensitization is the blockade of ErbB RTK family signaling. To
test this hypothesis, we designed a glycosylation-independent
EGFR transgene that is resistant to the effects of NGI-1. This
EGFR construct combines the extracellular domain of the CD8
protein, which contains no NLG sites, with the intracellular
domain of the EGFR. Because CD8 spontaneously dimerizes,
the CD8-EGFR produces constitutive EGFR kinase activation
(Fig. 6A). To validate the construct, we analyzed phospho-
Y1068, phospho-Y845, and total EGFR levels in SKMG3 paren-
tal cells and SKMG3 cells with stable expression of the

Figure 3.

Combined effects of NGI-1 and cytotoxic chemotherapy on glioma cell proliferation. Bar graphs representing fold increases in proliferation for D54
and SKMG3 (A) or T98G and U251 (B) after 5 days of drug exposure. Cultures were treated as described in Materials and Methods. The results
are mean values � SE for three independent experiments for each cell line. An � indicates a significant difference (P � 0.05).
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Figure 4.

Effects of NGI-1 on cell cycle and gH2AX foci formation. A, Flow cytometry and cell-cycle distribution of D54, SKMG3, T98G, and U251 cells after vehicle
or 10 mmol/L NGI-1 treatment. Cells were also treated with 4 Gy under similar conditions and harvested for cell-cycle analysis after 6 hours. The
percentage of cells in G1 (black bars), S (white bars), and G2–M (gray bars) is shown. Data were obtained from three independent experiments and are
represented as mean � SE. An � indicates a significant difference between NGI-1–treated and control samples (P � 0.05). B, Time course of gH2AX
foci formation after 4 Gy in the presence or absence of 10 mmol/L of NGI-1 in D54 cells. DAPI-stained nuclei (blue) and gH2AX fluorescence (red) are
shown 0 (preradiation), 2, 4, 6, and 8 hours (h) after radiation treatment. Representative images from three independent experiments are shown.
C, Quantification of gH2AX foci in D54, SKMG3, T98G, and U251 cells 2 hours after irradiation with 4 Gy in the presence or abscence of 10 mmol/L of NGI-1.
Bar graphs represent the fold increase of total number of foci counted per total number of cells in the picture. Foci of a cell were counted when a
nucleus contained >10 foci. Data were obtained from three independent experiments and are represented as mean � SE. An � indicates a significant
difference between NGI-1–treated and control samples (P � 0.05). XRT, radiation.
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CD8-EGFR. CD8-EGFR phosphorylation is insensitive to
cetuximab, an antibody that recognizes the EGFR extracellular
domain, but sensitive to erlotinib, a tyrosine kinase inhibitor.
CD8-EGFR phosphorylation is also resistant to NGI-1, whereas
phosphorylation of the wild-type receptor continues to be
significantly reduced by this inhibitor (Fig. 6B). We next eval-
uated the effects of NGI-1 on radiation clonogenic survival and
found that CD8-EGFR prevented radiosensitization of SKMG3
by NGI-1 (Fig. 6C). We also found that CD8-EGFR eliminated
the G1 cell-cycle arrest caused by NGI-1 both alone and after
exposure to radiation (Fig. 6D). This result coincided with no
effect of NGI-1 on phospho-gH2AX foci formation in SKMG3-
CD8-EGFR cells (Fig. 6E). Radiation stimulates RTK-dependent
downstream signaling, and we therefore compared AKT acti-
vation in the parental SKMG3 and SKMG3-CD8-EGFR cells.
The results show that NGI-1 blocks radiation-induced activa-
tion of AKT in parental but not in the CD8-EGFR–expressing
SKMG3 cells. This result is similar to the effect of NGI-1 on
T98G cells, where NGI-1 does not block AKT activation (Fig.
6F). In summary, the CD8-EGFR model system provides addi-

tional evidence that NGI-1 radiosensitizes SKMG3 through
inhibition of ErbB family RTK signaling.

Discussion
RTK glycoproteins have been established as important cellular

targets for modifying radiosensitivity (3, 4). However, the coex-
pression of multiple prosurvival cell surface receptors by a single
cell or heterogeneous tumor populations complicates therapeutic
strategies for blocking these signals and enhancing the effects of
radiotherapy (12, 31, 33). In this work, we report the effects of a
new small-molecule inhibitor of N-linked glycosylation (NGI-1)
on RTK expression and function in malignant glioma; one of the
most radioresistant tumor types. NGI-1 partially reduces glyco-
sylation of most RTKs, in some instances also affecting RTK
stability, and enhances radiosensitivity of glioma cells that have
upregulated ErbB family RTK signaling. NGI-1 also enhances the
antiproliferative effects of cytotoxic chemotherapy, suggesting
that a global reduction in RTK signaling combines favorably with
standard antitumor therapeutic approaches. Because NGI-1 is a

Figure 5.

NGI-1 radiosensitizes glioma xenografts. A, In vivo imaging of D54 ER-LucT xenografts treated with i.v. control NPs, NGI-1-NP (20 mg/kg), or
tunicmaycin (1 mg/kg). Representative images over 48 hours demonstrate induction of bioluminescence. Tumor average changes in luminescence
with standard error for control NP (n ¼ 4), NGI-1-NP (n ¼ 8), or tunicmaycin (n ¼ 4) over 48 hours are also reported. D54 (B) and SKMG3 (C) averge
xenograft tumor growth following treatment with control NP, NGI-1-NP, XRT, or XRT þ NGI-1-NP. NPs were delivered 24 hours before the first
fraction of radiotherapy (day 3) and on days 5 and 7 before radiation. An � indicates a significant difference between radiation þ NGI-1 treated and
radiation tumors (P � 0.05).
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first-in-class small-molecule inhibitor of the OST, our data also
identify the OST as an enzyme that can be targeted to enhance
standard cancer therapies.

The OST is a multisubunit complex that exists in several
isoforms and contains one of two individually encoded cata-
lytic subunits: STT3A and STT3B. NGI-1 impairs the activity of
the OST through a direct and reversible interaction with both
catalytic subunits, but unlike tunicamycin does not cause
complete inhibition of glycosylation (22). Because NGI-1 does
not block all glycosylation, we have hypothesized that highly
glycosylated proteins with complex secondary structure and
protein folding requirements, such as the cysteine-rich domains
found in ErbB family RTKs (34), would be preferentially

affected by this inhibitor. However, our present data indicate
that the effects of OST inhibition on RTK function are likely
multifactorial and depend upon both the target protein that is
observed, as well as the cellular context. We have previously
reported that NGI-1 disrupts EGFR localization and reduces
membrane expression (22), and in the current work, we observe
that RTK protein levels can also be affected in a cell-type–
specific manner. For example, NGI-1 reduces total EGFR pro-
tein levels in D54 versus SKMG3, total ErbB2 in SKMG3 versus
D54, and total MET in SKMG3 and T98G versus D54 and U251
(see Fig. 1). In contrast, the reduction of PDGFR and ErbB3
receptor levels appears consistent across cell lines, and surpris-
ingly FGFR1 levels were increased (although not activated) in

Figure 6.

Glycosylation-indpendent EGFR
signaling rescues NGI-1
radiosensitization. A, Overview of the
strategy for generating NGI-1–
resistant EGFR signaling. The EGFR is
sensitive to NGI-1 because its
extracellular domain has 11 consensus
and one atypical N-linked
glycosylation site. The CD8 protein
has no N-linked glycoyslation sites
and spontaneously dimerizes, thus
providing EGFR signaling that is
resistant to NGI-1. WT, wild-type.
B,Western blots of parental and CD8-
EGFR–expressing SKMG3 cell lines
treated with vehicle, 30 nmol/L
cetuximab (Cx), 500 nmol/L erlotinib
(E), or 10 mmol/L of NGI-1 (N) for 48
hours. GAPDH was used as a loading
control. Arrows denote either the
wild-type EGFR or CD8-EGFR. C,
Radiation dose-response clonogenic
survival in SKMG3-CD8-EGFR. Data
represented the mean � SE for two
independent experiments.
Quantification of gH2AX foci
formation (D) and cell-cycle
distribution (E) in control and
irradiated cells (4 Gy) in the presence
or abscence of 10 mmol/L of NGI-1.
Experimental conditions were
identical to Fig. 4. F, Western blot
analyis of SKMG3, SKMG3-CD8-EGFR,
and T98G cells after 4 Gy radiation
with or without 10 mmol/L NGI-1
treatment. Western blots are
representative of two independent
experiments.
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several cell lines. Together, our data therefore suggest that both
protein-intrinsic and broader cell-intrinsic factors may govern
cell surface expression levels of RTKs in the setting of aberrant
NLG. These cellular factors are likely to include both down-
stream transcriptional and posttranslational regulation of RTK
protein levels, the effect of ER stress responses, and the con-
tributions of other cytoplasmic chaperone interactions, all of
which will require further investigation. Despite differences in
receptor fate, however, the consequences of aberrant NLG are
similar for RTKs with consistent reduction of phosphorylation
for individual receptors across the glioma cell lines.

Molecular studies of glioblastoma tumors have identified
frequent dysregulation of growth factor receptor signaling via
amplification or mutational activation of RTK genes like EGFR,
ErbB2, PDGFR, or MET (28, 35). In large-scale sequencing
investigations, approximately 70% of GBMs showed RTK genet-
ic abnormalities that could potentially lead to receptor activa-
tion, with the majority involving EGFR (36). In GBM patient
samples and in most GBM cancer cell lines, ErbB2 protein
expression has been shown to be elevated (37). Similarly,
PDGFRa overexpression is associated with glioma transforma-
tion and proliferation and contributes to tumor progression
and therapeutic resistance (38, 39). MET receptor overexpres-
sion and amplification have also been found in GBM and can
mediate cellular reprogramming, aberrant vascularization, and
chemoresistance (40–42). Other receptors such as FGFR, INSR,
or IGF-1R have also been found to be overexpressed or acti-
vated and contribute to tumor progression in glioblastoma
(33, 43–45). Therefore, the impaired function of ErbB family
members, MET, and PDGFR produced by OST inhibition pro-
vides a potentially important targeted approach for disrupting
multiple coexpressed and functionally redundant oncogenic
RTKs in malignant glioma.

Although NGI-1 has similar effects on reducing RTK glyco-
sylation and activation across glioma cells, radiosensitization
was not observed in each cell line. An attractive explanation for
this observation is the presence of mutations that are down-
stream from EGFR signaling. Examples include PIK3CA and
PTEN, which are mutated or deleted, respectively, in approx-
imately 40% of GBMs and are known to enhance survival
signaling and tumor progression (28, 36). In agreement with
this hypothesis, the cell lines in this study that were not
radiosensitized by NGI-1 and also showed no combined effect
of NGI-1 with chemotherapy (U251 and T98G) have PTEN
loss. These cell lines also did not display elevated levels of ErbB
family RTK activation, suggesting independence from RTK
signaling at multiple levels. Another route for eliminating the
effect of NGI-1 on radiosensitivity is the reconstitution of
glycosylation-independent RTK signaling. Because all RTKs are
glycosylated, we accomplished this maneuver through the
generation of a CD8-EGFR transgene, which due to the lack
of NLG sites and spontaneous dimerization of CD8 leads to
constitutive activation of the EGFR kinase domain. Expression
of the CD8-EGFR in SKMG3 cells prevented radiosensitization
by NGI-1 and was accompanied by a loss of NGI-10s effect on
AKT signaling following radiation treatment. These results
demonstrate that sustained RTK signaling is sufficient for elim-
inating the effect of NGI-1 on glioma radiosensitization and
thus provide strong evidence that RTK inhibition is a primary
mechanism for this synergistic effect. Taken together, these
results also imply that a subset of malignant gliomas would

be sensitive to OST inhibition but that tumors with PTEN
deletion, PI3K mutations, NF1 mutations, and other rare
genetic alterations such as FGFR3-TACC3 fusions may not be
ideal candidates for radiosensitization with this strategy.

DNA damage induced by radiation or targeted small mole-
cules can effectively lead to cell-cycle arrest and activation of
cell death programs (46–48). OST inhibition by NGI-1 caused
a significant increase in G1 cell-cycle arrest both alone and
following treatment with radiation. Although G2–M is con-
sidered the most radiosensitive phase of the cell cycle, G1 is
relatively radiosensitive as well, and an arrest could contribute
to the effects of NGI-1 on radiosensitivity. Notably, however,
the G1 cell-cycle arrest after NGI-1 treatment plus radiation
was only present in cells with high levels of RTK signaling,
suggesting that OST inhibition causes a more potent G1 arrest,
a known indicator of increased clonogenic cell death (49).
Follow-up experiments measuring DNA damage responses
using g-H2AX foci formation demonstrated that NGI-1 treat-
ment caused significantly more DNA damage accumulation
over the first 2 hours after radiation exposure in glioma cells
with high levels of RTK activation compared with those that
had low levels of RTK activation. This observation is consistent
with inhibition of an early RTK-dependent DNA damage
response that could be mediated by a downstream pathway
such as PI3K signaling. In addition, the expression of the CD8-
EGFR reversed both the G1 arrest and the increase in g-H2AX
foci formation. Together, these experiments suggest that dis-
rupting the function of multiple RTKs enhances the accumu-
lation of DNA damage and reduces clonogenic survival of
glioma cells.

Glioblastoma multiforme has a poor prognosis with a
median survival of 12 to 15 months. Although several clinical
trials have investigated targeted inhibition of the EGFR
(50, 51) or other RTKs (13, 52) in malignant glioma, this
work has not yet translated into significant advances in patient
outcomes. Because NLG is a common biosynthetic step for
RTKs identified as potential therapeutic targets in malignant
glioma (e.g., EGFR, MET, PDGFR, and VEGFR), we investigat-
ed whether inhibition of this posttranslational modification
with NGI-1 is a new approach for more broadly reducing RTK-
dependent survival signaling. The results from our work dem-
onstrate that partial reduction of NLG through OST targeting
with small molecules can indeed reduce parallel RTK signaling
and increase tumor cell radiosensitivity for a subset of malig-
nant gliomas.
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