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METHODS FOR TREATING
GLIOBLASTOMA

cally effective amount of a Notch inhibitor, e.g., a gamma

CLAIM OF PRIORITY

alkylating agent, e.g., temoZolomide (TMZ). These studies

This application claims the bene?t of US. Provisional
Patent Application Ser. No. 61/260,487, ?led on Nov. 12,
2009, the entire contents of Which are hereby incorporated by
reference.

become quiescent, Whereas TMZ in combination With the

secretase inhibitor (GSI), in combination With a therapeuti
cally effective amount of a chemotherapeutic agent, e.g., an
indicate that folloWing treatment With TMZ some tumor cells
GSI induces senescence.

Thus, in one aspect, the invention provides methods for
treating a cellular proliferative disorder in a subject. The
methods include selecting a subject Who is in need of treat
ment for a cellular proliferative disorder, e.g., cancer, e.g.,

FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT

cancer associated With cancer stem cells, e.g., neural cancer,

Grant No. RO1 NS021716, awarded by the National Insti
tutes of Health. The Government has certain rights in the
invention.

brain cancer, leukemia, breast cancer, or prostate cancer);
administering to the subject a therapeutically effective
amount of a chemotherapeutic agent (e.g., an alkylating
agent, an agent that induces cell quiescence, and/ or an agent
that targets O6-guanine); and administering to the subject a

TECHNICAL FIELD

tor, thereby treating the cellular proliferative disorder in the

This invention Was made With Government support under

therapeutically effective amount of a gamma secretase inhibi
20

subject.
In some embodiments, the cellular proliferative disorder is

This invention relates to methods for treating cancers, e.g.,

glioblastoma, including administering an inhibitor of Notch

glioblastoma.

signalling, e.g., a gamma secretase inhibitor, in combination
With a chemotherapeutic agent.

alkylating agent, e.g., temoZolomide (TMZ) or BCNU.

In some embodiments, the chemotherapeutic agent is an
25

In some embodiments, the gamma secretase inhibitor is

selected from the group consisting of semagacestat ((2S)-2

BACKGROUND

HydroXy-3-methyl-N-[(1S)-1-methyl-2-oXo-2-[[(1S)-2,3,4,
5 -tetrahydro -3 -methyl-2-oXo-1H-3-benZaZepin-1 -yl]amino]

Glioblastoma multiforrne (GBM) is the most aggressive
class of brain tumors, making up 17% of all primary brain
tumors in the United States, With an incidence of 3.17 cases

per 100,000 persons/year (CBTRUS. CBTRUS Statistical
Report: Primary Brain and Central Nervous System Tumors
Diagnosed in the United States in 2004-2006, Hinsdale, IL:
Central Brain Tumor Registry of the United States; 2010).
Although they generally do not metastasiZe out of the brain,
they do spread aggressively through normal brain tissue. The

ethyl]butanamide, also knoWn as LY450139; Eli Lilly and
30

1,4-benZodiaZepin-3-yl]propanamide], available fromAlexis
Biochemicals), LY411575 (Eli Lilly and Co.), L-685,458
(Sigma-Aldrich), BMS-289948 (4-chloro-N-(2,5-di?uo

35

5 -di?uoroanilino }ethyl) -5 -?uorophenyl]butanoic
acid)
(Bristol Myers Squibb), MK0752 (Merck), and MRK-003

4,5% and 2.7%, respectively (Id.).
The current treatment for GBMs is an intense combination
40

In some embodiments, the gamma secretase inhibitor is

lating agent that is taken orally and readily penetrates the

and contribute to local tumor recurrence. Despite advances in

45

tWo or more doses of is the chemotherapeutic agent, and/or
tWo or more doses of the gamma secretase inhibitor.

In another aspect, the invention provides kits including one
or more doses of a chemotherapeutic agent, and one or more

doses of a gamma secretase inhibitor, and instructions for
50

administration of the chemotherapeutic agent and the gamma
secretase inhibitor.
In some embodiments, the kit includes one or more doses
of TMZ, and one or more doses of a gamma secretase inhibi

chemotherapy regimens, the median progression-free sur
vival, Which measures the time until tumor recurrence, is 6.9

months, and the median overall survival is 14.6 months With

tor selected from the group consisting of semagacestat

temoZolomide and radiotherapy (Stupp et al., N Engl J Med
2005; 352: 987-96). Hence, there is a dire need to target the

(Merck).
administered after the chemotherapeutic agent, e.g., at least
24 hours after the chemotherapeutic agent.
In some embodiments, the methods include administering

mide (TMZ, also knoWn as TEMODARTM), Which is an alky

blood-brain barrier (Ostermann et al., Clin Cancer Res 2004;
10: 3728-36). This aggressive treatment increases the tWo
year survival rate for GBM patients from 10.4% With radio
therapy alone, to 26.5% (Stupp et al., N Engl J Med 2005;
352: 987-96). Cells that escape radiotherapy- and chemo
therapy-induced cell death eventually re-enter the cell cycle

rophenyl)-N-((1R)-{4-?uoro-2-[3 -(1H-imidaZol-1-yl)pro

pyl]phenyl}ethyl)benZenesulfonamide hydrochloride) and
BMS-299897 (4-[2-((1R)-1-{[(4-chlorophenyl)sulfonyl]-2,

current ?ve- and ten-year survival rates for GBM patients are

of surgical resection or debulking, radiotherapy and chemo
therapy. The most effective chemotherapy drug is temoZolo

Co.), Compound E ([(2S)-2-{[(3,5-Di?uorophenyl)acetyl]

amino} -N-[(3 S)-1-methyl-2-oxo-5 -phenyl-2,3 -dihydro-1H

55

cells that evade current treatments.

(LY450139; Eli Lilly and Co.),LY411575 (Eli Lilly and Co.),
Compound E, L-685,458 (Sigma-Aldrich), BMS-299897
(Bristol Myers Squibb), MK0752 (Merck), and MRK-003

(Merck).

SUMMARY

As used herein, “quiescence” is de?ned as cell cycle arrest
The present invention is based, at least in part, on the
discovery that the administration of a Notch inhibitor, e.g., a
gamma secretase inhibitor, in combination With a chemo

60

in G1 or C0. There are no knoWn speci?c markers for quies

cence. Quiescence is generally reversible.
As used herein, “senescence” is de?nes as permanent cell

therapeutic agent that induces cell quiescence, e.g., alkylating
agent, e.g., temoZolomide (TMZ), greatly increases cell

cycle arrest; it is generally induced by high passage number or
stress-induced damage caused by radiation or chemotherapy.

includes methods for the treatment of subjects Who have

Senescent cells are usually arrested in G1, though some types
arrest in G1 and G2/M. [3-galactosidase staining due to

cancer, e.g., GBM, comprising administering a therapeuti

expanded lysosomal compartment can be used as a marker of

senescence in a model of GBM. Thus, the present invention

65
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4

senescence. Other markers of senescence include the cell

TMZ (200 pM) combined With DAPT (1 uM) treatment. After
the initial treatment (day 7), TMZ-only and TMZ+DAPT

cycle blockers p21 and/or p16.

treated neurospheres are smaller than the control cultures.

Unless otherwise de?ned, all technical and scienti?c terms
used herein have the same meaning as commonly understood
by one of ordinary skill in the art to Which this invention
belongs. Methods and materials are described herein for use

recovery period (day 14) and formed secondary neurospheres

in the present invention; other, suitable methods and materials

increase in siZe or form secondary neurospheres. Bar:50 um.
FIGS. 5A-D are bar graphs demonstrating that TMZ+

TMZ-only treated neurospheres increased in siZe during the
(day 21), While TMZ+DAPT treated neurospheres did not

knoWn in the art can also be used. The materials, methods, and
examples are illustrative only and not intended to be limiting.

DAPT treatment inhibits recovery and secondary neuro

sphere formation. Initial neurospheres (meaniSD) Were
counted on day 7 for SA, U87NS; and 5B, U373NS cultures;
or on day 10 for SC, GS7-2, and; 5D, GS8-26 cultures. Recov

All publications, patent applications, patents, sequences,
database entries, and other references mentioned herein are

incorporated by reference in their entirety. In case of con?ict,

ery neurospheres Were counted on day 14 or 20, and second
ary neurospheres Were counted on day 21 or 30. *:P<0.001.

the present speci?cation, including de?nitions, Will control.
Other features and advantages of the invention Will be

apparent from the folloWing detailed description and ?gures,
and from the claims.
DESCRIPTION OF DRAWINGS
FIG. 1 is a schematic illustration of an experimental pro

20

cultures have decreased secondary neurosphere formation,

tocol described herein.
FIGS. 2A-2D are bar graphs shoWing the effects of BCNU
(2A and 2C) or TMZ (2B and 2D) treatment on various kinds
of cells. The cultures Were monitored by counting the number
of neurospheres and a MTT or MTS assay to assess total cell

**:P<0.0001.
FIGS. SE-H are bar graphs demonstrating that LY targets
the Notch pathWay and synergiZes With TMZ treatment to
inhibit neurosphere recovery. 5E, U87NS and U373NS cells
Were treated With varying concentrations of LY, and neuro
spheres Were counted after 7 days. 5F, U373NS LY treated

When compared to DMSO treated samples; hoWever, second
ary neurosphere formation Was still robust. The recovery
assay for 5G, U87NS and 5H, U373NS cells demonstrated
25

that combined treatment With TMZ+LY inhibited neuro

number. Neurosphere numbers are an indication of clonoge

sphere recovery and secondary neurosphere formation. The

nicity and self-reneWal.

t-test Was used to calculate statistical signi?cance. >X‘:P<0.05.
**:P<0.01 ***:P<0.001.

FIG. 3A is an image of an agarose gel shoWing mRNA
levels of the Notch receptors and doWnstream targets mea

sured by RT-PCR. Notch1 -4, Hesl, and Heyl Were detected
in each neurosphere culture. [3-Actin Was used for the loading
control.
FIG. 3B is an image of an agarose gel shoWing Hesl, and

30

ity, Hesl and Heyl expression increased in U87NS-NICD
and GS7-2-NICD cultures compared to cultures expressing
the empty vector (pMIG).
FIG. 6B is a bar graph demonstrating that treating U87NS

Heyl expression levels analyZed by RT-PCR 48 hours after
DAPT treatment, DAPT treatment decreased Hesl and Heyl

FIG. 6A is a gel shoWing the results of RT-PCR analysis of
Hesl and Heyl expression Was used to con?rm NICD activ
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mRNA levels by 72% and 76% in U87NS (1 HM), and by 76%
and 51% in U373NS (5 uM).

pMIG With TMZ+DAPT inhibited recovery, but U87NS
NICD cultures recovered after both TMZ-only and TMZ+
DAPT treatment.

FIG. 3C is a bar graph shoWing the DART titration curve,

FIG. 6C is a bar graph demonstrating that in GS7-2-pMIG

demonstrating that loW concentrations (1-5 uM) of DAPT

and GS7-2-NICD cultures treated With TMZ-only or TMZ+

only treatment had minimal inhibition of neuro sphere forma
tion (meaniSD) in U87NS, U373NS, or GS7-2 cultures.

40

DAPT administered at higher concentrations (10 pM) signi?
cantly decreased neurosphere formation. Neurospheres Were
counted on day 7 for U87NS and U373NS and on day 10 for
GS7-2. The t-test Was used to calculate statistical signi?

DAPT, cultures constitutively expressing NICD, but not the
empty vector, Were able to recover after TMZ+DAPT treat
ment. **:P<0.0001.

FIG. 6D is a bar graph demonstrating that DAPT does not
45

inhibit the Notch pathWay in neurospheres constitutively
expressing NICD. U87NS-pMIG and U87NS-NICD cells

cance. *:P<0.001.

Were treated With 1 uM DAPT and collected 48 hours after

FIG. 3D is a bar graph shoWing secondary neurosphere
formation in cells treated With varying concentrations of

treatment. qRT-PCR analysis demonstrated that Hesl and

DAPT. U87NS, U373NS, and GS7-2 cells Were treated With

treated samples. HoWever, U87NS-NICD culture had a mini
mal decrease of Hesl and Heyl expression in the DMSO and

DMSO (0 uM DAPT) or DAPT-only at concentrations of 1, 5,

Heyl expression decreased in the representative DAPT
50

DAPT treated samples.

and 10 pM. Neurospheres Were dissociated on day 14 for
U87NS and U373NS cultures or on day 20 for GS7-2 cultures

FIG. 7A is a schematic of the recovery assay treatment

and replated for secondary neuro sphere formation. Despite a
decrease in secondary neurosphere formation at higher con
centrations of DAPT, the treated cells are capable of repopu
lating the culture, **:P<0.01. ***:P<0.001

schedules. TMZ (diamond) and DAPT (inverted triangle)
treatments Were either administered With DAPT 24 hours
55

treat), or 24 hours after TMZ (POST-treat).
FIGS. 7B and 7C are bar graphs demonstrating that the
treatment schedule of DART and TMZ affects neurosphere
recovery. U87NS cultures (7B) and GS7-2 cultures (7C) Were

FIG. 4A is a schematic for the neurosphere recovery assay.
TMZ (diamond) is administered on day 0 after cells are dis

sociated and plated, DAPT (inverted triangle) is administered
on days 0, 2, 4, and 7.
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FIG. 4B is a set of six representative micrographs of

treatments. Neurospheres treated With DAPT display a simi
lar size compared to DMSO control cultures at treatment (day
FIG. 4C is a set of six representative micrographs of
U87NS neuro spheres With TMZ (200 pM) treatment and

treated With different DAPT treatment schedules and recov

ery Was analyZed. Initial neurospheres Were counted on day 7
or 10 (meanzSD), recovery neurospheres Were counted on
day 14 or 20, and secondary neurospheres Were counted on
day 21 or 30. Secondary neurosphere formation was inhibited

U87NS neurospheres With control DMSO and DAPT (1 uM)

7), recovery (day 14) and secondary (day 21) time points.

prior to TMZ (PRE-treat), simultaneously With TMZ (CO
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only in cultures treated With the POST-treat schedule. The
t-test Was

*:P<0.001.

used to

calculate

statistical

signi?cance.
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FIGS. 8A-D are line graphs (8A-C) and a dot graph (8D)
showing that TMZ+DAPT treatment decreases tumorigenic
ity. 8A, U87NS cells were treated ex vivo with DMSO, DAPT
1 uM, TMZ 200 uM or TMZ 200 uM+DAPT 1 uM, and 7 days
post-treatment, mice were subcutaneously injected with 25x
105 live cells. TMZ treatment increased latency, but
xenografts still formed. TMZ+DAPT inhibited xenograft for

directly target the CSCs. One such target is the Notch path
way, which is active in normal neural stem cells and over
expressed in brain tumors. As one hypothesis, treatment with

chemotherapy plus inhibition of the Notch pathway with
gamma-secretase inhibitors (GSIs) targets a CSC population;
the combination is a more effective therapy against GBMs
and other cancers associated with CSCs than chemotherapy

alone. As described herein, treatment with TMZ+DAPT (a
GSI) inhibits both initial sphere formation and recovery of
sphere formation in subsequent weeks. Cultures treated with

mation. 8B, U373NS cells were treated ex vivo, and mice

were subcutaneously injected with 3><106 live cells. TMZ 200
uM treatment increased latency, but tumors still formed. TMZ
200 uM+DAPT 5 uM treatment decreased xenograft forma
tion. 8C, In vivo TMZ treatment increased the tumor latency
in U87NS xenografts, but 100% of the mice succumbed to
progression. TMZ+LY chow treatment completely blocked
progression in 50% of the mice. 8D, Tumor volumes at the
time sacri?ce. The U87NS TMZ+LY chow treated xenografts
that lacked progression had no palpable tumor at 150 days

TMZ+DAPT have an increase in senescence compared to

TMZ-only. Treating the cultures ex vivo with TMZ+DAPT
greatly reduced tumor formation in a mouse subcutaneous

xenograft model, while TMZ-only ex vivo treatment only
delayed tumor formation. Thus, inhibiting the Notch pathway
in combination with chemotherapy enhances GBM treat

ment, possibly by targeting the chemoresistant CSC popula

post-treatment.
FIG. SE is a bar graph demonstrating that LY chow signi?
cantly decreased the mRNA levels of the Notch targets Hex1
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and Hey1 in glioblastoma tumors. Immunocompromised
nude mice with pre-existing U87NS xenografts were given a
diet of normal chow (n:4) or LY chow (n:4) for ten consecu
tive days. After LY treatment, mRNA was isolated from the

xenografts and Notch activity was analyZed by qRT-PCR.
Hes1 and Hey1 expression signi?cantly decreased in the LY

25

cells (CSC) are relatively resistant to chemotherapy, using
neurosphere formation as an assay for CSCs. To our surprise,

chow cohorts. * * *:P<0.0001.

the concentrations of chemotherapy drugs required to inhibit

FIGS. 9A and 9B are line graphs showing individual tumor
volumes for TMZ-only and TMZ+LY chow treated mice. 9A,
Mice with pre-existing tumors were treated in vivo with
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observed for tumor progression, which was classi?ed as the

e?icacy of chemotherapy.
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Methods of Treatment
The methods described herein include methods for the
treatment of disorders associated with abnormal apoptotic or
differentiative processes, e.g., cellular proliferative disorders
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embodiments, the disorder is glioblastoma. Generally, the

tumors demonstrated regrowth, the time until tumor pro gres
sion varied greatly between 14 to 32 days after treatment. 9B,
Mice with pre-existing tumors were treated with TMZ+LY

or cellular differentiative disorders, e.g., cancer. In some

chow when the tumors reached approximately 150 mm3 .

Tumors initially decreased in volume 5 days after the begin
ning of treatments. 4/8 mice demonstrated tumor progression
between 23 to 30 days. The other 4/8 mice demonstrated a
complete loss of tumor mass and remained at 0 mm3 for 150
days after treatment until the mice were sacri?ced.
FIG. 10 is a line graph showing that TMZ+LY chow inhib

methods include administering a therapeutically effective
amount of a combination of a GSI and a chemotherapeutic

agent, e.g., an alkylating agent (e.g., mechlorethamine,
45

its tumor progression with minimal toxicity to the immuno
compromised mice. Tolerance of the drug treatments was

thioepa chlorambucil, CC-1065, melphalan, carmustine
(BSNU) and lomustine (CCNU), cyclophosphamide, busul
fan, TMZ, dibromomannitol, streptoZotocin, mitomycin C,
and cis-dichlorodiamine platinum (II) (DDP) cisplatin), to a

determined by measuring the weight of the mice during the
period of drug administration. Initially, TMZ-only and TMZ+
LY chow cohorts demonstrate a slight decrease in body
weight, but the mice quickly recover. There was no signi?cant

neuro sphere formation are much lower than those required to
inhibit bulk cell proliferation or to induce cell death. Further

study demonstrated that inhibition of neurosphere formation
is due to reversible quiescence of CSCs, which facilitates
DNA repair, lessens chemotoxicity and hence, decreases the

TMZ-only when tumors reached approximately 1 50 mm3 and

point when the tumor doubled in volume, approximately 300
m3. Tumors initially began to decrease in volume 5 days
after the beginning of treatment. Although all TMZ-only

tion.
Recent studies in several laboratories (see, e.g., Lee et al.,
Cancer Cell 9:391-403 (2006); Foroni et al., Cancer Res
67:3725-3733 (2007)) have demonstrated that GBM cultures
in de?ned medium provide a better model than classical cell
lines maintained with fetal bovine serum. In the present
experiments, a series of brain tumors were placed into culture.
We used these cultures to test the hypothesis that cancer stem
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subject who is in need of, or who has been determined to be in
need of, such treatment. In some embodiments, the chemo
therapeutic agent is TMZ. In some embodiments, the GSI is
LY450139.
As used in this context, to “treat” means to ameliorate at
least one symptom of the disorder. In some embodiments, a

change in the ?nal weight of the mice for any of the drug
treatments. For DMSO, n:4; LY chow, n:5; TMZ-only; n:6;

treatment can result in a reduction in tumor siZe or number, or

and TMZ+LY chow, n:6.
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a reduction in tumor growth or growth rate.

Examples of cellular proliferative and/or differentiative

DETAILED DESCRIPTION

disorders include cancer, e.g., carcinoma, sarcoma, meta

static disorders or hematopoietic neoplastic disorders, e.g.,

GBMs and other cancers chiding leukemias, breast cancer,
prostate cancer) are believed to include a small population of
cancer stem cells (CSCs) that are resistant to current thera

leukemias. A metastatic tumor can arise from a multitude of
60

small number of cells entered into a reversible quiescent state
and formed spheres after a short recovery period. These
results suggest that treatments might be more e?icient if they

primary tumor types, including but not limited to those of

prostate, colon, lung, breast and origin.

pies; in vitro, these CSCs form neurospheres in serum-free
media (see, e.g., Reynolds and Weiss Dev. Biol. 175, 1-13
(1996)). As described herein, chemotherapy treatment dras
tically decreased sphere formation GBM cultures. However, a

As used herein, the terms “cancer”, “hyperproliferative”
and “neoplastic” refer to cells having the capacity for autono
mous growth, i,e., an abnormal state or condition character
65

iZed by rapidly proliferating cell growth. Hyperproliferative
and neoptastic disease states may be categorized as patho
logic, i.e., characterizing or constituting a disease state, or

