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ABSTRACT OF THE THESIS

Effect of the JAK2/STATS3 inhibitor TG101209 on the proliferation of tumor
neurosphere cells derived from glioblastoma patients

by

Rohit Saklecha

Master of Science in Biology

University of California, San Diego, 2013
Professor Santosh Kesari, Chair

Professor Milton Saier, Co-Chair

Janus kinase 2 (JAK?2) is a signal transducer and activator of transcription
(STAT3) pathway is known to be involved in the development and progression of
different types of cancers, including gliomas. STAT3 is activated by the phosphorylation
of tyrosine 705, after which it is dimerizes and translocates in to the nucleus of cancer

cells. The STAT3 signaling cascade promotes several oncogenic signaling pathways,

viil



and recent studies reveal a correlation between STAT3 signaling and glioblastoma
multiforme stem-like cell (GBM-SC) expansion. In the present study, we focused on a
novel small molecule inhibitor TG101209, and examined its capacity to suppress
STAT3 phosphorylation and the growth of human GBM neurospheres in vitro and in
vivo. TG101209 potently inhibited STAT3 phosphorylation and inhibited cell
proliferation (IC50 1-10 uM), down regulated Bcl-XI and induced PARP cleavage to
induce apoptosis in GBM neurospheres. We conclude that TG101209 potently inhibits

STAT3, and may have therapeutic potential for GBM expressing JAK?2.
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I:

Introduction



Glioblastoma multiforme (GBM) the highest-grade glioma (grade IV in WHO
classification) is the most common brain tumor in adults and a leading cause of cancer
death in adults and children [1] [2] [3]. The current standard of care for patients with
GBM includes tumor resection followed by adjuvant radiation therapy (RT) and
chemotherapy (CT) [4] [5]. A survival benefit has been reported for GBM patients treated
with Temozolomide (TMZ) combined with RT to yield a mean survival time of <2 years
[6] [7]. Because of its infiltrating characteristics, the complete resection of GBM remains
impossible and tumor recurrence occurs invariably at the primary tumor site. Recurrence
seems to be due to the resistance of the initial tumor, but recent data suggests that it may
be linked to the presence of a subpopulation of therapy resistant cells with stem cell like
characteristics. These cells, called ‘tumor-initiating stem cells’” (TISC) or ‘‘cancer stem
cells’” (CSC), exhibit normal stem cell properties including, 1) the capability for self-
renewal; 11) multi-lineage differentiation; and iii) the ability to regenerate GMB tumors
histologically similar to the original tumors in xenografts [8] [9] [10] [11] [12] [13] [14].
Based on these observations, it is important to develop therapeutic agents for GMB-SC
and affect cell proliferation and resistance to chemo-radiation [15]. Therefore, a new
therapeutic approach targeting GBM stem-like cells is required to overcome recurrence
and resistance to standard radio-chemotherapy protocols.

The alteration of several signaling pathways including receptor tyrosine kinase
[16], serine/treonine-specific protein kinase [17] [18] , Wnt [19] and Notch and
Hedgehog [20] pathways is involved in the progression of GBM. Importantly,
constitutive activation of the Janus kinase (JAK)/signal transducer and activator of the

transcription factor (STAT) promotes tumor cell proliferation and the inhibition of



apoptosis [21]. The STAT protein family is a group of transcription factors that plays
important roles in relaying signals from growth factors and cytokines to downstream
signaling targets and effector proteins, and is involved in oncogenesis [22] [23]. In GBM
cells, The STAT3 signaling cascade becomes activated through multiple signaling
pathways, which upregulate the transcription of several genes that control tumor cell
survival, resistance to apoptosis, cell cycle progression and angiogenesis [24]. STAT3 is
activated by the phosphorylation of tyrosine 705 (which is often accompanied by
phosphorylation of serine727) in cells stimulated with a variety of cytokines (IL-6, IL-11)
and growth factors (EGF, TGF-a, PDGF and HGF) [25] [26]. Targets of STAT3 include
Bcl-2, Bel-xL, c-myc, survivin, cyclin D1, vascular endothelial growth factor (VEGF)
[27] [28] [29].

The connection between STAT3 signaling and GBM-SC development has been
investigated via genetic knockdown of STAT3 using short hairpin RNA inhibited the
proliferation and the formation of neurospheres by GBM-SC, indicating that STAT3 can
regulate GBM-SC growth and self-renewal [30] [31]. In the context of this, small
molecules have been explored and further reveal antitumor effects through the regulation
of GBM-SC.

Considering that STAT3 is a good target, we used a JAK2/STAT3 inhibitor
TG101209 for our study. Previous studies identified TG101209 as a potent inhibitor of
the JAK2/STAT3 pathway, which exhibited a potent anti tumor effect in multiple
myeloma cell lines and suppress growth of hematopoietic colonies from primary
progenitor cells and displayed enhanced radiosensitivity of lung cancer cells in vitro and

tumor growth delay in vivo [32] [33]. The present study examined the mechanism of
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cell killing caused by TG101209 in GBM tumorspheres derived from patient GBM stem-
like cells. These tumorsphere lines reproduce the genetic, phenotypic and invasive
characteristics of human GBM. TG101209 was found to be a potent inhibitor of STAT3
phosphorylation, which inhibited the proliferation in a range of human GBM cell lines,
including the stem cell, derived GBM tumorspheres. We found that the mechanism of
cell death in the tumorspheres was the induction of PARP cleavage mediated apoptosis.

This thesis was co-authored by Rajesh Mukthavaram, this thesis in full may
appear in future publications from the Kesari Lab. I was the primary investigator and co-

author of this material.
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Results



Establishment of primary GBM-SC lines from GBM patients.

Seven GBM-SC lines (GBM4, GBMS, SK1035, SK987, SK892) established from
GBM patient-derived tumors were successfully grown as neurospheres in neural stem cell
medium, as shown by representative images of GBM4, GBMS, SK987 and SK892 lines

are shown in Figure 1.

Expression and constitutive activation of STAT3 in glioma cell lines and human
tumor neurosphere lines.

To determine whether the STAT3 pathway was activated in the malignant glioma
cells, we used immunodetection for phosphorylated STAT3 at Tyr705 in patient derived
GBM lines, A172, U87 and U251 cell lines. Western blot analysis with anti-
phosphospecific STAT3 (Tyr705) and anit-STAT3 showed constitutive phosphorylation

of STATS3 in all cell lines except SK892 (Fig 2A,B)

Cell viability assay.

We examined the effect of JAK2 inhibitor TG101209 on cell proliferation in five
different GBM cells lines in vitro. Treatment with TG101209 up to 40 uM for 72 h
exhibited a similar inhibitory effect on GBM4, GBMS, SK1035, SK987 stem cells and
A172 cell lines with ICsq values of 1-2 uM, whereas in U87 and U251 cell lines the ICs
values were between 5-8 uM. However, in SK892 cells proliferation inhibitory effect
was low (IC50 ~25 uM). Taken together, these results indicate that TG101209 can be

used to selectively target GBM cells (Fig 3A-E).



TG101209 down-regulated STAT3 phosphorylation in cancer cells:

To gain mechanistic insight into inhibition of the STAT3 pathway we used GBM4
and GBMS cells. First we measured phosphorylated STAT3 levels after incubation with
different concentrations of TG101209 for 16 h. In both cell types, treatment with 10, 2
and 0.1 uM TG101209 showed a dose-dependent inhibition of phosphorylation, and 10

and 2 uM TG101209 rendered STAT3 phosphorylation undetectable (Figure 4A).

TG101209 induced apoptosis by down regulating pro-survival protein and inducing
PARP cleavage:

To determine whether TG101209 induces apoptosis in GBM4 and GBMS patient
derived cancer stem-like cell tumorsphere lines, we performed a western blot analysis for
indicators of apoptosis. The induction of apoptosis by TG101209 was evidenced by
cleaved poly-ADP ribose polymerase (PARP) PARP in the tumorsphere cells. The sub-
G1 population, which is comprised of apoptotic cells, increased in a dose-dependent
manner 16h after treatment with TG101209.

Many studies have reported that STAT3 induces apoptosis by inhibiting the
expression of pro-survival or anti-apoptotic proteins or oncogenes in various cancer cell
types. Here for GBM tumorspheres we performed western blotting for a prosurvival
protein that is a target of STAT3. The expression of Bel-X1 in both GBM4 and GBMS
cell lines decreased 16 h after treatment with TG101209, but we did not see dose
dependent down regulation (Fig 4A). Further, DNA content analysis by flow cytometry
showed reduced PI staining of apoptotic cells after treatment with TG101209 secondary

to DNA fragmentation and loss of nuclear DNA content (Figure 4B).



Neurosphere images
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Figure 1. Morphological features of GBM lines. Representative Images of the
neurospheres Isolated from human glioblastoma tumors.



P Stat 3 expression in GBM lines
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Figure 2: STAT3 phosphorylation status in glioblastoma cell lines. A. STAT3
phosphorylation in patient derived neurospheres cell lines B. Adherent cell lines.
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Inhibitory effect of TG101209 on the proliferation of GBM lines
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Figure 3. GBM-SC and established cells were seeded into each well of a 96-well micro-
culture plate and various compounds diluted with TG101209 (40-0.075 uM) were
added. Each point shows the mean for three samples. A (SK1035, SK987 and
SK892), B (GBM4 and GBMS), C (SK262, SK429) are IC50 curves for patient
derived cell lines. D is IC50 curve of U87, A172 and U251. E is representative
images of GBMS cells treated with 10 uM TG101209 and control.



TG101209 effectively inactivates STAT3
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Figure 4. TG101209 effectively inactivates STAT3, down regulates Bcl-X1 and induces

PARP cleavage-mediated apoptosis. (A).

11

Western blots of phosphorylated STAT3 at Tyr705 and total STAT3, Bcl-X1 and Parp in
GBM4 and GBMS cells treated with different concentrations of TG101209 and
harvested at 16h (B). Cells were treated with the 2 uM concentrations of
TG101209 for 16 h and then subjected to flow cytometry for cell cycle analysis.
(1) GBM4 cells treated with DMSO (i1) GBM4 cells treated with 2 uM of
TG101209. (ii1)) GBMS cells treated with DMSO (iv) GBMS cells treated with

2uM of TG101209.Percent of cells in sub G1 phase was indicated.
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Figure 4. Continued

This thesis was co-authored by Rajesh Mukthavaram, this thesis in full may

appear in future publications from the Kesari Lab. I was the primary investigator and co-

author of this material.
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Glioblastoma multiforme (GBM) is the common, most malignant and aggressive
brain cancers in adults. Despite recent therapeutic advances, less than one-third of GBM
patients survive more than 2 years [5] [7]. The main therapeutic challenges are recurrence
and treatment resistance. The constitutive activation of STAT3 is frequently detected in
various cancer type along with primary human GBM cells and established GBM cell
lines [29] [33] [34] [35]. STAT3 activation in GBM is associated with invasion, survival,
and growth of GBM both in vitro and in vivo [24] [36]. The precise oncogenic or
suppressive role played by STAT3 was reported to depend on the genetic background of
the target tumor [24]. However in the present study, we utilized a tumorsphere model that
exhibited genetic and phenotypic diversity, and demonstrated that TG101209 efficiently
inhibited STAT3 phosphorylation, which resulted in the induction of apoptosis.

Since GBM-stem cells were identified as tumor-initiating and resistant cells, a
focus has developed on targeting this tumor compartment. A substantial body of
literature has emerged concerning specific features in terms of GBM stem cell isolation
and expansion as tumorsphere cultures in vitro, the capacity for extended self renewal,
multi lineage differentiation and the ability to reproduce the histology of human GBM
tumors in xenografts [8] [9] [10]. Our Isolated GBM stem cells exhibited all these key
features (Figurel).

STAT3 is of interest as it is expressed in stem cells, and regulates numerous
physiological and oncogenic signaling pathways affecting target gene expression. STAT3
is constitutively activated in various types of cancers including hematological and solid
cancers. STAT3-SH2 dimerization and phosphorylation promotes cell proliferation and

induces anti-apoptotic activity. STAT3 was activated in our isolated GBM stem like cells
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but not in the non-malignant SK892 cell line, which indicates selectivity (Fig 2A).
Experimental approaches for blocking STAT3 signaling using small interfering RNA
(siRNA), small hairpin RNAs (shRNA) and STAT3 antisense molecules have
successfully inhibited cell proliferation in vitro and tumor growth in vivo [31] [37]. The
constitutive activation of the STAT3 pathway is linked to tumor promotion and main-
tenance. With regard to GBM-Stem cell signaling, the interaction between STAT3 and
other pathways including EGFR, Notch, Wnt, Hedgehog, Akt, mTOR, olig2, PKC,
MAPK, NF-kB and BMP4 was shown to regulate self-renewal [38]. We observed in vitro
activity of TG101209 in a variety of patient derived cells and established GBM cell lines.
The TG101209 inhibited cell proliferation in patient derived cell lines with an ICsy of 1-2
uM except in SK892, a cell line with no constitutively activated Stat3 signaling. In
established cell lines the ICsy was in between 2-10 uM (Fig 3).

Interestingly, STAT3 is involved in both stem cell maintenance and astrocytic
differentiation, which could be important therapeutically and therefore represent a
treatment opportunity for JAK-STAT inhibitors such as TG1010209. An advantage of
targeting STAT3 in cancer stem-like cells is that the inhibition of this pathway affects
multiple downstream molecules, thus enhancing antitumor effects. For example, STAT3
plays an important role in oncogenesis by upregulating the transcription of several genes
that control tumor cell survival, resistance to apoptosis, cell cycle progression and
angiogenesis. Target genes of STAT3 include Bcl-2 [39], Bel-XL [29], c-myc [40] and
Mcl-1 [41], and genes encoding cyclin D1[29] and vascular endothelial growth factor
[42]. It was previously shown in multiple myeloma that TG101209 down regulation of

pJAK2, pSTAT3 and Bcl-xl levels correlated with up-regulation of pErk and pAkt levels,
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indicating cross talk between these signaling pathways. In line with these findings, we
extended the findings in the literature to a relevant GBM model, and demonstrated that
TG101209 down regulated the antiapoptotic protein (Bcl-XL) and stimulated PARP
cleavage to induce apoptosis. Moreover, flow cytometric analysis for DNA content of
cells treated with TG101209 showed partial loss of DNA due to the activation of

endogenous nucleases and diffusion of low-molecular weight DNA outside the cells.

Conclusions

Our results demonstrate that TG101209 potently inhibits both STAT3
phosphorylation and STAT3 downstream target gene expression, and induces apoptosis
in established GBM lines and primary patient derived cancer stem cell based GBM
tumorspheres. These findings justify and provide an initial basis for future translational
and mechanistic studies of TG101209 as a GBM therapeutic.

This thesis was co-authored by Rajesh Mukthavaram, this thesis in full may
appear in future publications from the Kesari Lab. I was the primary investigator and co-

author of this material.
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Materials
JAK-2 inhibitor TG101209 obtained from Targegen (now Sanofi),
Alamar Blue purchased from AbD Serotech. Anti-pY-STAT3 and anti-STAT3 were
purchased from cell signaling. Horseradish peroxidase-linked anti-rabbit or mouse 1gG
were from Jackson ImmunoResearch (West Grove, PA, USA). Odyssey® Blocking

Buffer and IRDye 680 were obtained from Odyssey.

Establishment of primary cancer stem cell lines from GBM patients:

GBM tumor samples were obtained from surgically resected materials. The
UCSD Moores Cancer Center Institutional Review Board approved translational research
using tumor tissues from GBM patients. All patients gave written informed consent.
Tumor samples were washed 2-3 times with 5-10ml of PBS/NSC basal medium to
remove blood and debris. The PBS/ Medium was removed and the GBM tumor tissue
placed in a Petri dish. The tumor tissue was cut into small pieces and minced for 1-3
minutes with a No. 10 scalpel blade to increase the surface area for trypsinization. The
minced tissue was enzymatically dissociated by using 3-5ml of pre-warmed accutase in
for 10-15 minutes at a 37°C water bath. A pipette transferred the minced tumor tissue
with trypsin into a 15ml Falcon tube. An equal volume of NSC medium was added to
stop the enzymatic reaction after the incubation period. Pipetting the suspension up and
down several times ensured enzyme inactivation. Then, centrifuging at 190g for 6min
pelleted the suspension. After discarding the supernatant the tissue was resuspended in
Iml of sterile NSC basal medium. Clumps were dissociated by gently pipetting up and

down (3-7 times) until a smooth milky single cell suspension was achieved. The number
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of pipetting steps directly depended on the size of particles in the minced tissue. Lengthy
and vigorous mechanical dissociation was avoided as it could have resulted in cell death
and a reduction in sphere formation. To remove un-dissociated pieces and debris, 10-15
ml of basal medium was added to the tube and the cell suspension filtered through a 40
micron cell strainer into a 50ml tube. The filtered suspension was centrifuged at 190g for
6min, and the supernatant discarded. Pelletted cells were then resuspended in 1-2ml of
complete NSC medium for cell counting.

10 puL of the cell suspension was added to 90 pL of 0.04% Trypan blue in a 1ml
eppendorf tube was pipetted up and down to mix the suspension. 10 puL of the
cells/trypan blue mixture was transferred to hemocytometer in order to count cell density.
Cells were plated in NSC medium supplemented with 20ng/ml EGF, 10ng/ml bFGF and
heparin (2ng/ml) in appropriate tissue culture vessels. 5 and 15 mL of medium is used for
T25 and T75, respectively. Antibiotics were added to the medium at a concentration of

1:100 in case of contamination. The flask mixture was incubated at 37°C and 5% CO,.

Passaging and expansion of GBM derived spheres:

We cultured five patient derived neurosphere cell lines GBM4, GBMS, SK1035,
SK987, SK892, SK429 and SK262. When the neurospheres reached an average size of
150-200 um in diameter, subculture was initiated. The content of each flask was removed
and placed in an appropriately sized sterile tissue culture tube, and centrifuged at 190g
for 6 min at room temperature. The supernatant was removed and the pellet dissociated to
create a single cell suspension using a commercially available dissociation kit. The cell

suspension was centrifuged at 190g for 6 min. Then, the supernatant was aspirated and



the cells resuspended in 1 ml of NSC medium, incubated at 37° C in a humidified

incubator with 5% CO,.

Cell Culture

Human malignant glioma U87, U251 and A172 cells and patient derived tumor
neurospheres: GBM 4 and 8, were used. U87, U251 and A172 cells were cultured in
Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine
serum 4 mM glutamine, 100 U/ml penicillin and 100 pg/ml streptomycin at 37°C in 5%
CO,-95% air. Patient derived tumor neurospheres were cultured in stem cell medium
supplemented with human recombinant EGF (20 ng/ml), human bFGF (10 ng/ml) and

heparin (2 ng/ml).

Cell viability assay

The cytotoxic effect of TG101209 was determined using the Cell Proliferation
Reagent alamar blue assay (AbD sciences). Cells (2 x10? cells/well, 100 ul) in 96-well
flat-bottomed plates, via overnight incubation at 37°C and in 5% C0O,-95% air. After
exposure to the JAK?2 inhibitor (TG101209) at concentrations between 0.1 and 40 puM,
for 72 h, the cells were incubated with alamar blue for 4-12 h, and fluorescence

measured using a Tecan plate reader.

Western blotting
Untreated and JAK2 inhibitor treated human glioma cells were harvested by

disassociation, washed with ice-cold PBS, and lyzed in NP40 buffer containing 50 mM

20
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Tris pH 8.0, 150 mM NacCl, 0.1% SDS, 1% NP-40, 0.1% sodium deoxycholate, protease
inhibitor (complete mini, Roche Scientific) and phosphatase inhibitor (Roche Scientific).
Protein quantification was performed with a BCA protein assay from Pierce (Fisher
Scientific). Protein was separated by 10% SDS-PAGE and transferred to nitrocellulose
membranes. The membranes were blocked with a solution consisting of 5% milk powder
in 0.05% Tween 20-PBS (TBS). The membranes were treated with anti-STAT3,
antiphospho-STATS3, antiphospho-JAK-2, antiphospho-STATS and anti-PARP antibodies
(Cell Signaling), anti-Bcl-X; (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and
anti-GAPDH antibody (Genetex); then subjected to Western blotting using an ECL
(enhanced chemiluminescence). For blots read with Licor the methods change after the
gel is transferred to the nitrocellulose membrane. The membranes were blocked with the
Odyssey Blocking Buffer for an hour. Then the membranes were treated with the primary
antibodies listed above for a minimum 12 hours. After which the membranes were
washes with distilled water, and incubated in Blocking buffer and IRDye 680. After 1

hour incubation in the dark the membranes were read on an Odyssey Licor instrument.

Cell cycle analysis

For cell cycle analysis, GBM4 and GBMS cells were plated at 200,000 cells/well
and incubated for 16 hours with 2 uM of TG101209 and DMSO. Cells were dissociated,
fixed in ice cold methanol. Cell were incubated at RT in for 30 min PBS containing
50ug/ml RNAse A. Cellular DNA was stained with 250 ul of PI (10 pg/ml), followed by

flow cytometric analysis (FACS Calibur flow cytometer, BD Biosciences).
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This thesis was co-authored by Rajesh Mukthavaram, this thesis in full may
appear in future publications from the Kesari Lab. I was the primary investigator and co-

author of this material.
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