www.impactjournals.com/oncotarget/ Oncotarget, 2016, Vol. 7, (No. 50), pp: 83701-83719

Research Paper

CXCR4 increases in-vivo glioma perivascular invasion, and
reduces radiation induced apoptosis: A genetic knockdown
study

Viveka Nand Yadav'?, Daniel Zamler'?, Gregory J. Baker*?3, Padma Kadiyala'?,
Anat Erdreich-Epstein“, Ana C. DeCarvalho®, Tom Mikkelsen®, Maria G. Castro'?,
Pedro R. Lowenstein'?

1Department of Neurosurgery, University of Michigan Medical School, Ann Arbor, MI 48109, USA

2Department of Cell and Developmental Biology, University of Michigan Medical School, Ann Arbor, MI 48109, USA
Scurrent address: Department of Systems Biology, Harvard Medical School, Boston, MA 02115, USA

4Department of Neurosurgery, at the Saban Research Institute at Children’s Hospital Los Angeles, CA 90027, USA
5Departments of Neurology and Neurosurgery, Henry Ford Hospital, Detroit, MI 48202, USA

Correspondence to: Pedro R. Lowenstein, email: pedrol@umich.edu
Keywords: CXCR4 knockdown, autovascularization, perivascular invasion, glioma radiotherapy resistance, combination therapies
Received: August 31, 2016 Accepted: October 17, 2016 Published: November 11, 2016

ABSTRACT

Glioblastoma (GBM) is a highly invasive brain tumor. Perivascular invasion,
autovascularization and vascular co-option occur throughout the disease and lead to
tumor invasion and progression. The molecular basis for perivascular invasion, i.e.,
the interaction of glioma tumor cells with endothelial cells is not well characterized.
Recent studies indicate that glioma cells have increased expression of CXCR4. We
investigated the in-vivo role of CXCR4 in perivascular invasion of glioma cells using
shRNA-mediated knock down of CXCR4. We show that primary cultures of human
glioma stem cells HF2303 and mouse glioma GL26-Cit cells exhibit significant migration
towards human (HBMVE) and mouse (MBVE) brain microvascular endothelial cells.
Blocking CXCR4 on tumor cells with AMD3100 in-vitro, inhibits migration of GL26-Cit
and HF2303 toward MBVE and HBMVE cells. Additionally, genetic down regulation of
CXCR4 in mouse glioma GL26-Cit cells inhibits their in-vitro migration towards MBVE
cells; in an in-vivo intracranial mouse model, these cells display reduced tumor growth
and perivascular invasion, leading to increased survival. Quantitative analysis of brain
sections showed that CXCR4 knockdown tumors are less invasive. Lastly, we tested the
effects of radiation on CXCR4 knock down GL26-Cit cells in an orthotopic brain tumor
model. Radiation treatment increased apoptosis of CXCR4 downregulated tumor cells
and prolonged median survival. In summary, our data suggest that CXCR4 signaling is
critical for perivascular invasion of GBM cells and targeting this receptor makes tumors
less invasive and more sensitive to radiation therapy. Combination of CXCR4 knock
down and radiation treatment might improve the efficacy of GBM therapy.

INTRODUCTION through various mechanisms of perivascular invasion, i.e.,

vessel co-option and autovascularization [ 1-4]. Biological

Glioblastoma (GBM) is an aggressive brain tumor characteristics include high invasiveness, uncontrollable

with high morbidity and mortality rates. These tumors proliferation, and angiogenesis, making it resistant to

are associated with poor prognosis due to their ability to currently available surgical, radiation, and chemotherapy

migrate away from the central tumor and invade healthy treatments [5-9]. It is thus essential to identify the

brain tissue by growing within perivascular spaces mediators promoting the growth and recurrence of these
tumors.
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Recently we described that throughout glioma
growth invasion occurs via auto-vascularization, a
mechanism related to vessel co-option, by which glioma
cells invade and allow brain tumor to become vascularized
by normal blood vessels. Tumor cells proliferate by
utilizing perivascular space as a channel of invasion [4,
10—13]. Although the molecular mechanisms by which this
process occurs remains poorly researched, targeting it could
have therapeutic value. Chemokine receptors are being
studied currently as therapeutic targets and CXCR4 is the
most widely expressed chemokine receptor on cancer cells
including breast, prostrate, pancreatic, kidney and brain
cancer cells [14-16]. CXCR4 binds to its ligand CXCL12
(SDF-1) and gets activated. Recent studies note that the
progress of GBM is driven by glioblastoma stem-like cells
(GSCs), critical promoters of tumor growth, invasion, and
neovascularization [3, 7, 8, 17, 18]. CXCR4 has been found
to be upregulated in GSCs upon activation with CXCL12,
a CXCR4 ligand [19]. There is evidence that disruption
of CXCR4 results in a reduction of GSC markers and
reduction in tumor cells proliferation [20-22]. Additionally,
it has been found that radiation therapy triggers the
upregulation of hypoxia-inducible factor 1 (HIF-1) and
CXCRA4. HIF-1 consequently induces tumor secretion of
CXCL12, which binds to CXCR4 on proangiogenic bone
marrow—derived cells (BMDCs), recruiting them to become
endothelial cells within the tumor [23, 24]. CXCL12
released in the sub-ventricular zones of the brain offer
GBM resistance to radiation and targeting the CXCL12/
CXCR4 signaling system sensitizes SVZ-nested GBM
cells to radiation [25]. Thus, the inhibition of CXCR4
(and its interaction with CXCL12) is a potential target for
inhibiting glioma cell invasion and recurrence. Hence, this
study explores the effects of C-X-C Chemokine Receptor
4, CXCR4 and its role in perivascular Invasion.

In this study, we explore the crucial role of CXCR4
in the invasion of tumor cells into the perivascular space
by down-regulating the expression of CXCR4. We
hypothesized that knocking down CXCR4 will decrease
perivascular invasion of tumor cells. Furthermore, by
treating CXCR4 knockdown tumors with radiation we aimed
to increase mice’s overall median survival. Although, there
are reports about targeting CXCR4 in combination with
current treatment regimens available for GBM patientsnone
have utilized the shRNA mediated inhibition of the CXCR4
gene on glioma cells in order to understand its in-vivo role in
glioma‘s perivascular invasion [26-28]. Studies use CXCR4
pharmacological inhibitors to block CXCR4 singling to
achieve increased median survival in xenograft models
[28-30]. However, these inhibitors have the possibility of
non-specifically targeting other molecules, noting that AMD
3100 has recently been reported to be non-specific [31-35].
We studied the potential of combining radiation therapy with
targeting CXCR4 by knocking down the gene with sShRNA
within the tumor cells. Our findings demonstrate knocking
down CXCR4 significantly increases mice’s overall median
survival, reduces tumor migration and invasiveness along

brain endothelial cells and increases the sensitivity of tumor
cells to radiation therapy. Thus we propose that combined
therapy of targeting CXCR4 signaling along with radiation
could be a potential therapeutic strategy for the treatment of
GBM.

RESULTS

Rodent and human brain-derived endothelial
cells promote migration of mouse and human
GBM tumor cells

In brain tumors, glioma cells diffusely invade
the brain by active cell migration either along blood
vessels, intra-parenchymally, or along white matter tracts.
Molecular determinants that attract glioma cells towards
blood vessels and the perivascular space are poorly
understood. We have recently described that different
GBM cell lines from mouse, rat and human GBM
derived glioma stem cells display a specific attraction
towards blood vessels in-vivo (Baker et al, 2014). In an
effort to better understand the mechanism involved in
the in-vivo migration of glioma cells along the blood
vessels, we first tested the ability of mouse (MBVE) or
human (HBMVE) brain microvessel endothelial cells to
stimulate the migration of mouse and human glioma cell
lines using the in-vitro transwell migration assay. Among
different primary glioma cell lines, mouse glioma GL26-
Cit and human HF2303 GBM cancer stem-cells, showed
significant directional migration towards MBVE while
another human GBM cell line, MGGS8, did not exhibit
directional migration (Figure 1A).

To examine the in-vivo invasion pattern of GL26-
Cit, HF2303 and MGGS8 cells in mouse brain, we
implanted 30,000 cells of each cell line into the striatum of
RAGI1” mice (N=15). Mice were euthanized at early time
point which is 7 days post implantation and brains were
analyzed for tumor growth. Tumor cells of GL26-Cit tumor
bearing mice fluoresced green and microvessels were
labeled with blood vessel-specific anti-CD31 antibodies
(i.e. anti-PECAM-1). Brain tissue sections from HF2303
and MGGS8 implanted mice were co-immunolabeled
with antibodies against human-specific Nestin to label
the tumor, and CD31 to label brain microvasculature.
Confocal microscopy imaging revealed that GL26-Cit
and HF2303 cells were associated with the blood vessels
at the invasive border. Although MGGS cells migrate and
form tumor in-vivo, they did not grow along the blood
vessels and failed to show any association with the brain
vasculature (Figure 1B). Because HF2303 cells showed
association with blood vessels, we tested whether human
brain-derived microvessel endothelial cells (HBMVE) also
promote migration of tumor cells when used as attractant
cells in an in-vitro transwell migration assay. The results
indicated that HBMVE cells significantly promote the
migration of GL26-Cit and HF2303 cells (Figure 1C)
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Figure 1: Brain-endothelial cells induce migration of GBM tumor cells. A. Migration of mouse GL26-Cit human stem cells
HF2303 and human MGGS cell lines in response to factors secreted by mouse brain endothelial cells (MBVE) in the transwell migration
assay. GL26-Cit cells showed 50 fold increase migration in response to MBVE cells (***, p=0.0002; unpaired, two-tailed, Student t test).
MBVE cells induce 7.6 fold increase migration of primary human glioma stem cell line HF2303 (***, p= 0.0002; unpaired, two-tailed,
Student t test). MGG8 human GBM cells do not display migration in response to MBVE cells (ns). B. Fluorescence scanning confocal
micrographs of, GL26-Cit, HF2303 and MGGS cells post-tumor implantation into RAG1™ mice brain. GL26-Cit and HF2303 gliomas
(green) are associated with brain micro vessels labeled with anti-CD31 antibodies (red) however not MGG8 cells. White arrowheads
indicate several examples of microvasculature-associated tumor invasion. C. Migration of mouse GL26-Cit human stem cells HF2303 and
human MGGS cell lines in response to factors secreted by human brain endothelial cells (HBMVE) in a traswell migration assay. Similar
migration as (A) is followed by tumor cells in response to HBMVE. D. Western blot analysis for CXCR4 expression in mouse GL26-Cit,
human HF2303 and MGG8 cells. E. Micro-array analysis depicting mRNA levels of CXCR4 within HF2303 and MGGS cells, Data were
normalized considering HF2303 cells mRNA level as 100%.
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but failed to induce migration of MGG8 cells which was
similar to the response of MGG8 cells to MBVE cells.
In-vivo data (Figure 1B) also indicated that MGGS cells
do not invade through blood vessel association. Together,
the results from in-vitro transwell migration of GL26-Cit,
HF2303 and MGGS8 towards MBVE or HBMVE cells
were in line with our in-vivo data wherein HF2303 and
GL26-Cit, but not MGGS cells, showed invasion along
blood vessels. We next compared the level of CXCR4
expression in GL26-Cit, HF2303 and in MGGS cells using
Western blot analysis. Both GL26-Cit and HF2303 cell
lines showed comparable levels of CXCR4 expression
but MGGS cells express lower level of CXCR4 compared
to HF2303. (Figure 1D). Microarray data analysis also
revealed that MGGS cells express approximately 40 % less
CXCR4 compared to HF2303 (Figure 1E). Importantly,
expression level of CXCR4 correlates with the ability of
GL26-Cit, HF2303 and MGGS cells to migrate towards
MBVE or HBMVE cells in-vitro as well as their ability to
invade in perivascular space in-vivo.

AMD3100 inhibits the migration of GL26-Cit
and HF2303 towards mouse and human brain-
derived endothelial cells. The effect of AMD3100
is stronger on rodent, than on human brain
derived endothelial cells

The CXCR4-CXCL12 axis is involved in survival,
migration and proliferation of various types of tumor
cells, including GBM cells. To decipher the mechanism of
GBM cell migration towards MBVE cells, we evaluated
the involvement of CXCR4 mediated chemotactic
migration of GL26-Cit and HF2303 cells towards MBVE
or HBMVE cells using in-vitro migration assays. Tumor
cells were pre-incubated with 10 uM of AMD3100 for an
hour and then added to the upper chamber of the transwell.
We observed that the migration of GL26-Cit and HF2303
cells towards MBVE cells were significantly inhibited
by AMD3100 (Figure 2A and 2B). Further, migration
of GL26-Cit and HF2303 towards HBMVE cells was
also significantly inhibited by AMD3100 (Figure 2C
and 2D). Data indicate that migration of GL26-Cit and
HF2303 towards endothelial cells depends on chemotaxis
activation of CXCR4-CXCL12 pathway.

CXCR4 knockdown in mouse GL26-Cit cells
reduces their migration capability towards
MBVE cells

Although AMD3100 is a clinically well accepted
drug to use against CXCR4, the off target effect of
AMD?3100 has never been well documented. We aimed to
further confirm the role of CXCR4 in GBM cell migration
by knocking this gene down using commercially available
CXCR4-specific shRNA hairpins from the mission
shRNA (sigma). We stably selected 4 different CXCR4

shRNA hairpins transduced GL26-Cit cells (termed as
GL26-Cit-Sh1CXCR4, GL26-Cit-Sh2CXCR4, GL26-Cit-
Sh3CXCR4 and GL26-Cit-Sh4CXCR4) after lentiviral-
mediated gene transfer. Western blot analysis confirmed
the down regulation of CXCR4 expression in GL26-Cit
cells (Figure 3A). CXCR4—deficient cells were referred to
as GL26-Cit-ShCXCR4. CXCR4 shRNA1 and shRNA2
treated cells exhibited 85% and 86% reduction in CXCR4
protein expression respectively, compared to the control
GL26-Cit-NT cells transduced with lentiviruses expressing
non-targeting ShRNA (GL26-Cit-NT).

If CXCR4 signaling is necessary for migration of
tumor cells towards endothelial cells, downregulation
of CXCR4 on tumor cells should inhibit their migration
capability. We tested the migration ability of CXCR4 down-
regulated GL26-Cit cells towards MBVE cells compared
to non-target control. All four CXCR4 down regulated
GL26-Cit cell lines showed significantly reduced migration
towards MBVE cells (Figure 3B). CXCR4 shRNA1 and
shRNA2 exhibited maximum knock down of CXCR4 but
GL26-Cit-sh2-CXCR4 cells showed maximum reduction in
migration ability, and therefore we selected GL26-Cit-sh2-
CXCRA4 cell line for further experiments.

CXCR4 knockdown reduces in-vivo invasiveness
of mouse glioma GL26-Cit tumors

To examine the effect of CXCR4 knockdown on the
invasion pattern of GL26-Cit tumors, we implanted 1000
GL26-Cit-Sh2CXCR4 cells or control GL26-Cit-NT cells
into the striatum of NSG mice (N=4/group) and examined
the initial course of tumor progression (Figure 4A). The
mice were euthanized seven days post tumor implantation
and brain sections were analyzed for tumor burden,
tumor growth pattern and tumor invasiveness (Figure 4).
Mice implanted with GL26-Cit-NT cells formed tumors
that were bigger within 7 days post-tumor implantation
compared to mice with GL26-Cit-sh2CXCR4 as shown
in Figure 4C. However, when we quantified tumor burden
by calculating the average tumor area in both groups using
Imagel analytical software. GL26-Cit-sh2CXCR4 tumor
size were not statistically different from controls (Figure
4B) (p=0.21, ns). Nevertheless, the border of GL26-Cit-
NT tumors appeared more invasive compared to GL26-
Cit-sh2CXCR4 tumors (Figure 4C). To determine the
effect of CXCR4 down regulation on GL26-Cit cells’
invasion along preexisting brain microvasculature we
performed fractal dimension analysis. Our analysis
indicated that invasive GL26-Cit-NT gliomas displayed an
average D-value of 1.47 + 0.015, which was significantly
higher than that for GL26-Cit-sh2CXCR4 tumors
(D-value=1.233 + 0.029) (Figure 4D). Significantly low
fractal dimension values of GL26-Cit-Sh2CXCR4 cells
implanted mice correlates with their less invasive tumor
rims (Figure 4E). Our findings show that CXCR4 down-
regulated cells (GL26-Cit-sh2CXCR4) are less invasive
even from early stages of tumor growth.
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Down regulation of CXCR4 in mouse glioma
GL26-Cit cells prolongs survival of mice

Our data show that inhibiting CXCR4 in glioma
cells reduces the migration and invasion ability of
mouse glioma GL26-Cit in-vitro and in-vivo. Therefore,
we wished to test whether CXCR4 suppression would
improve the median survival of mice implanted with
GL26-Cit-sh2CXCR4 glioma cells. Kaplan—-Meier
survival analysis was carried out on NSG mice (N=10)
implanted with 1000 GL26-Cit-sh2CXCR4 or GL26-Cit-
NT glioma cells into the striatum (Figure 5A).
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Mice implanted with down regulated CXCR4 cells,
GL26-Cit-sh2CXCR4, exhibited significantly prolonged
survival when compared to GL26-Cit-NT mice (Figure
5B). Median survival for GL26-Cit-sh2CXCR4 tumor
bearing mice was 29 days and that for GL26-Cit-NT mice
was 21 days (p=0.039). The brains of these mice were
sectioned and analyzed for tumor invasion (Figure 5C
and 5D). Microscopic analysis revealed that mice bearing
control GL26-Cit-NT cells exhibit highly invasive tumor
borders in all animals as shown in (Figure 5C). On the
other hand, tumor borders of mice implanted with low
CXCR4 expressing GL26-Cit-sh2CXCR4 cells were less
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Figure 2: Blocking CXCR4 with AMD3100 inhibits migration of mouse and human glioma cells toward endothelial
cells. A. Migration of GL26-Cit glioma cells towards MBVE cells is inhibited in the presence of AMD3100 in a transwell migration
assay (***, p=0.009). B. Migration of primary human glioma stem cell line HF2303 towards MBVE cells is inhibited in the presence of
AMD3100 in a transwell migration assay (***, p=0006) C. Transwell migration assay demonstrating that the Human brain microvasculature
endothelial (HBMVE) cells stimulate migration of GL26-Cit (***, p=0.00001), and primary human glioma stem cell line HF2303 (***,
p=0.00001), but failed to induced migration of MGG8 cells. D. The migration of GL26-Cit (**, p=0.01) and HF2303 cells towards HBMVE

cells was inhibited by AMD3100 (**, p=0.02).
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invasive (Figure 5D). To quantify tumor invasion, we
performed fractal dimension analysis on tumor border of
GL26-Cit-sh2CXCR4 and GL26-Cit-NT tumors using the
box-counting algorithm of ImageJ quantitative analytical
software (National Institutes of Health, Bethesda, MD). This
allowed us to obtain a quantitative measurement of tumor
invasion morphology. Tumor fractal dimension values (D
values) indicated that GL26-Cit-NT gliomas displayed an
average D-value of 1.424 + 0.019. However, GL26-Cit-
Sh2CXCR4 tumors had significantly lower average D-values
(1.154 £ 0.071) (Figure 6A). The significantly lower fractal
dimension values of GL26-Cit-Sh2CXCR4 tumors were
consistent with their less invasive tumor rims as indicated
with in Figure 6B, upper panel.

A

IiGIZG-cit

Perivascular invasion of mouse glioma GL26-
Cit-NT tumor cells is CXCR4 dependent

Data showing the effect of AMD3100 on tumor
cells migration towards MBVE and HBMVE (Figure 2)
suggest that CXCR4 plays an important role in GBM
cell migration through the perivascular niche. Thus, we
hypothesized that genetically modified low CXCR4-
expressing tumor cells may not able to migrate through
the perivascular space and will display fewer interactions
with brain microvasculature.

To test this hypothesis, we examined the interaction
of genetically modified low CXCR4 expressing GL26-
Cit-sh2CXCR4 cells versus control implanted gliomas
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Figure 3: ShRNA-mediated knockdown of CXCR4 in mouse GL26-Cit glioma cells suppress their migration towards
endothelial cells. A. Western blot analysis for CXCR4 expression in GL26-Cit cells infected with lentirvirus encoding non-target sShRNA
(GI126-Cit-NT) or four different short hairpin RNA directed against CXCR4 (CXCR4 shRNA). GL26-Cit cells transduced with different
shRNA were stably selected and assessed for CXCR4 expression (upper band) and Y-tubulin (lower band) used as control. Constructs for
CXCR4shRNA1 and CXCR4shRNA2 showed the highest knock down efficiency of 85% and 86.77% respectively. B. Migration ability of
CXCR4 knockdown GL26-Cit cells towards MBVE was significantly reduced compared to control shRNA treated cells (NT) measured in

transwell migration assay (***, p <0.05, student t-test).
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Figure 4: CXCR4 knockdown reduces tumor invasiveness. A. Schematic representation for a group of NSG mice (N=4/group)
implanted with GL26-Cit tumors cells with (sh2CXCR4) and without (NT) CXCR4 knockdown and perfused 7 days post implantation (dpi)
to uncover tumor growth and invasiveness. B. Tumor size was quantified across the whole tumor from all animals with imagelJ software.
Tumor size of CXCR4 knockdown cells are relatively smaller compared to GL26-Cit-NT control tumor bearing mice after 7dpi. (p=0.21,
ns). C. Coronal section of GL26-Cit-NT tumor bearing mice (top panel) reveals there is greater invasiveness at the tumor border, shown
in the boxed area (higher magnification). For GL26-Cit-sh2CXCR4 tumors (bottom panel) coronal section images reveals there is reduced
invasiveness at the tumor border, shown in the boxed area (higher magnification) at 7dpi. D. Fractal dimension quantification (D values)
of tumor rims illustrate that GL26-Cit-NT are significantly more invasive compared to GL26-Cit-sh2CXCR4 tumors at 7dpi (*p <0.05,
student t-test; n=4 per group). E. Representative fractal dimension image of tumor rims demonstrating that GL26-Cit-NT tumor have higher
invasive tumor border compared to GL26-Cit-sh2CXCR4 tumor.
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(N=5/group) implanted with GL26-Cit tumors with sh2CXCR4 or control shRNA for CXCR4 (NT). Mice were monitored closely during
tumor progression and perfused at moribund stage. B. Standard Kaplan-Meier survival plot reveals notable increase in survival for mice
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with the existing vasculature at the tumor border. To
visualize tumor cells in the brain, we implanted citrine-
expressing mouse glioma cells (GL26-Cit-NT or GL26-
Cit-sh2CXCR4) into the striatum of NSG mice (N=5/
group) and then labeled the tumor-associated blood
vessels with anti-CD31 (anti-PECAM-1)-antibody. IHC
Data from GL26-Cit—NT cell implanted mice showed
perivascular migration of tumor cells (as indicated
in right column high power images, Figure 7) and
association of tumor cells with blood vessels (indicated
with white arrow heads, Figure 7). These cells did not
exhibit any other known route of glioma invasion. Low
CXCR4 expressing GL26-Cit-sh2CXCR4 tumor cells
did not show signs of perivascular invasion (Figure 8).
These findings suggest that the CXCR4-signaling aids in
tumor growth and perivascular invasion, and the down
regulation of CXCR4 on tumor cells abrogates their
perivascular invasion.

Radiation treatment extends survival of mice
implanted with CXCR4 downregulated glioma
cells

To determine the effect of irradiation, a treatment
for malignant glioma, on CXCR4 down regulated GL26-
Cit-Sh2CXCR4 cells, we implanted GL26-Cit-NT
(N=10) and CXCR4 knock-down GL26-Cit-Sh2CXCR4
cells intracranially into Ragl”" mice (N=10). After tumor
establishment, at day 10, animals (N=5) from both
groups were given whole-brain IR (dose=2Gy/mouse/
day) for the next 10 days. Thereafter, all four groups,
(N=5/group) with and without radiation treatment were
monitored until they became moribund (Figure 9A). Non-
irradiated GL26-Cit-NT cells implanted mice began to
succumb first to the tumors with a median survival of 20

days, while non-irradiated CXCR4 knock-down GL26-
Cit-Sh2CXCR4 mice group exhibited a median survival
of 26 days (Figure 9B and 9C). In the radiation-treated
group, GL26-Cit-Sh2CXCR4 mice lived significantly
longer with a median survival of 57 days while the control
GL26-Cit-NT mice had a median survival time of 41 days.
Thus, radiation treatment increased the survival of GL26-
Cit-Sh2CXCR4 cells implanted by 39% after radiation
treatment compared to GL26-Cit-NT mice (Figure 9B
and 9C). GL26-Cit-Sh2CXCR4 cells implanted mice
showed 130% increased survival with radiation treatment,
when compared to non-irradiated mice implanted with
same cells; whereas GL26-Cit-NT cells implanted mice
exhibited increased survival of 100% with radiation
treatment compared to non-radiated mice with control
cells GL26-Cit-NT (Figure 9B and 9C). Together, our
in-vivo studies confirmed that CXCR4 down regulated
tumor-bearing mice survived longer than the control mice.
Furthermore, combination of CXCR4 knock down with
radiation treatment showed additional improvement in
overall median survival (Figure 9B).

CXCR4—deficient glioma cells undergo
caspase-3—dependent cell death upon radiation
treatment

To determine the role underlying the increased
survival after radiation treatment in mice implanted
with CXCR4 knockdown GL26-Cit-Sh2CXCR4 cells,
we analyzed tumor sections from non-irradiated vs
irradiated groups of mice for cleaved caspase-3, a major
downstream effector mechanism for caspase-mediated
apoptotic cell death. IHC data for caspase-3 staining
revealed significantly larger numbers of GL26-Cit-
Sh2CXCR4 cells undergoing apoptotic cell death upon
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Figure 6: CXCR4 knockdown reduces tumor invasiveness at tumor border. A. Fractal dimension quantification (D values)
reveals that GL26-Cit-NT tumors are significantly invasive compared to GL26-Cit-sh2CXCR4 tumors (***p <0.05, student t-test; N=5
per group). B. Tumor rims of NT (top panel) and sh2CXCR4 (bottom panel) demonstrate that GL26-Cit-NT tumors have invasive growth
pattern at the tumor border compared to GL26-Cit-shCXCR4 tumors.
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radiation treatment compared to control to GL26-Cit-NT
cells (Figure 10A). We further calculated the frequency of
cleaved caspase-3 positive cells in all four tumor groups
by using Image] software. CXCR4 knockdown GL26-
Cit-Sh2CXCR4 tumors had significantly higher number
of cleaved caspase-3 positive cells compared to GL26-Cit-
NT. Increased cleaved caspase-3 expression in CXCR4-
knocked down and irradiated tumors correlates with the
increased survival of these mice (Figure 10B).

DISCUSSION

Glioma cells invade the brain by active migration
along blood vessels, white matter tracts, interstitially, or
below the meninges. The highly invasive characteristic
of GBMs is mainly responsible for the failure to control
tumor growth after standard care like surgery, chemo-
and radiation therapy. We and several other groups have
described active migration of GBMs along the blood

Mouse3 Mouse2 Mouse1

Mouse4

Gl26-Cit-NT

Figure 7: GL26-Cit tumor cells invasion along blood vessels is CXCR4 dependent. GL26-Cit cells without CXCR4 knockdown
(NT) expressing a phenotype for invasiveness are shown migrating away from the tumor mass towards the blood vessels within the brain
parenchyma. Shown are brain sections immunohistochemistry stained for CD31 (1:500 dilution) from moribund mice implanted with
GL26-Cit-NT cells on the right, and high-magnification imaging on the left for the boxed areas (for N=5 NSG mice in the study). Glioma
cells are green expressing green floursent protein ‘citrine” and CD31 (blood vessel marker) expression is represented by Alexa-594 (red).
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vessels perivascular space within the brain. Molecular
mechanisms of the migration patterns of GBMs and the
factors that attract glioma cells to perivascular space
remain poorly understood. CXCR4 is expressed on
different cells like neural and pluripotent stem cells and
is important for directional migration during normal
development. CXCR4 has also been reported to be
expressed in metastasizing hepato-cellular, pancreatic,
colorectal, cervical and melanoma cancer cells [36-38].

Zagzag et al depicted a correlation of CXCR4 expression
on glioma cells with their localization in perineuronal,
white matter, subpial and perivascular spaces. They
also showed that blocking of CXCR4 with AMD3100
or with shRNA inhibits the migration of LN308 cells
towards SDF-1 gradient in-vitro, but in-vivo effect of
CXCR4 inhibiton on tumor invasion was not known
[39]. AMD3100 mediated blockade of CXCR4 in U-118
glioma cells inhibiting their migration, chemotactic ability,

Mouse3 Mouse2 Mouse1

Mouse4

Figure 8: Down regulation of CXCR4 inhibits invasion of GL26-Cit tumors cells along blood vessels. GL26-Cit cells
with CXCR4 knockdown do not express a phenotype for invasiveness and are localized within the tumor mass. Shown are brain sections
immunohistochemistry stained for CD31 (1:500 dilution) from moribund mice implanted with GL26-Cit-shCXCR4 cells on the right,
and high-magnification imaging on the left for the boxed areas (for N=5 NSG mice in the study). Glioma cells are green expressing green
fluorescent protein ‘citrine” and CD31 (blood vessel marker) expression is represented by Alexa-594 (red).
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and survival, albeit in-vitro [40]. Another study reported
a direct tropic interaction of human glioma U87-Luc
cells with CXCL12-expressing endothelial cells which
was blocked by CXCR4 antagonists but not CXCR7
antagonists [41]. In a recent study, we showed that in-
vivo CXCR4 blockade inhibits cell cycle progression,
regulating survival and proliferation and also blocks
the hypoxic-induction of HIF-1a and CXCL12 in GBM
tumors generated using the Sleeping Beauty transposase
method [42]. Thus, it may be likely that targeting CXCR4
offers therapeutic resistance to tumors. The current series
of experiments tested hypothesis that the chemotactic
migration of tumor cells in perivascular space and their

resistance to cancer therapies depends on the expression of
CXCR4 on glioma. Directional perivascular invasion and
association of glioma cells to existing blood vasculature
rely on active CXCR4 signaling and downregulation of
CXCR4 will prevent perivascular invasion, and delay
tumor growth.

To decipher the molecular mechanism involved
in perivascular migration we used AMD3100 to block
CXCR4 receptor on tumor cells and then measured
their migration in-vitro. Here, we show that chemotactic
factor/s secreted by MBVE or HBMVE cells induce
directional migration of mouse and human glioma cells
GL26-Cit and HF2303 in-vitro. CXCL12 appears to be

A
1,000 cells/pl (GI26-Cit-NT or GI26-Cit-sh2CXCR4)
Day 10 Day 19 .
Day 0 > Moribund
o P daasrasdf
[ A 7}/1 = N \ Radiation treatment , 2Gy/ mouse/ Day
isk'\"\" [ ] // /,‘ 'T‘ No radiation treatmenﬂ
B
100
GI26-cit-NT, MS=20 days
80 J Gl26-cit-Sh2CXCR4, MS=26 days
Gl26-cit-NT+rad, MS=41 days
E 60 - GI26-cit-Sh2CXCR4+rad, MS=57 days
2
& 40 1
S
20 4
0 T T T T T T T T
0 10 20 30 40 50 60 70 80
DPI
C %
increased p-value
survival
GI26-Cit-NT V/S GI26-Cit-Sh2CXCR4 30 <0.01
GI26-Cit-NT with radiation v. GI26-Cit- 39 <0.01
Sh2CXCR4 with radiation
GI26-Cit-NT without radiation v. 100 <0.01
GI26-Cit-NT with radiation
GI26-Cit-Sh2CXCR4 without radiation v. 130 <0.01

GI26-Cit-Sh2CXCR4 with radiation

Figure 9: CXCR4-deficient GL26 cells are sensitive to radiation treatment. A. Schematic depicts a group of Ragl-/- mice
stereotactically injected with GL26-Cit cells with (NT) and without CXCR4 (sh2) knockdown treated after implantation from day 10 to day
19 with whole brain photon radiation. Mice were perfused with PFA at moribund state. B. Kaplan-Meier plot shows Ragl”- mice bearing
GL26-Cit-shCXCR4 tumors survive significantly longer than the ones with GL26-Cit-NT tumors. In response to radiation treatment, mice
implanted with GL26-Cit-shCXCR4 tumors exhibit an enhanced survival (Ragl” mice, N=5 animals per group). C. Table comparing
GL26-Cit-NT with GL26-Cit-shCXCR4, respectively, in the presence and absence of radiation treatment (** p <0.01, log-rank test).
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the main factor regulating cell migration in this assay
when cells are attracted by MBVE, given the inhibitory
effectiveness of AMD3100. The lower capacity of
AMD3100 to block migration towards HBMVE suggests
that further molecules are involved in this process. These
are currently being investigated. The invasion behavior of
GL26-Cit and HF2303 glioma cells in-vivo was consistent
with their migration patterns in-vitro; thus, using in-vitro
migration models may serve as a good tool to identify

A

molecular mechanisms responsible for glioma cell growth
towards blood vessels. However, another human GBM
cell line MGGS did not show a directional migration
towards blood vessels both in-vitro and in-vivo. This
could be because they express lower CXCR4 compared
to HF2303 as observed in Westen blot and micro-array
data analysis. Alternatively may be because of their
heterogeneous nature due to existence of different glioma
stem-like cells, although they have not been separated into
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Figure 10: CXCR4—deficient glioma cells were more sensitive to radiation mediated cell death. A. Brain section from
untreated and radiation-treated mice were stained for cleaved-caspase-3 (1:300 dilution). Shown are representative sections from GL26-
Cit-NT (left panel) and GL26-Cit-shCXCR4 (right panel). CXCR4 knock down tumor cells from radiated mice go through Caspase-3
mediated apoptosis B. Quantification of Caspase-3 staining from (A) comparing amount of apoptosis within GL26-Cit-NT and GL26-Cit-
shCXCR4 after radiation treatment. (*p <0.0012, error bars represent SD).
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different groups yet. They are essentially characterized by
their behavior, i.e., their capacity to grow as spheres, their
capacity to differentiate into different neural cells, and
their ability to form tumors in-vivo [3, 43, 44]. Thus, it
would be possible that stem cells, just like other neural
cells, could also be divided into subtypes. So far, however,
this has not been proposed (or achieved). MGGS cells are
classed as glioma stem cells as they fulfill the three criteria
mentioned above [45, 46].

AMD?3100 was originally designed as a selective
inhibitor of HIV-1 and HIV-2 replication [47]. It has been
also used to inhibit autoimmune collagen-induced arthritis
and several other diseases [31]. Although AMD3100 is
shown to inhibit the interaction of CXCL12 and CXCR4,
the specificity of AMD3100 for CXCR4 has never been
extensively documented. Thus, off target effects cannot be
ruled out. Although AMD3465 is another drug which is
more specific than AMD3100 and has been shown to have
anti-glioma effect in various models [48, 49], to rule out
any unreported off target effects of both these drugs, we
chose to selectively knock down CXCR4 expression using
shRNA. Using this approach, we intended to specifically
determine the role of CXCR4 in tumor migration and
invasion of mouse glioma GL26-Cit cells towards
endothelial cells. Migration of CXCR4 knockdown
mouse glioma GL26-Cit cells was significantly reduced.
Thus shRNA mediated selective knock down of
CXCR4 demonstrates that CXCR4 plays critical role
in chemotactic migration of GBM cells towards brain
endothelial cells and downregulation of CXCR4 has direct
impact on the ability of glioma cell migration.

Previous studies reported upregulation of CXCR4
expression in many GBM cell lines, as well as their
responsiveness to vessel derived CXCL12 to stimulate
their migration towards the vasculature [50, 51]. Thus,
we anticipated that CXCR4-knockdown mouse glioma
cells (GL26-Cit-Sh2CXCR4) will be less invasive due
to reduced association with brain vessels. Indeed, GL26-
Cit-sh2CXCR4 cells demonstrated significantly lower
invasive capacity compared to control GL26-Cit-NT cells.
Additionally, mice implanted with CXCR4 knock-down
cells exhibit significantly increased survival compared
to animals implanted with control cells. Low-CXCR4
expressing GL26-Cit-sh2CXCR4 cells have diminished
association with blood vessels compared to CXCR4-
sufficient GL26-Cit-NT implanted tumor. Thus, CXCR4
knockdown in glioma cells confirmed our hypothesis that
glioma invasion of the perivascular space at the tumor
border is dependent on CXCR4 expression on glioma
cells. Thus reduction of perivascular space invasion is
directly associated with increased survival.

Kioi et al demonstrated that expression of HIF-
1 in tumors post irradiation recruits CXCR expressing
BMDCs to restore the vasculature damage, thus aiding
tumor growth and enhancing their resistance to further
therapy [23]. We have shown earlier that in response to

irradiation there is hypoxia associated with increased
secretion of CXCL12 [42]. Since CXCL12 can increase
tumor cell survival, knocking down CXCR4 would lead to
an increase in glioma cell death. Our radiation experiment
confirmed this hypothesis by showing increased apoptosis
in glioma tumors knocked down for CXCR4 and
irradiated. Thus, our experiments suggest that CXCR4 has
a role in downregulating apoptosis, maintaining glioma
cell viability, and thus reducing survival of irradiated
glioma tumors.

Further, CXCR4-expression in tumors has been
shown to correlate with perivascular migration, even
though detailed study has not been performed so far [17,
50]. Emerging evidence indicates that the perivascular
space is a specialized route for GBM invasion and it is
proposed to enhance the resistance of glioma stem cells
to radiation and chemotherapies by offering a niche [30].
It has also been shown that chemo- radiotherapy induces
a CXCR4-dependent angiogenic switch which correlates
to tumor recurrence. Our data demonstrates that in the
absence of the CXCR4 receptor radiotherapy increases
survival. Down regulating CXCR4 expression or blocking
this receptor is a powerful mechanism for achieving anti-
glioma resistance, further making the therapeutic effects
of radiotherapy more evident [52]. If resistance to cancer
therapies is dependent upon localization of tumor cells
to the perivascular space, we asked if CXCR4-knock
down glioma cells, which lose their ability to migrate into
perivascular space would be more sensitive to radiation-
mediated killing. In line with this, we observed that the
extent of survival of mice intracranially implanted with
low CXCR4-expressing GL26-Cit-sh2CXCR4 cells was
significantly longer than mice implanted with control
GL26-Cit cells. CXCR4 knock down cells were more
sensitive to radiation- mediated killing as assessed by
caspase-3 expression. Further, radiation treatment of
GL26-Cit-sh2CXCR4 implanted mice increased the
extent of survival when compared to all other groups
tested. Studies have shown that post irradiation treatment,
CXCR4 expression on glioma cells, including GL26
cells is upregulated suggesting a role of CXCR4 in tumor
survival and therapeutic resistance. In this study, we show
that a combined therapy of CXCR4 knock-down and
radiation decreases the perivascular invasion of GBM and
increases the sensitivity of tumor cells to radiation therapy.
Our data agree with those of Liu et al who demonstrated
in rats that inhibition of CXCL12 using NOX-A12,
an l-enantiomeric RNA oligonucleotide, administered
following tumor irradiation, caused tumor regression
and prolonged survival compared to irradiation alone
[53]. While use of AMD3100 for inhibition of CXCR4
interactions has been proposed [23], our data support a
combined approach of using CXCR4 knock-down gene
therapy with radiation therapy is more effective. This
approach may provide a novel and powerful method for
the treatment of malignant brain tumors.
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MATERIALS AND METHODS

Animal strains

Six- to Eight-week-old female C57BL/6J, B6 and
C57BL/6J, B6.129S7-Ragltm1Mom/J (i.e., RAGI1™),
mice were purchased from Jackson Laboratory. Some
C57BL6 mice were also purchased from tconic lab.
All fully immunocompromised NSG mice were taken
from breeding colony of Unit for Laboratory Animal
Medicine (ULAM) at the University of Michigan. All
animal experiments were conducted in accordance with
procedures approved by the University Committee on Use
and Care of Animals and conformed to the policies and
procedures of the Unit for Laboratory Animal Medicine
(ULAM) at the University of Michigan.

Cell lines and primary cultures of human glioma
stem cells

Mouse G126 glioma cell-line was obtained from the
National Cancer Institute (Bethesda, MD). HF2303 primary
human GBM cancer stem-cells were provided by Dr. Tom
Mikkelsen, M.D. (Department of Neurology, Henry Ford
Hospital, Detroit, MI). The MGGS primary human GBM
stem cells were obtained from Dr. Samuel Rabkin, Harvard
University. Mouse Brain Microvascular Endothelial cells
(MBVE) cells were purchased from Angio-Proteomics,
Boston, MA and Human Brain Microvascular Endothelial
(HBMVE) cells were provided by Dr. Anat Erdreich-
Epstein (Children’s Hospital of Los Angeles, Los Angeles,
California). Mouse- (GL26) cells were genetically modified
to express the fluorescent protein citrine, GL26-Cit, in order
to visualize these cells at single cell resolution as described
in our previous paper [54].

GL26-Cit and HF2303 primary human GBM cancer
stem cells were cultured in-vitro under humidified conditions
in 95% air 5% CO2 at 37°C. Culture medium composition
for adherent glioma cells (i.e. GL26-Cit, HF2303, and
MGGS8) was Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% heat inactivated fetal bovine serum
(FBS), 50pg/ml streptomycin, 0.3 mg/ml L-glutamine, 50U/
ml penicillin 6pug/ml G418 selection antibiotic (for selection
of the mCitrine expression vector). Cells were passaged
every 2-4 days. Culture medium for primary human
GBM cancer stem cells-derived neurospheres (HF2303
and MGGS) consisted of DMEM/F12 supplemented with
N2 supplement (1x final concentration), and antibiotic-
antimycotic reagent (0.5x final concentration). Fresh rEGF
and rbFGF cytokines were added to neurosphere medium
at each passage and every 3 days at a final concentration
of 0.02pg/ml. HyClone HyQTase cell dissociation solution
was used to split cells 1:3 every week. MBVE and HBMVE
cells were gown as directed by manufacturer and HBMVE
cells were cultured in RPMI1640 with 10% FBS, 2 mmol/L
L-glutamine, 1 mmol/L sodium pyruvate, 20 mmol/L
HEPES, 50 U/mL penicillin, and 50 mg/mL streptomycin.

Antibodies

The following primary antibodies were used
for staining: rat monoclonal anti-CD31/PECAM-1
(clone:MECI13.3), Cat#: 550274, BD Pharmingen; rabbit
monoclonal anti-CXCR4, Cat# ab-124824, Abcam;
chicken polyclonal anti-mouse nestin Cat#: N B100-
1604, Novus biological. Cell signaling; rabbit polyclonal
Cleaved Caspase-3 (Asp175) Antibody Cat#: 9661.

Transwell migration assay

Transwell migration assays were performed
using 8.0 pum pore-size Transwell assay (Corning Inc,
Corning, NY, USA) and Transwells were built within a
24-well plate (Costar). 100,000 mouse brain-derived
vascular endothelial (MBVE) cells or human brain
microvasculature endothelial cells (HBMVE) cells were
seeded on bottom chambers of trans-well in 650 pL
of DMEM plus 10% FBS medium. Plated cells were
incubated in humidified incubator (37°C, 5% CO2) for 24
hours. Next day 50,000 tumor cells (GL26-Cit, HF2303,
or MGGY) were added to the transwell that was in contact
with the medium at the bottom of the well. 12 hours later,
glioma cells that migrated to the lower side of transwell
insert were tripsinized (0.05% trypsin) and counted with
a hemocytometer.

For AMD3100 inhibition assay, 100,000 MBVE or
HBMVE cells were plated as described in above section.
After 24 hours, MBVE or HBMVE and 50,000 tumor cells
were treated with AMD3100 (10 uM) or control vehicle
for 1 hour prior to transwell incubation. Migrated cells
were counted with hemocytometer after trypsinization.

Generation of CXCR4 downregulated GL26-Cit
cells using shRNA

To knockdown CXCR4 in GL26-Cit cells,
pLKO.1-puro lentiviral plasmids encoding four
different shRNA hairpins constructs specific for mouse
CXCR4 (NM_009911) along with puromycin resistance
cassette were purchased from Sigma Aldrich as part of
the mission shRNA Consortium. Each shRNA clone
was tested for its’ ability to knockdown CXCR4
expression. Second-generation lentiviruses encoding
two shRNA constructs (TRCN0000028704, CXCR4
shRNA1 and TRCN0000028749, CXCR4 shRNA2)
were prepared according to manufacturer’s instructions
(Clonetech LentiXTX transfection kit). (Cat# 631317).
5 x106 HEK293TX cells were seeded 24 hours prior to
transfection with each of the ShRNA construct along with
Lenti-X HTX packaging mix, then cells were incubated
for 48 hours at 37°C. Lentiviral particles were purified
from culture supernatant. GL26-Cit cells were infected
with purified mouse CXCR4—specific ShRNA lentivirus
for 48-72 hours and subjected to puromycin selection
for 2 weeks. A western blot analysis was performed to
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validate stable CXCR4 knockdown in GL26-Cit cell
line. Similar methodology was used to create GL26-
Cit-NT control cell-line, which consisted pLKO.1-puro
lentiviral expression vector and non-targeting shRNA
hairpin construct (Mission shRNA, Cat#:SHC002, Sigma-
Aldrich).

Western blot

Whole cell extracts were prepared by lysing the cells
with RIPA buffer (50 mM Tris, pH-7.4; 150 mM NacCl;
1 mM each NaF, NaVO4, and EGTA; 1% Igepol; 0.25%
sodium deoxycholate; 1x protease/phosphotase inhibitors
(Thermo Scientific, Waltham, MA) and placed on ice
for 5 min. After incubation, lysates were collected and
centrifuged at 1,300 RPM for 10min at 4°C to exclude
cell debris. Protein supernatants were collected. Protein
concentration was measured with Pierce BCA Protein
Assay Kit (Thermo Scientific). Cell lysates were either
stored at -80°C or used immediately for SDS-PAGE/
Western blot analysis. For SDS-PAGE, 30 pg total
proteins were reduced and denatured at 95°C for 10min
and loaded onto a 4-12% SDS polyacrylamide gradient
gel to run at 200V until sufficient protein separation was
achieved. Protein samples were transferred onto PVDF
membranes for immunoblotting for ~100min at 30V in
ice-cold transfer buffer. PVDF membrane was blocked
with 5% milk for 30 to 45 min and incubated with
primary antibodies as per manufactures suggested dilution
overnight at 4°C. Membranes were washed 3 times in TBS
with 0.1% Tween20 and incubated with appropriate HRP-
conjugated secondary antibodies (Dako, Carpinteria, CA)
for 1hr. PVDF membrane was washed again 3 times with
TBS+0.1% Tween20. Immunoreactivity was visualized
using the SuperSignal West Femto substrate solution
(Thermo Scientific) and imagedon a ChemiDoc MP
imaging system (BioRad, Hercules, CA).

Stereotactic tumor implantation and processing
of tissue samples

Six- to eight-week-old female or male mice received
a single i.p. injection of 75 mg/kg ketamine and 0.5
mg/kg dexmedetomidine in sterile 0.9% NaCl prior to
surgery. Once anesthetized, the rodents were placed into
a stereotactic frame. A single midline incision was made
from the frontal bone, caudally, to expose the cranium.
Then a single hole was drilled into the cranium above the
left cerebral hemisphere, using a precision power drill
equipped with a fine bit at +0.5mm AP,+2.5mm ML, and
-3.0mm DV from the bregma. Upon reaching the dura,
1x103 cells in 1pL of serum free DMEM were implanted
with a Hamilton syringe equipped with a 33-gauge needle.
Cells were allowed to settle for Smin followed by slow
needle withdrawal. The skin was then sutured and animals
were treated with anesthesia reversal and post-operative

pain relief respectively with doses of atipamezole (1 mg/
kg i.m.) and buprenorphine (0.1 mg/kg s.c.). Animals
underwent transcardial perfusion either at predetermined
time-points post tumor implantation or once reaching a
moribund state. Prior to perfusion, animals were injected
i.p. with 50 mg/kg of both ketamine and xylazine to
induce deep anesthesia. Animals were transcardially
perfused with oxygenated and heparinized (100U/L)
Tyrode’s solution using a peristaltic pump followed by
4% paraformaldehyde (PFA) pH7.4 in PBS. Brains were
collected and stored in 4% PFA at 4°C, in the dark, prior
to sectioning 50um thick coronal tissue via vibratome for
immunolabeling and/or microscopic analysis.

Immunohistochemistry

Brains were coronally sectioned every 50um in a
serial fashion using a Vibratome and stored in 12-well
plates containing PBS-0.1% sodium azide at 4°C in the
dark. Brain sections chosen for immunolabeling were
placed into a 12-well plate containing TBS-0.1% Triton-X
(TBS-Tx) for 60min. When antigen retrieval was required,
TBS-Tx was replaced with boiling 10mM sodium citrate
solution. Non-specific antibody binding was blocked with
10% normal goat serum in TBS-Tx for lhr incubation
at room temperature. Sections were then transferred to
primary antibody solution diluted in TBS-Tx containing
1% NGS and 0.1% sodium azide for 24-48hrs at room
temperature, in the dark. Sections were washed 6 times
in TBS-Tx and incubated in secondary antibody solution
containing 1% NGS in TBS-Tx for 12-24hrs at room
temperature, in the dark. Finally, sections were washed 6
times with TBS-Tx followed by incubation with a stock
solution of DAPI [5 mg/ml] diluted [1:1,000] in PBS for
6min. Sections were washed again 3 time in PBS, mounted
on microscope slides, and the cover slip was applied using
prolong gold anti-fade reagent. During all incubation and
washing steps, the 12-plate was placed on a shaker.

Statistical analysis

Statistical analyses were performed using GraphPad
Prism 7 (GraphPad Software, Inc., La Jolla, CA). Data are
represented as mean £SEM and were examined with the
statistical tests specified in each figure legend. Values were
considered significant at the P <.05 level.
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