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ABSTRACT

Src-family kinase (SFK) signaling impacts multiple tumor-related properties, particularly in
the context of the brain tumor glioblastoma. Consequently, the pan-SFK inhibitor dasatinib
has emerged as a therapeutic strategy, despite physiologic limitations to its effectiveness
in the brain. We investigated the importance of individual SFKs (Src, Fyn, Yes, and Lyn)
to glioma tumor biology by knocking down individual SFK expression both in culture
(LN229, SF767, GBMB8) and orthotopic xenograft (GBM8) contexts. We evaluated the effects
of these knockdowns on tumor cell proliferation, migration, and motility-related signaling
in culture, as well as overall survival in the orthotopic xenograft model. The four SFKs
differed significantly in their importance to these properties. In culture, Src, Fyn, and
Yes knockdown generally reduced growth and migration and altered motility-related phos-
phorylation patterns while Lyn knockdown did so to a lesser extent. However the details of
these effects varied significantly depending on the cell line: in no case were conclusions
about the role of a particular SFK applicable to all of the measures or all of the cell types
examined. In the orthotopic xenograft model, mice implanted with non-target or Src or
Fyn knockdown cells showed no differences in survival. In contrast, mice implanted
with Yes knockdown cells had longer survival, associated with reduced tumor cell prolifer-
ation. Those implanted with Lyn knockdown cells had shorter survival, associated with
higher overall tumor burden. Together, our results suggest that Yes signaling directly af-
fects tumor cell biology in a pro-tumorigenic manner, while Lyn signaling affects interac-
tions between tumor cells and the microenvironment in an anti-tumor manner. In the
context of therapeutic targeting of SFKs, these results suggest that pan-SFK inhibitors
may not produce the intended therapeutic benefit when Lyn is present.
© 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights
reserved.
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1. Introduction

Glioblastoma (GBM) is a WHO-classified grade IV brain tumor,
which is the most common and lethal of primary brain tu-
mors. GBM is characterized by morphological diversity, high
rate of mutation, and biologic aggressiveness (Louis et al.,
2007a, 2007b). In particular, GBMs exhibit high rates of tumor
cell proliferation, resistance to apoptosis, extensive abnormal
neoangiogenesis, and significant tumor cell migration result-
ing in diffusely infiltrative tumors that preclude complete sur-
gical resection. Recent molecular characterizations of GBM
tumors have revealed multiple signaling pathways as poten-
tial therapeutic targets because their abnormal activity under-
lies glioma biology (Wick et al., 2011). These signaling
pathways include VEGF, PDGFR, MET, and EGFR family
signaling, PI3K and related pathways, and Src-family kinase
(SFK) signaling, among others. SFK signaling plays a central
role in many key GBM features.

Src-family kinases (SFKs) are a series of nine membrane-
associated, non-receptor tyrosine kinases (c-Src, Fyn, Yes,
Lyn, Lck, Blk, Fgr, Hck, and Yrk), of which c-Src (henceforth
referred to as Src) is the original, prototypical, and best-
studied family member (Thomas and Brugge, 1997; Yeatman,
2004). SFKs have been implicated in most cancer types
(Summy and Gallick, 2003), where they play a critical role in
a number of tumor-related properties, including proliferation,
regulation of cell-cell and cell-extracellular matrix (ECM)
adhesion, motility, and neoangiogenesis (Guarino, 2010;
Summy and Gallick, 2003, 2006). In the central nervous sys-
tem, Src, Fyn, and Yes are expressed abundantly and ubiqui-
tously, while Lck expression is especially low and limited to
certain neurons (Omri et al., 1996; Thomas and Brugge,
1997). Lyn expression is observed in oligodendrocyte precur-
sors and brain endothelial cells during development and the
cerebellar granular layer, the thalamus, cerebral cortex,
septum, striatum, nucleus accumbens, and olfactory bulb in
the adult (Achen et al., 1995; Colognato et al., 2004; Umemori
et al., 2003, 1992). In gliomas, amplification of the epidermal
growth factor (EGF) or the platelet-derived growth factor
(PDGF) receptors, or upregulation of integrin receptors such
as ayPs and oyPs result in increased SFK activity that mediates
tumorigenesis (Ding et al., 2003; Feng et al., 2011; Lu et al.,
2009; Park et al., 2006). Additionally, SFK activation is thought
to be critically involved in GBM tumor cell motility and inva-
sion (Angers-Loustau et al., 2004; Ding et al., 2003; Du et al.,
2009; Huveldt et al., 2013; Kleber et al., 2008; Lu et al., 2009;
Park et al, 2006; Yeatman, 2004), and neo-angiogenesis
(Lund et al.,, 2006; Mukhopadhyay et al.,, 1995; Theurillat
et al., 1999; Yeatman, 2004).

Because SFK signaling impacts multiple pathways impor-
tant in GBM, the small molecule inhibitor dasatinib has
emerged as a novel therapeutic option (Ahluwalia et al.,
2010; de Groot and Milano, 2009), particularly in the context
of recurrent GBM (Huveldt et al., 2013). However its usefulness
as a drug has several limitations, including a short half-life
and sub-optimal central nervous system penetration. In addi-
tion, because dasatinib targets all SFKs, as well as BCR-ABL, c-
KIT, PDGFR, and ephrin A2, it is difficult to know which
contribute to its anti-tumor effects. Although there is some

functional redundancy between co-expressed SFKs, there is
also plenty of evidence for non-overlapping functions. For
example, in cultured endothelial cells, Src, Fyn, and Yes
have distinct roles in the response to vascular-endothelial
growth factor (VEGF): all three are required for VEGF-
mediated proliferation of human retinal microvascular endo-
thelial cells (HRMECs) but only Fyn is required for tube forma-
tion. In addition, Fyn knockdown increased HRMEC migration,
while Yes knockdown decreased it and knockdown of Src had
no effect at all (Werdich and Penn, 2005). In the tumor context,
Lyn is more important than Src to prostate cancer cell prolif-
eration (Park et al., 2008). In colorectal carcinoma, patients
whose liver metastases exhibited Yes (but not Src) activity
had reduced survival compared to patients exhibiting Src
(but not Yes) activity (Han et al., 1996). In the glioma context,
Src, Fyn, Yes, and Lyn have all been shown to be involved in
GBM-related signaling (Ding et al., 2003; Han et al., 2014; Lu
etal., 2009; Stettner et al., 2005), but the importance of individ-
ual family members and their effects vary. For example, Ding
et al. showed that PDGF stimulation of U87MG cells resulted in
Lyn or Fyn activation, depending on the substrate present
(vitronectin vs. laminin) and the integrin receptor (avp3 vs.
avpS) that was engaged (Ding et al., 2003). Stettner et al.
analyzed GBM tumors at autopsy and showed that Lyn activity
levels were significantly elevated compared to Src and Fyn ac-
tivity, accounting for >90% of the SFK activity in the GBM sam-
ples, vs. 30% of the SFK activity in various non-GBM brain
samples (Stettner et al., 2005). On the other hand, Lu et al.
has demonstrated the importance of Fyn and Src to EGFR
and EGFRVIII signaling in both cell culture and orthotopic
xenograft contexts (Lu et al., 2009). Finally, Han et al. have
shown that Src and Yes, but not Fyn, Lyn, or Lck, are important
to glioma stem cell migration on laminin in culture (Han et al.,
2014).

To begin to understand the molecular details of dasatinib
effects in GBM, we used a targeted shRNA approach to knock
down expression of Src, Fyn, Yes, and Lyn, in the context of
both conventional and xenograft glioma cell line models. We
focused on SFK involvement in proliferative and motility-
related tumor properties, examining the effect of these knock-
downs on growth, migration, and motility-related signaling
in vitro. We also examined knockdown effects on tumor natu-
ral history in vivo, observing characteristics such as survival
time, overall tumor burden, density, proliferation, and migra-
tion. We found that the effect of single SFK knockdown varied
with the cell line and the outcome measured, further support-
ing the idea that SFKs are not functionally redundant. In addi-
tion, we found Lyn and Yes to have opposite effects on
survival in our in vivo model. Together, the data raise ques-
tions about the usefulness of targeting all SFK activity with a
single inhibitor and suggest that the clinical benefit of dasati-
nib treatment may depend on the relative expression of Lyn
and Yes kinases in each tumor.

2. Methods

Animal studies were approved by the Mayo Clinic Institutional
Animal Care and Use Committee (IACUC) and were conducted
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according to Mayo Clinic IACUC guidelines for animal
husbandry.

2.1. Orthotopic xenograft model

The xenograft cell lines used in this study were derived from
resected human tumors which are propagated by serial trans-
plantation in the flank of nude mice as has been described
previously (Giannini et al, 2005; Sarkaria et al., 2006;
Sarkaria et al., 2007; Yang et al., 2008). Tumor cell lines in
this model are propagated in vivo in order to preserve molecu-
lar and histopathologic features of the primary patient tumor
specimens.

2.2. Cell lines and conventional and short-term
xenograft culture

GBMS cells were harvested from flank xenografts for short-
term culture as described (Carlson et al., 2011). LN229, U87,
U251, TP483, SF767 cells and GBMS8 cells were cultured on
tissue-culture treated plastic dishes at 37 °C, 5% CO,, in
DMEM media containing 10% Fetal Bovine Serum (not heat-
inactivated), an additional 2 mM t-glutamine, and 1% non-
essential amino acids. Additionally, penicillin and strepto-
mycin was added to the GBM8 culture media.

2.3. Constructs

The MISSION non-target shRNA control vector pLKO-non-
target (SHC002) and pLenti-human Src, Fyn, Yesl, and Lyn
shRNA vectors, all expressing a puromycin resistance gene,
were purchased from the Mission RNAi Consortium shRNA
collection (Sigma—Aldrich) and were obtained from the
Mayo Clinic Comprehensive Cancer Center RNA Interference
Technology Resource. SFK shRNA product identification
numbers are: pLKO-shSrc, TRCN0000038150; pLKO-shFyn,
TRCNO0000196446; pLKO-shYesl, TRCNO0000010004; pLKO-
shLyn, TRCN0000010101. The lentiviral-based pSinLuc vector
expressing Luciferase was obtained from Dr. Yasuhiro Ikeda
(Mayo Clinic) and has been described previously (lankov
et al.,, 2010).

2.4. Virus production and infections

Lentivirus stocks were produced using Virapower lentivirus
packaging mix and the 293FT cell line following manufac-
turer’s protocol (ThermoFisher Invitrogen). For in vitro/cell
culture-based assays (RNA extraction, whole cell lysates, cell
growth assays, or migration assays), LN229, SF767, and
GBMS cells at 50% confluence were incubated for 24 h in a
1:20—1:50 dilution of pLKO-based virus:media with 4ug/ml
polybrene. For orthotopic xenograft implantation, GBMS cells
were incubated with 1:25 pSinLuc and 1:20 pLKO-based virus
(virus:media) with 4ug/ml polybrene. After a 24 h recovery in
normal culture media without virus, cells were selected for 2
days with 5ug/ml puromycin before being wused in
experiments.

2.5. RNA extraction and qPCR

Total RNA was isolated from puromycin-selected non-target
or shSFK-expressing cells using the miRCURY RNA Isolation
Kit - Cell and Plant (Exigon Inc.) following the manufacturer’s
protocol. RNA was converted to cDNA using the High Capacity
cDNA Reverse Transcriptase Kit (Applied Biosystems Inc.).
gPCR reactions were performed in triplicate with 10 ng of
cDNA and TagMan® FAST Universal PCR master mix (Applied
Biosystems). Human Src (Hs00178494 m1), human Fyn
(Hs00941600_m1), human Yes1 (Hs00736972_m1), human Lyn
(Hs00176719_m1) and human GAPDH (Hs99999905_m1)
primer/probe sets were purchased from Applied Biosystems.
Amplification data were collected with an Applied Biosystems
Prism 7900 sequence detector and analyzed with Sequence
Detection System software (Applied Biosystems). Data were
normalized to GAPDH, and mRNA abundance was calculated
using the AACt method (Livak and Schmittgen, 2001). The
mRNA abundance data was then expressed as a percentage
change relative to NT cells.

2.6. Cell growth assay

Cell number in culture was followed over time using the MTT/
formazan precipitate-based assay as described previously
(Lewis-Tuffin et al., 2010).

2.7. Transwell and xCELLigence migration assays

Transwell (Boyden chamber) migration assays of LN229, U87,
U251, TP483, and SF767 cells were performed as described pre-
viously (Lewis-Tuffin et al., 2010). Briefly, cells were serum-
starved overnight, then 1 x 10° cells/well in serum-free media
were plated on collagen-coated, 8um pore size transwell in-
serts and allowed to migrate at 37 °C, 5% CO, for 6 h toward
the following chemoattractants: 0.5% FBS (LN229 and SF767),
2% FBS (U251 and TP483) or 5% FBS (U87). Dasatinib (10 pM)
or 1:1000 of DMSO vehicle was included in both the upper
and lower chambers. The number of cells migrating to the
lower chamber was quantified; data is expressed as % control
(vehicle) migration. Each cell and treatment combination was
done in triplicate per experiment, and each experiment was
repeated four times.

The xCelligence migration assay (Roche Applied Science) of
LN229 and SF767 cells expressing non-target shRNA (NT) or
shRNAs targeting Src, Fyn, Yes, or Lyn was done according
to manufacturer instructions. Briefly, on day zero LN229 or
SF767 cells were infected with virus expressing NT, shSrc,
shFyn, shYes, or shLyn shRNA. The next morning (day 1),
the cells were fed with regular culture media; later that day
this was replaced with serum-free media for overnight
serum-starvation. On day 2, 4 x 10* cells/well were plated in
the top chambers of an equilibrated 16-well CIM plate, with
chemoattractant media (media with 0.5% FBS) in the bottom
chambers. The cells were allowed to settle and adhere for
0.5 h before being placed in the RTCA DP xCelligence machine
at 37 °C, 5% CO,, where cells were allowed to migrate for 8 h.
All data is expressed as % control (NT) migration. Each cell
type was done in triplicate per experiment, and each experi-
ment was repeated four times.
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Figure 1 — Dasatinib treatment changes conventional glioma cell line
migration, growth, and morphology in culture. (A) Dasatinib
treatment (10 pM) reduces migration of conventional glioma cell
lines toward media containing the following concentrations of FBS:
LN229 and SF767: 0.5% FBS; U251 and TP483: 2% FBS; U87: 5%
FBS. Error bars are SEM, n = 4. *significantly different vs. vehicle
(p < 0.01) (B) Dasatinib treatment (10 pM) reduces growth of
LN229 and SF767 glioma cell lines in culture. LN229 cell number
with dasatinib is significantly different from vehicle-treated at days 3
and 4 in culture (p < 0.001). SF767 cell number with dasatinib is
significantly different from vehicle-treated at 2, 3, and 4 days in
culture (p < 0.001). Error bars are SEM; the data is a combination of
n = 5 independent experiments. (C) Dasatinib treatment (10 pM)
changes the morphology of LN229 and SF767 cells by rearranging the
actin cytoskeleton, reducing (LN229) or eliminating (SF767) actin
stress fibers. LN229 and SF767 cells were plated on coverslips, treated

2.8. Immunofluorescence and microscopy

SF767 and LN229 cells were plated on glass coverslips for a
minimum of 24 h. Cells were fixed with 3% paraformaldehyde
at room temperature for 30 min, washed twice in PBS+10 mM
glycine, permeabilized with PBS/0.2% Triton X-100 for 2.5 min
at room temperature, then washed again with PBS/glycine
before blocking with 3% milk/PBS for 10 min. Coverslips
were incubated with Alexa 594-conjugated phalloidin (Invitro-
gen) to visualize actin and DAPI to visualize the nuclei. After
washing, coverslips were mounted on glass slides with Aqua
Poly/Mount (Polysciences, Inc. Warrington, PA). Cells were
imaged on a Zeiss LSM 510 META laser scanning confocal mi-
croscope using a Plan-Apochromat 63x/1.4 Oil DIC objective.
Photos were compiled in Adobe Photoshop.

2.9. Preparation of cell lysates

The panel of flank xenograft tissue lysates used in this study is
identical to those used in a previous study (Lewis-Tuffin et al.,
2010). Whole cell lysates of LN229, SF767, or short-term
explant GBMS8 cells, either expressing NT or SFK shRNAs, or
treated for 17—24 h with DMSO vehicle or 10 uM dasatinib,
were prepared using RIPA buffer as described previously
(Lewis-Tuffin et al., 2010). At least two independent sets of ly-
sates were made for each cell-type, SFK shRNA type, and
treatment type.

2.10. Western blotting

Equal pg amounts of protein lysates were separated by SDS-
PAGE and transferred to nitrocellulose filters using standard
methods. Blots were blocked in 3% BSA +5% nonfat dry milk
in Tris-buffered saline (TBS), pH 7.4 + 0.1% Tween 20 (TBST)
before being incubated in primary antibodies in 3% BSA/
TBST. Blots were rinsed three times and washed four times
for 5 min each in TBST. Blots were then incubated with HRP-
conjugated secondary antibodies in 5% milk/TBS, and rinsed
and washed in TBST as before. Proteins were detected using
Amersham ECL Western Blotting Detection Reagents (GE
Healthcare, Buckinghamshire, United Kingdom). Blots in this
manuscript were performed at least twice on independent ly-
sates. Results presented in Figures 3B, 3C, and 5C are repre-
sentative and were carried out using cell lysates prepared in
large enough quantity to support the entire panel of signaling
blots as well as SFK knockdown confirmation blots. Primary
antibodies were as follows: from Cell Signaling Technology:
rabbit anti-Src (clone 32G6), rabbit anti-Lyn (clone C13F9), rab-
bit anti-Fyn, rabbit anti-GAPDH (clone 14C10), rabbit anti-
phosphoY416 Src (#2101), rabbit anti-phosphoY410 p130 Cas,
rabbit anti-phosphoY925 FAK, Caspase 3, PARP; from BD
Transduction Labs: mouse anti-p130 Cas, mouse anti-FAK;
from ThermoFisher Invitrogen: mouse anti-p120 catenin
(clone 15D2), rabbit anti-Vav2; from Millipore: rabbit anti-

with DMSO vehicle or 10 pM Dasatinib for 24 h, then fixed and
stained with phalloidin to visualize the actin cytoskeleton and DAPI

to visualize the nucleus. The 20 pm scale bar applies to all images.
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Yes; from Epitomics rabbit anti-phospho¥228 p120 catenin;
from Abcam: rabbit anti-phosphoY172 Vav2. HRP-conjugated
secondary antibodies (anti-mouse and anti-rabbit) were ob-
tained from Jackson ImmunoResearch Laboratories.

Western blot quantification to determine the relative den-
sity of western blot bands was done using ImageJ (National In-
stitutes of Health, U.S.A.). For Figures 2A, 2B and 4C, the goal
was to show the relative expression of each SFK in the pres-
ence of each shRNA. Therefore SFK band densities were first
normalized to GAPDH, and then expressed as a percentage
of the NT protein level for that SFK. In Figures 3B, 3C, and
5C, the goal was to show how phosphorylation levels changed
in the presence of each shRNA. Therefore, phospho-protein
band densities were first normalized to the corresponding to-
tal protein band density. These numbers were then normal-
ized to GAPDH, and finally expressed as a percentage of the
NT phospho-protein level (for NT and shSFK lysates) or as a
percentage of the vehicle-treated phospho-protein level (for
vehicle and Dasatinib lysates).

2.11.  Orthotopic animal model

Short-term explant cultures of GBM8 cells derived from flank
tumor xenografts, expressing luciferase and either NT or
SFK shRNAs, were implanted orthotopically into the brains
of 4—5 week-old female athymic nude mice (HSD: Athymic
Nude-Foxn1™) as described previously (Carlson et al., 2011).
Tumor cells (3 x 10° per mouse) were implanted 2 mm lateral
and 1 mm anterior to bregma, at 3 mm depth. Tumor growth
was monitored over time with once/week bioluminescent im-
aging. Mice were injected intraperitoneally with luciferin at
150 mg/kg in a 0.1 mL volume, then anesthetized with isoflur-
ane and imaged using the IVIS Spectrum (Caliper Life Sci-
ences) at 10—15 min post-luciferin injection, varying
exposure times and sensitivity settings to avoid saturation.
For survival experiments, mice were euthanized when they
reached a moribund condition. For the fixed tumor growth
time experiment, mice were sacrificed four weeks after tumor
implantation. In both cases mice were deeply anesthetized
with 90 mg/kg pentobarbital delivered intraperitoneally and
then euthanized by transcardial perfusion of phosphate-
buffered saline followed by 4% paraformaldehyde. Brains
from the mice were resected, cut into four coronal sections
of equivalent thickness, and post-fixed in 4% paraformalde-
hyde overnight at 4 °C.

2.12. Immunohistochemistry and quantitative analysis

Paraformaldehyde-fixed brain tissues were embedded in
paraffin in a “bread loaf” manner such that four coronal faces
of each brain could be stained simultaneously (see
Supplemental Figure 2). Paraffin-embedded tissue was cut
into 5 or 10 um sections, mounted on charged slides, and pro-
cessed by the Mayo Clinic Cancer Biology Histology Facility for
H&E staining or immunohistochemistry using standard pro-
cedures. Pathologic examination of H&E slides was done by
a neuropathologist (F.J.R.). Properties that were graded
included microvasculature (little to none, or increased, when
small vessels were easily identifiable) and cell density (low,
moderate, or high, depending on the extent of cell crowding).

Invasiveness was scored on a three tiered scale as previously
described (Lewis-Tuffin et al., 2010). Briefly, “highly invasive”
tumors overtly extended to the contralateral hemispheres
through comissures, “moderately invasive” tumors extended
to the contralateral hemisphere focally but remained largely
localized, and “slightly invasive” remained localized. Immu-
nohistochemical staining for human STEM121 (a human cyto-
plasmic marker, Stem Cells Inc. #AB-121-U-050, Cambridge,
U.K.) and human Lamin A + C (a nuclear envelope marker,
Novus Biologicals #NBP1-95336, Littleton, CO) were done on
10 um tissue sections following manufacturer instructions;
staining for human Ki-67 (clone MIB-1, Dako #M7240,
Denmark) was done on 5 pm tissue sections. All three were
counterstained with hematoxylin. High-resolution digital im-
ages of the staining were obtained by scanning the slides on
an Aperio AT2 slide scanner (Leica Biosystems, Vista, CA). Re-
gions of interest were annotated using Aperio ImageScope
software. STEM121 and Lamin A + C positivity in these regions
was determined using a positive pixel count approach that
quantified the % of brown color due to DAB in the context of
all color (both DAB (brown) and hematoxylin (blue)). Ki-67 pos-
itivity was determined by counting all the Ki-67 positive
(brown) nuclei and all the negative (blue) nuclei in a
0.25 mm x 0.4 mm region within the core of the tumor.

2.13. Statistical analysis

Migration assays (Figures 1 and 2) and immunohistochemical
staining quantifications (Figure 6) were analyzed with one-
way ANOVA followed by Dunnett’'s multiple comparison
test. Cell growth assays (Figures 1, 2, and 4) were analyzed
with two-way ANOVA followed by Bonferroni post hoc testing.
Survival analysis (Figure 5) was done using the Mantel-Cox
log rank method as well as the Gehan-Breslow-Wilcoxon
method. Data were considered significant at p < 0.05. All sta-
tistical analysis was done using GraphPad Prism 5 software
(GraphPad Software Inc., La Jolla, CA).

3. Results
3.1.  Dasatinib reduces glioma growth and migration in
culture

Src-family kinases regulate many aspects of cell migration.
Therefore, we used a transwell migration assay to screen a
panel of five conventionally cultured glioma cell lines for
sensitivity to dasatinib (Figure 1A). The migration of all five
cell types was significantly inhibited by dasatinib treatment,
with the migration of LN229 and SF767 cells being almost
completely abolished. We chose these two cell types for
further investigation. Both cell types exhibited slowed culture
growth (total number of cells over time, reflecting the balance
of both cell proliferation and cell death events) in response to
dasatinib treatment (Figure 1B). To evaluate the contribution
of cell death processes to the dasatinib-induced growth
phenotype, we evaluated the cultures for caspase 3 cleavage
and PARP cleavage (Supplemental Figure 1). The results sug-
gest that apoptotic death is not a major contributor to the
slowed culture growth observed with dasatinib treatment. In
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Figure 2 — Differential effect of individual Src-family kinase knockdown on glioma cell line growth and migration. (A) Non-target (NT) shRNA or
shRNA targeted to each of four SFKs (Src, Fyn, Yes, and Lyn) were expressed in LN229 cells. (left panel) QPCR was used to evaluate mRNA
levels of all four SFKs in the context of individual SFK knockdown. The selected SFK shRNAs are specific for the mRNA of their targeted kinase
without affecting the mRNA levels of the other three kinases. (right panel) Protein expression of all four SFKs in the context of individual SFK
knockdown was evaluated by western blot. Numbers above each of the four SFK blots indicate expression relative to the NT lysate (% of NT) and
are normalized to GAPDH expression. The blots confirm that each SFK shRNA specifically reduced the protein expression for that kinase with
minimal effects on protein levels of the other three kinases. (B) As in (A), but in the context of SF767 cells, confirming that the specificity of the
selected shRNAs is cell-line independent. (C) The effect of individual SFK knockdown on LN229 (left) and SF767 (right) growth in culture varies.
LN229-shSrc, -shFyn, and -shYes cell number is significantly different from —NT at 3, 4, and 5 days in culture (p < 0.001); LN229-shLyn is
significantly different from —NT at 4 and 5 days in culture (p < 0.001). SF767-shSrc, -shFyn, and -shYes cell number is significantly different
from —NT at 3, 4, 5, and 6 days in culture (p < 0.001); SF767-shLyn is significantly different from —NT at 5 and 6 days in culture (p < 0.001).
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experiments. *significantly different vs. NT (p < 0.05).


http://dx.doi.org/10.1016/j.molonc.2015.06.001
http://dx.doi.org/10.1016/j.molonc.2015.06.001
http://dx.doi.org/10.1016/j.molonc.2015.06.001

1790

MOLECULAR ONCOLOGY 9 (2015) 1783-1798

A GBM:5 6 8 10 12 14 15 16 22
Src

Fyn
Yes
Lyn

GAPDH

B =
2 2507 — GBMS +vehicle
Q -- GBMS8 +Dasatinib
— 2001
>
a
9 1501
o
o
= 100 _
5 Fe—=F E- G -3
€ 501
o= |
{ ==
T o T 7 T T .
O o 1 2 3 4 5 6

Days in culture

D 225
200-

1754

L K

150+

1254

Cell number (% of Day 1)

days in culture

26 28 34 36 38 39 40 43 44 46

C °© S 8 s

= v w > 1

N = = e i o)

Z [72] [72] [72) [72]

100 10 107 107 92
E e — 75

100 298 4 30§ 163
Fyn Lol T TS
suis st ""7_50

100 126 172 36 110
— 75

Yes

—50

100 157 134 111 32
iy 75
—50
GAPDH e = = = = — 37
- ' kDa

GBM8

Figure 4 — Evaluation of Src-family kinase expression in GBM xenograft cell lines and effect of individual Src-family kinase knockdowns on
GBMS cell line growth. (A) Nineteen glioma cell lines propagated as xenografts in mouse flank were examined by western blot for expression of
Src, Fyn, Yes, and Lyn. GAPDH serves as a loading control. (B) Dasatinib treatment (10 pM) halts GBMS8 growth in culture. GBMS cell number
with dasatinib is significantly different from vehicle-treated at days 2, 3, 4, 5, and 6 in culture (p < 0.01). Error bars are SEM, the data is a
combination of n = 4 independent experiments. (C) The same non-target (NT) shRNA and Src-, Fyn-, Yes-, and Lyn-specific shRNAs used with
LN229 and SF767 cells were expressed in GBMS cells. Protein expression of all four SFKs in the context of individual SFK knockdown was
evaluated by western blot; GAPDH is the loading control. Numbers above each of the four SFK blots indicate expression relative to the NT lysate
(% of NT) and are normalized to GAPDH expression. (D) The effect of individual SFK knockdown on GBMS8 growth in culture varies. GBMS8-
shSrc cell number is significantly different from —NT at 6 days in culture (p < 0.001). GBM8-shFyn cell number is significantly different from
—NT at 3, 4, 5, and 6 days in culture (p < 0.05). GBM8-shYes cell number is significantly different from —NT at 4, 5, and 6 days in culture
(p < 0.001). GBMS8-shLyn cell number is not different from —NT cell number. Error bars are SEM; the data is a combination of n = 4

independent experiments.

addition, consistent with the known role of SFKs in regulating
the actin cytoskeleton, both cell types exhibited morpholog-
ical changes in response to 24 h of dasatinib treatment
(Figure 1C). Dasatinib-treated LN229 cells became more spread
out and had fewer actin stress fibers compared to vehicle-
treated cells. The dasatinib-treated SF767 cells became
completely rounded and adherent to each other, with few of
their characteristic filopodial protrusions. Because both cell
lines responded to dasatinib treatment with changes in all
three of these parameters, we used both for follow up

experiments to evaluate the role of individual SFKs in produc-
ing the observed changes.

3.2 Individual SFKs differentially affect glioma growth
and migration in culture

To examine the role of individual SFKs, we tested five
shRNAs against each SFK target (not shown), and identified
single shRNA sequences that, when virally transduced into
the cells, targeted a single SFK for knockdown while leaving
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expression of the others unchanged (Figure 2A, B). Using
these particular shRNA sequences, we evaluated the effect
of single SFK knockdown on overall cell growth (Figure 2C)
and migration (Figure 2D). Individual knockdown of Src,
Fyn, and Yes protein significantly slowed (SF767) or halted
(LN229) culture growth. Knockdown of Lyn also slowed
LN229 and SF767 growth, but to a lesser (although still sta-
tistically significant) extent (Figure 2C). Interestingly, the ef-

assay, knockdown of Src, Fyn and Yes significantly reduced
migration of LN229 cells, but to different extents, while Lyn
knockdown had no effect (Figure 2D). In contrast, only Yes
knockdown significantly reduced SF767 migration.
Together, these results indicate that the four SFKs have var-
iable roles in cell growth and migration, both within a single
cell type and between different cell types. Yes knockdown
had the most consistent inhibitory effect across assay and

cell type, while Lyn knockdown was noteworthy for its
most consistent lack of effect.

fect of single SFK knockdowns on cell migration differed
from their effects on growth. Using a transwell migration
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Figure 5 — Src-family kinases differentially influence the survival of mice bearing orthotopic GBMS8 tumors as well as motility-related signaling
pathways. (A) Dasatinib treatment had little effect on the survival of mice bearing orthotopic GBMS8 tumors. Dasatinib treatment (50 mg/kg, given
orally once a day, indicated by the red bar) was begun 19 days after intracranial implantation of GBMS cells and continued until the mice were
moribund. The difference in survival of the two treatment groups (median survival of 47 days for placebo vs. 45 days for dasatinib treatment) was
statistically significant (p < 0.05) by Mantel—Cox Log-rank test but not statistically-significant by Gehan-Breslow-Wilcoxon test. Placebo-
treated n = 9; Dasatinib-treated n = 10. (B) Individual knockdown of the four SFKs had a differential effect on the survival of mice bearing
GBMS8 tumors. GBMS8 cells were transduced with lentivirus expressing non-target (NT) shRNA or Src-, Fyn-, Yes-, or Lyn-specific shRNAs, as
well as a luciferase-expressing lentivirus prior to implantation. There was no difference in the survival of mice implanted with GBM8-shSrc or
—shFyn vs. NT (median survival of 60, 64, and 61.5 days, respectively). Mice implanted with GBM8-shLyn had shorter survival times vs. NT
(median survival of 47.5 days), while mice implanted with GBM8-shYes had longer survival times vs. NT (median survival of 66.5 days). *indicates
statistically significant difference in survival vs. NT-implanted mice (p < 0.05 by both Mantel—Cox Log-rank test and Gehan-Breslow-Wilcoxon
test). NT n = 20; shSrc n = 9; shFyn n = 12; shYes n = 10; shLyn n = 10. (C) Western blot evaluation of motility-related signaling pathways in
GBMS cells. Lysates were made from cells expressing NT or individual SFK shRNAs, or treated with DMSO vehicle or 10 pM dasatinib for 17 h.
PhosphoY228 and total p120 catenin, phosphoY172 and total Vav2, phosphoY410 and total p130 Cas, and phosphoY925 and total FAK were
evaluated; GAPDH is the loading control. Numbers above each of the phospho-protein blots indicate expression relative to the NT lysate (% of
NT for NT and shSFK lysates) or the vehicle lysate (% of vehicle for vehicle and dasatinib lysates) and are normalized to the corresponding total

protein level as well as to GAPDH expression.
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Figure 6 — Changes in tumor cell proliferation in mice implanted with GBM8-shYes but not —shLyn. (A) Brains and spinal cords from mice
implanted intracranially with NT, shYes, or shLyn cells were examined histologically for STEM121 (shown), Ki-67, or Lamin A + C. Single brain
slices that showed the most tumor (boxed inset) were used for all follow up analyses. (B) Decreasing Lyn expression resulted in changes to overall
tumor burden. The extent of STEM121 staining in a single slice through the main tumor mass was quantified by determining the % positive
(brown) pixels of the total pixel number (brown + blue) in high resolution images. Mice implanted with shLyn cells showed a statistically
significant increase in the % positive pixels (overall tumor burden) vs. NT (p < 0.05); there was no statistically significant difference between NT
and shYes. Data is mean + SEM; n = 11 brain slices for NT, 8 for shYes, 10 for shLyn. (C) Decreasing Yes expression resulted in decreased
proliferation. The total number of Ki-67 positive nuclei (top), as well as the % Ki-67 positive (bottom), was determined in a fixed-size region within
the core of each tumor. Mice implanted with shYes cells showed a statistically significant decrease in both measures vs. NT (p < 0.001); there were
no differences between NT and shLyn. Data is mean + SEM; n = 10 brain slices for NT, 8 for shYes, 10 for shLyn. (D) Analysis to determine
maximum distance migrated in a single plane. Digital images were created of brains from mice implanted with NT, shYes, or shLyn cells and
stained with either the STEM121 human cytoplasm marker (shown) or the human Lamin A/C nuclear marker (Supplemental Figure 2C). On
these images, the distance between the center of the main tumor mass and the cell that migrated furthest from this point (red arrow, inset) was
determined; data from the two stains was combined for statistical analysis. (E) GBMS cells migrate away from the main tumor mass to similar
extents, regardless of SFK status. There was no statistically significant difference in maximum distance migrated between the NT cells and either
knockdown. Data is mean + SEM; n = 16 brain slices for NT, 11 for shYes, 12 for shLyn.
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3.3. Individual SFKs differentially affect motility-related
phosphorylation

To understand the differing effects of SFK knockdown on cell
growth and migration, we initially examined phosphorylation
at the Y416 SFK activation loop site (Supplemental Figure 2).
Because this site is conserved in the four SFKs under study,
western blots for this marker yield information about total
SFK activity in the context of single SFK knockdowns. In gen-
eral, knockdown of any one SFK produced a decrease in phos-
phorylation at Y416, but to varying degrees of effect. We next
examined a variety of motility-related signaling proteins
known to be downstream targets of SFKs, which can lead to
changesin Rho and Rac GTPase activity, alterations in the actin
cytoskeleton and focal adhesions, and ultimately cell motility
and invasiveness (Frame, 2004; Guarino, 2010; Parsons and
Parsons, 2004) (Figure 3A). Specifically, Y228 on p120 catenin,
Y172 on Vav2, Y410 on p130 Cas, Y925 on FAK, and Y1105 on
Pp190 RhoGAP A are all known SFK targets (Garrett et al., 2007;
Mariner et al., 2001; Mitra and Schlaepfer, 2006; Roof et al.,
1998). Dasatinib treatment, which should reduce the activity
of all four SFKs, reduced phosphorylation on p120 catenin,
Vav2, p130 Cas, and FAK in both cell lines (Figure 3B, C). In
contrast, knockdown of individual SFKs differentially altered
the phosphorylation pattern of these proteins. Specifically, in
LN229 cells knockdown of all four SFKs decreased Y228 phos-
phorylation on p120 catenin, but only shSrc, shFyn, and shYes
were associated with decreased Y172 Vav2, Y410 p130 Cas, and
Y925 FAK phosphorylation (Figure 3B). Individual SFK knock-
down in SF767 cells produced yet another pattern of phosphor-
ylation changes, with shFyn causing a decrease in the
phosphorylation of Y228 p120 catenin, Y172 Vav2, and Y410
p130 Cas, while shSrc was associated with reduced Y925 FAK
phosphorylation, and shLyn caused increased Y925 FAK phos-
phorylation (Figure 3C). In all cases, examination of pY1105
p190 RhoGAP phosphorylation was inconclusive (data not
shown). Taken together, these results shed some light on the
growth and migration data for the LN299 cells. ShLyn had little
effect on LN229 growth and migration and also did not greatly
alter the phosphorylation patterns of the motility-related
signaling proteins, while knockdown of Src, Fyn, and Yes
altered cell growth, migration, and motility-related phosphor-
ylation patterns. The SF767 results are less clear, as knock-
down of Yes altered the growth and migration of these cells
butdid notalter the motility-related phosphorylation patterns,
while shFyn did not alter SF767 cell migration but did change
the motility-related phosphorylation patterns. The mixed re-
sults suggest that the importance of an individual SFK to gli-
oma growth and migration varies with cell line, and adds
further support to the idea that co-expressed SFKs are not
necessarily functionally redundant in a given cell type.

3.4. Src, Fyn, and Yes, but not Lyn affect growth of the
GBMS8 xenograft line in culture

We next investigated the role of the four SFKs in the context of
the flank and orthotopic xenograft model of gliomas. Most of
our xenograft cell lines expressed all four SFKs (Figure 4A).
Consequently, we focused on the GBM8 xenograft cell line,
as it is the most invasive of the cell lines in this model

((Lewis-Tuffin et al., 2010) and data not shown). When grown
under conventional culture conditions, the GBMS8 cells
responded to dasatinib treatment with an abrupt halt in cul-
ture growth (total cell number over time, reflecting both prolif-
eration and death events) (Figure 4B). As with the LN229 and
SF767 cells, apoptotic cell death was not a major contributor
to this altered culture growth (Supplemental Figure 1). After
confirming that our previously identified shRNAs for specific
SFKs were equally specific in the GBMS8s (Figure 4C), we
assessed the impact of individual SFK knockdown on GBM8
growth in conventional culture (Figure 4D). Both shFyn and
shYes abrogated GBM8 growth, with statistically significant
effects starting at 3 and 4 days, respectively. ShSrc slowed
but did not halt GBM8 growth, with significant growth effects
only evident at 6 days in culture. ShLyn had no effect on GBM8
growth in conventional culture.

3.5. Knockdown of Yes and Lyn have opposite effects on
survival

To further assess the role of the four SFKs on GBM8 growth
and to determine effects on tumor cell invasion, we turned
to the orthotopic xenograft model of gliomas. Initially we
assessed survival time for mice implanted orthotopically
with GBMS and then treated with placebo or dasatinib starting
at nineteen days after implantation (Figure 5A). These results
indicated that dasatinib treatment had a small but significant
negative effect on survival. However, because our results from
growth in culture suggested that the individual SFKs could
have different effects when compared to dasatinib treatment,
we virally transduced GBMS cells with NT or each of the SFK
shRNAs, selected for two days, and then implanted the cells
orthotopically into nude mice (Figure 5B). Interestingly, the
GBM8-shLyn and —shYes cells had statistically significant
and opposite effects on overall survival: mice implanted
with GBM8-shLyn had a median survival time of 47.5 days
and mice with GBM8-shYes had a median survival time of
66.5 days, vs. 61.5 days for mice implanted with GBM8-NT.
There was no difference in survival times relative to NT for
mice implanted with GBM8-shSrc or —shFyn.

A histological assessment of the brains from these mice
revealed that, regardless of their original SFK status, the
resulting tumors were highly aggressive. Tumor spread was
routinely seen into the contralateral hemisphere and
throughout the brain in an anterior-posterior direction,
including into the cerebellum in many cases (Supplemental
Figure 3A). Interestingly, during periodic bioluminescent im-
aging, several mice also showed evidence of tumor spread
into the lumbar spinal cord (Supplemental Figure 3B). This
spread was confirmed with immunohistochemistry using
the STEM121 antibody to visualize the human tumor cells in
the context of the system
(Supplemental Figure 3A,C). Although this observation con-
firms the aggressive nature of the GBMS cell line, there were
no differences between SFK status and the number of mice
with spinal cord spread (data not shown). Pathological exam-
ination of H&E and STEM121-stained brains sections from
these mice was used to evaluate relative tumor density, inva-
siveness, and the presence of microvasculature (Table 1).
There differences in the presence of

mouse nervous tissue

were no
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Table 1 — Pathologic evaluation of brain sections suggests differences in tumor density for GBM8-shYes and —shLyn vs. —NT tumors, as well as

differences in invasiveness for GBM8-shLyn vs. —NT tumors. Numbers are the number of brains with each classification; N = 12 NT, 7 shSrc, 7

shFyn, 6 shYes, 6 shLyn.

GBMS8-NT GBM8-shSrc GBM8-shFyn GBM8-shYes GBM8-shLyn

Microvasculature rating:

Little 5 (42%) 4 (57%) 3 (43%) 4 (67%) 3 (50%)

Increased 7 (58%) 3 (43%) 4 (57%) 2 (33%) 3 (50%)
Tumor density:

Moderate 6 (50%) 5 (71%) 4 (57%) 0 (0%) 0 (0%)

High 6 (50%) 2 (29%) 3 (43%) 6 (100%) 6 (100%)
Invasiveness:

Moderate 1 (8%) 2 (29%) 1 (14%) 1 (17%) 5 (83%)

High 11 (92%) 5 (71%) 6 (86%) 5 (83%) 1(17%)

microvasculature based on SFK status of the tumors. There
were also no differences in tumor density rating or invasive-
ness rating between NT and —shSrc or —shFyn tumors. There
were observable differences in tumor density rating and inva-
siveness rating between the NT, -shYes, and —shLyn tumors.
Specifically, 6 of 12 (50%) —NT tumors were classified as high
density, while 100% of the —shYes and —shLyn tumors (6
each) were classified as high density. In addition, 11 of 12
—NT tumors and 5 of 6 shYes tumors were classified as highly
invasive, while only 1 of 6 —shLyn tumors was highly invasive.

While the survival experiments were ongoing, we assessed
the phosphorylation state of the Y416 SFK activation loop site,
as well as the motility-related signaling proteins in the GBM8
lines. Knockdown of individual SFKs altered the phosphoryla-
tion pattern of these proteins, but in different ways
(Supplemental Figures 2 and 5C). For example, shFyn
decreased pan-Y416 phosphorylation while shSrc increased
it and shYes and shLyn had little effect. ShLyn and shFyn
decreased phosphorylation of Y228 on p120 catenin, Y172 on
Vav2, Y410 on p130 Cas, and pY925 on FAK. ShSrc had no ef-
fect on Y228 p120 catenin, Y172 Vav2, or Y410 p130 Cas phos-
phorylation, but did decrease Y925 FAK phosphorylation.
ShYes had no effect on Y228 p120 catenin, Y410 p130 Cas, or
Y925 FAK phosphorylation, but increased Y172 Vav2 phos-
phorylation. As with the data from the SF767 and LN229 lines,
these results failed to explain the in-culture growth or survival
experiment observations. For example, shFyn and shLyn both
decreased phosphorylation of all the motility-related
signaling proteins. Yet shFyn abolished growth in culture
and had no effect on survival, while shLyn had the opposite ef-
fect. Once again, the mixed results support the idea that co-
expressed SFKs are not functionally redundant.

3.6.  Mechanisms of Yes and Lyn knockdown effects on
survival

Finally, to more closely examine the histological differences
and opposite effects on survival of the GBM8-shLyn vs. -shYes
tumors, we implanted these cells orthotopically into nude
mice and then sacrificed the mice four weeks later. Brains
were assessed histologically for overall tumor growth (tumor
burden), proliferation, and migration distance in a single
plane. Tumor burden was evaluated for each mouse by deter-
mining the % of STEM121 positive pixels in the brain section

with the most tumor, including both the main tumor mass
and any cells that had migrated away from the main tumor
within that single plane of section (Figure 6A). Brains from
mice implanted with GBM8-shLyn had a statistically higher
% of STEM121-positive pixels compared to the GBMS8-NT-
implanted brains, indicating that overall tumor burden was
higher for these mice (Figure 6B). GBM8-shYes-implanted
brains had a lower tumor burden vs. the NT mice, but the dif-
ference did not reach statistical significance. The tumor
burden measure includes a number of features, such as the
balance of proliferating vs. dying tumor cells and the number
of cells that have migrated away from the main tumor mass.
To more specifically examine the effect of shLyn vs. shYes
on proliferation, tissue sections were stained for human Ki-
67 (a marker of proliferating cells). An equally-sized region
of interest was identified on images of the tumor cores, and
both the total number of Ki-67-positive nuclei, and the %
Ki67-positive nuclei, were determined (Figure 6C). By both
measures there were significantly fewer proliferating GBM8-
shYes tumor cells compared to GBM8-NT; there were no dif-
ferences in proliferation between GBMS8-shLyn vs. —NT.
Finally, to analyze migration in the four week tumor implan-
tation experiment, single plane brain sections stained for
Stem121 or Lamin A/C were examined. The distance from
the center of the main tumor mass to the nucleus of the tumor
cell farthest away from this point was determined (in most
cases this cell was in the contralateral hemisphere)
(Figure 6D). There were no differences based on SFK status
in this measure of migration (Figure 6E). Taken together, the
data suggest that a reduction in proliferation may contribute
to the increased survival of the GBM8-shYes mice. In addition,
a higher overall tumor burden may contribute to the
decreased survival of the GBM8-shLyn mice, but the higher tu-
mor burden in these mice is not due to changes in prolifera-
tion or the ability of single cells to migrate.

4. Discussion

In this study we examined the roles that Src, Fyn, Yes, and Lyn
play in glioma growth, migration, and motility-related
signaling, both in culture and in vivo. Culture studies exam-
ined the conventional glioma cell lines LN229 and SF767, and
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the patient-derived xenograft cell line GBMS, while in vivo
studies focused on GBMS8. All three lines express the four
SFKs and respond with abrogated cell growth to culture treat-
ment with the SFK inhibitor dasatinib.

In the culture experiments, the four SFKs differed in their
importance to cell growth, migration, and maotility-related
signaling in two ways. First, while dasatinib treatment abol-
ished cell migration in both LN229 and SF767 cells, depletion
of individual SFKs produced marginal effects that reached sig-
nificance for Yes knockdown in both cell lines, and for Src and
Fyn in LN229 cells. The data argue that in the context of
cultured cells, SFKs may work together to induce cell migra-
tion, and depletion of individual SFKs is not sufficient to block
cell migration. Second, while dasatinib treatment suppressed
cell growth of all three cell lines, depletion of individual SFKs
produced varied effects: depletion of Yes or Fyn phenocopied
the effect of dasatinib, while Lyn knockdown was either un-
able to affect cell growth (GBMS8) or had a very modest effect
(LN229, SF767) and depletion of Src abolished the growth of
the conventional glioma lines, but produced a moderate
growth defect in GBM8 cells. The data argue that, unlike cell
migration, individual SFKs (Yes, Fyn and Src, but not Lyn)
are essential for glioma cell growth in culture. It is important
to note that significant differences were observed in the role of
the four SFKs both within individual cell lines, and across cell
lines. In addition to cell growth and migration, this extended
to the effects of individual SFKs on motility-related signaling
effectors. For example, knockdown of Src decreased phos-
phoY410 p130 Cas in LN229 cells, had little effect on phos-
phoY410 p130 Cas in SF767 cells, and slightly increased
phosphoY410 p130 Cas in GBMS cells. Furthermore, in no
case were conclusions about the role of a particular SFK appli-
cable to all of the measures examined. For example, knock-
down of Yes significantly reduced cell growth in all three
cell lines as well as migration in the two lines tested (LN229
and SF767). However, when the impact on motility-related
signaling was examined, the across-cell-line consistency of
Yes knockdown effects disappeared. It is possible that defects
in the motility-related signaling proteins tested here do not
reflect the mechanism by which Yes affects glioma cell migra-
tion. However, in the context of therapeutic targeting of SFKs,
these results create difficulty for predicting therapeutic
benefit.

Glioma tumor biology in vivo reflects a combination of
growth and migration/invasion processes, as well as signaling
processes that stimulate neoangiogenesis and immune sys-
tem interaction. Based on our in culture examination of the in-
dividual SFKs relative to growth and migration, we expected
that knockdown of Src, Fyn, or Yes would disrupt the tumor
biology of orthotopically-implanted GBMS8 cells; we expected
Lyn knockdown to have no effect in this model. In line with
our expectations, mice implanted with GBM8-shYes cells sur-
vived longer compared to mice implanted with GBM8-NT cells.
These results suggest that Yes signaling is pro-tumorigenic.
Furthermore, the observed shYes-associated anti-tumor ef-
fects in both the culture and in vivo environments suggests
that Yes signaling impacts tumor cell biology directly, versus
impacting interaction between the tumor cells and surround-
ing microenvironment. There is precedence for pro-tumor ef-
fects of Yes signaling: Kleber et al. showed that Yes mediates

promigratory signaling induced by CD95 (Fas)-CD95L (FasL)
interaction (Kleber et al., 2008). Thus, from a therapeutic view-
point, inhibiting Yes signaling could be an effective GBM treat-
ment strategy.

Surprisingly, given the effects of Src and Fyn knockdown in
culture and the previously reported importance of Src and Fyn
in other glioma cell lines (Lu et al., 2009), mice implanted with
GBM8-shSrc or —shFyn cells showed no difference in survival
compared to GBM8-NT-implanted mice. These results make it
difficult to classify Src or Fyn signaling as pro- or anti-
tumorigenic. The discrepancy between the culture and
in vivo results suggests that the role of Src and Fyn signaling
may vary depending on the surrounding environment, as
well as on the tumor cells themselves. Consistent with this,
both Src and Fyn mediate oncogenic EGFR signaling in
GBM39 cells (Lu et al., 2009). One obvious difference between
the GBMS cells used in our study and the GBM39 cells is
EGFR status: GBM39 express EGFRVIII while GBM8 have only
wildtype EGFR (Sarkaria et al., 2006; Sarkaria et al., 2007).

Even more surprising than the Src and Fyn results, mice
implanted with GBMS8-shLyn cells did worse than mice
implanted with GBM8-NT or any of the other knockdowns,
exhibiting a significant reduction in survival time. This last
result is particularly striking, as Lyn knockdown had little to
no effect on cell growth in culture for any of the three cell
lines, had no significant effect on migration of LN229 or
SF767 cells (the lines tested in culture), and also had little ef-
fect on motility-related signaling in these two cell lines,
although it did reduce motility-related phosphorylation in
the GBMS cells. The decreased motility-related phosphoryla-
tion seen in cultured GBMS8 cells may underlie the observation
that only 1 of 6 shLyn tumors in the moribund mice was clas-
sified as highly invasive, possibly linking reduced Lyn activity
with reduced glioma cell migration in vivo. Since the highly
migratory/invasive nature of gliomas is one of the reasons
the human disease has such poor prognosis, at first glance it
seems odd that decreasing glioma cell migration would be
associated with reduced survival times. However, the shLyn
tumors were more likely than NT tumors to be classified as
high density in the survival experiment. And in the short-
term in vivo experiment, brains from mice implanted with
GBM8-shLyn had a higher tumor burden than did the NT
mice. It is possible that the reduced motility of shLyn tumor
cells is the cause of higher tumor density, which could in
turn result in faster and greater local accumulation of
tumor-associated damage to the surrounding normal brain
tissue. Ultimately this could be more quickly detrimental to
the animal than having widespread tumor cells at lower den-
sity that do not create as much local damage to the normal
brain. The human disease is not cured by surgical resection
due to its highly infiltrative nature. Reducing Lyn activity
may reduce this infiltrative tendency, but it seems to increase
other tumor properties that are somehow worse. It will be
important to determine the nature of these properties and
Lyn’s role in them. The in vivo results suggest that signaling
through Lyn can be anti-tumorigenic. Furthermore, the rela-
tive lack of Lyn knockdown effect in culture versus the strik-
ing effect on survival in vivo suggest that Lyn’s signaling
importance lies in interactions between the tumor cells and
the surrounding microenvironment, which are not testable
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in single-cell-type, 2-D culture models. Additional studies are
needed to uncover the details of Lyn activity in tumor-
microenvironment interactions.

To follow up these results, we investigated mechanisms
that could underlie the survival outcomes for the —shYes
and —shLyn mice by repeating the orthotopic implantations,
but allowing the tumors to progress for a limited time. Based
on our culture results, we predicted that the —shYes tumors
would show reduced proliferation and migration at this earlier
stage. Using the Ki-67 proliferation marker we observed a sta-
tistically significant decrease in proliferation in —shYes vs.
—NT tumors. To assess migration we determined the
maximum distance between the main tumor mass and any
tumor cell within a single brain slice. This measure likely un-
derestimates the actual migration distance because it is not
possible to know the route the cell took. Using this measure,
there was no effect on migration of Yes knockdown vs. NT
in vivo. Finally, because of the differences in density between
-shYes and -NT tumors in the survival experiment, we evalu-
ated overall tumor burden in the shorter-term experiment.
This measure reflects a combination of processes, including
proliferation, cell density in the main tumor mass, as well as
how many cells have migrated away from the main tumor.
While there was a trend for reduced tumor burden, there
was no significant difference between the NT and shYes tu-
mors in this combination measure. Together, the results sug-
gest that changes in proliferation may be the main factor
underlying the increased survival of the mice implanted
with the GBM8—shYes tumor cells.

In contrast to the results from the short term -sh¥Yes tumor
implantation, there was no difference in proliferation be-
tween the short term —shLyn and —NT tumors. Despite this,
there was a statistically significant tumor burden increase in
mice implanted with —shLyn versus —NT tumor cells. Addi-
tionally, we observed no difference in the maximum migra-
tion distance between —shLyn and —NT tumor cells in the
short-term setting, although in the survival experiments
—shLyn tumors were less invasive. A previous report sug-
gested that Lyn kinase activity accounts for the majority of
SFK signaling in GBM (Stettner et al., 2005), but it did not
examine the biological effect of Lyn activation. In culture, a
stimulatory effect of Lyn on GBM cell migration has been re-
ported in the context of PDGFRB-induced motility on vitronec-
tin (Ding et al., 2003). In the context of B cell function, evidence
indicates that Lyn is both a positive and a negative regulator,
depending on the stimulus and developmental state of the
cells (Xu et al., 2005). Thus the consequences of Lyn activation
are highly context dependent. Regardless of any possible de-
fects in GBMS8 cell migration, the overwhelming effect of Lyn
depletion on the GBM8 xenografts is increased cell growth
and reduced overall survival.

Importantly, our results suggest that inhibiting Lyn activity
may not be desirable, even if inhibiting Yes activity is. Indeed,
the opposite effects of Lyn and Yes knockdown in the survival
experiment may explain the lack of effect of dasatinb in this
same model. Currently there are a few small molecule options
for selectively targeting Yes or Lyn. A recent high-throughput
screen identified several potent Yes inhibitors, but did not
characterize their specificity with respect to Lyn (Patel et al,,
2013). Options for targeting Lyn include the peptide inhibitor

KRX-123 (which does not inhibit Src, Fyn, or Lck, but Yes
was not tested, (Goldenberg-Furmanov et al., 2004)) and the
inhibitor NS-187 (which does not inhibit Src or Yes, but does
inhibit Fyn, Abl, and Arg, (Kimura et al, 2005)). Perhaps
more useful in the context of our results, MLR-1023 is an
intriguing allosteric activator of Lyn that does not alter Src
or Fyn activity (Yes and Lck were not tested), has already
shown clinical usefulness as an antiulcer therapeutic, and is
currently in pre-clinical studies for the treatment of Type II
diabetes (Saporito et al., 2012).

Taken together, our culture and in vivo results paint a com-
plex picture and add to a growing body of evidence indicating
that SFKs are not functionally redundant. Rather, they interact
with different upstream and downstream effectors, with
different outcomes for cell behavior, that impact both tumor
cell biology and tumor cell interaction with the surrounding
microenvironment in surprisingly different ways. Further-
more, as therapeutic targets for the treatment of GBM, our re-
sults with Yes and Lyn in particular suggest that pan-SFK
inhibitors may be double-edged swords that silence both
anti-as well as pro-tumor signaling. As dasatinib is being
tested as a treatment for GBM based on evidence that it sup-
presses GBM cell migration and invasion (Ahluwalia et al,,
2010; de Groot and Milano, 2009; Du et al., 2009; Lu et al.,
2009), our results suggest that the relative expression and acti-
vation levels of Yes vs. Lyn in particular may hold prognostic
value for the efficacy of dasatinib therapy.
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