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SUMMARY

SPRY?2 is a purported tumor suppressor in certain cancers that promotes tumor growth and
resistance to receptor tyrosine kinase inhibitors in glioblastoma. Here, we identify a SPRY2-
dependent bypass signaling mechanism in glioblastoma that drives resistance to EGFR and MET
inhibition. In glioblastoma cells treated with EGFR and MET inhibitors, SPRY2 expression is
initially suppressed but eventually rebounds due to NF-xB pathway activation, resultant autocrine
FGFR activation, and reactivation of ERK, which controls SPRYZtranscription. In cells where
FGFR autocrine signaling does not occur and ERK does not reactivate, or in which ERK
reactivates but SPRY2 cannot be expressed, EGFR and MET inhibitors are more effective at
promoting death. The same mechanism also drives acquired resistance to EGFR and MET
inhibition. Furthermore, tumor xenografts expressing an ERK-dependent bioluminescent reporter
engineered for these studies reveal that this bypass resistance mechanism plays out /n vivo but can
be overcome through simultaneous FGFR inhibition.
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The poor efficacy of receptor tyrosine kinase inhibitors in glioblastoma may stem from the ability
of tumor cells to rewire signaling to maintain expression of SPRY2, a driver of glioblastoma
survival. Day et al. identify combination therapies that efficiently and durably suppress SPRY?2
expression to potentially treat glioblastoma more effectively.

INTRODUCTION

The standard of care for glioblastoma multiforme (GBM) has not changed substantially in
decades and still includes a largely ineffective combination of surgical resection,
radiotherapy, and chemotherapy (Stupp et al., 2005). Receptor tyrosine kinase (RTK)
inhibitors have yielded disappointing results in GBM clinical trials (Sathornsumetee et al.,
2007; De Witt Hamer, 2010), despite the clear involvement of RTKSs in glioblastoma
pathogenesis (Furnari et al., 2015; Brennan et al., 2013; Stommel et al., 2007). One factor
contributing to the failure of RTK inhibitors is the dynamic rewiring of signaling processes
that allow GBM cells to evade therapy, in some instances via the compensatory activation of
other RTKs (Clark et al., 2012; Ma et al., 2016). For example, in a mouse model of GBM,
tumors evaded epidermal growth factor receptor (EGFR) inhibition through the upregulation
and phosphorylation of the hepatocyte growth factor receptor (MET) (Jun et al., 2012).
Heterogeneity in the response to targeted therapies, either across tumors of different
molecular subtypes or within tumors due to variable degrees of oncogene mutation or

Cell Rep. Author manuscript; available in PMC 2020 December 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Day et al.

RESULTS

Page 3

amplification, has also been a challenging obstacle for durable and complete reduction of
tumor burden in GBM (Furnari et al., 2015; Patel et al., 2014). Clearly, new molecular
targets are desperately needed that have broad relevance across different GBM cell and
tumor contexts.

Several years ago, our lab reported that Sprouty2 (SPRY2), a multifunctional signaling
adaptor and purported tumor suppressor in liver, lung, and breast cancers (Masoumi-
Moghaddam et al., 2014; Fong et al., 2006; Sutterliity et al., 2007), surprisingly promotes
GBM tumor progression and resistance to therapy (Walsh et al., 2015). Specifically, in
differentiated GBM cell lines and glioma stem cells, SPRY 2 knockdown antagonized
proliferation and anchorage-independent growth and promoted death in response to EGFR
and MET inhibitors. In mouse tumor xenografts, SPRY?2 knockdown substantially impaired
tumor growth, if tumors grew at all. Moreover, analysis of The Cancer Genome Atlas
(TCGA) data revealed that the expression of SPRYZ2above the population median was a
negative prognostic indicator for GBM survival, especially in younger patients. While
SPRY2 expression was elevated in tumors expressing the variant 111 mutant of EGFR
(EGFRuVIIN), SPRY?2 protein and transcripts were found in every sample tested, and the
effects of SPRY2 knockdown on cell growth and therapeutic resistance were significant and
qualitatively identical in many GBM cell backgrounds. Thus, SPRY2 may be the type of
broadly relevant target in GBM needed to improve survival. However, SPRY?2 lacks intrinsic
catalytic domains, and no drugs are yet known that block SPRY 2 protein-protein
interactions. Thus, for the foreseeable future, targeting SPRY2 may require indirect
approaches that exploit the signaling mechanisms responsible for its expression.

In the present study, we identified a SPRY 2-dependent bypass signaling mechanism that
rescues GBM cells from death in response to EGFR and MET inhibition. In a panel of GBM
cell lines, co-inhibition of EGFR and MET led to sustained antagonism of the receptors
themselves, but only transient inhibition of extracellular signal-regulated kinase (ERK)
phosphorylation and SPRY 2 expression, which is strongly regulated by ERK. ERK was
reactivated via a nuclear factor x-light-chain-enhancer of activated B cells (NF-xB)-
dependent feedback that led to the autocrine activation of fibroblast growth factor receptors
(FGFRs). Activation of this bypass loop explained cell-to-cell variability in survival
response to EGFR and MET inhibition and resistance to EGFR and MET inhibition /n vivo.
An important consequence of ERK reactivation for GBM cell survival of RTK inhibitor
treatment was the re-expression of SPRY2. In addition to this intriguing contrast to the more
typically reported interaction between SPRY?2 and ERK, wherein SPRY2 serves as a
negative regulator of ERK activity (Yusoff et al., 2002), this study points to several targets
for co-inhibition with EGFR and MET in GBM.

ERK Phosphorylation and SPRY2 Expression Are Only Transiently Suppressed in
Response to EGFR and MET Inhibition

U87MG cells expressing EGFRVIII, referred to as U87MG throughout for simplicity, and
U118MG cells were treated for up to 48 h with gefitinib and PHA665752, inhibitors of
EGFR and MET, respectively (Figures 1A and 1B). This combination was used because it
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more efficiently reduces GBM cell viability than either inhibitor alone (Huang et al., 2007).
By the 1-h time point, phosphorylation of the receptors and the downstream effectors ERK
and protein kinase B (AKT) were efficiently inhibited. While receptor phosphorylation
remained inhibited throughout the time course, ERK phosphorylation strongly rebounded by
24 h. A similar transient suppression was observed for SPRY?2 expression, which is
consistent with the reported transcriptional regulation of SPRY2by ERK (Walsh et al., 2015;
Ozaki et al., 2001).

Treatment of the same cell lines with gefitinib or PHA665752 alone revealed that both
inhibitors were needed to efficiently antagonize ERK and AKT phosphorylation (and
produce some degree of cell death in U87MG cells) and that MET inhibition by PHA665752
had the greater effect on ERK (Figure S1A). To test the generality of the observed ERK
reactivation effect with other MET inhibitors, we repeated the experiments using
JNJ-38877605 or crizotinib (Figure S1B). The same dynamics in ERK phosphorylation and
SPRY2 expression were observed.

To test the role of ERK reactivation and SPRY 2 re-expression on cell survival, the mitogen-
activated protein kinase kinase (MEK) inhibitor CI-1040 was combined with gefitinib and
PHAG65752 (Figures 1C and S1C). MEK inhibition prevented ERK reactivation and SPRY2
re-expression and augmented cell death (Figures 1D and S1D). MEK inhibition alone was
insufficient to induce cell death, potentially due to the lack of inhibition of AKT or some
other downstream effector controlled by EGFR and/or MET. In fact, AKT phosphorylation
increased in response to MEK inhibition alone, relative to control treatment (Figures 1C and
S1C).

Resurgent Expression of SPRY2, Driven by ERK Reactivation, Is Critical for Resistance to
EGFR and MET Inhibition

To demonstrate the role of SPRY2 in cell survival in response to EGFR and MET inhibition,
we repeated the time course experiments from Figure 1 using cells expressing a SPRYZ2-
targeting short hairpin RNA (shRNA) or a control shRNA (Figure 2A). ERK reactivation
dynamics were identical with or without SPRY 2 knockdown. However, consistent with
previous observations (Walsh et al., 2015), SPRY2 knockdown promoted cell death in
response to the inhibitors (Figures 2B and S2A). Together with the results of Figure 1, these
data demonstrate that in GBM cells, one important role of ERK activity in regulating cell
survival is to promote SPRY2 expression, and that the role of SPRY2 as a suppressor of
ERK activity observed in other cellular contexts is not as prevalent.

To demonstrate the particular importance of SPRYZ2, among other possible ERK-regulated
transcripts, for determining cell response to EGFR and MET inhibition, we evaluated the
phosphorylation of an ERK-regulated transcription factor, fos-related antigen 1 (FRA1), in
response to gefitinib and PHA665752 (Figure S2B). As with ERK, FRA1 phosphorylation
was only transiently suppressed and then rebounded by 48 h. Over the same time course, the
transcript abundances of five FRAL target genes (predicted by the NCBI BioSystems
Database) that have been implicated in contributing to kinase inhibitor resistance (Geer et
al., 2010; Wykosky et al., 2015; Ramsdale et al., 2015; Kim et al., 2012; Kesanakurti et al.,
2012; Saito et al., 2018) were measured (Figures 2C and S2C). MMPZ2 (matrix
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metalloproteinase 2) and JUN displayed dynamics similar to SPRY2, while PLAUR
(plasminogen activator, urokinase receptor), MMPI, and /L-6 (interleukin 6) displayed
durable suppression. We chose to characterize the effects of JUN expression on resistance to
EGFR and MET co-inhibition because of its cell-intrinsic ability to drive kinase inhibitor
resistance, as compared to MMPZ2, which contributes to kinase inhibitor resistance in the
context of the tumor microenvironment. c-Jun, the gene product of JUN, displayed
expression dynamics similar to SPRY2 in response to EGFR and MET inhibition (Figure
2D). However, c-Jun knockdown did not alter the cell death response to EGFR and MET
inhibition (Figures 2E and S2D), suggesting a unique role for SPRY2 in cell survival. We
note that c-Jun knockdown did produce an unanticipated but relatively modest suppression
of SPRY2 expression that was apparently insufficient to alter cellular response to EGFR and
MET inhibition. Knockdown of SPRY2 or c-Jun did not significantly perturb baseline
PMET, pEGFR, or pERK signals, ruling out the possibility that baseline differences in these
pathways due to small interfering RNA (siRNA) transfection influenced cell death responses
(Figure S2E).

ERK-Mediated SPRY2 Re-expression Is Driven by the Activation of FGFR Family Members

We hypothesized that the observed reactivation of ERK was due to the activation of an
alternative RTK. Using an antibody array for 28 different phosphorylated RTKs and 11
downstream effectors, we tested the lysates of U87MG and U118MG cells treated with
gefitinib and PHA665752 (Figures 3A and S3A). In both cell lines, the top candidate RTK
was FGFR3. The array also detected the anticipated dynamics for ERK phosphorylation. We
independently validated the array results for FGFR3 by measuring the phosphorylation of
FGFR substrate 2a. (FRS2a), a key FGFR adaptor (Kouhara et al., 1997). FRS2a
phosphorylation displayed trends in response to EGFR and MET inhibition similar to
FGFR3 phosphorylation detected by antibody array (Figure 3B), confirming that
functionally relevant amounts of FGFR had been activated in the cells.

In UB7MG and U118MG cells, expression of one of two independent, non-overlapping
shRNAs targeting FGFR3reduced FRS2a and ERK phosphorylation and augmented cell
death in response to EGFR and MET inhibition (Figures 3C, S3B, and S3C). These effects
were also observed by transfecting cells with siRNA targeting FGFR3 (Figure S3D). To
further demonstrate the importance of FGFR3, we transduced U87MG cells with a vector
encoding FGFR3, which lacked the 3" untranslated region targeted by the FGFR3 siRNA
sequences. Expression of this siRNA-resistant FGFR3 rescued cellular resistance to EGFR
and MET inhibition, even in the presence of FGFR3 siRNA (Figures 3D and S3E). It was
not surprising that cells transduced with the FGFR3 vector displayed higher levels of pERK
and pFRS2a in response to FGF1 than control. In U87MG cells, pharmacological inhibition
of FGFR3 using PD173074 produced effects on ERK phosphorylation, FRS2a
phosphorylation, and cell death similar to those observed with FGFR3 RNA interference
(Figures 3E and S3F). In fact, the combined effects of FGFR inhibition with EGFR and
MET inhibition were observed in three differentiated GBM lines (U87MG, U118MG, and
U251) and three glioma stem cell lines (G88, T3691, and G2), suggesting broad importance
of the mechanism identified (Figures 3E and 3F).
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The Cancer Cell Line Encyclopedia and gRT-PCR analysis qualitatively suggested that
FGFRI transcripts were more abundant than FGFR3in at least two of the cell lines studied
(UB7MG, U118MG,; Figures S3G and S3H). Thus, even though FGFR1 was not identified
by the array, we hypothesized that the mechanisms activating FGFR3 may also activate
FGFR1. In differentiated and glioma stem cell lines, transient FGFR1 knockdown
antagonized FRS2a and ERK phosphorylation and promoted cell death in response to
EGFR and MET inhibition (Figures 3G and S31-S3K). Furthermore, simultaneously
targeting FGFR1 and FGFR3 augmented cell death in response to EGFR and MET
inhibition compared to effects observed with targeting either receptor alone (Figure S3L).
Since pharmacological inhibitors of FGFR3 have biochemical activity against multiple
family members, results using those drugs could be due to the inhibition of both family
members.

To further demonstrate the importance of SPRY?2 as a downstream effector of FGFR in
regulating cell survival, we transduced U87MG and T98G cells with retroviral vectors
encoding SPRY2Z, followed by treatment with combinations of EGFR, MET, and FGFR
inhibitors (Figures 3H and 3I). In both cell backgrounds, the overexpression of SPRY2
promoted resistance to EGFR and MET inhibition and EGFR, MET, and FGFR inhibition
(Figure 3J), even with similar suppression of ERK phosphorylation. The effect of ectopic
SPRY2 expression was more pronounced in T98G cells, which maintained higher levels of
SPRY?2 in response to the three-inhibitor combination than U87MG (Figure S3M). In
aggregate, these data support a model wherein FGFR-mediated resistance to EGFR and
MET inhibition depends at least partially on ERK-driven SPRY 2 expression.

FGFR Activation in Response to EGFR and MET Inhibition Results from an NF-xB-
Mediated Upregulation of FGF Ligands

We hypothesized that a common ligand could explain the simultaneous activation of FGFR1
and FGFR3. Therefore, we measured transcripts for FGF1 and FGFZ, which are known to
bind both FGFR family members (Zhang et al., 2006) (Figure S4A). In U87MG and
U118MG cells, FGF1, FGF2, or both transcripts were significantly elevated in response to
EGFR and MET inhibition for 4-72 h (Figures 4A and S4B). In U87MG cells, changes in
transcript abundance corresponded to an increased concentration of FGF1 in conditioned
medium (Figure 4A). Analysis of conserved transcription factor binding sequences in the
FGFI gene promoter, in addition to previous studies of transcriptional regulation of FGF2
(Lee and Kay, 2012), suggested that the increased transcriptional activity of NF-xB could be
responsible for the upregulated ligand expression observed (Figure 4B). Therefore, we
measured the phosphorylation of NF-xB at serine 536, a surrogate measurement for NF-xB
transcriptional activity, in response to EGFR and MET inhibition (Figure 4C). In both
U87MG and U118MG cells, an early (1-4 h) increase in phosphorylated NF-xB was
observed, which is consistent with the dynamics of FGF1 and FGF2 mRNA upregulation.
NF-xB phosphorylation trends were identical in cells with or without SPRY2 knockdown,
reinforcing the notion that differential SPRY2 expression does not influence the resistance
mechanism upstream of ERK activation. In addition, increased phosphorylation of NF-xB
was coincident with its increased nuclear localization and FGFI promoter binding 4 h after
cell treatment (Figures 4D, S4C, and S4D).
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To probe the role of NF-xB in FGF ligand synthesis, we measured FGFIand FGF2
transcripts in cells treated with EGFR and MET inhibitors, with or without the inhibition of
IxB kinase (IKK), a kinase upstream of NF-xB (Figures 4E and S4E). In UB7MG cells, IKK
inhibition using IKK-16 abrogated the increase in FGFI observed in response to EGFR and
MET inhibition, an effect that coincided with decreased ERK activation and SPRY2
expression (Figures 4F and S4F). IKK inhibition also promoted cell death in response to
EGFR and MET inhibition (Figure 4G). Similar effects on cell death, ERK activation, and
SPRY2 expression in response to EGFR and MET inhibition were observed with transient
NF-xB knockdown (Figure S4G). In addition, similar effects on ERK activation, SPRY?2
expression, and cell death due to IKK inhibition in combination with EGFR and MET
inhibition were also seen in G88 and T3691 glioma stem cell lines (Figures S4H and S41).
Inhibition of IKK alone (Figure 4F) or knockdown of NF-xB alone (Figure S4G) caused
increased ERK phosphorylation and SPRY2 expression in U87MG cells. However,
inhibition of IKK alone in G88 cells had a qualitatively opposite effect on baseline SPRY?2
expression (Figure S4H), suggesting a possible cell-type-specific mechanism whereby NF-
xB regulates SPRY 2 expression in a way that occurs outside the setting of simultaneous
EGFR and MET targeting, as observed previously for other SPRY proteins (Macia et al.,
2014).

To further demonstrate the role of FGFR signaling in GBM cell resistance to EGFR and
MET inhibition, we grew cells in medium containing EGFR and MET inhibitors for >2
months, which produced a population of cells that were no longer responsive to gefitinib and
PHAG65752 over a range of concentrations (Figure 4H). FGF1 and FGFZ2transcripts were
significantly upregulated in the drug-resistant cells (Figure 41). In addition, cells with
acquired resistance remained sensitive to combined EGFR-MET-FGFR inhibition with
respect to cell death and displayed both lowered ERK phosphorylation and SPRY2
expression in response to FGFR inhibition alone (Figures 4J and S4J).

Activation of the FGFR-ERK-SPRY2 Signaling Axis Explains Heterogeneous Cellular
Responses to RTK Inhibition

To understand whether cell-to-cell heterogeneity in FGFR-driven ERK activation explained
variation among cells in their ability to resist EGFR and MET inhibition, we engineered
U8B7MG cells to express a previously described fluorescent reporter of ERK activity (Albeck
et al., 2013). The reporter consists of mVenus fused to a nuclear localization sequence (NLS)
and the PEST domain of FRA1, which is stabilized upon phosphorylation by ERK (Figures
5A and S5A). A second control reporter consists of a fusion of Cerulean with an NLS and a
PEST domain that is not regulated by ERK (called d2). These reporters are referred to as the
FIRE (FRAZ1-based integrative reporter of ERK) system, with the ratio of mVenus to
Cerulean intensity typically reported.

U8B7MG cells expressing FIRE were treated for 24 h with combinations of EGFR, MET, and
FGFR inhibitors and subjected to flow cytometry (Figures 5A and S5B). The MET inhibitor
JNJ-38877605 and the FGFR inhibitor AZD4547 were used for these studies based on their

low autofluorescence. INJ-38877605 and AZD4547 produced effects on cell death similar to
those observed with other MET and FGFR inhibitors (Figure S5C). Cells treated with the
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combination of gefitinib, JNJ-38877605, and AZD4547 displayed the lowest mVenus
intensities (Figure 5A). These cells displayed approximately equal expression of Cerulean as
compared to cells treated with all other combinations, suggesting that the loss of mVenus
signal did not result solely from the antagonism of protein synthesis with three inhibitors. To
assess how differences in mVenus intensity (ERK activity) correlated with cell death, we
included a live-cell impermeable dye in flow cytometry. Dead cells displayed lower mVenus
intensities and a lower normalized FIRE intensity (Figure 5B). Thus, individual cells with
lower ERK activity were more likely to die than cells with high ERK activity.

To explore the basis for cellular heterogeneity in ERK activation, U87MG cells expressing
the FIRE reporter system were treated with gefitinib and JNJ-38877605 for 24 h, fixed, and
hybridized overnight with single-molecule RNA fluorescence /n situ hybridization (FISH)
probes recognizing FGF2and SPRYZ2mRNA transcripts (Figure 5C). Cells with higher
FIRE intensity expressed more SPRYZ2than those with lower FIRE intensity (Figures 5D
and 5E). In addition, cells with higher FIRE intensity displayed increased FGF2 (Figures 5D
and 5E). Median mRNA counts for SPRY2and FGF2and median FIRE intensity for treated
versus untreated conditions were qualitatively consistent with population-level
measurements made by gRT-PCR or flow cytometry (Figure S5D versus Figures 2C, 4A,
and 5A).

A Bioluminescent Reporter of ERK Activity Demonstrates Relevance of FGFR-ERK-SPRY2-
Mediated Bypass Resistance In Vivo

To assess the relevance of FGFR-mediated bypass signaling through ERK in vivo, we
modified the previously described FIRE reporter to create a bioluminescence-based reporter
of ERK activity (Figure 6A). mVenus was replaced by click beetle green (CBGreen)
luciferase in the ERK-dependent construct, and Cerulean was replaced by click beetle red
(CBRed) luciferase in the ERK-independent construct, to create the CB-FIRE reporter
system. p-Luciferin is a substrate for both CBGreen and CBRed, but CBRed produces
longer wavelengths than CBGreen, enabling the detection of two independent signals (with
spectral unmixing) using a single substrate injection. Before the /n vivo experiments,
U87MG and G88 cells expressing the CB-FIRE reporter system were used for /n vitro
validation of the ability of CB-FIRE to reflect ERK dynamics accurately in response to the
inhibitors (Figures 6B and S6A-S6C). CB-FIRE signals mirrored trends in ERK activity
measured by phospho-specific western blotting (Figure S6D).

With the reporter validated, U87MG cells expressing the CB-FIRE reporter system were
subcutaneously injected in both flanks of NU/NU mice. Xenografts were engineered
subcutaneously to avoid any issues of differential blood-brain barrier penetrance among the
drugs being used. After 10 days of tumor growth, animals were randomly assigned for
treatment with gefitinib + PHA665752, FGFR inhibitor BGJ398, gefitinib + PHA665752 +
BGJ398, or vehicle. BGJ398 was used for /n7 vivo studies due to its recent evaluation in a
GBM clinical trial (NCT01975701). /n vitro, BGJ398 produced effects similar to other
FGFR inhibitors (Figure S6E). /nn vivo, bioluminescent imaging revealed a time-dependent
decrease in CB-FIRE signal only when all three inhibitors were combined (Figures 6C, 6D,
and S6F). In addition, the combination of all three inhibitors resulted in tumors that were
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smaller than those for control treatments, gefitinib + PHA665752, or BGJ398 alone (Figures
6E, 6F, and S6G). Ex vivo analyses of harvested tumors confirmed that tumors treated with
three inhibitors also displayed the lowest levels of phosphorylated ERK and AKT and the
lowest expression of SPRY2 (Figure 6G). No significant weight loss was observed in
animals across treatment groups, including the triple combination of EGFR, MET, and
FGFR inhibitors (Figure S6H).

To further demonstrate the importance of SPRY2 expression in mediating resistance to
inhibitors /n vivo, we performed similar subcutaneous xenograft experiments using U87MG
cells with the ectopic expression of SPRY2. SPRY2-overexpressing tumors displayed almost
no response to the combination of EGFR, MET, and FGFR inhibitors, in clear contrast to
tumors formed from empty vector-transduced cells (Figure 6H). Ex vivo analyses of
harvested tumors confirmed that tumors expressing ectopic SPRY?2 maintained higher
expression levels in response to the three-inhibitor combination, even with similar decreases
in ERK phosphorylation, further highlighting the importance of SPRY2 expression in
driving resistance to inhibitors /n vivo (Figure 61). In contrast to observations in vitro, the
combination of EGFR, MET, and FGFR inhibitors did not have a large effect on ectopic
SPRY2 expression levels.

We next sought to demonstrate the feasibility of the proposed combination therapy in an
orthotopic model of glioblastoma. G88 cells were injected intracranially in BALB/c SCID
mice and allowed to form tumors for 4 days, after which mice began daily treatment with
gefitinib + PHAB665752, gefitinib + PHA665752 + BGJ398, or vehicle control. Analyses of
tumor lysates demonstrated that the three-drug combination of EGFR, MET, and FGFR
inhibitors suppressed AKT and ERK phosphorylation, as well as SPRY?2 expression, more
than the two-drug combination of EGFR and MET inhibitors (Figure 6J). Bioluminescence
imaging 5 days after starting treatment revealed that tumors treated with all three inhibitors
were smaller than those treated with EGFR and MET inhibitors or vehicle (Figure 6K).
Overall, these data suggest that the combination of EGFR, MET, and FGFR inhibitors
reduced GBM orthotopic tumor growth via the suppression of an ERK-SPRY 2 resistance
mechanism.

DISCUSSION

The bypass signaling mechanism elucidated here (summarized in Figure 7) provides new
understanding of the sequence of events that are required for SPRY2 to drive GBM
resistance to EGFR and MET inhibitors. This mechanism was at play in differentiated GBM
cells expressing EGFRVIII or wild-type EGFR alone and in glioma stem cells, pointing to
the broad relevance of the bypass mechanism. Our prior study identifying the role of SPRY2
in GBM began to elucidate the specific SPRY2-regulated processes (e.g., p38 signaling) that
explained the observed effects of SPRY2 knockdown (Walsh et al., 2015). While work
remains to further understand those processes, the present study highlights the importance of
identifying the druggable signaling pathways that enable SPRY2 to be expressed at all.

The cascade that ultimately leads to SPRY2 re-expression is initiated by the activation of the
NF-xB pathway as a response to EGFR and MET inhibition, which may be viewed as a
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surprising effect, given that EGFR is a known driver of NF-xB signaling. However, NF-xB
pathway activation is also a fairly common cellular response to stress (Mercurio and
Manning, 1999), including chemotherapeutics (Godwin et al., 2013) and even EGFR
inhibition (Blakely et al., 2015). In fact, IL-6-mediated activation of NF-xB signaling in
response to EGFR kinase inhibitors is a reported mechanism of resistance in GBM (Zanca et
al., 2017). We do not believe that the specific IL-6-dependent mechanism is at play in our
studies, however, because /L-6transcript abundance fell precipitously and did not rebound
in response to EGFR and MET inhibition (Figure 2C). Whatever the driver of NF-xB, the
production of FGF ligands that follows activates FGFR, a receptor that drives resistance to
kinase inhibitors in melanoma, gastrointestinal stromal tumors, and non-small-cell lung
cancer (Yadav et al., 2012; Li et al., 2015; Ware et al., 2010). In GBM, FGFR has more
typically been viewed as a target in the small subset of tumors that harbor FGFR1 and
FGFR3 oncogenic fusions (FGFR-transforming acidic coiled-coil fusions), and not as a
primary driver of kinase inhibitor resistance (Singh et al., 2012). Of course, reactivation of
ERK, driven by any number of upstream processes, has been previously implicated as
driving resistance to kinase inhibitors in cancer (e.g., Yadav et al., 2012; Ercan et al., 2012;
Tricker et al., 2015). However, the importance of ERK signaling specifically as a driver of
SPRY2 expression is unique to the GBM setting and is surprising given that ERK has
numerous substrates (Wortzel and Seger, 2011).

The bypass signaling mechanism also identifies several potential targets whose inhibition
along with EGFR and MET may lead to more meaningful responses in GBM patients:
FGFR, MEK/ERK, and the NF-xB pathway. While GBM clinical trials involving FGFR
inhibitors have typically only enrolled patients with FGFR fusions or activating mutations,
our findings motivate the evaluation of FGFR inhibitors, in combination with EGFR and
MET inhibitors, even for patients lacking FGFR genetic alterations. Such approaches may
be enabled by the recent US Food and Drug Administration (FDA) approval of the FGFR
inhibitor erdafitinib for the treatment of metastatic bladder cancer. Partial responses to
erdafitinib have been reported in some GBM patients enrolled in a phase | clinical trial
(Tabernero et al., 2015). Along the same lines, the FDA-approved MEK inhibitors trametinib
and binimetinib should also be evaluated in combination with EGFR and MET inhibitors.
While none are yet FDA approved, investigational inhibitors of the NF-xB pathway have
been deployed in clinical trials, including the IKK inhibitor SAR113945 and curcumin
(NCT01113333 and NCT01269203, respectively). Proteasome inhibitors, such as the
approved myeloma and mantle cell lymphoma drug bortezomib, also efficiently block the
NF-xB pathway. Marizomib, another proteasome inhibitor, displays good blood-brain
barrier penetration (Di et al., 2016) and is in clinical trials for GBM (NCT03345095).

A major obstacle to studies involving three independent kinase inhibitors is the potential for
intolerable drug toxicities. While two-inhibitor strategies have been evaluated, such as the
combination of erlotinib and sorafenib for the treatment of brain tumors (Peereboom et al.,
2013), three-inhibitor clinical trials have not yet been initiated. However, an ongoing phase |
trial is evaluating the safety of combining three (mebendazole, bevacizumab, irinotecan) or
even four (mebendazole, vincristine, carboplatin, temozolomide) drugs for treating brain
tumors (NCT01837862). Thus, there is a clear precedent for combining three or more drugs
in medical oncology, even if those drugs have not been kinase inhibitors. It is encouraging
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that animals in the current study, which were treated simultaneously with EGFR, MET, and
FGFR inhibitors, did not display significant evidence of toxicity, as evaluated by weight loss
during the study (Figure S6H). Furthermore, the availability of bi-specific antibodies that
target EGFR and MET simultaneously (Emdal et al., 2017), in addition to an inhibitor
(S49076) that has activity against both MET and FGFR (Rodon et al., 2017), may increase
options for safely targeting three kinases simultaneously. As new inhibitors are developed
with improved blood-brain barrier penetrance (e.g., EGFR inhibitors osimertinib and
AZD3759), it may also eventually be possible to effectively target kinases in GBM with
lower dosages (Heffron, 2016).

The tendency for cell signaling pathways to become rewired in response to therapy in ways
that drive resistance makes it useful to follow tumors longitudinally as treatment continues.
The most common method is to euthanize different populations of animals at each time point
of interest (Germann et al., 2017). Here, a bioluminescent reporter of ERK activity was
developed. By expressing the reporters in GBM cells used to engineer xenografts, repeated
evaluation of ERK activity was possible within a single population of mice over time,
greatly reducing the number of animals needed and eliminating a source of variability in the
measurements. The reporter system also requires far less technical expertise than intravital
microscopy and only requires injection of a single substrate, versus other dual-luciferase
combinations. Furthermore, while most previously developed bioluminescence-based
reporters of signaling pathways are designed to detect transcriptional changes downstream
of one or many kinases (Kocher and Piwnica-Worms, 2013), our reporter measures the
activation of ERK post-translationally through a kinase-substrate interaction. Eventually, the
basic principle used here to develop an ERK reporter could be extended to other kinases
with known substrate interactions regulating protein stability.

STARXMETHODS
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Matthew Lazzara (mlazzara@virginia.edu). All unique/stable
reagents generated in this study are available from the Lead Contact with a completed
Materials Transfer Agreement.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—All animal experiments were conducted according to protocols approved by the
University of Virginia Institutional Animal Care and Use Committee and performed in
accordance with NIH guidelines. For subcutaneous tumor models, NU/NU Nude mice
(strain code:088) were obtained from Charles River Laboratories. For intracranial brain
tumor models, BALB/c scid mice were obtained from The Jackson Laboratory (Stock No.
001803). All mice used for both tumor models were female, aged 4-8 weeks and weighed
20-25 g at the start of experiments. Mice were randomly assigned to experimental groups.
All mice were kept at 3-5 mice per cage and maintained under standard husbandry
procedures in a vivarium at the University of Virginia.
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Cell lines and Primary Cultures—Differentiated GBM cell lines, US7MG stably
expressing EGFRVIII (referred to as U87MG herein, source: Dr. Frank Furnari; male),
U118MG (source: ATCC catalog# HTB-15; male), U251 (source: Dr. Gary Kuo; male), and
T98G (source: ATCC catalog# CRL-1690; male), in addition to amphotropic Phoenix cells
(source: Dr. Gary Nolan; female) and 293FT (source: ATCC catalog# PTA-5077; female)
used for virus production, were maintained as adherent cultures in DMEM supplemented
with 10% fetal bovine serum (VWR), 1 mM L-Glutamine, 100 units/mL penicillin, and 100
pg/mL streptomycin (GIBCO). Glioma stem cells G88 (Mineo et al., 2016), G2 (Mineo et
al., 2016), and T3691 (Mathew et al., 2014) were maintained as suspension cultures in
Neurobasal Medium with B27 and N-2 supplements (GIBCO) with 50 ng/mL human
recombinant EGF (Peprotech) and human recombinant basic FGF (Peprotech). US7TMG,
U118MG, and U251 parental or transduced cell lines were tested for mycoplasma using the
MycoAlert system (Cambrex) and used within a maximum of 15 passages from testing. G2
and G88 cells were authenticated by short tandem repeat profiling within six months of their
use in live culture. All cells were kept in a humidified 5% CO, incubator at 37°C.

METHOD DETAILS

shRNA and ectopic expression vectors—Oligonucleotides for SPRY2-targeting short
hairpin RNA (shRNA) and corresponding non-targeting control ShRNA were previously
cloned into the lentiviral pSicoR-puro plasmid (Tyler Jacks, MIT) and used to generate
U87MG and U118MG cells stably expressing shRNA (Walsh et al., 2015). Oligonucleotides
for FGFR3 shRNA and corresponding non-targeting control ShRNA were cloned into the
lentiviral pLKO.1-puro plasmid (Broad Institute, The RNAi Consortium). shRNA sequences
are listed in Table S1. pPBABE-puro-FGFR3c-WT (Liao et al., 2013) was a gift from Dr.
Matthew Meyerson (Dana Farber Cancer Institute). Versions of the pPBABE-SPRY 2-hygro
vector, either with or without an N-terminal hemagglutinin (HA) tag, were subcloned from
pHM6-HA-SPRY 2 kindly provided by Dr. Tarun Patel (Yigzaw et al., 2001).

FIRE and CB-FIRE reporters cloning—pMSCV-NLS-mVenus-FIRE-puro and
pPMSCV-NLS-mCerulean-d2-puro (Albeck et al., 2013) were generously provided by Dr.
John Albeck (University of California Davis). The plasmid encoding Cerulean was modified
by replacing the puromycin resistance gene with a hygromycin B resistance gene, to allow
for selection of cells expressing both vectors. These vectors were further modified for
bioluminescence applications. Specifically, the gene encoding click beetle green (CBGreen)
luciferase was amplified using PCR primers compatible for insertion into pMSCV-NLS-
mVenus-FIRE-puro. The gene encoding for click beetle red (CBRed) luciferase was
amplified using PCR primers compatible for insertion into pMSCV-NLS-mCerulean-d2-
hygro. After PCR amplification, both the PCR amplification products and the fluorescent
protein containing vectors were digested, purified via agarose gel electrophoresis, and
ligated prior to transformation into competent £. coli. Restriction enzymes, T4 DNA ligase,
and Phusion® polymerase were all purchased from New England Biolabs. Subcloning
Efficiency DH5a competent cells were purchased from Invitrogen. All plasmids were
submitted for Sanger sequencing prior to retrovirus generation, to confirm successful
recombination of DNA sequences. Plasmids pNB777 and pNB778 containing the genes for
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CBGreen and CBRed (Mazo-Vargas et al., 2014) were provided by Nicolas Buchler (Duke
University).

Viral production and cell line engineering—Lentivirus was produced by calcium
phosphate-mediated co-transfection of 293FT cells with lentiviral plasmids (pSicoR-puro or
pLKO.1-puro) and viral packing vectors pPCMV-VSVg, pMDL-gp-RRE, and pRSV-Rev.
Virus was harvested 48 h post-transfection and used to infect target cells. Retrovirus was
similarly produced by calcium phosphate-mediated transfection of Amphotropic Phoenix
cells (Gary Nolan, Stanford University) with retroviral plasmids (pBABE or pMSCV). Virus
was harvested 48 h post-transfection and used to infect target cells. U87MG, U118MG,
T98G, and U251 cells transduced with virus were selected in 2 pg/mL puromycin or 150
pg/mL hygromycin B (Gemini Biosciences). G88 cells expressing retroviral luminescent
reporter constructs were generated similarly, but in the absence of FBS, and selected with 50
ug/mL puromycin or 300 ug/mL hygromycin B.

siRNA transfection—Commercially available siRNA for knockdown of FGFR1, FGFR3,
c-Jun, or SPRY2, in addition to control siRNA, was transfected using Lipofectamine
RNAIMAX (Thermo Fisher Scientific) according to the manufacturer-recommended
protocol. In brief, SIRNA was added to cells at a final concentration of 10 nM for 1-3 days
prior to treatment with inhibitors or lysis. Target sequences, vendors, and catalog numbers
for siRNAs can be found in Table S2.

Phospho-RTK antibody array—PathScan® RTK Signaling Antibody Array Kits were
purchased from Cell Signaling Technology and used according to manufacturer’s
recommendation. In brief, arrays were incubated with lysates overnight at 4°C, washed, and
incubated with a biotinylated detection-antibody cocktail at room temperature. Infrared dye-
conjugated streptavidin was added, and slides were scanned using a LI-COR Odyssey CLx
system.

Inhibitors and growth factors—Geftinib (LC Laboratories), CI-1040 (LC Laboratories),
PHAB65752 (Santa Cruz Biotechnology), PD173074 (ApexBio), JNJ-38877605 (Selleck
Chemicals), IKK-16 (Selleck Chemicals), crizotinib (Cell Signaling Technoloy), trametinib
(ApexBio), AZD4547 (ApexBio), and BGJ398 (ApexBio) were reconstituted in DMSO for
use /n vitro. Recombinant human FGF1 and FGF2 (PeproTech) were used at 50 ng/mL. FGF
incubation time was 5 min unless otherwise noted.

Western blotting—Whole-cell lysates were prepared in a standard cell extraction buffer
(Life Technologies) supplemented with protease and phosphatase inhibitors (Sigma).
Lysates were cleared by centrifugation at 20,000 x g for 10 min at 4°C, and total protein
concentrations were determined by micro-bicinchoninic assay (Thermo Fisher Scientific).
Approximately 20 pg of total protein was loaded per lane on 4%-12% gradient
polyacrylamide gels (Thermo Fisher Scientific) under denaturing and reducing conditions
and transferred to 0.2 um nitrocellulose membranes (Bio-Rad). After probing with
antibodies, membranes were imaged on a LI-COR Odyssey CLx system. Densitometry
measurements were calculated using Image Studio software version 5.2.5 (LI-COR).
Antibodies used for western blotting included pEGFR (Tyr 1068, #3777), EGFR (#2232),
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PMET (Tyr 1234/35, #3126), MET (#8198), pERK (Thr 202/Tyr 204, #4377), ERK (#4695),
SPRY?2 (#14954), HA (#2367), pFRS2a (Tyr 436, #3861), FGFR1 (#9740), FGFR3
(#4574), pNF-xB (Ser 536, #3033), NF-xB (#8242), pFRAL (Ser 265, #5841), pAKT (Ser
473, #4060), AKT (#9272), and c-Jun (#9165) from Cell Signaling Technology in addition
to GAPDH (sc-32233) from Santa Cruz Biotechnology. Infrared dye-conjugated secondary
antibodies for western blotting were purchased from Rockland Immunochemicals.

Quantitative reverse transcription PCR (qQRT-PCR)—RNA was extracted from cells
using the RNeasy kit (QIAGEN) with on-column DNase | digestion. Equal amounts of RNA
were reverse transcribed using the High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems). qRT-PCR was performed using SYBR Green PCR Master Mix (Applied
Biosystems) on an Applied Biosystems 7300 or StepOnePlus Real-Time PCR System.
Relative amounts of mMRNA were determined using the comparative Cy method using
GAPDH as an endogenous reference. gRT-PCR primer sequences are provided in Table S3.

Immunofluorescence microscopy and image analysis—Cells were plated on glass
coverslips and maintained in 6-well dishes during inhibitor treatments. After treatment, cells
were fixed in 4% paraformaldehyde in PBS for 20 min, followed by permeabilization with
0.25% Triton X-100 in PBS for 5 min, and stained overnight at 4°C with an anti-NF-xB
primary antibody (CST#8242) at the manufacturer’s recommended dilution. The next day,
samples were washed and stained with an anti-rabbit IgG conjugated to Alexa Fluor 594
(Thermo Fisher Scientific) and the DNA dye Hoechst (Thermo Fisher Scientific). Samples
were imaged at 20 x magnification using a Zeiss AxioObserver Z1 widefield microscope
and Axiocam 506 digital camera. To quantify NF-xB subcellular localization, nuclei were
selected using the Hoechst signal as a mask in the ImageJ software. The integrated density
of the NF-xB signal within this region was calculated and reported on a per cell basis. The
mean signal was reported for n > 100 cells, across three biological replicates, for each
condition.

NF-xB Chromatin Immunoprecipitation—Crosslinked chromatin was extracted from
cells using the SimpleChIP® Enzymatic Chromatin IP Kit (Cell Signaling Technology)
according to manufacturer recommendations. In short, cells treated with inhibitors were
fixed with 1% formalin for 10 min and lysed. Resulting crosslinked chromatin was
fragmented by partial digestion with Micrococcal Nuclease to a size of 1 to 5 nucleosomes.
8 ug of fragmented, crosslinked chromatin was incubated overnight at 4°C with 1 ug of
antibody against NF-xB (CST#8242) or 1gG control (CST#2729). Antibody-chromatin
complexes were harvested by addition of ChIP-Grade Protein G magnetic beads. Resulting
immunoprecipitated chromatin was analyzed via gPCR using primers designed to amplify
regions proximal to NF-xB binding sites in the FGF1 promoter. Percent input values were
calculated using C+ values for immunoprecipitated chromatin reactions and matched 2%

[CT (2% input) — C(IPsample)

input samples using the Equation 2% x 2 1. Primer binding regions

and sequences are listed in Table S4.

Flow cytometry—For cell death and reporter assays, cells were plated in 6-well dishes
and treated with inhibitors. At the end of an experiment, floating and adherent cells were

Cell Rep. Author manuscript; available in PMC 2020 December 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Day et al.

Page 15

collected, resuspended in PBS containing TO-PRO-3 (Thermo Fisher Scientific), and
analyzed within 1 h of collection on a BD Biosciences FACSCalibur or LSR 1l cytometer.
Data analysis was performed using FlowJo, FCS Express, or Flowing Software. An example
gating strategy for experiments combining live/dead staining with a fluorescent reporter is
provided in Figure S7A. In brief, cellular debris was excluded from analysis by gating on the
forward and side scatter dot plot. Within the whole cell population, live and dead cells were
gated based on TO-PRO-3 permeability and analyzed separately for m\enus and Cerulean
fluorescence. Untreated cells expressing only mVenus or Cerulean were used as software
compensation controls to correct for spectral overlap.

FGF1 ELISA—Conditioned medium collected from cells was centrifuged at 500 x gto
remove cellular debris and then used with the Human FGF-acidic Quantikine ELISA kit
(R&D Systems) according to manufacturer recommendations. FGF1 concentrations were
calculated using a standard curve of known FGF1 concentrations. Untreated (£=0 h)
conditioned medium samples were collected from cells grown in the absence of inhibitor for
the maximum treatment time to account for possible differences in cell number and secreted
factor accumulation over time.

Generation of resistant cells and MTS assay—To generate U87MG cells resistant to
gefitinib and PHA665752, cells were grown in medium containing 10 uM gefitinib + 3 pM
PHA665752 for > 2 months, with inhibitor replenishment every 3-5 days. Naive cells and
cells resistant to gefitinib and PHA665752 were then seeded in 96-well plates. After 24 h,
medium from each well was replaced with medium including the MTS reagent (Promega) at
the manufacturer-recommended concentration. Conversion of the MTS reagent into a
soluble formazan product was allowed to proceed for 1-4 h, after which the absorbance at
490 nm was measured. To ensure signal linearity, the absorbance was measured at three
different times. Values from the median time point were reported.

Single-molecule RNA fluorescence in situ hybridization (FISH)—Single-molecule
RNA FISH probes (Stellaris) against FGFZand SPRYZ2were conjugated to Atto647N and
Alexa Fluor 594, respectively, and purified via HPLC. Cells were plated on #1 LabTek
chambered coverglass, and, after various treatments, were fixed in 4% paraformaldehyde for
10 min, washed with 1X PBS, and permeabilized in 70% ethanol. RNA FISH probes were
hybridized and added to samples as described previously (Shaffer et al., 2017). Samples
were imaged at 63 x magnification using a Zeiss AxioObserver Z1 widefield microscope
and Axiocam 506 camera. Multiple zstack images were acquired across three biological
replicates per treatment condition to ensure single, representative z-slice images were
consistent with the entire cell. RNA FISH spots were counted using StarSearch (https://
rajlab.seas.upenn.edu/StarSearch/launch.html), and mVenus/Cerulean intensity was
quantified using ImageJ. Individual nucleotide sequences for single-molecule RNA FISH
probe sets are listed in Table S5.

IVIS Spectrum imaging and analysis—For /in vitro bioluminescence assays, cells were
plated in 96-well plates and treated with inhibitors as indicated. After treatment, cells were
incubated with 150 ug/mL p-luciferin (Gold Biotechnology) for 10-15 min prior to imaging.
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An IVIS Spectrum imager (Perkin EImer) was used to acquire images at six wavelengths
(540, 560, 580, 620, 640, and 660 nm), selected based on software-specified settings for
CBRed and CBGreen luciferases. Samples with expression of only one luciferase were used
as controls for the spectral unmixing performed by the Living Image software version 4.5.5
(Perkin Elmer). For in vivo assessment of tumor luminescence, mice were injected with p-
luciferin at 150 mg/kg, anesthetized, and imaged 10-15 min post injection. To confirm the
maximum luciferase emission plateau was reached, successive images were acquired from
5-20 min after luciferin injection.

For /in vivo experiments, one mouse with two independent tumors containing cells
expressing only one luciferase each was used as a control for the spectral unmixing. Since
the detected signal at each wavelength is a combination of the signals produced by the two
different types of luciferase, the imaging control mouse is necessary to determine the
emission spectra of CBGreen and CBRed independently. The images in Figure S7B of an
imaging control mouse demonstrate how most of the detected luminescence shifted from the
left to right tumor as wavelength increased, consistent with the expected emission
wavelengths of CBGreen and CBRed. This information was used to generate a normalized
emission spectrum, which was then used to unmix signals from tumors that lacked spatially
resolved green and red signal. Representative unmixed images of the imaging control
mouse, and another mouse with dual-luciferase expressing tumors, are shown in Figure S7C
and demonstrate the ability of the software to distinguish the green and red luciferase signals
from one another. While the magnitude of photon flux increased as the tumors grew
(demonstrated by the differences in y axis scaling in the spectra in Figure S7C), the
normalized spectra generated from images unmixed on separate days were practically
identical. Therefore, the software-based spectral unmixing algorithm reliably differentiated
CBRed from CBGreen luciferase throughout the study. For the data presented in Figure 6D,
tumors with a CBGreen intensity value lower than the negative control tumor, consisting
entirely of cells expressing only CBRed, were excluded from the analysis (excluded tumors
per group: vehicle, n = 0/8; G+P, n = 1/10; BGJ, n = 0/10; G+P+BGJ, n = 3/10).

Subcutaneous mouse tumor xenografts—1.0 x 10° engineered U87MG cells were
injected subcutaneously into each flank of 4-8-week-old, female, Nu/Nu mice (Charles
River). When tumors reached an average volume of 50-100 mm3, animals were randomly
assigned to treatment groups of gefitinib + PHA665752, BGJ398, gefitinib + PHA665752 +
BGJ398, or vehicle. Gefitinib and BGJ398 were resuspended in corn oil for oral
administration at a concentration of 100 mg/kg and 20 mg/kg, respectively. PHA665752 was
resuspended in an aqueous solution containing 1% dimethyl acetamide, 10% propylene
glycol, and 1.05 moles L-lactic acid per mole of PHA665752 and was delivered at 30 mg/kg
by intraperitoneal injection. Animals were treated three days per week. Tumors were
measured with calipers before and during treatment, and tumor volumes were calculated as
n/6 x A x B2, where Aand Bare the larger and smaller tumor diameters, respectively. In
addition, bioluminescence measurements using an IVIS Spectrum imager were performed
one or two times per week to assess changes in luciferase expression in response to the
different drug treatments. Excised tumors were homogenized in lysis buffer before western
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blotting. All experiments were approved by the University of Virginia Institutional Animal
Care and Use Committee and performed in accordance with NIH guidelines.

Intracranial mouse brain tumor xenografts—1,000 G88 cells were stereotactically
injected into the right striatum of 4-8-week-old, female, BALB/c scid mice (The Jackson
Laboratory). After recovery from the surgical procedure, animals were randomly assigned to
treatment groups of gefitinib + PHA665752, gefitinib + PHA665752 + BGJ398, or vehicle
control. Drugs were prepared as listed above for subcutaneous experiments, with the
exception of the concentration of BGJ398 (30 mg/kg). Animals were treated daily for five
days, followed by two days of rest, and an additional four days of treatment prior to
euthanasia. After the first five days of treatment, animals were imaged with an IVIS imager
as described above for subcutaneous experiments. For the data presented in Figure 6L, one
vehicle-treated animal was excluded from the analysis due to noted leakage of cells during
injection surgery (excluded tumors per group: vehicle, n = 1/4; G+P, n = 0/3; G+P+BGJ, n =
0/4). Harvested mouse brains were dissected into right (tumor-containing) and left (normal
tissue) hemispheres and homogenized separately in lysis buffer before western blotting. All
experiments were approved by the University of Virginia Institutional Animal Care and Use
Committee and performed in accordance with NIH guidelines.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed with a two-tailed Student’s t test calculated in
Microsoft Excel where significance was determined by a p-value < 0.05. The exact details of
these statistical comparisons, including values for n, are found in the figure legends. Unless
stated otherwise in the figure legend, all data are representative of results obtained from 3
independent replicates. The figure legends also list definitions for dispersion and precision
measurements, stating error bar definitions throughout. Rationale for instances of excluding
individual tumors from statistical comparisons for /77 vivo mouse data can be found within
the Method Details section above.

DATA AND CODE AVAILABILITY

This study did not generate or analyze datasets or code.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Glioblastoma cells evade EGFR and MET inhibition via FGFR-SPRY?2
bypass signaling

Autocrine FGFR signaling and SPRY 2 synthesis explains heterogeneous drug
response

FGFR blockade augments glioblastoma response to EGFR and MET
inhibition

A bioluminescent reporter tracks longitudinal ERK response to therapy /in
vivo
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Figure 1. ERK Reactivation Drives SPRY?2 Expression and Cellular Survival in Response to
EGFR and MET Inhibition

(A and B) U87MG (A) and U118MG cells (B) were treated for <48 h with 10 pM gefitinib
(G) + 3 UM PHAB65752 (P). Cell lysates were analyzed by western blotting using antibodies
against the indicated proteins, with signals quantified by densitometry and normalized to
values at =0 h.

(C) UB7TMG and U118MG cells were treated for 48 h with 10 UM G + 3 uM P, 10 uM
Cl-1040, G + P + CI-1040, or DMSO. Cell lysates were generated and analyzed by western
blotting using antibodies against the indicated proteins.

(D) For the same treatments in (C), cell death was measured by flow cytometry.

Throughout the figure panels, representative blot images are shown, and error bars indicate
means = SEMs for three replicates; *p < 0.05 for the indicated comparisons.
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Figure 2. SPRY2 Is Unique among ERK-Regulated Transcripts in Promoting Resistance to
EGFR and MET Inhibition

(A) UB7TMG and U118MG cells expressing control or SPRY2-targeting ShRNA were treated
for <48 h with 10 pM gefitinib (G) + 3 uM PHAG65752 (P). Cell lysates were analyzed by
western blotting using antibodies against the indicated proteins, with signals quantified by
densitometry and normalized to values at =0 h.

(B) For the same cell treatments for 48 h, cell death was measured by flow cytometry.(C)
U87MG cells were treated for <72 h with 10 uM G + 3 uM P, and RNA was extracted. qRT-
PCR was performed using primers against the indicated transcripts.

(D) U8B7MG cells were treated for <48 h with 10 UM G + 5 pM of the MET inhibitor
JNJ-38877605 (JNJ). Cell lysates were analyzed by western blotting using antibodies
against the indicated proteins, with signals quantified by densitometry and normalized to
values at £=0 h.

(E) UB7MG cells were transfected with SPRY2 or c-Jun siRNAs, or a control siRNA, for 24
h, and then treated with 10 uM G + 3 uM P or DMSO for 24 h. Cell death was quantified by
flow cytometry. From a parallel set of cells, lysates were prepared and analyzed by western
blotting.
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Throughout the figure panels, representative blot images are shown, and error bars indicate
means + SEMs for three replicates; *p < 0.05 for the indicated comparisons.
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(A) UB7TMG and U118MG cells were treated with 10 uM gefitinib (G) + 3 UM PHA665752

(P) for the indicated times. Lysates were prepared and incubated with antibody microa
with signals for UB7MG quantified by densitometry in Figure S3A.

(B) The U87MG lysates from (A) were analyzed by western blotting using antibodies
against the indicated proteins, with the pFRS2a signal quantified by densitometry and
normalized to values at #=0 h.

(C) UB7MG cells expressing control or FGFR3targeting ShRNA were treated with 10
+ 3 UM P or DMSO for 24 h. Cell lysates were analyzed by western blotting using

rrays,

uM G

antibodies against the indicated proteins. Cells treated in parallel for 48 h were analyzed by

flow cytometry for cell death.

Cell Rep. Author manuscript; available in PMC 2020 December 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Day et al.

Page 27

(D) UB7TMG cells transduced with a vector encoding an RNAi-resistant FGFR3 or an empty
vector (EV) were transfected with control or FGFR3-targeting siRNA for 48 h. Cells were
then treated for 24 h with 10 uM G + 3 uM P, and cell death was measured by flow
cytometry. Cell death data for DMSO-treated cells are shown in Figure S3E. In parallel,
untransfected cells were treated with 50 ng/mL FGF1 for 5 min, and cell lysates were
analyzed by western blotting using antibodies against the indicated proteins.

(E) UB7MG cells were treated for 24 h with 10 uM G + 3 uM P, 0.5 uM PD173074 (PD), G
+ P + PD, or DMSO. Lysates were analyzed by western blotting using antibodies against
indicated proteins, with the pERK signal quantified by densitometry and normalized to
DMSO-treated values. U87TMG, U118MG, and U251 cells were treated with the same
inhibitors for 48 h, and cell death was measured by flow cytometry.

(F) G88 cells were treated for 48 hwith 5 ypM G+ L uM P, 0.5 yM PD, G + P + PD, or
DMSO before lysis and western blot analysis. G88, T3691, and G2 cells were treated with
the same inhibitors for <72 h, and cell death was measured by flow cytometry.

(G) UB7TMG and U118MG cells were transfected with control or FGFR1-targeting SiRNA
for 48 h and then treated for 24 h with 10 pyM G + 3 uM P, or DMSO, and cell death was
measured by flow cytometry.

(H and 1) UB7MG cells (H) or T98G cells (1) were transduced with vectors encoding SPRY2
or an EV and treated for 24 h with 10 uM G + 3 yM P, 0.5 uM PD, G + P + PD, or DMSO.
Lysates were analyzed by western blotting using antibodies against indicated proteins.
Hemagglutinin (HA)-tagged SPRY 2 was used in U87MG cells to differentiate abundant
endogenous SPRY 2 from ectopic SPRY2.

(J) SPRY2-overexpressing U87MG or T98G cells were treated with the same inhibitors for
48 h, and cell death was measured by flow cytometry. Throughout the figure panels,
representative blot or array images are shown, and error bars indicate means + SEMs for
three replicates; *p < 0.05 for the indicated comparisons.
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Figure 4. FGF Ligands Are Expressed Due to NF-xB Activity
(A) UBTMG cells were treated with 10 pM gefitinib (G) + 3 uM PHA665752 (P) for the

indicated times, and RNA was extracted. qRT-PCR was performed using primers for FGF1
and FGF2. In parallel, conditioned medium was collected from cells treated with 10 pyM G +
3 UM P and analyzed for human FGF1 by ELISA.(B) The schematic shows the positions of
NF-xB and NF-xB1 binding sites (green) in the FGFI promoter relative to predicted FGF1
transcription start sites (red).

(C) UB7MG and U118MG cells expressing control or SPRYZ2-targeting ShRNA were treated
with 10 uM G + 3 uM P for <48 h. Cell lysates were analyzed by western blotting, with
pNF-xB signal quantified by densitometry.

(D) U87MG and U118MG cells were treated for 4 h with 10 yM G + 5 puM JNJ-38877605
(JNJ) or DMSO. Cells were stained for NF-xB and DNA. Quantification of NF-xB nuclear
intensity is shown in Figure S4C.

(E) UB7MG cells were treated with 10 yM G + 3 UM P, 0.5 uM IKK-16, G + P + IKK-16, or
DMSO for 6 h, and RNA was extracted. gRT-PCR was performed using primers for FGF1.
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(F) UB7TMG cells were similarly treated for 24 h. Lysates were analyzed by western blotting
using antibodies against the indicated proteins. Quantifcation of pERK by densitometry is
shown in Figure S4F.

(G) UB7MG and U118MG cells were similarly treated (24 h for UB7MG, 48 h for
U118MG), and cell death was measured by flow cytometry.

(H) G + P-resistant or -naive U87MG cells were treated with 10 yM G + P (10 nM-10 pM)
for 24 h. Cell viability was measured by MTS assay.

() RNA was extracted from G + P-resistant or -naive U87MG cells, and qRT-PCR was
performed using primers for FGFIand FGF2.

(J) G + P-resistant or -naive U87MG cells were treated with 10 uM G + 3 uM P or 0.5 uM
PD173074 (PD) for 4 h. Cell lysates were analyzed by western blotting using antibodies
against the indicated proteins. In parallel, G + P-resistant cells were treated with G + P, PD,
G + P + PD, or DMSO for 48 h, and cell death was measured by flow cytometry.
Throughout the figure panels, representative blot images are shown, and error bars indicate
means + SEMs for three replicates; *p < 0.05 and **p < 0.01 for comparison to £=0 h,
unless comparison indicated.
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Figure 5. Single-Cell Measurements Reveal That Cell-to-Cell Variability in FGF-Driven
Autocrine Signaling Explains Heterogeneous Cell Responses to the Inhibition of EGFR and MET

(A) The schematic shows the domain structures of the FIRE reporters designed by Albeck et
al. (2013) (mVenus, ERK regulated; cerulean, control). U87MG cells expressing the
reporters were treated with 10 uM gefitinib (G) + 5 uM JNJ-38877605 (JNJ), 0.5 uM
AZDA4547 (AZD), G + JNJ + AZD, or DMSO for 24 h. The square bracket indicates a
population of cells for the G + JNJ + AZD condition displaying mVenus fluorescence
consistent with untransduced parental cells. Italicized values indicate the average geometric
mean fluorescence intensities for three separate histograms per sample or condition.

(B) UB7MG cells expressing FIRE reporters were treated for 24 h with 10 yM G + 5 uM JNJ
+ 0.5 UM AZD, and cell death was measured by flow cytometry. FIRE intensity, normalized
to live cells, are shown for TO-PRO-3~ (live) or TO-PRO-3* (dead) cells. Representative
histograms for mVenus signal distributions are shown. Median signals were used to compute
mVenus-cerulean intensity ratios.
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(C) Representative images of a single U87MG cell with single-molecule RNA FISH probes
recognizing SPRY?2 or FGF2 mRNA are shown. Dotted lines indicate representative cell
boundaries used for quantifying single-molecule RNA FISH spots per cells.

(D) U87MG cells expressing the FIRE reporter were treated for 24 h with 10 yM G + 5 pM
JNJ before single-molecule RNA FISH probe hybridization. Cerulean and mVenus
intensities, in addition to single-molecule RNA FISH spot counts, were calculated for n >
100 cells across 3 biological replicates. SPRY2and FGF2single-molecule RNA FISH spot
counts for lowest- or highest-quartile FIRE populations are plotted.

(E) Representative images of cells treated for 24 h with G + JNJ, including cells with both
high (1) and low (2) FIRE intensities, show differences in single-molecule RNA FISH
signals with respect to FIRE intensity. Quantification of matched DMSO-treated cells are
found in Figure S5D.

Throughout the figure panels, representative images are shown, and error bars indicate
means + SEMs of three replicates, unless otherwise noted; *p < 0.05 for the indicated
comparisons.
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Figure 6. FGFR-ERK-SPRY2 Bypass Signaling Drives Resistance to EGFR and MET Inhibition
In Vivo

(A) The design of click beetle (CB) luciferase-based reporters of ERK activity (CB-FIRE
system) was based on the design of the FIRE reporter system. Bioluminescent imaging of
cells expressing the CB-FIRE reporters (CBGreen, ERK dependent; CBRed, control) with
spectral unmixing allowed for the simultaneous detection of signals from both luciferases.
(B) UB7MG cells expressing CB-FIRE reporters were treated with 10 uM gefitinib (G) + 3
UM PHAB65752 (P) £ 0.5 uM PD173074 (PD) for the indicated times before the addition of
p-luciferin and bioluminescent imaging.

(C) Subcutaneous xenograft tumors were formed in mice using U87MG cells expressing the
CB-FIRE reporters, and mice were imaged 8 days after starting indicated treatments (G, 100
mg/kg; P, 30 mg/kg; BGJ398 [BGJ], 20 mg/kg). Representative images of unmixed
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luciferase signals, with radiance pseudo-colored for qualitative comparison or as a heatmap
for quantitative comparison, overlaid with photographs of animals are shown.

(D) CBGreen-CBRed photon flux values, normalized to values for vehicle treatments are
shown for 3, 8, or 16 days after treatment began.

(E) Tumor volumes were measured every 2 to 3 days for <29 days after cell injection (n = 10
tumors for each treatment group). Indicated statistical comparisons are for final tumor
volumes. Arrow indicates treatment start.

(F) Representative excised tumors from each group are shown. Scale bar, 10 mm.

(G) Tumor lysates (n = 3 per group) were analyzed by western blotting using antibodies
against the indicated proteins, with signals quantified by densitometry.

(H) Subcutaneous xenograft tumors were formed in mice using U87MG cells expressing
HA-tagged SPRY?2 (HA-SPRY?2) or transduced with empty vector (EV), and mice were
treated with the indicated treatments (G, 100 mg/kg; P, 30 mg/kg; BGJ, 20 mg/kg). Tumor
volumes were measured every 3 days for <20 days after cell injection (n = 8 tumors for each
treatment group). The indicated statistical comparisons are between vehicleand G + P +
BGJ group tumor volumes. The arrow indicates treatment start. Representative excised
tumors from each group are shown. Scale bar, 10 mm.

(1) Tumor lysates (n = 3 per group) were analyzed by western blotting using antibodies
against the indicated proteins, with signals quantified by densitometry.

(J) Orthotopic xenograft tumors were generated in mice using G88 cells expressing the CB-
FIRE reporters. Mice were treated daily (5 days on, 2 days off, 4 days on) with the indicated
treatments (G, 100 mg/kg; P, 30 mg/kg; BGJ, 30 mg/kg) before euthanasia and harvest of
mouse brain hemispheres containing tumors. Lysates generated from mouse brains (n = 4 for
vehicle and G + P + BGJ; n = 3 for G + P) were analyzed by western blotting using
antibodies against the indicated proteins, with signals quantified by densitometry.

(K) Representative images of unmixed, CBRed luciferase signals from mice treated as
described. The range of luminescence values for heatmap images was chosen to demonstrate
the differences between vehicle and G + P + BGJ-treated animals most clearly. Quantified
bioluminescence intensities (BLI) plotted as photons per second (p/s) are shown.
Throughout the figure panels, representative images are shown, and error bars represent
means £ SEMs. *p < 0.05 or **p < 0.01 for comparisons against vehicle control.
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Figure 7. ERK and SPRY2 Are at the Center of a Bypass Resistance Mechanism That Enables
GBM Cells to Evade Treatment with EGFR and MET Inhibitors

In the model of signaling regulation proposed here, combined inhibition of EGFR and MET
abrogates ERK and AKT activities, but the effect on ERK is short-lived. Activation of NF-
kB promotes FGF1 and FGF2 production and autocrine activation of FGFR. The resultant
reactivation of ERK drives SPRY2 expression and rescues GBM cells from death. The
dashed boxes indicate proteins that, when targeted in combination with EGFR and MET,
could be useful targets to pursue in future combinatorial strategies.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Phospho-EGF Receptor (Tyr1068) (D7A5) XP Rabbit mAb
EGF Receptor

Phospho-Met (Tyr1234/1235)

Met (D1C2) XP Rabbit mAb

Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (197G2)
Rabbit mAb

p44/42 MAPK (Erk1/2) (137F5) Rabbit mAb

Spry2 (D3G1A) Rabbit mAb

Phospho-FRS2-alpha (Tyr436)

FGF Receptor 1 (D8E4) XP Rabbit mAb

FGF Receptor 3 (C51F2)

Phospho-NF-KappaB p65 (Ser536) (93H1) Rabbit mAb
NF-kappaB p65 (D14E12) XP Rabbit mAb

Phospho-FRAL (Ser265) (D22B1) Rabbit mAb
Phospho-Akt (Ser473)

Akt antibody

c-Jun (60A8) Rabbit mAb

HA-Tag (6E2) Mouse mAb

GAPDH (6C5) antibody

Goat Anti-Mouse 1gG Antibody, IRDYE700DX Conjugated
Goat Anti-RABBIT 1gG Antibody DyL ight 800 Conjugated

Goat anti-Rabbit 1gG (H+L) Cross-Adsorbed Secondary
Antibody, Alexa Fluor 594

Normal Rabbit IgG antibody

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Santa Cruz Biotechnology
Rockland Immunochemicals
Rockland Immunochemicals

Thermo Fisher Scientific

Cell Signaling Technology

RRID:AB_2096270
RRID:AB_331707
RRID:AB_331713
RRID:AB_10858224
RRID:AB_331775

RRID:AB_390779
RRID:AB_2798658
RRID:AB_2231950
RRID:AB_11178519
RRID:AB_2246903
RRID:AB_331284
RRID:AB_10859369
RRID:AB_10835210
RRID:AB_2315049
RRID:AB_329827
RRID:AB_2130165
RRID:AB_10691311
RRID:AB_627679
RRID:AB_220121
RRID:AB_1660964
RRID:AB_2534079

RRID:AB_1031062

Bacterial and Virus Strains

Subcloning Efficiency DH5a Thermo Fisher Scientific Cat # 18265017
Chemicals, Peptides, and Recombinant Proteins

Gefitinib LC Laboratories Cat # G-4408
PHA665752 Santa Cruz Biotechnology Cat # sc-203186
CI-1040 LC Laboratories Cat # P-8499
PD173074 ApexBio Cat # A8253
JNJ-38877605 Selleck Chemicals Cat#S1114
IKK-16 Selleck Chemicals Cat # 52882
crizotinib Cell Signaling Technology Cat # 4401
trametinib ApexBio Cat # A3018
AZDA4547 ApexBio Cat # A8350
BGJ398 ApexBio Cat # A3014
Recombinant human FGF1 Peprotech Cat # 100-17A
Recombinant human FGF2 Peprotech Cat # AF-100-18B

Cell Rep. Author manuscript; available in PMC 2020 December 09.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Day et al.

Page 36

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Recombinant human EGF
D-luciferin

TO-PRO-3

Lipofectamine™ RNAIMAX
Puromycin

Hygromycin B

Peprotech

Gold Biotechnology
Thermo Fisher Scientific
Thermo Fisher Scientific
Gemini Biosciences

Gemini Biosciences

Cat # AF 100-15
Cat# LUCNA-1G
Cat # T3605

Cat # 13778500
Cat # 400-128P
Cat #400-123

Critical Commercial Assays

SimpleChIP® Enzymatic Chromatin IP Kit
PathScan RTK Signaling Antibody Array Kit

Cell Signaling Technology
Cell Signaling Technology

Cat # 9003
Cat # 7949

Human FGF-acidic Quantikine ELISA kit R&D Systems Cat # DFA00B
CellTiter 96® AQ,e0us Non-Radioactive Cell Proliferation Promega Cat # G5421
Assay (MTS)

Pierce BCA Protein Assay Kit Thermo Fisher Scientific Cat # 23225
Experimental Models: Cell Lines

UB7MG stably expressing EGFRVIII (referred to as US7TMG Dr. Frank Furnari N/A

herein)

U251 Dr. Gary Kuo N/A

U118MG ATCC RRID:CVCL_0633
T98G ATCC RRID:CVCL_0556
G88 (Mineo et al., 2016) N/A

G2 (Mineo et al., 2016) N/A

T3691 (Mathew et al., 2014) N/A

Amphotropic Phoenix cells Dr. Gary Nolan N/A

293FT ATCC RRID:CVCL_6911

Experimental Models: Organisms/Strains

NU/NU Nude mouse
BALB/c scid mouse

Charles River

The Jackson Laboratory

Strain code: 088
Stock No: 001803

Oligonucleotides

pLKO.1-control sShRNA, targeting sequence:
ATCACAGAATCGTCGTATGCA

pLKO.1-FGFR3 shRNA-A; targeting sequence:
TGCGTCGTGGAGAACAAGTTT

pLKO.1-FGFR3 shRNA-B; targeting sequence:
GACAAGGAGCTAGAGGTTCTC

pSicoR-control sShRNA, targeting sequence:
GTCATATAGACCATAGTTA

pSicoR-SPRY2 shRNA, targeting sequence:
GATGCATATGTCCAATATA

siRNA targeting FGFR1

siRNA targeting FGFRS3, c-Jun, NF-xB

siRNA targeting SPRY2
qRT-PCR primers
NF-kB ChIP primers for FGFI1 promoter

This paper; See Table S1

This paper; See Table S1

This paper; See Table S1

(Walsh et al., 2015); See Table S1

(Walsh et al., 2015); See Table S1

Thermo Fisher Scientific; See Table
S2

Santa Cruz Biotechnology; See Table

S2

Dharmacon (GE); See Table S2
This paper; See Table S3

This paper; See Table S4
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REAGENT or RESOURCE SOURCE IDENTIFIER
Single-molecule RNA FISH probes for SPRY2and FGF2 Dr. Arjun Raj; See Table S5 for Stellaris
complete sequences
Recombinant DNA
pSicoR-puro Dr. Tyler Jacks N/A
pLKO.1-puro Broad Institute, The RNAI N/A
Consortium
pMSCV-NLS-mVenus-FIRE-puro (Albeck et al., 2013) N/A
pMSCV-NLS-mCerulean-d2-hygro This paper N/A
pMSCV-NLS-CBGreen-FIRE-puro This paper N/A
pMSCV-NLS-CBRed-d2-hygro This paper N/A
pBABE-puro-FGFR3c-WT (Liao et al., 2013) Addgene #45711
pBABE-HA-SPRY 2-hygro This paper N/A
pBABE-SPRY 2-hygro This paper N/A
pHM6-HA-SPRY2 (Yigzaw et al., 2001) N/A
pCMV-VSVg Dr. Mehul Shah N/A
pMDL-gp-RRE Dr. Mehul Shah N/A
pRSV-Rev Dr. Mehul Shah N/A
pNB777 (Mazo-Vargas et al., 2014) Addgene #60153
pNB778 (Mazo-Vargas et al., 2014) Addgene #60154

Software and Algorithms

ImageJ
Living Image version 4.4.5

StarSearch RNA FISH software

Image Studio software version 5.2.5

Schneider et al., 2012
Perkin Elmer

Dr. Arjun Raj

LI-COR

https://imagej.nih.gov/ij/
RRID:SCR_014247

https://rajlab.seas.upenn.edu/

StarSearch/launch.html

RRID:SCR_015795

Cell Rep. Author manuscript; available in PMC 2020 December 09.


https://imagej.nih.gov/ij/
https://rajlab.seas.upenn.edu/StarSearch/launch.html
https://rajlab.seas.upenn.edu/StarSearch/launch.html

	SUMMARY
	Graphical Abstract
	In Brief
	INTRODUCTION
	RESULTS
	ERK Phosphorylation and SPRY2 Expression Are Only Transiently Suppressed in Response to EGFR and MET Inhibition
	Resurgent Expression of SPRY2, Driven by ERK Reactivation, Is Critical for Resistance to EGFR and MET Inhibition
	ERK-Mediated SPRY2 Re-expression Is Driven by the Activation of FGFR Family Members
	FGFR Activation in Response to EGFR and MET Inhibition Results from an NF-κB-Mediated Upregulation of FGF Ligands
	Activation of the FGFR-ERK-SPRY2 Signaling Axis Explains Heterogeneous Cellular Responses to RTK Inhibition
	A Bioluminescent Reporter of ERK Activity Demonstrates Relevance of FGFR-ERK-SPRY2-Mediated Bypass Resistance In Vivo

	DISCUSSION
	STAR★METHODS
	LEAD CONTACT AND MATERIALS AVAILABILITY
	EXPERIMENTAL MODEL AND SUBJECT DETAILS
	Mice
	Cell lines and Primary Cultures

	METHOD DETAILS
	shRNA and ectopic expression vectors
	FIRE and CB-FIRE reporters cloning
	Viral production and cell line engineering
	siRNA transfection
	Phospho-RTK antibody array
	Inhibitors and growth factors
	Western blotting
	Quantitative reverse transcription PCR (qRT-PCR)
	Immunofluorescence microscopy and image analysis
	NF-κB Chromatin Immunoprecipitation
	Flow cytometry
	FGF1 ELISA
	Generation of resistant cells and MTS assay
	Single-molecule RNA fluorescence in situ hybridization (FISH)
	IVIS Spectrum imaging and analysis
	Subcutaneous mouse tumor xenografts
	Intracranial mouse brain tumor xenografts

	QUANTIFICATION AND STATISTICAL ANALYSIS
	DATA AND CODE AVAILABILITY

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Table T1

