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ABSTRACT All receptor tyrosine kinases (RTKs) activate similar downstream signaling path-
ways through a common set of effectors, yet it is not fully understood how different recep-
tors elicit distinct cellular responses to cause cell proliferation, differentiation, or other cell
fates. We tested the hypothesis that regulation of SRC family kinase (SFK) signaling by the
scaffold protein, PAG1, influences cell fate decisions following RTK activation. We generated
a neuroblastoma cell line expressing a PAG1 fragment that lacks the membrane-spanning
domain (PAG1™) and localized to the cytoplasm. PAG1™- cells exhibited higher amounts of
active SFKs and increased growth rate. PAG1™- cells were unresponsive to TRKA and RET
signaling, two RTKSs that induce neuronal differentiation, but retained responses to EGFR and
KIT. Under differentiation conditions, PAG1™- cells continued to proliferate and did not ex-
tend neurites or increase B-lll tubulin expression. FYN and LYN were sequestered in multive-
sicular bodies (MVBs), and dramatically more FYN and LYN were in the lumen of MVBs in
PAG1™ cells. In particular, activated FYN was sequestered in PAG1™- cells, suggesting that
disruption of FYN localization led to the observed defects in differentiation. The results dem-
onstrate that PAG1 directs SFK intracellular localization to control activity and to mediate
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signaling by RTKs that induce neuronal differentiation.

INTRODUCTION

Precise temporal and spatial control over cell signaling pathways is
necessary to coordinate diverse cell responses to extracellular sig-
nals (Irannejad et al., 2015; Bergeron et al., 2016; Lemmon et al.,
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2016). Receptor tyrosine kinases (RTKs) initiate intracellular signaling
pathways after binding extracellular ligands at the plasma mem-
brane, which typically induces receptor homodimerization and
transphosphorylation of tyrosine residues on the cytoplasmic tail of
dimer partners (Lemmon and Schlessinger, 2010). Phosphorylated
tyrosine residues on RTKs act as platforms for the recruitment of
adaptor proteins to activate four downstream canonical cell signal-
ing pathways: RAS/MAPK, PI3K, PLC-y, and SRC Family Kinases
(SFKs). Different RTKs elicit different cell responses, however, and
not all RTKs activate each pathway to the same extent (Marshall,
1995; Chen et al., 2012b). How different receptors initiate and ter-
minate a cascade of effector signals with precise sequence and tim-
ing to elicit a particular cell response remains unclear.

The SFK familly comprises nine members in humans: SRC, YEST,
FYN, FGR, FRK, LYN, BLK, HCK, and LCK. SFKs have a modular
domain structure and are composed of a unique N-terminal region
termed the SRC Homology 4 domain (SH4), an SH3 domain, an SH2
domain, an SH1 catalytic/kinase domain, and a short regulatory tail.
SH2 and SH3 domains bind to phosphorylated tyrosine residues
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and proline-rich regions, respectively (Mayer, 2015). This domain
structure, similar to SH2/SH3 adaptor proteins, links SFKs to a large
interactome tuned to phosphotyrosine signals, propagated through
their tyrosine kinase activity, which is governed by both activating
and inhibitory phosphorylation (Harrison, 2003; Pawson, 2004,
Sandilands and Frame, 2008). Myristoylation and palmitoylation on
the N-terminal region recruits SFKs to membrane surfaces, includ-
ing the plasma membrane, endosomes, Golgi, and endoplasmic
reticulum, although a pool of SFKs remains cytosolic (Alland et al.,
1994, Hantschel et al., 2003). SFKs are thus signaling hubs whose
activity can be placed on a variety of intracellular membranes to link
upstream RTK signaling to the appropriate effector pathways.

Our previous work pointed to the dynamic intracellular localiza-
tion of two members of the SRC family of tyrosine kinases, FYN
and LYN, as potential means to control RTK effector pathways in
cells from the neural crest-derived cancer, neuroblastoma. In a
phosphoproteomic study, we combined fractionation of mem-
brane compartments including endosomes and detergent-resis-
tant lipid rafts (McCaffrey et al., 2009; Pryor et al., 2012) with large
scale analysis of 21 neuroblastoma cell lines (Palacios-Moreno
et al., 2015). Neuroblastoma cells express more than half of the
RTKs in the human genome, which suggests that mechanisms to
discern different receptors’ signals, and integrate them when more
than one receptor is activated, must play a role in cell fate deci-
sions in neural crest and neuroblastoma, as for other tissues in mul-
ticellular organisms (Iglesias-Bartolome and Gutkind, 2011; Chen
et al., 2012a; Schwarz et al., 2012; Theveneau and Mayor, 2012).
Different RTKs were enriched in endosomes and lipid rafts in differ-
ent cell lines (Palacios-Moreno et al., 2015). Similarly, SFK family
members, mainly FYN and LYN (and to a lesser extent SRC and
YES1), phosphorylated on both activating and inhibitory sites,
were enriched in different endosome populations and plasma
membrane fractions with distinct distributions in different neuro-
blastoma cell lines (Palacios-Moreno et al., 2015). FYN and LYN
activity and localization change in response to activation from dif-
ferent RTKs, which suggests that a mechanism must exist to tailor
SFK relocalization to elicit a particular response (Palacios-Moreno
et al., 2015).

We also observed enrichment of PAG1 (phosphoprotein associ-
ated with glycosphingolipid-enriched microdomains 1) in both en-
dosomes and lipid rafts (Palacios-Moreno et al., 2015). PAG1 is a
scaffold protein composed of a very short extracellular N-terminal
domain, a transmembrane domain, and a long intracellular cyto-
plasmic domain. PAG1's cytoplasmic tail is rich in phosphorylation
sites and potential docking sites for interactions with SFKs, phos-
phatases, and trafficking machinery (Barua et al., 2012). PAG1
binds SFKs and regulates their activity by facilitating the interaction
with C-terminal SRC kinase (CSK) (Kawabuchi et al., 2000; Ingley
et al., 2006; Oneyama et al., 2008; Lindquist et al., 2011). Docking
of both CSK and SFKs on PAG1 brings them in proximity where
CSK phosphorylates SFKs on C-terminal inhibitory tyrosine resi-
dues (Lindquist et al., 2003; Solheim et al., 2008a; Saitou et al.,
2014). Due to its known functions and presence in lipid rafts and
endosomes, we hypothesized that PAG1 may direct SFK intracel-
lular location as well as activity, and that this mechanism may play
a role in distinguishing cell signaling responses to different
receptors.

Here we investigate cell signaling mechanisms that distinguish
RTK signals that cause proliferation versus differentiation in neu-
roblastoma cell lines. We show that generation of a neuroblas-
toma cell line expressing a PAG1 mutant lacking the transmem-
brane domain (PAG1™") resulted in enhanced tumorigenic

2270 | L. Foltzetal

phenotypes: anchorage-independent growth and proliferation.
PAG1™.-expressing cells failed to respond to differentiative sig-
naling, while maintaining responses to oncogenic receptors. We
show that cells sequestered FYN and LYN in the lumen of multive-
sicular bodies (MVBs), and that this process was disrupted in
PAG1™- cells, which exhibited high amounts of active FYN, and
inactive LYN, sequestered in MVBs. Our findings indicate that
PAG1 regulates the intracellular localization and activity of FYN
and LYN to convey signaling instructions from RTKs that cause
neuronal differentiation.

RESULTS

To examine the role of PAG1 in SFK regulation, we aimed to gen-
erate human neuroblastoma PAG1 knockout cell lines using lenti-
viral delivery of CRISPR/Cas? plasmids. Sequencing results after
transduction and selection of SH-SY5Y cells indicated a heterozy-
gous frame shift mutation in Exon 5 of the PAG1 gene that re-
sulted in a stop codon shortly downstream (Figure 1, A and B). We
expected reduced expression; however, a mutant PAG1 protein
that lacks the transmembrane domain was detected by Western
blot and mass spectrometry analysis (PAG1™:; Figure 1C). This
protein was not bound to membranes, was absent in endosomes,
and strictly located to cytosol fractions (Figure 1D). WT PAG1 was
localized in endosome fractions that migrated to the lower half of
the gradient (Figure 1D). The data suggest that the soluble, cyto-
plasmic PAG1™- protein was translated starting from one of two
downstream methionine residues that have Kozak consensus se-
quences and predicted protein products that are truncations of
the wild-type (WT) protein (Wang et al., 2002; Mou et al., 2017;
Sharpe and Cooper, 2017). All PAG1 peptides identified by mass
spectrometry lie within the range of the predicted truncated pro-
tein (Supplemental Table S1).

We hypothesized that PAG1™-expressing cells would have dis-
rupted regulation of SFKs and other signaling proteins downstream
of RTK signaling. To test this, we determined the SFK activation
status of individual neuroblastoma cells using flow cytometry. We
assessed total SFK phosphorylation using an antibody that recog-
nizes the activating phosphorylation site (pY416), and found that the
PAG1™- cell population had nearly twice the amount of active SFKs
compared with WT cells (Figure 1E), suggesting that the mutant
PAG1 is deficient in its ability to control SFK activity. The generation
of PAG1™-expressing cells presented a unique opportunity to
study the effect of dysregulated SFK activity on cell growth, differen-
tiation, and cell signaling pathways, without directly affecting SFK
structure or binding capabilities.

PAG1™- enhanced growth rate in neuroblastoma cells and
reduced the effect of the SFK inhibitor PP2

To compare the growth of PAG1™- and WT SH-SY5Y cells, we em-
ployed the MTT assay, which determines cell growth by measuring
mitochondrial enzyme activity. PAG1™- grew faster than WT SH-
SYSY cells (Figure 2A). Because growth rate measurements have
been shown to fluctuate, even within the same cell line, we used a
more robust method described by Hafner et al. (2016) to compare
growth rates. In the equation described by Hafner et al. (2016),
growth rate index (GRI) = 2R/R-1, where R = WT growth rate and R’
= PAG1T™ growth rate (see complete formulae in Materials and
Methods). A GRI of median 2.9, mean 4.5 clearly indicates that
PAG1™- cells grow faster than WT cells (Figure 2B). To further char-
acterize changes in proliferation rate due to overactive SFK signal-
ing, we treated cells with a small molecule SFK inhibitor, PP2. PP2 is
very active against LCK and FYN, but less active against SRC and
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FIGURE 1: SH-SY5Y cells expressing cytosolic PAG1 (PAG1™) were generated using CRISPR/Cas9. (A) WT PAG1 has a
small extracellular N-terminal region, transmembrane domain (TM), and long intracellular C-terminal tail. Several
phosphorylated residues and proline-rich regions (PRR, PXXP motif, green) act as docking sites for protein—protein
interactions. Phosphorylated Y163/Y181 and Y387/417 (blue) are binding sites for FYN and LYN SH2 domains, respectively
(Ingley et al., 2006; Solheim et al., 2008a, b; Barua et al., 2012). (B) CRISPR sgRNA recognition site is highlighted in green.
Sequencing results indicated a single base pair insertion that resulted in a stop codon to generate a heterozygous PAG1-

SH-SY5Y cell line (red). (C) Met residues upstream of the detected peptides

act as alternate translation start sites to

produce the cytosolic PAG1 product (PAG1™). PAG1 peptides were detected via mass spectrometry on PAG1- cell lines
(amino acid numbers are indicated in black). (D) Organelle fractionation comparing the endosomal distribution of WT
PAG1 vs. PAG1™-. Fractions were taken from 25% to 2.5% iodixanol gradients and decrease in density from left to right.
L, biotinylated ladder. PAG1 is extensively posttranslationally modified in WT cells and displays multiple bands on Western
blots; in PAG1™, a single band is visible, suggesting few such modifications. (E) Levels of activated SFKs were increased
in PAG1™-expressing SH-SY5Ys (blue) compared with WT SH-SY5Y cells (red). Cells were stained with a pSFK antibody
recognizing the activating phosphorylation site conserved in several SFKs, and pSFK fluorescence was measured by flow
cytometry. Results are representative of at least three independent experiments.

LYN (Hanke et al., 1996; Brandvold et al., 2012). Figure 2C com-
pares the growth rates of WT and PAG1™- cells treated with PP2
compared with their respective vehicle controls. The data indicate
that PP2 did not greatly affect the growth rate of PAG1™" cells, but
did significantly reduce WT cell growth (Figure 2C, WT GRI < 0.6 at
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5 and 0.5 uM PP2). Since PAG1™- cells had increased SFK activity
and were less sensitive to the SFK inhibitor PP2 than WT cells, this
suggests that disruption of PAG1 function probably affects more
than one SFK, and that PP2-sensitive SFKs are not driving cell prolif-
eration in PAG1™ cells.

PAG1 and FYN in differentiation | 2271
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FIGURE 2: PAG1™- expression enhanced growth rate and desensitized cells to the SFK
inhibitor PP2. (A) Box plots of MTT growth rates with individual data points shown from WT
SY5Y and PAG1™- cells. (B, C) GRI was calculated as described in Hafner et al. (2016; described
in Materials and Methods). (B) GRIs comparing SY5Y WT to PAGT™ cells. (C) GRIs calculated
from SYSY WT (gray) and PAGT™- (red) cells treated with PP2 at the indicated concentrations.
The p values from 8 (A, B) or 5 (C) independent experiments are indicated: *< 0.05, *** <0.0005,

*xxke 2.2 X 10716 (Welch two-sample t test).

PAG1™- cells exhibited increased anchorage-independent
growth

We next asked whether PAG1™- expression contributed to the gain
of transformed tumorigenic phenotypes as measured by colony
growth in soft agar. PAG1™" cells exhibited increased colony forma-
tion in soft agar compared with WT cells (Figure 3, A and B). Cells
expressing PAG1™- formed more total colonies than WT cells, and
PAG1™- colonies were much larger, consistent with the increased cell
division noted above. PP2 treatment did not significantly affect colony
formation for PAG1™--expressing cells, but did decrease the number
and size of colonies formed by WT cells (Figure 3A). These findings
are consistent with previously reported experiments using siRNA
knockdown of PAG1 (Oneyama et al., 2008; Agarwal et al., 2016).

PAG1™- prevented differentiation of SH-SY5Y
neuroblastoma cells

Different RTKs induce distinct cell fate decisions that are mediated
by SFK signaling and other pathways. Because increases in tumori-
genicity and proliferation are typically accompanied by deficits in
differentiation, we hypothesized that disrupting SFK activation by
expression of the PAG1™- mutant would also disrupt differentiation.
We used neurite extension and expression of B-lIl tubulin as assays
for differentiation. We measured neurite length after exposing cells
to a combination of retinoic acid (RA) and nerve growth factor (NGF),
which induces neuronal differentiation in neuroblastoma cell lines
(Shipley et al., 2016). SH-SY5Y cells normally respond to these li-
gands by slowing cell division and extending neurites (Figure 4, A
and B). PAG1™-expressing cells did not extend neurites under dif-
ferentiation conditions, whereas control SH-SY5Ys displayed signifi-
cant increases in neurite length (Figure 4A). Similarly, we assessed
cellular levels of B-Ill tubulin by flow cytometry after growth in differ-
entiation-inducing media. B-lll tubulin is a neuron-specific tubulin
whose expression is induced by neuronal differentiation (Figure 4C;
Guo et al., 2010). PAG1™- cells did not increase B-IIl tubulin expres-
sion after exposure to differentiation conditions (blue), whereas WT
cells displayed robust induction of expression (red; Figure 4C). The
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normal slowing of the cell division cycle on
differentiation was also disrupted in mutant
cells. While the majority of WT cells re-
mained in GO/G1, PAG1™" cells had higher
percentages of cells in S and G2/M stages of
the cell cycle while exposed to these differ-
entiation conditions, suggesting frequent
cell division (Figure 4, D and E). These results
suggest that PAG1™- SH-SY5Ys are not ca-
pable of inducing cell signaling mechanisms
that promote neuronal differentiation.
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Because PAG1™- cells exhibited enhanced
growth rate and defects in differentiation,
we hypothesized that downstream cell sig-
naling responses to different RTKs would
reflect these characteristics. We asked
whether changes in SFK signaling by
PAG1™- expression affected the activation
of the RAS/MAPK pathway. We assessed
the activation of ERK and SFKs for both
WT and PAG1™-expressing SH-SY5Y
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FIGURE 3: PAG1™- enhanced anchorage-independent growth.

(A) Soft agar assay of WT vs. PAG1™-expressing SH-SY5Y cells. After
7 d, control or PP2-treated (5 uM) cells were imaged and colony sizes
were binned into three categories (0.5 mm?, 0.5-1 mm?, and 1 mm?),
n = 3. (B) Representative images of colonies quantified in A for each
condition. Scale bar =1 mm.
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FIGURE 4: PAG1™ prevented differentiation in SH-SY5Y cells. (A) Neurite lengths of WT and PAG1™- SH-SY5Y cells
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5 nM NGF) *p < 0.05, n = 3. (B) Representative images of neurites after 8 d of growth are in the indicated conditions,
20x magnification. (C) Flow cytometry of B-Ill tubulin expression, a marker of neuronal differentiation. (D) Cell cycle
analysis of WT SH-SY5Y and SH-SY5Y PAGT™ cells by flow cytometry. Cells were seeded in standard growth medium
(RPMI 1640, 10% FBS) on collagen-coated plates and were exposed for 96 h to 10 um RA and 5 nM NGF in low serum
media (2% FBS). Cells were then stained with Hoechst 33342 and relative DNA content was measured by flow
cytometry. (E) The percentage of cells in each stage of the cell cycle for each condition in D. (Results in B-D are

representative of at least three independent experiments.)

neuroblastoma cells after 5- and 60-min stimulations with different
RTK ligands.

While activation of EGFR induced a robust pERK response in
both cell types, PAG1™ cells had significantly more activated ERK,
especially after 5 and 60 min of EGF stimulation (Figure 5, A and B).
Treatment with EGF caused a modest increase in pSFK activation in
WT cells after both 5 and 60 min (Figure 5, C and D). PAG1™" cells
started at a higher baseline of pSFK activation (Figure 1E), and there
was no further increase in the amount of active SFKs after exposure
to EGF. These results suggest that PAG1™ cells retained their abil-
ity to activate the RAS/MAPK cell signaling pathway in response to
EGF despite a high baseline of activated SFKs.
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PAG1™ increased SRC activation in response to SCF

We then asked if the signaling responses observed after EGFR stim-
ulation were similar to those of another typically pro-oncogenic re-
ceptor, KIT. We had previously shown that KIT stimulation by SCF
caused an increase of SFKs in endosomes in LAN-6 neuroblastoma
cells (Palacios-Moreno et al., 2015), so we asked whether expres-
sion of PAGT™- would affect ERK and SFK responses. KIT activation
did not induce a pERK response in either WT or PAGT™- cells
(Figure 6, A and B). However, SCF treatment did increase total pSFK
levels at 5 min in both cell types (Figure 6, C and D). As noted
above, PAG1™- cells started at higher basal levels of pSFK activa-
tion, but with SCF the amount of pSFKs increased further on ligand

PAG1 and FYN in differentiation | 2273
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FIGURE 5: PAGT™ enhanced the pERK response to EGF. Flow
cytometry analysis of pERK (A, B) and pSFK (C, D) activation after
exposure to 5 nM EGF for either 5 min (A and C) or 60 min (B and D).
Adherent SH-SY5Y cells expressing either WT PAG1 or PAG1™- were
treated with ligand before fixing and staining with fluorescent
antibodies for pERK (Phospho-p44/42 MAPK [Erk1/2] [Thr202/Tyr204))
and pSFKs (pY416). Data displayed are from one experiment
representative of at least three independent experiments. Cell counts
were normalized to mode to account for differences in final cell
number.

stimulation, mainly at 5 min. WT cells started at a low level of pSFK
activation but exhibited a similar increase in pSFK levels on ligand
stimulation. These results show that PAG1™- cells retain the ability
to respond to SCF by further increasing SFK activation.

PAG1™- abrogated ERK activation in response to NGF

and GDNF

That PAG1™" cells failed to differentiate (Figure 4) suggests that cell
signaling mechanisms activated in response to RTKs that induce
neuronal differentiation may be impaired. Stimulation of TRKA
(NTRK1) and RET by NGF and GDNF, respectively, is known to in-
duce differentiation and survival in neurons and neuroblastoma cells
(Miller and Kaplan, 2001; Harrington et al., 2011). While WT cells
exhibited a robust increase in pERK in response to NGF, the pERK
response was entirely absent in PAG1™- cells (Figure 7, A and B).
TRKA activation did lead to small increases in pSFK activation in
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FIGURE 6: PAG1™ increased SRC response to KIT activation. Flow
cytometry analysis of pERK and pSFK activation as in Figure 5 except
cells were exposed to 5 nM SCF for either 5 or 60 min. Data displayed
are from one experiment representative of at least three independent
experiments.

both WT and PAG1™- cells; however, this response was short-lived
and largely gone by 60 min (Figure 7, C and D). Activation of RET by
GDNF induced similar pERK responses in WT, but not PAG1™- cells,
and GDNF induced a more robust early pSFK stimulation in WT but
not PAG1™" cells (Supplemental Figure S1). These results show that
PAG1™- cells are unable to activate the RAS/MAPK pathway in re-
sponse to two different RTKs that promote neuronal differentiation.

The AKT/PI3K pathway is also activated by RTK signaling; how-
ever, we did not detect any changes in AKT phosphorylation that
were not associated with the G2/M stage of the cell cycle (Supple-
mental Figure S2A). PAG1™- cells had a higher growth rate (Figure
2) and greater percentage of cells in G2/M, which likely explains a
greater percentage of cells with high pAKT (pT308) compared with
WT cells (Supplemental Figure S2B).

These results distinguish downstream cell signaling responses to
different RTKs and indicate that PAG1 is necessary for cells to re-
spond to RTKs that promote neuronal differentiation. Responses to
proliferative signals remained intact in the presence of cytoplasmic-
truncated PAG1™, which we hypothesize acts as a dominant nega-
tive by binding regulatory proteins such as CSK in the cytosol and
keeping them from interacting with SFKs on membranes. In the
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FIGURE 7: PAG1™- decreased responses to pro-differentiation
receptor TRKA. Flow cytometry analysis of pERK and pSFK activation
as in Figure 5 except cells were exposed to 5 nM NGF for either 5 or
60 min. Data displayed are from one experiment representative of at
least three independent experiments.

canonical view, KIT, EGFR, NGF, and RET should all activate the
RAS/MAPK and SFK pathways in response to ligand, yet these re-
ceptors produce different responses. Our results so far suggest that
there is an additional layer of regulation between receptor activa-
tion and ERK/SFK activation. We hypothesized that PAG1's role is to
control the activity and intracellular localization of members of the
SFK family. We focus on FYN and LYN because of their robust ex-
pression in neuroblastoma cell lines and dynamic localization to en-
dosomes and other cell membranes (Palacios-Moreno et al., 2015).

PAG1™- expression altered FYN and LYN distribution in
endosomes

Because PAG1 was detected in endosomes with FYN and LYN
(Palacios-Moreno et al., 2015), we hypothesized that PAG1™" ex-
pression may affect the endosomal localization of FYN and LYN. To
determine SFK localization in WT and PAG1TM'—expressing cells, we
performed organelle fractionation experiments to isolate endo-
somes as previously described (McCaffrey et al., 2009; Palacios-
Moreno et al., 2015). Under conditions of serum starvation, the dis-
tribution of FYN and LYN in endocytic organelles was distinct in
both PAG1™- and WT cells (Supplemental Figure S3), consistent
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with data from LAN-6 neuroblastoma cells (Palacios-Moreno et al.,
2015). When KIT was activated by SCF, more FYN and LYN were
detected in endosomal fractions of PAG1™ cells. These effects
were similar to those observed previously, though ligand-induced
redistribution of FYN and LYN was not as dramatic as in LAN-6 cells
(Palacios-Moreno et al., 2015).

FYN and LYN were sequestered in the lumen of MVBs, and
their sequestration was affected by PAG1™- expression
Taelman et al. (2010) first reported sequestration of the kinase
GSK3B in intraluminal vesicles of MVBs as a means of controlling
kinase access to cytoplasmic substrates (Taelman et al., 2010; Vin-
yoles et al., 2014). We hypothesized that PAG1™- may regulate FYN
and LYN access to cytosolic substrates by sequestration into MVBs
in a similar manner. To test this, we isolated endosome fractions via
organelle fractionation and performed a protease protection assay.
To examine the effects of proliferative signals, cells were either
grown in 10% fetal bovine serum (FBS) containing medium (+serum)
or serum starved (—serum) for 2 h.

After 30 min of treatment with Protease K, both FYN and LYN
were protected in endosome fractions, but degraded in the pres-
ence of detergent, indicating that these proteins reside in the lumen
of membrane-enclosed organelles such as MVBs (Figure 8A). The
lower molecular weight isoform of FYN, FYN isoform C, was prefer-
entially protected (Figure 8A, <60-kD band). Transferrin receptor
(TfR), a marker of recycling endosomes, exhibited minimal protec-
tion after 5 min of incubation with protease and was not protected
after 30 min of protease treatment, as expected for a protein that is
not in the lumen of MVBs. We also detected FYN and LYN (but not
TfR) in exosomes isolated from WT and PAG1™- cell culture media
(Figure 8B). These data strongly suggest that localization of both
FYN and LYN in the lumen of MVBs is a means to control their activ-
ity by limiting access to cytosolic substrates.

There were several differences between WT and PAG1™- cells.
First, there was more total FYN and (to a lesser extent) LYN seques-
tered in the lumen of MVBs from PAG1™- cells, indicated by prote-
ase protection and presence in exosomes (Figure 8). Similar amounts
of endosomes were recovered from each cell type in these experi-
ments indicated by TfR (Figures 8A and 9A, TfR). Second, while the
amounts of activated SFKs protected from protease were somewhat
similar, WT cells had several pSFKs, whereas PAG1™" cells predomi-
nantly had a single activated SFK (pSFK, Figure 8A). Comparing pS-
FKs to total FYN and LYN, the data indicate that WT cells preferen-
tially sequestered activated SFKs, and PAGT™- cells sequestered
more total FYN and LYN (so the ratio of active to total SFKs was
lower). FYN was predominantly recovered by immunoprecipitation
(IP) with anti-pSFK antibodies in endosome fractions in PAG1™-
cells (Figure 9A), indicating that the single pSFK band in PAG1™-
cells in Figure 8A is FYN. Much less LYN was recovered by IP from
PAG1™- endosomes (Figure 9A).

There was dramatically more FYN, and activated FYN recov-
ered by pSFK IP, in PAG1™- endosomes in serum-free conditions
compared with +serum (Figure 9A, FYN, pSFK). In WT cells, with
serum, there were lower amounts of sequestered total FYN and
LYN and active SFKs (Figure 8A). The data suggest that with low
growth factor signaling (-serum) active SFKs were sequestered in
MVBs and thus separated from interacting proteins in the cytosol
(Figure 8A). In cells lacking functional PAG1, this pattern was dis-
rupted, and both active and inactive SFKs were sequestered in
MVBs. SFKs were constitutively active in PAG1™- cells in serum-
starved conditions (Figure 1E), and more were detected in MVBs
(Figures 8 and 9).
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Together, the data suggest that sequestration into the lumen of
MVBs is a newly identified mechanism to control SFK activity. It was
previously known that PAG1 regulates SFK activity by serving as a
scaffold to bring SFKs together with proteins that regulate them
(e.g., CSK) (Oneyama et al., 2008). Our data suggest that PAG1 also
directs SFK localization to the plasma membrane or endosomes de-
pending on growth factor signaling. Furthermore, the selective ab-
lation of signals that induce differentiation (NGF, GDNF; Figure 7
and Supplemental Figure S1) but not proliferation (EGF; Figure 5)
caused by expression of a truncated PAG1 suggests that this mech-
anism is responsible for distinguishing responses to different RTKs.

DISCUSSION

We had previously shown that the SFKs, FYN and LYN, changed in-
tracellular location in endosomes and lipid rafts in response to stimu-
lation of different RTKs (Palacios-Moreno et al., 2015). In addition,
phosphoproteomics identified that the SFK scaffold protein, PAG1,
enriched and highly phosphorylated in endosomes and lipid rafts,
frequently colocalized with FYN and LYN in neuroblastoma cells
(Palacios-Moreno et al., 2015). Specifically, signaling by the receptors
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Textbooks present the simplified view
that RTKs all activate the same four canoni-
cal intracellular signaling pathways (RAS/
ERK, PLCy, SFK, and PI3K/AKT), yet some
RTKs cause proliferation and others differ-
entiation. Marshall (1995) proposed that
sustained ERK signaling is required for dif-
ferentiation. Chen et al. (2012b) described a
gradient of ERK versus AKT activation that
controls PC12 cell responses to NGF. In the
latter model, higher levels of AKT activation
lead to increased cell proliferation while
higher levels of ERK activation lead to cell
differentiation or lower rates of proliferation.
Our data address cell signaling events that
likely control ERK and AKT responses; we
found that directed localization of SFKs to
plasma membrane versus the lumen of
MVBs is an important mechanism to control
differentiation. Sequestration in MVBs in
PAG1™- cells likely abrogates SFK activa-
tion at the plasma membrane in response to
differentiation signals and therefore de-
creases subsequent cellular responses such
as ERK activation (Figure 7 and Supplemental Figure S1) and exten-
sion of neurites (Figure 4). We hypothesize that PAGT™- acts as a
dominant negative by binding CSK and other cytoplasmic SFK-in-
teracting proteins, which may explain why the effect on differentia-
tion we observe is stronger than that seen in PAG1 knockout mice
(Lindquist et al., 2011). Conversely, an increase of active FYN and
LYN in endosomes enhanced responses to EGFR and KIT receptors
(Figures 5 and 6) and led to an increase in growth rate and anchor-
age-independent growth in PAG1™" cells (Figures 2 and 3). Thus,
our results suggest that precise spatiotemporal regulation of SFK
activity distinguishes RTKs that promote differentiation from those
that promote proliferation, and that PAG1 plays a role in this pro-
cess, which extends the model that defines RTK signals for differen-
tiation (Marshall, 1995; Chen et al., 2012b).

PAG1™- cells exhibited increased proliferation (Figure 2) and in-
creased the number of cells in the S and G2/M stages of the cell
cycle under differentiation conditions (Figure 4). In agreement with
previous work showing that AKT activation occurs predominantly
after DNA replication in G2/M stages of the cell cycle (Liu et al.,
2014), we found that cells with high levels of pAKT were correlated

Molecular Biology of the Cell



A Endosomes lines (Agarwal et al., 2016). A PAG1T mutant

+Serum =Serum that lacked residues required for lipid raft

IP: LYN pSFK beads input LYN pSFK beads input B localization failed to suppress SRC-medi-

_’? —,/5" s « _§,_ §_ & & +serum -serum at}f‘d htransfc;rmvation h(Oheyama et al.;c2008),

(< < < < < (< (< % i which emphasizes the importance ot mem-

& & & f < ST $Qv<? && M brane |oc§ization of PAG|1o for regulation of

FYN - R . = i € 60 f f SFK activity. These data are consistent with

ot . A b e B Bl ns. ¢ F £ our results with a PAG1 mutant lacking the

oy 4 B - 460 | _ 460 transmembrane domain. Together, these

- — - - - - - ‘ - en & - dns. | ™ =~ l¢50 studies suggest that defects in PAGT,

- — whether through mutation or change in pro-

PSFK * :ﬁ?s_ & !.: gg tein amount, iave pro-proliferati\?e eﬁzcts
and solidify its role as a tumor suppressor.

TR - e = == 4100 Sequestration of active SFKs into MVBs

FIGURE 9: FYN was the major active SFK in PAG1™- SH-SY5Y cells. LYN and pSFKs (Y416) were
immunoprecipitated (IP) from endosome fractions of WT and PAG1™- SH-SY5Y cells grown in
either 10% FBS containing medium (+serum) or serum starved (-serum). Fractions were equally
distributed into four parts for IPs. Samples were run on SDS-PAGE and the membrane was
probed for LYN, FYN, pSFK (Y416), and TfR. In PAG1™- cells, there was about fourfold increase
in FYN immunoprecipitated by pSFK IP comparing —serum endosomes to +serum, and the pSFK
signal increased 75-fold, whereas in WT cells, there was a 40% decrease in pSFK and very little
FYN was detected. Input in A is 1/20th of the total sample. (B) Input from Figure 8 blots (same
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representative of at least three independent experiments.

with the number of cells in the G2/M stages of the cell cycle for both
PAGT™- and WT cells (Supplemental Figure S2). This explains why
we detected less pAKT in neuroblastoma cells under long-term dif-
ferentiation conditions where cell division was reduced (unpub-
lished results). The pAKT response to EGF is more rapid than the
PERK response, peaking at about 3 min (Zheng et al., 2013), which
likely explains why significant changes in AKT activation in response
to ligands at 5 and 60 min as for pERK (Figures 5-7) were difficult to
detect using flow cytometry methods used here. PI3K and AKT sig-
naling are important for coordinating proliferative growth factor sig-
naling and metabolism (Manning and Toker, 2017; Bilanges et al.,
2019), yet it may be that only low levels of AKT activity are required
for neuronal differentiation. Nevertheless, given the interconnected
nature of cell signaling pathways (Zheng et al., 2013; Grimes et al.,
2018), we can predict coordination with other signaling pathways
downstream of RTK activation during differentiation, such as PLC-y,
PI3K, AKT, and mTOR complexes, which are also involved in endo-
cytic trafficking and lysosomal degradation (Manning and Toker,
2017; Bilanges et al., 2019). In any case, our results support a role for
SFKs, namely FYN and LYN, and control of their activity and intracel-
lular localization by PAG1, as a mechanism to distinguish differentia-
tion signals caused by the RTKs TRKA and RET.

A defect in differentiation, together with increased activity of to-
tal SFKs we observed in cells expressing PAG1™: (Figure 1), is con-
sistent with previous observations that PAG1 acts as a tumor sup-
pressor in neuroblastoma cells (Oneyama et al., 2008; Agarwal
et al., 2016). Oneyama et al. (2008) first demonstrated the interac-
tion between PAG1 and SRC. They found that PAG1 mediates the
inhibitory C-terminal phosphorylation of SFKs via binding CSK, and
that a lipid-raft-anchored SRC variant was largely inactive. Consis-
tent with our soft agar assay data (Figure 3), cells lacking PAG1
formed almost 20 times as many colonies as those re-expressing
functional PAG1 in colony transformation assays (Oneyama et al.,
2008). Using siRNA knockdown of PAG1, Agarwal et al. (2016) also
demonstrated increased SFK activity, increased anchorage-inde-
pendent growth, and increased ERK activity in neuroblastoma cell
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represents a previously unappreciated
method by which cells control SFK activity
(Figure 8). FYN and LYN have been seen in
structures that appear to be endosomes by
fluorescence microscopy (Donepudi and
Resh, 2008), and previous work showing
SRC trafficking to, and regulating several
components of, the endo/lysosomal path-
way predicts that they should be found in
MVBs (Reinecke and Caplan, 2014). Our
studies suggest that MVB sequestration
regulates SFK kinase activity toward cyto-
solic substrates similar to GSK3P kinase sequestration in the WNT
signaling pathway (Taelman et al., 2010; Vinyoles et al., 2014). The
data suggest that in the absence of signaling, such as during serum
starvation, active SFKs are sequestered in MVBs, and RTKs, espe-
cially those that induce differentiation, keep SFKs active at the
plasma membrane in lipid rafts. This mechanism was disrupted in
PAGT™- cells, which sequestered large amounts of total FYN and
LYN (Figure 8). Interestingly, only FYN was immunoprecipitated by
anti-phospho-SFK antibodies in endosome fractions, and activated
FYN dramatically increased in MVBs under serum starvation condi-
tions (Figure 9). In contrast, LYN was not immunoprecipitated by
anti-phospho-SFK antibodies in endosomal fractions (Figure 9). This
implicates sequestration of active FYN as the primary defect that
abrogates the differentiation response. Sequestration of active FYN
apparently had no inhibitory effect on growth rate or colony forma-
tion, which explains insensitivity to PP2 in PAG1™ cells (Figures 2
and 3), since PP2 inhibits FYN more effectively than SRC and LYN
(Hanke et al., 1996; Brandvold et al., 2012).

We previously identified a potentially antagonistic relationship
between FYN and LYN activation using computational analysis to
identify patterns in phosphoproteomic data (Palacios-Moreno et al.,
2015). In many neuroblastoma cell lines, activated FYN (pY420) was
frequently associated with inhibited LYN (pY508), and in other cases,
inhibited FYN (pY531) was frequently associated with several phos-
phorylations on PAG1 (Palacios-Moreno et al., 2015). These data
suggest that an antagonistic relationship between FYN and LYN ac-
tivation, potentially mediated by an inhibitory interaction between
PAG1 and FYN, may be part of the cell signaling network that distin-
guishes RTK signals that promode differentiation, proliferation, or
other cell responses.

Sequestration into MVBs may simply lead to protein degradation
in the lysosome (Lys); however, there appear to be different popula-
tions of MVBs with longer half-lives, which may give rise to addi-
tional signaling functions (Huotari and Helenius, 2011). Receptor
signaling from endosomal membranes after endocytosis influences
temporal and spatial regulation of signaling effector pathways
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downstream from receptor activation (Irannejad et al., 2015;
Bergeron et al., 2016). The presence of activated FYN in the lumen
of MVBs, together with its role in neuronal differentiation noted
above, suggests that FYN is potentially another important compo-
nent of signaling endosomes in neurons, which play an important
role in nervous system development and neurodegenerative dis-
ease (Harrington and Ginty, 2013; Cosker and Segal, 2014; Marlin
and Li, 2015; Bergeron et al., 2016; Scott-Solomon and Kuruvilla,
2018; Chen and Mobley, 2019). Signaling endosomes containing
NGF and TRKA have been identified in neurons to be Rab7-positive
MVBs (Von Bartheld and Altick, 2011; Harrington and Ginty, 2013).
Back fusion of luminal vesicles from MVBs would release active FYN
and other kinases identified in signaling endosomes into neuronal
cell bodies after retrograde transport (Von Bartheld and Altick,
2011; Falguieres et al., 2012; Bissig and Gruenberg, 2014; Ye et al.,
2018). Strong evidence for this was obtained by Ye et al. (2018), who
showed that TRKA-containing MVBs are retrogradely transported in
neurons and persist in the cell body, where TRKA is then re-ex-
pressed on the surface of endosomes and thus has access to cyto-
solic substrates (Ye et al., 2018). Further work will be necessary to
determine whether FYN (and other SFKs) are retrogradely trans-
ported in the lumen of axonal MVBs and subsequently released into
neuronal cell bodies.

MVBs can also fuse with the plasma membrane and release intra-
luminal vesicles as exosomes. Exosomes containing Wnt10b pro-
mote axon regeneration after neural injury (Tassew et al., 2017), and
it is possible that “signaling exosomes” also play a role in nervous
system development. We detected FYN and LYN in exosomes iso-
lated from WT and PAG1™" cell culture media (Figure 8B). Release
of active FYN and LYN in exosomes, which can bind and signal to
neighboring cells, may be one method by which global pSFK sig-
nals are increased in PAG1™" cells (Figure 1). In accordance with this
idea, more FYN was detected in PAG1™- exosomes, and more FYN
was immunoprecipitated with pSFK in endosomes (Figures 8 and 9).

In conclusion, the data presented here further support a role for
PAG1 as a key integrator of RTK signaling downstream of receptor
activation and support its previously identified role as a tumor sup-
pressor. Our data, together with our previous findings (Palacios-
Moreno et al., 2015), fit with a model where PAG1 directs SFK
intracellular localization to plasma membrane or endosomal com-
partments depending on the particular receptor activated by its
ligand. PAG1 thus connects upstream RTK signals to SFKs, which in
turn control other downstream effectors to induce cell differentia-
tion. Furthermore, we demonstrate a new mechanism for regulation
of SFK activity: sequestration into MVBs, which impacts many as-
pects of SFK signaling. These results support the broad hypothesis
that the spatial regulation of pathways downstream of RTK activa-
tion within endosomes is a key mechanism by which cells determine
a response to extracellular signals (Bergeron et al., 2016).

MATERIALS AND METHODS

Cell culture

SH-SY5Y neuroblastoma cell lines were cultured in RPMI 1640 me-
dium (Thermo Scientific HyClone, USA) supplemented with sodium
bicarbonate (Sigma, USA) and 10% FBS (Corning). Cells were main-
tained in a humidified incubator at 37°C, 5% CO,.

CRISPR/Cas9 targeting of PAG1

CRISPR/Cas? plasmids and sgRNAs targeting Exon 5 and 7 of the
PAG1 gene were provided by Blake Wiedenheft and Royce Wilkin-
son (Montana State University). sgRNA sequences were housed in
the lentiviral Cas9/sgRNA vector (Addgene #57828).
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Exon 5 sgRNA: 5-GAAGCCGCGACAGCATAGTG GGG-3'.
Exon 7 sgRNA: 5-GCAGATCCGAGGCCGATGTC TGG-3'.

The plasmid carrying Cas?/sgRNA was cotransfected into
HEK293FT cells with the lentiviral packaging vectors psPAX2
(Addgene #12260) and VSV-g (Addgene #8454) following the
Lipofectamine 3000 protocol (ThermoFisher) to generate lentivirus.
Supernatants containing lentivirus were filtered through a low-pro-
tein-binding syringe filter (0.45 pm, Millipore #SLHPO33RS) before
transductions. SH-SY5Y cells were transduced with different dilu-
tions of virus-containing supernatant, and transfected cells were se-
lected for by Puromycin (3 ug/ml) addition to culture media. Pools of
puromycin-resistant cells were analyzed by Western blot for PAG1
expression, and those lacking PAG1 were characterized further.
DNA surrounding the target site was amplified by PCR; PCR prod-
ucts were sequenced by Eurofins. While PAG1 expression appeared
to be ablated in initial screens, we subsequently noted a truncated,
soluble protein expressed in these cells (described in Results).

Neurite extension

Cells were seeded according to calculated doubling times to con-
trol for initial increases in proliferation. WT SH-SY5Y (30,000 cells/
well) or PAG1™- SH-SY5Y (9000 cells/well) cells were seeded in
6-well plates containing RPMI 1640 + 10% FBS. Cells were grown for
2—4 d until fully adhered. Spent media were aspirated and replaced
with differentiation media composed of RPMI 1640 + 2% FBS, 10 uM
9-cis-RA (Sigma-Aldrich) and/or 5 nM human B-NGF (Peprotech).
Cells were grown in differentiation media for 8 d; treatment media
were replaced every other day. On day 8, neurite tracings, length
quantifications, and cell body measurements were performed using
ImageJ (Rueden et al., 2017). Only neurites longer than one cell
body length were quantified to eliminate lamellipodia/filopodia.
Representative images were taken on day 8 using a Zeiss Invertos-
kop light microscope with an Amscope MD500 camera.

Mass spectrometry sample preparation

Tandem liquid chromatography mass spectrometry (LC-MS) with
tandem mass tags was performed on SH-SY5Y and PAG1™" cells as
previously described (Grimes et al., 2018). Briefly, cells were washed
and harvested in phosphate-buffered saline (PBS) and cell pellets
were frozen in liquid nitrogen. Cells were lysed in a 10:1 (vol/wt)
volume of lysis buffer (4% SDS; 100 mM NaCl; 20 mM HEPES, pH
8.5; 5 mM dithiothreitol [DTT]; 2.5 mM sodium pyrophosphate;
1 mM B-glycerophosphate; 1 mM Na3VOy; 1 pg/ml leupeptin), and
proteins were reduced at 60°C for 45 min. Proteins were then alkyl-
ated by the addition of 10 mM iodoacetamide (Sigma) for 15 min at
room temperature in the dark and methanol/chloroform precipi-
tated. Protein pellets were resuspended in urea lysis buffer (8 M
urea; 20 mM HEPES, pH 8.0; 1 mM sodium orthovanadate; 2.5 mM
sodium pyrophosphate; 1 mM B-glycerophosphate) and sonicated.
Samples were diluted fourfold in 20 mM HEPES, pH 8.5, 1 mM
CaCly, for Lys-C digestion overnight at 37°C, then diluted twofold
and trypsin digested 4-6 h at 37°C. Samples were then desalted on
a C18 SepPak (Waters), then labeled with isobaric tandem-mass-tag
(TMT) reagents (Thermo Fisher Scientific, San Jose, CA) in 20 mM
pH 8.5 HEPES with 30% acetonitrile (vol/vol). Samples were then
mixed in equimolar ratios, and the ratios were checked via LC-MS
analysis on an Orbitrap Fusion Lumos mass spectrometer (Thermo
Fisher). The combined sample was then purified on a SepPak and
dried in a speed-vac. The combined sample was then resuspended
in basic reverse-phase (bRP) buffer A (10 mM NH4HCO,, pH 10, 5%
ACN) and separated via high pH reverse-phase fractionation on a
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Zorbax Extended C18 column (2.1 x 150 mm, 3.5 ym, no. 763750-
902, Agilent) with a gradient of 10-40% bRP buffer B (10 mM
NH4HCO,, pH 10, 90% ACN). Ninety-six fractions were collected,
consolidated down to 24 fractions, and desalted with a C18 stop
and go extraction tip prior to LC-MS analysis on an Orbitrap Fusion
Lumos MS.

LC-MS analysis

Samples were analyzed on an Orbitrap Fusion Lumos mass spec-
trometer (Thermo Fisher Scientific, San Jose, CA) coupled with a
Proxeon EASY-nLC 1200 LC pump (Thermo Fisher Scientific, San
Jose, CA). Peptides were separated on a 100-um inner diameter
microcapillary column packed with ~40 cm of Accucore150 resin
(2.6 pm, 150 A, Thermo Fisher Scientific, San Jose, CA). For each
analysis, we loaded approximately 1 pug onto the column. Peptides
were separated using a 2.5 h gradient of 6-30% acetonitrile in
0.125% formic acid with a flow rate of 550 nL/min. Each analysis
used an SPS-MS3-based TMT method (Ting et al., 2011; McAlister
et al. 2014), which has been shown to reduce ion interference com-
pared with MS2 quantification (Paulo et al., 2016). The scan se-
quence began with an MS1 spectrum (Orbitrap analysis, resolution
120,000; 350-1400 m/z, automatic gain control (AGC) target 4.0 X
105, maximum injection time 50 ms). Precursors for MS2/MS3 analy-
sis were selected using a Top10 method. MS2 analysis consisted of
collision-induced dissociation (quadrupole ion trap; AGC 2.0 x 104;
normalized collision energy (NCE) 35; maximum injection time
120 ms). Following acquisition of each MS2 spectrum, we collected
an MS3 spectrum using a method in which multiple MS2 fragment
ions are captured in the MS3 precursor population using isolation
waveforms with multiple frequency notches (McAlister et al., 2014).
MS3 precursors were fragmented by HCD and analyzed using the
Orbitrap (NCE 65, AGC 3.5 x 105, maximum injection time 150 ms,
isolation window 1.2 Th, resolution was 50,000 at 200 Th).

Mass spectrometry data processing

Mass spectra were processed using a Sequest-bast software pipe-
line (Eng et al., 1994). Samples were searched against a fully tryptic
human database, allowing for a static modification of lysine and N-
termini with TMT (229.1629 Da) and carbamidomethylation (57.0215
Da) of cysteine, along for variable oxidation (15.9949 Da) of methio-
nine. Searches were performed using a 50-ppm precursor ion toler-
ance; the product ion tolerance was set to 1.0 Da. Peptide-spectrum
matches were adjusted to a 1% false discovery rate (FDR) (Elias and
Gygi 2007, Elias and Gygi 2010) and to a final protein-level FDR of
<2%. Protein assembly was guided by principles of parsimony to
produce the smallest set of proteins necessary to account for all
observed peptides (Huttlin et al., 2010). For TMT-based reporter ion
quantitation, we extracted the summed signal-to-noise (S/N) ratio
for each TMT channel and found the closest matching centroid to
the expected mass of the TMT reporter ion. MS3 spectra with TMT
reporter ion summed signal-to-noise ratios less than 50 were ex-
cluded from quantitation (McAlister et al., 2012).

Organelle fractionations

Cell fractionation experiments were performed using previously es-
tablished methods (McCaffrey et al., 2009; Pryor et al., 2012; Pala-
cios-Moreno et al., 2015). WT LAN-6 or SH-SY5Y cells expressing
either WT PAG1 or PAGT™- were grown to ~90% confluency and
serum starved for 2 h prior to cell harvesting. Cells were then con-
secutively washed with cold PEE (1 mM EDTA, 1 mM EGTA, in 1x
PBS) and PGB (0.1% glucose, 0.1% bovine serum albumin [BSA] in
1x PBS) buffers and resuspended in cold PGB containing the indi-
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cated RTK ligands. Cells were rotated with ligand for 1 h at 4°C,
washed with PGB, resuspended in cold PGB, and incubated for 1 h
at 37°C to permit endosomal trafficking. After internalization, cells
were quenched in ice water, washed once each with PEE and Bud
Buffer (38 mM aspartic acid, 38 mM glutamic acid, 38 mM gluconic
acid, 20 mM MOPS, pH 7.1 at 37°C, 10 mM potassium bicarbonate,
0.5 mM magnesium carbonate, T mM EDTA, 1 mM EGTA), and re-
suspended in Bud Buffer containing protease inhibitors. Cells were
then mechanically permeabilized by a single passage through a
Balch homogenizer. The “cracked” cells were centrifuged (1000 x g,
4°C, 10 min) to separate dense membranous fractions from organ-
elles. The membrane pellet was further separated into detergent-
resistant membranes (DRM) and detergent-soluble membranes
(P1M) by addition of a mild detergent (0.1% IGEPAL) before cen-
trifugation. The organelle-containing supernatant was layered on
top of an iodixanol gradient (2.5-25% Optiprep, Sigma-Aldrich) and
spun at 100,000 x g to separate Lys, endosomes of high mass and
density (E1), endosomes of intermediate mass and density (E2), en-
dosomes of low mass and density (E3), and cytosol fractions. To
isolate lipid rafts, an iodixanol gradient (2-30% Optiprep) was lay-
ered on top of DRM samples and spun to equilibrium at 100,000 x
g for 18 h, and floating and nonfloating fractions were collected.
Fractions from both types of gradients were taken using a Brandel
fractionator. All centrifugations were performed using SW55Ti and
MLS50 rotors in a Beckman ultracentrifuge. After fractions were col-
lected from gradients, proteins were purified by trichloroacetic acid
(TCA)/acetone precipitation prior to suspension in 7 M Urea sample
buffer for loading on SDS-PAGE.

Protease protection assay

Fractions containing MVBs and late endosomes (labeled Endo-
somes) or early endosomes and cytosol (labeled Cytosol) were col-
lected from organelle gradients after treatment (with or without 2 h
serum starvation) according to the fractionation protocol. Bottom
and top fractions were thoroughly mixed and divided into five equal
volumes. Cold TCA (14%) was immediately added to the control
fraction; the other four fractions were incubated at 37°C for either 5
or 30 min with combinations of Proteinase K (0.01 pg/ml, Sigma-
Aldrich) and/or IGEPAL (0.1%). Cold TCA (14%) was added after
each incubation, and samples were stored at 4°C. Proteins in frac-
tions were concentrated using TCA/acetone precipitation before
SDS-PAGE and blotting on nitrocellulose.

IPs

Following the organelle fractionation protocol with or without 2 h
serum starvation, cells were washed with cold PEE, suspended in
Bud Buffer, and cracked using a Balch homogenizer. Fractions ob-
tained after organelle fractionation were thoroughly mixed and di-
vided into equal volumes before adding beads and/or primary anti-
body. Primary antibody and 10x Cell Signaling Technology (CST)
cell lysis buffer (CST to 1x final concentration) were added to each
IP sample. Samples were incubated, rotating, at 4°C overnight. A
10% bead solution (Protein A/G UltraLink Resin, Thermo Fisher
#53132) was prepared in block buffer (1x lysis buffer containing 5%
BSA). Beads were rotated 1 h at 4°C and washed twice with block.
Beads were resuspended in 1 mg/ml BSA in 1x lysis buffer. Bead
solution was added to each sample and incubated, rotating, at 4°C
for 2 h. After incubation, IP beads were washed four times with 1x
lysis buffer containing decreasing amounts of BSA (two washes with
0.25 mg/ml, followed by 0.1 mg/ml, and finally no BSA). Samples
were resuspended in 7 M Urea sample buffer with DTT before SDS-
PAGE and blotted on nitrocellulose.
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Flow cytometry

WT SH-SY5Y and PAGT™- SH-SY5Y cells were grown to 90% conflu-
ency before stimulation with RTK ligands. After seeding, cells were
incubated for 24-48 h prior to treatment to allow for attachment to
the dish. Cells were harvested and washed with cold 1x PEE buffer
before fixing in 4% paraformaldehyde in 1x PBS. After fixing, cells
were treated with Benzonase in FACS buffer for 10 min at room
temperature (to reduce cell clumping) prior to permeabilization with
ice-cold methanol. Samples were then incubated with Hoescht
33342 and/or the indicated fluorescent antibodies. Fluorescence
minus one controls were prepared from the control conditions within
each experiment. Samples were read on a NxT Acoustic Focusing
Cytometer (Life Technologies, Carlsbad, CA) using the Attune NxT
Software, v2.4, and the resulting data were analyzed using FlowJo
v10.0.

MTT assay

SH-SY5Y WT cells were seeded at 50,000 cells/well and SH-SY5Y
PAG1™- cells were seeded at 5000 cells/well in RPMI 1640 contain-
ing 10% FBS in a 96-well plate and allowed to adhere for 24 h.
Spent media were aspirated and replaced with 100 pl of treatment
media (0-5 uM PP2) and incubated for 48 h before MTT addition.
For time zero measurements, spent media were aspirated and me-
dia containing 5 mg/ml MTT were added and incubated for 4 h.
After incubation, 40% wt/vol SDS in HCI, pH 2, was added to dis-
solve MTT crystals. Absorbance was read at 570 nm in a VersaMax
plate reader (Molecular Devices). Growth rates, defined as the num-
ber of doublings per day, were calculated by: R = [log, (A/Ag)l/t,
where Ay and A; are absorbance measurements before and after
treatment, respectively, and t is the number of days in culture. The
GRI was calculated as described by Hafner et al. (2016) by the for-
mula: GRI = 2R/R_1 where R’ is the growth rate of cells under the test
condition, and R is the control growth rate. In the case of PAG1™-
GRIs, Rand R’ are the growth rates of WT and PAG1™- cells, respec-
tively. For PP2 GRIs, R is the growth rate of cells in vehicle-control
medium, and R’ is the growth rate of cells in PP2 medium. The re-
sulting GRIs were pooled, and the second and third quartiles were
used for analysis by plotting and in Welch’s t tests. One-sample
t tests were also calculated for PP2 GRIs to determine the statistical
significance of growth rate inhibition (as indicated by deviation from
1). In addition, growth rates from all experiments were pooled, and
Welch two-sample t test was performed to compare WT and
PAG1™- cells.

Soft agar assays

2-Hydroxyethyl agarose (0.6%) was added to the bottom of each
well in a 6-well plate. Plates were incubated at 4°C for 1 h to solidify
the agar. After 1 h, plates were incubated at 37°C for 30 min before
use. SH-SY5Y WT and SH-SY5Y PAG1™- cells were diluted to a con-
centration of 80,000 cells/ml. Prewarmed pipettes were used to mix
3% agarose with growth media containing 10% FBS to a final con-
centration of 0.3% agarose. SH-SY5Y WT or SH-SY5Y PAG1™ cells
were incubated in the media/agarose solution containing drug (5 uM
PP2). The cell-containing solutions were then mixed with 2 ml of
0.6% agarose. The cell-agarose solution was added on top of the first
agarose layer and incubated at 4°C for 15 min to solidify the agar.
Cells were then incubated at 37°C for 1 wk. After 1 wk, the number
of colonies over 70 um in diameter were counted at 40x magnifica-
tion. A grid was placed over each well which divided the well into six
sections and one field of view was counted for each section. The
average number of colonies per well and the average number of
colonies per condition (average of three wells) was calculated.
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Exosome isolation

Exosomes in Figure 8 were isolated using the ME Kit for Exosome
Isolation (New England Peptide). WT SH-SY5Ys or PAG1™- SH-
SY5Ys were serum starved for 16 h before collecting cell culture
media to prevent contamination from exosomes in FBS. Ultracentri-
fugation was also used to verify the presence of LYN and FYN in
exosomes. WT SH-SY5Ys or PAG1™- SH-SY5Ys were serum starved
for 16 h. Cell culture media were harvested and centrifugations
were performed to eliminate contamination from apoptotic bodies:
2000 x g, 20 min, 4°C; 5000 x g, 60 min, 4°C. The supernatant was
collected and centrifuged at 100,000 x g, 90 min, 4°C; the exosome
pellet was resuspended in 7 M Urea sample buffer for SDS-PAGE
and Western blotting.

Antibodies
Flow cytometry: anti-Human/Mouse phospho-SRC (Y418) PerCP-
eFluor 710 (Affymetrix/eBioscience); AF647 Mouse anti-Src (pY418)
(BD Biosciences); Hoechst 33342 (CST #4082); B-Ill tubulin (CST
#4466); pAKT-PE (pT308) (BD Biosciences); Rabbit anti- pERK-
AF488 (Phospho-pd4/42 MAPK [Erk1/2] [Thr202/Tyr204]) (CST
#13214); Mouse 1gG2b K Isotype Control PerCP-eFluor 710
(Affymetrix/eBioscience); Rabbit IgG Isotype Control AF488 (CST
#4340); PE Mouse 1gG1, x Isotype Control (BioLegend #400111);
AF647 Mouse IgG1,  Isotype Control (BioLegend #400135).
Western blots: Fyn Antibody 1:1000 (CST #4023); Lyn Antibody
1:1000 (CST #2796); PAG1 (Csk-binding protein antibody PAG-C1)
1:1000 (ThermoFisher #MA1-19287); Phospho-Src family (Tyr416)
1:1000 (CST #6943/2101); Src 1:1000 (CST #2109); TfR H68.4
1:7500 (ThermoFisher 13-6800); Flotillin 1:1000 (CST #3253); ECL
Anti-Mouse 1gG HRP linked secondary 1:5000 (GE Healthcare
#NA931); ECL Anti-Rabbit IgG HRP linked secondary 1:5000 (GE
Healthcare #NA934).

Ligands and inhibitors

PP2 (Calbiochem #529573); 9-cis-RA (Sigma Aldrich # R4643); EGF
—5nM (PeproTech #AF-100-15) (R&D #236-EG-200); GDNF (Pepro-
Tech #450-10) (R&D #212-GD-010); B-NGF (PeproTech #450-01)
(R&D #256-GF-100); SCF (PeproTech #300-07) (R&D #255-SC-200);
PTN (R&D #252-PL).
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