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SUMMARY

The Ras/PI3K/extracellular signal-regulated kinases (ERK) signaling network plays fundamental roles in cell
growth, survival, and migration and is frequently activated in cancer. Here, we show that the activities of the
signaling network propagate as coordinated waves, biased by growth factor, which drive actin-based pro-
trusions in human epithelial cells. The network exhibits hallmarks of biochemical excitability: the annihilation
of oppositely directed waves, all-or-none responsiveness, and refractoriness. Abrupt perturbations to Ras,
P1(4,5)P2, PI(3,4)P2, ERK, and TORC2 alter the threshold, observations that define positive and negative feed-
back loops within the network. Oncogenic transformation dramatically increases the wave activity, the fre-
quency of ERK pulses, and the sensitivity to EGF stimuli. Wave activity was progressively enhanced across
a series of increasingly metastatic breast cancer cell lines. The view that oncogenic transformation is a shift to
a lower threshold of excitable Ras/PISK/ERK network, caused by various combinations of genetic insults,

can facilitate the assessment of cancer severity and effectiveness of interventions.

INTRODUCTION

Studies of the signal transduction and cytoskeletal events
involved in rapid morphological changes primarily in Dictyoste-
lium cells have led to the “excitable network hypothesis.” It pro-
poses that self-organizing excitable signal transduction activities
at the cell cortex provide global control of actomyosin-based
protrusions that underlie cell dynamics. External chemical and
biomechanical stimuli can guide cells and be integrated by influ-
encing the overall threshold of the network (Gerisch et al., 2004;
Weiner et al., 2007; Arai et al., 2010; Xiong et al., 2010; Huang
et al., 2013; Taniguchi et al., 2013; Nishikawa et al., 2014; Tang
et al., 2014; Miao et al., 2017; Yang et al., 2018; Pal et al.,
2019). The generality of this hypothesis and its ability to explain
transitions of cell behavior, such as oncogenic transformation,
remains to be tested.

Among the patterns that excitable systems can display are
propagating waves on two-dimensional surfaces, and the waves
of cytoskeletal events have indeed been observed in a variety of
cells. Traveling actin waves were initially discovered and have
been extensively investigated in Dictyostelium cells (Vicker,
2002; Inagaki and Katsuno, 2017). Waves of SCAR/WAVE and
F-actin steer the movement of neutrophils (Weiner et al., 2007;
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Wang et al.,, 2014; Yang et al., 2016). Additional examples
include F-actin waves in mast cells (Wu et al., 2018), in spreading
lymphocytes and macrophages (Lam Hui et al., 2014), in breast
cancer cells (Marchesin et al., 2015), in Xenopus oocytes (Be-
ment et al., 2015), in fish keratocytes (Barnhart et al., 2017),
and in extending neuronal axons (Winans et al., 2016), and integ-
rin waves in osteosarcoma cells (Case and Waterman, 2011).

Studies in Dictyostelium cells suggest that the waves of cyto-
skeletal activity are driven by a signal transduction excitable
network (STEN), which involves Ras family proteins (Ras) and
PI3-kinases (PI3K). These signal transduction responses display
features of biochemical excitability, namely, “all-or-nothing”
behavior to suprathreshold stimuli and refractory period to
repeated stimuli (Huang et al., 2013; Tang et al., 2014). Lowering
or raising the threshold of the excitable network can alter the
cellular protrusions and cell migration modes (Miao et al,
2017, 2019). However, the extent to which the excitability
of signaling transduction network controls cytoskeletal activities
in mammalian cells and whether the molecular interactions
in these networks are conserved throughout evolution is
unknown.

Elucidating the quantitative properties of the signaling net-
works controlling cell morphology is critical for understanding
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Figure 1. Cytoskeletal and Signaling Activities Propagate as Waves on the Basal Surface of the MDA-MB-231 Cell

(A) Confocal images focusing onto the ventral surface of the MDA-MB-231 cell expressing biosensors for F-actin (LifeAct-RFP [red fluorescent protein]) and PIP3
(PH-AKT-GFP) (also see Video S1). Color-coded overlays show the progression of waves as a function of time.

(legend continued on next page)
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and treating cancer. The Ras/PI3K/extracellular signal-regulated
kinases (ERK) signaling network is frequently mutated in cancer
and leads to oncogenic transformation (Basolo et al., 1991; Im-
balzano et al., 2009; Liu et al., 2009). It is known that the excess
activation of a single oncogene, such as Kras is able to trigger
hundreds of protein interactions and signaling feedbacks during
transformation (Ye et al., 2016; Martinko et al., 2018). However,
there is a lack of systems-level understanding of how these inter-
actions and feedbacks are intrinsically regulated, which largely
explains the poor outcome of clinical practices that target
various single components of the signaling networks.

These considerations prompted us to investigate the excitable
properties of the Ras/PISK/ERK network in human epithelial
cells, and the role of excitability in oncogenic transformation.
We surveyed a series of mammalian cell lines and found that
MDA-MB-231 cancer-derived cells displayed traveling Ras-
PIBK-F-actin waves on the basal surface. We examined MDA-
MB-231 cells and non-tumorigenic mammary cell line MCF-
10A for evidence of biochemical excitability and the capacity
of perturbations to alter these events and cellular protrusions.
Both cell lines displayed all-or-nothing responsiveness and re-
fractory periods. External stimuli and acute synthetic perturba-
tions altered wave and/or protrusion behaviors as well as ERK
pulse frequency. These observations allowed us to delineate
feedback loops that bring about excitability. Furthermore, the
activation of Ras enhanced wave activity in MDA-MB-231 cells,
triggered de novo wave activity in MCF-10A cells, and increased
protrusions in both. The invasive behavior across a series of
increasingly metastatic breast cancer cell lines strongly corre-
lates with elevated wave activity. Taken together, these studies
suggest that excitable Ras/PIBK/ERK network as a driver of
cellular protrusions is a general property of migrating cells and
that the cellular transformation can be considered as a shift to
a lower threshold or set point of these networks.

RESULTS

Coupled Signal Transduction and Cytoskeleton Waves
Drive Protrusions

To monitor signal transduction and cytoskeleton activities at the
ventral surface of MDA-MB-231 cells, we co-expressed biosen-
sors for F-actin (LifeAct) and PIP3 (PH-AKT). As shown in Figure 1A
and Video S1, the signal transduction and cytoskeleton activities
initiated spontaneously and propagated as waves along the basal
membrane. The activities were highly coordinated; the leading
edge and peak of the actin and PIP3 waves coincided. Whereas
the cytoskeletal wave was confined to 5 um, the lagging edge of
the signal transduction wave was broader (Figure 1B). Similarly,
as the waves passed, the signal transduction and cytoskeleton
activities initially increased in parallel and peaked at about
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5 min. The cytoskeletal activity returned to basal within about
5 min while the signal transduction activity lasted longer (Fig-
ure 1C). The velocity of the traveling waves was 1.36 + 0.22 um/
min (mean + SD, n = 20) (Figure 1D). Many of the coupled F-actin
and PIP3 waves started within the ventral surface and died out
before reaching the edge of these large cells. The maximal lateral
expansion of the waves was 20.05 + 7.51 um (mean = SD, n = 20)
with a duration of 24.20 + 8.43 min (mean + SD, n = 20) (Figures 1E
and 1F). When a wave reached the edge of the cell, a ruffle
strongly labeled with LifeAct and PH-AKT formed. This suggests
that protrusions in epithelial cells are driven by coordinated PIP3
and F-actin waves (Figure 1G; Video S1).

In some instances, traveling waves stopped their forward pro-
gression and “hovered” in place. Figure 1H and Video S1 show an
example of a PIP3 wave, which displayed some dynamic changes
but did not propagate laterally for about 12 min. Then the wave
began to propagate and continued for about 12 min before it
stopped again. After about 8 min, it started to propagate again.

Signal Transduction and Cytoskeletal Networks Are
Excitable

Previous studies in migrating Dictyostelium amoebae demon-
strated that signal transduction and cytoskeletal activities
display features of excitable systems, including mutually annihi-
lating waves, all-or-none responses, and the existence of a re-
fractory period (Gerisch et al., 2004; Huang et al., 2013). The
following results indicate that an excitable system underlies the
signaling and cytoskeletal waves in MDA-MB-231. First, when
two oppositely propagating waves of LifeAct merged (3.5 min
in Figure 2A, upper panel), they did not cross but instead merged
and disappeared (7.1 and 10.6 min in Figure 2A, upper panel;
Video S2). Similar annihilation was also observed for colliding
waves of PH-AKT (Figure 2A, lower panel).

Second, we examined ERK activation and PIP3 production,
two downstream effectors of Ras, in response to EGF stimuli of
increasing dose and duration. We detected ERK activation by
the nuclear exit of its biosensor ERK-KTR (Regot et al., 2014) in
response to EGF. Stimuli of 5, 15, and 50 pg/mL induced
~15%, ~70%, and ~90% of cells to start intermittent ERK activa-
tion (showing at least a 50% increase) (Figures 2B-2D), similar to
previously reported (Albeck et al., 2013). In addition, MCF10A
cells had an elevated PIP3 in response to 1 and 5 min, but rarely
to 30 s, saturating EGF stimuli (Figure 2E). Notably, the response
started after the removal of 1 min stimulus and proceeded to
completion (Figure 2E). Moreover, the magnitude and kinetics of
the average responses to 1 or 5 min stimuli were nearly identical
(Figures 2E and 2F). A similar duration threshold was obtained in
MDA-MB-231 cells (Figures 2G and 2H). The behavior was very
“cooperative”: fitting the peak response versus the duration to
the sigmoidal curve yielded Hill coefficients over 30 for both

(B) Relative amount of F-actin and PIP3 across the orange and blue boxes scan in (A).

(C) Temporal change of F-actin and PIP3 in the yellow boxes in (A).

(D-F) Distribution of the velocity (D), maximum width (E) and duration (F) among waves (mean + SD of n = 20 waves in one cell).
(G) Example of a circular wave with one edge propagating outward to drive the formation of a protrusion upon reaching the cell perimeter (arrow indicates wave

and dashed line indicates initial cell perimeter) (also see Video S1).

(H) Time-lapse confocal images of PH-AKT showing transitions between standing (marked with a star) and traveling (marked with an arrow) waves (also see

Video S1).
The unit of time labeled on images is min and scale bar is 20 um.
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MCF10A and MDA-MB-231. These observations suggested that
stimuli crossing a threshold can trigger full responses.

Third, we applied paired 1 min stimuli separated by various in-
tervals. The second stimulus failed to trigger a full response un-
less a sufficient recovery time was allowed, suggesting the exis-
tence of a refractory period (Figures 21, 2J, and S1A). In both cell
types, the kinetics of the recovery showed an initial lag of about
10 min, and the magnitude of the second response was half-
maximal after 25 min of recovery. Taken together, these obser-
vations indicate that cytoskeletal and signaling activities in
MCF-10A and MDA-MB-231 cells indeed display salient features
of excitable systems.

Exogenous EGF Perturbs Signal Transduction and
Cytoskeletal Waves
We examined the effects of uniform and gradient EGF stimuli on
wave behavior. When an MDA-MB-231 cell was given a uniform
EGF stimulus, the coupled F-actin and PIP3 waves initially disap-
peared and were replaced by a bright ring of signal around the
cell perimeter. After about 50 min, waves began to reappear in
the central region as the edge signal decreased (Figures 3A
and 3B; Video S3). Eventually, they were more prevalent than
those in cells prior to stimulation. The temporal evolution of the
responses over the peripheral and interior regions was evident
in kymographs of cropped images (Huang et al., 2013) (Fig-
ure 3C). We next used an EGF-filled micropipette to generate a
spatial gradient of stimulation. At the steady-state, PH-AKT
waves that formed toward the high side of the EGF gradient
were wider, more intense, and longer-lasting than those closer
to the low side of the gradient (Figures 3D-3F; Video S3).
Building on a previously published mathematical model of the
excitable signaling network (Xiong et al., 2010), we were able to
simulate the responses of cells to uniform and gradient stimuli.
In the two-dimensional simulation, prior to stimulation, sponta-
neous waves were triggered by noise. A uniform stimulus induced
a global response followed by a brief period of inactivity before the
waves were reinitiated (Figure 3G; Video S4). These results are
generally in agreement with responses observed in MDA-MB-
231 cells except that the global response in live cells was primarily
seen at the perimeter rather than across the basal surface (Fig-
ure 3A). With a gradient stimulus, more abundant and wider
waves were generated close to the high side of the gradient (Fig-
ure 3H; Video S4), consistent with the observations in Figure 3D.

A Small Decrease in PI(4,5)P2 Activates the Signal
Transduction Network and Lowers the Threshold of the
Network

PI(4,5)P2, as the substrate of the reaction, is reduced during the
production of PI(3,4,5P3 (PIP3) by the activated Ras-PI3K

Developmental Cell

network. We therefore tested how acute perturbations to
PI(4,5)P2 reduction affect excitability in MCF-10A and MDA-
MB-231 cells. To rapidly lower the level of PI(4,5)P2, we recruited
the 5-phosphatase, Inp54p, using chemically induced dimeriza-
tion (CID) (Figure S1B). Membrane recruitment of Inp54p caused
an immediate reduction of Pl(4,5)P2, detected by the transloca-
tion of the PI(4,5)P2-binding domain PH-PLCA, from the mem-
brane to the cytoplasm (Figure S1C). Recruitment of a catalyti-
cally inactive mutant Inp54p (D281A) did not affect PH-PLCA
localization (Figure S1D).

In MCF-10A cells, PI(4,5)P2 reduction triggered two distinct
types of responses: spreading or retraction (Figure S2A).
Spreading cells increased their basal surface area and showed
ruffles, whereas retracting cells formed blebs around the cell
perimeter. We noticed that, compared with retracting cells, the
spreading cells had lower expression levels of Inp54p (Fig-
ure S2B), suggesting that the type of response depends on the
extent of PI@4,5)P2 reduction. To test this possibility, we
observed individual cells exposed to increasing doses of rapa-
mycin. Whereas a low dose (5 nM) of rapamycin caused a slight
increase in cytosolic PH-PLCA and strong cell spreading, a sub-
sequent higher dose (1 uM) of rapamycin caused a further in-
crease in cytosolic PH-PLCA, which led to contraction (Figures
S2C and S2D). Moreover, when cells were sorted according to
the intensity of Inp54p fluorescence, most of the low or high ex-
pressers, respectively, spread or retracted (Figures S2E and
S2F). Cells expressing a catalytically inactive Inp54p mutant
did not respond to rapamycin addition (Figure S2F).

The morphological changes induced by the modest lowering
of PI(4,5P2 in MCF-10A cells were dynamic and associated
with biochemical responses. Within minutes of the addition of ra-
pamycin, peripheral regions of the cell began to spread rhythmi-
cally (Figure 4A; Video S5). Kymographs of the length of the la-
mellipodia revealed that the protrusions propagated around
the perimeter with a period of about 20 min, suggesting that
they are driven by scroll waves (Figure 4B). The protrusions
were labeled with RBD (biosensor for active Ras) (Figures 4C,
4D, and S3A; Video S5) and PH-AKT (Figure S3B), indicating
that locally elevated Ras and the PI3K activity at protrusions
drove the oscillatory spreading. The overall activity of Ras also
increased when PI(4,5)P2 was lowered (Figures 4E and 4F).
Elevated PIP3 production on cell protrusions by PI(4,5)P2
lowering was also detected in cells treated with JLY (Figures
S4A-S4D), a cocktail of cytoskeletal inhibitors used to block
the cell shape changes (Peng et al., 2011), suggesting that the
cytoskeletal activity is not required for the activation of signaling.
We next examined the downstream effectors of these activities.
Immunofluorescence staining revealed a wide band of S473-
AKT phosphorylation (Figure S3C), indicating the activation of

Figure 2. The Signaling Network Is Excitable

(A) Two colliding actin or PIP3 waves in MDA-MB-231 cells annihilated (dashed yellow boxes) (also see Video S2).

(B-D) Responses of ERK-KTR to EGF stimulation of different concentrations in MCF-10A cells. Ratios of cytosolic to nucleus ERK-KTR signal were plotted over
time for 19, 21, and 20 cells in one experiment as shown in (B), (C), and (D). EGF stimulations were applied at 78 min.

(E-H) Quantification of PIP3 responses to 0.5, 1, and 5 min saturated EGF stimuli in MCF-10A (E and F) and MDA-MB-231 (G and H) cells (mean + SEM of n =10

cells of 3 experiments).

(I and J) Peak responses to the second of two 1 min stimuli separated by interval T in MCF-10A (l) and MDA-MB-231 (J) cells (mean + SEM of n = 10 cells of 3

experiments). An example of the individual cell response is shown in Figure S1A.

Cells were starved in pure DMEM/F-12 (MCF-10A) or DMEM (MDA-MB-231) medium for 24 h before EGF stimulation. The unit of time labeled on images is min

and scale bar is 20 um.
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(A) Confocal images of the MDA-MB-231 cell showing the response of PIP3 and actin waves to global EGF stimulation (2 ng/mL, added at 0 min) (also see Video
S3). Cells were starved in pure DMEM medium for 2 h before EGF stimulation.
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mTORC2 at the protrusions (Manning and Toker, 2017). We also
noticed that lowering of PI(4,5)P2 triggered ERK activation (Fig-
ures 4G and 4H; Video S5). The extent of ERK activation within
the cell population was heterogeneous (Figure 4l). Furthermore,
during continuous stimulation, the elevated steady-state level
fluctuated (Figures 4H and 4l). Together, the results indicate
that PI(4,5)P2 lowering activates the Ras signaling network,
which leads to the activation of multiple downstream events.

In MDA-MB-231 cells, slight PI(4,5)P2 lowering led to more
PH-AKT and RBD waves in the interior regions of the basal cell
surface and more ruffles at the cell edge. The increase in waves
covering the basal surface was due to both de novo initiation as
well as growth in pre-existing waves (Figures 4J-4L; Video S6).
The temporal evolution of these waves is demonstrated by the
t stack of a section throughout the images (Figure S3D) (Huang
et al., 2013). Patches of PIP3 or RBD appeared in the interior
upon rapamycin addition, indicating a new wave formation.
PIP3- or RBD-enriched oscillatory protrusions also appeared
on the perimeter. As in MCF-10A cells, a slight decrease of
PI(4,5)P2 mostly caused spreading, while a large depletion of
PI(4,5)P2 caused retraction and blebbing in MDA-MB-231 cells
(Figure S3E).

Theoretically, in excitable systems, the amount of sponta-
neous activity depends on the set point or threshold of the sys-
tem. The generation of dynamic protrusions in MCF-10A cells
and traveling waves in MDA-MB-231 cells suggested that
Pl1(4,5)P2 lowering decreased the threshold of the excitable
signaling network. To test this idea, we compared EGF-triggered
ERK responses of MCF-10A cells in the presence or absence of
P1(4,5)P2 lowering. PI(4,5)P2 lowering led to a greater percent-
age of cells responding to sub-saturating EGF stimulation (Fig-
ures 5A-5E). When stimulated with increasing levels of EGF,
the dose-response curve of Pl(4,5)P2-reduced cells was left-
shifted relative to that of the control cells (Figure 5F). Together,
these results suggested that a slight PI(4,5)P2 reduction lowers
the threshold of the Ras-PI3K excitable signaling network and
this is reflected in a greater sensitivity of ERK in EGF stimulation.

mTORC2 Links Signal Transduction and Cytoskeletal
Activities

To further define the mediators of the morphological changes
induced by PI(4,5)P2 reduction, we blocked key pathways
downstream of Ras using small molecule inhibitors. PI3K inhibi-
tor ZSTK474 caused retraction of protrusions and reduced the
wave activities in unstimulated MDA-MB-231 cells (Figures
S4E-S4l). The morphological changes induced by PI(4,5)P2
reduction still occurred in the presence of the PI3K inhibitor. In
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contrast, MCF-10A cells treated with PP242, which had abol-
ished S473-AKT phosphorylation (Figure S5A), the PI(4,5)P2
lowering-induced cell spreading response was blocked (Figures
S5C, S5D, and 6A). Consistently, the response was also blocked
by the knocking down of mTOR (mammalian target of rapamy-
cin) with shRNA (Figures S5E, S5G, S5H, and 6B). We do not
believe that this effect is due to the inhibition of mMTORC1, since,
as noted above, mTORC1 specific inhibitor rapamycin did not
alter the cell spreading behavior. It was further confirmed by
the result that shRictor also blocked the cell spreading response
induced by decreasing PI(4,5)P2 (Figures S5F, S5G, S5I, and
6B). Together, these results suggest that the effects of PI(4,5)
P2 reduction on cytoskeletal activity act through a pathway
involving mTORC2.

ERK and PI(3,4)P2 Are Negative Regulators in the
Excitable Network

Since ERK is activated by PI(4,5)P2 lowering (Figures 4G—-4l), we
tested the role of ERK in mediating the spreading response. Sur-
prisingly, the ERK inhibitor Ulixertinib alone caused more cell
spreading (Figure 6C). Subsequent lowering of PI(4,5)P2 after
ERK inhibition caused no further increase in cell spreading (Fig-
ure 6D). This suggests that the major role of ERK is as a negative
regulator of the system (Figure 6L).

Recent evidence suggests that PI(3,4)P2 has physiological
roles in addition to being a product of PIP3 degradation (Gewin-
ner et al., 2009; Hawkins and Stephens, 2016; Guo et al., 2016;
Malek et al., 2017; Li et al., 2018; Goulden et al., 2019). We
compared the dynamic levels of PIP3 and PI(3,4)P2 using bio-
sensors PH-AKT and PH-TAPP1. While PIP3 and PI(3,4)P2
both localized on cell protrusions, they were spatially separated.
PIP3 formed a band at the perimeter, whereas PI(3,4)P2 formed
a trailing band back from the perimeter in both MCF-10A and
MDA-MB-231 cells (Figures 6E-6G and S6A-S6C).

We next measured the kinetics of PIP3 and PI(3,4)P2 changes
in response to 2 ng/mL EGF in MCF-10A cells. Upon stimulation,
PIP3 and PI(3,4)P2 increased globally on the membrane. PIP3
reached a peak within 2 min, while PI(3,4)P2 rose more slowly
and peaked 1 min later (Figure 6H). The difference in the kinetics
is consistent with the spatial relationship seen in propagating
waves and protrusions.

To determine the role of PI(3,4)P2 in the excitable network, we
assessed the effects of acute reduction of PI(3,4)P2. We used
CID to recruit INPP4B to hydrolyze PI(3,4)P2. Upon the addition
of rapamycin, MCF-10A cells began to carry out oscillatory
spreading, consistent with an increase in wave activity (Figures
6l, 6J, and S6D). This contrasted strikingly to the effects of

(B) Quantification of PIP3 change at the center (blue box) or periphery (orange box) of the cell ventral surface in (A).
(C) Internal and external views of stacked frames of ROI (dashed yellow box) in (B).
(D) Response of PIP3 wave to local EGF stimulation. Yellow star indicates the position of micropipette (filled with 10 ng/mL EGF, applied at 0 min). Also see Video

S3. Cells were starved in pure DMEM medium for 2 h before EGF stimulation.

(E) Internal and external views of stacked frames of ROI (dashed yellow box) in (D).
(F) Wave maximum width versus distance to the micropipette in (D). The dashed black line is the power trend line.
(G) Computational simulation of waves response to global stimulus based on an activator-inhibitor scheme. Green is activator (X) while red is inhibitor (Y). Global

stimulus was added at time 0 (a.u.) (also see Video S4).

(H) Computational simulation of waves response to local stimulus. Green is activator while red is inhibitor. Yellow star indicates the position of stimulus (also see

Video S4).
The unit of time labeled on images is min and scale bar is 20 um.
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Figure 4. PI(4,5)P2 Reduction Changes Cell Morphology and Signaling Responses
(A) Time-lapse confocal images of MCF-10A cell expressing Lyn-FRB and FK506 binding protein (FKBP)-Inp54p (channel shown). 1 uM rapamycin was added at
0 min (also see Video S5).
(legend continued on next page)
Developmental Cell 54, 608-623, September 14, 2020 615



¢ CellPress

PIP3 depletion, which caused cell retraction (Figures S4E and
S4l). Furthermore, the morphological changes caused by
PI(3,4)P2 reduction were accompanied by Ras activation as de-
tected by its biosensor RBD (Figures 6K, S6E, and S6F).
Together, these results suggest that PI(3,4)P2, activated
following Ras and PI3K activation, provides a negative feedback
loop to Ras activity (Figure 6L).

Oncogenic Transformation Causes Enhanced
Excitability of the Signal Transduction Network

We examined the effect of the Ras activation on network excit-
ability and cell morphology. If the network outlined in Figure 6L
is correct, an increase in Ras activity would be expected to lower
the threshold and lead to increased excitability. To acutely acti-
vate Ras, we used CID to rapidly recruit the CAAX-deleted
constitutively active Kras_G12V to membrane-anchored Lyn-
FRB upon rapamycin addition. In MCF-10A cells, Kras_G12V
recruitment led to an oscillatory cell spreading, similar to the ef-
fects of PI(4,5)P2 reduction (Figure 7A). The effects of recruiting
Ras-GEF, CDC25, were similar to those induced by Kras_G12V
(Figure 7B). In order to examine the effect of Ras activation on
existing wave activities, we recruited CDC25 in MDA-MB-231
cells. As indicated by the PIP3 biosensor PH-AKT, activation of
Ras led to an increase in the number of traveling waves on the
basal surface of the cells (Figure 7C; Video S7). As we have
shown earlier, these changes are indicative of a lowered
threshold of the STEN.

To directly correlate the excitability of the signaling network
with cell oncogenic transformation, we examined MCF-10A cells
expressing Hras, Kras, or C-MYC oncogenes. These cells have
been shown to display features of cell transformation, including
growth on soft agar (Basolo et al., 1991), epithelial to mesen-
chymal transition (Liu et al., 2009), and tumor formation in mouse
xenografts (Imbalzano et al., 2009). In our hands, similar to P1(4,5)
P2 lowering, the transformed cells were larger and more spread
(Figure 7D) and showed lower resistance to hypotonic shock (Fig-
ure S7B). Expression of LifeAct, PH-AKT, and RBD revealed trav-
eling actin, PIP3, and Ras waves moving across the basal surface
of the transformed cells, as seen in MDA-MB-231 cells (Figures
7D and S7C-S7F; Video S7). As noted earlier, basal waves within
the cell perimeter were rarely detected in control MCF-10A cells
(Figure 7D). Transformed cells displayed a variety of concentric
or spiral waves as well as intermittent standing and traveling
waves. Some waves initiated at the perimeter with one side of
the wave propagating inward and the other pushing the cell
edge outward (Figure S7E). Other waves started interiorly, trav-
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eled to the edge, and pushed out. In four experiments, 41.8% =+
5.9% (mean = SEM) of transformed cells and 59 + 1.5 %
(mean + SEM) of control cells displayed these internal waves (Fig-
ure 7E). The transformed cell population had more spread cells
than control MCF-10A cells; however, both small and large trans-
formed cells displayed more waves and there was only a moder-
ate correlation with cell size (R? = 0.4443) (Figures S7G and S7H).
Furthermore, compared with the control, spontaneous ERK activ-
ity increased and showed more frequent oscillations in Ras_G12V
transformed cells (Figures 7F and 7G). Since the increase in wave
activity suggested that the threshold of the network is lowered, we
examined the response of ERK to EGF stimulation with different
doses in control and Kras_G12V cells. As shown in Figure S7I,
the baseline activity of ERK was higher and the ECsq concentra-
tion of EGF needed to trigger responses was lower in the trans-
formed cells. These results are consistent with the lowering of
the threshold of STEN in PI(4,5)P2-reduced cells.

We next examined the wave activity in a series of cells derived
from MCF-10A with increased metastatic potential, designated
M1, M2, M3, and M4 cells. Whereas M1 and M2 correspond to
wild-type and Ras-transformed cells, M3 and M4 cells were
selected for higher metastatic index (Dawson et al., 1996; Sant-
ner et al., 2001; Weiger et al., 2013). We found that the wave
activities of M1 and M2 were similar to our findings with the
wild-type and Ras-transformed cells. In contrast, M3 and M4
displayed even more internal basal waves than M2 cells (Fig-
ure 7H; Video S7). Up to ~80% of M3 and ~90% of M4 cells dis-
played waves (Figure 71). This observation suggested a strong
correlation between wave activities on the basal surface of cells
and metastatic potential.

DISCUSSION

Our studies provide systems-level mechanisms for migratory
transitions and oncogenic transformation in human epithelial
cells. We found that, first, these cells display propagating waves
of Ras and PI3K activation and that waves reaching the cell
perimeter drive protrusions. External stimulation with growth
factors can influence the wave behavior. Second, oppositely
directed waves merge and display mutual annihilation, and re-
sponses to growth factor display all-or-none responsiveness
and refractory periods. Third, abrupt perturbations of Ras activ-
ity and phosphoinositide levels change the number and char-
acter of traveling waves and protrusions as well as the sensitivity
to growth factor stimulation. These observations show that
cellular protrusions are controlled by an excitable Ras/PI3K/

(B) Kymograph of lamellipodia length around the perimeter of the cell in (A). Quantification of cell area change is shown in Figure S2F.

(C) Time-lapse confocal images of the bottom surface of MCF-10A cell expressing Lyn-FRB (shown in Figure S3A), FKBP-Inp54p, and RBD (channel shown) after
1 uM rapamycin indicate active Ras enriched at the oscillatory protrusions. Also see Video S5.

(D) Quantification of the boxes scan in (C) and Figure S3A. The bold are the smoothed lines.

(E) Confocal images of the middle plane of MCF-10A cell expressing Lyn-FRB, FKBP-Inp54p, and RBD (channel shown) before and after 1 uM rapamycin.

(F) Quantification of the boxes scan in (E).

(G) Confocal images of MCF-10A cells expressing Lyn-FRB, FKBP-Inp54p, and ERK-KTR (channel shown) before and after 1 uM rapamycin (also see Video S5).
(H and I) Ratios of cytosolic to nucleus ERK-KTR signal in population average (H, mean + SD of n = 31 cells in one experiment) and individual (I) MCF-10A cells.
(J and K) Time-lapse confocal images showing increased PIP3 waves (J, also see Video S6) or Ras waves (K, also see Video S6) formation after lowering PI(4,5)P2
in MDA-MB-231 cells. 1 puM rapamycin was added at 0 min. The t stack analysis of (J) is presented in Figure S3D.

(L) Quantification of wave number change in (J and K). Individual waves were followed from origin to end in videos. The total wave number for each cell was
quantified during 1 h imaging windows before and after 1 pM rapamycin (mean + SD of n = 48 cells, 5 experiments). Paired t test, p = 0.0004.

The unit of time labeled on images is min and scale bar is 20 um.

616 Developmental Cell 54, 608-623, September 14, 2020



Developmental Cell

ERK-KTR oub

L ;‘

% %k %k %k

0.4

0.2

Fraction of Cells

0.0

- Rap + Rap

¢? CellPress

B + EGF
12
“ 4.5
Ts
o
©
>
T
2
&S]
£
0
0 25 50 75
Time (min)
D + EGF
19
]
@
(v)
©
>
i)
S
2
£
0
0 25 50 75
Time (min)
F 1.0
1 +Rap ¥
o, 084 Rep é
3 °
5 0.6 -
s
‘5 0.4 - %
(%}
o
(T8
0.2
A
0.0 H// T T 1
0 10 100 1000

EGF (pg/ml)

Figure 5. PI(4,5)P2 Reduction Lowers the Threshold of ERK Activation in MCF-10A Cells

(A-D) Responses of ERK-KTR to 10 pg/mL EGF stimulation in MCF-10A cells without (A and B) and with (C and D) PIP2 reduction by rapamycin-induced
recruitment of Inp54p. Ratios of cytosolic to nucleus ERK-KTR signal over time for 12 and 19 individual cells are plotted in (B) and (D).

(E) Fraction of cells showing at least 50% increase in the ratio of cytosolic to nucleus intensity of ERK-KTR in response to 10 pg/mL EGF global stimulation with or
without PIP2 reduction by rapamycin-induced recruitment of Inp54p (mean = SD of n = 10 experiments). Unpaired t test with Welch’s correction, p < 0.0001.
(F) Fraction of cells responding to global stimulation of various concentrations of EGF in cells without or with PIP2 reduction by rapamycin-induced recruitment of

Inp54p (mean + SD of n = 10 experiments).

Cells were starved in pure DMEM/F-12 medium for 24 h before stimulation. Scale bar labeled on images is 20 um.

ERK network and that growth factors guide cells by locally
altering excitability. They also delineate the feedback loops
that contribute to excitability. Finally, we discovered that Ras
transformation leads to de novo or increased wave activity,
consistent with the increased protrusive activity displayed by
transformed cells.

Multiple different criteria demonstrated that the downstream
effectors of Ras, such as ERK and PI3K display properties of
excitability in human epithelial cells. First, we repeated the

observation that the oscillation of ERK activity can be promoted
by EGF, as previously described in MCF-10A cells (Albeck et al.,
2013). Second, there was no production of PIP3 to 30 s growth
factor stimulation, while the responses to 1 and 5 min were quite
similar. The responses to 1 and 5 min stimuli continued to in-
crease after the stimuli were removed, suggesting that the sys-
tem responds in an all-or-none fashion after crossing a
threshold. Third, paired stimuli demonstrated the existence of
a refractory period; cells required about 30 min to regain full
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(legend continued on next page)
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responsiveness. The refractory period explains why oppositely
directed waves annihilate and the duration of the refractory
period is consistent with the period of ERK oscillations.

The studies presented here show that actin waves in epithelial
cells are regulated by a mechanism similar to that delineated in
Dictyostelium (Vicker, 2002; Gerisch et al., 2004; Wozniak
et al., 2005; Miao et al., 2017). In Dictyostelium, the slower ki-
netics of the signal transduction network lead to broad bands
of Rap, Ras, and PI3K activity that move coordinately with lead-
ing and trailing peaks of F-actin polymerization. This behavior
was attributed to the coupling of a slow STEN to a rapid cytoskel-
etal excitable network (CEN). These characteristics are appar-
ently conserved in human epithelial cells reported here. We
found that the previously reported actin “rosettes” (Marchesin
et al., 2015) consisted of a narrow actin band accompanied by
broader bands of Ras activation and PIP3. The duration of the re-
sponses is about 30 times longer, and the velocity of the waves is
about 6 folds smaller, in epithelial versus ameboid cells. The
different kinetics are consistent with the frequency and exten-
sion rate of protrusions as well as the speed of movements in
the two different cells (Albeck et al., 2013; Aoki et al., 2013;
Miao et al., 2019).

We also observed novel wave characteristics that had not
been previously reported. First, we observed switching between
traveling and standing waves, a recently predicted feature of
excitable systems (Bhattacharya et al., 2020). Second, we found
that the uniform growth factor triggered a global response,
temporarily overwhelming wave activity, and that local gradients
provided a directional bias to the waves in MDA-MB-231 cells.
Our observations in MDA-MB-231 were closely simulated by
manipulating the threshold in the STEN-CEN computational
model. In Dictyostelium, the extent to which STEN activity can
be biased by external stimuli appears to be context dependent
and has been debated (Huang et al., 2013; Gerisch and Ecke,
2016). Our observations provide clear evidence to support the
excitable network hypothesis with respect to cell guidance.

Our observations lead to a schematic view of the molecular
identity of some of the feedback loops that bring about excit-
ability (see Figure 6L). Ras is activated by EGF, which in turn ac-
tivates ERK. ERK negatively regulates Ras activity. It has been
reported that Ras activation reduces PI(4,5)P2 (Van Rheenen
et al., 2007). We found that PI(4,5)P2 is a negative regulator of

¢ CellP’ress

Ras activity, which would complete a mutually inhibitory positive
feedback loop. PI(3,4)P2 as a product of PIP3 provides negative
feedback to Ras. Finally, PIP3 together with mTORC2 provides a
link through AKT to the cytoskeleton. Similar observations were
previously made in Dictyostelium except that in amoebae resting
PI(3,4)P2 levels are high and AKT can serve as a negative regu-
lator of Ras activation. The consistent role of PI(3,4)P2 as a nega-
tive regulator in both systems is surprising, since PI(3,4)P2 is at
the leading edge of the cell and generally considered as a posi-
tive regulator (Bae et al., 2010; Hansen and Mullins, 2015). How-
ever, our studies (Figures 6E-6G and S6A-S6C) and those in Dic-
tyostelium (Li et al., 2018) indicate that PI(3,4)P2 at the leading
edge lags behind PIP3. Other studies have pointed to additional
feedback loops not assessed here. For instance, Ras, PI3K, the
actin cytoskeleton, and cellular adhesion can form a positive
feedback loop (Huang et al., 2013; Yang et al., 2018). Negative
feedback involving myosin and AKT, as well as membrane ten-
sion and mTORC2 have been reported (Sasaki et al., 2007;
Houk et al., 2012; Diz-Mufoz et al., 2016; Riggi et al., 2018).
Excitability of the Ras-PI3K network has important conse-
quences in physiology and cancer. First, the excitable network
can generate patterns, such as traveling waves of different di-
mensions or standing waves (Xiong et al., 2010; Bhattacharya
et al., 2020). These patterns can generate a large repertoire of
protrusions, such as pseudopodia, filopodia, lamellipodia, or in-
vadopodia, and consequently explain a wide range of migratory
behaviors (Huang et al, 2013; Taniguchi et al, 2013; Miao et al.,
2017; Miao et al., 2019). Second, we found an increase in the
wave and ERK activity in Kras transformed cells, as well as in
cells where Ras was acutely activated. Furthermore, the
increased wave activity was strongly correlated with metastatic
potential across a series of increasingly aggressive breast can-
cer cell lines (M1~M4 MCF10A cells). These suggest that the
enhanced wave and ERK activities may control cell proliferation
and cancer progression (Roberts and Der, 2007; Mebratu and
Tesfaigzi, 2009; Mendoza et al., 2011; Serra et al., 2011; Samatar
and Poulikakos, 2014; Tanimura and Takeda, 2017; Yang et al.,
2018). Taken together, our studies suggest a novel view of onco-
genic transformation as a shift to a lower threshold or set point of
the Ras/PI3K/ERK excitable network. This change in threshold is
manifested by an increase in stochastic noise-driven activities,
such as the number and the range of propagating waves and

(B) Quantification of area changes of MCF-10A cells expressing Lyn-FRB and FKBP-Inp54p (images shown in Figures S5G-S5I) transfected with scrambled,
mTOR, or Rictor shRNAs before and after 1 uM rapamycin (mean + SEM of n = 20 cells of 5 experiments).
(C) Quantification of area changes of MCF-10A cells before and after treated with DMSO or 10 uM Ulixertinib (ERK inhibitor) (mean + SEM of n = 20 cells for Ulix

and 22 for DMSO of 3 experiments).

(D) Quantification of area changes of MCF-10A cells before and after rapamycin-induced PIP2 reduction (mean + SEM of n = 18 cells for Ulix and 17 for DMSO of 3
experiments). Cells were either pre-treated with DMSO or 10 pM Ulixertinib for 2 h before imaging.

(E) Confocal images of MCF-10A cells expressing PH-TAPP1-GFP and PH-AKT-RFP.

(F) Merged images of both fluorescence channels in (E). Green is PH-TAPP1 and red is PH-AKT.

(G) Quantification of the boxes scan in (F). Similar results for MDA-MB-231 cells are shown in Figures S6A-S6C.

(H) PI(3,4)P2 and PI(3,4,5)P3 responses to global EGF (2 ng/mL) stimulation in MCF-10A cell. Thin vertical lines mark 50% values. Cells were starved in pure

DMEM/F-12 medium for 24 h before EGF stimulation.

(I) Time-lapse confocal images of MCF-10A cell expressing Lyn-FRB and FKBP-INPP4B (channel shown). 1 uM rapamycin was added at 0 min.

(J) Quantification of the cell area changes of individual MCF-10A cells (colored lines) or population average (black line, mean + SEM of n = 15 cells of 3 ex-
periments) before and after rapamycin-induced PI(3,4)P2 reduction. The phosphatase inactive control is shown in Figure S6D.

(K) Time-lapse confocal images of the ventral surface of MCF-10A cell expressing Lyn-FRB (channel shown), FKBP-INPP4B, and RBD (channel shown). 1 uM

rapamycin was added at 0 min. Quantification is shown in Figures S6E and S6F.

(L) Diagram of the working model. Green arrows indicate activating interactions while red bars indicate inhibitory interactions.

The unit of time labeled on images is min and scale bar is 20 um.
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Figure 7. Oncogenic Transformation Causes Enhanced Excitability of the Signal Transduction Network
(A) Time-lapse confocal images of MCF-10A cell expressing Lyn-FRB and FKBP-Kras_G12V
(channel shown). 1 uM rapamycin was added at 0 min.

(legend continued on next page)
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the frequency of ERK pulses. The lowering of threshold most
likely leads to the increased migration, macropinocytosis, and
proliferation of cancer cells and it possibly can be used to assess
cancer severity as well as a target for intervention.
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(B) Time-lapse confocal images of MCF-10A cell expressing Lyn-FRB and FKBP-CDC25 (channel shown). 1 uM rapamycin was added at 0 min.

(C) Time-lapse confocal images of MDA-MB-231 cell expressing Lyn-FRB, FKBP-CDC25, and PH-AKT (channel shown). 1 uM rapamycin was added at 0 min.
Also see Video S7.

(D) Time-lapse confocal images of control or Kras_G12V transformed MCF-10A cells expressing LifeAct. Also see Figures S7TC-S7F; Video S7 for additional
examples.

(E) Quantification of fraction of cells with wave in control or Kras_G12V transformed MCF-10A cells during a 2-h imaging window (mean + SEM of n = 4 inde-
pendent experiments, 306 control cells and 347 Kras transformed cells). Unpaired t test with Welch’s correction, p = 0.0071.

(F and G) Heatmap of ratios of cytosolic to nucleus ERK-KTR signal of control (F) or Kras_G12V transformed (G) MCF-10A cells. n = 25 cells of 2 experiments for
each group.

(H) Time-lapse confocal images of M1-M4 MCF-10A cells expressing LifeAct. Also see Video S7 for more examples. Yellow arrows indicate example waves.
(I) Quantification of fraction of cells with wave in M1-M4 MCF-10A cells during a 2-h imaging window (mean + SD of n = 4 independent experiments, 501 M1 cells,
608 M2 cells, 234 M3 cells, and 302 M4 cells). M2 VS M1: unpaired t test with Welch’s correction, p = 0.0013; M3 VS M1: unpaired t test, p < 0.0001; M4 VS M1:
unpaired t test, p < 0.0001; M3 VS M2: unpaired t test, p < 0.0001; M4 VS M3: unpaired t test, p = 0.0639.

The unit of time labeled on images is min and scale bar is 20 um.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-phospho-ERK

Mouse anti-ERK1/2

Rabbit anti-phospho-AKT (Ser473)

Mouse anti-AKT

Anti-mTor

Anti-Rictor

Anti-GAPDH

Rabbit anti-B-Actin

Fluorescent dyes-conjugated goat anti-rabbit
Fluorescent dyes-conjugated goat anti-mouse
Anti-rabbit IgG_Alexa Fluor® 488 conjugate
Anti-mouse IgG_Alexa Fluor® 488 conjugate

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
LI-COR

LI-COR

Cell Signaling Technology
Cell Signaling Technology

Cat#9101; RRID: AB_331646
Cat#9107; RRID: AB_10695739
Cat#4060; RRID: AB_2315049
Cat#2920; RRID: AB_1147620
Cat#2972; RRID: AB_330978
Cat#2140; RRID: AB_2179961
Cat#2118; RRID: AB_561053
Cat#4970; RRID: AB_2223172

Cat#925-68071; RRID: AB_2721181
Cat#925-32210; RRID: AB_2687825

Cat#4412; RRID: AB_1904025
Cat#4408; RRID: AB_10694704

Chemicals, Peptides, and Recombinant Proteins

DMEM/F-12 medium Gibco Cat#10565042
Horse serum Gibco Cat#26050088
EGF Sigma Cat#E9644
Cholera toxin Sigma Cat#C-8052
Hydrocortisone Sigma Cat#H-0888
Insulin Sigma Cat#l-1882
DMEM medium Gibco Cat#10566024
FBS Gibco Cat#16140071
Lipofectamine 3000 Invitrogen Cat#1.3000008
Puromycin ThermoFisher Cat#A1113803
Zeocin ThermoFisher Cat#R25001
PP242 Sigma Cat#P0037
Latrunculin A Enzo Cat#BML-T119-0100
Ulixertinib MedChemExpress Cat#HY-15816
LY294002 Invitrogen Cat#PHZ1144
ZSTKA474 Cell Signaling Cat#13213
Y27632 Enzo Cat#ALX-270-333-M001
Latrunculin B Enzo Cat#BML-T110-0001
Jasplakinolide Enzo Cat#ALX-350-275-C050
Rapamycin Cayman Cat#13346
Protease inhibitors Roche Cat#11836170001
Phosphatase inhibitor cocktail Sigma Cat#P5726
Odyssey Blocking Buffer LI-COR Cat#927-50000
Prolong Gold Antifade Reagent Cell Signaling Technology Cat#9071
Alexa Fluor® 647 Phalloidin Cell Signaling Technology Cat#8940
Experimental Models: Cell Lines
MCF-10A M. lijima Lab (JHU) N/A
MDA-MB-231 J. Liu Lab (JHU) N/A
M1 (MCF-10A) Animal Model and Therapeutic Evaluation Core N/A

(AMTEC) of Karmanos Cancer Institute of Wayne

State University
M2 (MCF-10AT1k.cl2) Same as above N/A
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
M3 (MCF-10CA1h) Same as above N/A
M4 (MCF-10CA1a.cl1) Same as above N/A
Recombinant DNA

pFUW2-CFP-Lyn-FRB This study N/A
PFUW2-mCherry-FKBP-Inp54p This study N/A
pFUW2-mCherry-FKBP-Inp54p (D281A) This study N/A
pFUW2-YFP-PH-PLCA This study N/A
pFUW2-GFP-PH-AKT This study N/A
pFUW2-RFP-PH-AKT This study N/A
pFUW2-RFP-LifeAct Lab stock N/A
pFUW2-Raf-RBD (51-220)-GFP Lab stock N/A
YFP-FKBP-CDC25 T. Inoue Lab (JHU) N/A
RFP-PH-TAPP1 T. Inoue Lab (JHU) N/A
pFUW2 S. Desiderio Lab (JHU) N/A
Pmdl S. Desiderio Lab (JHU) N/A
pRSV S. Desiderio Lab (JHU) N/A
pCMV S. Desiderio Lab (JHU) N/A

pLenti-GFP-ERKKTR
mCherry-FKBP-INPP4B
mCherry-FKBP-INPP4B (C842A)
pPBABE-KrasG12V
pBABE-HrasG12V
pBABE-C-MYC

puMvC

pCMV-VSV-G

psPAX2

pMD2.G

pLKO.1 scramble shRNA
pLKO.1 Rictor_#1 shRNA
pLKO.1 Rictor_#2 shRNA
pLKO.1 mTOR_#1 shRNA
pLKO.1 mTOR_#2 shRNA

Regot et al., 2014

Goulden et al., 2019

Goulden et al., 2019

William Hahn Lab (Dana-Farber) (unpublished)
William Hahn Lab (Dana-Farber) (unpublished)
Dai et al., 2007

Stewart, et al., 2003

Stewart, et al., 2003

Didier Trono Lab (EPFL) (unpublished)

Didier Trono Lab (EPFL) (unpublished)
Sarbassov et al., 2005

Sarbassov et al., 2005

Sarbassov et al., 2005

Sarbassov et al., 2005

Sarbassov et al., 2005

Addgene Plasmid #59150
Addgene Plasmid #116864
Addgene Plasmid #116865
Addgene Plasmid #9052
Addgene Plasmid #9051
Addgene Plasmid #17758
Addgene Plasmid #8449
Addgene Plasmid #8454
Addgene Plasmid #12260
Addgene Plasmid #12259
Addgene Plasmid #1864
Addgene Plasmid #1853
Addgene Plasmid #1854
Addgene Plasmid #1855
Addgene Plasmid #1856

Software and Algorithms

Fiji ImageJ) http://imagej.nih.gov/ij Ver 1.52n
MATLAB https://mathworks.com Ver R2017a
Graphpad Prism https://graphpad.com Ver 7.00
Other

35 mm glass-bottom dishes
Chambered coverglass

Mattek
Lab-Tek

Cat#P35G-0.170-14-C
Cat#155409PK

RESOURCE AVAILABILITY

Lead Contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Peter N.

Devreotes (pnd@jhmi.edu).

Materials Availability

All unique/stable reagents generated in this study are available from the lead contact without restriction.
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Data and Code Availability
This study did not generate any unique datasets. The computational simulation codes supporting the current study have not been
deposited in a public repository but are available from the corresponding author on request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Lines

MCEF-10A cells, acquired from lijima Lab (Johns Hopkins University), were grown at 37°C in 5% CO2 using DMEM/F-12 medium
(Gibco, #10565042) supplemented with 5% horse serum (Gibco, #26050088), 20 ng/ml EGF (Sigma, #E9644), 100 ng/ml cholera
toxin (Sigma, #C-8052), 0.5 mg/ml hydrocortisone (Sigma, #H-0888) and 10 png/ml insulin (Sigma #1-1882). MDA-MB-231 cells, ac-
quired from Liu Lab (JHU), were maintained in DMEM medium (Gibco, #10566024) containing 10% FBS (Gibco, #16140071) at 37°C
in 5% CO2. M1 (MCF-10A), M2 (MCF-10AT1k.cl2), M3 (MCF-10CA1h), and M4 (MCF-10CA1a.cl1) cells, purchased from the Animal
Model and Therapeutic Evaluation Core (AMTEC) of Karmanos Cancer Institute of Wayne State University, were cultured in the same
conditions as MCF-10A cells.

METHOD DETAILS

Cell Transfection and Preparation
Transient transfections of the cells were performed using Lipofectamine 3000 (Invitrogen, #L.3000008) following manufacturer’s in-
structions. Stable transfected cell lines were selected and/or maintained in culture media containing drugs (2 ng/ml Puromycin, Ther-
mokFisher, #A1113803 and/or 2 mg/ml Zeocin, ThermoFisher, #R25001). Some stable cell lines were sorted by fluorescence tags.
Cells were transferred to 35 mm glass-bottom dishes (Mattek, #P35G-0.170-14-C) or chambered coverglass (Lab-Tek,
#155409PK) and allowed to attach overnight prior to imaging. Cells were seeded and incubated at 37°C in 5% CO2 overnight before
harvest for immunoblotting, immunofluorescence, or live cell imaging.
For EGF stimulation assays, MCF-10A and MDA-MB-231 cells were usually starved in pure DMEM/F-12, or DMEM medium
respectively for 24 hours before stimulation.

Plasmids Sub-cloning

Constructs of CFP-Lyn-FRB, mCherry-FKBP-Inp54p, mCherry-FKBP-Inp54p (D281A), YFP-FKBP-CDC25, YFP-PH-PLCA, and
RFP-PH-TAPP1 were obtained from Inoue Lab (JHU). GFP/RFP-PH-AKT, RFP-LifeAct, pFUW2, pMDL, pRSV, and pCMV were ob-
tained from Desiderio Lab (JHU). Raf-RBD (51-220)-GFP was obtained from Balla Lab (NIH). pLenti-GFP-ERKKTR (#59150),
mCherry-FKBP-INPP4B (#116864), mCherry-FKBP-INPP4B (C842A) (#116865), pBABE-KrasG12V (#9052), pBABE-C-MYC
(#17758), pBABE-HrasG12V (#9051), pUMVC (#8449), pCMV-VSV-G (#8454), psPAX2 (#12260) and pMD2.G (#12259) constructs
were obtained from AddGene. Lyn-FRB, FKBP-Inp54p, FKBP-Inp54p (D281A), PH-PLCA, PH-AKT, LifeAct, and RBD were subcl-
oned to lenti-viral expression plasmid pFUW2. The pLKO.1 knock-down plasmids scramble shRNA (#1864), Rictor_#1 shRNA
(#1853), Rictor_#2 shRNA (#1854), mTOR_#1 shRNA (#1855), and mTOR_#2 shRNA (#1856) were obtained from AddGene.

Drugs Preparation

Stocks of 10 mM PP242 (Sigma, #P0037), 25 mM Latrunculin A (Enzo, #BML-T119-0100), 10 mM Ulixertinib (MedChemExpress,
#HY-15816), 50 mM LY294002 (Invitrogen, #PHZ1144), 10 mM ZSTK474 (Cell Signaling, #13213), 10 mM Y27632 (Enzo, #ALX-
270-333-M001), 25 mM Latrunculin B (Enzo, #BML-T110-0001), 1 mM Jasplakinolide (Enzo, #ALX-350-275-C050) and 10 mM Ra-
pamycin (Cayman, #13346) were prepared by dissolving the chemicals in DMSO. The stocks were diluted to the indicated final con-
centrations in culture medium or live cell imaging medium. The EGF stock solution was prepared by dissolving EGF (Sigma, #E9644)
in 10 mM acetic acid to a final concentration of 1 mg/ml. Insulin (Sigma #l-1882) was resuspended at 10 mg/ml in sterile ddH20 con-
taining 1% glacial acetic acid. Hydrocortisone (Sigma #H-0888) was resuspended at 1 mg/ml in 200 proof ethanol. Cholera toxin
(Sigma #C-8052) was resuspended at 1 mg/ml in sterile ddH20 and stored at 4°C. All drug stocks except cholera toxin were stored
at -20°C.

Virus Generation

25 ml of 293T cells were seeded at 6x10%/mlto 15 cm cell culture dishes on day 1. Conventional calcium phosphate transfection was
performed on day 2 to deliver expressing and packaging plasmids into 293T cells. 20 ng pFUW2, 9.375 ng pMDL, 9.375 ng pRSVY,
9.375 pg pCMV plasmids (or 10 ng pBABE, 9 ng pUMVC, 1 ng pCMV-VSV-G; or 10 ug pLenti/pLKO.1, 8 ug psPAX2, 2 ng pMD2.G),
250 pl CaCl2 and ddH20 in a total volume of 2.5 ml were mixed with 2.5 ml 2xHEPES (PH=7.05) and incubated for 5 min. The trans-
fection mix was added to the plated cells and shaken gently. Media was changed after 4-6 hours. For virus collection, the medium
from infected cells was collected on day 5 and spun at 1000 rpm for 3 min to remove the debris and filtered through 0.45 um filter
followed by ultracentrifugation at 25,000 rpm for 90 min at 4°C in a Beckman ultracentrifuge. The supernatant was discarded and
the pellet was dissolved in 70 ul PBS overnight at 4°C to obtain concentrated virus, which was stored as 25 pl aliquots at -80°C.
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Immunoblotting

Cells were seeded at 4x10° per well in 6-well plates with appropriate growth medium and incubated at 37°C, 5% CO2 overnight,
or treated with drugs for indicated period of time before harvesting. Cell lysates were prepared by cell lysis on ice with 3X RIPA
buffer containing protease inhibitors (Roche, #11836170001) and phosphatase inhibitor cocktail (Sigma, #P5726). Immunoblot-
ting of individual protein bands was performed by overnight incubating the PVDF membranes with the following primary anti-
bodies (all purchased from Cell Signaling) diluted in 1X Odyssey Blocking Buffer (LI-COR, #927-50000): rabbit anti-phospho-
ERK (#9101), mouse anti-ERK1/2 (#9107), rabbit anti-phospho-AKT (Ser473) (#4060), mouse anti-AKT (#2920), anti-mTor
(#2972), anti-Rictor (#2140), anti-GAPDH (#2118) and rabbit anti-p-Actin (#4970). Fluorescent dyes-conjugated goat anti-rabbit
or anti-mouse antibodies (LI-COR, #925-68071 or #925-32210) were used as secondary antibodies to visualize the protein
bands with the Odyssey CLx - LI-COR Imaging System.

Immunofluorescence

Cells were seeded on glass bottom imaging dishes or chambers with appropriate growth medium and incubated at 37°C, 5%
CO2 overnight before fixation. 1uM rapamycin was added 1 hour before fixation. Cells were fixed with 4% formaldehyde diluted
in warm PBS for 15 min at room temperature. Immunostaining was performed by incubating specimen in appropriate primary
antibody in dilution buffer (1X PBS/1% BSA/0.3% Triton X-100) overnight at 4°C and in fluorochrome-conjugated secondary
antibody in dilution buffer for 2 hours at room temperature in the dark after 3 PBS rinses. Cells were covered with Prolong
Gold Antifade Reagent (Cell Signaling, #9071) and TIRF imaging was done within 24 hours. Primary antibodies for AKT and
p-AKT S473 are described in immunoblotting session. Secondary antibodies are anti-rabbit IgG_Alexa Fluor® 488 conjugate
(Cell Signaling, #4412) and anti-mouse IgG_Alexa Fluor® 488 conjugate (Cell Signaling, #4408). Alexa Fluor® 647 Phalloidin
was purchased from Cell Signaling (#8940).

Microscopy

Total internal reflection fluorescence, wide-field epifluorescence, and confocal microscopy have been described previously (Huang
et al., 2013). Briefly, epifluorescence and TIRF microscopy experiments were carried out on a Nikon Eclipse TiE microscope
illuminated by an Ar laser (GFP) and a diode laser (RFP). Images were acquired by a photometrics Evolve electron Multiplying
Charge-Coupled Device camera (EMCCD) camera controlled by Nikon NIS-Elements. Confocal microscopy was carried out on Zeiss
AxioObserver inverted microscope with either LSM780-Quasar (34-channel spectral, high-sensitivity gallium arsenide phosphide de-
tectors, GaAsP) or LSM800 confocal module controlled by the Zen software. All live cell imaging was carried out in a temperature/
humidity/CO2-regulated chamber.

Computational Modeling

The wave simulations were based on excitable system with global and local perturbations. The excitable waves were modeled
through reaction-diffusion equations (Xiong et al., 2010). The signal transduction excitable network (STEN) was set up as an activator
(X)-inhibitor (Y) system as shown below:

oxX

a3X2
9 _DyV2X — Y - Sp))X + 22
at X (a1+a2( Sm)) +ai+X2+35+UN

%:DYV2Y+ 8( — Y+C1X)

The non-linear term in the first equation contributes to positive feedback while the epsilon () in the second equation creates a delay
in the response of the inhibitor. When the activator receives a supra-threshold stochastic input, the autocatalytic feedback leads to a
sharp rise in activity, creating the wave front (green in Figures 3G and 3H). The inhibitor, albeit slowly, accumulates to ultimately sub-
due the activator concentration — creating the wave back (red in Figures 3G and 3H). After the inhibitor subdues the activator
response, it then decays back to resting concentration, resulting in a refractory period. When coupled with diffusion across adjacent
excitable elements, this creates a propagating wave.

Simulations were done using a two-dimensional 200x200 array in MATLAB, using stochastic differential equations (Picchini,
2007). The term Uy incorporates the stochastic input to the system which is modeled as a zero-mean Gaussian white noise
process (o). The parameter values used are: a; = 0.167, a, = 16.67, az = 167, a4 = 1.2, as = 1.47, ¢ = 0.12, ¢4 = 39, Dy =
2.2, and Dy = 1.2.

External stimulus to the excitable system is provided through the term S, in the activator equation. In the absence of a stimulus, this
term was set to zero. For a global stimulus, the term was set to 0.2 for the whole 200x200 system. For a gradient simulation, a
Gaussian profile was used for S;,,, with mean at the bottom edge of the spatial array, and a standard deviation of 60 — with the ampli-
tude rising from 0 to 0.5.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Imaging Quantifications

Cell Area Quantification

Single cells were first manually tracked and cropped out from a pool of cells in the movies, and converted into binary images using
normal ImageJ procedures (despeckle, threshold, and fill-holes). The relative value of cell area for each frame of the movie was ob-
tained basing on the processed binary images.

Wave Quantification

First, we only quantified the waves which initiate and travel in the internal region of the cell basal surface. We did not define the pro-
trusion events seen in cells as our travelling waves, thus we did not count protrusion events for our wave quantification. Second, we
quantified travelling but not standing waves. Third, the duration of wave was defined as the lifetime of the wave from its appearance to
its disappearance. When a wave splits, the clock keeps going until the longest lasting portion disappears. When a wave merges with
another one, the time of the origin of that wave to the disappearance of the merged wave is counted as its duration. The (maximum)
width is the maximum length of the lateral span of a wave during its lifetime. The velocity is the average velocity of all parts of a spe-
cific wave.

Lamellipodia Kymograph

In Figure 4B, the lamellipod was defined as the higher intensity of signal of FKBP channel after rapamycin-induced recruitment. This
signal was much lower in the cytosol region, because lamellipodia has two layers of membrane where FKBP has been recruited. For
frames before the addition of rapamycin, the profile of the ring in the first frame after the recruitment is used since the cell shape has
not changed before the recruitment. A line perpendicular to the tangent of the cytosol boundary is drawn at each angle from 0 to 360
degree. The length of lamellipodia at each angle is measured along this line. The kymograph was generated by aligning these values
versus time.

Statistical Analysis

GraphPad Prism 7 software was used for all statistical analyses. All quantifications are displayed as mean + SD or SEM. Two-tailed
P-values were calculated using parametric t test. P<0.05 was considered statistically significant. Further details of statistical param-
eters and methods are reported in the corresponding figure legends.

ADDITIONAL RESOURCES

No additional resources.
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