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ABSTRACT: Cancer is known to be a disease of altered cellular signaling; however, the relationship between mutation-specific
changes to signal transduction and the phenotypic consequences produced remains poorly understood. Here, we investigate two
common breast cancer driver mutations, the PIK3CA™**X mutation and the ErbB2 amplification, both of which activate the PI3K-
Akt pathway but paradoxically drive distinct cellular outcomes. Indeed, in nontransformed mammary epithelial cells, PI3K!%#7R
expression induced features of epithelial—mesenchymal transition (EMT), while ErbB2*"” cells exhibited a hyperproliferative
phenotype. Characterization of PI3K axis signaling revealed that ErbB2”" cells display prolonged, stimulus-dependent PI3K
activation, whereas PI3K™'%*"® cells show constitutive, ligand-independent signaling. To test whether these distinct dynamics
contribute to the phenotypic responses, we employed an iLID-based optogenetic system that enables precise, tunable control of
endogenous PI3K activity. Using this tool to mimic the mutation-specific dynamics in MCF10A mammary epithelial cells, we found
that PI3K signaling patterns alone were sufficient to reproduce key features of the PIK3CA H1047R-associated EMT phenotype but
not the ErbB2-associated proliferative phenotype. These findings suggest that the temporal encoding of pathway activity, not merely
its magnitude, can drive some phenotypic changes in oncogenic progression, explain how distinct mutations within a common
signaling pathway can produce divergent cellular phenotypes, and provide a workflow for interrogating the functional consequences
of changes in signaling dynamics.

KEYWORDS: optogenetics, PI3K-signaling, breast cancer, EMT, temporal dynamics, signaling dynamics

B INTRODUCTION signals exhibit time-variant characteristics, and temporal
features, including signal duration, intensity, and frequency,
have all emerged as key regulators of cellular decision-
making.6_8 This has been demonstrated most convincingly
within the MAPK pathway, where temporal dynamics have
been shown to regulate proliferation, differentiation, and
apoptosis.””'" Given the role of MAPK in these varied and

Cells interpret and respond to soluble ligands primarily
through transmembrane receptors that, upon ligand binding,
initiate intracellular signaling cascades to drive context-specific
changes in gene expression and cellular behavior."” Although
hundreds of distinct ligand—receptor pairs exist, each driving
distinct changes to cellular behavior, the intracellular signaling
machinery used in each case is funneled through a limited set

of canonical pathways. This apparent discrepancy raises a Received: ~September 1, 2025
fundamental question: how do cells discriminate between Revised:  December 23, 2025
different extracellular cues when signaling is routed through Accepted:  January 6, 2026

shared transduction axes? Recent work has suggested that one
mechanism for such regulation is the temporal encoding of
ligand identity into canonical pathway activity.”~> Biological
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Figure 1. ErbB2“"? and the PI3K™**"® mutation drive distinct cellular responses in MCF10A mammary epithelium. (A) Western blot of MCF10A
lysate showing expression of ErbB2 or PI3K H1047R in response to doxycycline. (Upper) Schematic showing doxycycline-inducible expression
circuit. (B) Representative bioengineered mammary ducts seeded with either WT, ErbB2*¥, or PI3ZK™**’® expressing MCF10A. (C)
Quantification of the number of invasive sprouts per duct (n = 3—S5 devices per condition). (D) 2D phase contrast images showing morphology of
cells expressing either mutation. Representative cells outlined for clarity. Scale bar = 25 ym. (E) Quantification of cell area (left), circularity
(middle), and aspect ratio (right) for WT, ErbB2* and PI3K™'**® expressing cells (n > 30 cells for N = 4 biological replicates). (F) Scratch
wound closure kinetics and (G) final closure percentage for monolayers of WT or mutant-expressing cells (N = 4 biological replicates). (H) RT-
qPCR of EMT transcription factor expression in each cell line, normalized to the expression in WT MCF10A (N = 3 biological replicates). (I)
Fraction of proliferating cells as measured by 24 h Edu assay (average of n = 3 images from each of N = § biological replicates). (J) mRNA
expression data for tumors collected in METABRIC study, demonstrating expression levels of ZEB1 (left), CDH1 (middle), and MKI67 (right) in
ErbB2°"- and PI3K™'™"R_expressing tumors. Student’s t-test or ANOVA with Bonferroni post hoc testing used where appropriate. All error bars
indicate standard error. Q-values noted where appropriate. * p < 0.05; ** p < 0.01, ***p < 0.001.

crucial processes, it has become clear that temporal encoding is
a means by which different ligands and environmental contexts
can drive distinct cellular responses using common intracellular
hardware.

In cancer, somatic mutations rewire intracellular pathways,
fundamentally altering cellular behavior in a manner that
confers a selective advantage to the cells harboring the change.
These advantages, commonly known as the “hallmarks of
malignancy,” are behavioral changes, including increased
proliferation, invasion or overall survival, that permit expansion
of the transformed population of cells."”*™** However, the link
between a specific signaling change and the resultant cellular
phenotype is not always directly apparent. These associations

have been further complicated by emerging evidence which
suggests that mutations affecting the same signaling pathway
can drive distinct cellular responses.'”~"” Given the role of
signal dynamics in homeostasis, it stands to reason that altered
signaling dynamics could contribute to carcinogenesis as well.
Recent work has demonstrated that cells harboring the BRAF
G469A mutation, a known oncogenic mutation in lung cancer,
show slower decay of Erk signaling; thus, in these cells, high-
frequency signals result in sustained Erk signals, which
ultimately drives increased cellular proliferation in response
to an otherwise benign stimulus.'® While increased prolifer-
ation is only an element of carcinogenesis, this work illustrates
how oncogenic mutations can alter signaling dynamics in a
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manner that confers selective advantages to cells harboring
these mutations.

Much like the MAPK axis, the PI3K-Akt signaling axis, a key
regulator of proliferation, survival, migration, and metabolism,
is increasingly recognized to operate under dynamic
control.'””~*' Early work on insulin signaling demonstrated
that both the magnitude and duration of PI3K activity are
critical for glucose homeostasis,”” ** and subsequent studies
have supported a broader role for PI3K dynamics in
controlling cellular function.”~** Given that PI3K dysfunction
has been found in over 50% of all cancers, and in more than
70% of breast cancers, it is critical to understand whether
oncogenic mutations within this axis reshape PI3K signaling
dynamics in a mutation-specific manner.”” "'

Our recent work developing a mammary-duct-on-a-chip
demonstrated that the ErbB2 amplification and the PIK3-
CAM%R mutation—both of which enhance PI3K-Akt signal-
ing—lead to distinct cellular behaviors in vitro, a behavior
consistent with clinical findings suggesting that these
mutations define distinct molecular subtypes of breast cancer
with different prognoses.””**~>” We hypothesized that these
phenotypic differences might emerge from mutation-specific
modulation of the dynamics of PI3K-Akt signaling.

Here, we demonstrate that each mutation produces a unique
dynamic response to EGF stimulation, reflecting distinct,
mutation-specific rewiring of the PI3K-Akt pathway. To test
the role of these altered signaling dynamics in the observed
phenotypes, we constructed and applied an optogenetically
controlled PI3K module (OptoPI3K) to engineer a mammary
epithelial cell line in which we have direct, programmable and
high-fidelity control over intracellular PI3K signaling patterns.
Using this system, we were able to deliver mutant-specific
PI3K dynamics to these nontransformed cells. We found that
these rewired dynamics were sufficient to recapitulate some
key features of the cancer-associated mutant phenotypes,
including regulation of epithelial-to-mesenchymal transition.
These data suggest that temporal encoding of PI3K-Akt
signaling, rather than simple binary activation, contributes to
some oncogenic changes observed and demonstrates the
power of modular optogenetic tools to dissect, rewire, and
ultimately reprogram native signaling networks in living cells.

B RESULTS

ErbB2amp and the PI3K H1047R Mutation Drive Distinct
Cellular Responses in MCF10A Mammary Epithelium

We have previously shown that MCF10A mammary epithelial
cells harboring the ErbB2 amplification (herein referred to
“ErbB2*"”) or the PIK3CA H1047R mutation (herein referred
to as “PI3K™'*®”) —common breast cancer mutations with
divergent prognoses—show distinct phenotypes when cultured
in a bioengineered mammary duct-on-a-chip, despite both
driving significant activation of the PI3K-Akt signaling axis.’”
To investigate the mechanisms by which these two mutations
drive differential changes in cell behavior, we utilized a
nontumorigenic mammary epithelial cell line, MCF10A, which
does not natively harbor PI3K mutations or ErbB2
amplifications. The wild-type (WT) MCF10A cell line was
modified with a doxycycline-inducible expression system, such
that either oncogene would be transiently expressed following
doxycycline stimulation. This facilitates comparison of the
consequences of each mutation shortly after expression, while
controlling for the duration of altered signaling to minimize the

accumulation of off-target effects that can result from
prolonged oncogene exposure (Figure 1A).**

To assess the morphological consequences of each mutation
on gross mammary duct morphology, cells were induced with
doxycycline (1 pg/mL) 3 days prior to seeding into our 3D
engineered mammary duct platform, which were then cultured
for S days before morphological characterization was
performed. While mammary ducts seeded with WT
MCFI10A cells formed a peripheral monolayer around a
central lumen with no clear evidence of invasion, cells
expressing either mutation showed distinct morphologic and
invasive patterns (Figure 1B). Ducts seeded with ErbB2*"”
cells showed hypercellularity, with proliferation overtaking the
monolayer lining, and filling of the central lumen of the duct.
Invasion, while rare in these ducts, proceeded in a multicellular
manner. In contrast, ducts seeded with PI3K"'**’® expressing
cells showed disruption of the monolayer, with cells invading
into the surrounding matrix as single cells and significantly
more sprouts per duct than the ErbB2”™” or WT condition
(Figure 1C). These findings agree with our previous results
using cell lines permanently expressing these oncogenes,
suggesting that even short durations of oncogene expression
are sufficient to drive the mutation-specific responses.32

To examine mutation-specific morphological changes in a
more quantitative manner, we next characterized the
morphology of each mutant cell line in 2D. While WT and
ErbB2"" cells showed a traditional cobblestone epithelial
phenotype and were indistinguishable from each other in terms
of cell area, aspect ratio and circularity, cells expressing the
PI3KM™R mutation displayed an enlarged, highly elongated
phenotype, consistent with their 3D morphology (Figure
ID,E). Given that cells harboring the PI3K™® mutation
showed an invasive phenotype in our 3D model, we next
assessed cellular motility in 2D to investigate if the increased
invasion was a result of increased migratory ability.
Comparison of closure rates in a 2D scratch wound assay
demonstrated that cells harboring the PI3K™'*® mutation
closed the wound significantly faster than cells harboring
ErbB2*" or WT cells (Figure 1F,G). Time lapse imaging also
demonstrated that epithelial cells with the PI3K mutation
tended to migrate as single cells across the wound margin,
while WT MCFI10A and MCFI10A harboring the ErbB2
amplification tended to move as a collective monolayer across
the wound margin, suggesting differences in intercellular
adhesions in each cell line.

The increased migratory behavior, single-cell migratory
trajectory, and elongated morphology seen in the PI3K™'®*7R
cells were all consistent with an epithelial to mesenchymal
transformation (EMT) in these cells.””*’ As a positive control
for EMT behavior, WT MCF10A were stimulated with TGF-f3,
a known inducer of EMT, in each of the preceding assays."'
WT MCF10A cells stimulated with TGF-f showed increased
cell area, aspect ratio and migratory rate, results consistent with
the morphologic and behavioral changes observed in the
PI3KHI%R  mutants, suggesting that the PI3K HI1047R
mutation drives an EMT-like phenotype in MCFI10A
(Supplemental Figure 1A,B). To further characterize this
EMT, the expression of transcriptional regulators associated
with EMT were quantified in each mutant cell line using RT-
qPCR. While both PI3K™'*"® and TGF-f treated MCF10A
cells showed a significant increase in the expression of several
EMT transcription factors, ErbB2""¥ and WT MCF10A
showed no significant expression of these factors, further
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Figure 2. Distinct PI3K axis mutations differentially rewire PI3K-Akt axis signal transduction. (A) Time course of PI3K activity in serum-starved
MCF10A cells in response to EGF (S ng/mL) or insulin (100 yg/mL) stimulation, as measured by pAkt levels. (B) Quantification of pAkt levels in
WT MCF10A treated with EGF or insulin, normalized to the maximal value. (C) Representative Western blot demonstrating prolongation of pAkt

activation in response to ErbB2 overexpression and constitutive pAkt activation in PI3

KHI#R _expressing cells. (D,E) Time course of pAkt levels in

PI3K™R and ErbB2* cells stimulated with EGF (D) and insulin (E), again normalized to peak value.

suggesting that cells harboring the PI3K™™® mutation
undergo some degree of EMT as a result of this genomic
insult (Figure 1H, Supplementary Figure 1C).

In contrast to the highly invasive PI3K"*"® cells, ErbB2*"
cells cultured within our engineered mammary duct showed a
high degree of ductal infilling (Figure 1B), suggesting that this
genomic insult might drive a more proliferative response. This
hypothesis was confirmed using a 2D EdU assay, which
demonstrated that ErbB2"" cells were significantly more
proliferative than WT or PI3K™™R cells (Figure 1I).

To validate that these in vitro findings correlate with the
clinical behavior of tumors harboring these mutations in vivo,
we analyzed mRNA expression of patient breast tumors
collected from patients as part of the METABRIC study, using
gene expression of key markers as a surrogate for clinical
behavior. This analysis demonstrated that breast tumors
harboring the PI3K™'*"® mutation had significantly increased
expression of the EMT transcriptional regulator ZEBI, in
alignment with the results in Figure 1H, as well as decreased
expression of CDHI (E-cadherin), suggesting some loss of
epithelial character and a degree of EMT (Figure 1], left,
middle).***” In contrast, patients with tumors harboring the
ErbB2 amplification had significantly increased expression of
MKI67, a marker of proliferation, when compared to tumors
harboring the PI3KHI%R  mutation, correlating with the
increased proliferation we observed in the 2D assay (Figure
1], right). Collectively, these results establish a dichotomy in
behavioral consequences downstream of these two common
PI3K axis lesions: MCF10A harboring the PI3K™"!'**7R
mutation undergo EMT without significant proliferation,
while ErbB2"" MCF10A show no significant EMT but rather
a hyperproliferative phenotype.

Distinct PI3K Axis Mutations Differentially Rewire PI3K-Akt
Axis Signal Transduction

We next sought to uncover the origin of the mutation-specific
differences in cell behavior observed. While both mutations are
known to increase the amount of PI3K-Akt axis activation,”
we hypothesized that they might differentially modulate PI3K
signaling dynamics, and that this rewiring might underscore
the observed phenotypic differences. Given that the
PIK3CA™ ™R mutation is a constitutively activating mutation,
we expected sustained PI3K-Akt activity even in the absence of
external stimuli*® In contrast, ErbB2“" increases overall
receptor expression, but the ErbB2-containing complexes
remain subject to endogenous regulatory mechanisms, albeit
with a slower rate of signal termination due to the increased
prevalence of ErbB2 monomers available for complex
formation.”> Based on these mechanistic differences, we
hypothesized that the temporal profile of PI3K-Akt activity
in response to stimulation would differ between the two
mutations.

Two components of the MCF10A medium, EGF and
insulin, are known PI3K-Akt axis agonists which have been
shown to drive distinct activation patterns of PI3K-Akt
signaling in HeLa cells.”” To quantify response to each,
serum starved WT MCF10A were stimulated with either ligand
and the resultant pathway activation measured over time.
These experiments show that EGF stimulation induces a rapid,
transient spike in PI3K activity with a half-life of approximately
30 min, whereas insulin stimulation drives a prolonged
activation, confirming that, like HeLa cells, MCF10A cells
can encode different stimuli through distinct PI3K-Akt
signaling dynamics (Figure 2A,B). We next quantified ligand-
stimulated PI3K-Akt signaling in cells harboring each
mutation. In contrast to WT cells, ExbB2*™ cells showed a
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Figure 3. OptoPI3K enables rapid, orthogonal light-dependent actuation of PI3K signaling. (a) Schematic of the OptoPI3K system. An iLID-nano
domain is constitutively tethered to the cell membrane and a soluble ssPb domain is tethered to an iSH2 domain. Following blue light exposure, the
two domains come together, bringing PI3K to the membrane and driving downstream signaling. (B) HEK293FT cells expressing the OptoPI3K
system with an additional mCherry-tagged iSH2 domain to explore translocation dynamics shows membrane accumulation in response to light
(scale bar = 10 ym). Arrows highlighting membrane accumulation. (C) Quantification of membrane accumulation in response to stimulus. Lines
indicate individual cells following stimulation. Dashed lines are exponential decay fit for half-life measurement. (D) MCF10A cells expressing the
OptoPI3K system show activation of Akt in response to light with a similar magnitude to stimulation with serum. (E) GDC-0941 pretreatment of
cells abrogates downstream response to blue light stimulation. (F) Activation of OptoPI3K in response to light stimulation. Note that top panel
shows stimulation pattern, while bottom panel demonstrates measured pAkt levels (G). Inactivation kinetics following the removal of a 10 min blue
light stimulus. (H) Modulating stimulus intensity drives differential levels of PI3K activation within the cell in a nonlinear fashion.

prolonged response to EGF stimulation, with a half-life of
approximately 120 min. As expected, PI3K™'®"® expressing
mutants showed constitutive EGF-independent PI3K activa-
tion (Figure 2C,D).

To confirm that the prolongation of PI3K-Akt signaling in
ErbB2"™" cells was directly the result of the increased EGF-
family receptor expression, cells were stimulated with insulin,
an agonist that signals independently of the ErbB2 signaling
complex. In this context, both the WT and ErbB2"" cells
showed a similar pAkt temporal response, suggesting that the
prolonged axis activation in EGF-stimulated ErbB2”" cells was
due to ErbB2-driven signaling rather than a global alteration in
PI3K-Akt signaling within the cell (Figure 2E).

Collectively, these findings suggest that MCF10A cells can
encode ligand identity into PI3K axis signaling dynamics and
that oncogenic mutations affecting this axis can reshape the
dynamic response to stimulation. We next investigated whether
these differences in signaling dynamics could drive the distinct
phenotypes observed in mutant cells.

OptoPI3K Enables Rapid, Orthogonal Light-Dependent
Actuation of PI3K Signaling

To explore the role of mutant-specific rewiring of PI3K
signaling in the pathogenesis of each mutation, we set out to
develop an approach to directly (orthogonally) control PI3K
signaling dynamics within the cell. To this end, we developed
an optogenetic construct, OptoPI3K, which permits direct
control over the activation of intracellular PI3K signaling.

Inspired by designs of other recently developed optogenetic
controlled PI3K modules,"*~*" OptoPI3K relies on inducible
localization of the PI3K pllOa subunit to the cellular
membrane, where it can convert PIP, to PIP; to activate
downstream signaling. To achieve this, we capitalized on the
rapid ON/OFF kinetics afforded by the iLID system of light-
inducible dimers to enable high fidelity intracellular recon-
stitution of an incident blue light stimulus.***’ Using this
construct, we targeted the iLID-nano domain to the membrane
via a CAAX motif, and fused the complementary ssPb fragment
to an inter-SH2 (iSH2) domain, a naturally occurring p110a
binding domain that lacks substantial inhibitory activity and
has proven efficacious in previously reported PI3K inducible
dimerization systems (Figure 3A).**"°%%!

To confirm membrane recruitment in response to blue light,
an mCherry fluorescent tag was added to the iSH2 fragment to
enable visualization of its intracellular position. Upon blue light
stimulation, there was a clear and rapid translocation of the
iSH2 domain from the cytosol to the membrane, consistent
with membrane localization of the soluble fragment. When the
stimulus was removed, a fast dissociation from the membrane
was recorded, with an average dissociation half-life of 76.3 s (n
= 2), consistent with previously reported iLID dimerization/
dissociation kinetics (Figure 3B,C).* Collectively, these results
suggest that incorporation of the iLID system into the
OptoPI3K construct does not affect its rapid ON/OFF
kinetics, consistent with previously published work. "7
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Figure 4. Altered PI3K dynamics contribute to the development of some of the observed mutation-specific phenotypes. (A) Schematic
summarizing hypothesis relating mutation-specific rewiring of PI3K dynamics to cellular phenotype. (B) Definition of signaling for WT-like,
ErbB2°"-like, and PI3K"'*"R Jike signaling. For the sake of readability, ErbB2“"*-like has been shortened to "ErbB2-like", and PI3K"'**"Rike has
been shorted to "PI3K-like" within the figure (C) Area and circularity measurements of MCF10A monolayers exposed to each light signal. (D)
Delivery of a PI3K™'*7®.Jike signal to OptoPI3K-expressing MCF10A drove a significant increase in wound closure as compared to WT-like PI3K
signal or the ErbB2*"-like signal. (E) Expression of EMT transcription factors in OptoPI3K-expressing cells stimulated with each mutant-specific
signal, normalized to cells exposed to no light. (F) Fraction of cells with Edu incorporation after exposure to each of the mutant-specific PI3K
signals. All error bars indicate the standard error. *p < 0.05; **p < 0.01, ***p < 0.001.

We next tested the functional activity of the OptoPI3K
system. Serum-starved MCFI10A cells were stimulated with
blue light and the resultant axis activation was measured via
quantification of pAkt levels. While starved cells showed
minimal Akt activation, both the serum stimulated (positive
control) and blue-light treated cells showed robust pAkt
accumulation, demonstrating light-dependent activation of
PI3K-Akt signaling within the cell (Figure 3D). This effect
was abrogated by the pan-PI3K inhibitor GDC-0941,
demonstrating that this light-induced increase in signaling is
mediated via endogenous PI3K (Figure 3E).

To evaluate the kinetics of the optoPI3K system, we
performed serial Western blotting following blue light
stimulation. All stimulation experiments were performed

using a custom, Arduino-based blue-light stimulation system
that enables control over duration and intensity of stimulation
within each well of a 24 well plate. Stimulation of cells
expressing this construct showed a >4-fold increase in pAkt
within 4 min of stimulation, peaking at an 8-fold increase
within 6 min (Figure 3F). Upon removal of the light stimulus,
pAkt levels rapidly returned to baseline with a decay half-life of
~3—4 min and full deactivation within 7 min (Figure 3G).
Finally, we tested OptoPI3K’s response to light intensity
modulation. Cells were stimulated for 30 min with varying
light intensities (6.25, 25, and 100% of maximal LED output),
which resulted in graded, though nonlinear, increases in pAkt
with higher intensities (Figure 3H). Importantly, 24 h
continuous stimulation at maximal intensity did not affect
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cell viability, as assessed by both cell counts and MTT assays
(Supplemental Figure 2). Collectively, these results demon-
strate that OptoPI3K enables precise, user-programmable
control over PI3K signaling with high temporal fidelity,
facilitating our efforts to dissect the role of PI3K dynamics
in cellular decision making and behavior.

Altered PI3K Dynamics Contribute to the Development of
Some of the Observed Mutation-Specific Phenotypes

To investigate whether the measured mutation-specific
changes to PI3K dynamics contribute to the distinct
phenotypes observed in each mutant, we used OptoPI3K to
mimic the mutation-specific signaling patterns in non-
transformed MCF10A cells using programmed light inputs.
Cells were stimulated with PI3K patterns analogous to those
recorded in Figure 2, including a short, “WT-like” stimulus, an
intermediate-length stimulus resembling that of ErbB2"" cells
(“ErbB2°"*-like” stimulus) and a sustained signal mimicking
PIK3CAP!%*R mutants (“PI3K™'*"R.like” stimulus) (Figure
4A,B). Given the results of the mutation-specific phenotypes
previously observed, we hypothesized that the ErbB2""-like
stimulus would promote proliferation, while the PI3K™!%47%-
like stimulus would induce an EMT-like phenotype.

Using the same metrics as described in Figure 1, we first
explored the morphological response to the distinct PI3K
signals. While all cells started off with the WT cobblestone
morphology, cells exposed to the PIK3CA™Rlike signal
showed an increase in cell size and decrease in cell circularity
in response to stimulation, a result consistent with the
morphological changes seen in the PI3K™'**’® mutants and
those with TGF-# driven EMT (Figure 4C, Supplemental
Figure 1). Similarly, despite an identical population of original
cells, the PI3K™' %R Jike signal drove a significantly increased
wound closure in the scratch wound assays compared to the
WT or ErbB2%"P-like patterns of stimulation, further
supporting the link between sustained PI3K exposure,
increased motility, and EMT-like behavior (Figure 4D,
Supplemental Figure 3). Next, we evaluated the role of PI3K
signal duration on the expression of EMT transcriptional
regulators. Cells exposed to the PI3K™'**"Rlike signal had
significantly increased expression of SNAII, SNAI2, and ZEB2,
while cells exposed to the ErbB2%"?-like or WT-like stimulation
of cells did not (Figure 4E). These results mirror the mutation-
specific increase in EMT transcriptional regulators reported in
Figure 1, suggesting that sustained PI3K activity contributes to
EMT changes observed in PI3K%® mutants.

Finally, we examined the role of PI3K signaling dynamics in
ErbB2""-mediated proliferation. Using an Edu proliferation
assay, MCF10A were stimulated with each pattern of light
stimulus and the fraction of cells entering cell cycle was
quantified (Figure 4F). Surprisingly, none of the PI3K
stimulation patterns significantly increased proliferation,
despite our previous observation of enhanced proliferation in
ErbB2" cells, suggesting that ErbB2”"-driven proliferation
requires additional signaling inputs beyond PI3K duration
alone. Overall, these results demonstrate that sustained PI3K
stimulation is sufficient to induce an EMT-like response in
MCF10A cells. However, intermediate duration PI3K
activation alone is insufficient to drive significant proliferation,
indicating that the observed ErbB2”"-mediated proliferative
response may involve additional, PI3K-independent mecha-
nisms.

B DISCUSSION

In this work, we demonstrate that activating mutations
targeting the PI3K-Akt signaling axis can drive distinct
behavioral changes in cells harboring these mutations.
Specifically, ErbB2 amplification promotes a proliferative
phenotype, whereas the PIK3CA™*® mutation drives an
EMT-like transformation in MCFI0A mammary epithelial
cells. Observing that these mutations differentially modulated
PI3K signaling dynamics, we hypothesized that these altered
dynamics might contribute to the distinct responses seen. To
test this, we applied the established power of optogenetics and
developed a light inducible PI3K enzyme to directly control
the dynamics of endogenous PI3K signaling in nontransformed
cells. 47475253 Using this tool, we showed that sustained PI3K
activation is sufficient to drive the observed EMT-like changes
observed in PIK3CAH!I%R while introducing an ErbB2""-like
pattern of PI3K signaling was insufficient to replicate the
proliferative burst observed in ErbB2-amplified cells.

These results support the emerging paradigm that different
oncogenic mutations within a shared signaling pathway can
produce distinct cellular outcomes. Prior studies have shown
that PIK3CA and Akt mutations can confer unique responses
to mTOR inhibition and even promote distinct cellular
behaviors, despite grossly enhancing PI3K-Akt activity.”* >
Even subtle genetic variations, such as SNPs affecting single
amino acid residues can drive divergent cellular responses.””
Our findings demonstrating the importance of PI3K signaling
dynamics in some of the oncogenic phenotypes suggest that
additional study of this pathway may be warranted.

The development of tools to enable precise, orthogonal
modulation of critical signaling pathways has gained recent
traction. Several chemical induced dimerization systems to
toggle PI3K-Akt activity have been previously described,
including some systems that permit spatiotemporal localization
within the cell”®*” While these systems have facilitated
significant advances in our understanding of how PI3K
signaling contributes to migration and metabolism, chemical
dimerization systems are often limited by relatively slow off
kinetics, do not easily permit spatial localization of activation,
and their ligands can sometimes generate off-target signaling
effects within the cell, all of which limit their ability to replicate
complex oncogene-associated changes in signaling dynamics.*’
In recent years, optogenetics has emerged as an alternative
platform by which cellular signaling can be orthogonally
manipulated, with new tools emerging regularly that permit the
orthogonal control of Erk, 6pS3, NF-xB, YAP and even PI3K,
among others,###73301~
tionized the field, as they enable activation of cellular signaling
in response to incident light, which can be easily manipulated
using inexpensive LEDs and benchtop microcontrollers.
Furthermore, many of these tools do not require lengthy
wash-out periods for the cessation of signaling, enabling
higher-fidelity replication of incident stimulus than could be
achieved with the older chemical dimerization systems. For
these reasons, these systems have readily emerged as powerful
tools to investigate the role of signaling dynamics.”® Indeed,
our study builds on extensive prior work developing and
applying optogenetic tools (including light-induced PI3K
modules) to interrogate the role of signaling dynamics in
insulin regulation, drug resistance, protein trafficking and cell
migration, among other areas of focus,**~*7593%3

s
These constructs have revolu-
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Building off these developments, we describe a light-
inducible PI3K system that enables the rapid and orthogonal
activation of PI3K signaling in cells, enabling deeper
investigation into how the mutation-specific changes to
signaling dynamics drive the observed behavioral responses.
Previous work has established that constitutive PI3K signaling
can drive an EMT-like change in cellular phenotype, though
these studies were conducted in a tumorigenic back-
ground.””~7% Here, we confirm that sustained PI3K activation
is sufficient to drive EMT-like changes in a nontumorigenic
context, independent of specific oncogenic mutations. This
suggests that signal duration, rather than mutation-specific
interactions, is a key determinant of PI3K-mediated EMT.

Intriguingly, new evidence suggests that the PIK3CA
HI1047R mutation is not a simple pan-PI3K activator, as it
has conventionally been considered, but rather a dose- and
context-dependent modulator of growth factor signaling.”!
While we observed constitutive activation in the setting of the
H1047R mutation, this could potentially be explained by bulk
population-level measurements and overexpression of the
mutant PIK3CA H1047R protein used in our study, which
are distinct from the precise allelic manipulation and single-cell
readouts employed in the recently reported study.”' While the
work further supports the role of temporal dynamics in PI3K-
mediated effects, it suggests additional studies focused on
emulating the more complex layers of PI3K signaling are
warranted. Indeed, the current study focused solely on the
altered duration of signaling. Other aspects of signaling
dynamics—including the role of signaling intensity, persis-
tence, oscillations, and basal activity—could be investigated in
future work with optogenetic tools, which may provide deeper
insights into how signaling impacts downstream responses. In
addition to temporal control, these inducible systems could
also open the door to studying the effects of mutation-induced
signaling strength/dose by titrating levels of expression of the
activated constructs. For example, future studies could clarify
whether the amount of mutated PI3K H1047R or ErbB2
expressed impacts either dynamics or strength of downstream
PI3K signaling, and subsequent cellular phenotype. A more
complete systems understanding of this pathway could help
shed light on how specific mutations in pathway members or
amplification copy numbers exist in the broader landscape of
aberrant PI3K-drivenoncogenesis.

Clinically, our findings provide an intriguing perspective on
the differential aggressiveness of ErbB2-amplified and PIK3CA
mutant breast cancers. While patients with ErbB2-amplified
tumors exhibit increased mortality compared to those with the
PIK3CA HI1047R mutation, our data suggest the PIK3CA
mutation drives a more invasive, mesenchymal-like phenotype,
while the ErbB2 amplification promotes a more localized,
proliferative response. As metastasis is often considered to be
the major driver of cancer mortality, the clinical data and in
vitro data presented here seem discordant.”” This discrepancy
raises the interesting possibility that the PI3K mutation may
induce a "locked-in" mesenchymal state. Pathologically,
metastatic dissemination requires that circulating cells undergo
the reverse of EMT, a process known as mesenchymal-to-
epithelial transition (MET), to engraft and establish secondary
tumors. If sustained PI3K signaling “locks” cells into a
mesenchymal state, functionally impairing MET, this would
ultimately reduce metastatic burden by prohibiting establish-
ment of secondary tumors, counterbalancing the increasingly
invasive phenotype. Intriguingly, a recent study shows that

coexpression of the PIK3CA HI1047R mutation in an in vivo
model of ErbB2-amplified cancer significantly decreases
metastatic burden, an observation consistent with this
paradigm of sustained PI3K activity “locking-in” the mesen-
chymal state.”> While PI3K inhibitors have shown limited
clinical efficacy, our findings raise the provocative question of
whether PI3K agonism could be therapeutically leveraged to
reduce metastatic spread by enforcing a mesenchymal state.

Despite these insights, several limitations remain. Our
analyses of PI3K dynamics relied on Western blotting, which
is a population level measurement that averages a large number
of cellular responses into a single data point, missing discrete
differences in individual dynamics.”* Efforts are underway to
implement real-time Akt biosensors to further explore the role
of PI3K dynamics in breast cancer progression at the single-cell
level, which could provide a more granular view of how
signaling dynamics shape phenotypic outcomes. Additionally,
despite the promise of our OptoPI3K system in investigating
cancer-associated signaling dynamics, there are important
limitations of this tool and study. Though our data shows
relatively low levels of basal activation (Figure 3D), this was
achieved through careful attention to light shielding, in both
shared incubator and culture hoods. Furthermore, most
experiments were performed with freshly thawed cell lines, as
we noted that experimental variability increased significantly
with passaging beyond 2—3 times — likely due to a
combination of cells selecting against the construct, as well
as some basal leak in uninduced cells leading to corruption of
the WT state. Despite these limitations, the ability to
orthogonally control intracellular PI3K signaling permits
deeper exploration into the mechanisms by which PI3K-
mediated oncogenesis occurs and may one day elucidate novel
strategies by which we could precisely target individual
mutations to halt tumor progression.

B CONCLUSIONS

In this study, we demonstrate that two commonly occurring
mutations in breast cancer—ErbB2 amplification and the
PIK3CA HI1047R mutation—drive distinct phenotypic out-
comes in mammary epithelial cells, despite converging on the
same PI3K-Akt signaling axis. We show that these genomic
alterations differentially reshape signal transduction within the
PI3K axis, and leveraging an optogenetic toolkit to precisely
control PI3K activity in nontumorigenic cells, we find that
sustained PI3K activation is sufficient to drive the EMT-like
behavior observed in PIK3CA mutant cells. In contrast, the
prolonged PI3K activation associated with ErbB2 amplification
fails to recapitulate the proliferative burst observed in ErbB2-
amplified cells, suggesting that additional signaling inputs are
required for this response. Together, these findings emphasize
the importance of signaling dynamics, rather than binary
pathway activation, in shaping oncogenic phenotypes, and
highlight how new synthetic signaling tools are needed to
further elucidate how distinct mutations within the same
signaling network can produce divergent cellular outcomes.
These insights have significant implications for understanding
cancer progression and for the development of novel
approaches to shed light on the underlying signaling
mechanisms that drive it.
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B METHODS
Cell Culture

MCF10A human mammary epithelial cells (ATCC) were cultured in
growth medium consisting of DMEM/F12 (1:1 Gibco) supplemented
with 5% horse serum (Invitrogen), 20 ng/mL EGF (Peprotech), 0.5
mg/mL hydrocortisone (Sigma), 100 ng/mL cholera toxin (Sigma),
10 pg/mL insulin (Sigma) and 1% penicillin/streptomycin (In-
vitrogen), as described previously.”> When used in 2D or 3D culture
assays, MCF10A cells were transitioned to “Assay” medium,
consisting of phenol red free DMEM/F12 (1:1 Gibco) supplemented
with 2% horse serum (Invitrogen), S ng/mL EGF (Peprotech), 0.5
mg/mL hydrocortisone (Sigma), 100 ng/mL cholera toxin (Sigma),
10 ug/mL insulin (Sigma) and 1% penicillin/streptomycin (In-
vitrogen). For starvation experiments (all growth factor stimulation
experiments), cells were cultured in “Starvation Medium”, consisting
of phenol red free DMEM/F12 (1:1 Gibco) supplemented with 0.5
mg/mL hydrocortisone (Sigma), 100 ng/mL cholera toxin (Sigma),
and 1% pen/strep (Invitrogen).76 HEK293FT cells (Thermo Fisher
Scientific R700-07) were grown in high-glucose DMEM supple-
mented with 10% fetal bovine serum (Sigma), 1% penicillin/
streptomycin (Invitrogen). All cells were cultured at 5% CO, and
37 °C in a humidified incubator. Doxycycline (Thermo Fisher
Scientific) for induction was used at 1000 ng/mL, unless otherwise
specified.

Cloning and Retroviral Infection

To synthesize the inducible oncogene cassettes, pCW57-MCS1-2A-
MCS2 (Addgene plasmid #71782) was digested with the restriction
endonucleases Nhel and Sall. mCherry was inserted into the split
fragment at the first MCS via Gibson Assembly. The resultant plasmid
was then split at MCS2 using the restriction enzymes Miul and
BamHI. HER2/Erb (Addgene plasmid #40978) or PIK3CA(H1047R)
(Addgene plasmid #12524) were inserted into the cut site via Gibson
Assembly.

To construct OptoPI3K, the ssPb domain from the plasmid
PLL7.0: tgRFPt-SSPB WT (Addgene Plasmid #60415) was placed C-
terminally to the iSH2 domain in the plasmid mCherry-CRY2-iSH2
(Addgene Plasmid #66839) via Gibson assembly. The iSH2-SSPB
fragment was then PCR’d off the resultant construct and inserted into
a pLenti-CMV-GFP-Puro (Addgene Plasmid #17447) using Gibson
Assembly. The stock iLID-CAAX construct (Addgene Plasmid
#85680) was also inserted into the pLenti CMB construct via Gibson
Assembly. For localization experiments, mCherry was added N-
terminally to the OptoPI3K construct via Gibson Assembly using the
mCherry from the original Addgene plasmid #66839.

Lentiviral packaging was performed by plating 500,000 HEK293FT
cells into a 6 well plate. 24 h later, 1 pg of the lentiviral donor plasmid,
700 ng of pCMVR8.74 (Addgene plasmid #22036), 200 ng of
pMD2.G VSVG (Addgene plasmid #12259) and 100 ng of
pAdVantage (Promega) were cotransfected into each well using a
NaCL-polyethylenimine (PEIL, 7.5 mM linear PEI stock, nitrogen/
phosphorus ratio of 20, Polysciences) transfection. Following
transfection, cells were incubated for 72 h prior to supernatant
harvesting, concentrated using the PEG-IT viral precipitating agent
(SBI) and resuspended in PBS. These viral particles were then added
to MCF10A cells and incubated overnight. 48 h after viral
transduction, cells were exposed to 2 ug puromycin for 2 days.
Lines were immediately tested for expression via Western blot or
fluorescence microscopy and successful lines were cryopreserved
immediately.

Mammary Duct-on-a-Chip Fabrication and Seeding

Devices were fabricated as previously described.*” Briefly, poly-
dimethylsiloxane (PDMS, Sylgard 184, Dow-Corning) was mixed in a
10:1 ratio with its curing agent and poured over a microfabricated
mold. PDMS was allowed to polymerize at 60 °C overnight before it
was removed from its silicon wafer. Media holes were punched using a
S mm biopsy punch, while collagen ports were punched using a 2 mm
biopsy punch. Devices were cut into individual devices, treated with

plasma for 1 min and adhered to no. 1 cover glass. The surface of the
device was functionalized with 0.01% poly-L-Lysine for 2 h, and 1%
glutaraldehyde for 15 min. 160 ym acupuncture needles (Seirin) were
loaded into the needle guides and devices were UV sterilized or 15
min. 2.5 mg/mL collagen gels were then prepared on ice by buffering
rat tail collagen type I (BD Biosciences) with 10x reconstitution buffer
(0.2 M HEPES, 0.02 M sodium bicarbonate) and 10X DMEM. One
N NaOH was used to bring the pH of the solution to 7.5 and PBS was
added to bring the final concentration to 2.5 mg/mL. 35 uL of
collagen solution was added to one of the collagen ports of each
device and devices were incubated at 37 °C for 30 min. Each device
was washed with PBS overnight and needles were removed from each
of the needle guides.

Light Plate Apparatus

The light plate apparatus was fabricated in-house to independently
control 24 independent light-emitting diodes (LED) (3.4 V
ultrabright 3 mm LEDs, Chanzon) in a standard 24-well plate
format. We desired that each LED could be independently
programmed to (a) vary the illumination intensity and (b)
illumination duration. To these ends, and Arduino Nano Every
microcontroller (Arduino) was employed in conjunction with a 24-
Channel, pulse-width modulation (PWM) LED driver breakout board
(Adafruit TLC5947PWM LED Driver Breakouts, Adafruit) to control
each of the 24 LEDs independently. Desired illumination intensity
and illumination duration of each LED was programmed and
uploaded to the microcontroller using the Arduino integrated
development environment (IDE). A momentary tactile push button
was included in the setup to allow the user to initiate the sequence
(i.e,, when the user pushes the button, the internal timer initiates, and
the LED ON/OFF sequence commences). An organic light-emitting
diode (OLED) screen (SSD1306 0.96 in. I2C OLED, Amazon) was
included in the setup to display the elapsed time after user. The 24
LEDs were mounted on a poly(methyl methacrylate) (PMMA)
substrate that was laser-cut with guide holes to align each LED with
the 24-well plate. A modified y-Plate 24 Well Black (Ibidi) with the
bottom coverslip removed was adhered on PMMA substrate to
prevent illumination of one LED from affecting its neighboring wells.

Immunofluorescence Imaging

Fixation of devices or monolayers at the appropriate time points was
achieved using a 4% paraformaldehyde (Electron Microscopy
Sciences) solution in DMEM/F12. For 3D devices, this solution
was infused into all media reservoirs for 30 min at 37 °C, followed by
three washes with PBS at 37 °C. For monolayers, the media was
added to each well and plates were placed on a rocker at 37 °C, for 15
min, followed by three 5 min washes in PBS. For both monolayers
and devices, cells were permeabilized in 0.25% Triton-X (Sigma) for
30 min on a rocker at room temperature and then washed three times
with PBS (30 min each). Samples were blocked overnight by rocking
in a 2% BSA solution at 4 °C, and primary antibody staining was
achieved by rocking overnight with primary antibody at specified
concentration overnight at 4 °C. Samples were washed three times in
PBS (30 min for devices, 5 min for monolayers) and were then
treated with secondary antibody at stated dilution and rocked
overnight at 4 °C. Samples were washed three times in PBS for 30
min each wash. Devices were then imaged on a Leica SP8 laser
scanning confocal microscope (Leica Microsystems) with Leica HC
FLUOTAR L 25X%/0.95 W VISIR controlled by LASX software. 2D
phase contrast and fluorescent images were collected on a Nikon
Eclipse Ti inverted microscope using either a 4X Nikon, 10X Nikon
or 20X Nikon Plan Apo objective controlled by Metamorph software
(Molecular Devices). Fluorescence images were adjusted for contrast
and brightness using Image] (NIH).

Antibodies and Reagents

Anti-HA (C29F4,#3724), anti-pAkt (Ser473) (#9271), HRP-
conjugated donkey antimouse (#7076, HER2/ErbB2 (29DS8,
#2165) and anti-GAPDH (14C10, #2118) were purchased from

Cell Signaling Technologies. DAPI was from Santa Cruz biotechnol-
ogy. Alexa Fluor 647 conjugated rabbit and mouse secondary
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antibodies were from Life Technologies. Alexa Fluor Plus (488, 647)
Phalloidin was purchased from Invitrogen. GDC0941 was purchased
from Selleckchem.

RT-qPCR

MCF10A cells were seeded into a 6-well plate at a density of 200,000
cells per well and treated with 1 pg/mL of doxycycline or DMSO for
72 h. RNA was extracted by means of a phenol-chloroform extraction.
Briefly, cells were lysed using S00 uL Trizol (Thermo Fisher
Scientific), transferred to Eppendorf tubes, and 100 uL of chloroform
was added to each tube. Cells were spun at 15,000 g for 20 min, and
the supernatant was removed and transferred to an RNeasy Mini
column (Qiagen). The RNeasy protocol was used to complete the
RNA purification as per manufacturer’s instructions. cDNA was then
synthesized using the gScript cDNA SuperMix (VWR) as per kit
instructions. cDNA was stored at —20 °C and thawed as needed.

To quantify transcript content, forward and reverse primers
targeting the gene of interest were determined using a combination
of literature review and NIH Primer Blast. PowerUP SYBR Green
Master Mix (Thermo Fischer) was mixed with the forward and
reverse primers and diluted as outlined on package instructions. 10 ng
of RNA was added to each well of a 96 well plate, along with the
appropriate amount of SYBR Green Master Mix and qPCR was run
according to manufacturer’s instructions. Quantification of fold
change was performed using the delta—delta Ct method. Primers
used for each analysis are outlined in Table 1.

Table 1
gene forward primer reverse primer

GAPDH TCAAGGCTGAGAACG CGCCCCACTTGATTT
GGAAG TGGAG

TWIST1 GCAAGAAGTCGAGCG GCTCTGCAGC
AAGAT TCCTCGAA

SNAI1 TCGGAAGCCTAACTA AGATGAGCATTGGCA
CAGCGA GCGAG

SNAI2 CGAACTGGACACACA CTGAGGATCTCTGGT
TACAGTG TGTGGT

ZEB1 TTACACCTTTGCATA TTTACGATTACACCC
CAGAACCC AGACTGC

ZEB2 GGAGACGAGTCCAGC CCACTCCACCCTCCC
TAGTGT TTATTTC

Scratch Wound Assay

MCF10A cells were grown to a confluent monolayer in a 24 well
plate. Using the tip of a P10 pipet, a line was carefully drawn across
the midpoint of each well by pressing the tip into the cellular
monolayer and dragging it along the plastic. Monolayers were washed
twice with PBS and appropriate medium was added to each well. For
the mutant migration studies, each wound was imaged in three
distinct locations using a 10x objective on a Nikon Eclipse TI2
microscope (Nikon) and imaged every 15 min on an incubated stage.
A custom CellProlifer script was used to identify the wound margin
and quantify the degree of wound closure over time.”’

For the optoPI3K experiments, each wound was imaged on the
Nikon Eclipse Ti2 using a 4X objective immediately following the
scratch. The plate was placed in a humidified incubator on a LED
lightbox programmed to deliver a 30 min, 120 min or 24 h stimulus of
blue light. 24 hours following the scratch, each well of the plate was
imaged again. FIJI was used to measure the wound area immediately
after the scratch and again following stimulation, and the degree of
wound closure was quantified using the following formula:

WoundAreag,,
WoundAreay, ;...

%Closures = 1 —

Cell Shape Analysis

Phase contrast images of WT, ErbB2“"-expressing, PIK3CA™!0*7R.
expressing or OptoPI3K expressing MCF10A cells were collected
using a 20X Nikon objective on a Nikon Eclipse Ti2 inverted

microscope. More than 30 cells per image were manually outlined in
FIJI, which was used to compute the cell area, circularity, and aspect
ratio of each cell.

Signal Dynamic Analysis

MCF10A cells or cells expressing either mutation were grown to
confluence in a 6 well dish using MCF10A growth medium.
Monolayers were washed 3X with PBS and cultured for 24 h in 2
mL MCF10A starvation medium. For ligand stimulation assays, a 3X
concentration solution in starvation medium solution was ma-
de—(EGF (1S ng/mL) or insulin (30 ug/mL)—and 1 mL of this
fortified medium was added to the 2 mL starvation medium already in
each well, such that the effective ligand concentration in each well
became that found in normal MCF10A assay medium. Concentrated
medium was serially added to wells in reverse chronological order,
such that at the end of the experiment, protein could be harvested
from all wells at once with various durations of stimulation collected.
Stimulation was performed in duplicate wells, which were pools for
analysis. Cell lysis and protein collection performed using standard
Western Blotting protocol and RIPA buffer. For graphical display,
everything was normalized to peak value to facilitate assessment of
curve shape and duration.

Proliferation Assay

WT, ErbB2*"-expressing and PI3K™'*"R expressing MCF10A cells
were grown to confluence in a 24 well plate. Cells were starved
overnight in starvation medium, after which time 5 ng/mL EGF and 5
UM Click-iT Plus Edu reagent (Thermo) were added to each well.
Cells were grown for 24 h in the presence of the Edu before they were
fixed. Cells were then permeabilized and treated per the product
insert to drive the conjugation of AlexaFluor 647 to the Edu via Click
chemistry. A similar protocol was utilized for the optoPI3K
experiments, where optoPI3K expressing MCF10A cells were used
in place of the mutant expressing MCF10A, and the individual mutant
mimetic signals were used in place of EGF addition.

TCGA Gene Expression Analysis

The METABRIC TCGA breast cancer data set was mined using
cBioPortal to compare expression levels of MKI67, Vim and CDH1 in
patients with tumors harboring either the PI3K H1047R mutation (n
= 360) or an ErbB2 amplification (n = 319).%%%7757° Plotting and
statistics, including FDR, computed using cBioPortal analysis tools.

Statistical Analysis

Sample sizes and P values are reported in each of the figure legends.
All statistical analysis was performed in GraphPad Prism 10, unless
otherwise noted. Unless otherwise specified, multigroup analysis was
performed using a one-way analysis of variance (ANOVA) with a
Bonferroni posthoc test to report adjusted P values, while dual group
analysis was performed using a two-tailed, unpaired Student’s ¢ test.
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