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One-sentence summary: Single-cell signaling and information theoretic analyses reveal that
oncogenic PIBK/AKT activation leads to a gross reduction in signaling specificity, context-
dependent EGF response amplification as well as increased phenotypic heterogeneity.
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30 Abstract

31 Pathological activation of the PI3K/AKT pathway is among the most frequent defects in human
32 cancer and is also the cause of rare overgrowth disorders. Yet, there is currently no systematic
33  understanding of the quantitative flow of information within PI3K/AKT signaling and how it is
34  perturbed by disease-causing mutations. Here, we develop scalable, single-cell approaches
35 for systematic analyses of signal processing within the PI3K pathway, enabling precise
36 calculations of its information transfer for different growth factors. Using genetically-
37 engineered human cell models with allele dose-dependent expression of PIK3CA"'%'R we
38 show that this oncogene is not a simple, constitutive pathway activator but a context-
39 dependent modulator of extracellular signal transfer. PIK3CA"'%*’R reduces information
40 transmission downstream of IGF1 while selectively enhancing EGF-induced signaling and
41 transcriptional responses. This leads to a gross reduction in signaling specificity, akin to
42  “plurred” signal perception. The associated increase in signaling heterogeneity promotes
43  phenotypic diversity in a human cervical cancer cell line model and in human induced
44  pluripotent stem cells. Collectively, these findings and the accompanying methodological
45 advances lay the foundations for a systematic mapping of the quantitative mechanisms of
46  PI3K/AKT-dependent signal processing and phenotypic control in health and disease.
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INTRODUCTION

The class IA phosphoinositide 3-kinase (PI3K)/AKT pathway is essential for cellular and
organismal homeostasis. It is used for signal transduction downstream of most if not all growth
factors (GFs) as well as many hormones and cytokines. The pathway also represents a key
therapeutic target due to its frequent hyperactivation across human cancers. This is often due
to mutations in PIK3CA, the gene encoding the p110a catalytic subunit of the PI3Ka isoform.
Based on early cellular studies (1-3), common cancer-associated PIK3CA mutations such as
PIK3CAM"%7R are often regarded as constitutive “on” switches, or activators, of the pathway.
Consequently, therapeutic targeting of aberrant PI3K/AKT activation in this context has
focused on pathway switch-off (4). However, the efficacy of this approach is often limited by
the toxicity of PI3K/AKT inhibition in healthy cells and tissues treated with high doses of
PI3K/AKT inhibitors. This is true not only in cancer but also in the non-cancerous PIK3CA-
related overgrowth spectrum (PROS) of congenital disorders caused by an identical spectrum
of activating PIK3CA mutations as in cancer (5,6).

The “switch” view of the impact of activating PIK3CA mutations and the resulting
therapeutic limitations reflect a more general, critical gap in the current knowledge of
PI3K/AKT signaling. Specifically, there is limited understanding of how quantitative, dynamic
patterns of PI3K/AKT activation are used by cells to specify (i.e., encode) the identity of the
myriad environmental signals sensed by this pathway (7,8). It therefore also remains unknown
if and how disease-causing mutations in PISK/AKT pathway components may perturb this
temporal code. For example, corruption of dynamic signal encoding has been documented in
the related RAS/MAPK signaling cascade in response to certain oncogenic BRAF mutations
and targeted inhibitors (9).

This type of quantitative mapping of the input-output relationships in the PI3K/AKT pathway
is technically very challenging. It requires capture of multimodal biochemical responses with
high temporal resolution and quantitative precision (7,8). Moreover, unlike conventional
protein phosphorylation cascades, the key first step in PI3K pathway activation is the
generation of the plasma membrane-localized lipid second messenger phosphatidylinositol-
3,4,5-trisphosphate (PIPs), and its derivative PI(3,4)P.. The detection of these low-abundance
lipids presents a technical challenge, and thus the vast majority of studies of oncogenic PI3K
signaling do not feature direct evaluation of this critical first signal encoding step in PI3K
pathway activation, focusing instead on bulk measurements of downstream effector
responses (8).

Lastly, a breakthrough in translating our currently semi-quantitative view of the PI3K/AKT
pathway into a fully quantitative framework is contingent upon access to systematic
measurements of PI3K/AKT signaling at the single-cell level (7,8). This is important for two
reasons. First, the fidelity of information transfer within a system depends both on the strength
of the signal and on its uncertainty, or variability (10). The latter refers to the biochemical
response heterogeneity that would typically be observed at the level of individual cells in an
otherwise homogenous cell population. This concept is at the core of mathematical information
theoretic analyses of signaling pathways, a powerful approach pioneered by Levchenko and
colleagues to study quantitative signaling fidelity (11,12). Second, robust approaches to
measurements of PI3K/AKT signaling heterogeneity at the single-cell level are required for
mapping signaling thresholds to phenotypic decision making according to a probabilistic
framework (8,13,14). This contrasts with the conventional view of deterministic outputs
downstream of PI3K/AKT pathway activation.

Here, we first set out to address the technical limitations that preclude systematic studies
of single-cell PI3K/AKT signaling at scale. Following extensive benchmarking of available
PIPs/PI(3,4)P2 biosensors and optimization of available live-cell and mass-cytometry-based
protocols, we have developed robust experimental and analytical approaches for studies of
single-cell PIBK/AKT biology. We then used these approaches to study quantitative signal
transfer in cell models with allele dose-dependent expression of PIK3CA"'%*’R We discovered
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100 that this oncogene corrupts the fidelity of signal transmission in cervical cancer (HeLa) cells
101 and in induced pluripotent stem cells. The associated increase in PISBK/AKT and RAS/MAPK
102  signaling heterogeneity manifested phenotypically in the emergence of co-existing cell states.
103  Our findings and methodological advances provide the basis for quantitative mapping of
104  PI3K/AKT-dependent signal processing and phenotypic control in health and disease.

105
106 RESULTS

107  Optimized workflow for PI3K activity measurements at the plasma membrane

108 For quantitative studies of the immediate phosphoinositide lipid outputs of PI3K activation
109 in individual cells and at high temporal resolution, we established a robust, semi-automated
110 live-cell imaging pipeline (Fig. S1A). Using total internal reflection fluorescence (TIRF) and
111 the small-molecule PI3Ka activator 1938 (15) to monitor PI3Ka outputs specifically at the
112 plasma membrane, we first systematically benchmarked the quantitative fidelity (dynamic
113  range, technical variability) of several PH domain-based phosphoinositide biosensors (Fig.
114  S$1B). These included the PH domain of BTK (with or without the adjacent TH domain (16,17)),
115 a tandem-dimer version of the PH domain of ARNO (with modifications to minimize
116  interactions with other proteins (18)), and the PH domain of AKT2 (of note, this is not the full-
117  length protein to avoid internalization independent of PIPs; binding (19)). For consistent
118 comparisons, all biosensors were expressed from the same plasmid backbone, featuring a
119  GFP tag at the C-terminus and a nuclear export sequence at the N-terminus (Fig. S1B). As
120 control for specificity, all experiments with wild-type biosensors also featured co-expression
121  of an mCherry-tagged version of each construct, with an arginine-to-alanine mutation that
122 ablates phosphoinositide binding (Fig. S1B) (20).

123 The PH domain of AKT2 consistently performed as an optimal biosensor, based on the
124  dynamic range, reproducibility across experiments, low sensitivity to technical noise, and rapid
125 response upon activation as well as inhibition of PI3Ka (Fig. S1C, S1D). We note, however,
126  that while this measures the total PIP3/PI(3,4)P. output of PI3K activation at the plasma
127  membrane, the original N terminal-tagged version of the PH-TH of BTK would be a better
128  option for studies that seek to selectively study PIPs independent of PI(3,4)P- (Fig. S1E).

129 Our final optimized TIRF-based workflow for PI3K activity measurements allowed profiling
130 of up to 4 different cellular conditions (e.g., genotypes) and 60 single cells per experiment,
131  with live-cell measurements taken every 70 sec over 60 min while exposing the cells to
132 controlled perturbations, giving rise to more than 3000 individual data points.

133 Temporal measurements of class IA PI3K activation identify conserved, dynamic
134  encoding of growth factor signals

135 Using a set of independent cellular model systems (human Hela cervical cancer cells,
136  human A549 lung adenocarcinoma cells, immortalized mouse embryonic fibroblasts) with or
137  without endogenous functional PI3Ka, we next tested the hypothesis that the identity of
138  different growth factors is captured in the cellular dynamics of PIP3/PI1(3,4)P.. Using saturating
139  doses of IGF1 and EGF in serum-free medium, we observed remarkably consistent responses
140 that suggested conservation of the dynamic signal encoding of these growth factors across
141  different cell models and species (Fig. 1). At the population level, both IGF1- and EGF-induced
142 PIP3/PI(3,4)P2reporter responses exhibited a characteristic overshoot, with a peak within the
143  first 10 min of stimulation, followed by a sustained quasi steady-state above baseline. The key
144  difference between the two growth factors was in the response amplitude, with PI3Ka wild-
145  type cell lines reaching a peak PIP3/PI(3,4)P2fold-change of ~1.55 for IGF1 and ~1.25 for EGF
146  (Fig. 1).

147 The combined genetic and pharmacological (BYL719) inactivation of PI3Ka in these
148  experiments also revealed cell type- and growth factor-specific quantitative differences in the
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149  contribution of the PI3Ka isoform to each growth factor response (Fig. 1). For example, in
150 Hela cells, approximately 60% and 50% of the IGF1 and EGF response, respectively, was
151 mediated by PI3Ka. In mouse embryonic fibroblasts, PI3Ka contributed 40% of the IGF1
152  response and up to 60% of the peak EGF response yet only up to 50% of the sustained EGF-
153  induced PIP3/PI(3,4)P2 reporter response. This would therefore suggest that the observed
154  stereotypical IGF1- and EGF-dependent PIP3/PI(3,4)P2 response patterns are robust to the
155 relative contribution of individual class IA PI3K isoforms (Fig. 1).

156 Collectively, these data identify conserved dynamic PI3K-dependent encoding of IGF1 and
157  EGF, with high temporal and isoform-specific resolution.

158

159  Oncogenic PIK3CA""%4’R reduces the PIP3/PI(3,4)P. information capacity of IGF1

160 We next tested whether the dynamic signal encoding of growth factor identity is equally

161  robust to the expression of PIK3CA""%’R one of the most commonly observed oncogenic
162  PI3Ka mutations in cancer and PROS. Allele dose-dependent, endogenous expression of this
163  variant was engineered in HelLa cells, using CRISPR/Cas9 (Fig. S2A, S2B). We chose this
164  cell model due to its low baseline PISK/AKT signaling (Fig. S2), absence of pathway-specific
165 mutations, in-depth characterization at multiple biological levels (transcriptomics, proteomics
166  (21)), experimental tractability and, in particular, its cervical cancer origin. Genomic profiling
167  of human cervical tumors has revealed this cancer to be among the most enriched for multiple
168 PIK3CA mutations in cis or trans (22,23). We therefore reasoned that HeLa cells may allow to
169  capture allele dose-dependent effects of PIK3CAM%’R on quantitative signal transfer. So far,
170  such allele dose-dependent effects have only been studied mechanistically in a developmental
171  model system (24,25).

172 Several quality control assays were applied to all final CRISPR/Cas9 clones to identify
173  possible confounders. Assays included whole-exome sequencing (Fig. S2C), transcriptomics
174  (Fig. S2D) and candidate-based mRNA and protein expression evaluations (Fig. S2E, S2F,
175 82G). None of these assays revealed any systematic differences across the different clones
176  except for the desired knock-in of PIK3CA"'%*’R and evidence for an associated yet subtle
177  baseline PI3K/AKT pathway activation by immunoblotting. This is important because it
178 enables to study the consequences of the oncogenic perturbation on signaling response
179 independent of widespread transcriptional changes that could modify the topology of the
180 relevant signaling networks.

181 To assess dynamic signal encoding of IGF1 and EGF as a function of PIK3CA genotype,
182  cells were stimulated with one of three different doses (1 nM, 10 nM, 100 nM) of each growth
183  factor, and PIP3/PI(3,4)P2 responses were captured using TIRF microscopy as described
184  above (Fig. 2A). The resulting temporal measurements of PI3K activity at the single-cell level
185  were processed for mathematical information-theoretic analyses of trajectory responses (26),
186 resulting in formal quantification of the fidelity of dose-dependent signal transfer through PI3K
187 activation. Given three different stimulus doses for each growth factor, the theoretical
188 maximum information capacity captured in the PIP3/PI(3,4)P> response would be 1.58 bits
189  (log2(3)), corresponding to the case where the PIP3/PI(3,4)P. response alone is sufficient to
190 distinguish between the different doses of the growth factor perfectly. While this is unlikely to
191  be reached given technical noise, values that are substantially lower than 1.58 would imply
192  that the PIP3/PI(3,4)P. response alone is not sufficient to distinguish the different doses of
193  each growth factor with high certainty.

194 We found that HeLa cells with wild-type PIK3CA expression reached a relatively high mean
195 information capacity of 1.2 bits for IGF1, suggesting that the majority of information about the
196 dose of IGF1 is captured in the PIP3/PI(3,4)P. response (Fig. 2B). Conversely, there was
197  higher cellular uncertainty about the EGF doses based on the PIP3/PI(3,4)P2 trajectory alone,
198  with PIK3CA wild-type HelLa cells reaching a mean information capacity of 0.75 bits. Notably,
199  expression of the PIK3CA"'%*’R oncogene resulted in a substantial drop in information transfer
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200 downstream of IGF1, particularly in cells expressing a single copy of the mutation. Conversely,
201  single-copy PIK3CA"'%4’R trended towards increased information capacity downstream of
202 EGF (Fig. 2B).

203 Three conclusions can be drawn from these data. First, these results demonstrate that
204  oncogenic PIK3CA"'%*’R can erode signaling fidelity in a growth factor-specific manner.
205  Second, PIK3CA""%’R HelL a cells’ ability to distinguish between distinct doses of IGF1 on the
206  basis of their PIP3/PI(3,4)P2 response degrades, reaching similar levels of information capacity
207  as seen for EGF. Third, evaluation of temporal trajectories from the same cells and with high
208 technical precision is key for accurate calculations of information transfer in signaling
209 responses. As shown in Fig. 2C, information capacity calculations on snapshot measurements
210 from the same data but without the temporal connection reveal erroneously low measures of
211  PI3K signaling fidelity for both growth factors.

212
213 PIK3CA""%’R corrupts the specificity of dynamic signal encoding

214 Further examination of the PIP3/PI(3,4)P, trajectories in Fig. 2A suggested another key
215  difference between wild-type and PIK3CA""%4’R HelLa cells. Consistently, the EGF-induced
216  PIP3/PI(3,4)P> reporter response in mutant cells appeared amplified and largely
217  indistinguishable from that of IGF1 in wild-type cells. This led us to hypothesize that
218  PIK3CAH™"R expression may corrupt the cellular ability to resolve different growth factor
219 inputs from one another. For this to have any significance, however, it would need to be
220 reflected in the activity of key effectors downstream of PIP3/PI(3,4)P. generation.

221 We therefore turned to live-cell imaging of a stably-expressed, high-fidelity FOXO-based
222  kinase translocation reporter (KTR) (27), whose nucleocytoplasmic distribution provides a
223 proxy measure for AKT activity (Fig. S3A) and is amenable to high-content-based, quantitative
224  analyses (Fig. S3B). Compared to TIRF, widefield fluorescence imaging of the FOXO-based
225  KTRresponse benefits from lower technical noise and allows capture of a much larger number
226  of individual cells for robust information theoretic analyses across stimulations with different
227  growth factors. We chose to compare IGF1, insulin, EGF and epigen due to their paired
228  similarities at the level of activation of distinct RTKs (IGF1R/INSR vs EGFR). In PIK3CA wild-
229 type cells, IGF1 and insulin elicited stronger and relatively similar FOXO-based KTR
230 responses compared to EGF and epigen (Fig. 3A, Fig. S3C,D). Moreover, the temporal
231  trajectories of IGF1/insulin remained highly distinct from those of EGF and epigen (Fig. 3A,
232 Fig. S3C,D).

233 However, simply observing the average trajectories on their own is not enough to determine
234  whether the FOXO-based KTR signaling dynamics are sufficiently distinct to allow individual
235  growth factor inputs to be differentiated from one another. We therefore leveraged the entire
236  set of single-cell trajectories to calculate the mutual information between IGF1 and every other
237  growth factor. Mutual information takes into account the probabilistic and thus variable nature
238  of individual growth factor responses. IGF1 was used as the control due to its highly robust
239  single-cell KTR responses, both in terms of magnitude and temporal dynamics. Consistently,
240  PIK3CA""%"R mutant cells exhibited an allele dose-dependent reduction in mutual information
241  for all growth factors compared to IGF1 (Fig. 3B; note that mutual information is measured in
242 bits, i.e., log2 scale). This drop was most pronounced for EGF and epigen, in line with the
243 notion of selective amplification of the PI3K/AKT response downstream of EGFR seen in the
244  mutant context. Consequently, the FOXO-based KTR response in mutant cells was no longer
245  sufficiently distinct to resolve different growth factor inputs from one another. We therefore
246  conclude that PIK3CA""%’R corrupts the dynamic encoding of signal identity, giving rise to
247  cells with “blurred biochemical vision” (Fig. 3C).

248
249
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250  PIK3CA"1%R amplifies EGF signaling in cycling cells in 3D culture

251 A limitation of the approaches presented so far is reliance on exogenous reporters for
252  evaluation of signaling responses. Moreover, TIRF-based measurements of the PIP3/PI(3,4)P2
253  reporter response are incompatible with joint tracking of the miniFOXO KTR reporter, limiting
254  analyses to one response at a time. Finally, two-dimensional cell culture models do not capture
255 the biological heterogeneity and additional complexity of three-dimensional (3D) culture
256 systems. We therefore developed an orthogonal approach for single-cell-based signaling
257 measurements in more complex culture settings, whilst retaining the ability to perform
258 temporal perturbation experiments at scale.

259 Specifically, we adapted a recently published highly-multiplexed, mass cytometry workflow
260 (28) for use with a new method that we developed for scalable generation of scaffold-free
261  spheroids, including fixation for preservation of signaling responses and subsequent non-
262  enzymatic single-cell dissociation (Figure 4A). We turned to mass cytometry given its
263  versatility, compatibility with cell state-dependent gating and ability to multiplex up to 126
264  distinct conditions, with gains in sensitivity and technical robustness.

265 Experiments with saturating doses of IGF1 and EGF revealed that robust growth factor
266  signaling responses in HelLa spheroid cells were restricted to a cell cycling and non-apoptotic
267  cell state (i.e., pRB Ser807/811-positive and cleaved Caspase3 D175-negative cells; Fig. S4).
268  This aligns with recent findings of a multimodal, cellular state-conditioned sensitivity to growth
269 factor stimulation in the human 184A1 breast epithelial cell line (29). Remarkably however,
270  even when gating on the pRB*/cCASP3" cell state, a comparison of the single-cell response
271  distribution shifts relative to control treatments showed discernible, growth factor-specific
272  temporal responses for phosphorylated AKTS*"® (pAKTS473), ERK1/27202Y204 T183Y187 gng
273  S65%49S24 rihogomal protein (Fig. 4B). For example, in wild-type cells, the single-cell
274  distribution shift for AKT phosphorylation was strongest upon stimulation with 100 nM IGF1
275  stimulation and peaked after 5-10 min. The same was true for ERK1/2 phosphorylation in
276  response to EGF. Further downstream, a positive distribution shift for S6 phosphorylation
277  (pS652*95%4) followed with a delay relative to pAKT®*”® (Fig. 4B), consistent with prior studies
278  of bulk responses.

279 Next, to capture the temporal, signaling transitions present in this multidimensional dataset,
280 we turned to PHATE (potential of heat diffusion for affinity-based transition embedding).
281 PHATE produces a non-linear, low-dimensional embedding that preserves both local and
282  global structure in the data (30). We first calculated an earth mover’s distance (EMD) score
283  for each response distribution relative to untreated wild-type control cells; this score provides
284  a concise measure of how different a single-cell distribution for a given signaling marker is
285  relative to another (the corresponding wild-type control distribution in this case). PHATE was
286  then applied to the EMD scores of all measured signaling markers (pAKTS*73 pERK1/27202/Y204:
287 T185/Y187, pNDRG1T346, p863240/3244, pSMAD2/3S465/S467; S423/S425). ThlS revealed a time-
288  dependent convergence in signaling space of IGF1 and EGF responses for PIK3CAH04/R
289  mutant cells (Fig. 4C), consistent with the “blurring” concept shown in Fig. 3C. This analysis
290 also confirmed a clear distinction between HeLa cells with one versus two endogenous copies
291  of PIK3CA""%’R with the latter featuring higher baseline levels of the mTORC2 activation
292  marker pNDRG1™* (Fig. S5A,B).

293 In line with our 2D live-cell studies of PI3K/AKT signaling dynamics (Fig. 1, Fig. 2), we also
294  observed that both single and two-copy PIK3CA""%’R mutant cells exhibited an amplified
295  response to EGF stimulation (Fig. 4B, 4C, S5A). This resulted in stronger and more sustained
296 responses both at the level of pAKTS*"® and pERK1/27202Y204: T183/Y187 Rejative to wild-type
297  controls, the signaling responses in both single- and double-copy PIK3CA""%’R mutant HeLa
298 cells also exhibited increased single-cell variability as a function of time and growth factor
299  stimulation, most notably for pAKT®*"® (Figs. 4B). This was reproduced with independent
300 clones (Fig. S5B), and in additional dose-response, time course experiments using 1 nM, 10
301 nM, and 100 nM IGF1 or EGF (Fig. S6A,B). We therefore conclude that oncogenic
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302  PIK3CAM’R does not simply shift the PIBK/AKT signaling response to a higher mean but
303 also acts to enhance signaling heterogeneity.

304

305 Corrupted signal transfer in PIK3CA""4’R mutant cell models translates into increased
306 phenotypic heterogeneity in the context of EGF sensitization

307 We next set out to test whether the observed signal corruption in PIK3CA"'%4’F mutant cells

308 translates into altered transcriptional and phenotypic responses. First, enhanced EGF
309 signaling through AKT and ERK should lead to an amplification of EGF-specific transcriptional
310 responses. These are known to be sensitive to the relative amplitude and duration of upstream
311  signals such as ERK activation (31,32). Consistent with this prediction, we observed increased
312 and more sustained mRNA expression of known EGF-dependent immediately early and
313 delayed early genes in PIK3CA"'%*’R gpheroids stimulated with EGF (Fig. 5A). This was
314  specific to PIK3CA""%’R as simply combining saturating concentrations of IGF1 and EGF to
315 elicit strong activation of both AKT and ERK was not sufficient to amplify the transcriptional
316 response in PIK3CA wild-type cells. Consistent with EGF’s known role as an epithelial-
317 mesenchymal transition (EMT)-inducing factor (33,34), we also observed increased
318 expression of the EMT-associated transcription factor SNAIL (SNAI1) in bulk PIK3CAM047R
319 Hela spheroids (Fig. 5A). The apparent allele dose-dependent pattern of these responses
320 was non-linear, however, with single-copy PIK3CA""%4’F mutant cells exhibiting the strongest
321  relative induction of EGF-dependent transcripts. These transcripts have also previously been
322  associated with epithelial-mesenchymal transitions downstream of diverse inputs (33).

323 Second, the increased variability in signaling responses in PIK3CA"'%*’R HeL a cells would
324  be expected to cause increased phenotypic heterogeneity. To evaluate this, we visualized cell
325 appearance in standard 2D culture (Fig. 5B). Whereas wild-type HelLa cells grew as epithelial-
326 like cell clusters, single- and double-copy PIK3CA"'%*’R cells were more dispersed and
327  exhibited a higher proportion of cells with irregular, mesenchymal-like morphologies (Fig. 5B-
328 D, Fig. S7TA). The mesenchymal shapes were most pronounced in single-copy PIK3CAH047R
329 mutant cells (Fig. 5B,C), in line with their higher expression of SNAIL upon EGF stimulation
330 (Fig. 5A). Conversely, a higher proportion of the double-copy PIK3CA"'%4’R cells exhibited
331 large, flattened morphologies (Fig. 5B,D).

332 The phenotypic heterogeneity observed in these HelLa cell models with endogenous, allele
333  dose-dependent PIK3CA"'%*’R expression bore notable resemblance to the only other
334  available model system of this kind — an allelic series of non-transformed, human iPSCs with
335 heterozygous and homozygous expression of PIK3CAM"%’R  Specifically, homozygous
336 PIK3CAM%’R iPSC cultures were previously shown to exhibit coexisting epithelial and
337 mesenchymal-like cellular morphologies (24) (Fig. S7B). We hypothesized that this phenotypic
338  heterogeneity reflects corrupted signal transfer in homozygous PIK3CA""%/RiPSCs, including
339 amplification of EGF-dependent responses and increased signaling heterogeneity as
340 observed in the Hela cervical cancer cell model. To test this, we applied our mass cytometry-
341  based, single-cell signaling pipeline (Fig. 4A) on 3D-cultured, IGF1- or EGF-stimulated iPSCs
342 from the aforementioned allelic series. As expected, both heterozygous and homozygous
343  PIK3CAM"%"RiPSCs had higher baseline phosphorylation of AKT (pAKTS*") relative to wild-
344  type cells, and this increased further upon IGF1 stimulation (Fig. 6A,B). However, only
345 homozygous PIK3CAH%7RipSCs showed an amplified EGF response both at the level of AKT
346 and ERK phosphorylation. Importantly, this was accompanied by a notable increase in the
347  heterogeneity of the underlying PIK3CAH047RH1047R gingle-cell responses (Fig. 6A,B),
348 revealing a conserved signaling phenotype that had remained inaccessible to conventional
349  workflows based on bulk signaling measurements.

350 In conclusion, compromised — or corrupted — signal transfer downstream of PIK3CA"%4’R
351 translates into increased signaling and phenotypic heterogeneity in the context of a selective
352  amplification of EGF responses (Fig. 6C).
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353 Discussion

354 Despite tremendous advances in understanding of the core topology of the PI3K/AKT
355 pathway over the last 30 years, the quantitative mechanisms of signal-specific information
356 transfer in this pathway have remained elusive due to technical and analytical limitations (7,8).
357 Inthis work, we present a suite of optimized single-cell-based, kinetic workflows for systematic
358 mapping of quantitative signaling specificity in PI3K/AKT pathway activation. Supported by
359 information theoretic analyses, we have shown that endogenous expression of the
360  PIK3CAM*’R cancer hotspot variant results in quantitative blurring of growth factor-specific
361 information transfer, amplification of EGF-induced responses and increased phenotypic
362 heterogeneity in an allele dose-dependent manner. We note that an early study of bulk PI3K
363  signaling responses in non-transformed breast epithelial cells also observed sensitization to
364  EGF in the presence of either PIK3CA""%’R or the helical domain hotspot variant PIK3CAE>*K
365  (35). Our quantitative framework now allows these results to be contextualized into a coherent
366  model of growth factor-specific mechanisms of action of oncogenic PIK3CA.

367 We propose a model in which oncogenic PIK3CA""%7R is not a simple ON switch of the
368 PI3K/AKT pathway but acts as a context-dependent signal modifier, determined by the
369 principles of quantitative biochemistry (8,36). Accordingly, the most parsimonious explanation
370 for the selective amplification of EGF-dependent responses by PIK3CA""%R is the ability of
371  this mutation to increase p110a residency times at lipid membranes (37,38), alongside the
372 lack of high-affinity phospho-Tyrosine (pTyr) binding sites for the regulatory p85 subunit on
373 EGFR and its associated adaptor proteins (39). This would make the interaction between
374 p110a and RAS essential for efficient PI3K-dependent signal transduction downstream of the
375 EGFR (40—-43), which would explain two key observations in our data: 1) the substantial
376 increase in EGF-induced ERK phosphorylation in cell models expressing only mutant
377  PIK3CAH97R: 2) the complete suppression of AKT KTR responses following PI3Ka-selective
378 inhibition in the context of EGF but not IGF1/insulin stimulation (Figs. 3 and S3). It is clear
379  both from our PIP3/PI(3,4)P2 and AKT/FOXO (KTR) trajectories that IGF1 (and insulin) signals
380 through both PI3Ka and an additional class IA PI3K isoform. This is unsurprising given the
381 known ability of p85 to bind efficiently to pTyr (pYxxM) sites on IGF1R and insulin receptor
382 substrate (IRS) proteins irrespective of the catalytic p110 subunit (44,45). It also explains the
383 convergence of IGF1/insulin-induced AKT/FOXO (KTR) trajectories in PIK3CA loss-of-
384  function and PIK3CA""%'R cells following PI3Ka-selective inhibition (Fig. S3). The only cell
385 line in this work in which PI3Ka appeared dispensable for EGF-induced PI3K signaling was
386  A549, a lung adenocarcinoma cell line with amplified EGFR (46). This aligns with the above
387  biochemical considerations; a higher concentration of EGFR would allow for more successful
388 engagement of low-affinity interactors such as p85, thus making PI3K activation less
389 dependent on RAS binding via p110a. This follows from the fact that p110p, which is the other
390 main catalytic p110 isoform in the non-hematopoietic cell lineages used here, does not have
391 the capability of direct interaction with RAS (47).

392 The above model is nevertheless a simplification because it does not account for another
393  salient property of oncogenic PIK3CA, revealed by our quantitative single-cell measurements
394  of PI3K/AKT signaling dynamics. Thus, we consistently observed an increase in signaling and
395 phenotypic heterogeneity downstream of allele dose-dependent PIK3CA"'%*’R expression. It
396 s interesting that an increased heterogeneity in PI3K pathway activation was also noted in an
397 early study of PIK3CA""%’R overexpression in breast epithelial cells (48). The consequences
398  of this heterogeneity are two-fold. First, it increases the uncertainty in the ability to predict the
399 outputs of oncogenic PI3K/AKT pathway activation, i.e. the outputs are probabilistic rather
400 than deterministic. This calls for increased attention to single-cell PI3K signaling responses in
401 the ongoing evaluation of the many PI3K/AKT pathway inhibitors entering preclinical and
402 clinical use (4,49,50). Second, such heterogeneity endows cells with the ability to sample
403  multiple phenotypic states, or attractors (51), as shown by the emergence of co-existing
404  cellular phenotypes in otherwise isogenic cells with PIK3CA"'%4’R expression. This may offer
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405 a mechanistic underpinning for the remarkable phenotypic heterogeneity found in PIK3CA-
406  driven breast cancer models (52-54) as well as benign but highly debilitating human PROS
407  disorders (5). Itis likely that the observed increase in single-cell “noise” endows the population
408  of mutant PIK3CA"'%*’R cells with a selective advantage in the face of unpredictable and
409 rapidly changing environments as shown in other systems (55).

410 Finally, our quantitative PI3K signaling framework also makes possible the prospective
411 development and application of pharmacological approaches to tune pathological PI3K
412  signaling responses back to normal, for example through allosteric modulation of receptor-
413  specific coupling mechanisms. This has also been suggested for RAS/MAPK signaling (56),
414  in light of recent findings that oncogenic mutations in this pathway also remain dependent on
415 upstream growth factor inputs yet fail to transmit these reliably (9). Given the likely
416 dependence on a direct PI3Ka-RAS interactions for the EGF response amplification in
417  PIK3CAM%R cells, the recently released PI3Ko-RAS breaker (57) may be an excellent
418 candidate for testing of quantitative, growth factor-specific PI3K signaling dynamics as a
419 pharmacological target.

420
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421 MATERIALS AND METHODS

422 Where referenced, the Open Science Framework (OSF) project containing all source
423  datasets underpinning this work can be accessed via doi: 10.17605/OSF.IO0/4F69N.
424

425 Immortalized cell culture

426 HelLa cells and mouse embryonic fibroblasts (MEFs) were cultured in complete medium
427  consisting of DMEM (with 4 mM L-Glutamine and 1 mM sodium pyruvate; Thermo Fisher
428  Scientific #41966-029) supplemented with another 2 mM of L-Glutamine (Sigma #G7513) and
429 10 % fetal bovine serum (FBS; Pan-Biotech #P30-8500).

430 Lung adenocarcinoma A549 cells were cultured in complete medium consisting of RPMI-
431 1640 with GlutaMax and Sodium Bicarbonate (#61870-036, Thermo Fisher Scientific),
432  supplemented with 1 mM of Sodium Pyruvate (#11360-039, Thermo Fisher Scientific) and 10
433 % FBS.

434 Cells were cultured in T25 flasks (Corning or TPP) and passaged every two-to-three days
435  when 80-90% confluent. Briefly, the spent medium was removed and the cells washed with 5
436 ml DPBS (Sigma #RNBH8966 or Thermo Fisher Scientific # 14190-094). Following removal
437  of the wash, the cells were incubated at 37°C in 0.75 ml TrypLE™ Express Enzyme (Thermo
438  Fisher Scientific #12605028 or #1260421) for 6-8 min until dissociated. The cells were
439  resuspended in complete medium and distributed to new flasks at appropriate ratios.

440

441 Human induced pluripotent stem cell culture

442 The male human iPSCs used in this work were derived from the WTC11 line, following
443  CRISPR/Cas9 engineering for endogenous expression of PIK3CA"'%*’R as described
444  previously (24). The cells were maintained in Essential 8 Flex Medium (Thermo Fisher
445  Scientific #A2858501) on plates coated with 10 ug/cm? Cultrex Stem Cell Qualified Reduced
446  Growth Factor Basement Membrane (R&D Systems #3434-010-02). Cells were cluster-
447  passaged every 3-4 days with 0.5 mM EDTA and seeded into medium supplemented with 10
448 uM Y-27632 dihydrochloride (Bio-Techne #1254/10) for the first 24 h. For details of the
449  spheroid set-up, see dx.doi.org/10.17504/protocols.io.3byl4bnrrvo5/v1. The cells were single-
450 cell dissociated with StemPro Accutase (Thermo Fisher Scientific # A1110501) and seeded at
451 1000 cells/spheroids in 200 pl Essential 8 Flex supplemented with 10 pM Y-27632
452  dihydrochloride. The following day, the medium was replenished without Y-27632. Spheroids
453  were processed for experimental perturbations two days following formation.

454  Cell line quality control

455 All cell lines were cultured in the absence of antibiotics except if processed for selection
456  post-engineering as indicated. Cells were routinely tested negative for mycoplasma and
457  genotyped by Sanger sequencing (knock-in lines) or immunoblotting (knock-out lines) to
458  confirm the correct identity prior to experimental use.

459 CRISPR/Cas9 gene editing of PIK3CA exon 21 in HelLa cells

460 Low-passage (P5) HeLa cells were used for CRISPR/Cas9 engineering for knock-in of the
461 PIK3CA H1047R variant (c.CAT>c.CGT) using a modified version of the protocols described
462 in Refs. (24,58). Briefly, a total of 200,000 cells were targeted with a total of 200 pmol single-
463  stranded oligodeoxynucleotides (ssODNs) introducing either the targeting mutations along
464  with silent mutations or silent mutations without the targeting mutation:

465 HDRO001 ssODN (targeting mutation and silent mutations): 5™
466 TAGCCTTAGATAAAACTGAGCAAGAGGCTTTGGAGTATTTCATGAAACAAATGAACGAC
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467 GCACGTCATGGTGGCTGGACAACAAAAATGGATTGGATCTTCCACACAATTAAACAGCA
468 TGCATTGAACTGAAAAGATAACTGAGAAAATG-3'

469  HDRO002 ssODN (silent mutation only): 5™

470 TAGCCTTAGATAAAACTGAGCAAGAGGCTTTGGAGTATTTCATGAAACAAATGAACGAC
471 GCACATCATGGTGGCTGGACAACAAAAATGGATTGGATCTTCCACACAATTAAACAGCA
472 TGCATTGAACTGAAAAGATAACTGAGAAAATG-3'

473 Three different mixtures of ssODNs (HDROO1 alone, HDRO02 alone, 1:1 mixture
474  HDROO01:HDRO002) were set up to ensure generation of a dose-controlled allelic series for
475  PIK3CAM"%"R Targeting was performed using recombinant ribonucleotide proteins (RNPs) at
476 ratio 1:1.2 (Cas9:sgRNA; 4 puM:4.8 uM). The synthetic sgRNA (5-
477 AUGAAUGAUGCACAUCAUGG-3’) was obtained from Synthego (modified for extra stability).
478  The high-fidelity Alt-R™ S.p. Cas9 Nuclease V3 (IDT # 1081061) was used to limit off-
479  targeting risk. Cells were targeted by nucleofection using the SE Cell Line 4D-Nucleofector™
480 X Kit S (Lonza #V4XC-1032). Cells were allowed to recover from nucleofection before sib-
481  selection-based subcloning to isolate pure clonal cultures. To aid recovery, conditioned
482  medium (1:1 mixture with fresh medium) was used for 7 days during subcloning.

483 An initial screen for correct genotypes was performed using DNA extracted with
484  QuickExtract (Cambridge Bioscience # QE0905T) and subjected to PCR amplification and
485 Sanger sequencing with primers: 5- CAGCATGCCAATCTCTTCAT-3 (forward), 5'-
486 ATGCTGTTCATGGATTGTGC-3'. As Hela cells are triploid on average, genotypes were
487  called following deconvolution with Synthego’s ICE tool (59). Putative pure wild-type (or silent
488  mutation only) and PIK3CA""%’R clones were expanded and subjected to final validation by
489  next-generation sequencing using MiSeq, with lllumina adaptor-appending primers:

490 5-
491 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGATAAAACTGAGCAAGAGGCTTTGGA-
492 3’ (forward);

493 5-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGATCGGTCTTTGCCTGCTGAG-
494 3’ (reverse).

495 The MiSeq output was analyzed using CRISPResso02 (60). All raw and analyzed files are
496  deposited on the accompanying OSF project site (doi: 10.17605/OSF.I0/4F69N, component:
497  MiSequencing_CRISPR_clone_validation).

498 Note that HelLa cells are nominally triploid. All knock-in lines with one or two copies of
499  PIK3CAM"%"R therefore harbor two or one allele(s), respectively, with a C-terminal frameshift
500 equivalent to those in the loss-of-function 3xFS clone (Fig. $2). This frameshift is too close to
501 the stop codon of p110a to result in nonsense-mediated decay and instead causes a change
502  of the last 20-30 C-terminal amino acids. This abolishes the critical p110a WIF motif required
503 for membrane binding and catalytic function (38), effectively creating a loss-of-function knock-
504 in that nevertheless remains expressed and thus does not carry the risk of altering the
505  stoichiometry of p85 regulatory and p110 catalytic subunits in these cells. In separate QC
506 tests, we also used a clone with 2xWT and 1xFS PIK3CA alleles and confirmed that its
507  PIP3s/PI(3,4)P2 reporter response by TIRF microscopy is identical to those in the 3xXWT clones.
508 Combined with data from the 3xFS clone, this provides confidence that the frameshift p110a
509 allele(s) present alongside PIK3CA"'%4’R do(es) not impact the observed signaling responses.

510 Exome sequencing

511 All CRISPR/Cas9-engineered HelLa clones used in this work were profiled by whole-exome
512  sequencing at an early passage (13 or 14) and compared to the parental HeLa culture prior
513 to editing (passage 4) and following another 10 passages (passage 14) in the absence of
514  editing. This approach enabled rigorous evaluation of the extent of mutagenesis caused by
515 the gene editing and single-cloning procedures relative to the expected baseline acquisition
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516 of mutations upon prolonged cell culture. High-quality DNA was extracted using the
517  NucleoSpin Micro Kit XS (Takara #740901.5) and submitted to Novogene for exome library
518 preparation and sequencing. Briefly, libraries were prepared with the Next Ultra DNA Library
519 Prep Kit (NEB #E7370L) and enriched for exons using Agilent’s SureSelectXT Reagent Kit
520 and Agilent SureSelect Human All ExonV6 (#G9611B). The final libraries were pooled and
521  paired-end (150 bp) sequenced on a NovaSeq 6000 instrument, with 6G of raw data output
522  per sample. Subsequent read processing was performed with the nf-core/sarek pipeline
523  (v2.6.1), with alignment against the human genome (hg38) and Agilent’s reference .bed file
524  corresponding to the SureSelect Human All Exon V6 60MB S07604514 design. Somatic
525 variant calling was performed with Strelka2 (61) according to a tumor/normal pairs setup
526 where CRISPR/Cas9-edited clones and the long-term passage parental cultures were
527  assigned the “tumor” label and the low-passage parental culture assigned the “normal” label.
528  Subsequent variant annotation was performed using both the snpEff (62) and VEP pipelines
529 (63). The VEP pipeline, however, failed to capture the H1047R variants in the mutant lines
530 correctly and its output was therefore deemed unreliable. Detailed scripts and multiQC reports
531 for reproducing the all nf-core/sarek outputs have been made available on the OSF project
532  site.

533 The snpEff-annotated variants with SomaticEVS filter = PASS were processed with GATK
534  VariantsToTable and imported into R for identification of non-synonymous protein-coding
535 variants that are common to a minimum of two samples when compared to the low-passage
536 parental culture prior to CRISPR/Cas9 gene editing. Intersection plots and heatmaps were
537 generated using the ComplexHeatmap R package (64). Clustering was performed according
538 to Euclidean distance with the Ward.D2 method. Raw sequencing data and annotated R
539 processing scripts are provided on the accompanying OSF project site (doi:
540 10.17605/0SF.IO/4F69N, component: Exome_sequencing_processed_file_analysis).

541 Total mRNA sequencing

542 All CRISPR/Cas9-edited HelLa clones were processed for total mMRNA sequencing at
543  Dbaseline to determine transcriptional similarities and differences across individual genotypes.
544  Individual clones (passages 16-18) were collected at subconfluence following refeeding with
545  fresh complete medium for 3 h. Following a single wash with DPBS, cells were snap-frozen
546  and stored at -80C until further processing. Following thawing on ice, total RNA was extracted
547  using the Direct-zol RNA Miniprep Kit from ZymoResearch (#R2051), with final elution in 30
548  pl nuclease-free water. Samples were submitted to Novogene for library preparation (NEB
549  Next® Ultra™ RNA Library Prep Kit) and paired-end (150bp) sequencing on a NovaSeq 6000
550 instrument. Note that the library preparation is strand-agnostic.

551 Raw read processing was performed with the Nextflow (version 20.07.1) nf-core RNAseq
552  pipeline (v1.1) (65), with Spliced Transcripts Alignment to a Reference (STAR) (66) for read
553  alignment to the human genome (Homo_sapiens.GRCh38.96.gtf) and featureCounts (67) for
554  counting of mapped reads (multimapped reads were discarded). All subsequent data
555  processing was performed in R, with differential gene expression analysis following the limma-
556 voom method (68). Filtering of low gene expression counts was performed with the
557 TCGAbiolinks package with quantile value 0.75 (chosen empirically based on the observed
558 count distribution). Next, read count normalization was performed with the gene length-
559  corrected trimmed mean of M-values (GeTMM) method (69). PCA was done using the
560 PCAtools package. The mean-variance relationship was modelled with voom(), followed by
561 linear modelling and computation of moderated t-statistics using the ImFit() and eBayes()
562  functions in the limma package (68). Experimental replicate was included as a batch effect
563 term in the model. The associated p-values for assessment of differential gene expression
564 were adjusted for multiple comparisons with the Benjamini-Hochberg method at false-
565 discovery rate (FDR) = 0.05 (70). Adjustments were performed with option = “separate”,
566  comparing PIK3CA""%’R mutant clones against wild-type clones. No differentially expressed
567 genes were identified across the different genotypes at baseline. All R processing scripts to
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568 replicate the analyses are provided on the accompanying OSF project site (doi:
569 10.17605/0SF.IO/4F69N, component: RNAseq_processing). The raw sequencing files are
570 available via GEO under accession number: GSE251956.

571 Sleeping Beauty transposon engineering of cells for expression of AKT kinase
572  translocation reporter (KTR)

573 The Sleeping Beauty transposon-based and optimized miniFOXO kinase translocation
574  reporter (KTR) developed by Gross et al. (27) was used to generate stable cell lines from the
575  original CRISPR/Cas9-engineered Hela cell clones. This was performed at two different sites
576 intwo independent sets of wild-type and mutant clones, with a time gap of one year. For further
577  testing of reproducibility of the results irrespective of reporter expression levels, stable cell line
578  generation was performed using two different molar ratios of transposon to transposase (the
579 following molar units are for cells seeded in 12-well plates at a density of 50,000 cells/well;
580 these units were scaled by a factor of 2 for cells seeded in 6-well plates at 100,000 cells/well).
581  For a 1:1 molar ratio, engineering was performed with approximately 100 fmol of transposon
582 and SB100X transposase-expressing plasmids (the plasmid maps are deposited on the OSF
583  project site, with code names MB40 and MB43, respectively). For a 1:10 molar ratio and thus
584  low reporter expression, engineering was performed with approximately 10 fmol transposon
585  plasmid and 100 fmol transposase plasmid. Plasmid were delivered to cells using Fugene HD
586  Transfection Reagent (Promega #E5912) at a 3:1 Fugene volume:DNA mass ratio for
587 transfection complex formation in Opti-MEM | Reduced Serum Medium (Thermo Fisher
588  Scientific #31985070). Puromycin (Sigma Aldrich #P9620 or #P4512-1MLX10) selection at 1
589  pg/mlwas started 24-48 h after seeding, with replenishment of selection medium at least every
590 second day. Stable cell lines were usually established and banked within 2 weeks of the initial
591 transfection.

592
593  Western blotting
594 A step-by-step Western blotting protocol is publicly available on protocols.io with the

595 following doi: dx.doi.org/10.17504/protocols.io.4r4gv8w. Cells were lysed from 10-cm dishes
596 with RIPA Lysis and Extraction buffer (Thermo Fisher Scientific #89900), and 10-15 pg of
597  protein were loaded on 4-12% Bis-Tris Midi NuPage Protein Gels (Thermo Fisher Scientific)
598 and separated at 120V for 2 h in MES running buffer. Protein transfer was performed with an
599 iBlot2 system (Thermo Fisher Scientific) using program P3. All primary and secondary
600 antibodies used are provided in Tables 1 & 2. Final signal detection was by enhanced
601 chemiluminescence (ECL) with the Immobilon Forte Western HRP substrate from Sigma
602  Aldrich (#WBLUF0500) or ECL Western Blotting Substrate from Promega (#W1015). Images
603  were acquired on the Amersham ImageQuant 800 system with 5x5 binning. All raw Western
604 blots have been deposited on the accompanying OSF project site (doi:
605  10.17605/OSF.I0/4F69N, component: Western_blots Fig.S2).

606  Small molecule reconstitution and usage

607 The following growth factors were obtained from Peprotech: human IGF1 (#100-11, lots:
608 022201-1, 092101-1, 041901-1), human EGF (#AF-100-15, lots: 0922AFC05, 0222AFCO05,
609 0820AFCO05), human Epigen (#100-51, lot: 0706386). Lyophilised stocks were reconstituted
610 in sterile, molecular-grade, non-DEPC-treated water from Ambion (#9937), allowed to dissolve
611  for 15-20 min at 4 C followed by aliquoting in PCR strip tubes and long-term (up to 1y) storage
612 at-80rC. Aliquots were freeze-thawed maximum once to limit loss of potency.

613 Human insulin (10 mg/ml) was from Sigma (#91077C, lot: 21M018) and stored at 4. C.
614 BYL719 was obtained from SelleckChem (#S2814, lots: 03, 06) at 10 mM in DMSO. The
615  stock solution was diluted to 1 mM in sterile DMSO, aliquoted in PCR strip tubes and stored
616 at-80CC long-term (up to 2 years).

14


http://dx.doi.org/10.17504/protocols.io.4r4gv8w
https://doi.org/10.1101/2023.12.23.573207
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.23.573207; this version posted December 26, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

617 TGX221 was obtained from MedChemExpress (#HY-10114) and reconstituted in sterile
618 DMSO at 10 mM DMSO, prior to long-term storage (up to 3 years) at -80C.

619 1938 was synthesised by Key Organics or SAl Life Sciences, and is now available through
620 CancerTools (#161068).

621

622 Phosphoinositide reporter constructs

623 To minimize confounding effects on reporter performance arising from usage of different
624  plasmid backbone, all PH domain derivatives were cloned into the same plasmid backbone
625  construct (PNES-EGFP-C1 for wild-type PH domains; pNES-mCherry-C1 for mutant PH
626 domains). The generation of each individual reporter is detailed below. Note that all PH
627  domains will now be coupled to a nuclear export sequence (NES) and harbor an N-terminal
628 fluorescent protein tag. All plasmids were verified by restriction enzyme digest and Sanger
629  sequencing. Plasmid maps have been deposited on the accompanying OSF project site (doi:
630 10.17605/0OSF.I0/4F69N; component Other).

631 ARNO

632 The pNES-EGFP-C1-PH-ARNO(I303E)x2 PIP3 reporter construct was a gift from Dr Gerry
633 Hammond (University of Pittsburgh) and was generated as described in Ref. (18). In this
634  construct, the PH domain is C-terminally tagged with an enhanced GFP (EGFP) which is itself
635 preceded by a nuclear export sequence. To generate a tandem-dimer mutant version
636  equivalent to R280A in the native PH domain of ARNO (Unitprot #P63034), a 996 bp gene
637 fragment corresponding to the tandem-dimer PH-ARNO(I303E) domain with the mutated
638 residues was synthesized as a gene fragment in a pUC vector by GeneWiz, including 5’ and
639 3 Hindlll and BamHI recognition sites, respectively. Next, five reactions each with 250 fmol of
640 the construct carrying the mutant fragment or the original wild-type pNES-EGFP-C1-PH-
641 ARNO(I303E)x2 construct were digested with 20 U each of BamHI-HF (NEB #R3136S) and
642  Hindlll-HF (NEB #R3104S), alongside 5 U of quick alkaline phosphatase (calf intestinal, NEB
643  #MO0525S), all in a 30 yl rCutSmart buffer (NEB) reaction. The digests were run at 37(C
644  overnight (16 h), followed by heat inactivation at 80rC for 20 min. The digests were then un
645 on a Tris acetate-EDTA agarose gel (1%), followed by gel purification of the pNES-EGFP-C1
646  destination vector and the mutant PH-ARNO(1303)x2 domain with compatible sticky ends,
647  using the Monarch DNA gel extraction kit (NEB #T020S) according to the manufacturer’s
648 instructions. The insert and the destination vector were ligated in a 10 pl reaction with 2X
649 instant sticky-end ligase master mix (NEB #M0370S), using a 1:5 molar ratio of backbone-to-
650 insertand otherwise following the manufacturer’s instructions. Next, 2 ul of the ligation reaction
651  were heat-shock transformed into high-efficiency 5-alpha competent E. coli (NEB #C29871),
652 followed by conventional colony picking and bacterial culture expansion for subsequent
653  plasmid DNA extraction with the Maxi Plus kit from Qiagen (#12964). Next, the EGFP tag in
654 the new construct containing the mutant PH-ARNO(I303)x2 domain was replaced with an
655 mCherry tag obtained from a pNES-mCherry-C1-TAPP1-cPHx3 construct (a gift from Dr Gerry
656 Hammond; described in Ref. (18)). The restriction enzyme digest-based subcloning protocol
657  used to generate this construct was as described above.

658

659 BTK

660

661 The BTK-PH domain was obtained from Addgene construct #51463 (a gift from Dr Tamas

662  Balla). This construct was used for site-directed mutagenesis of a key arginine in the signature
663 motif (FKKRL) of the BTK PH domain (20) using the following primers: 5'-
664 CTTCAAGAAGQcCCTGTTTCTCTTG-3' (forward); 5-TTTAGAGGTGATGTTTTCTTTTTC-3
665 (reverse). Site-directed mutagenesis was performed with the Q5® Site-Directed Mutagenesis
666  Kit from New England Biolabs (#£0554S), using 0.5 uM of each primer and 0.2 ng/ul plasmid
667  DNA in a 25-pl reaction. The thermocycling conditions were as follows: denaturation at 98[C
668  for 30s; 25 cycles of 98/ C for 10s, 561 C for 20s, 727 C for 2.5 min; final extension at 72 [C for
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669 5 min. The PCR product was subsequently processed for KLD (kinase, ligase, Dpnl) treatment
670 as per the manufacturer’s instructions.

671 The wild-type and mutant versions of the BTK PH domain were PCR-amplified, including
672  addition of 5’ and 3’ BamHI and Hindlll restriction enzyme recognition sites, respectively. The
673 following primers were used (with highlights to indicate the recognition sites): 5'-
674 AGCAGAAGCTTICGATGGCCGCAGTGATTCTGG -3 (forward); 5’-
675 CCGGTGGATCCTCACCGGATTACGTTTTTGAGCTGG - 3 (reverse; note this primer also
676 adds a stop codon). A two-step PCR amplification was performed using Platinum SuperFi
677 DNA Polymerase (Thermo Fisher Scientific #12351-010) with the following thermocycling
678 conditions: denaturation at 98 [ C for 30s; 5 cycles of 98 C for 10s, 60 C for 10s, 72 C for 15s;
679 20 cycles of 98 C for 10s, 65[C for 10s, 72[C for 15s; final extension at 72[C for 5 min. The
680 PCR products were gel-purified and processed for Hindlll- and BamHI-based subcloning into
681 the pNES-EGFP-C1 and pNES-mCherry-C1 backbones as described above for ARNO.

682

683 AKT2
684
685 The AKT2-PH domain was obtained from a plasmid encoding the full length AKT2 protein

686 (a gift from Dr James Burchfield; described in Ref. (71)). This construct was used for site-
687 directed mutagenesis of a key arginine in the signature motif (WRPRY) of the AKT2 PH
688 domain (20) using the following primers: 5- CTGGAGGCCAgcGTACTTCCTG-3’ (forward);
689 5- GTCTTGATGTATTCACCAC-3' (reverse). Site-directed mutagenesis was performed as
690 described for BTK except for use of 57(C as annealing temperature and 4 min of extension
691 time in each cycle. The wild-type and mutant versions of the AKT2 PH domain were PCR-
692  amplified, including addition of 5 and 3’ BamHI and Hindlll restriction enzyme recognition
693  sites, respectively. The following primers were used (with highlights to indicate the recognition
694  sites): 5-AGCAGAAGCTTCGATGAATGAGGTGTCTGTCATC-3 (forward); 5’-
695 CCGGTGGATCCTCAGTTGGCGACCATCTGGA-3 (reverse; note this primer also adds a
696 stop codon). The procedure was as described for BTK above, with subsequent subcloning
697 into the pNES-EGFP-C1 and pNES-mCherry-C1 backbones as described for ARNO.

698

699 Live-cell total internal reflection fluorescence (TIRF) microscopy

700 A detailed protocol of how to prepare Hela cells for live-cell microscopy by TIRF, including
701  Matrigel coating of the dishes, cell seeding, transfection with phosphoinositide reporters and
702  subsequent treatment has been made publicly available on protocols.io via the following doi:
703  dx.doi.org/10.17504/protocols.io.kxygx37jkg8j/v1

704 The above protocol was also followed for experiments with MEFs and A549 with the
705  following modifications. MEFs were seeded at a density of 2000 cells per well (0.35 cm?).
706  Ab549 cells were seeded either at 2000 or 3000 cells per well and transfected either with 25 ng
707  or 50 ng wild-type and mutant reporter constructs; these different conditions were tested due
708  to the low transfection efficiency of these cells, however the final results did not differ and were
709 thus pooled together. Note that 20 ng of a pUC19 (NEB #09052008) carrier plasmid was
710 included in all transfection conditions with 25 ng of each reporter plasmid for a more even
711  uptake of the latter.

712 Time-lapse TIRF images were obtained on a 3i Spinning Disk Confocal microscope fitted
713  with a sCMOS Prime95B (Photometric) sensor for TIRF, with full temperature (37°C) and CO-
714  (5%) control throughout the acquisitions. A 100X 1.45 NA plan-apochromatic oil-immersion
715  TIRF objective was used to deliver the laser illumination beam (488 nm or 561 nm; 40-50%
716  power) at the critical angle for TIRF and for acquisition of the images by epifluorescence (200-
717 300 msec exposure) using single bandpass filters (445/20 nm and 525/30 nm). Acquisition
718 was performed in sequential mode, without binning, using Slidebook 6.0 and an acquisition
719 rate of 70s.

720 Image analyses of total reporter intensities were performed with the Fiji open source
721  image analysis package (72). The regions of interest (ROI) corresponding to the footprint of
722  the individual cell across time points were defined using minimal intensity projection to select
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723  only pixels present across all time points, following prior background subtraction with the
724  rolling ball method (radius = 500 pixels) and xy drift correction. Mean intensity levels for each
725  reporter were measured within the ROl and exported for subsequent data processing in R.
726  Final trajectory normalizations to the median signal of pre-stimulus or post-BYL719 time points
727  were performed using the Time Course Inspector package LOCnormTraj function (73). The
728 Time Course Inspector package was also used for calculating the mean and bootstrapped
729  confidence intervals of replicate time series data. The image analysis pipeline, including all
730 macros and R analysis scripts used for reporter normalizations and final replicate data
731  processing are provided on the OSF project site (doi: 10.17605/0OSF.I0/4F69N, components:
732  TIRF_analysis_pipeline, TIRF_datasets Figs.1,2).

733

734  Live-cell epifluorescence microscopy of FOXO-based AKT kinase translocation

735  reporter (KTR)

736 A detailed protocol of how HelLa cells were prepared for KTR measurements by live-cell
737  widefield microscopy, including Matrigel coating of the dishes, cell seeding, and subsequent
738 treatment has been made publicly available on protocols.io via the following doi:
739  dx.doi.org/10.17504/protocols.io.261gedjkijv47/v1

740 Time-lapse epifluorescence images were obtained on a Nikon Ti2-E Inverted microscope
741  fitted with a high-sensitivity CMOS Prime BSI (Photometric) sensor, with full temperature
742  (37°C) and CO2 (5%) control throughout the acquisitions. A 10X 0.45 NA plan-apochromatic
743  dry objective (Nikon) was used for illumination using the following set-up: LED-
744  CFP/YFP/mCherry-3X-A Filter Cube; Triple Dichroic 459/526/596; Triple Emitter 475/543/702.
745  Exposure times were 20 msec (for CLOVER) and 50 msec (for mCherry). Acquisition was
746  performed in sequential mode, without binning, using an acquisition rate of 6 min.

747 Nuclear segmentation based on the NLS-mCherry fluorescence intensity was performed
748  with Stardist in Fiji (74). Then, using custom-written Python scripts, the nuclear intensity
749  KTR,,. was calculated as the average intensity of the KTR channel within a 5-by-5 pixel
750  square around the centroid coordinates. Nuclear masks were then expanded by a width of 2
751 pixels, and the original mask was subtracted from the expanded one to generate the
752 cytoplasmic ring mask. The cytoplasmic KTR intensity KTR,,.;, was calculated as the average
753  value of the brightest 50% pixels contained within this cytoplasmic ring mask. This was to
754  avoid inclusion of background pixels in the calculations, in cases where cells were thin and
755 elongated. The nuclear-to-cytoplasmic ratio CN; was then computed as the ratio of
756  cytoplasmic over total cellular intensities of the KTR sensor:

757
758  CNp = ——Reto
KTRpyc+KTRcyto
759
760 The CNy values were therefore bounded by 0 in the case of pure nuclear intensity (low

761  pAKT levels), and 1 in the case of complete nuclear exclusion of the biosensor (high pAKT
762 levels).

763 For trajectory generation, cells were first tracked using Trackmate (75) in Fiji, based on the
764  centroids generated by the segmentation step. Tracks were filtered by length (only tracks
765  persisting through the full time-course were conserved), and (x,y,t) coordinates from cellular
766  tracks were matched with the corresponding CNy, values using custom-written Python scripts.
767  All subsequent data processing was performed in R for mean and bootstrapped confidence
768 interval calculations (73), including visualization. All source data and scripts to reproduce the
769  results are deposited on the OSF project site (doi: 10.17605/OSF.I0/4F69N, components
770  KTR _datasets Figs.3,S3, KTR_datasets_2 Figs.3,S3, KTR_analysis_pipeline).

771

772  Scaffold-free spheroid generation and experimental processing

773 Scaffold-free spheroids were generated according to a new protocol developed in house
774 for this study and made publicly available via the following doi:
775  dx.doi.org/10.17504/protocols.io.3byl4bnrrvo5/v1. Spheroids were seeded at 1000-2000
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776  cells/spheroid and used for experimentation 48h later. Prior to growth factor or inhibitor
777  treatments, HelLa spheroids were serum-starved for 4h by an initial wash in 200 ul (96-well
778  plate) or 3 ml (24-well plate) DMEM high-glucose (Thermo Fisher Scientific #41966-029)
779  supplemented with another 2 mM of L-Glutamine. Human iPSC spheroids were washed and
780  growth factor-depleted using DMEM/F12 (Thermo Fisher Scientific #21331-046) for 2 h prior
781  to stimulation. In each case, the wash was removed and replaced with 100 pl (96-well plate)
782 or 1 ml (24-well plate) of the same solution. Growth factor and inhibitor solutions were
783  prepared as 3x working solutions and 50 pl (96-well plate) or 500 ul (24-well plate) of each
784  added to the cells when required for a final dilution to 1x (1-100 nM for IGF1 or EGF; 500 nM
785  for BYL719). Corresponding control solutions containing DMSO or non-DEPC-treated sterile
786  water (Ambion #9937) were also applied. At the end of a time course, the spheroids were
787  either processed for multiplexed mass cytometry (96-well plates) or RT-gPCR (24-well plates)
788  as described below.

789

790  Multiplexed mass cytometry (CyTOF) using 3D spheroids

791 A detailed step-by-step protocol for spheroid fixation, TOBis barcoding, enzyme-free
792  single-cell dissociation and subsequent antibody staining for mass cytometry has been made
793  publicly available via protocols.io: dx.doi.org/10.17504/protocols.io.4r3122bz411y/v1. Final cell
794  acquisition was performed either on a Helios or an XT mass cytometer, both developed by
795  Fluidigm (now Standard Biotools). Raw mass cytometry data were normalized using bead
796 standards (76) and debarcoded as per the computational algorithm developed by Zunder et
797 al. (77). The Mahalanobis and separation cutoff were set to 10 and 0.1, respectively.
798  Debarcoded .fcs files were imported into Cytobank (http://www.cytobank.org/) and gated with
799  Gaussian parameters to remove debris, followed by gating on DNA (Ir-191/193), total S6,
800 pRBS87S8! gnd cCASP3P'™® to separate cell populations according to cell state. For the
801 iPSCs, there were no distinct populations of cCASP3P'"*-posite and -negative cells, which
802 meant that this marker was not used for gating.

803 Gated populations of interest were exported as untransformed .ixt files (excluding header
804  with filename) and pre-processed using the CyGNAL package as described in Sufi et al. (28).
805 The pre-processed .fcs files were imported into R as an object of the SingleCellExperiment
806 class and arcsinh (inverse hyperbolic sine) transformed with cofactor = 5 using the flowCore
807 (78) and CATALYST (79) packages in R. Individual marker histograms were generated using
808 the ggridges R package. Exact gate settings, debarcoded and gated .fcs files as well as
809 detailed scripts to reproduce all results are available on the OSF project site in dedicated
810  subfolders (doi: 10.17605/OSF.I0/4F69N; component:
811 Mass _cytometry CyTOF Hela Figs.4,54,S5,S6). These subfolders also contain exact
812 single-cell numbers for each experimental analysis in plots saved with the file suffix
813  “ total_cell_count_plot.png”.

814 For EMD-PHATE analyses, the pre-processed .fcs files were imported into Python and
815 processed using a custom-written script deposited on the OSF project site. The following
816 markers were used for EMD-PHATE plot generation: "151Eu_pNDRG1 T346",
817 "67Er_pERK1_2_T202_Y204", "173Yb_pS6_S240_S244", "155Gd_pAKT  S473",
818 "168Er_pSMAD2_3 S243 S245".

819
820 Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)

821 Cellular RNA was extracted as described above for total mMRNA Sequencing, and 250 ng
822  used for complementary DNA (cDNA) synthesis with Thermo Fisher's High-Capacity cDNA
823 Reverse Transcription Kit (#4368814). Subsequent SYBR Green-based gqPCRs were
824  performed on 2.5 ng total cDNA.

825 A 5-fold cDNA dilution series was also prepared and used as standard curve for relative
826  quantitation of gene expression. TBP was used as normalizer following confirmation that its
827 gene expression was changing systematically as a function of the tested conditions, which
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828 was not the case for ACTB (tested as an additional housekeeping gene). Melt curve analyses
829 and separate agarose gel electrophoresis confirmed amplification of the correctly-sized, single
830  product by each primer pair. All primers had amplification efficiencies 95%-105%. Samples
831 were loaded in duplicate in 384-well plates.

832 All gPCR data were acquired on a Quant Studio™ 6 Real-Time PCR System (Thermo
833  Fisher Scientific). The thermocycling conditions (SYBR Green reactions) were as follows
834  (ramp rate 1.6 C/s for all): 50°C for 2 min, 95/ C for 10 min, 40 cycles at 95/ C for 15 sec and
835  60rC for 1 min, followed by melt curve analysis (95 C for 15 sec, 60 C for 1 min, and 95[C for
836 15 min with ramp rate 0.075[C/sec). All relevant primer sequences are included in Table S4.
837  Source data and scripts to reproduce the results have been deposted on the OSF project site
838  (doi: 10.17605/0OSF.I0/4F69N, component: RT_qPCR_replicates_combined_Fig.5).

839
840  Evaluation of cellular morphology

841 HelLa cells were seeded at a density of 4,000 cells/well in black Perkin EImer ViewPlate-96
842  dishes (TC-treated, #6005182) coated with Matrigel as per the protocol for TIRF and KTR
843  imaging. After 24 h, 33 pl of 16 % methanol-free formaldehyde (Polysciences #18814-20) was
844  added to 100 pl of culture medium in each well to fix the cells in 4% final formaldehyde
845  concentration. Following 15 min of incubation at room temperature away from light, the fixative
846  was removed and cells washed once with 100 ul DPBS, dispensed slowly and at a 45 degrees
847 angle to prevent the cells from dislodging. Next, 75 ul of DPBS was added, followed by 19 pl
848  of 5X fish skin gelatin blocking agent (Biotium #22010) diluted in PBS/T (PBS with 0.05 %
849  Tween-20) with 0.5% Triton-X100 (5X concentration, diluted to 0.1 % once added to the
850 DPBS). The cells were left to permeabilize and block for 10 min, after which the block/perm
851 solution was removed and replaced with DPBS supplemented with Phalloidin iFlouor 555
852  (Abcam #ab176756) and HCS CellMask Blue (Thermo Fisher Scientific #H432720), both
853  diluted 1:1000. Following 30 min incubation at room temperature away from light, the staining
854  solution was removed and the cells washed twice with 100 yl DPBS. Another 100 ul of DPBS
855  was added after the last wash, followed by epifluorescence acquisition on a Nikon Ti2 Eclipse
856  microscope fitted with a 10X 0.45 NA plan-apochromatic dry objective (Nikon), used for
857 imaging with the following set-up: LED-CFP/YFP/mCherry-3X-A Filter Cube; Triple Dichroic
858  459/526/596; Triple Emitter 475/543/702. Exposure times were 20 msec (for CellMaskBlue)
859 and 60 msec (for Phalloidin and mCherry).

860 The CellMask blue images were converted to jpg for segmentation using Cellpose (v1) (80),
861  and the resulting masks converted to regions of interests (ROIs) using the LabelsToROI plugin
862 in Fiji/lmaged. All edge ROIs were removed. The remaining ROIs were used for calculating
863 the shape properties of the cell masks using the “Measure” function in Fiji/lmaged.

864 Analysis of variance (ANOVA) models was fit in R to test for differences in solidity and area
865 as a function of genotype. Of note, although the normality assumption was violated for these
866 models, the impact of this is likely to be minimal given the large number of single cell
867 observations and the assumptions of the central limit theorem. Tukey’s Honest Significant
868 Differences method was used to test for statistically significant (adjusted p-value < 0.05)
869 differences in shape properties as a function of genotype.

870 All raw images, segmentation masks, quantification scripts and a final montage of all
871 composite images are deposited on the OSF project site (doi: 10.17605/OSF.IO/4F69N,
872  component: HeLa cell_morphology image_analysis_Fig.5).

873

874 Information theoretic analyses

875 For the estimation of mutual information and information capacity, the SLEMI (Statistical

876  Learning-based Estimation of Mutual Information) R package was used (26). SLEMI uses a
877 logistic regression model to learn the discrete probability P(S|Z) of the signal (S) given the
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878 response (Z) and subsequently estimates the mutual information, 1(Z; S), from the following
879 formula:

880

881 I(Z;S) = H(S) — H(S|2)

882

883 Here, H(S) = — Y. P(s)log,(P(s)) is the entropy of the signal calculated based on the input

884  signal distribution P(S); and H(S|Z) = E[— Y5 P(s|Z)log,(P(s|Z))] is the conditional entropy of
885 the signal given the response. A uniform signal distribution was used in all cases for mutual
886 information estimation, while information capacity is estimated by maximizing the mutual
887 information over possible signal distributions. This approach does not rely on any form of data
888  binning and is therefore particularly well-suited for the case of high-dimensional outputs such
889  as the time course measurements in our live cell experiments.

890 The specific scripts used to calculate mutual information are deposited on the OSF project
891 site (doi: 10.17605/OSF.I0/4F69N, components: TIRF_datasets_Figs.1,2,
892 KTR datasets 2 Figs.3,S3).

893

894  Statistics and reproducibility

895 Bespoke data and statistical analyses are detailed in the relevant methods sections. Note
896 that the information theoretic analyses detailed above also provide the appropriate statistical
897  description of the trajectory datasets as justified by Bayesian decision theory (81). The mass
898  cytometry datasets are shown as individual distributions, with probability-based thresholding
899 as opposed to use of metrics such as standard deviation and variance given the non-normal
900 distribution of the data. In general, rather than applying conventional statistical tests that would
901 be violated by the structure of our data, we chose to focus on orthogonal validation in
902 independent model systems.

903 Source data and annotated scripts to reproduce all results are included on the OSF project
904  site (doi: 10.17605/OSF.I0/4F69N).
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1182 KEY RESOURCES TABLES
1183  Table 1: Primary Antibodies for Western blotting
Antibody Clone Mol. Weight | Lot # Vendor | Cat. # Dilution
target (kDa)
IGF1RpB (C-20) | C-20 95 J1907 Santa | sc-713 1:200
Cruz
INSRp (C-20) C-20 95 L1812 Santa | sc-711 1:200
Cruz
EGFR Polyclonal 175 17 CST 2232 1:1000
p110a C73F8 110 11 CST 4249 1:1000
p110pB C33D4 110 8 CST 3011 1:1000
pAKT T308 244F9 60 17 CST 4056 1:1000
pAKT Ser473 Polyclonal 60 14 CST 9271 1:1000
Total AKT Polyclonal 60 28 CST 9272 1:1000
pERK1/2 (T202; | Polyclonal 44/42 17 CST 4370 1:1000
Y204)
pS6 Polyclonal 32 18 CST 2215 1:1000
(S240/S244)
Total S6 54D2 32 13 CST 2317 1:1000
Vinculin 124 NA Sigma | V9131 1:5000
Aldrich
1184
1185 Table 2: Secondary Antibodies for Western blotting
Antibody Vendor Lot # Cat. # Dilution
anti-rabbit HRP-conjugated Amersham | 17203153 NA934V 1:5000
anti-mouse HRP-conjugated Amersham | 17193521 NXA931V 1:5000
Goat anti-rabbit IgG HRP-linked CST 30 7074S 1:10000
antibody
Goat anti-mouse IgG HRP-linked CST 36 7076S 1:10000
antibody
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1186 Table 3: Mass cytometry antibodies

Antibody Clone Metal | Lot# Vendor Cat. # Amount

target (1 rxn)

Total S6 54D2 141-Pr | 16 CST 2317 0.32 pg

Cleaved D3E9 142- 4 CST 9579 0.59 pg

Caspase 3 Nd

(D175)

pRB J112- 150- 2005420 Fluidigm 3150013 | 0.7 pg

(S807/811) 906 Nd

pNDRG1 D98G11 | 151- 4 CST 5482 0.56 pg

(T346) Eu

pAKT (S473) | M89-16 | 155- 20 BD 560397 | 4 ug
Gd Biosciences

pERK1/2 20A 167-Er | 1263406 BD 612359 | 0.09 ug

(T202/Y204) Biosciences

pSMAD2/3 D27F4 | 168-Er | 2 CST 8828 1.72 ug

(S263/S265;

S423/S425)

pS6 D68F8 | 173- 7 CST 5364 0.46 pg

(S240/S244) Yb

1187

1188 Table 4: RT-gPCR Primers

Gene Forward primer Reverse primer
target
TBP TAATCCCAAGCGGTTTGC TAGCTGGAAAACCCAACTTCT

SNAI2 GCCTCCAAAAAGCCAAACTACA GAGGATCTCTGGTTGTGGTATGACA
(Slug)

SNAI1 | TTCTCACTGCCATGGAATTCC GCAGAGGACACAGAACCAGAAA
(Snail)

ACTB CGGGAAATCGTGCGTGACATTAAG | TGATCTCCTTCTGCATCCTGTCGG

c-FOS | GGGGCAAGGTGGAACAGTTAT AGGTTGGCAATCTCGGTCTG

c-JUN | TCCAAGTGCCGAAAAAGGAAG CGAGTTCTGAGCTTTCAAGGT

EGR1 CACCTGACCGCAGAGTCTTTT CAGGGAAAAGCGGCCAGTAT

FOSL1 | AAGGCCTTGTGAACAGATCAGC GTCAGTTCCTTCCTCCGGTT

JUNB AAGGGACACGCCTTCTGAAC AAACGTCGAGGTGGAAGGAC
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1189 Table 5: Cell Lines

Cell line Source

Hela cervical cancer cells (PIK3CA WT, Engineered as part of this work,

1XxH1047R, 2xH1047R) from parental ATCC Hela line
(#CCL-2)

Immortalised mouse embryonic fibroblasts In house (see Ref. (82))

(PIK3CA WT or Cre-del PIK3CA-null)

CRISPR/Cas9-engineered A549 lung In house (see Ref. (15))
adenocarcinoma cells (PIK3CA-WT or
PIK3CA-null)

CRISPR/Cas9-engineered WTC11 human A gift from Professor Robert
induced pluripotent stem cells (PIK3CA Semple, University of Edinburgh
WT/WT, WT/H1047R, H1047R/H1047R) (see Ref. (24))

1190

1191 Table 7: Software & Algorithms

Software Source

R Framework www.R-project.org/
RStudio https://www.rstudio.com/
Affinity Designer https://affinity.serif.com/en-

gb/designer/

SlideBook 3i
NIS-Elements Nikon
Cytobank Beckman Coulter Life Sciences

1192
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1194  Figure 1. IGF1 and EGF induce stereotypical PIP3/PI(3,4)P. signaling dynamics. TIRF
1195  microscopy measurements of dynamic IGF1- and EGF-induced PIP3/PI(3,4)P; levels in live
1196  HelLa, MEF or A549 cells with wild-type or loss-of-function PIK3CA as indicated. The cells
1197  were serum-starved for 3 h prior to stimulation with either saturating doses (100 nM) of IGF1
1198 or EGF, followed by PI3Ka-selective inhibition with 500 nM BYL719. The traces represent the
1199  mean PHakr2 reporter fold-change relative to baseline (the median signal of the first four time
1200 points). The shading signifies bootstrapped 95% confidence intervals of the mean. The
1201  number (n) of single cells for each genotype is indicated on the plots. For wild-type (WT) HelLa
1202 cells, two independent CRISPR/Cas9 clones were used, with and without silent mutations.
1203 The 3x FS HelLa cells originate from a single CRISPR/Cas9 clone, engineered with a
1204  frameshift mutation in all three PIK3CA alleles (see also Fig. S2). The MEFs were from
1205 polyclonal cultures established from mice with the respective PIK3CA genotypes, followed by
1206  immortalization in vitro (82). The A549 cells were from a single CRISPR/Cas9 clone per
1207 genotype. HelLa datasets for IGF1 and EGF are from 6 and 7 independent experiments,
1208 respectively. MEF and A549 IGF1 and EGF data are from 3 independent experiments each.
1209  Non-PI3Ka activity refers to the class IA PI3K activity that remains following pharmacological
1210 inhibition of PI3Ka.
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1212

1213  Figure 2. Oncogenic PIK3CA""%’R reduces the information capacity in the PIP3/PI(3,4)P:
1214 dynamics for IGF1 but not EGF. (A) Total internal reflection (TIRF) microscopy
1215 measurements of IGF1- and EGF-induced PIP3/PI(3,4)P2 kinetics in live HelLa cells with
1216  endogenous, dose-controlled expression of PIK3CA"'%’R (see also Fig. S2). Note that the
1217  wild-type traces correspond to those shown in Fig.1, shown separately across two figures for
1218  clarity. The cells were serum-starved for 3 h prior to stimulation with the indicated growth
1219 factors, followed by PI3Ka-selective inhibition with 500 nM BYL719. Measurements were
1220 obtained every 70 sec for a total of 60 min. The traces represent the mean PHakr2 reporter
1221  fold-change relative to the median signal for the time window 35-60 min, used here to capture
1222  the baseline signaling elevation in PIK3CA""%*’F mutant cells. The shaded areas represent
1223  bootstrapped 95% confidence intervals of the mean. The shading signifies the 95% confidence
1224  intervals of the mean. The number (n) of single cells for each genotype is indicated on the
1225  plots. For wild-type (WT) HeLa cells, two independent CRISPR/Cas9 clones were used, with
1226  and without silent mutations. The data are from 2 independent WT, 2 independent 1xH1047R
1227  and 3 independent 2xH1047R CRISPR/Cas9 clones. The data are from the following number
1228 (n) of independent experiments: n=6 for 100 nM IGF1; n=7 for 100 nM EGF; n=2 for 10 nM
1229 IGF1 and 10 nM EGF; n=3 for 1 nM IGF1; n=4 for 1 nM EGF. (B) Median information capacity
1230 in bits (log2) for IGF1 and EGF calculated from the trajectory responses in A. Capacity is a
1231  measure of the maximum amount of information that flows from the pathway input to its output.
1232 The theoretical maximum for 3 inputs (doses) is 1.5 bits if all the information is captured by
1233  the PIP3/PI(3,4)P> dynamics. The error bars indicate interquartile range. (C) Median
1234  information capacity in bits (log2) calculated from snapshot measurements at the indicated
1235 time points from the datasets in A.
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1239  Figure 3. Oncogenic PIK3CA"'%4R plurs the dynamic encoding of ligand identity. (A)
1240  Live-cell fluorescence-based measurements of a miniFOXO-based AKT kinase translocation
1241  reporter (KTR) (27), stably expressed in HeLa clones with the indicated PIK3CA genotypes.
1242  The total duration of the time course is 300 min, with measurements obtained every 6 min.
1243  For each time point, the traces correspond to the mean proportion of cytoplasmic KTR signal,
1244  with shaded areas representing bootstrapped 95% confidence intervals of the mean (note that
1245 these may be too small to be seen on the figure). C, cytoplasmic; N, nuclear. Single-cell
1246  numbers (n) are shown in the plots. For each condition, PIK3CA wild-type set were also
1247  seeded at low density to confirm intra-experimental consistency irrespective of cell crowding.
1248 The data are representative of a minimum of two independent experiments per condition,
1249  performed in two independent CRISPR/Cas9 clones per genotype. Plots from all independent
1250 experiments are shown in Fig. S3 and include control experiments with the 3xFS PIK3CA LOF
1251  mutantline. (B) Mutual information (Ml) in bits (log2) for IGF1 versus each one of the indicated
1252  growth factors (EGF, epigen, insulin), calculated using the corresponding KTR trajectory
1253  responses (A) prior to inhibitor addition. MI values from individual experimental replicates are
1254  indicated as dots overlayed on barplots which correspond to the respective mean of each set
1255  of measurements. Note that IGF1 gave highly robust KTR dynamics, associated with relatively
1256 low single-cell noise as reflected in consistently high Ml values. It was therefore chosen as
1257  control stimulus in all experimental replicates. (C) A graphic metaphor summarizing the
1258  biochemical signal blurring caused by oncogenic PIK3CAH047R,
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1261  Figure 4. PIK3CA"1%R amplifies EGF-dependent signaling in a time- and allele dose-
1262  dependent manner. (A) Overview of the multiplexed mass cytometry workflow for profiling of
1263  single-cell signaling markers in scaffold-free spheroid models. Following fixation and thiol-
1264  reactive organoid barcoding in situ (83,28), up to 126 conditions are combined into a single
1265 sample for non-enzymatic single dissociation which ensures preservation of antibody
1266  epitopes, including post-translational modifications (PTMs). Subsequent staining with
1267  experimentally validated, metal-conjugated antibodies captures information about cell cycle
1268 state (e.g., cycling, non-cycling, apoptotic) as well as signaling state. (B) Mass cytometry
1269 (CyTOF) data from cycling, non-apoptotic HeLa spheroid cells with endogenous expression
1270  of wild-type (WT) PIK3CA, or one (1xH1047R) or two (2xH1047R) copies of the oncogenic
1271  PIK3CAH%7R_The spheroids were serum-starved for 4 h prior to stimulation with 100 nM EGF
1272 or IGF1, with and without 500 nM BYL719 (alpelisib; PI3Ka-specific inhibitor) as a control for
1273  signal specificity. Note that BYL719 was added at the same time as the growth factor, not as
1274  pre-treatment. The stippled line indicates the position of the peak in wild-type spheroids
1275 treated with vehicle (H20). The grey shading highlights the response region that is not
1276  accessible to PIK3CA wild-type cells in the absence of stimulation. (C) Earth mover’s distance
1277 (EMD)-PHATE embedding of the signaling trajectories observed in the indicated HelLa cell
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1278  genotypes. Single-cell distributions for the following signaling markers were used for EMD-
1279  PHATE processing (see also Fig. S5): pAKTS*’3 pERK1/27202/Y204: T185¥187 - nNDRG 1%,
1280 p868240/3244, pSMAD2/3S465/S467; S423/S425_

1281
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1283

1284  Figure 5. PIK3CA""%’R amplifies an EGF-driven transcriptional signature and increases
1285 phenotypic diversity in an allele dose-dependent manner. (A) Bulk transcriptional profiling
1286  of EGF-dependent immediate early and delayed early gene expression in HelLa spheroids
1287  with endogenous expression of either wild-type (WT) PIK3CA, one or two copies of
1288  PIK3CAM'%4’R (1-2xH1047R). Expression values are relative and represented as log2 fold-
1289 changes, normalized internally to each genotype’s control (H-O) response after 30 min of
1290 stimulation. All data were normalized to the expression values of TBP (housekeeping gene).
1291  The data are representative of two independent experiments (indicated with solid and stippled
1292  lines) with one CRISPR-derived clone per genotype. IGF1 and EGF were used at 100 nM,
1293  either alone or in combination as indicated. Note the log2 scale of the y-axis. (B)
1294  Representative fluorescence images of HelLa cells with the indicated genotypes during normal
1295 maintenance culture. The cells express a nuclear mCherry marker and were further stained
1296  with CellMaskBlue and Phalloidin to demarcate their cytoplasm and actin cytoskeleton,
1297  respectively. The cells are representative of three technical replicates and one CRISPR/Cas9
1298 clone per genotypes (see also Fig. S6A for brightfield images of additional HeLa clones for
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1299 each genotype). The cytoplasmic images from all replicates were used for deep learning-
1300 based segmentation (80), followed by quantification of cell shape solidity (C) and area (D).
1301 The scale bar in (B) corresponds to 100 um. The p-values in (C) and (D) were calculated
1302  according to a one-way ANOVA with Tukey’s Honest Significant Difference to correct for
1303  multiple comparisons.

1304
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1305

1306 Figure 6. Corrupted signal transfer and EGF response amplification is conserved in
1307 homozygous PIK3CA"'%’R jpSCs. (A) Mass cytometry data from cycling (pRB*) iPSC
1308  spheroid cells with wild-type (WT) PIK3CA, heterozygous or homozygous PIK3CA"%47R
1309 expression. The spheroids were serum-starved for 4 h prior to stimulation with 100 nM EGF
1310  or IGF1, with and without 250 nM BYL719 (alpelisib; PI3Ka-specific inhibitor) as a control for
1311  signal specificity. Note that BYL719 was added at the same time as the growth factor, not as
1312  pre-treatment. The stippled line indicates the position of the peak in wild-type spheroids
1313  treated with vehicle (H20). The grey shading highlights the response region that is not

1314  accessible to PIK3CA wild-type cells in the absence of stimulation. (B) Thresholding of the
1315 datain (A) to quantify the percentage of cells within each condition with a pAKT or pERK
1316  signal above the corresponding 95" percentile of vehicle (H.O)-treated WT iPSCs at 30 min.
1317  The stippled lines indicate the maximum fraction of cells within this threshold for each

1318 genotype prior to growth factor stimulation. The data are from a single experiment with one
1319 iPSC clone and n > 260 single cells per genotype. (C) Graphical summary of the key

1320  observations of the impact of PIK3CA"'%4’R expression in HeLa and iPSC cells.
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1322 SUPPLEMENTARY MATERIAL

1323  Figures S1-S7

1324

1325  Additional source data and all annotated analysis workflows are available via a bespoke OSF
1326  project website (doi: 10.17605/0OSF.IO/4F69N).

1327

1328 Detailed protocols for spheroid, TIRF, KTR and mass cytometry experimental set-ups are
1329  provided on protocols.io via the following doi links:

1330

1331 71 Spheroid set-up: dx.doi.org/10.17504/protocols.io.3byl4bnrrvo5/v1

1332 71 Preparation of cells for live-cell imaging of phosphoinositide reporters by total internal
1333 reflection fluorescence (TIRF) microscopy:

1334 dx.doi.org/10.17504/protocols.io.kxygx37ijka8j/v1

1335 71 Preparation of cells for live-cell imaging of a FOXO-based AKT kinase translocation
1336 reporter by widefield microscopy: dx.doi.org/10.17504/protocols.io.261gedjkjv47/v1
1337 71 Processing of fixed spheroids for TOBis barcoding, enzyme-free dissociation and
1338 antibody staining for CyTOF: dx.doi.org/10.17504/protocols.io.4r3122bz411y/v1

1339

1340
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1342

1343  Figure S1. Systematic benchmarking of pleckstrin homology (PH) domain-based class
1344 | PI3K biosensors. (A) Schematic of the optimized live-cell imaging set-up to ensure that
1345  multiple comparisons could be performed in the same microenvironment, aided by fluidics for
1346  minimal physical perturbation during compound additions. To bring down the baseline of PI3K
1347  signaling, serum was removed from the cells 3 h prior to imaging start. D1, D2, D3 refer to day
1348 1, day 2 and day 3 of the experimental workflow. (B) Schematic of the different wild-type and
1349  mutant PH domains used for benchmarking, all cloned into the same plasmid backbone for
1350 consistent comparisons. The PH domain of GRP1 has often been used for live-cell detection
1351  of PIPs in the literature. Its sequence in the region responsible for PIPzis identical to the ARF
1352 GEF ARNO. We therefore chose to include the latter in our comparisons given the recently
1353  reported a tandem-dimer, modified version of this PH domain as an improved biosensor for
1354  PIP3(18).The shown alignments cover the conserved f1 strand, variable loop 1, and 52 strand
1355  of the PH domain fold. Of the four PH domains, only PH-AKT2 is capable of binding both PIP3
1356  and PI(3,4)P2. The remaining PH domains only bind PIPs. The Alanine (A) mutation in the
1357  phosphoinositide (PI) signature motif renders the mCherry-tagged mutant PH domain versions
1358 unable to bind phosphoinositides. (C) Quantification of total internal reflection fluorescence
1359 (TIRF) microscopy experiments comparing the response rate and dynamic range of individual
1360 PH domain-based PI3K reporters in response to pharmacological PI3Ka activation in HelLa
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1361 cells. To correct for non-specific increases in biosensor signal at the plasma membrane, the
1362 intensity of each GFP-tagged wild-type PH domain was normalized to that of its mCherry-
1363 tagged mutant version. The traces represent mean fold-change relative to baseline (the
1364 median signal of the first four time points), with shaded areas representing +/- 1 standard
1365 deviation (SD). Experimental replicates and single-cell numbers are indicated. Two different
1366  constellations were tested for BTK-derived PH domain: with and without the adjacent Tec
1367 homology (TH) domain. Only one experiment was performed with PH-BTK without TH as most
1368  of the cells failed to tolerate its expression. (D) TIRF-M of the PH-AKT2-derived biosensor in
1369  Hela cells stimulated with 5 uM 1938, followed by pharmacological PI3Ka inhibition with 500
1370 nM BYL719. Two independent experiments are superimposed to illustrate the expected inter-
1371  experimental variability. All plots represent mean normalized reporter signal relative to time 0,
1372 with shading corresponding to standard deviation. (E) The performance of the PH-TH version
1373  of BTK could be improved when switching from N-terminal to C-terminal fluorescent protein
1374  fusion, with simultaneous removal of the nuclear export sequence, as in the original plasmid
1375 DNA used for subcloning of this reporter.

1376

1377

1378
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Fig. S2. CRISPR/Cas9 PIK3CA exon21 engineering and quality control assays of HelLa
clones. (A) Summary of the final set of clones that were banked and validated following
engineering. As Hela cells are nominally triploid, the edited clones either have three wildtype
PIK3CA alleles or either one of the following: 0-2 wildtype PIK3CA alleles, 0-2 PIK3CAH%47R
alleles and/or 0-3 C-terminal frameshift alleles. (B) The C-terminal frameshift truncation results
in recoding of the last c. 20-30 amino acids of the p110a protein (common reading frames are
highlighted in purple and turquoise). This abolishes the critical p110a. WIF motif required for
membrane binding and catalytic function (38), effectively creating a loss-of-function knock-in
that does not carry the risk of a complete knock-out in terms of altering the stoichiometry of
regulatory and catalytic p110 subunits. The exact allelic sequence was obtained following
targeted next generation sequencing of the edited PIK3CA exon21 region. (C) Clustering of
individual HelLa cultures based on protein-coding gene variants found in two or more
CRISPR/Cas9 engineered Hela clones relative to the parental culture prior to gene editing.
Gene variants were captured using whole exome sequencing, which included a control HeLa
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1395 culture passaged alongside the CRISPR/Cas9-edited clones without any editing or
1396  subcloning. A red arrow is used to indicate the PIK3CA"'%*’R edit which is the only protein-
1397  coding variant common to all PIK3CA""%’F mutant cell lines. (D) Principal component analysis
1398 (PCA) of CRISPR/Cas9-engineered Hela clones based on total mRNA sequencing data
1399 obtained in baseline culture condition following fresh medium replenishment 3 h prior to
1400 sample collection. The observed clustering is similar to that observed with the exome
1401 sequencing data in (C), without any systematic differences driven by the presence of the
1402  PIK3CAH"%"R variant. (E) Barplots comparing the expression levels in log2(reads per kilobase)
1403  for selected PI3K pathway-relevant genes and receptor tyrosine kinases. (F) Western blots
1404  for PI3K signaling components and pERK1/2 following 3 h of serum or growth factor (GF)
1405 removal, using all CRISPR/Cas9-engineered HelLa clones. (G) As in F but focusing on the
1406 expression levels of relevant receptor tyrosine kinases. EGFR, epidermal growth factor
1407 receptor; IGF1R, insulin-like growth factor 1 receptor; INSRp, insulin receptor 3 chain.

1408
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1411  Figure S3. FOXO-based AKT kinase translocation reporter (KTR) set-up and full set of
1412  experimental outputs. (A) Schematic of the reporter and its mechanism of action. Note that
1413  the reporter was delivered into cells using transposon-based technology for stable expression.
1414  (B) Overview of the computational image and KTR data analysis pipeline which has been
1415  deposited on the accompanying OSF project site (doi: 10.17605/OSF.I0/4F69N). The data in
1416 (C) and (D) are from all independent experiments performed across different genotypes, HelLa
1417  clones, cell densities, KTR reporter doses, operators and experimental sites for a robust
1418 evaluation of reproducibility. For each time point, the traces correspond to the mean proportion
1419  of cytoplasmic KTR signal, with shaded areas representing bootstrapped 95% confidence
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intervals of the mean (note that these may be too small to be seen on the figure). Note that
we observed operator-dependent differences in EGF-induced signaling dynamics in wild-type
cells, yet the overall pattern relative to IGF1, including the blurring of the response in mutant
cells, remained consistent. This technical variability in EGF responses in wild-type cells is
likely due to their sensitivity to the pressure/rate of delivery of the stimulus through the manual
fluidics system (see doi: dx.doi.org/10.17504/protocols.io.261gedjkjv47/v1).
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Fig. S4. Example data demonstrating that growth factor-induced signaling responses
are only observed in pRB®®"S81'_positive (cycling) and cleaved Caspase®'*-negative
(non-apoptotic) HeLa spheroid cells. The plots on the left-hand side show the single-cell
cCASP3P'"® signal in the different pRB gates as indicated. The plots on the right show the
corresponding pS652495244 signal in each gate. The overall experimental setup is as shown in
Fig. 4.
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1440 Figure S5. Additional CyTOF data and independent experimental replicate with
1441 independent clones. (A) The pNDRG1 and pSMAD2/3 signaling responses captured as
1442  part of the dataset shown in Fig. 4. The phosphorylation of NDRG1 on T346 is a known

46


https://doi.org/10.1101/2023.12.23.573207
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.23.573207; this version posted December 26, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

1443  marker of mMTORC2 activation (84). The phosphorylation of SMAD2/3 (S465/S467;

1444  S423/S425) is a marker for activated TGFp signaling which is associated with PIK3CA"%47R
1445  phenotypes in human iPSCs (25). (B) CyTOF data from a repeat of the experiment in Fig. 4,
1446  using independent CRISPR/Cas9-engineered, 3D-cultured HelLa clones, including the

1447  PIK3CA loss-of-function 3xFS clone as an additional control. The spheroids were serum-
1448  starved for 4 h prior to the indicated perturbations. The shown signaling data are from

1449  cycling, non-apoptotic cells. The stippled line indicates the position of the peak in wild-type
1450 spheroids treated with vehicle (H2O). The grey shading highlights the response region that is
1451  not accessible to PIK3CA wild-type cells in the absence of stimulation.
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Figure S6. Dose- and time-dependent IGF1 and EGF single-cell signaling responses in
HeLa spheroid cells with wild-type or PIK3CA""%7R (1-2 copies) expression. The plots in
(A) and (B) are from two independent CyTOF datasets using independent CRISPR/Cas9-
engineered, 3D-cultured Hela clones stimulated with 1, 10 or 100 nM of IGF1 or EGF as a
function of time. The spheroids were serum-starved for 4 h prior to the indicated perturbations.
The shown signaling data are from cycling, non-apoptotic cells. The stippled line indicates the
position of the peak in wild-type spheroids treated with vehicle (H20). The grey shading
highlights the response region that is not accessible to PIK3CA wild-type cells in the absence

48


https://doi.org/10.1101/2023.12.23.573207
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.23.573207; this version posted December 26, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

1464  of stimulation. (C) Graphical summary of the key observations in the datasets in (A) and (B).
1465 A positive response is indicated with (+), the size of which indicates the response magnitude.
1466
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Figure S7. Light microscopy images of HeLa (A) and iPSC (B) maintenance cultures
with different PIK3CA genotypes. The cultures in A correspond to independent
CRISPR/Cas9-engineered HelLa clones to those used for staining in Fig. 5B. The red arrows
in (B) point to example regions with disorganized colony growth and mesenchymal-like
morphology changes in homozygous PIK3CAM%7R iPSCs.
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