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Summary:  live imaging of ERK activity reveals a cell lineage component to 22 

signaling strength and suggests the normal variation in ERK activity does not 23 

determine the rate of pluripotency exit. 24 
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Abstract 28 

Stimulation of the ERK/MAPK pathway is required for the exit from pluripotency 29 

and onset of differentiation in mouse embryonic stem cells (ESCs). The dynamic 30 

behavior of ERK activity in individual cells during this transition is unclear. Using 31 

a FRET-based biosensor, we monitored ERK signaling dynamics of single mouse 32 

ESCs during differentiation. ERK activity was highly heterogeneous, with 33 

considerable variability in ERK signaling between single cells within ESC 34 

colonies.  Different triggers of differentiation induced distinct ERK activity 35 

profiles.  Surprisingly, the dynamic features of ERK signaling were not strongly 36 

coupled to loss of pluripotency marker expression, regardless of the 37 

differentiation stimulus, suggesting the normal dynamic range of ERK signaling 38 

is not rate-limiting in single cells during differentiation. ERK signaling dynamics 39 

were sensitive to the degree of cell crowding and were similar in neighbouring 40 

cells.  Sister cells from a mitotic division also showed more similar ERK activity, 41 

an effect that was apparent whether cells remained adjacent or moved apart 42 

after division.  These data suggest a combination of cell lineage and niche 43 

contributes to the absolute level of ERK signaling in mouse ESCs.  44 

  45 
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 46 

Introduction  47 

Mouse embryonic stem cells (ESCs) are derived from the inner cell mass of 48 

blastocysts, and can give rise to all cells of the developing embryo (Evans and 49 

Kaufman, 1981). Under appropriate culture conditions, ESCs can undergo 50 

numerous rounds of division whilst maintaining their broad potential.  ESCs are 51 

commonly cultured in the presence of Leukaemia Inhibitory Factor (LIF), which 52 

maintains ESCs in a state of self-renewal through activation of JAK/STAT3 53 

signaling (Niwa et al., 1998; Smith et al., 1988). The broad fate potential of ESCs 54 

is maintained through the expression of pluripotency factors such as Oct4, Sox2 55 

and Nanog (Avilion et al., 2003; Chambers et al., 2003; Niwa et al., 2000). When 56 

cultured in the presence of LIF and serum, pluripotency factor expression can be 57 

heterogeneous, with cells in a low expression state exhibiting an increased 58 

tendency for differentiation and high expressing cells displaying an increased 59 

propensity for self-renewal (Chambers et al., 2007; Hayashi et al., 2008; Toyooka 60 

et al., 2008).  61 

ESCs can also be maintained in a culture condition known as 2i, 62 

comprised of an inhibitor of the MAPK/ERK pathway and an inhibitor of 63 

glycogen synthase kinase-3 (Ying et al., 2008).  Heterogeneous expression of 64 

pluripotency markers is lost in 2i.  Conversely, activation of the ERK pathway, by 65 

autocrine FGF4, is required for exit from pluripotency and the onset of 66 

differentiation (Kunath et al., 2007; Stavridis et al., 2007).  ERK activity has been 67 

associated with the up and down regulation of multiple factors involved in the 68 

transition from pluripotency, such as lineage priming factor Tcf15, and 69 

pluripotency factors Nanog and Klf4 (Davies et al., 2013; Dhaliwal et al., 2018; 70 

Hamazaki et al., 2006).  71 

ERK signaling activity in mouse ESCs is usually measured using 72 

antibodies against the active phosphorylated form of p44/p42 MAP kinases.  73 

This approach only takes snapshots of the status of kinase activity, and does not 74 

register single cell dynamics of the ERK signaling in individual cells.  Given the 75 

dynamic behavior of signaling molecules in diverse contexts, the absence of 76 

dynamic information at the individual cell level represents a potential 77 

knowledge gap in the field. Differences in the dynamic behavior of signaling 78 
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molecules can lead to different cellular outcomes (Purvis and Lahav, 2013). A 79 

prevalent example of this is the behavior of ERK in PC12 cells, where sustained 80 

activity induces differentiation and transient activity causes proliferation 81 

(Cowley et al., 1994; Ryu et al., 2015; Santos et al., 2007).  In NRK cells, ERK 82 

activity occurs in stochastic pulses following EGF stimulation, with the frequency 83 

and duration of these pulses coupled to the rate of proliferation (Albeck et al., 84 

2013; Aoki et al., 2013).  85 

Here we describe the implementation of an approach for monitoring the 86 

ERK activity dynamics of individual ESCs using a FRET (Förster resonance 87 

energy transfer) based biosensor (Harvey et al., 2008; Komatsu et al., 2011).  88 

Surprisingly, temporal patterns of ERK activity were only weakly correlated to 89 

the rate of exit of cells from pluripotency, suggesting that ERK activity is not 90 

normally limiting during this transition.  Neighbouring cells showed similar 91 

levels of ERK activity and ERK activity was strongly influenced by cell lineage, 92 

with related cells showing more similar activity than unrelated cells.  These data 93 

imply both cell autonomous and non-autonomous contributions to the absolute 94 

strength of ERK signaling in ESCs. 95 

 96 

  97 
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 98 

 99 

Results 100 

 101 

Heterogeneous ERK activity dynamics in mouse ESCs 102 

Expression of several regulators of pluripotency is heterogeneous in both 103 

standard culture conditions and the mouse embryo.  Although ERK activity is 104 

required for exit from pluripotency and differentiation of mouse ESCs, the 105 

relationship between ERK activity and heterogeneous pluripotency factor 106 

expression is unclear.  To compare the expression of pluripotency regulators 107 

with ERK in single cells, we immunostained GFP knock-in reporter cell lines for 108 

Rex1 (Toyooka et al., 2008) and Nanog (Chambers et al., 2007) with antibodies 109 

against phosphorylated forms of p44/42 MAPK (pERK).  Over most imaging 110 

fields, a small proportion of cells exhibited increased levels of pERK, revealing 111 

steady state ERK activity levels are not uniform in cell populations (Fig. 1A and C, 112 

upper panels). High pERK levels were lost following 3h treatment with 113 

PD0325901 (PD), an inhibitor of MEK, confirming the specificity of the 114 

immunostaining (Fig. 1A and C, lower panels).  115 

To determine the relationship between pluripotency factor expression 116 

and pERK, the Nanog or Rex1 GFP reporter intensity of each cell was plotted 117 

against its corresponding cytosolic pERK intensity (Fig. 1B,D).  Pearson 118 

correlation values over three experimental replicates showed Rex1 reporter 119 

expression and pERK levels to be poorly correlated (r=0.14 averaged over 2 120 

replicates)(Fig. 1B). Nanog reporter expression showed a weak negative 121 

correlation (r=-0.097 over 3 replicates) (Fig. 1D).  When a threshold was applied 122 

to exclude values below background staining (based upon levels of pERK after 123 

PD treatment), the relationships between pERK and pluripotency factor 124 

expression remained weak (Rex1: r = -0.095 and Nanog: r = -0.14).  This absence 125 

of a clear relationship between either Nanog or Rex1 to ERK activity is consistent 126 

with a recent report describing no correlation between Nanog and levels of 127 

Sprouty, a negative regulator of ERK, within individual ESCs (Morgani et al., 128 

2018).  129 
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It is increasingly apparent that ERK activity dynamics, as well as absolute 130 

levels, are able to direct cell behaviour (Albeck et al., 2013; Aoki et al., 2013; 131 

Cowley et al., 1994; Schröter et al., 2015).  The absence of a clear relationship 132 

between ERK activity and pluripotency factor expression in static images may 133 

reflect the importance of signalling dynamics, rather than absolute activity at a 134 

single point in time. To study ERK activity dynamics, we employed a FRET based 135 

biosensor, EKAREV (Harvey et al., 2008; Komatsu et al., 2011), which has been 136 

used to monitor the spatiotemporal regulation of ERK activity both in vitro 137 

(Albeck et al., 2013; Aoki et al., 2013) and in vivo (Hiratsuka et al., 2014).   138 

EKAREV is an intramolecular FRET sensor with the SECFP as the donor 139 

fluorophore and the YFP-like molecule, YPet as the acceptor.  The fluorophores 140 

are separated by a region containing an ERK substrate sequence, followed by a 141 

spacer and WW phosphopeptide-binding domain.  Active ERK phosphorylates 142 

the substrate, permitting substrate association with the WW domain.  This 143 

interaction “closes” the molecule, bringing the donor and acceptor into close 144 

proximity for FRET. 145 

We expressed the EKAREV sensor in E14 mESCs using the PiggyBac 146 

transposon system (Ivics et al., 2009), to facilitate more uniform expression.  For 147 

measuring a wide dynamic range of signal dynamics, whilst maintaining cell 148 

health, we used a wide-field system specifically configured for FRET imaging of 149 

the donor and acceptor fluorophores (Fig. S1A, Table S1).  The EKAREV 150 

biosensor contains a NLS, resulting in the concentration of signal in nuclei, which 151 

facilitated cell tracking and signal quantification using a semi-automated analysis 152 

pipeline.  To report biosensor activity, we measured the ratio of the sensitized 153 

acceptor emission (FRET) to the overall YFP fluorescence (FRET/YFP). 154 

ERK activity levels showed a high level of heterogeneity in ESCs grown 155 

under standard (serum/LIF) conditions, as visualized using the EKAREV 156 

biosensor (Fig. 1E) in agreement with our immunofluorescence data (Fig. 1A and 157 

C).  The FRET/YFP ratio was reduced following strong acute inhibition of the 158 

MAPK pathway by 3 h treatment with 10 µM PD, indicating FRET ratio levels 159 

report on ERK activity (Fig. S1F and G). A strong negative shift in FRET ratio 160 

levels was also identified following imaging of ESCs expressing EKAREV with a 161 

T/A phospho-site mutation in the substrate domain (EKAREV-TA), 162 
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demonstrating FRET ratio levels to be dependent on EKAREV phosphorylation 163 

(Fig. S1F and G).  Longer term treatment (24 h) with 1 µM PD (the standard 164 

concentration used in 2i) resulted in a less substantial negative shift in FRET 165 

ratio values (Figures S1F and G), which may be caused by interactions of 166 

EKAREV with other signaling components becoming apparent during adaptation 167 

to inhibitor.  168 

FRET time-lapse imaging revealed ESCs display distinct ERK activity 169 

patterns in serum/LIF (Fig. 1F and G), with some cells showing small 170 

fluctuations over many hours (blue), other showing stronger switching (green) 171 

and more rarely, cells showing oscillations between high and low activity states 172 

(red).  These traces imply that ERK activity dynamics, as well as activity levels, 173 

can be heterogeneous within cell populations. 174 

 175 

ERK activity dynamics during differentiation 176 

To monitor the single cell dynamics of ERK activity during the exit from 177 

pluripotency and the onset of differentiation, we followed the behaviour of the 178 

ERK biosensor after removal of 2i from ESC cultures (Ying et al., 2008). ESCs 179 

expressing the EKAREV biosensor were cultured in 2i/LIF for a minimum of 2 180 

passages before media was replaced with non-2i media.  FRET time-lapse 181 

imaging was carried out following 2i removal over a 4h period. 2i removal 182 

resulted in a sharp increase in ERK activity within minutes, with ERK activity 183 

levels peaking around 40 minutes post 2i removal and then gradually decreasing 184 

(Fig. 2A and B).  As ERK activity gradually decreased following this initial peak, 185 

activity levels became increasingly heterogeneous (Fig. 2B) remaining high in 186 

many cells for several hours.  To test whether this wave in ERK activation was 187 

caused by the removal of 2i and loss of MAPK pathway suppression, cells were 188 

cultured in 2i/LIF and media was changed to either media free from 2i (2i 189 

removal) or fresh 2i media (Mock).  Removal of 2i again resulted in wave of ERK 190 

activity, which could not be detected following treatment with fresh 2i media 191 

(Fig. 2C and D).  This wave in ERK activation was robust to whether cells were 192 

cultured on either gelatin (Fig. 2A,B) or laminin (Fig. S2A,B) and is in agreement 193 

with population-based measures of ERK activity (Hamilton et al., 2013; Nett et 194 

al., 2018; Yang et al., 2012).  195 
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 196 

Activation kinetics of ERK are weakly correlated with differentiation  197 

Our data suggests that ERK activation kinetics following the induction of 198 

differentiation can be variable across a population.  Given the requirement for 199 

ERK activity for differentiation, we postulated that these differences in ERK 200 

activity profiles between cells could be regulating the asynchronous transition 201 

from the pluripotent state (Kalkan et al., 2017; Semrau et al., 2017).  To 202 

investigate this possibility we combined monitoring of ERK activity with 203 

immunofluorescence against a pluripotency marker.  To identify an appropriate 204 

marker for loss-of-pluripotency, EKAREV-NLS expressing cells were 205 

immunostained at specified time points with antibodies against different 206 

pluripotency factors following release from 2i/LIF. A clear decrease in the 207 

expression of both Nanog and Esrrb was evident 9 h post 2i/LIF withdrawal (Fig. 208 

3A and S3A,B).  In contrast, expression of the core pluripotency factor Sox2 209 

remained largely unchanged (Fig. S3A).  Variability in the expression of both 210 

Nanog and Esrrb was identified following release from 2i/LIF, with Nanog 211 

expression showing more variability at 24 h (CV = 0.32) and 48 h (CV = 0.55) 212 

than Esrrb (CV = 0.29 and CV = 0.43, respectively), providing a greater range of 213 

expression levels for comparison to compare ERK activity dynamics.  We 214 

therefore used Nanog expression as an end-point to determine the extent of 215 

differentiation.  216 

ERK activity levels were monitored, using 3D timelapse image acquisition, 217 

over 16h following removal of 2i/LIF. Cells were then fixed and immunostained 218 

for Nanog (Fig. 3B and C).  Nanog intensities were compared to multiple dynamic 219 

features of ERK activity from the same cell.  To identify robust features of the 220 

data, we carried out three experimental replicates each with multiple imaging 221 

fields-of-view, with a total of 879 cells.  The wave in ERK activity was observed in 222 

all 3 replicates, with a peak in ERK activity occurring 25 +/- 5 min after removal 223 

of 2i /LIF. The complete set of ERK activity traces from a single replicate, 224 

together with the average ERK activity signal measured over this 16h image 225 

capture period, are shown in Fig. 3D (additional replicates in Fig. S3C).  226 

To determine whether overall ERK activity levels influence the ability of a 227 

cell to exit pluripotency, the mean ERK activity of each cell, over the 16h 228 



 9

differentiation time course, was plotted against the corresponding final Nanog 229 

intensity (Fig. 3E).  Correlations between mean ERK activity and Nanog 230 

expression were weak and non-significant (average r = -0.0041 from all 231 

experiments; total 563 cells with complete tracks)(Fig. 3E and Fig. S3D).  These 232 

data indicate that the different ERK activity levels during this differentiation 233 

response were not correlated with down-regulation of Nanog. 234 

The mean activity level is only one feature of the ERK dynamics. 235 

Information influencing the differentiation response may be in encoded in other 236 

dynamic features of the ERK activity response in individual cells.  To test this 237 

possibility, we parameterised ERK activity in each cell into a set of descriptors to 238 

define response profiles (Cohen-Saidon et al., 2009; Lee et al., 2014) (Table 1). 239 

Distinct features of this initial wave associated with ERK activity levels were the 240 

maximal (Fmax), initial (Fi) and late (Ft=180 or Ft=end) FRET/YFP values, fold 241 

(Fmax/Fi) and amplitude (Fmax - Fi) change, and time to 50% of maximum during 242 

the increase (T50up) and decrease (T50down) in activity. Descriptors associated 243 

with timing (T50up and T50down) were found to exhibit a greater degree of cell-244 

cell variability compared to descriptors of absolute ERK activity levels (Fig. S3E). 245 

In addition, the amplitude of increase in ERK activity, (Fmax) was found to be 246 

correlated to initial basal levels of ERK activity (Fi) in all 3 replicates (average r = 247 

0.49), suggesting the peak ERK activity level reached is coupled to the initial 248 

basal levels in activity (Fig. S3F).  249 

To evaluate the possible links between the dynamic features of the ERK 250 

response and the rate of passage through early differentiation, we plotted these 251 

metrics against the corresponding Nanog intensity of single cells and Pearson 252 

correlation coefficients were used to describe the relationship between variables 253 

(Fig. 3F). All descriptors of the ERK activity wave were poorly correlated to 254 

Nanog expression (Table 1). 255 

To further investigate the dynamic behaviour of ERK activity during the 256 

exit from the naïve state, a k-means clustering algorithm was used to groups cells 257 

based on their ERK activity profile during the 16h response. Clustering identified 258 

two distinct ERK signaling responses, with transient or sustained ERK activity 259 

following the initial peak (Fig. 3G).  These two distinct patterns of activation 260 

were robust between experimental repeats (Fig. S3G). Quantification of Nanog 261 
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suggested reduced expression in the sustained cluster (Fig. 3H and S3G). 262 

However, this effect was only significant (at p < 0.05) in two out of three 263 

replicates and differences in Nanog expression between clusters were small, 264 

suggesting any relationship between these ERK dynamics and the expression of 265 

Nanog is weak.   266 

One possibility is that this apparent weak relationship between ERK 267 

activity and exit from pluripotency results from the 2i conditions.  Under these 268 

conditions, expression of several pluripotency markers, including Nanog, is 269 

relatively uniform between cells.  Could the low heterogeneity in this starting 270 

population mask correlations between signaling and rate of exit from 271 

pluripotency?  To test this possibility, we repeated the differentiation time 272 

course using alternative starting conditions of serum/LIF culture, with 273 

differentiation triggered by removal of LIF (Fig. 4A). In serum/LIF, pluripotency 274 

factor expression is highly heterogeneous (Chambers et al., 2007; Filipczyk et al., 275 

2013; Hayashi et al., 2008; Toyooka et al., 2008), with distinct high and low 276 

expression maxima corresponding to cell states with tendencies towards 277 

pluripotency and differentiation, respectively. 278 

The profile of ERK activity during the 16h after LIF removal was distinct 279 

from the 2i removal profile.  Rather than a sharp increase in ERK activity, LIF 280 

removal induced a slight dip in ERK activity, persisting over the remainder of the 281 

time course (Fig. 4B,C and S4A).  This dip in activity may result from a feeding 282 

response, in addition to any loss of stimulatory effects of LIF on ERK (Burdon et 283 

al.1999), as a dip in activation was also observed following treatment with fresh 284 

LIF media (Fig. S4B).   The LIF removal response explores a different part of the 285 

dynamic range of the FRET reporter output compared to 2i removal.  The initial 286 

FRET levels were slightly higher for serum/LIF compared to 2i/LIF, but the 287 

trajectories diverged greatly upon media change (Fig. S4C).  The strong surge in 288 

FRET following 2i removal may relate to the loss of negative feedback on the 289 

ERK pathway following multiple passages with inhibitor. 290 

As with 2i removal, there was no strong positive or negative correlation 291 

between ERK activity over the time series and Nanog protein levels at the end of 292 

the LIF removal differentiation protocol (Fig. 4D and S4D), regardless of whether 293 

the mean, maximum or minimum ERK activity were considered.       294 
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Another potential explanation for the unexpected weak relationship 295 

between ERK activity and rate of exit from pluripotency was the dynamic range 296 

of the FRET reporter (Gillies et al., 2017).  It seemed possible that the strong 297 

peak in expression after 2i removal corresponds to some saturating level of 298 

activity, with important activity operating above this level.  However, the 299 

maximal FRET signal (Fmax) after 2i removal showed a similar level of scatter to 300 

the initial FRET value (Fi) (Fig. 3F), with no obvious bunching of data at the 301 

response peak that would suggest reporter saturation.  In addition, a strong 302 

relationship between ERK and Nanog was not observed if differentiation was 303 

induced by LIF removal (Fig. 4D), where starting conditions show a broad 304 

dynamic range of FRET (Fig. 1E, right column), the sharp initial peak did not 305 

occur (Fig. 4C), and the cells explored a different range of the FRET reporter 306 

output (Fig. S4C).  These data imply that the absence of a strong relationship 307 

between ERK activity and Nanog can occur below any reporter saturation limits.  308 

Following this theme, we then tested to what extent we could identify stronger 309 

correlations between Nanog and ERK levels using specific portions of the time 310 

series (Fig. S4E).  Using both the 2i and LIF removal data, we observed slightly 311 

stronger negative correlations between ERK and Nanog for the last 400 min of 312 

time series, although the magnitude of these correlations remained weak, and in 313 

the case of LIF removal, significant effects were not observed in all replicates.   314 

Overall these data suggest that variability in ERK dynamics during 315 

standard differentiation regimes is, at most, a subtle influence on the rate of exit 316 

from pluripotency of individual ESCs. 317 

 318 

Relationship of ERK activity to local environment  319 

Earlier studies have suggested the culture microenvironment may influence the 320 

tendency of a cell towards either pluripotency or differentiation (Cannon et al., 321 

2015) despite the potential for dominant signals in the culture media (such as 322 

might be contained in serum) to override local influences.  To investigate 323 

whether local environmental influences might regulate ERK activity within an 324 

ESC colony, we first tested how ERK activity levels of individual cells relate to 325 

local cell density.  Cell density was determined using a custom-built script to 326 

measure the YFP signal surrounding each cell. High density values represent 327 
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cells in a densely populated area (i.e. at the colony centre) whilst low density 328 

values represent cells in more sparsely populated regions (at the colony edge) 329 

(Fig. S5A). The mean cell density of each cell over the time series was plotted 330 

against its mean ERK activity level, revealing a weak negative correlation 331 

between density and ERK activity levels (mean r=-0.18; averaged over three 332 

replicates) (Fig. 5A).  Comparison of ERK activity and density in the initial peak 333 

(first 25 min) of the time series, showed a slightly stronger negative correlation 334 

(r = -0.24)(Fig. 5B)  335 

To further examine how differences in the activation kinetics of ERK 336 

during this initial peak relate to local density, the average density values for each 337 

cell were partitioned into three equally sized groups of low, mid and high density 338 

cells (Fig. 5C). The mean ERK activity trace of each group was plotted and this 339 

analysis demonstrated a significant difference between the ERK response of the 340 

high and low density groups (Fig. 5D and Fig. S5B).  A higher level of basal ERK 341 

activity was consistently seen in the low density cells (Fig. 5D).  Although our 342 

data did not show a strong relationship between Nanog levels and ERK activity, 343 

in most replicates, Nanog protein expression was slightly enhanced at higher 344 

culture densities (Fig. S5C), in agreement with earlier observations (Cannon et 345 

al., 2015). 346 

We next explored whether local differences in cell signaling explain the 347 

presence of the two different categories (transient and sustained) of ERK 348 

dynamics revealed by k-means clustering.  To test this, we developed software to 349 

identify the neighbours for each cell in the colony (Fig. 5E).  Localisation of cells 350 

belonging to each of the k-means clusters showed the proportion of 351 

neighbouring cells that were from the same cluster occurred to the extent 352 

observed by chance, implying these distinct ERK activity dynamics are randomly 353 

spatially distributed within an ESC colony (Fig. S5D,E).  To test the sensitivity of 354 

our methods, we repeated the analysis on cells manually allocated into clusters 355 

based on their location.  This test showed our software can detect whether cells 356 

of a cluster localize together (Fig. S5F).  From these data it appears that the ERK 357 

activity dynamics of a cell are poorly related to the behaviour of its neighbours. 358 

However, this approach only incorporates the ERK activity profiles of two groups 359 
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of cells and, to ensure a significant number of cells could be compared from 360 

single colonies, analysis was restricted to a defined portion of the time series.  361 

To overcome these limitations, and further address how the ERK activity 362 

of a cell relates to that of its nearest neighbours, we compared the ERK activity of 363 

neighbours using a resampling approach. Neighbours were randomly assigned to 364 

each cell and the average difference in ERK activity between neighbours was 365 

calculated for each randomised data set. A significant difference in the mean 366 

difference in ERK activity between real neighbours (Obs) compared to randomly 367 

assigned neighbor pairs (Rnd) was identified (Fig. 5F and Fig. S5G) during 368 

differentiation after 2i removal.  A similar effect was observed in cells 369 

differentiating after LIF removal (Fig. 5F). Together these findings suggest that 370 

ESCs in close proximity to one another display more similar levels of ERK 371 

activity.  372 

 373 

Transmission of ERK activity dynamics along cell lineages 374 

Similar levels of ERK activity in neighbouring cells may result from nearby cells 375 

having exposure to similar signaling environments.  However, after division, 376 

most ESCs remain close to their neighbourhood of origin in a colony, which 377 

raises the possibility that local similarities in ERK activity may also result from 378 

nearby cells being closely related.  Daughter cells from a division will to a certain 379 

extent share the contents of their mother cell, and until dilution and turnover of 380 

these contents during cell growth and further divisions, these shared contents 381 

might harmonise cell behavior.   382 

To test whether similarities in ERK activity between cells arise as a result 383 

of lineage, cell tracks (n=137) for daughter pairs were extracted from each 2i 384 

removal experimental replicate.  Differences in the mean ERK activity between 385 

daughters of a division was calculated (Obs) and this was compared to the 386 

expected difference between non-related cells (Rnd) obtained by resampling 387 

(10000 times) the differences in ERK activity between randomised pairs of 388 

daughters.  The measured difference in ERK activity between daughters was 389 

considerably lower than the difference between randomised daughters (Fig. 6A), 390 

suggesting that closely related cells display more similar levels of ERK activity. 391 
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This trend was consistent following analysis on raw and smoothed time series 392 

data.  393 

One possibility is that the measured similarity of daughters reflects that 394 

the random sampling did not take into account the portion of the time series in 395 

which a daughter appears. To illustrate, daughters of earlier dividing cells that 396 

appear during the initial peak in activation will have a tendency to be different 397 

from randomly selected daughters that appear later in the time series when cells 398 

exhibit overall lower levels of ERK activity. To address these issues, the mean 399 

ERK activity of each daughter was normalised to the average ERK activity of cells 400 

from that replicate, for the same segment of time.  After this treatment of the 401 

randomised data, the ERK activity of related daughters remained more similar 402 

than the random expectation (Fig. 6B). A further possibility was that the random 403 

sampling expands the expected differences between cells because data were 404 

pooled from multiple experimental replicates. To test this possibility, the 405 

analysis was repeated including the daughter pairs from single replicates, using 406 

time-normalised values of mean ERK activity (Fig. 6B).  The greater similarity of 407 

related over randomised cell pairs was robust to this treatment of the data, for 408 

all experimental replicates.   409 

Although correlated ERK activity of daughter cells was not affected by 410 

experimental replicate, it remained possible that increased differences in ERK 411 

activity following randomisation may arise from the comparison of cells in 412 

different imaging field of views (FOV). To test for this possibility, randomisation 413 

was carried out on each individual FOV within a single replicate.  Again, related 414 

cells in a FOV were more similar than the randomised daughter pairs in 4 out of 415 

5 FOVs (Fig. 6C). A significant difference could not be identified between the 416 

observed and randomised pairs in FOV 3, perhaps due to the low number of 417 

divisions, however the trend was conserved (Fig. 6C).  The similarity in ERK 418 

activity between sister cells was also a strong feature of the differentiation 419 

response to LIF removal (Fig. S6A-B).  420 

Could the similarity in ERK activity of related cells be a result of continued 421 

proximity?  To evaluate this possibility, the mean difference in ERK activity 422 

between daughter pairs was compared to the mean distance between them (Fig. 423 

6D and S6C).  The correlation between inter-daughter distance and difference in 424 
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ERK activity was weak and non-significant in all replicates.  In addition, no 425 

correlation between distance and difference in ERK between daughters was 426 

identified in the alternative differentiation protocol of LIF removal (Fig. S6C).  427 

Considering a much larger effective dataset, which compares the instantaneous 428 

relationship between inter-daughter distance and difference in ERK activity for 429 

every time point, also showed no strong correlation, indeed 2 of the replicates 430 

showed a weak negative correlation (Fig. S6D).  To give sense of scale to the plots 431 

in Fig. 6D, cells that have 20 µm or less between their centroids tend to be 432 

adjacent—they are neighbours.  Larger separations indicate sisters separated by 433 

one or more intervening cells for all or part of the time trace. These data imply 434 

that the similarity in the ERK activity of daughters is not influenced by the 435 

degree of cell migration post division.  As daughters are in general more similar 436 

than neighbours (based on the differences in ERK reporter activity compared to 437 

randomised controls), these data suggest the similarity in ERK between progeny 438 

of a cell division is not dominated by direct cell contacts.  439 

Is the similarity in the ERK activity of neighbours simply reflecting the 440 

proximity of closely related cells?  To test this possibility, we repeated the 441 

neighbor cell comparisons, this time removing from the analysis sister cells that 442 

remained as neighbours.  The observed similarity between neighbours was 443 

resistant to this treatment of the data, for both 2i removal and LIF removal 444 

differentiation (Fig. 6E and S7A-B). This suggests neighbour similarity emerges 445 

from other processes than inheritance of signaling levels from the same parent.  446 

Cells will have many neighbours that are not sisters— indeed masking sisters 447 

removed a maximum of 16% of cells from the analysis.  Although it remains 448 

possible that an inherited effect that persists for multiple cell generations drives 449 

similarity between neighbours, we think this is unlikely as more distant relatives 450 

in the colony will have had more opportunity for dispersal, and are less likely to 451 

remain neighbours. 452 

 Other features of the differentiation response could also be extracted 453 

from these time series. Nanog protein levels after 16h differentiation were more 454 

similar between real daughter pairs than between randomly selected daughters 455 

(Fig. S7C).  These findings may relate to previous studies showing expression of 456 

pluripotency reporters is more strongly correlated in closely related cells in 457 
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serum/LIF culture (Cannon et al., 2015; Filipczyk et al., 2015; Singer et al., 2014).  458 

Although no strong relationship was identified between time of division and 459 

Nanog expression (Fig. S7D), Nanog levels of daughter cells were found to be 460 

slightly decreased compared to cells that had not undergone a cell division (Fig. 461 

S7E).  These data are suggestive of a degree of temporal coupling between cell 462 

division and exit from pluripotency. 463 

  464 
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Discussion 465 

To gain insight into the signaling dynamics underlying stem cell differentiation, 466 

we implemented an ERK FRET biosensor to study the changing activity of the 467 

ERK kinase during the exit from pluripotency of mouse ESCs.  ERK activity shows 468 

considerable spatial and temporal heterogeneity in ESC cultures undergoing 469 

differentiation after removal of 2i, with an initial wave of enhanced activity 470 

followed by a long heterogeneous decay in activity over several hours.  During 471 

differentiation after removal of LIF, a different dynamic behavior was observed, 472 

which lacked the initial increase in ERK activity.  ERK dynamics varied 473 

considerably within cell populations and despite a strong requirement for the 474 

ERK pathway in the differentiation response, the integrated ERK response was 475 

only weakly coupled to the rate of differentiation at the single cell level, for both 476 

differentiation regimes.   477 

Given the ERK pathway is absolutely essential for differentiation, these 478 

findings are unexpected but might be explained if all cells have “enough” ERK 479 

activity, so variability in levels of signaling over and above this threshold may 480 

have little impact on the rate of differentiation.  This interpretation may have 481 

parallels with the regulation of cellular metabolism: glycolysis involves around 482 

10 enzymatic steps, all of which are crucial, yet few of these steps exert 483 

significant control over glycolytic flux (Tanner et al., 2018).  An alternative, but 484 

compatible view is that both ERK activity and Nanog regulation are likely to 485 

show dense connectivity to multiple other cellular regulators.  With such 486 

complexity, detecting the portion of signalling specific to exit from pluripotency 487 

may require simultaneous study of more than two components. 488 

Understanding the weak coupling between exit from pluripotency and 489 

ERK activity is informed by a recent study on RSK, a negative regulator of ERK 490 

(Nett et al., 2018).  In the absence of RSK, ESCs have elevated levels of ERK 491 

phosphorylation and precociously exit pluripotency and differentiate, in 492 

population level measurements.  Our findings, in single cells, of weak coupling 493 

between ERK activity and the rate of differentiation are compatible with the RSK 494 

study.  Our approach is to monitor the normal dynamic range of ERK signaling, 495 

with the regulation governing ERK activity levels, such as by RSK, intact.  We 496 

propose that the strong effects of RSK depletion on the differentiation response, 497 
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compared to the weak effects we observe, occur because this perturbation takes 498 

cells out of the normal dynamic range.   The same study also showed additional 499 

peaks in ERK activity in wild-type cells (at the population level) around 15h of 500 

differentiation (Nett et al., 2018), raising the possibility that additional phases of 501 

the ERK dynamics beyond the initial wave may be important for developmental 502 

progression.  In our data, we observed no such later peak, perhaps due to 503 

different differentiation conditions, however we observed a strong reduction in 504 

both Nanog and Esrrb expression in the absence of this additional activity, 505 

implying later peaks may function beyond the initial phase of differentiation. 506 

A more extreme view is possible, which relates to an earlier study, using 507 

inducible ERK depletion, showing that although ERK is required for activation of 508 

differentiation genes, it is not required for down-regulation of pluripotency 509 

genes during differentiation (Chen et al., 2015).  This study placed much of the 510 

emphasis on the effects usually attributed to ERK on the upstream kinase, MEK, 511 

which was proposed to operate via other signaling molecules.  The emphasis on 512 

MEK may be justified; most studies of ERK signaling in ESCs have used MEK 513 

inhibition to ablate ERK activity.   This approach will also interfere with ERK-514 

independent roles of MEK (Tang et al., 2015), and will not block any MEK-515 

independent regulation of ERK (Chen et al., 2015).   It is not clear whether we 516 

can extrapolate from the ERK deficient state, in which the cells are also 517 

undergoing telomere shortening, genomic instability, G1 arrest and increased 518 

apoptosis, to our more standard culture differentiation conditions.  However, our 519 

data may be consistent with this earlier study. 520 

ERK dynamics displayed a number of correlates with spatial features of 521 

ESC colonies.  Firstly, ERK activity was enhanced in regions of the colony with 522 

low cell densities, such as the peripheral zones.  ERK activity was also correlated 523 

between neighbouring cells.  Surprisingly for a signaling molecule, the strongest 524 

effect on ERK activity detected by the reporter was linked to cell lineage, with 525 

closely related cells displaying more similar ERK activity levels than unrelated or 526 

more distantly related cells.  These observations suggest the magnitudes of the 527 

signaling reactions of cells can be cell autonomously specified, and are not solely 528 

a result of extrinsic factors. 529 
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 Lineage regulation of signaling activity could be accounted for by the 530 

expectation that dividing cells transfer their contents to their progeny.  No 531 

specific “epigenetic” memory mechanism is required for this to allow at least a 532 

partial continuation of the cellular phenotype.  Protein fluctuation timescales 533 

vary from protein to protein and from cell type to cell type, but outlier protein 534 

levels could be expected to fluctuate back to the mean within 1-2 cell cycles 535 

(Sigal et al., 2006).  It is notable that previous measurements of protein 536 

fluctuation time in mouse ESCs suggest more stable protein expression levels 537 

down cell lineages (Cannon et al., 2015; Filipczyk et al., 2015; Singer et al., 2014), 538 

with fluctuation times of Nanog in pluripotent cell culture of up to 6 or 7 cell 539 

cycles.  Our observations of stability in the signal strength along cell lineages do 540 

not argue against the importance of local signaling— the motility of ESCs is low, 541 

and cells that divide often remain adjacent, and those that do separate usually 542 

move away by only one or two additional cell diameters over a cell generation.  543 

This low motility will favour cells remaining in the same microenvironment, 544 

which may contribute to the stability in signaling activity within a lineage.  545 

However, we stress that the cell lineage effect is stronger than the neighbor 546 

effect, and that removing sister cells from the neighbor analysis has little effect 547 

on the magnitude of neighbour correlations.  These features of the data argue for 548 

distinct effects of both local environment and lineage.  Another possibility is that 549 

the external signals driving ERK activity may not be strongly limiting under 550 

these culture conditions, and so the inherited differences in the levels of 551 

signaling components become apparent. This inherited effect may extend to the 552 

expression of the signals themselves, for example a mother cell that has 553 

synthesized more FGF4 mRNA than the population average may pass this on to 554 

its progeny, and these would continue to strongly activate ERK in an autocrine 555 

manner.    556 

 The lineage and niche context of cells have overlapping and non-557 

overlapping effects on ERK activity and pluripotency factor 558 

expression.  Although we identified that neighbouring cells have more similar 559 

ERK activity than more distant cells, this effect does not transfer to Nanog 560 

expression.  Differences in Nanog levels between cells do not depend on the 561 

distance between cells, for either related or unrelated cells in a colony (Cannon 562 
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et al., 2015).  In contrast, both ERK activity (this study) and Nanog levels 563 

(Cannon et al., 2015; Filipczyk et al., 2015; Singer et al., 2014; Xenopoulos et al., 564 

2015) show strong persistence along cell lineages despite the weak coupling 565 

between the two. 566 

Overall our observations point to the insights that can be gained by 567 

following biochemistry inside living single cells over time during differentiation, 568 

and suggest a potential mechanism contributing to cell decision-making based 569 

upon cell lineage.  It will now be important to test these observations in the early 570 

embryo, to evaluate the strengths of the different contributions to ERK dynamics 571 

and activity, and the importance of different characteristics of these ERK 572 

responses, within a physiologically relevant signaling niche. 573 

  574 

  575 
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 576 

Materials and Methods  577 

 578 

Cell culture  579 

E14TG2a ESCs (obtained from Jenny Nichols) were routinely maintained in 580 

serum/LIF culture conditions comprised of GMEM (Gibco) supplemented with 581 

10% Fetal Bovine Serum (FBS) and LIF, 1 μM Penicillin Streptomycin (Gibco), 2 582 

μM L-Glutamine, 1 μM Sodium Pyruvate, 1 μM Non-Essential Amino Acids 583 

(Lonza), 7.7 ppm β –mercaptoethanol, plated on gelatin-coated dishes.  Cells 584 

were also maintained in 2i/LIF conditions (Ying 2008); serum/LIF 585 

supplemented with CHIR99021 (3 μM, Axon Medchem) and PD0325901 (1 μM, 586 

Axon Medchem).  Cells were tested and shown to be clear of mycoplasma. For 587 

differentiation out of 2i, ESCs were cultured for a minimum of 2 passages in 588 

2i/LIF conditions, before being plated at 1.5 x 104 cells/cm2 in 2i/LIF media on 589 

dishes coated with 10 μg/ml laminin (Merck, CC095) or 0.1% gelatin. Medium 590 

was then replaced after 20-24 h, or at specified time points, with media free from 591 

LIF and 2i.  For Nanog and Rex1 reporter cells, the TNGA (Chambers et al., 2007) 592 

and OCRG9 (Toyooka et al., 2008) cell lines were used, respectively.   A similar 593 

protocol was used for differentiation out of LIF except for the starting media 594 

being serum/LIF conditions. 595 

 596 

Establishment of stable cell lines  597 

EKAREV-expressing ESC line was established using the piggyBAC transposon 598 

system (Ivics et al., 2009). ESCs were co-transformed with EKAREV-NLS plasmid 599 

(Aoki et al., 2012) and a pCMV-mPBase transposase expression vector.  The E14-600 

EKAREV-TA cell line was generated by transformation of ESCs with EKAREV-TA 601 

(from Toru Hiratsuka, King’s College London). To generate the SECFP and YPet 602 

control cell lines, the SECFP and YPet flurophore sequences were amplified out 603 

of the EKAREV biosensor then cloned back into the expression vector (ppBbsr2-604 

3594nls) plasmid to replace the full EKAREV gene. ESCs were subsequently 605 

transformed with either the SECFP or YPet-only plasmids.  606 

 607 

Antibodies 608 
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For immunofluorescence, cells were washed with PBS, fixed in 4% Para-609 

formaldehyde in PBS for 20 minutes at room temperature and permeabilised 610 

with 0.2% Triton X-100 in PBS for 10 minutes. Following washing in PBS, cells 611 

were blocked in 5% BSA for 30 minutes at room temperature and incubated in 612 

primary antibody in blocking solution overnight at 4°C. After washing in PBS, 613 

cells were incubated in secondary antibody for 1 h at room temperature. Nuclei 614 

were stained with 4 μg/ml DAPI where indicated. Primary antibodies were pERK 615 

(9101S, Cell Signalling) 1:200; Nanog (14-5761-80, eBiosciences) 1:200; Esrrb 616 

(P46705-00, Perseus Proteomics) 1:100; Sox2 (14-9811-82, eBiosciences) 1:100. 617 

Species-specific IgG Cy3-conjugated secondary antibodies were used (Jackson 618 

ImmunoResearch). For pERK immunostaining, a Tyramide amplification reagent 619 

(1:200; Alexa Fluor 594, T20950, Life Technologies) was used. Immunostained 620 

TNGA and OCRG9 cells were imaged on a Perkin Elmer Ultraview VOX spinning 621 

disc confocal microscope with a 60x objective. EKAREV-NLS expressing ESCs 622 

stained following the removal of 2i/LIF were imaged using a wide field system 623 

(Muramoto and Chubb, 2008) using a GFP/mCherry filter set (Chroma 59022) 624 

and 40x 1.30 NA objective.  To measure intensities a point was manually selected 625 

within each cell to generate an array of coordinates (Cannon et al., 2015), and 626 

intensities were extracted by calculating the median pixel intensity of a 5x5x3 627 

volume centered around each coordinate.   628 

 629 

FRET imaging  630 

FRET time-lapse imaging used a wide-field fluorescence system developed for 631 

fast, sensitive imaging of mammalian cells.  Several confocals were used, but 632 

signal was generally too low to be useful (Fig. S1A; Table S1).  The system 633 

comprised a Zeiss Axiovert 200 stand with an EMCCD camera (C9100-13, 634 

Hamamatsu).  Illumination was provided by a DG4 light source (Sutter).  An XY 635 

stage (ASI) with a piezo top was incorporated to facilitate fast capture of 3D 636 

stacks at multiple positions in the culture.   Images were acquired through a 40x 637 

oil objective using filters from Chroma (set 89002).  The CFP and YFP exciters 638 

were placed in the DG4 light source.   The YFP emission filter was in a MAC6000 639 

emission filter wheel (Ludl).  The whole system was managed by Volocity 640 

Acquisition software.  To reduce photodamage, a neutral density filter was used 641 
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to attenuate illumination to 10% of the lamp intensity. Plating of cells was 642 

carried out 20-24 h prior to imaging, onto Ibidi imaging dishes. For short term 2i 643 

removal tests, experiments were carried out over a 4h period, acquiring a 40-60 644 

µm z-stack, with 1 µm step, of YPF and FRET channel images every 5 minutes.  645 

For more long term differentiation experiments, a 20-30 µm z-stack, with 2 µm 646 

step size, was acquired every 5 minutes for 3 hours, then 10 minutes thereafter 647 

up to 16 h. 4-5 imaging fields were collected in parallel.   For images from single 648 

time frames, ratiometric images between the YFP and FRET channel images were 649 

obtained using the RatioPLUS ImageJ plugin, as previously described (Hukasova 650 

et al., 2012).  651 

For quantification of FRET from time lapses, we used a custom built 652 

MATLAB graphics interface for cell tracking, incorporating the equation from the 653 

RatioPLUS plugin.  A cylinder of radius 2 pixels and height of 3 z-slices was 654 

applied to each mouse-clicked coordinate and the average FRET and YFP 655 

intensity in each cylinder was measured, and a ratio of the two values 656 

(FRET/YFP) was calculated.  Fractional intensities were recorded from 657 

incomplete pixels on the margin of the cylinder.  FRET/YFP intensity time series 658 

were smoothed, by applying a moving averaging filter with a span of 5 frames, to 659 

reduce experimental noise. Analysis was carried using smoothed tracks, unless 660 

stated otherwise.  Tracking was carried out on YFP channel images, due to the 661 

strong signal, following application of 25 pixel rolling background subtraction in 662 

ImageJ. 663 

To evaluate the contribution of bleed-through donor fluorescence 664 

emission to FRET ratio levels, ESCs were transformed with either a YPet or 665 

SECFP fluorophore to generate donor and acceptor-only ESCs (Fig. S1B). To 666 

determine the FRET signal detected with CFP-only cells, every pixel in the CFP 667 

channel image was plotted against every pixel value in the FRET channel for 5 668 

different imaging fields (Fig. S1C).  The gradient of the best-fit line through the 669 

data signifies the proportion of FRET signal contributed by bleed-through.  The 670 

measured FRET ratio was scaled by this gradient (Fig. S1D), ensuring remaining 671 

signal is FRET, not bleed-through.  Correction for bleed-through caused a 672 

uniform negative shift in quantified FRET ratio values (Fig. S1E). As bleed-673 

through contribution had a negligible affect on the observed relative differences 674 
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in FRET ratio values between cells in test experiments, bleed-through was not 675 

corrected for in the experiments presented here.  676 

 677 

Data analysis 678 

For clustering time series data, FRET tracks of single cells of individual 679 

experiments were clustered using the k-means MATLAB function. Optimal 680 

number of clusters within each data set was assigned using silhouette criteria 681 

(Rousseeuw, 1987). Cell tracks being clustered were required to be of equal 682 

duration, so incomplete tracks were excluded from this analysis. A MATLAB 683 

script was used to localise the cells of each cluster, using the mouse clicked 684 

coordinates recorded during manual tracking.  Software is available on request. 685 

For calculation of cell density, a maximum projection of the YFP channel, 686 

following background subtraction, was imported into MATLAB and converted 687 

into a binary image. Cell position coordinates recorded during tracking were 688 

applied to the binary image and a circle of 50 pixel radius was drawn around 689 

each coordinate. The sum of binary pixel intensities within each circle was 690 

calculated and assigned to its corresponding cell. The greater the number of cells 691 

within the circle, the higher the density.  692 

To identify neighbouring cells, cell positions recorded during manual 693 

tracking were used to draw a circle of a specified radius around each cell. The 694 

radius of the circle was adjusted to incorporate the cell-cell contacts of each cell, 695 

with an optimized radius of 25 pixels (9.88 µm). Cells were called as neighbours 696 

wherever there was overlap between circles (Fig. 5E).  This was repeated for all 697 

the cells in a population. Neighbours were assigned at the end of the time-lapse, 698 

which could conceivably result in the exclusion of correlation values between 699 

cells that were neighbours at some point.  However, ESC motility is generally 700 

low, and cells immediately surrounding one another are unlikely to change 701 

greatly until mitosis occurs.    702 

For significance testing, tests are described in the relevant Figure legend.  703 

Significance thresholds: * < 0.05, ** < 0.01 and *** < 0.001.  Data shown in the 704 

main figures are replicates with a representative effect size. 705 

 706 

  707 
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Figure legends 879 

 880 

Fig. 1 – Monitoring ERK activity dynamics in single live ESCs 881 

(A) Immunofluorescence of Rex1-GFP reporter ESCs immunostained for pERK 882 

(red) and DAPI (blue) cultured in serum + LIF alone or additionally treated with 883 

MEK inhibitor PD0325901 (PD; 1 μM) 3 h before fixation. Scale bar = 25 µm (B) 884 

Rex1 reporter intensity plotted against cytosolic pERK levels in serum/LIF (+LIF; 885 

r=0.1652, p=0.0220, n=192) and PD (+LIF + PD; r=0.1509, p=0.0681, n=147). (C) 886 

Immunofluorescence of Nanog-GFP reporter ESCs immunostained for pERK 887 

(red) under the same culture treatments as (A). Scale bar = 25 µm (D) Nanog 888 

reporter intensity plotted against cytosolic pERK level for ESCs in serum/LIF  889 

(+LIF; r=-0.089, p=0.1498, n=266 cells) and PD (+LIF + PD; r = 0.26, p = 0.0005 890 

n=180 cells).   Representative experiments from two and three biological 891 

replicates for Rex1 and Nanog, respectively.  (E) ESCs stably expressing the ERK 892 

FRET reporter, EKAREV-NLS cultured in serum/LIF. YFP and FRET channel 893 

images shown for 3 fields-of-view with the corresponding FRET/YFP ratio 894 

image. Examples of cells displaying distinct FRET ratio levels are outlined and 895 

shown in the right panel, in order of descending FRET. Scale bar = 20 µm (F) 896 

FRET/YFP ratio filmstrips of individual ESCs in serum/LIF. Scale bars = 5 µm (G) 897 

Changing FRET/YFP levels of cells in (F)  898 

 899 

Fig. 2 – Establishing conditions for single cell monitoring of ERK activity 900 

dynamics during ESC differentiation 901 

(A) FRET/YFP ratio images of cells following removal of 2i (B) FRET/YFP ratios 902 

of individual cells (left) and the mean for all cells (right) shown in (A). Shaded 903 

area reflects s.d. (C) FRET/YFP ratio images of ESCs at indicated time-points 904 

after 2i media was changed to either serum/LIF (2i removal) or serum/LIF/2i 905 

(Mock).  (D) Mean FRET/YFP levels of all cells shown in E for 2i removal (red) 906 

and mock (blue). Scale bars = 20 µm. 907 

 908 

Fig. 3 – Comparing ERK activity dynamics and Nanog expression during ESC 909 

differentiation 910 
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(A) EKAREV-NLS expressing cells immunostained for Nanog following removal 911 

of 2i/LIF at indicated time-points. Nanog intensities at each time-point from 5 912 

imaging fields are shown on the right-hand side with box-plots overlaid. Scale 913 

bar = 20 µm (B) Protocol for comparing ERK activity during ESC cell 914 

differentiation to expression of pluripotency factors. (C) Ratiometric FRET 915 

images of ESCs following release from 2i/LIF followed by immunostaining for 916 

Nanog (final panel). (D) FRET/YFP levels of each cell (left) following release 917 

from 2i/LIF pooled from 5 fields of view.  Mean FRET/YFP ratio of all cells shown 918 

on the right. Data shown are one replicate typical of three biological replicates 919 

(879 cells total).  Data from other replicates in Fig. S3C and D. (E) Mean ERK 920 

activity of each cell plotted against its corresponding Nanog intensity from a 921 

typical replicate (r=0.029, p=0.71, n=167 complete tracks). (F) Comparing final 922 

Nanog levels to parameters in the activation kinetics of ERK in response to 923 

2i/LIF withdrawal. Parameters described in Table 1.  All measurements were 924 

quantified from FRET/YFP values of individual cells following smoothing and 925 

interpolation of the data.  Scatter plots of Nanog intensity versus parameter 926 

descriptor values with Pearson correlation coefficient (r) applied (data from a 927 

typical replicate of the three). (G) Average FRET/YFP values of cell tracks 928 

grouped by k-mean clustering into transient (blue) or sustained (red) ERK 929 

activity. (H) Measured Nanog intensities of individual cells from each cluster 930 

shown in (G) with boxplots overlaid (p = 0.013, KS test).  The slight difference 931 

apparent between clusters was not significant over all replicates (p = 0.02 and 932 

0.27, Fig. S3G) therefore constitutes a weak effect. 933 

 934 

Fig. 4 – Comparing ERK activity dynamics and Nanog expression during ESC 935 

differentiation after LIF removal 936 

(A) Protocol for comparing ERK activity dynamics during ESC cell differentiation 937 

following LIF removal. (B) Ratiometric FRET images of ESCs following release 938 

from LIF followed by immunostaining for Nanog. Scale bar = 20 µm (C) 939 

FRET/YFP levels of each cell (left) LIF removal, pooled from 5 fields of view 940 

(n=303).   Data from a typical experiment from 3 biological replicates (928 cells 941 

total). Mean FRET/YFP ratio of all cells shown on the right. Data from other 942 

replicates in Fig. S4. (D) Mean (p = 0.26), minimum (p = 0.22) and maximum (p = 943 
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0.32) ERK activity of each cell plotted against Nanog intensity from a typical 944 

replicate (190 cells).  945 

 946 

 Fig. 5 – Spatial regulation of ERK activity dynamics during differentiation 947 

(A) Mean cell density around each cell over 16h differentiation (2i removal) 948 

plotted against mean ERK (1 replicate shown; r = -0.14, p=0.0059, n=388). (B) 949 

Mean cell density versus mean ERK activity during the first 25 min of the time 950 

series (1 replicate; r = -0.20, p=0.0013, n=261). (C) Histogram of average cell 951 

density values from the first 25 min for of all cells in a single replicate. Colours 952 

show binning of cells into three equal groups of low (red), intermediate (green) 953 

and high density (blue). (D) The initial increase in FRET/YFP ratios of cells 954 

grouped based on density. Differences in FRET ratio values between high and 955 

low cell density group were significant (p = 0.0044; see also Fig. S5B). (E) 956 

Identification of neighbouring cells.  A circle of 25 pixel radius was fixed around 957 

the manually selected centroid (yellow dot) of each cell. Cells with overlapping 958 

circles were considered neighbours. (F) Mean difference in ERK activity between 959 

neighbours (Obs) and randomly assigned neighbours (Rnd). Data shown for 960 

differentiation following 2i removal (594 neighbours) and LIF removal (576 961 

neighbours).  Error bars represent standard error.  Differences assessed using 962 

Mann-Whitney tests. All data typical of three independent replicates. 963 

 964 

Fig. 6 – Stability of levels of ERK activity along cell lineages  965 

(A) Daughter cells from a cell division have more similar ERK activity than 966 

randomly paired daughters. Analysis was carried out on both raw and filtered 967 

(smoothed) FRET traces of daughter cells pooled from 3 replicates. Error bars 968 

represent standard error (B) Differences in mean ERK activity of real and 969 

randomised daughter pairs pooled from 3 replicates and from a single replicate 970 

following correction for time-associated differences in ERK activity. (C) 971 

Differences in corrected mean ERK activity of real (observed) and randomised 972 

daughters from each imaging field of a single replicate. Vertical axes report 973 

corrected FRET values from filtered (smoothed) traces. The n-values represent 974 

numbers of cell pairs analysed. (D) Scatter plot of mean distance and mean 975 

difference in ERK activity between daughter pairs (r = -0.095, p=0.47, n=59).  (E) 976 
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Masking related daughters from neighbour analysis does not alter the increased 977 

similarity in ERK activity between neighbouring cells (Obs) compared to non-978 

neighbours (Rnd).  Significance testing used Mann-Whitney tests.   979 

  980 
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 981 

Descriptors Definition R value 

Fmax Maximal FRET signal -0.001 

Fi Initial FRET signal -0.115 

Ft=180 FRET levels at t=180 minutes -0.185 
Ft=end FRET levels at end of track -0.128 

Fmax/Fi Maximum fold change in FRET 0.098 

Fmax - Fi Amplitude of change in FRET 0.089 
T50up Time to reach 50% of maximal FRET during increase 0.029 

T50down Time to reach 50% of maximal FRET during decrease  -0.140 

 982 

Table 1: Definition of parameters in the activation kinetics of ERK in response to 983 

2i/LIF withdrawal. R-values represent the Pearson correlation values between 984 

descriptors of the ERK activation wave and Nanog intensity (averaged across 985 

three independent replicates). All measurements were quantified from 986 

FRET/YFP values of individual cells and were obtained following smoothing and 987 

interpolation of each cell track.  988 

 989 

 990 



0 80 180 280 380 480 600 720

C
el
l1

0 80 180 280 380 480 600 720 (min)

C
el
l1

0 100 200 300 400 500 600 800 (min)
C
el
l2

1

0.9

0.8

0 100 200 300 400 500 600 700

FR
E
T/
Y
FP

Time (min)

0 40 100 160 300 400 500 600 (min)

C
el
l3

Cytosolic pERK
intensity (a.u.) x104

2 4 6

+LIF + PD

+LIF

5

3

1

5

3

1

R
ex
1
in
te
ns
ity

(a
.u
.)

x104

x104

3

1

2

0

3

1
2

0

Cytosolic pERK
intensity (a.u.) x104

2 4 6

N
an
og

in
te
ns
ity

(a
.u
.)

+LIF
x104

+LIF + PD
x104

pERK Rex1

+L
IF

+L
IF
+
PD

DAPI Merge

+L
IF

+L
IF
+
PD

pERK NanogDAPI Merge

0.34 1.33

se
ru
m
/L
IF

YFP FRET FRET/YFP

i

ii

iii

iv

v

A

E F

G

B C D



0.7

0.6

0.5
FR

E
T/
Y
FP

Time (min)
50 100 150 200

Mock
2i removal

30 60 120 2400 15

2i removal

0.20 1.26

0.20 0.93

50 100 150 200

1

0.9

0.8

0.7

0.6

50 100 150 200

1

0.9

0.8

0.7

0.6

Time (min)

FR
E
T/
Y
FP

M
oc
k

2i
re
m
ov
al

0 15 30 60 120 240

0 15 30 60 120 240

A

B

C D



x103

N
an
og

in
te
ns
ity

(a
.u
.)

mean ERK activity (a.u.)

r = 0.029
8

6

4

2

0.6 0.65 0.7 0.75

200 400 600 800

0.6

0.5

0.45

0.55

0.65
Sustained
Transient

Time (min)

FR
E
T/
Y
FP

0.9

0.8

0.7

0.6

0.5

FR
E
T/
Y
FP

Time (min)

0.8

0.7

0.6 200 400 600 800

(h)

1

0.8

0.6

0.4

0.2

0 9 24 48
2i+LIF removal

N
an
og

in
te
ns
ity

(a
.u
.)A

B

D

F G

H

E

C

0 20 180 570 960 960mNanog

x103

8

6

4

2

Transient Sustained

N
an
og

in
te
ns
ity

(a
.u
.)

1.5

1

0.5

5 10 15 25
T50up

20

r = 0.12
x104

0 200 400 600

r = -0.13

T50down

1.5

1

0.5

0.60.5 0.7 0.8

r = -0.043
x104

Ft=end

r = 0.11

Fmax - Fi

0.1 0.2 0.3

0.6 0.7 0.8

r = -0.13

Ft=180

0.7 0.8 0.9

r = 0.0022
1.5

1

0.5

x104

Fmax

r = -0.094

Fi

0.5 0.6 0.7 0.8

N
an
og

in
te
ns
ity

(a
.u
.)

0.20 1.26

200 400 600 800

1.2 1.4 1.6

r = 0.12

Fmax/Fi



100 300 500 700 900

0.55
0.5
0.45
0.4
0.35
0.3 100 300 500 700 900

0.55

0.5

0.45

0.4

0.35

FR
E
T/
Y
FP

Time (min)

min ERK activity (a.u.)

r = -0.090

0.4 0.45 0.50.35

N
an
og

in
te
ns
ity

(a
.u
.)

mean ERK activity (a.u.)

r = -0.083

0.4 0.45 0.5 0.550.35

4

3

2

1

x104
r = 0.073

max ERK activity (a.u.)
0.4 0.45 0.5 0.55 0.6

A

B

C

D

0 180 360 660 960 Nanog

LIF removal

0.20 0.66



***
0.03

0.02

0.01

0
Obs Rnd

***

Obs Rnd
2i removal LIF removal

m
ea
n
di
ffe
re
nc
e
in
E
R
K
(a
.u
.)

0 2000 4000 6000

0.8

0.7

0.6m
ea
n
E
R
K
ac
tiv
ity

(a
.u
.)

mean cell density (a.u.)

r = -0.14

0 2000 4000 6000

m
ea
n
E
R
K
ac
tiv
ity

(a
.u
.)

mean cell density (a.u.)

0.8

0.7

0.6

r = -0.20

Low Mid HighLow Mid

0 2000 4000 6000
cell density (a.u.)

Fr
eq
ue
nc
y

50

40

30

20

10

High

FR
E
T/
Y
FP

Time (min)
0 5 10 15 20 25

0.85

0.8

0.75

0.7

0.65

A

C

E F

D

B



0.08

0.06

0.04

0.02

m
ea
n
di
ffe
re
nc
e
in
E
R
K
(a
.u
.) Observed

Randomised

Raw Smooth

*** ***

(n=132)

1

0.8

0.6

0.4

0.2

0

m
ea
n
di
ffe
re
nc
e
in
E
R
K
(a
.u
.)

Pooled Replicate
(n=132) (n=80)

***
***

1.2

1

0.8

0.6

0.4

0.2

FOV 1 FOV 2 FOV 3 FOV 4 FOV 5

***
***

ns
***

*

(n = 17) (n = 14) (n = 6) (n = 15) (n = 7)

m
ea
n
di
ffe
re
nc
e
in
E
R
K
(a
.u
.)

0.1

0.05

10 20 30 40 50 60

m
ea
n
di
ffe
re
nc
e
in
E
R
K
(a
.u
.)

mean distance (µm)

r = -0.095

m
ea
n
di
ffe
re
nc
e
in
E
R
K
(a
.u
.)

0.03

0.02

0.01

Obs Rnd Obs Rnd
No Mask

*** ***

Mask

A B

C

D E


