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SUMMARY
Despite the noisy nature of single cells,multicellular organisms robustly generate different cell types fromone
zygote. This process involves dynamic cross regulation between signaling and gene expression that is diffi-
cult to capture with fixed-cell approaches. To study signaling dynamics and fate specification during preim-
plantation development, we generated a transgenic mouse expressing the ERK kinase translocation reporter
and measured ERK activity in single cells of live embryos. Our results show primarily active ERK in both the
inner cell mass and trophectoderm cells due to fibroblast growth factor (FGF) signaling. Strikingly, a subset of
mitotic events results in a short pulse of ERK inactivity in both daughter cells that correlates with elevated
endpoint NANOG levels. Moreover, endogenous tagging of Nanog in embryonic stem cells reveals that
ERK inhibition promotes enhanced stabilization of NANOG protein after mitosis. Our data show that cell cy-
cle, signaling, and differentiation are coordinated during preimplantation development.
INTRODUCTION

Mammalian embryogenesis initiates with a single fertilized

oocyte that must rapidly increase in cell number and complexity

to create amature blastocyst of three lineages, the epiblast (EPI),

primitive endoderm (PrE), and trophectoderm (TE) (Schrode

et al., 2013). In contrast to other metazoan development,

mammalian preimplantation development proceeds in the

absence of any known maternal patterning cues, and thus, the

initial fate specification events are determined from signals orig-

inating within the embryo itself (Chazaud and Yamanaka, 2016).

While much is known about the signaling molecules and tran-

scriptional regulators operating during this period (Ohnishi

et al., 2014; Kang et al., 2013; Guo et al., 2010; Chazaud et al.,

2006), a comprehensive understanding of the signaling and

gene expression dynamics that allow robust selection of appro-

priate lineages is still missing.

Because of its capacity to self-organize and develop ex

utero, the mouse blastocyst has emerged as an excellent

model to understand how signaling coordinates cell fate

determination (Simon et al., 2018). The first embryonic lineage

segregation appears to be governed by polarity-mediated dif-

ferential Hippo signaling that generates the TE, the apicobasal
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polarized outer layer of cells defined by Cdx2 expression, and

the inner cell mass (ICM), defined by the pluripotency regu-

lator Sox2 (Frum et al., 2018; Wicklow et al., 2014; Hirate

et al., 2013; Nishioka et al., 2009). Next, the ICM will further

differentiate into the EPI and PrE lineages marked by NANOG

and GATA6, respectively. While cells of the ICM initially coex-

press the markers for both lineages, progenitors gradually up-

regulate the expression of one factor and concomitantly

downregulate the other until all cells have been specified

(Guo et al., 2010; Plusa et al., 2008). This bistability is

achieved via cooperative feedforward and feedback mecha-

nisms that allow both NANOG and GATA6 to increase tran-

scription at their own promoter and inhibit expression of the

opposing factor (Meng et al., 2018; Bessonnard et al., 2014;

Singh et al., 2007; Boyer et al., 2005). Individual ICM cells

select between these lineages via fibroblast growth factor

(FGF) signaling; however, the exact nature of the bifurcation

of FGF-dependent signaling remains unclear.

Several lines of evidence support that ERK signaling down-

stream of fibroblast growth factor receptors (FGFRs) is essen-

tial for segregating these two lineages: (1) Inhibitors of FGFR

or MEK and addition of recombinant FGF4 cause all ICM cells

to select EPI or PrE fates, respectively (Saiz et al., 2016;
vier Inc.
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Yamanaka et al., 2010), (2) genetic ablation of FGF4, GRB2, or

both FGFR1 and FGFR2 prevent the formation of the PrE line-

age (Kang et al., 2017; Molotkov et al., 2017; Kang et al.,

2013; Chazaud et al., 2006) and, (3) FGF4 and FGFR2 expres-

sion is mutually exclusive in ICM cells and these factors are

early markers for the EPI and PrE lineages, respectively

(Guo et al., 2010). Together, these findings supported a hy-

pothesis that FGF4-expressing cells signal to neighboring

FGFR2-expressing cells to generate bimodal ERK activity in

the ICM essential to specify both lineages. However, recent

studies reported that FGFR1 expression is required in all

ICM cells to both generate the PrE and perhaps limit

maximum NANOG concentrations in the EPI, indicating that

a simple model consisting of cells either receiving or secreting

the FGF4 stimulus is insufficient to describe the segregation of

EPI and PrE lineages (Kang et al., 2017; Molotkov et al., 2017).

Furthermore, ICM progenitors were observed to incrementally

specify toward EPI or PrE lineages rather than all at once dur-

ing a specific time in blastocyst development, suggesting a

regulatory mechanism that could rely on other sources of

cellular heterogeneity such as stochastic gene expression,

asynchronous cell-cycle progression, or other signaling

pathway activities (Saiz et al., 2016). While these experiments

revealed the importance of ERK signaling in preimplantation

development, the temporal patterns of ERK activity in single

cells of the developing embryo have not been measured.

Live-cell imaging of biosensors has emerged as a powerful

technique to study the dynamics of cellular decision making

(Gaudet and Miller-Jensen, 2016). These approaches enable

tracking of individual cells while obtaining high temporal reso-

lution measurements of cellular parameters such as gene

expression (Gu et al., 2018; Hafner et al., 2017; Wilson

et al., 2017), metabolism (Lobas et al., 2019; Hung and Yellen,

2014), cell cycle (Sakaue-Sawano and Miyawaki, 2014), or

signaling (Komatsu et al., 2011). Over the last decade, the

use of biosensors in cultured cells, organoids, and even live

organisms has shown that signaling dynamics can influence

gene expression (Lane et al., 2017), collective cell behavior

(Hino et al., 2020), and cell fate (Johnson and Toettcher,

2019; Muta et al., 2018). However, biosensors for kinase activ-

ity have not been used to understand mammalian develop-

ment due to technical limitations including high phototoxicity

and poor sensitivity. Here, we use kinase translocation re-

porter (KTR) technology (Regot et al., 2014) to study MAPK

signaling dynamics during mammalian preimplantation

development.

We generated ERKKTRmice to enable live single-cell analysis

of kinase activity and validated them using multiple primary cell

types as well as in vivo two-photon imaging. Focusing on preim-

plantation development, we characterized ERK signaling dy-

namics during cell specification and found that ICM cells exhibit

a bifurcation of ERK activity after mitosis that ultimately drives

daughter cells toward the EPI or PrE lineages. Furthermore, us-

ing endogenously tagged NANOG in embryonic stem (ES) cells,

we show that NANOG is poised for rapid stabilization in G1. This

work expands our understanding of how signaling dynamics and

cell-cycle progression are coordinated to direct robust fate

specification in the self-organizing mammalian blastocyst and

ES cells.
RESULTS

Development and Validation of ERK KTR Mice
To study ERK signaling dynamics in primary mammalian cells

and tissues, we generated a transgenic mouse line carrying the

previously reported ERK KTR (Regot et al., 2014). The expres-

sion of the biosensor is restricted by a lox-stop-lox (LSL)

cassette that, upon CRE-mediated recombination, allows

spatiotemporally controlled expression of the sensor driven by

the CAG promoter. Because KTR technology depends on accu-

rate recognition of the nuclear boundary for quantitative kinase

activity measurements, our vector contains a bicistronic ORF en-

coding both H2B-mRuby2 and KTR-mClover separated by the

P2A peptide to allow equimolar expression of both proteins.

The construct was delivered to zygotes as linearized DNA by

pronuclear injection and resulting transgenic integrants were

determined by genotyping for the CAG promoter and termed

ERK KTRLSL. Next, we crossed the founder lines with Sox2-

CRE mice to accomplish germline recombination of the trans-

gene and examined offspring using a UV flashlight system at

p0–1 (Figure 1A) (Hayashi et al., 2003). In all cases, detection

of the CAG promoter by PCR agreed with detectable green fluo-

rescence at birth. These animals will be referred to as ERK

KTRLoxP. Finally, we determined the precise genomic location

of the transgene to be a non-coding region of Chr13 using nano-

pore Cas9-targeted sequencing (Gilpatrick et al., 2019) and vali-

dated it by PCR (Figures S1A and S1B).

To validate the dynamics of the biosensor, we isolated primary

mouse embryonic fibroblasts from ERK KTRLoxP E13.5 pups and

stimulated them with FGF. As expected, FGF stimulation trig-

gered ERK KTR translocation to the cytoplasm (Figure 1B).

Next, we wanted to investigate the utility of the KTR mice to

study tissue homeostasis in organoids. To this end, we derived

2D gut enteroids from the ERK KTRLoxP mice as previously

described (Thorne et al., 2018) and measured ERK signaling dy-

namics upon stimulation with epidermal growth factor (EGF).

Live imaging was accompanied by an EdU incorporation assay

to allow determination of crypt and villus domains and compare

their signaling patterns. While all cells responded to the EGF

stimulus, cells in the crypt region rapidly attenuated their ERK

activity while villus cells exhibited prolonged ERK activation (Fig-

ure S1C). These data show that EGF elicits different ERK

signaling dynamics in crypt or villus cells, highlighting the poten-

tial of live-cell biosensors to understand tissue homeostasis.

Lastly, we wanted to use the ERK KTRLoxP mice to measure

MAPK signaling dynamics in single cells of live, unperturbed an-

imals.We performedmultiphoton intravital imaging of livemouse

epidermis and dermis in ERK KTRLoxP mice capturing the basal

layer of the skin as well as hair follicles, dermal fibroblast, and

other tissue resident cells (Figures S1D and S1E). Our results

showed waves of propagating ERK activation in the epidermis

similar to those previously described (Hiratsuka et al., 2015) (Fig-

ure S1D). Taken together, these experiments support that trans-

genic KTRmice offer a versatile tool to studyMAPK signaling dy-

namics in diverse in vitro, ex vivo, and in vivo models.

ERKSignaling Patterns in Preimplantation Development
Although ERK signaling has been implicated in preimplantation

development, immunostaining for the phosphorylated species
Developmental Cell 55, 328–340, November 9, 2020 329
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Figure 1. ERK KTRLoxP Mice Reveal ERK Signaling Dynamics in Mouse Preimplantation Development

(A) Schematic of KTR reporter construct for ERK KTRLSL animals (upper) and mating scheme to generate mice with germline expression of transgene (lower).

Representative image of p0 pups with visible GFP fluorescence is shown.

(B) MEFswere derived fromERKKTRLoxP animals and imaged before and after (30min) stimulation with FGFb (5 ng/mL). Representative images are shown. Scale

bar, 50 mm.

(C) Schematic of ERK activity quantificationmethod. For each cell, a nuclear and cytoplasmic region of interest was drawn and KTR intensity wasmeasured. ERK

activity was reported as the log2 of the cytoplasmic/nuclear (log2(C/N)) intensity ratio.

(D) E3.5 blastocysts from ERKKTRLoxP animals were collected, cultured, and imaged as described in STARMethods. Representative images containing ERK-low

cells (arrows) are shown in ICM and TE compartments. Scale bar, 20 mm.

(E) Embryos were isolated from ERK KTRLoxP animals at the 8-cell, 16-cell, E3.5 blastocyst, and E4.5 peri-implantation blastocyst stages and mounted for

imaging in KSOM as described in STAR Methods. Representative images of single confocal planes are shown for clarity. Scale bar, 20 mm.

(F) Single-cell ERK activities from embryos collected in (E) were quantified as described in STARMethods. Cells with predominantly cytoplasmic (log2(C/N) > 0) or

nuclear (log2 (C/N) < 0) KTR intensity were represented as blue or red points, respectively. From left to right, N = 8 embryos, 55 cells; 4 embryos, 51 cells; 10

embryos, 339 cells; and 3 embryos, 190 cells.

(G) E3.5 blastocysts were isolated from ERK KTRLoxP animals and treated with indicated inhibitors and growth factors (ERKi, 5 mM Ulixertinib; MEKi, 1 mM

PD0325901; FGFRi, 1 mM AZD4547, 1,000 ng/mL FGF4) for 45 min. Embryos were mounted for imaging in KSOM, maintaining the same concentration of in-

hibitors and growth factors, and embryos were imaged via confocal microscopy. Representative images of a single confocal plane are shown. Scale bar, 20 mm.

(H) Single-cell ERK activities from embryos collected in (G) were quantified and plotted as in (F). From left to right, N = 10 embryos, 339 cells; 5 embryos, 216 cells;

6 embryos, 256 cells; 3 embryos, 103 cells; and 2 embryos, 105 cells. Untreated KSOM control corresponds to E3.5 blastocysts from (E). Significant differences

between treated and untreated ERK activity distributions were determined by Kolmogorov-Smirnov test. *p < 0.05 and ***p < 0.001.
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of these molecules has been technically challenging (Azami

et al., 2019; Bessonnard et al., 2014). To determine ERK activity

in single cells of the mammalian preimplantation embryo, we

crossed pairs of ERK KTRLoxP mice, isolated embryos from

different stages of development ranging from E2.5 to E4.5, and

quantified activity in each cell by measuring cytoplasmic over
330 Developmental Cell 55, 328–340, November 9, 2020
nuclear KTR ratios (Figures 1C, 1E, and 1F). We refer to ERK

active or inactive cells if KTR signals are predominantly cyto-

plasmic (C > N) or nuclear (N > C), respectively.

Embryos at the 8–16 cell stages showed moderate levels of

ERK activity that was sensitive to the ERK specific inhibitor ulix-

ertinib (Figures 1E, 1F, and S2A) (Germann et al., 2017). Later, at
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Figure 2. ERK Activity Bifurcates after Mitosis in Single Cells of Developing Blastocysts

(A) E3.5 blastocysts were isolated from ERK KTRLoxP animals, mounted in KSOM, and imaged every 15 min. for 12 h. Single-cell ERK activity was quantified and

represented as a heatmap (see STAR Methods for details). Mitotic events and lost tracks are represented in blue and green, respectively. Predominantly

cytoplasmic (log2(C/N) > 0) or nuclear (log2 (C/N) < 0) values are depicted with gray or red scale colormaps, respectively. Black represents C=N intensity. Data

depict traces from a single embryo representative of 2 independent experiments.

(B) Representative images of ERK-high and ERK-lowmitotic events observed from the experiment in (A). For each example, the mother cell is shown immediately

before entering mitosis and the daughter cells are shown 90 min after anaphase. Yellow arrows indicate featured cells. Scale bar, 10 mm.

(C) Representative traces of ERK-high (pair 1) and ERK-low (pair 2) mitotic events are plotted. Gray box indicates mitosis. Traces left of mitosis indicate mother

cell ERK activity and right of mitosis indicate corresponding daughter cell activities. Each sister cell pair is shown as a solid and dotted line pair.

(D) ERK KTRLoxP blastocysts were isolated and imaged as in (A). Daughter cell pairs were assigned as ERK high (C > N, blue) or ERK low (C < N, red). Based on 4

individual embryos.

(E) ERK KTRLoxP blastocysts were isolated and imaged as in (A). The duration of ERK inactivity in ERK-low divisions was measured as described in STAR

Methods. Histogram reflects measurements from 28 ERK-low cells from 4 embryos obtained from 2 independent experiments.

(F) E3.5 blastocysts were isolated from ERK KTRLoxP animals, incubated in KSOM ±MEKi (1 mMPD0325901), and imaged every 15 min. for 9 h. ERK activity was

quantified pre- and post-mitosis as described in STAR Methods. ERK activity is represented as in (A) and in silico synchronized to mitosis. Left and right sides of

the heatmap indicate mother and daughter cell activities, respectively. Data represent 22 (KSOM) and 13 (MEKi) mitotic events from 4 and 3 embryos,

respectively, from 3 independent experiments.

(G) Scatter plot of mean ERK activity 90 min. before (mother) and after (daughter) mitosis from data in (D). Significant linear correlations between mother and

daughter cell activity were observed for both the KSOM andMEKi groups (p = 2.583 10�6 and 0.00063 by F-test, respectively) with R2 values of 0.413 and 0.405,

respectively.

(legend continued on next page)
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the blastocyst stage, embryos showed predominantly ERK

active cells. Interestingly, ERK inactive cells were rare in blasto-

cysts, accounting for 11.8% of all cells at E3.5 and remained

similar (12.1%) at E4.5. These inactive cells frequently occurred

in pairs in the TE or ICM compartments, but some embryos had

none. (Figures 1D and S3A). This overall rarity of ERK-low cells

was surprising because we would expect these cells to specify

the EPI (Bessonnard et al., 2014).

Manipulation of FGF-ERK signaling in the blastocyst with

ectopic agonists and inhibitors has been instrumental to study

PrE and EPI fate determination (Yamanaka et al., 2010). Howev-

er, it is unclear how these perturbations alter ERK activity in sin-

gle cells. To address this question and validate our system, we

cultured ERK KTRLoxP blastocysts in the presence of inhibitors

or growth factors (Figure 1G). MEK and FGFR inhibitors achieve

only moderate ERK inhibition compared with the specific ERK1/

2 inhibitor ulixertinib, which appears to completely block ERK

activity (Figure 1H). Conversely, FGF4 treated embryos showed

consistently high ERK activity in most cells comparable to the

highest levels of ERK activity detected in control embryos (Fig-

ures 1G and 1H). Taken together, these data indicate that

KTRs enable quantification of single-cell ERK activity in live pre-

implantation embryos.

Cell-Cycle-Coordinated ERK Signaling Dynamics
Previous reports have shown differential FGF-ERK signaling re-

quirements between the EPI and PrE lineages (Kang et al.,

2013; Yamanaka et al., 2010). However, our analysis of embryos

at multiple developmental stages showed that only a minority of

ICM cells had distinctly lower ERK activity (Figures 1D–1F). Thus,

we reasoned that blastomeres may experience transient regula-

tion of the FGFR-ERK signaling axis during fate specification. To

test this hypothesis, we performed time-lapse confocal imaging

of ERK KTRLoxP embryos starting at E3.5 to visualize ERK

signaling dynamics in single cells of developing blastocysts (Fig-

ures 2A and S2B; Video S1). Tracking and quantification of cells

over 12 h confirmed that ICM cells show high levels of ERK ac-

tivity for most of the imaging period, with some cells exhibiting

pulsatile ERK activation and a general trend of increasing ERK

signaling as cells approach mitosis. (Figures 2A, S2C, and

S2D). Strikingly, ERK activity bifurcated in nascent daughter

cells at mitotic exit, generating two groups of cells that either

rapidly resume high ERK activity or that experience brief pulses

of ERK inactivity (1–4 h) followed by high ERK activation (Figures

2B, 2C, and 2E; Videos S2 and S3). Of note, ERK inactivity pulses

were only ever observed immediately after mitosis. Thus, we

refer to ERK-high or ERK-low divisions depending on the

daughter cell ERK activity. Comparison of multiple embryos re-

vealed variability regarding the fraction of ERK-high versus

ERK-low divisions, suggesting that the bifurcation may occur

stochastically (Figure 2D).
(H) E3.5 blastocysts were isolated from ERKKTRLoxP animals, incubated in KSOM

every 15 min for 9 h DERK activity was defined as the mean ERK activity post-m

ERK-high (red) cells were defined as daughter cells whose mean ERK activity w

indicate mean ± standard deviation of measurements on ERK-low cells only. Data

3 blastocysts (MEKi), and 7mitotic events from 2blastocysts (APCi). ***p < 0.001 a

KSOM condition.

(I) Data obtained in (H) are shown as in silico synchronized ERK activity traces. E
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Previous reports have suggested a limited supply of FGF4 in

the blastocyst generates differential signaling to specify the

EPI and PrE lineages (Krawchuk et al., 2013). In the case of

ERK-low divisions, sister cells showed similar levels of ERK ac-

tivity, but could be surrounded by neighbors that exhibited much

higher ERK activation, suggesting that the symmetry breaking

event is occurring in mother cells rather than reflecting local

FGF4 concentration gradients (Figures 2C and S2E). Indeed,

when cells were sorted according to their mean activity after

mitosis, we noticed a correlation between mother and daughter

cell ERK activation (Figures 2F and 2G). While all cells display

high ERK activation for several hours preceding mitosis, mother

cells with comparatively lower KTR ratios were more likely to

generate daughter cells that exhibited ERK inactivity pulses (Fig-

ures 2F and 2G). This raised the possibility that the maternal

signaling status before mitosis may influence signaling at mitotic

exit. To test this, we incubated embryos in MEK inhibitor to pro-

mote modest ERK inhibition and again analyzed mother and

daughter cell activity pre- and post-mitosis. Cells in MEK inhibi-

tor still demonstrated a cytoplasmic enrichment of KTR localiza-

tion prior tomitosis; however, nearly all daughter cells now expe-

rienced clear ERK inactivity after mitosis (Figures 2F and 2G).

Further analysis revealed that nearly all daughter cells exhibit a

decrease in ERK activity that depends on the mother cell activity

in a non-linear fashion. We observed that individual mitotic

events appear to segregate into two groups based on themagni-

tude of this decrease, with ERK-low divisions exhibiting a greater

differential from maternal activity than ERK-high divisions (Fig-

ure 2H). Moreover, the ERK activity decrease in MEK inhibitor

treated embryos closely resembles that of the ERK-low daughter

cells in control embryos (Figures 2H and 2I). We then hypothe-

sized that the E3 ubiquitin ligase anaphase-promoting complex

(APC), which has been shown to regulate both mitosis and

signaling (Kimata, 2019;Wan et al., 2017), may influence ERK ac-

tivity at mitotic exit. We treated embryos with the APCCDH1 inhib-

itor ProTAME and analyzed ERK activity changes as cells com-

plete M phase (Zeng et al., 2010). Interestingly, even though

APCCDH1 inhibition led to modest ERK inhibition in mother cells,

the relative decrease between mother and daughter cells was

significantly reduced compared with ERK-low divisions from

control or MEKi embryos (Figures 2H and 2I). Together these

data suggest that APC inhibition impairs the regulation of ERK

activity at mitotic exit.

ERK Activity Bifurcation at Mitotic Exit Directs EPI
Specification
Understanding the regulatory interactions between the cell cycle,

FGF-ERK signaling, and gene expression is necessary to under-

stand the mechanism underlying PrE and EPI establishment.

Given that our imaging window was relatively short (9 h), we first

tested the effect of inhibitor treatments of the same duration on
and KSOMwithMEKi (1 mMPD0325901) or APCi (2 mMProTAME), and imaged

itosis subtracted from the mean ERK activity pre-mitosis. ERK-low (blue) and

as less than 0.1 and greater than or equal to 0.1, respectively. Dark red lines

represent 22 mitotic events from 4 blastocysts (KSOM), 13 mitotic events from

ndNS p> 0.05 by Student’s t test comparing ERK-low cells in each group to the

RK-low divisions only are shown for clarity. Gray vertical bar indicates mitosis.
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Figure 3. ERK Activity at Mitotic Exit Governs EPI and PrE Lineage Commitment

(A) E3.5 blastocysts were isolated and cultured in KSOM plus indicated inhibitors or growth factors (MEKi, 1 mMPD0325901; APCi, 2 mMProTAME; 1,000 ng/mL

FGF4) for 9 h. Embryos were fixed, immunostained, imaged, and quantified as described in STAR Methods. TE cells were excluded from analysis for clarity (see

Figures S4A and S4B for details). Data reflect 47 to 153 individual ICM cells from 3 to 8 embryos from 4 independent experiments.

(B) Schematic of experimental workflow to investigate ERK signaling dynamics and fate selection in the same cells. E3.5 ERKKTRLoxP blastocysts were imaged in

KSOM for 9 h, retrieved, fixed, and immunostained as described in STARMethods. H2B-mCherry signal from the live imaging and fixed embryos were aligned in

silico to correlate ERK signaling dynamics and marker expression in the same cells. For each cell that was unequivocally identified in both datasets, ERK activity

was measured at mitotic exit (60 min) and at the end of the time-lapse period (end point) (60 min). GATA6 and NANOG signals were then measured and matched

with ERK activity measurements for the corresponding cells (see STAR Methods for details). Scale bar, 20 mm.

(C–E) ERK KTRLoxP blastocysts were imaged and immunostained as described in (B). ERK activity at mitotic exit (left) and end point (right) were plotted against

normalized NANOG intensity (C), normalized GATA6 intensity (D), normalized log10(GATA6/NANOG) intensity ratio (E). p values of linear correlation by F-test are

shown. Data represent measurements from 40 mitotic cells from 6 embryos from 3 independent experiments.

(F) Data from (C–E) were plotted as normalized NANOG versus normalized GATA6with each point colored according tomean ERK activity at mitotic exit (left) or at

end point (right).
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ICM cell specification by immunostaining for NANOG and GATA6

(Figures 3A and S4C). Following automated measurement of all

cells, ICM cells were identified based on their nuclear centroid po-

sition within the embryo (Figures S4A and S4B). MEK inhibitor and

recombinant FGF4 were still able to bias the expression of

NANOG and GATA6 over this interval in the expected patterns
(Figures 3A and S4C). Thus, relationships between signaling and

cell fate can be perturbed and examined in this window of early

blastocyst development. Interestingly, incubationwith the APC in-

hibitor promoted NANOG/GATA6 double-positive cells relative to

the controls, suggesting that APCCDH1 inhibition impairs lineage

commitment in ICM cells (Figures 3A and S4C).
Developmental Cell 55, 328–340, November 9, 2020 333
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Figure 4. ERK KTR ESCells Recapitulate ICM

Signaling Dynamics

(A) ES cells were derived from ERK KTRLoxP animals

as described in STAR Methods and seeded into

imaging plates coated with fibronectin with or

without ERKi (5 mM ulixertinib). Images were ob-

tained every 5 min. Representative images before or

after (15min) inhibitor addition are shown. Scale bar,

20 mm.

(B) ERK KTR ES cells were seeded to imaging plates

coated with fibronectin and cultured in complete 2i

growth media. Next day, MEK and GSK-3b in-

hibitors were removed, and cells were imaged every

5 min for 18 h. ERK activity in single cells was

measured and quantified as described in STAR

Methods. ERK-high and ERK-low cells were defined

as cells whose mean ERK activity after mitosis was

greater than �0.1 or less than �0.1, respectively.

Following this sorting, randomly selected traces

were plotted from each group. Data represent 4

experimental replicates.

(C) Mean ERK activity before (mother) and after

(daughter) mitosis (90 min) was calculated from ERK

activity traces obtained in (B). Significant linear

correlation was observed (p = 3.953 10�12 and R2 =

0.265). Data represent 159 mitotic events.

(D) ERK KTR ES cells were seeded as described in

(B) and imaged every 5 min for 20 h in growth media

without inhibitors or growth media with MEKi (2 mM

PD0325901). Fraction of ERK-low divisions was

calculated as described in STAR Methods. Data

represent >700 mitotic events from >8 replicates for

each condition. ***p < 0.001 by a Student’s t test.

Error bars represent mean ± standard deviation.
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To study the lineage commitment in cells coming from ERK-

low or ERK-high divisions, we combined time-lapse micro-

scopy of live ERK KTRLoxP embryos with fixed, endpoint anal-

ysis of cell fate markers. Embryos were imaged for 9 h, fixed,

immunostained, and re-mounted onto new imaging plates to

visualize protein expression (Figure 3B; Video S4). Embryos

were only used for analysis if exceptional in silico alignment

of H2B-mCherry nuclear signal was observed (Figure S4D).

Thus, embryos that were deformed from the fixation or staining

protocols, and embryos that were re-mounted in an orientation

that precluded the unambiguous identification of matching cells

were discarded. To maximize the likelihood of generating im-

age stacks that could be aligned in silico, fixed embryos were

gently reoriented on the imaging plate by pipetting and re-

imaged (no more than three times).

Because we observe the greatest heterogeneity in ERK acti-

vation at mitotic exit, we focused our analysis on cells that un-

derwent mitosis during the time-lapse microscopy period. In

particular, we measured mean ERK activity in nascent daughter

cells in the hour immediately after mitosis and in the final hour

of the time-lapse and looked for relationships between ERK

signaling and protein expression of NANOG and GATA6 (Fig-

ure 3B). Cells that inhibit ERK at mitotic exit expressed elevated

levels of NANOG and moderately lower levels of GATA6.

Accordingly, cells that resume high ERK activity after mitosis

displayed enhanced GATA6 and diminished NANOG expres-

sion (Figures 3C and 3D). While levels of each of these factors

were independently correlated with ERK activity (r2 = 0.233 and
334 Developmental Cell 55, 328–340, November 9, 2020
r2 = 0.285 for ERK versus GATA6 and ERK versus NANOG,

respectively), we found that analyzing the relationship between

ERK and GATA6 over NANOG ratios resulted in a superior cor-

relation than either marker alone (r2 = 0.332) (Figure 3E). 3D

scatter plots with NANOG, GATA6, and ERK activity at mitotic

exit showed an ERK sensitivity landscape for cells selecting be-

tween the EPI and PrE lineages (Figure 3F). Importantly,

analyzing ERK activity of an equivalent duration, but in the final

hour of the time course, and examining the relationships with

these fate markers indicated no significant correlation between

any of the variables described above (Figures 3C–3F).

Together, these data suggest that ERK activity bifurcation at

mitotic exit directs the GATA6/NANOG expression ratio in sin-

gle cells.

Modeling ICM Signaling Behavior in ES Cells
While the blastocyst is a powerful model to explore how

signaling dynamics regulates cell fate specification in develop-

ment, it is limited by its low phototoxicity tolerance and lack of

tools for robust tracking of cells in 3D time-lapse datasets. In

contrast, ES cells are accessible to rapid imaging and auto-

mated cell tracking while closely resembling the EPI of the pre-

implantation embryos (Fernández-de-Manúel et al., 2017; Bor-

oviak et al., 2015; Schröter et al., 2015; Nichols and Smith,

2012). To further explore the mechanism underlying ERK

signaling at mitotic exit, we derived ES cells from ERK KTRLoxP

animals and validated the sensor using ERK inhibitor (Fig-

ure 4A). Time-lapse microscopy of ERK KTR ES cells revealed
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a bifurcation of ERK activity at mitotic exit, sustained activity

before mitosis, and a correlation between mother and daughter

cell activity that recapitulate our observations in ICM cells (Fig-

ures 4B, 4C, and S5A). Incubation with MEK inhibitor again

increased the frequency of ERK-low divisions (Figure 4D;

Videos S6 and S7). Importantly, ERK inhibitor abolished cyto-

plasmic KTR localization for all but 5 min prior to mitosis, indi-

cating that prolonged ERK activation before mitosis is not an

artifact of nonspecific nuclear export before breakdown of the

nuclear envelope (Video S5).

The role of ERK signaling in NANOG transcriptional and post-

translational regulation has been previously investigated (Jin

et al., 2016; Kim et al., 2014; Ochiai et al., 2014); however,

the regulation of NANOG dynamics at mitotic exit and its

dependence on ERK activity remain unexplored. In order to

independently monitor NANOG protein stability and Nanog

gene expression, we generated an ES cell line with a targeted

genomic insertion at the Nanog locus of a Venus fluorescent

protein followed by the self-cleaving peptide P2A and mCherry

and refer to this line as NV2C (Nanog-Venus-2a-mCherry) cells

(Figure 5A). Thus, while the Venus signal is linked to NANOG

protein levels, the mCherry signal is independent of NANOG

stability and can serve as a proxy for transcriptional activity.

To validate our reporter line we cultured NV2C cells in pluripo-

tency maintenance (2i/LIF) or extraembryonic endoderm (XEN)

differentiation media for 24 h and measured Venus and

mCherry levels in single cells (Niakan et al., 2013). As expected,

both the NANOG-Venus and mCherry signals were significantly

downregulated in XEN differentiation medium compared with

2i/LIF, reflecting attenuated Nanog expression (Figures 5B

and 5C). Inhibition of translation or proteasomal degradation

showed downregulation or upregulation of NANOG-Venus

levels respectively while the mCherry signal remained stable

(Figures 5D and 5E). These results indicate that NV2C cells

independently report NANOG protein stability and gene

expression.
Figure 5. ERK Inhibition Promotes Rapid NANOG Stabilization at Mito

(A) Schematic representation of the NANOG NV2C reporter inserted at the endo

(B) NV2C ES cells were seeded to imaging plates and cultured in 2i/LIF media or X

16 replicates are shown. Scale bar, 30 mm.

(C) Quantification of Venus and mCherry intensities from single cells obtained in

mogorov-Smirnov tests.

(D) NV2C ES cells were seeded onto imaging plates and cultured in ES growthmed

or cycloheximide (CHX, 20 mg/mL) were added after 35 min of imaging. Single-ce

STAR Methods. Mean fold change (solid lines) with 75th and 25th percentiles (sh

vehicle, MG132, and CHX groups, respectively.

(E) Data from (D) plotted as mean fold change (solid lines) and 75th and 25th perc

condition.

(F) NV2C ES cells treated as in (D) were imaged every 5 min for 20 h. Venus and m

synchronized to mitotic exit. Data are plotted as fold change in intensity for the

regulate NANOGatmitotic exit (lower) and cells thatmaintain or downregulate NAN

replicates.

(G) Average traces are plotted for data in (F). Plots show mean fold change (soli

tensities for cells that maintain or downregulate NANOG (upper) and cells that up

(H) NV2C ES cells were seeded as in (E) and treated with or without ERKi (5 mMUl

(F). Mitotic events were synchronized in silico and mean fold change of Venus and

from 6 replicates each. Student’s t test was performed for means at each time p

(I) ERKi (5 mMulixertinib)-treated cells obtained in (H) are plotted to compare avera

silico synchronized (red) individual cells. Data represent >140 individual cells from

each time point, and p values are plotted according to color bar.
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Next, we live imaged NV2C cells and monitored NANOG-

Venus and mCherry dynamics at mitotic exit. In silico synchro-

nization of individual cells to mitotic exit revealed Venus levels

were rapidly upregulated in a subset of cells after mitosis

without a corresponding increase in mCherry intensity (Figures

5F and 5G; Video S8). This suggests heterogeneous post-

translational regulation of NANOG at mitotic exit. Therefore,

given the differential ERK activation we observed in ES cells

and in blastocysts, we asked how ERK signaling regulates

NANOG dynamics at mitotic exit. We incubated NV2C cells in

ERK inhibitor to induce homogeneous ERK inhibition, in silico

synchronized cells to mitotic exit, and analyzed Venus and

mCherry dynamics (Figure 5H). Cells in ERK inhibitor exhibited

enhanced Venus expression at mitotic exit while mCherry levels

were relatively stable. Moreover, a comparison of synchronized

and unsynchronized cells showed that, while ERK inhibition

promotes NANOG-Venus expression in all cells, the effect of

ERK inhibition is greatest at mitotic exit (Figure 5I). Taken

together these data provide evidence that NANOG protein sta-

bility is regulated at mitotic exit and is enhanced by ERK

inhibition.

DISCUSSION

Development of multicellular organisms relies on cell fate

choices that occur as a result of constant cross regulation be-

tween signaling and gene expression. The dynamic and noisy

nature of these biological processes require approaches that

enable single-cell high temporal resolution measurements in

real time. Here, we describe the generation and validation of

a mouse line that enables in vivo and ex vivo analysis of

ERK signaling dynamics with single-cell resolution. Results

show that this tool can be used in primary cells, multicellular

organoids, or even live animals to interrogate the role of

signaling dynamics and cell-cell communication in tissue ho-

meostasis and development. Our ERK KTR mice are largely
tic Exit

genous Nanog locus in mouse ES cells (see STAR Methods for details).

EN differentiation media for 24 h before imaging. Representative colonies from

(B). n > 1,000 cells for each condition from 16 replicates. ***p < 0.001 by Kol-

ia without inhibitors. Cells were imaged every 5min for 3 h andMG132 (10 mM)

ll Venus and mCherry intensities were quantified and analyzed as described in

aded area) are plotted for 108, 73, and 85 cells from 4 replicates each for the

entiles (shaded area) of Venus (left) and mCherry (right) intensities from each

Cherry intensities were quantified as described in STAR Methods and in silico

first 10 min after anaphase. Overlaid gray dashed line indicates cells that up-

OG expression (upper). Data represent 122mitotic events from 6 experimental

d lines) and 75th and 25th percentiles (shaded area) of Venus and mCherry in-

regulate NANOG (lower).

ixertinib). Single-cell traces of Venus and mCherry signals were quantified as in

mCherry intensities for all cells analyzed are plotted. Data represent >122 cells

oint and p values are plotted according to color bar in Figure 5I.

ge Venus andmCherry fold changes in asynchronous (black) andmitotic exit in

6 replicates for each condition. Student’s t test was performed for means at
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equivalent to the previously reported Eisuke mice (EKAREV

FRET sensor) (Hiratsuka et al., 2015); however, studies that

require tissue specific expression of the biosensor will benefit

from the CRE-dependent design of the ERK KTR line.

ERK signaling has been implicated in specifying the mamma-

lian preimplantation embryo; however, the signaling dynamics

leading to cell fate choices had not been explored. Our data

show that ERK activity is surprisingly high throughout all stages

of pre-implantation development, with a small subset of cells

experiencing transient ERK inhibition in the blastocyst stage.

Interestingly, ERK activity at the blastocyst stage can be

completely blocked with ERK specific inhibitors but other condi-

tions previously used to bias cell fate specification (MEK or FGFR

inhibitors) only partially inhibit ERK activity, indicating that even

minor perturbation of FGF-ERK signaling axis is sufficient to pre-

vent proper lineage specification in the ICM (Figure 1H).While we

observed increased ERK activation upon FGF4 stimulation,

many FGF4-treated blastomeres exhibited comparable ERK ac-

tivity to cells in control embryos, suggesting that FGF4 is locally

present in saturating amounts to achieve maximal FGFR

signaling output to ERK. A recent study reported pERK staining

in nearly all cells of blastocysts and differential pERK staining

within the ICM, in agreement with our measurements (Azami

et al., 2019).

Further analysis of ERK activity dynamics in single cells of the

blastocyst revealed that an apparently stochastic number of cell

divisions result in 1–4 h pulses of ERK inactivity that then transi-

tions back into high levels of ERK activation. Sister cells ex-

hibited similar signaling patterns that could be quite different

from non-sister neighbor cells, resembling previously reported

ERK signaling dynamics in ES cells (Deathridge J et al. Develop-

ment 2019) (Figure S5A). Interestingly, cells that experienced

ERK inactivity pulses at mitotic exit exhibited higher NANOG

and lower GATA6 expression (Figure 3F). This finding is in agree-

ment with several studies that suggest low ERK activity in ICM

cells specifies the EPI lineage, but to our knowledge no previous

report postulates a model incorporating transient inactivation of

ERK. This correlation suggests a coordination between ERK

signaling and the cell cycle that is important for cell fate determi-

nation; however, studies utilizing live-cell biosensors for NANOG

and GATA6 alongside kinase activity biosensors in embryos are

necessary to understand the temporal relationships between

mitotic exit signaling and ICM progenitor specification.

The amplitude of the ERK activity decrease at mitotic exit

correlated withmaternal signaling beforemitosis andwas damp-

ened by APCCDH1 inhibition. An increasing body of evidence sup-

ports cell-cycle independent, APC-mediated function in cell fate

determination through the degradation of developmental

signaling pathway components, including the ERK pathway via

downregulation of Raf (Kimata, 2019). Moreover, ERK itself can

downregulate APC activity constituting a positive feedback

loop that could explain the dependency on mother cell activity

(Wan et al., 2017). We report that APC inhibition led to an in-

crease in uncommitted ICM progenitors. This could be a result

of the conflicting roles of this treatment: APC inhibition increased

the frequency of ERK-low divisions, which may limit GATA6

expression, but also attenuated the amplitude of the inhibition

to promote only modest NANOG expression. Additional work

is required to understand the regulatory interactions between
APC activity, ERK signaling, and fate determination in embryos.

Though the molecular mechanism behind the ERK activity bifur-

cation remains to be characterized, it is tempting to speculate

that feedback regulation between the mitotic machinery and

ERK pathway components may desensitize pairs of daughter

cells to FGF signals and ultimately specify the EPI.

Characterization of ES cells derived from our ERK KTR

mouse line revealed that ERK activity bifurcation at mitotic

exit also occurs in ES cells and depends on maternal signaling

levels. Moreover, we found that NANOG protein stability at

mitotic exit is particularly sensitive to ERK inhibition. A model

where NANOG levels are sustained via protein stabilization

rather than transcriptional regulation may explain why inhibit-

ing transcription in blastocysts with flavopiridol does not pro-

mote rapid loss of NANOG expression (Bessonnard et al.,

2017). These findings provide a potential explanation for the

significance of ERK activity at mitotic exit to specify the EPI

and PrE lineages via modulation of NANOG levels and are in

good agreement with recent reports suggesting that cell-cycle

status plays a critical role in regulating pluripotent cell differ-

entiation. Human and mouse embryonic stem cells (ESCs)

are both more responsive to differentiation cues during G1

compared with S and G2, suggesting a mechanism for coor-

dination of the cell-cycle program with the signaling network

(Singh et al., 2015; Pauklin and Vallier, 2013). As ERK has

been reported to regulate several pluripotency factors, further

experimentation is required for a complete understanding of

the consequences of ERK signaling at mitotic exit (Ma et al.,

2016). We anticipate that a better understanding of the cross

regulation between cell cycle, signaling, and differentiation will

ultimately facilitate the use of ES and iPS cells for therapeutic

purposes.

Limitations
The findings of this study possess some notable limitations. The

experiments including the APCCDH1 inhibitor, ProTAME, showing

an effect on both ERK signaling at mitotic exit and ICM cell fate

commitment are not sufficient to show a direct regulatory mech-

anism between ERK and APC. Though there is literature to sup-

port that APC could directly regulate ERK and vice versa, we

acknowledge that a pharmacological inhibitor of this essential

regulator of mitosis could regulate both ERK activity and ICMdif-

ferentiation via a number of indirect mechanisms. A more

detailed analysis with additional cell-cycle component inhibitors

would help identify whether and how this regulatory control

functions.

The connections between ERK activity, cell cycle, and

NANOG/GATA6 protein levels in embryos and ES cells are still

unclear. We present correlative evidence that: (1) ERK activity

is uniquely heterogeneous immediately following mitosis, (2)

mitotic exit signaling correlates with NANOG andGATA6 expres-

sion, (3) NANOG protein is stabilized in a subset of ES cells after

mitosis, and (4) ERK inhibitors promote NANOG stabilization

specially after mitosis. However, due to spectral overlap be-

tween sensors and other current restrictions, we were unable

to directly measure NANOG and GATA6 with the ERK KTR in

live embryos or ES cells. Thus, we cannot conclusively claim

that ERK signaling at mitotic exit is the cause of (1) cells selecting

between EPI and PrE fates or (2) the rapid NANOG stabilization in
Developmental Cell 55, 328–340, November 9, 2020 337
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ES cells. The mechanistic links between cell-cycle status, ERK

signaling, and NANOG dynamics still remain an open question.
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Goat polyclonal anti-GATA6 R&D Systems Cat# AF1700; RRID:AB_2108901

Mouse monoclonal anti-CDX2 BioGenex Cat# MU392; RRID:AB_2335627

Donkey anti-rabbit IgG (Alexa Fluor 405) Abcam Cat# ab175649; RRID:AB_2715515

Donkey anti-mouse IgG (Alexa Fluor 488) Molecular Probes Cat# A21202; RRID:AB_141607

Donkey anti-Goat IgG (Alexa Fluor 647) Molecular Probes Cat# A21447; RRID:AB_141844

Chemicals/Peptides/Recombinant Proteins

CHIR99021 Sigma-Aldrich Cat# SML1046

PD0325901 Selleckchem Cat# S1036

Ulixertinib Selleckchem Cat# S7854

AZD4547 Selleckchem Cat# S2801

proTAME R&D Systems Cat# I-440-01M

Y-27632 Selleckchem Cat# S1048

LDN-193189 Selleckchem Cat# S2618

Retinoic Acid Sigma-Aldrich Cat# R2625

MG132 Selleckchem Cat# S2619

Cycloheximide Sigma-Aldrich Cat# C4859

Mitomycin C Sigma-Aldrich Cat# M4287

ESGRO Milipore Sigma Cat# ESG1106

rhFGF4 Thermo Fisher Scientific Cat# PHG0154

EGF PeproTech Cat# AF-100-15

FGFb Sigma-Aldrich Cat# GF003

Activin A R&D Systems Cat# 338-AC-010

Heparin Sigma-Aldrich Cat# H3149

N-acetyl-L-cysteine Sigma-Aldrich Cat# A7250

Mouse R-Spondin-1 Thermo Fisher Scientific Cat# 3474RS050

Matrigel Matrix Growth Factor Reduced Corning Cat# 354230

5 ethynyl 2 deoxyuridine (EdU) Thermo Fisher Scientific Cat# A10044

Human Plasma Fibronectin Milipore Sigma Cat# FC010

EmbryoMax Gelatin Milipore Sigma Cat# ES-006-B

2-Mercaptoethanol Thermo Fisher Scientific Cat# 21985023

Dithiothreitol Thermo Fisher Scientific Cat# R0861

GlutaMAX Thermo Fisher Scientific Cat# 35050061

Critical Commercial Assay

Nanobind Tissue Big DNA Kit Circulomics Cat# NB-900-701-01

Short Read Eliminator Circulomics Cat# SS-100-101-01

Oxford Nanopore Sequencing 1D Nanoporetech Cat# SQK-LSK109

Experimental Models: Organisms/Strains

Mouse: ERK KTR-LSL This Paper JAX#035566

Mouse: ERK KTR-LoxP This Paper N/A

Oligonucleotides

R Chkactin: 5’-GGGGGAGATGGGGAGAGTGAAGCAGAA-3’ This paper N/A

F CMV: 5’-GGGTGGAGTATTTACGGTAAACTGCCC-3’ This paper N/A

oMP106 5’-CTCCAGCATGACTAGAGTCAGGCTCTGG-3’ This paper N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

oMP109 5’-CATTAATGGTTTCAGGTGGATGTCTCCTCCC-3’ This paper N/A

oMP115 5’-

GGGTAGATGAGGGATTAGTTGAAATTCACTCATGAGG-3’

This paper N/A

Recombinant DNA

pSpCas9(NANOG)-2A-GFP This Paper N/A

pSpCas9(BB)-2A-GFP Ran, et al., 2013 Addgene Repository #48138

Nanog-2a-mCherry Faddah, et al., 2013 Addgene Repository #59995

pMP108 Nanog-Venus-2a-mCherry This Paper N/A

pOO16 Step2 Rosa26 Vector ERK This Paper N/A

Software and Algorithms

MATLAB mathworks www.mathworks.com

Samtools Li et al., 2009 www.htslib.org/download

TE and ICM cell ID This Paper https://github.com/MichaelPokrass/

EmbryoScripts

Deposited Data

Integrated time-lapse and end-point

datasets of ERK KTR Embryos

This Paper BioImage Archive:

https://www.ebi.ac.uk/biostudies/

studies/S-BIAD28
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Sergi Re-

got (sregot@jhmi.edu).

Material Availability
The ERK KTRLSL mouse line is available from The Jackson Laboratory as JAX#035566. The Nanog targeting vector is available from

Addgene.

Data and Code Availability
Live imaging of embryo and corresponding fixed embryo data sets is available at the BioImage Archive (https://www.ebi.ac.uk/

biostudies/studies/S-BIAD28). MATLAB code generated to assign ICM versus TE cell identity on basis of cell position is available

from: https://github.com/MichaelPokrass/EmbryoScripts.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
All mice were housed, handled, and included in experiments according to the approved Institutional Animal Care and Use Committee

protocol M019M487 of the Johns Hopkins University School of Medicine. The ERK KTRLSL line was generated by injection into em-

bryos from mice of B6SJL background and bred into the CD1 background. To generate the ERK KTRLoxP mice, male ERK KTRLSL

mice were crossed with female Sox2-CRE mice and GFP+ offspring were bred into the CD1 background. Wild-type embryos

were collected from CD1 background mice.

Embryos
Mouse preimplantation embryos were cultured in EmbryoMax Advanced potassium-supplemented simplex optimized medium

(KSOM) (Milipore Sigma) under mineral oil (Sigma Aldrich) on polystyrene plates. Embryos were maintained in a humidified incubator

at 37
�
C with 5% CO2 and 3% O2.

Primary Cell Culture
Primary mouse embryonic fibroblasts (MEFs) were maintained in MEF culture medium (DMEM with 15% fetal bovine serum

(FBS), 100 U/ml penicillin and 100 U/ml streptomycin) and cultured on polystyrene plates at 37
�
C with 5% CO2 and 3% O2.

Primary mouse 2D gut enteroid cultures were maintained in organoid culture medium (advanced DMEM-F-12 medium with

100 U/ml penicillin and streptomycin, 10 mM HEPES buffer, 1x Glutamax, 1X B27, 1 mM N-acetyl-cysteine, 100 mg/ml

primocin, 50 ng/ml EGF, 10% Noggin-conditioned medium, and 20% R-spondin conditioned medium) and cultured on
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Matrigel-coated optical polymer plates at 37
�
C with 5% CO2. Primary mouse ES cells were maintained in either ES culture

medium (advanced DMEM-F-12 medium with 100 U/ml penicillin and streptomycin, 15% ES-qualified FBS, 1x GlutaMAX, 1X

MEM non-essential amino acids (Thermo), 55 mM 2-mercaptoethanol (BME, Gibco), and 1000 U/ml leukemia inhibitor

factor (LIF) (ESGRO, Milipore Sigma)) on Mitomycin C-inactivated feeder MEFs or feeder-free with ES culture medium

supplemented with 1 mM PD0325901 and 3 mM CHIR99021 (2i) on 0.1% gelatin-coated (Milipore Sigma) polystyrene plates

at 37
�
C with 5% CO2 and 3% O2.

METHOD DETAILS

Mouse Generation
The ERK KTR reporter construct was cloned into a Rosa26 targeting vector (gift from Dr. Jeremy Nathans). Cas9 protein, gRNA, and

purified linear DNA insert was introduced to B6SJL embryos by pronuclear injection and transferred to pseudopregnant ICR females.

Litters were screened for integrants by PCR amplification of the CAG promoter with F CMV and R Chkactin oligos. CAG+males were

crossed with Sox2-CRE females (gift from Dr. Jeremy Nathans) to generate animals with germline expression of reporters. Offspring

were screened for visible GFP expression by blue light flashlight (Nightsea). Founder lines were bred into CD1 background.

Targeted Nanopore Sequencing
Genomic DNA extracted from mouse tail using Nanobind Tissue Big DNA kit (Circulomics #NB-900-701-01). Mouse tail was incu-

bated with proteinase K and Buffer CLE3 for 90 min on a ThermoMixer at 55 degrees C and 900 rpm. DNA was incubated in elution

buffer overnight. Size selection was performed using Short Read Eliminator (Circulomics #SS-100-101-01) followed by a DNA clean-

up using 0.9 AMPure XP (Beckman Coulter, A63881) beads. DNA quantification was done using the Qubit fluorometer (Thermo)

before sequencing. Targeted Nanopore Sequencingwith Cas9was performed as previously described (Gilpatrick et al. 2020). Library

prep was performed using Oxford Nanopore Sequencing 1D sequencing kit (SQK-LSK109). Each sample was sequenced using a

9.4.1 version flow cell using the MinION sequencer. Basecalling was performed using the GUPPY algorithm (Version 3.2.1) to

generate FASTQ reads from the electrical data. Reads were aligned to a synthetic reference created by fusing the mouse reference

genome (mm10) and the known insert sequence using Minimap2 (Li, 2018). Analysis of the insert coverage was performed using

Samtools (Li, et al., 2009) and insert coverage was visualized using IGV andRibbon. Insertion sites were verified by PCR amplification

of sequence spanning junction of reference genome and insert sequence with multiplexed reaction including oMP106, oMP109, and

oMP115 oligos.

MEF Derivation and Culture
Primary MEFs were derived from ERK KTRLoxP and wild type mice as previously described (Xu, 2005). Following timed matings, em-

bryos were dissected frommice at E13.5. Embryoswere washed in ice-cold, sterile PBS and, using forceps, the brain, liver, and heart

were manually removed and discarded. Embryos were cut into fine pieces and transferred to ice-cold 0.25% trypsin-EDTA and incu-

bated at 4
�
C overnight. Next, the embryos were incubated at 37

�
C for 30 min and the tissue was vigorously pipetted in MEF culture

medium. When tissue was separated into a uniform cell suspension, the cells were plated onto tissue culture flasks in MEF medium.

For generation of feeder cells for ES experiments, MEFs were expanded to passage 3 and inactivated by 2.5 hr. incubation with

10 mg/mL mitomycin C (Milipore Sigma). Adherent cells were expanded and cultured in MEF culture medium. For imaging experi-

ments, 7 x 103 MEFs were seeded to fibronectin (EMD-Milipore) coated 96-well glass-bottom plates. MEFs were serum starved

16 h before stimulus addition.

Gut Enteroid Culture
Primary 2D gut enteroids were derived as previously described (Thorne, et al., 2018). Briefly, mouse jejuna were dissected from 1-

6 month old mice. Jejuna were cut open lengthwise, washed with PBS, and incubated 30 min in ice-cold PBS containing 100 U/ml

penicillin and streptomycin, 1.5 mM DTT, 2 mM EDTA, and 10 mM Y-27632. The jejuna were transferred to ice-cold PBS with 2 mM

EDTA and shaken for 90-120 seconds to release crypts. Intestinal tissue was discarded and the crypt suspension was washed three

times in DMEM with 10% FBS by centrifugation at 300 x g for 3 min. The crypts were resuspended in DMEM with 10% FBS and

filtered through a 500 mm strainer followed by a 70 mm strainer. The crypts were pelleted at 200 x g for 3 min and resuspended in

attachment media, which consisted of basal organoid media (advanced DMEM-F-12 medium with 100 U/ml penicillin and strepto-

mycin, 10 mM HEPES buffer, and 1x Glutamax) supplemented with 1 mM N-acetyl-cysteine, 1x B-27 supplement, 50 ng/ml EGF,

100 nM LDN-193189, 1 mg/ml R-spondin 1, 10 mM CHIR99021, and 10 mM Y-27632 and seeded to optical polymer 96-well plates

coated with 0.8 mg/ml growth factor reduced Matrigel diluted in basal organoid media. Crypts were incubated in attachment media

overnight before media was exchanged for organoid culture medium. Enteroids received fresh organoid culture medium every 24 h

and were cultured up to one week.

Prior to EGF addition experiments, organoid culture mediumwas exchanged for equivalent mediumwithout EGF overnight. Label-

ing of S-phase cells was performed alongside EGF addition. EdU was added to media to a final concentration of 10 mM for a 3-hour

incubation followed by fixation in ice-cold methanol. Cells were washed and labeled via click chemistry with Fluor Azide 488 (Thermo

Fischer Scientific). Regions of EdU positive cells were used to designate crypt-like regions and EdU negative cells defined the villus-

like regions(Thorne, et al., 2018).
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Imaging
Images were acquired aMetamorph-controlled Nikon Eclipse Ti microscope. For epifluorescence imaging, data were acquired using

10X and 20X air objectives and aHamamatsu sCMOScamera. For confocal imaging, data were acquired using 20X air, 40X oil, or 60X

oil objectives, a YokogawaCSU-W1 spinning disk confocal unit, and a Photometric Prime 95B sCMOS camera. Live specimens were

maintained at 37
�
C in 5% CO2 in a humidified environmental control chamber from OKOlabs.

Intravital Imaging
Multiphoton microscopy was performed as previously described (Pineda, et al., 2015). Mice were maintained on anesthesia with

nose cone supply of vaporized isofluorane and placed on a warming pad. Skin was mounted on a custom-stage and covered by

a glass coverslip. A LaVision TriM Scope II (LaVision Biotec) microscope equipped with a Chameleon Vision II (Coherent) 2-photon

laser (using 940nm) and a Chameleon Discovery (Coherent) two-photon laser (using 1120nm) was used to acquire images through a

Nikon 40x/1.15 water immersion objective at an interval of every 6.25 min for 3.5 h.

Preimplantation Embryo Culture
Embryos were collected at indicated developmental stages following timed matings of mice maintained in a 12-hour light-dark cycle

according to previously described protocols(Behringer, 2014). For live imaging experiments, embryos were transferred to glass-bot-

tom microwell dishes (MatTek) and maintained in an environmental control chamber (OKOlab) and imaged every 15 min for 9-12 h,

sampling a depth 60 mmat 5 mmsteps. For inhibitor incubations, embryos were transferred to EmbryoMax Advanced KSOMmedium

with the specified concentrations of inhibitors and incubated for at least 20 min before placing the glass-bottom dish in the environ-

mental control chamber. For FGF4 addition experiments, zonae pellucidae were removed by brief incubation in Acid Tyrode’s solu-

tion and FGF4 was co-administered with 1 mg/ml heparin (Sigma Aldrich).

Embryo Immunofluorescence
Embryos were cultured in EmbryoMax Advanced KSOMmedium with specified inhibitor or growth factor conditions prior to fixation

in 4% formaldehyde (Sigma Aldrich). Fixed embryos were washed and then permeabilized in 0.5% Triton X-100 and 100 mM glycine

in PBS. Embryos were blocked in 2%FBS and incubated with primary antibodies at 4
�
Cdiluted in blocking buffer overnight. Embryos

were washed, blocked again, and incubated with secondary antibodies at RT for 1 h. Embryos were washed, and mounted to glass-

bottom plates in PBS.

ES Cell Culture and Editing
Embryonic stem cells were derived as previously described (Behringer, 2014). Blastocysts were dissected from mice at E3.5 and

cultured overnight in advanced KSOM to allow embryos to hatch. Once hatched, blastocysts were transferred to a gelatin-coated

tissue culture dish with ES culture medium and monitored for attachment and ES cell outgrowth. Outgrowths were disaggregated

by incubation with 0.25% trypsin-EDTA for 5 min at 37
�
C and gently pipetted up and down in ES culture medium to reduce the

mass of cells to 3-4 cell aggregates. The aggregates were transferred to tissue culture dishes with feeder cells and inspected for

primary ES cell colony formation daily. If individual ES cell lines generated cultures with extensive differentiated cell types they

were discarded. Cultures that contained primarily ES cell colonies were expanded and cultured with daily media exchanges and

were passaged every 2-3 days depending on confluence and growth rate.

For imaging experiments, ES cells were incubated in 0.05% trypsin-EDTA, pipetted to disaggregate colonies into single cells, and

1-3 x 103 cells were seeded to fibronectin-coated 96-well glass-bottom plates. Single cells were cultured in ES culturemediumwith 2i

for 48 h to allow colony formation before imaging. ES cells were imaged in ES culture medium (without 2i) unless otherwise specified.

For differentiation experiments, ES cells were seeded to glass-bottom plates and then incubated in XEN differentiation media con-

sisting of DMEM-F12 with 15% FBS, 100 U/ml penicillin and streptomycin, 100 mMBME, 10 nM retinoic acid, and 10 ng/ml Activin A

for 24 h (Niakan, et al., 2013).

The Nanog-Venus-2a-mCherry targeting plasmid was cloned from a previously described mouse targeting vector, Nanog-2a-

mCherry (gift from Rudolf Jaenisch, Addgene plasmid # 59995) (Faddah, et al., 2013). In brief, a short linker sequence followed

by the mVenus fluorescent protein was inserted downstream of the Nanog coding sequence and immediately before the 2a-

mCherry cassette. Approximately 1 kb each of the original 2 kb homology arms were retained and flanked with sgRNA recog-

nition sequences identical to the target sequence in the mouse genome to generate a ‘‘double cut HDR donor’’ repair template

plasmid (Zhang, et al., 2017). Nanog-Venus-2a-mCherry repair template was co-transfected (Lipofectamine 2000, Invitrogen)

with PX458 (gift from Feng Zhang, Addgene plasmid # 48138) to ES cells derived from wild type animals (Ran, et al., 2013).

Cells were cultured on neomycin resistant feeder MEFs (Milipore) and selected with G418 to obtain cells with targeted integra-

tion of repair template.

QUANTIFICATION AND STATISTICAL ANALYSIS

Image Analysis
Primary images from 2D time lapse data sets of cells with H2B-mCherry nuclear marker (ERK KTR ES cells, ERK KTRLoxP epidermis)

were used to segment nuclei and measure fluorescence intensity with custom Cell Profiler pipelines. Nuclear masks were used to
e4 Developmental Cell 55, 328–340.e1–e5, November 9, 2020
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track cells through time series (custom software) and calculate KTR C/N ratios as previously described. ERK high or ERK low divi-

sions in ERK KTR ES cells were manually scored as cells that either have C>N KTR intensity after mitosis or cells that have N<C in-

tensity aftermitosis for at least 30 consecutiveminutes. Some experiments included cells without a designated nuclearmarker (NV2C

ES cells) or that grow too densely for reliable segmentation (2D gut enteroids) and cells from these experiments were tracked and

quantified by manually constructing regions of interest and measuring image intensity in Fiji.

For 3D embryo image sets, single cell ERK activity was tracked and quantified manually. Briefly, H2B-mCherry signal was used to

define the nuclear boundary in each cell. KTR-mClover intensity was quantified in the nucleus and in a smaller region of the cytoplasm

just outside the nuclear boundary. Measurements were made in the plane where the largest region of the nucleus was sampled. Both

single time and time lapse KTR ratio measurements were made on live embryos and quantified in this way. For quantification of

NANOG, GATA6, and CDX2 intensities, 3D image sets were analyzed by MINS as previously described (Lou, et al., 2014). In exper-

iments where CDX2 staining was not possible, TE vs ICM cell definition was assigned by cell position within the embryo. XYZ coor-

dinates fromMINS output were used to construct a convex hull of embryo volume inMATLAB (custom software). Cells on the surface

of hull were assigned TE identity and cells within hull were assigned ICM identity.

Statistical Analysis
All graphs were generated and all statistical analysis was performed in MATLAB. Data are represented as mean ± standard deviation

or with 75th and 25th percentiles as indicated. Student’s t-test or Kolmogorov-Smirnov tests were used to determine significance as

indicated in legends. Significant correlation was determined by fitting data to linear regression model and using F-test. Sample sizes,

including the number of cells, mitotic events, and embryos in each experiment and p-values are indicated in figures and figure

legends.
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