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Abstract

Notch-mediated lateral specification is a fundamental mechanism to resolve stochastic cell fate
choices by amplifying initial differences between equivalent cells. To study how stochastic
events impact Notch activity, we developed a biosensor, SALSA (Sensor Able to detect Lateral
Signaling Activity), consisting of an amplifying “switch” — Notch tagged with TEV protease
— and a “reporter” — GFP fused to a nuclearly-localized red fluorescent protein, separated

by a TEV cut site. When ligand activates Notch, TEVp enters the nucleus and releases GFP
from its nuclear tether, allowing Notch activation to be quantified based on changes in GFP
subcellular localization. We show that SALSA accurately reports Notch activity in different
signaling paradigms in Caenorhabditis elegans, and use time-lapse imaging to test hypotheses
about how stochastic elements ensure a reproducible and robust outcome in a canonical /in-12/
Notch-mediated lateral signaling paradigm. SALSA should be generalizable to other experimental
systems, and adaptable to increase options for bespoke “SynNotch” applications.

eTOC:

Shaffer and Greenwald describe a genetically-encoded biosensor for Notch signal transduction
using a visible, quantifiable nuclear to cytoplasmic change in GFP localization. It performed well
in different C. elegans signaling paradigms and should be applicable to other experimental models
and adaptable for modular synthetic Notch receptor (SynNotch) applications.

Graphical Abstract

"Author for correspondence and lead contact, isg4@columbia.edu.

Author Contributions

J.M.S. and I.G. designed the experiments. J.M.S. conducted the experiments and performed all statistical analysis. J.M.S. and I.G.
interpreted the data. J.M.S. and 1.G. wrote the paper.

Declaration of Interests
The authors declare no competing interests.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Shaffer and Greenwald Page 2

Sensor Able to detect Lateral Signaling Activity

“Switch” “Reporter”
I_f'/-_:?
D>
LAG-2 LIN-12 TEVp GFPTcut RFP

(ligand) (receptor)

o>

Signal-Sending Signal-Receiving
(Low Notch activity) (High Notch activity)

Keywords
C. elegans ; LIN-12; Notch; biosensor; stochastic cell fate; gonad; vulva; germ line; GLP-1

Introduction

Notch signaling plays profound and pervasive roles in development and disease. Notch
is one of the major receptors for cell-cell interactions, and uniquely mediates lateral
specification (also called lateral inhibition), a process by which initially equivalent cells
interact with each other and then adopt different alternative fates. Lateral specification
allows for stochastic cell fate decisions to be resolved into reproducible and robust

final outcomes. To further our studies of a canonical example of Notch-mediated lateral
specification, the Anchor Cell (AC)/Ventral Uterine precursor cell (VU) decision (reviewed
in Greenwald, 2012), and test a recent model for the relationship between stochastic
events and the outcome of the AC/VVU decision (Attner et al., 2019), we needed a way to
visualize the onset of LIN-12 signaling and track the relative levels of signaling activity
in individual cells over time. However, conventional methods including transcriptional
reporters (described herein) are not sensitive enough and lack the temporal resolution
required for this purpose,

To accomplish these goals, we developed Sensor Able to detect Lateral Signaling Activity
(SALSA), a genetically-encoded biosensor that allows for ratiometric quantitation of nuclear
Red:Green fluorescence as a measure of Notch signaling activity. We demonstrate the
efficacy and fidelity of SALSA in four different cell fate paradigms using both C. elegans
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Results

Design

Notch proteins, LIN-12 and GLP-1. By combining SALSA with time-lapse imaging to
quantify LIN-12 signaling during the AC/VU decision, we provide evidence in strong
support of the recent model for how stochastic events become determinative to ensure a
reproducible and robust outcome. Our success in multiple C. elegans paradigms suggests
that this approach will be generally useful for studies of Notch signaling in other systems.
We also discuss potential adaptations based on SALSA to increase the options for
customized “SynNotch” applications.

The intracellular domain of Notch is essentially a membrane-tethered transcriptional
coactivator. Ligand-binding leads to sequential proteolytic cleavages to release the
intracellular domain from its tether; the first, mediated by an ADAM protease, leads

to ectodomain shedding and the second, mediated by -y-secretase, occurs within the
transmembrane domain. The intracellular domain then translocates to the nucleus and
becomes part of a transcriptional activation complex (reviewed in Falo-Sanjuan and Bray,
2020; Greenwald and Kovall, 2013; Henrique and Schweisguth, 2019; Figure 1A). This
simple, direct mechanism was the starting point for the development of SALSA (Figure 1B).

Established assays for quantifying Notch activity.—Most measurements of Notch
activity have relied on transcriptional outputs. For native Notch, these outputs may be
natural target gene products or transcriptional reporters incorporating single or multimerized
consensus binding sites for the Notch nuclear complex (Hansson et al., 2006; Souilhol et
al., 2006; reviewed in Zacharioudaki and Bray, 2014). If the intracellular domain of Notch
is instead tagged with, or replaced by, a heterologous transcription factor such as yeast
Gal4, nuclear access is revealed by a transcriptional reporter for the heterologous factor
(reviewed in Housden et al., 2014; Lecourtois and Schweisguth, 1998; Struhl and Adachi,
1998). However, transcription-based reporters have limitations for the temporal resolution
of signaling onset and cessation. Limitations to the on-rate include a lag for visualizing

the onset and changes in signal transduction due to the time it takes for sufficient protein
encoded by the reporter gene to be transcribed and translated, and in the case of fluorescent
proteins used for live imaging, to mature (Bothma et al., 2018); a potential limitation to the
off-rate is perdurance of the reporter proteins. In addition, the expression of natural target
genes or transgene reporters may be influenced by other inputs from their cellular and/or
genomic context.

Available assays based on cleavage and release of the intracellular domain per se do

not have these limitations, but have others. In cell culture, luciferase complementation
imaging measures Notch nuclear complex formation by fusing the amino terminal fragment
of luciferase to the intracellular domain of Notch and the carboxy terminal fragment

of luciferase to the CSL protein of the Notch nuclear complex, reconstituting luciferase
activity when the complex forms (Ilagan et al., 2011). However, this method is limited

by the amount and stability of the nuclear complex, and in C. elegans, the ability for the
substrate to penetrate the cuticle of intact worms (Sfarcic et al., 2019). These limitations
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may be considerable for live imaging in vivo over time because developmentally meaningful
signaling is effective at low levels and the Notch intracellular domain is rapidly degraded

in the nucleus. Similar limitations also apply to measurements of the nuclear level of

the intracellular domain directly tagged with fluorescent proteins. The low native level of
cleavage product is particularly problematic for time-lapse imaging in C. elegans, as the
level of blue-light illumination required for imaging weak signals from GFP-tagged proteins
is damaging to animal development (Edwards et al., 2008; Ward et al., 2008).

The low level and instability of the natural cleavage product has been circumvented by
replacing the intracellular domain with Cre recombinase and looking for excision of a lox-
stop-lox cassette from a target, which permanently marks lineages in which Notch signaling
has occurred, and has therefore been valuable for identifying lineages in which Notch has
been active (Liu et al., 2015; Vooijs et al., 2007). However, this method is not suitable for
quantifying signal transduction in a cell over time, and an earlier event in a lineage would
mask a later, independent one.

GPCR and ERK biosensor antecedents.—In designing our ideal Notch biosensor,
which would include an amplification step while eschewing a transcriptional readout, we
were inspired by features of two other biosensors. One is the “Tango” assay (Barnea et al.,
2008; Inagaki et al., 2012; Katow et al., 2019), in which ligand-dependent recruitment of

an arrestin:: Tobacco Etch Virus protease (TEVp; Kapust et al., 2002) fusion protein releases
a transcription factor fused to a second receptor through cleavage of an intervening TEV
recognition site (Tcut); the released transcription factor activates expression of a target gene
reporter. The other is the ERK-KTR (kinase translocation reporter), which converts ERK
activity into a change in nucleocytoplasmic localization of KTR::Clover (Regot et al., 2014);
when expressed as a bicistronic transcript with a nuclear-tethered red fluorescent protein,
ERK activity may be quantified as a Red:Green ratio of nuclear fluorescence, an advantage
when cells are small, closely packed together, and change in size, shape, or form syncytia
during development, as in C. elegans (de la Cova et al., 2017).

Design of SALSA.—SALSA is a bipartite system, consisting of a “switch” and a
“reporter” (Figure 1B). For the switch, we used CRISPR/Cas9 to create endogenously-
tagged alleles for both C. elegans Notch homologs, LIN-12 and GLP-1, that encode TEVp
fused to the carboxy terminus of the intracellular domain (STAR Methods). Homozygotes
for the switch alleles for /in-12(ar640) [LIN-12::TEVp] and glp-1(ar648) [GLP-1::TEVp]
are viable, fertile, and phenotypically indistinguishable from wild type, indicating that the
tagged proteins are fully functional (STAR Methods). When GFP is added to endogenous
LIN-12 at the same position, the animals also appear phenotypically wild-type, and
LIN-12::GFP is observed primarily at the cell surface as expected, indicating that trafficking
is not compromised (Attner et al., 2019; Chan, 2020); GFP and other tags placed at or

near the carboxy terminus of GLP-1 also appear functional and permit proper trafficking
(Sorensen et al., 2020). The use of endogenous /in-12and glp-1 allowed us to measure the
level of signaling during cell fate decisions with potential regulatory mechanisms intact,
including rapid turnover of the untethered intracellular domain:: TEVp fusion by regulators
such as the E3 ubiquitin ligase SEL-10/Fbxw?7 (de la Cova and Greenwald, 2012; Deng and
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Greenwald, 2016; Hubbard et al., 1997), which should also lead to degradation of the TEVp
moiety. Alternate transgenic switch designs and applications are described in the Discussion.

The reporter is a substrate for TEVp: GFP coupled to an RFP::H2B (here, usually mScarlet),
separated by a linker containing the recognition site for TEVp (GFP::Tcut::RFP::H2B)
(STAR Methods). The cleavage state of the reporter will reflect the subcellular localization
of TEVp: when Notch is inactive, TEVp is tethered to the membrane and GFP remains
attached to RFP::H2B in the nucleus; when Notch is activated, TEVp enters the nucleus

and cleaves the reporter, allowing GFP to diffuse out of the nucleus. Thus, Notch

signaling activity can be quantified as a “Red:Green” ratio of RFP (“Red”):GFP (“Green”)
fluorescence in the nucleus, (using RFP as the nuclear segmentation marker, Figure 1B; for
other ratios that can be used, see Figure S3). This cleavable reporter was able to distinguish
cells with active Notch signal transduction from cells with inactive Notch signal transduction
in live worms, and allowed for the cumulative increase in signal transduction to be observed
over time during the AC/VU decision.

We note that we did not observe fluorescence resonance energy transfer (FRET) or
photoconversion of mScarlet using this reporter design, and that addition of nuclear export
signal (NES) sequences to the GFP proved to be problematic to the cells of interest (see
STAR Methods). We also note that we expressed the cleavable reporter tissue-specifically
to simplify image collection and cell identification (de la Cova et al., 2017), although
tissue-specific expression is not required to implement SALSA.

Testing SALSA in signaling paradigms with stereotyped patterns of Notch activity: Vulval
Precursor Cells, the M lineage, and the germ line

We tested the fidelity of SALSA as a readout for Notch signaling activity in different
signaling paradigms for which extensive prior genetic studies coupled with target gene
transcriptional outputs give confidence about the expected patterns of Notch activity and
inactivity at the level of individual cells. In all cases, SALSA faithfully reported activity
based on the expectations. Each paradigm offered the opportunity to gain additional insights
into the performance of SALSA.

VPCs: measurements with signaling manipulation.—Three VPCs, named P5.p,
P6.p, and P7.p, give rise to the vulva (Sulston and Horvitz, 1977). They are initially
multipotent, and are patterned in the L3 stage: in wild-type hermaphrodites, the central VPC,
P6.p, always adopts the “1°” vulval fate, and the flanking VPCs, P5.p and P7.p, always
adopt the “2°” fate (Gauthier and Rocheleau, 2017; Shin and Reiner, 2018; Sternberg,
2005). This fate pattern results when an EGF-like signal from the AC activates EGFR and a
canonical Ras cascade in P6.p, inducing it to adopt the 1° fate, downregulate LIN-12 protein
levels, and produce the “lateral signal” composed of ligands for LIN-12/Notch (Figure

2A). These ligands activate LIN-12/Notch in P5.p and P7.p, causing them to adopt the 2°
vulval fate. In the L3 stage, several LIN-12 target transcriptional reporters are expressed
specifically in, or upregulated in, P5.p and P7.p and their descendants, with expression
depending on cis-acting binding sites for the LIN-12 nuclear complex (Berset et al., 2001;
Luo et al., 2020; Yoo et al., 2004; Yoo and Greenwald, 2005).
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We drove expression of the GFP::Tcut::mScarlet::H2B cleavable reporter in VPCs and their
descendants (STAR Methods). If SALSA faithfully reports LIN-12 signaling activity, we
would expect a high nuclear Red:Green fluorescence ratio in P5.p and P7.p compared to
P6.p in the presence of the LIN-12::TEVp switch, and a uniformly low nuclear Red:Green
ratio in P5.p, P6.p and P7.p in the absence of the LIN-12::TEVp switch (reporter-only
control). These expectations were met (Figure 2B). As a further test of SALSA fidelity, we
removed the lateral signal. To do so, we genetically blocked the AC from forming [using
hih-2(ar614); see STAR Methods], thereby removing the source of the EGF-like signal that
causes P6.p to express the ligands that normally activate LIN-12 in P5.p and P7.p. If SALSA
faithfully reports LIN-12 signaling activity, we would expect that, in the absence of an AC,
these three VPCs would have uniformly low nuclear Red:Green ratios even in the presence
of the LIN-12::TEVp switch, similar to when the switch is absent. Indeed, we found this

to be the case (Figure 2B). Finally, we found that removing the SEL-10 E3 ubiquitin ligase
that targets the intracellular domain of LIN-12 for degradation in VPCs increases the nuclear
Red:Green ratio, in accordance with expectations (Figure S1).

M lineage: different ratiometric measurements of signal transduction.—The
postembryonic mesoblast M generates dorsally-located and ventrally-located descendants
that adopt distinct fates based on signals they receive. LIN-12/Notch is necessary to
specify ventral cell fates; the relevant signaling begins at the 4-M stage (granddaughters

of M), when ligand begins to be expressed by cells adjacent to only the ventral M

lineage cells (Foehr and Liu, 2008) (Figure 3A). LIN-12::GFP is expressed at similar
levels in the dorsal and ventral cells of the M lineage at the 4-M to 8-M stages (Foehr

and Liu, 2008). We evaluated the performance of SALSA in individual worms carrying

the LIN-12::TEVp switch and a transgene that expresses the GFP::Tcut::mScarlet::H2B
cleavable reporter in M and all of its descendants (STAR Methods). If SALSA faithfully
reports LIN-12 signaling activity, we would expect a higher nuclear Red:Green fluorescence
ratio in ventral descendants, where M lineage cells are juxtaposed to ligand, than in dorsal
descendants, where cells are not exposed to ligand. These expectations were met, as shown
in quantification of nuclear Red:Green at the 8-M stage (Figure 3B-D) and in time-lapse
movies that show the onset of signaling in ventral cells in the 4-M stage (Figure S2).

The relatively wide spacing between cells at the 8-M stage also allowed us to compare
alternate methods for quantifying signal transduction. Of particular note, we were able to
use a “cytoring” (Regot et al., 2014) to determine that similar results are obtained using
the Cytoplasmic:Nuclear (C:N) fluorescence ratio, which may be advantageous in certain
contexts, particularly in other systems where cells are larger or spaced further apart than is
generally true in C. elegans (see Discussion and Figure S3 legend).

Germ line: GLP-1/Notch SALSA.—The C. elegans gonad has two arms that extend
outwards from the centrally-located uterus. Ligands produced by the somatic distal tip

cell (DTC) at the end of each gonad arm activate GLP-1/Notch in nearby Germline Stem
Cells (GSCs) to inhibit entry into meiosis (reviewed in Hubbard and Schedl, 2019). As the
proliferating GSCs are displaced proximally out of the GSC niche, they undergo a transition
to meiosis. Genetic analysis established that g/p-1 activity is necessary and sufficient to
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sustain the GSC fate (Austin and Kimble, 1987; Berry et al., 1997; Priess et al., 1987). In L4
hermaphrodites (Figure 4A), activation of GLP-1 peaks in a zone that extends approximately
5 cell diameters from the DTCs, where there is maximal contact with DTC processes, based
on the visualization of the nuclearly-localized intracellular domain of GLP-1 (Gutnik et al.,
2018) and /n situ hybridization or antibody staining for targets of GLP-1 in the germ line
(Chen et al., 2020; Kershner et al., 2014; Lee et al., 2016). Transcripts for a direct target

of GLP-1 are detected up to ~8-10 cell diameters from the distal end (Chen et al., 2020;
Kershner et al., 2014; Lee et al., 2019; Lee et al., 2016), and GLP-1 is expressed throughout
(and beyond) the progenitor zone (Crittenden et al., 1994), which ends ~21 cell diameters
from the distal end.

We expressed the GFP::Tcut::mCherry::H2B cleavable reporter in all germline cells (STAR
Methods), and visualized and quantified fluorescence in L4 hermaphrodites. If SALSA
accurately reports GLP-1 activity, we would expect to see visibly reddened germline nuclei
at least 5 cell diameters from the distal end of the gonad arm and a low nuclear Red:Green
ratio from uncleaved reporter more proximally in the presence of the GLP-1::TEVp switch,
and a uniformly low nuclear Red:Green ratio in the absence of the GLP-1::TEVp switch.
The appearance of the germ line (Figure 4B) and our quantitative analysis (Figure 4C)
conformed to this expectation. In particular, when we quantified the nuclear Red:Green ratio
at0, 5, 10, and 15 cell diameters from the distal end, we found that in the presence of the
GLP-1::TEVp switch, the nuclear Red:Green ratio was high at 0 and 5 diameters and low at
10 and 15 cell diameters (Figure 4C), approaching the level of the no-switch control. These
results are consistent with expectations based on the evidence for maximal activity extending
five cell diameters and the absence of activity beyond the GSC zone.

Because the distance from the DTC in cell diameters represents a temporal progression in
which GLP-1 signaling activity decreases as cells are displaced from contact with the DTC,
the germ line data also suggest that the “off-rate” of SALSA is relatively responsive to the
cessation of GLP-1 activation: there is a low nuclear Red:Green ratio past the GSC region,
where GLP-1 target genes appear not to be actively transcribed (Lee et al., 2016; Lee et al.,
2019).

Testing SALSA in the AC/VU decision

The LIN-12/Notch-mediated AC/VVU decision is a canonical example of lateral specification
(reviewed in Greenwald, 2012). The a cells descend from the two somatic gonad precursor
cells present at hatching, Z1 and Z4 (Figure 5A). Each a cell is born with the potential to
be the sole Anchor Cell (AC), a terminally differentiated cell that organizes development

of the uterus and vulva, or a Ventral Uterine precursor cell (aVVU), which generates uterine
structural cells. In any individual, one a cell becomes the AC and the other becomes the
aVU. However, the outcome is stochastic: 50% of the time the a cell descended from Z1
becomes the AC, and the other 50% of the time the a cell descended from Z4 becomes the
AC. This decision is precise and robust because the two a cells interact with each other via
LIN-12 and its ligand LAG-2 to resolve which will be the AC and which will be the aVU.

lin-12acts as a classic “switch gene” in mediating the AC/VU decision (Greenwald et al.,
1983). Both a cells initially express LIN-12 and LAG-2; genetic and expression studies
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suggested that a stochastic initial difference in /in-12 activity between the two uncommitted
a cells becomes amplified by feedback mechanisms, ensuring that the a cell with higher
lin-12activity continues to express /in-12, ceases to express /ag-2, and becomes the aVU
while the other a cell ceases to express /in-12, continues to express /ag-2, and becomes
the AC (reviewed in Greenwald, 2012; Figure 5B). When the cells have committed to their
fates, the AC expresses only LAG-2 and the aVVU expresses only LIN-12. Several readouts
of LIN-12 activity are seen in the committed a VU and not in the AC in the early L3 stage:
(i) nuclear GFP produced after cleavage of endogenous LIN-12::GFP (Attner et al., 2019),
(ii) the transcriptional reporter arls107[mir-61p..2xnls.:yfp] (Yoo and Greenwald, 2005),
and (iii) positive autoregulation of endogenous /ag-1.:gfp, the CSL protein in C. elegans
(Luo et al., 2020). Transcriptional reporters containing multimerized CSL binding sites are
not expressed in the somatic gonad (or VPCs) (e.g. Li, 2011) so cannot be used to follow
LIN-12 activation.

We tested whether the readout of SALSA conforms to expectations by examining the
specified AC and a'VU in the L3 stage (Figure 5B). To implement SALSA in the somatic
gonad, we used a variation on “/ox-stop-lox” called Flexon (Shaffer and Greenwald, 2022)
to express GFP::Tcut::mScarlet::H2B strongly, specifically, and constitutively in all somatic
gonadal cells (Figure 5C) under the control of a ribosomal protein gene promoter (rps-27p),
thereby avoiding transcriptional regulatory mechanisms that operate in the AC/VU decision
(Wilkinson et al., 1994). One transgene, ar7i237, drives expression of Cre recombinase
specifically in the somatic gonad precursor cells Z1 and Z4; the other, ar7i355, contains a
flexon stop cassette that prevents expression of the GFP::Tcut::mScarlet::H2B cleavable
reporter from sps-27p unless Cre-mediated excision of the flexon occurs (Figure 5C;

STAR Methods). Excision is very efficient in Z1 and Z4, the great-grandparents of the

a cells, (Shaffer and Greenwald, 2022), so the cleavable reporter is strongly and uniformly
expressed in both a cells in all animals. Hereafter, we refer to the combination of these two
transgenes as the “somatic gonad cleavable reporter.”

When we quantified the somatic gonad cleavable reporter in the AC and a VU, we observed
a significantly higher nuclear Red:Green ratio in the aVVU than in the AC in the presence of
the LIN-12::TEVp switch (Figure 5D), and a similar, low nuclear Red:Green ratio in both
the AC and aVVU in the cleavable reporter-only control (Figure 5E), indicating that SALSA
is an accurate reporter of /in-12activity in this context.

SALSA illuminates the relationship between birth-time interval and relative birth order at
the outset of the AC/VU decision

High-throughput lineage analysis identified two inter-related stochastic events that precede
the AC/VU decision and predict its outcome (Attner et al., 2019). The first stochastic
element is the relative birth order of the a cells: one of the a cells is usually born before

the other, so there is a “first-born” a cell and a “second-born” a cell. When the birth-time
interval between the a cells is “long”, there is a birth-order bias such that the first-born a
cell always becomes the VU. When the birth-time interval between the a cells is “short,” the
decision is random with respect to relative birth order; instead, the first parent of an a cell
(Z1.pp or Z4.aa) that expresses the transcription factor HLH-2 gives rise to the a cell that
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becomes the VU. These two elements are inter-related because the relative order and timing
of the first division of the precursors Z1 and Z4 are largely maintained throughout their
lineages, so one parent is often born before the other; and the onset of HLH-2 expression
begins within a narrow window after the birth of a parent cell, so if the birth-time interval

is long, the first parent born will also express HLH-2 before the other parent does. However,
when birth-time intervals are short, which parent expresses HLH-2 first is stochastic. A
potential deterministic mechanism for the HLH-2 expression bias was suggested by the
finding that HLH-2 is required for LIN-12 expression in the a cells. Thus, the recent model
proposed that earlier expression of HLH-2 in a parent cell might give its a daughter an
“edge” in LIN-12 activation, by promoting earlier /in-12 transcription directly or indirectly,
and therefore biasing it to be the a VU (Attner et al., 2019).

This model makes several predictions for the relationship between birth-time interval,
relative birth-order, and LIN-12 activity (Figure 6A). These predictions could not be tested
using LIN-12 target genes or nuclear localization of the intracellular domain because they
are not visible early in the AC/VU decision, when the a cells are being influenced by
stochastic events. The evidence described above suggests that SALSA is a faithful reporter
of LIN-12 activity; in testing the predictions of the model, we would also be testing whether
SALSA can perform as a rapid-response biosensor and reveal differences in signaling over
time. We collected time-lapse spinning disk confocal videos of 58 worms with both the
somatic gonad cleavable reporter and LIN-12::TEVp switch corresponding to 33 long and
25 short birth-time intervals (Figure S4 shows ten representative videos), and 16 individuals
with only the somatic gonad cleavable reporter as a negative control. Under the imaging
conditions used here and in Attner et al. (2019), a long birth-time interval corresponds to
>45 minutes and a short birth-time interval, to <45 minutes (STAR Methods). By analyzing
the level of LIN-12 activity in the a cells as a function of birth-time interval, and changes
over time, we found evidence consistent with the recent model.

a cells do not differ in their initial level of LIN-12 activity.—Although endogenous
LIN-12::GFP expression has not been detected in the parents of the a cells, endogenous
GFP::HLH-2 and LAG-2::GFP have been observed (Attner et al., 2019). If there is a

low level of LIN-12 activity in the parent cells, the first-born a cell may be born with

an already-apparent advantage in LIN-12 activity. However, by quantifying the nuclear
Red:Green between the first-and second-born a cells immediately after the birth of each
cell, we ascertained that there is no significant difference in initial /in-12 activity between
the a cells regardless of birth-time interval, indicating that the birth-order bias for long
birth-time intervals is not due to an inherent LIN-12 activity advantage in the first-born a
cell at birth (Figure 6B). In addition, the parent cells do not appear to experience significant
LIN-12 signaling (Figure S5), suggesting that differences in LIN-12 activity arise following
the birth of the a cells.

When the birth-time interval is long, the first-born a cell gains a relative
advantage in LIN-12 activity.—A fundamental prediction of the model is that for long
birth-time intervals, the first-born a cell would experience significant LIN-12 signaling
before the second-born a cell, and sustain an advantage over time, accounting for the
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“edge.” LAG-2 is detectable in the parents as well as in the a cells and their sisters, the B
cells, when they are born (Attner et al., 2019). It is therefore conceivable that LIN-12 may be
activated in the first-born a cell by ligand from its sister g cell and/or the undivided parent
of the other a cell; alternatively, productive signaling may only occur between the two a
cells and hence begins only after both have been born. In the former case, a long birth-time
interval would give the first-born a cell a head-start in accumulating active LIN-12, a
potential explanation for its bias towards VU fate. We quantified the level of LIN-12 activity
in the first- and second-born a cells at the timepoint immediately following the birth of

the second a cell (Figure 6C). This analysis revealed that the first-born a cell already has
developed a significantly greater level of LIN-12 activity than the second-born a cell has

at its birth when the birth-time interval is long, but not when the birth-time interval is short
(Figure 6D).

When the birth-time interval is short, the relative birth order does not predict
which a cell will gain a relative advantage in lin-12 activity.—At short birth-time
intervals, the a cell that adopts the VU fate is random with respect to birth order (Attner

et al., 2019); we therefore tested whether the LIN-12 activity advantage is random as well
(Figure 6E). We identified twelve animals with “short” birth-time intervals for which we
could determine the relative birth order and observe the development of a clear difference
in nuclear Red:Green ratio during the time period covered by the video (see STAR Methods
for full details). The first-born a cell had a clear activity advantage in 6/12 cases and the
second-born a cell had the advantage in the remaining 6/12 cases, demonstrating that when
the birth-time interval is short, which a cell gains a LIN-12 activity advantage over the other
is random with respect to birth order, as predicted by the model.

Discussion

SALSA as a tool for studying Notch signaling in vivo

We developed SALSA as a biosensor for live readouts of Notch activity and tested its
efficacy in C. elegans for two different Notch proteins and in four different cell fate
specification paradigms. In all cases, SALSA gave the anticipated readouts for Notch
activity based on extensive prior genetic analysis and reporter gene studies. Our validation of
SALSA in multiple paradigms provides optimism that it may be applied more generally to
other systems.

We also successfully used SALSA for quantitative longitudinal imaging to test a recent
model (Attner et al., 2019) for a simple lateral specification paradigm, the decision of two
bipotential a cells between AC and VU precursor cell fates. In each individual worm, one
a cell becomes the AC and the other becomes the aVU; however, each a cell has a 50%
chance of being the AC. During the AC/VU decision, two stochastic elements are resolved
into a deterministic mechanism: (1) the relative birth order, which reflects the timing of the
division of the precursor three cell generations earlier, and (2) the onset of expression of
the transcription factor HLH-2 in the parents of the a cells, which is linked to their birth.
The model proposes that earlier HLH-2 expression in the parent cell gives its a daughter a
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head start toward the onset of LIN-12 activation by ligand from neighboring cells so that it is
biased to be the a VU (Attner et al., 2019).

Using SALSA, we corroborated three key predictions of the model. First, LIN-12 activity
was not detected in the parent cells, and the first-born and second-born a cells had
comparable levels of LIN-12 activity at their births, affirming that relevant LIN-12 activity
occurs from signal transduction within the bipotential a cells themselves. Second, when the
interval between the birth of the a cells was long, the first-born a cell gained a distinct
advantage in LIN-12 activity before the second-born a cell was born and sustained that
advantage over time. Third, when the interval between the birth of the a cells was short, the
a cell that developed the LIN-12 activity advantage was random with respect to birth order.
The success of SALSA in the AC/VU decision paradigm suggests that it will allow Notch
responses to be studied as cell fate decisions progress in other lateral signaling paradigms.

Other potential applications of SALSA for studies of Notch signaling in vivo or ex vivo, and
for further customizing SynNotch responses

We suggest here other potential applications, and the modularity of switch and reporter
design (Figure 7) should allow others to be devised.

SALSA may be incorporated into cell-based assays or organoids ex vivo in
situations where its design features may offer advantages over other methods.

For noncanonical Notch signaling mechanisms, transcription of targets of

the canonical pathway are not useful reporters of signaling (Hunter and
Giniger, 2020). Thus, SALSA offers an approach to assessing noncanonical
Notch signaling mechanisms that involve cleavage, such as regulation of the
cytoskeleton by suppression of Abl activity in the growth cone that occurs
during axon guidance in Drosophila (Kannan et al., 2018). The switch or the
reporter design may be varied (Figure 7) to facilitate detection of activity if the
intracellular domain does not gain sufficient access to the nucleus during these
noncanonical signaling events.

SALSA may help identify as-yet unknown cell contexts where Notch is active,
independent of potential context-dependent effects on transcriptional reporters
of signaling activity. This potential application may be particularly valuable
for reporting activation of individual Notch paralogs when there is functional
redundancy, as has been seen in C. elegans and mammals (Krebs et al., 2000;
Lambie and Kimble, 1991; de la Pompa et al., 1997). It may also be valuable
when pleiotropic effects from Notch pathway mutants such as embryonic
lethality precludes easy assessment of the contribution of Notch signaling to
later developmental events or by lineage-marking strategies.

”SynNotch” proteins incorporate the force-sensing negative regulatory region of
Notch into chimeric receptors that contain a heterologous recognition domain

in the ectodomain and a heterologous transcription factor as the intracellular
domain. This arrangement allows for the creation of a customized signal-
response system in which a ligand causes cleavage and release of a tethered
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transcription factor (Ho and Morsut, 2021; Morsut et al., 2016), and its practical
applications include anti-cancer therapy by engineered chimeric antigen receptor
T cells (Cho et al., 2018; Choe et al., 2021; Hyrenius-Wittsten et al., 2021;
Roybal et al., 2016; Srivastava et al., 2019). We envisage that a SynNotch
modeled on our Notch:: TEVp switch, combined with different reporters modeled
on our nuclear-tethered GFP (Figure 7), could be used to expand the range

of “SynNotch”-type applications in artificial circuits to processes other than
transcription. For example, ligand-mediated release and translocation of TEVp to
the nucleus could release a nuclear-tethered protein to function in the cytosol, or
convert a nucleartethered pro-protein into an active protein via cleavage of a Tcut
site. This type of activation would allow for immediate, amplified production of
active protein without the caveats of a transcriptional activation step.

Limitations of SALSA

Our analysis suggests that SALSA is sensitive to the onset of signal transduction, and the
increase in the nuclear Red:Green ratio over time as the a cells interact via LIN-12/Notch
suggests that it is a good proxy for the cumulative level of signaling they experience,
fulfilling our aims for studying how stochastic differences affect signaling in the initial
stages of the AC/VU decision. However, for some quantitative applications, it may be
valuable to characterize a dose-response relationship by systematically varying the ligand
concentration; it may also be valuable to characterize how rapidly the nuclear Red:Green
ratio (or Cytoplasmic:Nuclear Green ratio) returns to baseline after ligand is initially present
but then withdrawn. These tests were not feasible in our analysis, as we relied on natural
ligand expression, and could only perform a simple presence-or-absence ligand comparison
(as we did in the M lineage and VVPCs). The correlation of activity based on GLP-1/Notch
SALSA in the germ line with known target gene expression patterns suggests that SALSA
will perform well in such tests, since the distance from the DTC represents a temporal
progression from a region of high signaling to a region of low signaling, a gradient which
has been proposed to be determined in part by decreasing levels of interaction with ligand
expressed by the DTC as cells moves proximally (Lee et al., 2016).

The question about the “off rate” is pertinent to the potential suitability of SALSA for
studying modulation of properties such as frequency, amplitude and duration of signal
transduction, which have been demonstrated to cause different outcomes for some signaling
pathways (Albeck et al., 2013; Atay and Skotheim, 2017; Johnson and Toettcher, 2019;
Purvis and Lahav, 2013; Ryu et al., 2015). For Notch, little is known about whether such
properties are modulated during signaling. The main evidence to date for such modulation
comes from a study of responses to different mouse ligands ex vivo (Nandagopal et al.,
2018). This study reported that a ligand with low affinity for Notch causes pulsatile cleavage
and a ligand with high affinity causes more sustained cleavage, correlated with expression
of different Notch target genes. However, the study did not exclude the possibility that

the relevant parameter is the absolute level of signaling and not the dynamics; indeed,

it has been proposed that the different transcriptional profiles may instead be explained

by feedback circuits elicited by different levels of signal transduction (Henrique and
Schweisguth, 2019). Such robust feedback mechanisms are characteristic of diverse Notch-
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mediated cell fate decisions in vivo, such as the generation of spaced bristle patterns in
Drosophila (Corson et al., 2017; Couturier et al., 2019; Heitzler et al., 1996), reiterated
somite formation in vertebrates (Diaz-Cuadros et al., 2021; Hubaud and Pourquié, 2014;
Hubaud et al., 2017), and the AC/VU decision (Greenwald, 2012). Furthermore, there is also
evidence in Drosophila that in individual cells, the cumulative amount of Notch activation is
what governs expression of a key target gene during development (Falo-Sanjuan et al., 2019;
Viswanathan et al., 2019), consistent with the view of LIN-12/Notch activity as a binary
switch driven by feedback amplification of stochastic initial differences during the AC/VU
decision and the measurements of signal transduction described here.

As with any biosensor system, an intrinsic limitation of SALSA is the requirement to
optimize the levels of expression as well as other properties of the interacting components
to detect biologically meaningful responses /n vivo. We used Notch:: TEVp knock-in
alleles to achieve physiological levels of expression and activity of the switch, and single-
copy insertion transgenes driving uniform expression of cleavable reporters at levels we
could easily visualize and quantify. Our characterization indicated that these conditions
were appropriate for our experimental goals. However, for implementing SALSA in

other experimental systems, some of these details may need to be varied, and for some
applications, it may also be necessary to assess the performance of SALSA further; for
example, if genetic backgrounds that are known to sensitize for perturbations in Notch
activity are going to be used for the study, then it may be necessary to test if the tagged
alleles behave like wild-type alleles in the relevant backgrounds.

For analysis, we used the nuclear Red:Green ratio to quantify activity, and as described
herein, our analysis suggests it was accurate for our applications. However, a ratiometric
measurement using a “cytoring” to calculate a Green Cytoplasmic:Nuclear (C:N)
fluorescence ratio (Regot et al., 2014) of free GFP after reporter cleavage may be more
accurate or more sensitive if the two fluorescent proteins have different half-lives or
photobleaching rates, although the cells must be large and spaced enough to allow for good
segmentation. Both the nuclear Red:Green and Green C:N ratiometric measurements have
the virtue that they internally control for differences in expression level of the reporter in
different cells.

Finally, we note that modifications to the cleavable reporter, such as adding a degron to

one of the fluorescent proteins or changing the nuclear localization signal in the cleavable
reporter from a histone to an NLS, may alter the sensitivity or resolution of the system.
Moreover, a cleavable reporter may be engineered to make measurements based on relieving
FRET instead of a change in nucleocytoplasmic localization. The modular nature of SALSA
and the large number of modifiable parameters offer many potential ways to optimize it for
other systems and purposes.

STAR Methods
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should be
directed to and will be fulfilled by the Lead Contact, Iva Greenwald (isg4@columbia.edu).
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Materials Availability—All materials are available upon request.

Data and code availability—All data reported in this paper will be shared by the lead
contact upon request.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available
from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

C. elegans alleles and transgenes—<C. elegans strains were maintained at 20°C on 6
cm NGM plates seeded with E. coli OP-50. See the Key Resources Table for full list of
strains. All experiments were performed at 25°C to maximize fluorescent reporter intensity.

Details of the generation of all alleles are outlined in the Method Details section. The alleles
lin-12(ar640) and glp-1(ar648), which encode for the LIN-12::TEVp and GLP-1::TEVp
switches, respectively, were generated using CRISPR/Cas9 to tag the endogenous loci at the
C terminus with TEV protease.

The transgenes ar7i355, arTi351, arTi359, and ar7i356 were made using miniMos
transposons (Frgkjaer-Jensen et al., 2014) to generate single copy genomic insertions,
described in Method Details.

arTi237[ckb-3p::Cre(opti)] is a miniMos-based transgene, made as described in (Tenen and
Greenwald, 2019) and found in strain GS8795, that expresses Cre recombinase optimized
for use in C. elegans (Ruijtenberg and van den Heuvel, 2015) in the developing somatic
gonad. The ckb-3p sequence drives expression in Z1 and Z4 beginning in the embryo
(Kroetz and Zarkower, 2015) and results in highly efficient excision of the flexon cassette of
the SALSA reporter arTi355[rps-27p::gfp(flexon).:tcut::mScarlet::h2b], resulting in strong,
tissue specific expression of the cleavable reporter in all somatic gonad cells. The Flexon
approach is described in Shaffer and Greenwald (2022).

hih-2(ar614), described in (Attner et al., 2019) contains a deletion of a regulatory element
that eliminates HLH-2 expression only in Z1.pp, Z4.aa, and their daughter cells. Because
hih-2 activity in these cells is necessary for an AC to be specified (Karp and Greenwald,
2003; 2004; Sallee and Greenwald, 2015), this mutant lacks an AC. Thus, P6.p is not
induced to express the lateral signal that activates LIN-12/Notch in P5.p and P7.p. Because
both the EGF-like and lateral signals are missing, the daughters of the VVPCs fuse to the
major hypodermal syncytium.

The strains GS9324, GS9399, and GS9317 were generated directly through injection and
transgenesis, as described in Method Details. The strains GS9215, GS9338, GS9854,
GS9339, GS9452, GS9447, GS9322, and GS9314 were generated through crosses and
checked for homozygosity by genotyping PCR.
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METHOD DETAILS

Generating Notch:: TEVp alleles—We used the self-excising cassette (SEC) method to
generate /in-12(ar640)[lin-12::tevp] (Dickinson et al., 2015). The repair template pJS106
was made in a two-step Gibson cloning process (Gibson et al., 2009; NEB Inc. E2621) in
which (1) an intermediate plasmid pJS87 was generated by replacing the GFP and tev cut
site sequences of a pBluescript based SEC vector pJC41 with a 2.1 kb 5* homology arm for
the /in-121ocus, and (2) the coding sequence for TEV protease (Barnea et al., 2008) and a
1.6 kb 3" homology arm for the /in-12locus were added.

To generate the /in-12(ar640) allele, we injected the repair template pJS106 (50 ng/ul), two
lin-12directed sgRNA and Cas9 expressing plasmids pJC54 and pJC55 (25ng/ul each),

and the co-injection markers pCFJ90 (7.5 ng/ul) and pGH8 (10 ng/pl) into the germline

of GS8949 hih-2(ar623)[gtp. teut::hlh-2] hermaphrodites. The injected hermaphrodites
were placed at 25°C, and treated with hygromycin after 3 days to select for integrants.
Progeny with a roller (Rol) phenotype were picked 7 days post-injection, and checked for
homozygosity. The SEC was then excised by heat shocking at 32° for 4 hours and picking
non-Rol progeny. The /in-12(ar640) allele was then isolated by standard crossing to generate
the strain GS9215.

To generate glp-1(ar648)[glp-1..tevp], we used a gpy-5co-CRISPR strategy (Kim et al.,
2014). The repair template pJS135 was made using Gibson cloning to insert fragments
containing a 676 bp 5° homology arm for the g/p-1 locus, the coding sequence for TEVp,
and a 661 bp 3’ homology arm for the g/p-1 locus into a pBlueScript (KS)+ vector
backbone. The sgRNA and Cas9 expressing plasmids pJS131 and pJS132 were generated
using Gibson cloning to replace the pha-1 targeting sequence in pJW1285 (Ward, 2015) with
sequences targeting the gip-1 locus.

To generate the glp-1(ar648[glp-1.:tevp]) allele, we injected the repair template plasmid
pJS135 (50 ng/pl), the glp-1 directed sgRNA and Cas9 expressing plasmids pJS131 and
pJS135 (25 ng/pl each), and a dpy-5 directed sgRNA and Cas9 expressing plasmid pDR91
(gift from Abhishek Bhattacharya) into N2 hermaphrodites. Injected animals were placed at
25°C. Dpy progeny were isolated 4 days post-injection and allowed to lay eggs for 1 day
prior to lysis and PCR to check that the sequence was inserted.

Phenotypic analysis of Notch::tevp alleles—/in-12(ar640) and glp-1(ar648)
hermaphrodites appear indistinguishable from wild-type hermaphrodites, in that we
observed no apparent defects in egg-laying or fecundity that might indicate compromised
Notch activity during the course of maintaining and working with strains containing
these alleles. Nevertheless, to support this inference, we examined GS9314 /in-12(ar640)
[lin-12::tevp]; somatic gonad cleavable reporterand GS9447 arSi85[mex-5p::reporter];
glp-1(ar648)[glp-1..tevp] hermaphrodites more closely.

To verify that GS9314 does not have defects associated with compromised /in-12function,
we examined hallmark cell fate decisions in gonadal and vulval development analyzed

in Figures 2, 5, and 6. We allowed 13 adult GS9314 hermaphrodites to lay eggs for 2
hours on one plate and then examined the progeny in mid-L4 for the number of ACs and
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Reporters

vulval morphology; all (100%) had 1 AC and wild-type vulval morphology (n=41). We also
examined late L4 for uterine-seam (utse) cell formation, which requires /in-12-mediated
cell fate decisions in VU descendants (Newman et al., 1995); all (100%) had proper

utse formation (n=25). Furthermore, we examined GS9314 hermaphrodites for egg-laying
defects, which, in addition to normal vulval and uterine development, requires proper /in-12
function during sex muscle differentiation (Foehr and Liu, 2008; Hale et al., 2014; Li et al.,
2013): we picked 50 GS9314 L4 larvae to individual plates and verified that all were able to
lay eggs normally.

To verify that g/lp-1(ar648) does not cause defects associated with compromised g/p-1
activity, we performed two assessments. Maternal g/p-1 is required early in embryogenesis;
glp-1(-) mutations cause embryonic lethality in the progeny (Austin and Kimble, 1987;
Priess et al., 1987). To test for embryonic viability, we examined progeny of ten GS9447
arSi85[mex-5p::reporter]; glp-1(ar648)[glp-1.:tevp] and nine N2 wild-type hermaphrodites:
we placed individual L4 larvae on separate plates, removed the hermaphrodites the next

day, and scored for dead eggs after allowing the progeny to hatch overnight. There were

five total dead eggs on ten plates total for GS9447 and four dead eggs on nine total

plates for N2, suggesting that g/p-1(ar648) function is wild-type during embryogenesis. In
addition, as hypomorphic mutations in g/p-1 can reduce brood size due to the combination
of embryonic lethality and reduced germline stem cell maintenance (Austin and Kimble,
1987), we counted total broods for three L4 larvae of GS9447 and N2, passing them every
day onto fresh plates, and counting the number of progeny on each plate about 24 hours after
passage. We found that GS9447 (n=244, 223, 195; average=220.7) and N2 (n=242, 236,
179; average=219.0) animals produced similar levels of progeny, and the number expected
for wild-type worms raised at 25° (Byerly et al., 1976), indicating that g/p-1(648) functioned
indistinguishably from g/p-1(+).

The cleavable reporters presented in this study use diffusion of GFP out of nucleus

after cleavage from a nuclear RFP::H2B tether by TEV protease as a readout for

LIN-12 activity. The GFP sequence is from pDD282 (Dickinson et al., 2015) and is
codon-optimized for C. elegans. The mScarlet sequence is also codon optimized for

C. elegans (wrmScarlet; EI Mouridi et al., 2017) with a synthetic intron added for
efficient expression; the H2B sequence is from //s-58. The reporters used in Figure

S1 and 4 use mCherry::H2B instead of mScarlet::H2B, but all other components

are identical. A 51 bp linker sequence between the GFP and RFP sequences
(GAGAATCTGTACTTTCAATCCGGAAAGGGAGGTGGATCCGGAGCCGGATCT)
encodes the 7 amino acid residue long TEV recognition site (ENLYFQS) and a 10 residue
long flexible linker sequence (GKGGGSGAGS). Under our imaging conditions, we did
not detect any FRET between the two fluorescent proteins in the cleavable reporter, or
photoconversion of mScarlet, as described below in Still imaging in the M lineage, VPCs,
germline, and somatic gonad.

We also tested cleavable reporters that added a nuclear export signal (NES) tag onto
GFP: NES sequences from HIV-1 Rev, human MAP2K2, C. elegans MEK-2, and human
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RANBP1 (Xu et al., 2012). All of the NES sequences facilitated the nuclear export of free
GFP in cells with reporter cleavage, but they all also caused uncleaved reporter to localize
to the cytoplasm, thus obscuring segmentation and reducing the overall dynamic range of
the system. The extent of ectopic cytoplasmic localization varied by cell type, so it remains
possible that an NES sequence may improve reporter performance in other tissues and
systems.

VPC cleavable reporters: The 5’ regulatory region for the VPC cleavable reporters
consist of the 5” and intronic sequences from /in-31, called /in-31p (Tan et al., 1998).
arTi351flin-31p::gfp: teut::mScarlet::h2b] was made using plasmid pJS119, and ar7i356
[lin-31p::gfo::tcut::mCherry.:h2b] was made using plasmid pJ128. Both plasmids were
cloned using Gibson assembly to insert the respective coding regions into pCC249, a
miniMos vector with the /in-31p regulatory sequence.

M lineage cleavable reporter: The 5’ regulatory region of the M lineage cleavable
reporter consists of sequences from the 5’ region of A/h-8, called hlh-8p (Harfe et al.,

1998). ar7i359[hih-8p::gfp..tcut::mScarlet::h2b] was made using pJS136, which was made
by restriction cloning with Agel-HF and BgA|l to insert gfp..tcut::mScarflet from pJS119 into
the miniMos vector pJS107 that contained A/h-8p and h2b. The transgene was generated in
the /in-12(ar640) background and fortuitously inserted at a site tightly linked to /in-12, and
was not separated for analysis on its own.

Somatic gonad cleavable reporter: ar7i355[rps-27p..gfp(flexon).:tcut::mScarlet:.h2b]
was made using plasmid pJS126, which was cloned using Gibson assembly to insert the
gene region into the blank miniMos vector pCFJ910. The flexon is flanked by /ox2272 sites
S0 as not to recombine with the /oxPsite present in the /in-12(ar640) switch which was
generated during the course of engineering that allele using the method (Dickinson et al.,
2015).

Standard protocols for isolating and mapping single copy insertions from miniMos vectors
were used to generate each of the above transgenes from their respective plasmids (Frgkjeer-
Jensen et al., 2014; wormbuilder.org). Young adult hermaphrodites were injected with a
solution containing the vector plasmid (10 ng/pul), the Mos transposase-containing plasmid
pCFJ601 (50 ng/ul), the heat shock-induced negative selection plasmid pMA122 (10ng/pl),
and the co-injection markers pGH8 (10 ng/ul) and pCFJ90 (2.5 ng/ul). After injection, plates
were placed at 25°. 250 pl of 25 mg/ml G418 was added to the plates 2-3 days after
injection, and then the plates were left to starve. About 7-10 days after injection, plates

that starved out and had lost co-injection marker expression were subjected to a 2 hour heat
shock at 34°, and then plates were chunked the next day onto plates containing G418. After
another day, individuals that appeared healthy were isolated; the transgene was mapped in
their progeny by inverse PCR and then homozygosed by genotyping PCR.

Germline cleavable reporter: The 5’ regulatory region for the germline
cleavable reporter contains 5’ sequences from mex-5, called mex-5p; the 3’
UTR from tbb-2was used for germline permissibility (Merritt et al., 2008).
arSi85[mex-5p..gip::tcut::mCherry.:h2b:tbb-2 3’ UTR] was generated using the SEC
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method to insert a single-copy transgene into a locus (#7i4348) that is permissive to
germline and early embryonic expression (Frekjeer-Jensen et al., 2012). The repair template
pJS134 was made using Gibson cloning to insert gfp::tcut::mCherry::h2b into the SEC
vector pCC357 (de la Cova et al., 2017), which contains homology arms for the #7i4348
locus and the sequences for mex-5pand tbb-2 3’ UTR. To generate arSi85, adult N2
hermaphrodites were injected with the repair template pJS134 (50ng/ul), the Cas9 and
1tTi4348 targeting sgRNA expressing plasmid pAP582 (50 ng/ul; Pani and Goldstein, 2018),
and the coinjection markers pGH8 (10 ng/ul) and pCFJ90 (2.5 ng/ul). The allele was isolated
following the protocol outlined above in the generation of /in-12(ar640).

Still imaging
Animals were imaged using a Zeiss AxioObserver Z1 inverted microscope with a 63X,
1.4ANA oil immersion objective and a spinning disk. A 488 nm, 100mW laser was used to
excite GFP and a 561 nm, 75 mW laser was used to excite the RFPs. Z-stacks of GFP and
RFP fluorescence were simultaneously captured with a dual-camera system.

When indicated, timed egg-lays were performed for developmental synchronization. Gravid
hermaphrodites were placed on a seeded plate and allowed to lay eggs for 1 hour before
removal, and progeny were allowed to grow until the desired developmental stage was
reached.

VPCs (Figure 2B, S1): For GS9338 /in-12(ar640)[lin-12::tevp], arTi351[lin-31::reporter]
and GS9324 arT7i351, larvae were incubated for approximately 30 hours after egglay prior
to imaging. Since GS9854 hlh-2(ar614), lin-12(ar640),; ar7Ti351 do not have vulvae and do
not lay eggs, animals were synchronized using a standard bleaching protocol (Stiernagle,
2006) to isolate embryos; hatched larvae were collected three hours after bleaching and
incubated prior to imaging for about 22 hours. For imaging, larvae for each genotype

were mounted onto a 3% agarose pad and immobilized with 10 mM levamisole. The
following parameters were used for imaging: 250 ms exposure in both channels, 400 EM
gain, 3% GFP 488 nm laser power, 25% 561 nm laser power, and 600 nm slice intervals.
The same egglay conditions, preparations, and imaging parameters were used for GS9339
arTi356(lin-31::reporter]; lin-12(ar640) and GS9452 arTi356, lin-12(ar640), sel-10(ar41).
GS9452 also contains transgenes for fluorescent somatic gonad markers that do not interfere
with segmentation or quantitation of the VPCs (Key Resource Table).

M lineage (Figure 3,S3): Approximately 17 hours after egg lay, GS9399
arTi359[hih-8p..reporter] lin-12(ar640)[lin-12::tevp] larvae were mounted onto a 3%
agarose pad and immobilized with 10 mM levamisole. The following parameters were used
for imaging: 250 ms exposure in both channels, 400 EM gain, 15% GFP 488 nm laser
power, 30% 561 nm laser power, and 600 nm slice intervals.

Germ line (Figure 4): L4 larvae from unsynchronized plates of either GS9447
arSi85[mex-5p.:reporter]; glp-1(ar648)[glp-1::tevp] or GS9317 arSi85were mounted onto
a 3% agarose pad and immobilized with 10 mM levamisole. The following parameters were
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used for imaging: 250 ms exposure in both channels, 400 EM gain, 4% GFP 488 nm laser
power, 25% 561 nm laser power, and 1 um slice intervals.

Specified AC and VU (Figure 5): GS9314 /in-12(ar640)[lin-12::tevp]; somatic gonad
cleavable reporter or control GS9322 somatic gonad cleavable reporterlarvae were picked
from unsynchronized plates, mounted onto a 3% agarose pad and immobilized with 10

mM levamisole. Late L2/early L3 larvae were selected for imaging based on gonad size

and morphology. The following imaging parameters were used: 150 ms exposure in both
channels, 400 EM gain, 4% GFP 488 nm laser power, 25% 561 nm laser power, and 600 nm
slice intervals.

To test for FRET activity, GS9322 somatic gonad cleavable reporter animals were imaged
using identical conditions to those outlined above, but with 0% 561 nm laser power; the
photomicrographs were then inspected for red fluorescence. The somatic gonad cleavable
reporter was used for assessing FRET because the Flexon system produces the brightest
reporter expression of all strains used; if there was FRET activity, it would be the most
evident with this reporter. However, there was no observable red fluorescent emission under
these imaging conditions.

To test for mScarlet photoconversion from red to green emission under simulated time-
lapse imaging conditions, GS9770 ar7i430[rps-27p..mScarlet(flexon)..h2b..unc-54 3’UTR],
arTi237[ckb-3p..cre(opti)] [gift of Jee Hun (Henry) Kim] were prepared for imaging as
described above and then illuminated with the 561 nm laser at 25% power for 10 minutes
prior to imaging with identical parameters to the what was used for time-lapse imaging. No
green spectrum fluorescence was observed after the extended illumination.

Time-Lapse Imaging

We note that the use of confocal imaging required keeping worms anesthetized, limiting
the length of the videos we could take of young larvae without introducing complications
from starvation or the inability to molt. The microfluidic device used previously for
high-throughput lineage analysis of the AC/VU decision is not compatible with confocal
microscopy (Keil et al., 2017; Attner et al., 2019). The possibility of microfluidic devices
compatible with confocal microscopy may allow for longer-term imaging of SALSA in C.
elegans (Berger et al., 2021). These constraints would not necessarily apply to other ex
vivo (e.g. Hung et al., 2017; Regot et al., 2014; Ryu et al., 2015) or in vivo (Johnson and
Toettcher, 2019; Pokrass et al., 2020; Simon et al., 2020) systems.

M lineage (Figure S3): GS9399 L1 larvae were picked from an asynchronous plate into
48 ul of 0.1% tricaine/0.01% tetramisole in M9 and incubated at room temperature for 30
minutes. Anesthetized larvae were then mounted into 0.01% tricaine/0.001% tetramisole in
M9 on a 4% agarose pad. Animals in the 2-M stage were selected for movies. Imaging was
performed using spinning disk microscopy, with the following parameters: 250 ms exposure
for both channels, 800 EM gain, 3% 488 nm laser power, 25% 561 nm laser power, and
600nm slice intervals. Z stacks for up to 6 larvae per pad were taken at 15 minute intervals
for 25 timepoints, which does not compromise larval development.
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Somatic Gonad (Figure 6, S4): GS9314 and GS9322 animals were synchronized with
egg lays in which 15 gravid hermaphrodites were allowed to lay eggs on a plate for 1 hour
followed by removal of the adults. The plate was then incubated at 25°C for 21-21.5 hours
to begin imaging in mid L1. Larvae were mounted and anesthetized using the same protocol
as outlined for the M lineage movies. Larvae were selected for imaging by the extent of
gonad progression (undivided Z1.pp and/or Z4.aa).

Imaging was performed using spinning disk confocal microscope setup described above, to
produce images allowing for accurate ratiometric quantification. The larvae are viable for
approximately 6 hours under these conditions, allowing for capture of the birth-time interval
and birth order, but not the final cell fate, which was inferred based on earlier studies (Attner
etal., 2019). Imaging parameters were the same as for the M lineage movies, except with
150 ms exposure for both fluorescent channels.

Image quantification

Images for the M lineage (Figure 3C,D), and the somatic gonad (Figures 5,6,S5), were
processed and quantified using published protocol, workflow, and code (de la Cova et al.,
2017; Luo et al., 2020). In summary, after illumination correction, the red fluorescence
intensity value was divided by the green fluorescence intensity value for each pixel of every
slice, and then normalized between 0.1 and 99.9% to avoid pixel artifacts. Segmentation by
red fluorescence and quantitation was performed with Cellprofiler (Kamentsky et al., 2011).
Tracking the nuclei was done using Matlab scripts from de la Cova et al. (2017) with the
leniency parameter increased from 5 to 10 to accommaodate for increased worm movement
during time-lapse imaging, and extraction of the average upper quartile intensity of the three
most equatorial slices for each nuclei of interest was performed using Matlab scripts adapted
from Luo et al. (2020). For the time-lapse imaging in the somatic gonad, the “method to
draw dividing lines between clumped objects” parameter in the CellProfiler pipeline module
“ldentifyPrimaryObjects” was changed to siape to draw borders between close nuclei based
on shape instead of intensity.

For quantifying the VPCs (Figure 2B,S1), prior to entering the pipeline the GFP and red
channels were aligned using auto channel alignment in Zen for translational and rotational
alignment, with the red channel as reference and using the highest quality setting. This
prevented us from using the Red:Green pixel values, so Matlab scripts adapted from Luo et
al. (2020) were used extract the average nuclear red and green fluorescence intensities for
the three equatorial slices and divide the average red by the average green values to create a
nuclear Red:Green ratio.

For testing different quantitation methods using the M lineage (Figure S2), the channels
were aligned as described above. The original pipeline was altered to define the cytoring in
the following way. After primary object identification and segmentation of a “prenucleus,”
the edges of each object were expanded by 1 pixel to form a “postnucleus,” and then a
secondary object was identified by expanding the postnucleus by 5 pixels; the area between
the outer ring and the postnucleus was called the cytoring. The cytoring was used as the
cytoplasmic measurement because it was difficult to distinguish cell borders /in vivoin
multilayered, complex tissues without an additional membrane marker which would affect
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segmentation. Using this pipeline, we extracted the values for average nuclear Red:Green,
nuclear 1/Green, and Cytoring:Nuclear Green fluorescence for the three equatorial slices of
each cell as described above, and compared them to each other and to the original nuclear
pixel Red:Green values used in Figure 3C.

For quantifying the germ line (Figure 4), images of the germ line of L4 larvae were first
aligned using Zen’s channel alignment tool as described above. There were too many nuclei
in too many planes in each image for effective segmentation using our pipeline, so nuclei
were manually segmented using ImageJ to draw circles around the nuclei of interest. Nuclei
were selected for quantification according to distance in microns from the distal end using
the conversion of 3.5 microns per cell diameter, which is approximately the average of
previously used conversion metrics (Chen et al., 2020; Lee et al., 2019). Three nuclei per
position (0, 5, 10, 15 cd) were quantified for each germline arm. The equatorial three

slices of each nuclei were found based on the integrated density of red fluorescence, and
the average nuclear Red:Green integrated density per slice was averaged across the three
equatorial slices for each nuclei. .

We note that we needed to use different methods and imaging parameters to generate the
nuclear Red:Green ratios in each context, resulting in differences in the measurement scales
in the graphs shown in the figures. However, we present internal controls for each tissue
context for which all parameters and measurements methods were identical.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analysis was performed in GraphPad Prism. The minimum level of
significance for all analysis was set at 0.05 prior to corrections for multiple testing. Every
data set was subjected to D’ Agostino & Pearson tests of normality before proceeding

with the appropriate statistical tests. To compare nuclear Red:Green ratios of VPCs within
genotypes (Figure 2), we performed a repeated measures ANOVA with Greenhouse-Geisser
correction, and post hoc comparisons using the Tukey HSD test for every possible pairwise
comparison for each genotype. To compare nuclear Red:Green ratios between genotypes

in the VPCs (Figure 2) and in the germline (Figure 4), we performed ordinary one-way
ANOVA tests and post hoc comparisons using Tukey HSD tests for every possible pairwise
comparison. For comparing nuclear Red:Green fluorescence in se/-10(+) and sel-10(-)
animals (Figure S1), we performed an ordinary one-way ANOVA, and post hoc comparisons
with Bonferroni corrections to compare each VPC between the two genotypes. When
comparing SALSA activity in dorsal and ventral cells in the M lineage, we performed an
unpaired t-test (Figures 3C,S1), and a one sample t-test was used to compare the difference
in nuclear Red:Green between the dorsal and ventral cells within every worm to the expected
mean of zero (Figure 3D). To compare nuclear Red:Green between the a VU and the AC in
L3 (Figure 5), we performed paired t-tests. To compare the differences in nuclear Red:Green
between alpha cells (Figure 6) and parent cells (Figure S5) for different birth-time intervals,
we used a Kruskal-Wallis H test with post hoc comparisons using Dunn’s correction for
every possible pairwise comparison within each test.

The imaging conditions we used here, with fluorescence images captured every 15 minutes,
were comparable to those used in Attner et al. (2019), where the cut-off between “long”
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and “short” birth orders were established according to cell fate outcome. Assessing outcome
in that study was possible because it utilized a microfluidic device. In this study, we

could not observe the final fate outcomes of the cells imaged in the short-term imaging
conditions we had to use to allow for confocal microscopy, so in addition to using the

bins established previously, we performed an independent statistical analysis of our data to
determine the cutoff between short and long birth-time intervals under these conditions. We
binned animals into “short” or “long” birth-time intervals based on whether the a cells were
born less than or greater than a specific time interval apart. We used Mann-Whitney tests

to compare the nuclear Red:Green differences between alpha cells within every worm for
“short” vs. “long” birth-time intervals, beginning with a 30 minute birth-time interval cutoff
and increasing the time interval stepwise. The most statistical significance was generated
when the “short” bin included birth-time intervals <45 minutes, and the “long” bin included
birth-time intervals >45 minutes; therefore, we considered a cell pairs with <45 minute
birth-time intervals to be “short”, and a cell pairs with >45 minute birth-time intervals to be
“long”. These bins are consistent with those used in (Attner et al., 2019).

For short birth-time intervals, we considered an a cell to have developed an advantage in
LIN-12 activity if it had a higher nuclear Red:Green ratio than the other a. cell for at least
three successive timepoints, or a difference in nuclear Red:Green ratio of >0.1 units, at the
end of the video or last comparable time point.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
SALSA is a genetically encoded Notch biosensor based on GFP localization

SALSA has been validated for the C. efegans Notch homologs LIN-12 and
GLP-1

Time-lapse imaging using SALSA illuminates a stochastic LIN-12-mediated
decision

SALSA should be general to other systems and adaptable for SynNotch
applications
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Figure 1. SALSA design
(A) The intracellular domain of Notch is a membrane tethered transcriptional

activator. When Notch is inactive, the intracellular domain (ICD) remains at the cell
membrane and target gene transcription is repressed by a sequence-specific DNA binding
protein of the CSL family, which in the absence of Notch activation is associated with
co-repressors. When Notch interacts with ligand, cleavage in the ectodomain by an ADAM
protease followed by cleavage in the transmembrane domain by Presenilin, the catalytic
component of the y-secretase complex, releases the ICD from the membrane. ICD enters the
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nucleus and forms the Notch nuclear complex with CSL and other coactivators to promote
transcription of target genes (reviewed in Falo-Sanjuan and Bray, 2020; Greenwald and
Kovall, 2013; Henrique and Schweisguth, 2019).

(B) SALSA is a bipartite Notch activity sensor, consisting of a “switch”” and cleavable
“reporter.” The “switch” is Notch fused to TEV protease (TEVp). The cleavable “reporter”
is a fusion protein that contains GFP tethered to the nucleus by an RFP::H2B, with an
intervening TEV protease recognition site (Tcut). When Notch is inactive, TEVp does not
gain access to the nucleus, so the reporter is uncleaved and the nuclear Red:Green ratio is
low; when Notch is activated, TEVp-tagged ICD enters the nucleus and cleaves the reporter,
releasing GFP from the RFP::H2B tether to diffuse out of the nucleus, resulting in a high
nuclear Red:Green ratio.
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Figure 2. SALSA agrees with expectations for LIN-12/Notch activity in in the Vulval Precursor
Cells (VPCs).

(A) Schematic representation of LIN-12/Notch activity in VPCs and descendants. Three
VPCs, named P5.p, P6.p, and P7.p, are patterned during the L3 stage by a combination of
LET-23/EGF Receptor and LIN-12/Notch activity (Gauthier and Rocheleau, 2017; Shin and
Reiner, 2018; Sternberg, 2005). An EGF-like inductive signal from the Anchor Cell (AC)
of the gonad induces P6.p to express the lateral signal, consisting of ligands for LIN-12.
These ligands activate LIN-12 in P5.p and P7.p. There are multiple regulatory mechanisms
that ensure that LIN-12 is maximally activated in P5.p and P7.p, and LET-23/EGFR is
maximally activated in P6.p (Sundaram, 2005). These mechanisms include multiple direct
transcriptional targets of LIN-12 that antagonize EGFR activity in P5.p and P7.p (Berset et
al., 2001; Yoo et al., 2004), and of LET-23/EGFR that lead to loss of LIN-12 protein in P6.p
(Levitan and Greenwald, 1998; Shaye and Greenwald, 2002).

(B) SALSA agrees with expectations based on genetic analysis and LIN-12/Notch
transcriptional target reporters in VPCs. Photomicrographs are maximum orthogonal
projections for all Z planes with visible fluorescence. Scale bars are 10 um. Yellow
arrowhead, cytoplasmic GFP.

For each genotype, we performed an RM one-way ANOVA to compare the nuclear
Red:Green ratios in the VPCs. There was a statistically significant difference in nuclear
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Red:Green ratios between the VPCs in the presence of the LIN-12::TEVp switch (left,
F(2,21)=18.24, p<0.0001). Post hoc comparisons (STAR Methods) indicate that there is a
significantly higher nuclear Red:Green fluorescence in P5.p and P7.p compared to P6.p
(****p<0.0001). Center, when the AC is eliminated, LIN-12/Notch is not activated in

P5.p and P7.p, and there was no statistically significant difference in nuclear Red:Green
ratio between the VPCs (F(2,23)=2.143, p=0.1337). In the reporter only genotype, a low
statistically significant difference was seen (F(2,23)=4.661, p<0.05); post hoc comparisons
(STAR Methods) indicated a slight difference between P6.p and P7.p in the reporter only
control (*p<0.05), but not between P5.p and either other VPC (p>0.05), suggesting that
the slight difference is not biologically meaningful. See also Figure S1 for analysis of a
sel-10/FBXW?7 E3 ubiquitin ligase mutant.

We also performed ordinary one-way ANOVAs to compare P5.p and P7.p between
genotypes, and found significant differences (P5.p, F(2,67)=63.37, p<0.0001; P7.p,
F(2,67)=72.84, p<0.0001). Post hoc comparisons (STAR methods) revealed that in the
presence of the LIN-12:TEVp switch and an AC, P5.p and P7.p had significantly higher
nuclear Red:Green ratios than in the absence of the switch or the absence of the AC
(****p<0.0001), but there was no difference in nuclear Red:Green ratios between the no AC
and the reporter only genotypes for both P5.p and P7.p (p>0.05).
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Figure 3. SALSA agrees with expectations for LIN-12/Notch activity in the M lineage of C.
elegans.

(A) Schematic representation of LIN-12/Notch activity in the M lineage. Both dorsal and
ventral descendants of the M mesoblast express LIN-12, but LIN-12 is activated only in the
ventral descendants by ligand from the ventral hypodermis (Foehr and Liu, 2008).

(B) Visual evidence that LIN-12 is active in ventral but not dorsal M descendants.
Photomicrograph is one Z slice taken at the 8-M stage of a hermaphrodite carrying

the LIN-12::TEVp switch and the cleavable reporter expressed in the M lineage (strain
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(GS9399). At this stage, four of the eight cells are on the right, and the other four are on

the left; this slice captures one side. Yellow arrowhead, cytoplasmic GFP is readily apparent.
Scale bar is 10 um. See Figure S3 for time-lapse videos of three worms.

(C) Nuclear Red:Green quantification at the 8-M stage. Red lines indicate the mean.
The nuclear Red:Green ratio was significantly higher in ventral cells than in dorsal cells
(Unpaired ttest, t(168)=8.699, ****p<0.0001). See Figure S2 for alternative quantification
strategies.

(D) On a per-animal basis, the nuclear Red:Green ratio is greater in ventral cells
compared to dorsal cells. Each point represents the ratio of the average nuclear Red:Green
between the ventral cells and dorsal cells within each animal from (C). When compared

to a null hypothesis of the dorsal and ventral cells having equivalent LIN-12 activity (a
ratio of 1), the mean was significantly greater than 1, indicating that the average nuclear
Red:Green ratio is greater in ventral cells than dorsal cells (One sample t-test, t(21)=27.95,
****n<0.0001).
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Figure 4. SALSA agrees with expectations for GLP-1 Notch activity in the germ line of C.
elegans.
(A) Schematic representation of GLP-1 activity and expression of transcriptional

targets in the germ line. GLP-1 activity peaks in Germline Stem Cells (GSCs) within 5 cell
diameters (cd) of the distal end of the gonad arm; GLP-1 activity is detectable throughout
the GSC pool ~8-10 cd from the distal end (see text).

(B) SALSA detects GLP-1 activity in GSCs at the distal end of the gonad arm. Each
photomicrograph shows a single gonad arm from an L4 larva. See STAR Methods for
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measurement details. The reddened distal end of the germ line from the larvae expressing the
GLP-1::TEVp switch correlates with the known pattern of GLP-1 activity.

(C) GLP-1 activity peaks from 0-5 cd, ceases by ~10 cd. Each dot represents one germ
nucleus; red lines indicate the mean. A one-way ANOVA found a significant effect of the
position of the cells in the presence of the switch on nuclear Red:Green ratio in GSCs

(F(7, 64) = 26.16, p<0.0001). Post hoc pairwise comparisons showed that in the presence of
the GLP-1::TEVp switch, nuclear Red:Green significantly decreased between 5 and 10 cd
(***p<0.001). The nuclear Red:Green ratio for 10 cd was not significantly different from 15
cd, and neither were significantly different from the same relative position in the reporter
only control (p>0.05). In the absence of the GLP-1::TEVp switch, all regions had similar
nuclear Red:Green ratios (p>0.05).
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Figure 5. SALSA agrees with expectations for LIN-12 activity in the committed AC and VU.
(A) Lineal origin of the a cells. The somatic gonad precursor cells Z1 and Z4 give rise

to the a cells, Z1.ppp and Z4.aaa, which undergo a, binary cell fate decision to ensure one
becomes the AC and the other the aVU. The sisters of the a cells, called the B cells, always
become VUs; they do not strictly require /in-12 activity for VU fate (Sallee et al., 2015) and
are not considered further here. The parents of the a cells are Z1.pp and Z4.aa.

(B) Schematic representation of LIN-12 activity in the proximal somatic gonad in the
early L3 stage. LAG-2 and LIN-12 are initially expressed in both a cells, but during the
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AC/VU decision, feedback loops lead to reciprocal expression patterns that are sustained in
the committed progeny. The differentiated AC expresses the ligand LAG-2, and the aVU
expresses LIN-12 as well as reporters for transcriptional targets of LIN-12 (Luo et al., 2020;
Yoo and Greenwald, 2005).

(C) Diagram of the “somatic gonad cleavable reporter” transgenes. One transgene
(arTi237) drives expression of Cre recombinase in Z1 and Z4, leading to excision of a
flexon stop cassette from transgene ar7i355, allowing for strong, specific expression of
GFP::Tcut::mScarlet::H2B from a pan-somatic ribosomal protein gene promoter (STAR
Methods; Shaffer and Greenwald, 2022).

(D) SALSA agrees with expectations that LIN-12 is active in the a\VU and not in the
AC. The photomicrograph is a maximum orthogonal projection of an individual expressing
the LIN-12::TEVp switch and the somatic gonad cleavable reporter in early L3. Scale bar
is 10 um. The early L3 hermaphrodite displays visibly reddened VU nuclei. The nuclear
Red:Green ratio for the a VU is statistically higher than the AC (paired t-test, t=7.932,
df=11, ****p<0.0001). Regardless of the absolute value, the nuclear Red:Green ratio in the
aVVU is always higher than the AC in any given animal in the presence of the LIN-12::TEVp
switch.

(E) Reporter only control for D. The photomicrograph is a maximum orthogonal
projection of all Z planes with visible fluorescence of an individual expressing only the
reporter. Scale bar is 10 um. No significant difference between the AC and a VU was seen
was seen in nuclear Red:Green quantitation (paired t-test, t=1.514, df=9, p=0.1644).

(F) Two stochastic elements prior to the birth of the a cells bias the outcome of the
AC/VU decision. The birth-time interval is indicated by yellow double-headed arrows, and
HLH-2 expression is indicated in green. See text for details.
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Figure 6. SALSA provides evidence for the proposed activity of LIN-12 with respect to stochastic
events that influence the AC/VU decision.

(A) Schematic diagram of critical timepoints. The solid blue star represents the first-born
a cell immediately after its birth, and the blue outlined star represents the first-born a cell
at the time that the second-born cell is born (solid red star). The yellow double-arrowed
lines indicate the comparisons made in (B) and (C) to answer the questions posed below
the diagram. See Figure S4 for ten time-lapse videos of SALSA across the timepoints
represented here.

(B) Each a cell is born with a similar level of LIN-12 activity, regardless of birth-time
interval or relative birth-order. We determined the difference in nuclear Red:Green ratio
between the first-born and second-born a cells at the timepoint after each of their birth. Each
a cell pair was binned into short and long birth-time intervals for animals expressing the
LIN-12::TEVp switch and somatic gonad cleavable reporter (STAR Methods) and the bins
were compared to each other and to a cleavable reporter only control. Each dot represents
one cell a pair, and the red lines indicate the mean. No significant difference was seen
after statistical analysis (Kruskal-Wallis, H = 1.196, df = 3, p = 0.55). See Figure S5 for
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quantitation of SALSA in the parents of the a cells, and STAR methods for details of
quantitation and statistical tests. For both strains, only animals in which both a cell births
were captured and able to be quantified were included in this analysis.

(C) When the birth-time interval is long, the first-born a cell gains a relative advantage
in LIN-12 activity. We determined the difference in nuclear Red:Green ratio between the
first-born and second-born a cells at the timepoint after the birth of the second-born cell.
Animals were binned and the difference in nuclear Red:Green ratio compared as in (B).
Kruskal-Wallis tests indicated significant differences between the groups (H = 16.26, df = 3,
p=0.0003). Post hoc pairwise comparisons (STAR Methods) find the long birth-time interval
bin had significantly greater differences in nuclear Red:Green ratio between a cells than in
the short birth-time interval bin or cleavable reporter only control (**p<0.01). Animals were
included in this analysis only if both a cells were able to be quantified at the timepoint
following the birth of the second-born a. cell.

(D) Example of a long birth-time interval. Quantitation of the nuclear Red:Green ratios
over time for an individual with a long birth-time interval. The trajectory of the first-born

a cell is indicated by a blue line and the second-born a cell by a red line; the birth-time
interval in this case is 150 minutes (yellow double-arrowed line). The a cells are born with
similar nuclear Red:Green ratios (solid blue and red stars), but by time the second-born

a cell is born, the first-born a cell has a higher nuclear Red:Green ratio (blue outlined

star), and the difference is sustained over time. The inset shows the a cells at the timepoint
immediately following the birth of the second-born a. cell. Scale bar is 4 pm.

(E) Examples of short birth-time intervals. Cells are represented as in D. The first- and
second-born a cells have similar nuclear Red:Green ratios when they are born (solid stars).
Left, the first-born a cell gains a LIN-12 advantage; right, the second-born a cell does
(STAR Methods).
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Figure 7. The modular design of the SALSA switch and reporter may be adapted for other

potential applications.

Switch design: For this study, we used TEVp fused to the C-terminus of endogenous
LIN-12/Notch, as our primary goal was to measure LIN-12 signaling activity during cell
fate decisions. However, each component of the switch may be altered depending on the
application, and any switch may be introduced as a transgene. For example, replacement
of the ICD with an exogenous NLS, with or without an alternative degron, would remove
native regulation of the active Notch intracellular domain for focusing on ligand, ADAM
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protease, or Presenilin/y-secretase activity. “SynNotch” proteins that have outputs other
than transcriptional activation may be modeled on SALSA by using alternatives for any of
the Notch domains, and TEVp or other protease moieties with an NLS, further tuned by
presence or absence of a degron.

Reporter design: Modifications can change the purpose from reporting switch activity

to regulating the activity of a nuclear-tethered protein. For example, tethering a cytosolic
ubiquitin ligase or kinase using a histone or other nuclear anchor via the Tcut site would
allow for conditional degradation or phosphorylation of specific cytosolic targets that is
dependent upon switch activity, or tethering a pro-protein that is matured by cleavage at the
protease cut site would allow for ligand-controlled regulation of its activity.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

Tetramisole hydrochloride Sigma Aldrich T1512-2G
Ethyl 3-aminobenzoate methanesulfonate (tricaine) Sigma Aldrich E10521-10G

Experimental models: Organisms/strains

C. elegans. N2: C elegans, Bristol Isolate

Caenorhabditis Genetics
Center

RRID:WB-Strain: N2

C. elegans. GS8949: hih-2(ar623)[gfp..h2b] |

Attner et al. (2019)

RRID:WB-Strain: GS8949

C. elegans. GS9215: lin-12(ar640) 111 This paper N/A

C. elegans. GS9324: arTi351[lin-31p::gfp::tecut::mScarlet..h2b..unc-54 3°"UTR] This paper N/A

Vi-12.74

C. elegans. GS9338: /in-12(ar640) Ill; arTi351 V This paper N/A

C. elegans. GS9854: hih-2(ar614) I, lin-12(ar640) I11; arTi351 V/ This paper N/A

C. elegans. GS9339: arTi356[lin-31p:.gfp.:tcut::mCherry.:h2b.:.unc-54 3’'UTR] This paper N/A

1:-18.51; lin-12(ar640) 111

C. elegans. GS9452: arTi356 I, arTil45[ckb-3p::mcherry.::h2b] I1; lin-12(ar640); | This paper N/A

sel-10(ar41) V; arTi22 [hih-Zprox::gfp] X

C. elegans. GS9399: arTi359[hih-8p::gfp:.tcut::mScarlet::h2b::unc-54 3’UTR] This paper N/A

111:=0.45 lin-12(ar640) 111

C. elegans: GS9317: arSi85[mex-5p::gfp.:tcut::mCherry::h2b..tbb-2 3’UTR] I: This paper N/A

-5.31

C. elegans: GS944T: arSi85 I; glp-1(ar648) 111 This paper N/A

C. elegans. GS8795: arTi237[ckb-3p::Cre(opti)..tbb-2 3’ UTR] X:11.72 Shaffer and Greenwald N/A
(2022)

C. elegans. GS9322: arTi355 IV, arTi237 X This paper N/A

C. elegans. GS9314: lin-12(ar640) 111, arTi355 IV; arTi237 X This paper N/A

Software and algorithms

ImageJ Imagej.nih.gov RRID:SCR_003070
MATLAB Mathworks.com RRID:SCR_001622
CellProfiler CellProfiler.com RRID:SCR_007358
Zen Zeiss.com RRID:SCR_013672

CellProfiler scripts used in this study, and Matlab script for nuclear tracking

Github.com/GreenwaldLab

de-la-Cova-2017

Matlab script for data extraction

Github.com/kluo91

Image-Quantification
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