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In brief

Using single-cell natural
transdifferentiation models in C. elegans,
Riva et al. demonstrate that conserved
and event-specific mechanisms allow
transdifferentiation with or without cell
division. Although evolutionary-
conserved plasticity factors are required
independently of cell division, Wnt
signaling activity is context dependent.
Dichotomic interactions between SOX-2
and Wnt may control re-differentiation
timing.
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SUMMARY

Transdifferentiation, or direct cell reprogramming, is the conversion of one fully differentiated cell type into
another. Whether core mechanisms are shared between natural transdifferentiation events when occurring
with or without cell division is unclear. We have previously characterized the Y-to-PDA natural transdifferen-
tiation in Caenorhabditis elegans, which occurs without cell division and requires orthologs of vertebrate re-
programming factors. Here, we identify a rectal-to-GABAergic transdifferentiation and show that cell division
is required but not sufficient for conversion. We find shared mechanisms, including erasure of the initial iden-
tity, which requires the conserved reprogramming factors SEM-4/SALL, SOX-2, CEH-6/0OCT, and EGL-5/
HOX. We also find three additional and parallel roles of the Wnt signaling pathway: selection of a specific
daughter, removal of the initial identity, and imposition of the precise final subtype identity. Our results sup-
port a model in which levels and antagonistic activities of SOX-2 and Wnt signaling provide a timer for the

acquisition of final identity.

INTRODUCTION

Until the beginning of the last century, the common belief was
that the identity of differentiated cells is irreversible under phys-
iological conditions (Merrell and Stanger, 2016), even though
cellular reprogramming phenomena were observed starting in
the 18th century (Trembley, 1744; Virchow, 1886). Since the
1950s, reprogramming can also be artificially induced in vitro
and in vivo through somatic cell nuclear transfer, cell fusion, or
using cocktails of transcription factors (TFs), noncoding RNAs
(ncRNAs), and small molecules in cells from different organisms
(reviewed by Rothman and Jarriault, 2019; Takahashi and Yama-
naka, 2016; Xu et al., 2015).

Various types of reprogramming have been described in na-
ture, during development, regeneration, or disease or following
experimental induction (Brockes and Kumar, 2002; Thorel
et al., 2010; Xu et al., 2015; Yanger et al., 2013). Differentiated
cells can retro-differentiate, for instance into pluripotent stem
cells (PSCs) (Takahashi and Yamanaka, 2006), or convert
“directly” to another differentiated identity, also known as trans-
differentiation (Td) or direct cell reprogramming (Eguchi and Ko-
dama, 1993). The term “direct” does not refer to a potential lack
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of intermediate steps during the Td process: unstable, transient
cellular states, with either a mixed identity or another identity,
can exist (Lambert et al., 2021). Okada defined precise criteria
to identify Td events: (1) the phenotypes of the initial and final
cell identities are clearly defined and distinct, and (2) a lineal rela-
tionship between the two cells is established (Eguchi and Ko-
dama, 1993; Okada, 1986, 1991). Although experimentally
induced Td is often inefficient, natural Td is robust (Eguchi
et al.,, 2011) and offers the opportunity to decipher the cellular
and molecular mechanisms at play in a complex tissue during
reprogramming.

Do different Td events share the same cellular steps and com-
mon mechanistic principles? For instance, the importance of cell
division during reprogramming has not been fully addressed.
Some Td events occur in the absence of cell division (Jarriault
et al., 2008) or with a facultative cell division (e.g. Di Tullio and
Graf, 2012), but both natural and induced Td often involve mitosis
(Lambert et al., 2021). Most studies on the role of cell division were
conducted inducing reprogramming under artificial conditions:
conversion of B cells or fibroblasts into PSCs calls on multiple di-
visions (Hanna et al., 2009), and a rapid cell cycle is a key feature
of efficient reprogramming to pluripotency (Guo et al., 2014); on
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the other hand, Td of fibroblasts to neurons or of pre-B cells to
macrophages does not require cell division (Di Tullio and Graf,
2012; Fishman et al., 2015; Marro et al., 2011). What the contribu-
tion of cell division is during natural Td remains an open question,
and the extent of mechanistic variations among different Td
events, even within a given organism, is unclear.

Our lab has been taking advantage of C. elegans to study natural
Td in vivo at single-cell resolution. We previously characterized a
natural Td event occurring in 100% of the animals during larval
development, in which the Y rectal cell becomes the motoneuron
PDA without cell division or cell fusion (Jarriault et al., 2008). Y-to-
PDA Td occurs stepwise with the erasure of the initial identity,
before re-differentiation (Richard et al., 2011). Through unbiased
electrophoresis mobility shift (EMS) and RNAI screens, we identi-
fied genes that control the different steps of the process (Kagias
et al., 2012; Jarriault et al., 2008; Richard et al., 2011; Zuryn
et al., 2010, 2014) and are orthologs of factors known to have re-
programming activities or to be associated with pluripotency in
mammalian cells (ceh-6/0ct, sox-2/SOX, sem-4/SALL, and egl-
27/MTA; Julian et al., 2017; Malik et al., 2018; Ng and Surani,
2011). This led us to ask whether these factors could constitute a
conserved plasticity cassette shared with other Td events.

In this study, we addressed the role of cell division and the
involvement of core reprogramming factors by characterizing
another putative Td event in the worm rectum. We reasoned
that comparing two Td events in the same body region and tissue
would allow us to outline event-specific modalities. We describe
the Td of the K rectal cell, which divides and gives rise to the ante-
rior daughter K.a, remaining in the rectum, and to the posterior
daughter K.p that becomes the DVB GABAergic neuron later in
the L2 stage. We characterized K, K.a, K.p, and DVB identities
and confirmed that K-to-DVB is a bona fide Td event. We showed
that K division is oriented, asymmetric, and crucial for DVB forma-
tion and that the C. elegans Wnt/B-catenin asymmetry pathway
ensures the Td of the K.p daughter, formed at a stereotyped pos-
terior position. Furthermore, we found that the plasticity factors
required for Y-to-PDA (Kagias et al., 2012) are also required for
K-to-DVB for after K division. By dissecting the relationships be-
tween plasticity factors and the Wnt signaling pathway, we found
that Wnt most likely acts in parallel to SEM-4, to erase the initial
identity of K.p, and in antagonism with SOX-2, providing a devel-
opmental timer to refine the re-differentiation step through direct
regulation of the expression of the DVB terminal selector /im-6.
Our study provides an integrated view of how a fully differentiated
cell is naturally reprogrammed into a different cell type: core plas-
ticity factors are required for Td independently of the presence of
cell division, and parallel context-dependent signaling pathways
regulate Td dynamics and the final identity.

RESULTS

K-to-DVB involves a differentiated rectal cell that gives
rise to a neuron

Through the analysis of the embryonic and post-embryonic so-
matic cell lineage in C. elegans (Sulston and Horvitz, 1977; Sul-
ston et al., 19883), we pinpointed putative cell fate changes occur-
ring during larval development together with the already known
Y-to-PDA Td (Jarriault et al., 2008). Here we focus on the K rectal
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cell, which gives rise to two daughter cells through a single cell
division in late L1 stage (Figure 1A): K.a, which replaces K
in the rectum, and K.p, which subsequently becomes a
GABAergic motoneuron called DVB (Mclntire et al., 1993).

K'is born in the embryo and forms one of the three rectal rings
with its sister K’ through adherens junctions (Sulston et al., 1983).
The six C. elegans cells forming the rectum are differentiated,
specialized epithelial cells (Altun and Hall, 2009). K rectal identity
is confirmed at the ultra-structural level in early L1 larvae, where
it shows a typical rectal-epithelial morphology resembling that of
K’ (Figure 1B). Moreover, K expresses several epithelial and
rectal markers, while lacking any neuronal markers (Figure 1C;
Table S1) (Ferreira et al., 1999; Jarriault et al., 2008; Labouesse
et al., 1996). Thus, K is fully differentiated on the basis of differ-
ential interference contrast (DIC) appearance, markers expres-
sion, electron microscopy (EM) morphology, and function. On
the contrary, DVB lacks epithelial and rectal markers, expresses
neuronal genes, and develops in a typical neuronal morphology
(White et al., 1986) to fulfill its GABAergic motoneuron function in
defecation (Figure 1C; Table S1).

Altogether, these observations demonstrate that K and DVB
display different terminal identity features, the former being a
fully differentiated rectal cell and the latter a GABAergic neuron.
The development of a neuron from a fully differentiated rectal cell
is intriguing and reminiscent of the Y-to-PDA Td and, per our
characterization of the initial and final identities, is in agreement
with the original definition of Td (Okada, 1986).

K division, which is oriented and asymmetric, is
necessary for DVB formation, but K.p is not yet neuronal
at birth
We first investigated the role of cell division in K-to-DVB, by as-
sessing whether K division per se is necessary for the formation
of DVB. In lin-5(ev571 ts)/NuMA mutants, in which K cytokinesis
is blocked in 90.5% of the animals at 25°C (Figures 2A and 2B)
(Izumi et al., 2006), DVB never formed when K had not divided
(Figure 2B). As already observed in other C. elegans cells (Lorson
et al., 2000), DNA replication occurred in K in most of the worms
in which K cytokinesis failed, suggesting that this process is not
enough for DVB formation (Figure S1A). Consistently, when
blocking K in GO cell cycle phase through the overexpression
of the cell cycle inhibitor cki-1 (van den Heuvel, 2005), DVB for-
mation was prevented (Figures S1B and S1C). Altogether, these
results show that K division is necessary for DVB differentiation.
We characterized K division with time-lapse spinning-disk mi-
croscopy, using [col-34p::his-24::mcherry] and [hmr-1::gfp] trans-
genes to visualize the rectal cells’ nuclei and their apical junctions
and [unc-47p::gfp] transgene to monitor DVB formation. We
observed that K.p buds off from the K cell posteriorly, above the
rectal cell F, without disrupting K apicobasal polarity (Figure 2C)
or rounding of the K cell, as is often associated with cell division
(Cadart et al., 2014), or loss of adherence of K to K’ cells. This di-
vision mode likely allows the maintenance of the integrity of the
rectum during cytokinesis. As K division appears to occur with
an anteroposterior orientation, we analyzed this parameter in a
quantitative manner. Because K division is very fast, we estimated
its orientation by measuring the angle formed by the rectal slit with
the K.a and K.p’s nuclei alignment, a maximum of 1 h after
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(A) lllustration of the rectum during the formation of PDA and DVB neurons from the Y (dark red) and K (red) rectal cells respectively in hermaphrodites. In early L1,
both Y and K are part of the rectum, a tube made of three bi-cellular rings (Y-B, U-F, and K-K'). In late L1, K divides into two daughter cells, K.a and K.p. In L2, Y
starts to retract from the rectum, while P12.pareplaces it in the rectum; K.a is part of the rectum in place of its mother and K.p becomes DVB. In L3, PDA is formed.

Rectal cell nuclei are represented.

(B) Electron micrograph of the rectum of a newly hatched L1 hermaphrodite showing the K and K’ cells outlined with a dashed white line. Black star, rectal lumen;
white arrowheads, electron-dense apical junctions. (B’ and B”) Magnification of the boxed areas in B, illustrating electron-dense apical junctions between K and
K’; in B’ the membrane of an upper cell is visible. D, dorsal orientation; V, ventral orientation; L, left orientation; R, right orientation.

(C) Fluorescent and DIC images of nuclear lin-26p::gfp in the rectum of an L1 animal (top) and unc-47p::gfp in GABAergic neurons in an L3 animal (bottom). col-
34p::his-24::mcherry allows the visualization of the rectal cells nuclei and K.p after its birth. White rhombus in L1, migrating Y rectal cell partially overlapping U;
white star in L3, VD13 GABAergic neuron; arrowheads, K in L1 and DVB in L3; dashed line, rectal slit. Anterior is left and ventral is bottom.

division. Our results show that orientation of K division is stereo-
typed among animals, forming an angle of 51.2° + 7.6° (Figure 2D).
As the orientation implied, only the anterior daughter K.a inherits
the apical proteins HMR-1 (Figure 2C), AJM-1, and DLG-1
(Figures 2F and 2G). Additionally, quantification of the nuclear vol-
umes of K.a and K.p 1 h after K division, using the gals245|col-
34p::his-24::mcherry] chromatin marker as an approximation, re-
vealed an asymmetry also in their nuclear volumes (Figure 2E).
Thus, K division appears oriented and asymmetric.

These results prompted us to investigate whether a neuronal
daughter is directly produced by cell division. We determined
the timeline of the cellular events occurring during K-to-DVB: K di-
vides around 11.5 h post-hatching (PH) at 20°C; around 4 h later,
after the L1-to-L2 molt, unc-47 expression is detected in the K.p
daughter in a few young L2 larvae, and 16-17 h PH, unc-
47p::gfp is expressed in all the L2s scored (Figures S2A and
S2B). Conversely, K, K.a, and newly born K.p never express
unc-47p::gfp. As unc-47/SLC32A1 is involved in GABA transport
and necessary for GABAergic neuronal activity (Mclintire et al.,
1993), we will henceforth use “K.p” when considering K posterior
daughter until 16 h PH and “DVB” after this time point. These ob-
servations suggest that K.p is not a differentiated GABAergic
neuron at birth. In agreement with this, although apical regions
are not inherited, the basolateral epithelial marker LET-413 is pre-
sent in K.p as in K and K.a in all observed animals, even when a
destabilized version of LET-413:GFP is used, suggesting active

expression of /let-413 gene (Figure 2H; Table S1). The proportion
of animals with LET-413:GFP in K.p decreases to less than 20%
after 16 h PH, when the DVB marker unc-47 is expressed in all
the worms (Figure S2B). On the same line, the epithelial TF /in-
26 promoter is active in K.p after K division (Figure S2B) and
quickly turned off, as gfp reporter expression is absent in about
20% of the worms 1 h after K division. lin-26 expression in K.p
is confirmed by single-molecule fluorescence in situ hybridization
(smFISH) (Ji and van Oudenaarden, 2012) experiments to detect
lin-26 mMRNA (Figures S2C and S2D) and by previous antibody
staining data (Labouesse et al., 1996). Finally, we observed the
presence of rectal markers such as egl-5/HOX, col-34, and got-
1.2/GOT1 in K.p (Table S1), while both pan-neuronal (e.g., unc-
33/DPYS, unc-119/UNC119) and GABAergic terminal differentia-
tion genes (e.g., unc-25/GAD) appear later (Table S1).

These data show that K division is oriented, asymmetric, and
required to form DVB. Despite the differences between K.a
and K.p at birth, K.p retains important epithelial and rectal fea-
tures, inheriting and expressing basolateral, rectal, and hypoder-
mal factors. Successive steps are required to convert K.p
into DVB.

The Wnt/B-catenin asymmetry pathway is required for
K-to-DVB

The stereotyped and oriented nature of K division prompted us to
investigate the mechanisms regulating it and their impact on
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K-to-DVB. We focused on the Wnt signaling pathway, known to
orient the mitotic spindle (Schlesinger et al., 1999; Goldstein
etal., 2006; Heppert et al., 2018) and regulate several asymmetric
cell divisions in C. elegans (Mizumoto and Sawa, 2007; Sawa and
Korswagen, 2013). To test its potential role during K-to-DVB, we
screened mutants of the Wnt pathway for DVB formation. The
strong loss of function lin-17(n671) (Sawa et al., 1996) (encoding
one of the four Frizzled receptors in C. elegans and expressed in
rectal cells [Sawa and Korswagen, 2013]) led to >90% “no DVB”
worms (Figure 3A). We next analyzed the requirement of several
other Wnt pathway components: lin-44 and egl-20, which encode
WNT ligands expressed in the rectal area (Harterink et al., 2011);
pop-1 which encodes the unique T cell factor (TCF)/lymphoid
enhancer factor (LEF) in C. elegans (Lin et al., 1995); and bar-1,
sys-1, and wrm-1, which encode the three worm f-catenins
(Sawa and Korswagen, 2013). We found that pop-1/TCF, lin-
44/WNT, sys-1/B-catenin, and wrm-1/B-catenin are required for
K-to-DVB to various degrees, while egl-20/WNT and bar-1/p-cat-
enin are dispensable (Figure 3A). Thus, components of the Wnt/
B-catenin asymmetry pathway (Mizumoto and Sawa, 2007) are
required for DVB formation.

We next examined if K division was altered in worms with
defective Wnt signaling. In lin-17 mutant, the highly penetrant
absence of DVB is not due to a failure in K division. However,
the orientation of K division is affected in 8.9% of the animals
(Figure 2D), with K.p positioned more dorsally or ventrally.
Although not accounting for the total “no DVB” defects in lin-
17 mutants, these data suggest that K division is abnormal in
a fraction of them. We tested the involvement of other Wnt-
related pathways, such as the non-canonical Wnt pathway,
known to act directly on spindle orientation through ced-10/
RAC1 (Cabello et al., 2010; Schlesinger et al., 1999), lin-18/
RYK, cam-1/ROR, and the planar cell polarity (PCP) pathways
(vang-1/VANGL and fmi-1/CELSR2) (Sawa and Korswagen,
2013); none of these genes is involved in K-to-DVB
(Figures S3A and S3B).

To directly test whether the orientation of K division has an
impact on DVB formation, we aimed at perturbing it using
mutants known to randomize the mitotic spindle (Gotta and Ah-
ringer, 2001). As all temperature conditions tested for the
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lin-5(ev571 ts) mutant resulted in either wild-type DVB or “no K
cytokinesis/no DVB” (Figure 2B) and gpr-1 and gpa-16/GNAI1
mutants showed no defect (Figure S1D), we examined the divi-
sion angle in goa-1(sa734) null mutant displaying “no DVB”
defect in 0.9% of the animals (Figure S1D). Using a score-
recover-score approach, we found that 8.6% of the animals ex-
hibited an abnormal K division angle at late L1 stage (Figure S1E)
that did not translate into any “no DVB” defects. Thus, although
LIN-17/FZD activity may affect K division axis, altered orientation
of K division in itself does not seem to affect DVB formation.

These results show that the canonical Wnt/B-catenin asymme-
try pathway is involved in K-to-DVB, but the wild-type orientation
of K division is not required.

Both selection of one K daughter and the K-to-DVB
conversion require WNT activity
The Wnt/B-catenin asymmetry pathway controls the polarity of
several cell divisions during C. elegans development through
WNT ligands (Herman, 2002; Herman et al., 1995). To determine
whether any WNT ligands polarize K division, we examined the
phenotypes of lin-44/WNT single and lin-44/WNT;egl-20/WNT
double mutants (Figures 3B and 3C). lin-44 is expressed poste-
riorly to Kin hypodermal cells, while egl-20 is expressed in some
rectal cells, including K, and in other cells in the rectal area (Har-
terink et al., 2011). DVB is present in most lin-44 and lin-44;egl-
20 mutant animals (Figures 3B and 3C), contrary to what is
observed in lin-17 mutants, but appears to originate from K.a
in 10.8% of lin-44 mutant worms and in 57.9% of double mutant
animals (Figure 3C): a reversed polarity of cell division phenotype
as observed for T and the male B, F, and U cells (Herman et al.,
1995). Consistently, LIN-17/FZD receptor transiently localizes at
the posterior cortex around 2 h before cell division (not shown).
By contrast, reversed polarity of cell division is never observed
in Wnt pathway mutants downstream of WNTs such as pop-1/
TCF and lin-17/FZD (Figure S3C). We conclude that the Wnt/
B-catenin asymmetry pathway regulates both the polarity of K
division and K.p conversion into DVB.

To dissect how this conversion occurs, we characterized K.p
identity in lin-17 mutant. K.p nucleus appears as big as K.a nu-
cleus at all times in 77% of lin-17(n671) animals, reminiscent of

Figure 2. K division is oriented and asymmetric and gives rise to a K.p cell that retains epithelial features

(A) Fluorescent and DIC images of col-34p::his-24::mcherry (col-34p::nucleus) and col-34p::ph::gfp (col-34p::membrane) in lin-5(ev571 ts) mutants where K
division has (left) or has not (right) occurred. Absence of K cytokinesis in the worm on the right is evidenced by the presence of a unique cytoplasmic membrane
around two nuclei. See also Figure S1.

(B) Bar plot summarizing frequency of K division occurrence and absence of DVB in single lin-5(ev571 ts) mutants at different restrictive temperatures, through a
score-recover-score strategy. n, total number of animals scored.

(C) Time-lapse imaging of K division using col-34p::his-24::mcherry and hmr-1::GFP to visualize rectal cell nuclei and apical junctions respectively. Time interval,
5 min. Div, metaphase of K division; arrowheads, K, K.a, and K.p nuclei; white star, apical junction. See also Figure S2.

(D and E) Quantification of the angle of K division with respect to the rectal slit (D) and quantification of the nuclear volumes of K.a and K.p using col-34p::his-
24::mcherry to visualize the nuclei (E) in late L1 wild-type, lin-17(n671) and sem-4(n1961) animals. (D) Blue dashed lines (left), landmarks used for the mea-
surements of the angles (curved arrow). Forty-nine, 79, and 43 animals were scored in wild-type, lin-17, and sem-4 mutants, respectively. Mean and standard
deviation between biological replicates of the percentage of worms scored are represented. *p < 0.05; **p < 0.01; **p < 0.001; ****p < 0.0001, and ns, not
significant.

(E) Dot plot representing the ratio for K.a/K.p in arbitrary units. Forty-two, 22, and 46 nuclei were measured in wild-type, lin-17, and sem-4 mutants, respectively.
(F-H) Confocal images of late L1 wild-type larva, and corresponding schematics representing (F) the apical junction marker AJM-1::GFP (jc/s7) together with
gals245[col-34p::his-24::mcherry] to visualize rectal cell nuclei and (G) the apical junction marker DLG-1::RFP (mcls46) with bxIs7[egl-5p::gfp] to visualize rectal
cells. For (F) and (G), apical junctions (dashed lines) are present between rectal cells and along the rectal lumen but not in K.p. White star, rectal opening. (H)
Localization and expression of a destabilized basolateral marker LET-413::GFP::PEST (fpEx1062). Rectal cell nuclei are visualized with gals245[col-34p::his-
24::mcherry]. The K.a, K.p, and sometimes K’ cells are indicated on the pictures. Anterior is left and ventral is bottom.
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(A) Bar plot showing the penetrance of “no DVB” defect in mutants of the Wnt pathway. ox/s712 transgene was used for all except bar-1 mutant, which is on the
same chromosome. n, total L4 larvae scored. See also Figures S3 and S4. Mean and standard deviation between biological replicates of the percentage of worms
scored are represented. *p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001, and ns, not significant.

(B) Fluorescence microscopy pictures of a double mutant /in-44(n1792); egl-20(n585) L4 worm in which DVB appears to be formed from K anterior daughter.
gals245 highlights the rectal cells’ nuclei and ox/s12 the GABAergic neurons including DVB. Anterior is left and ventral is bottom.

(C) Representation of the percentages of the indicated phenotypes in lin-44(n1792) single and lin-44(n1792); egl-20(n585) double mutants shown in (A). When
present, DVB is formed mostly by K.a in the double mutant strain. n, total animals scored.

a hypodermal identity (Figure 2E). Moreover, all the examined
epithelial and rectal markers persist in K.p, including let-413,
lin-26, and egl-5 (Figures S4B-S4D; Table S1), and even aim-1,
which is found in K.p although not inherited from K
(Figures S4A and S5; Table S1). On the contrary pan-neuronal
and GABAergic markers are never expressed (Figures S4E-
S4l; Table S1). Thus, K.p remains rectal in the absence of lin-17.

In sum, the Wnt/B-catenin asymmetry pathway plays at least
two distinct roles in K-to-DVB Td: (1) lin-44/WNT acts as a posi-
tional cue and determines which daughter cell of K will subse-
quently become DVB, and (2) Wnt signal allows epithelial K.p
to convert into DVB.

Y-to-PDA plasticity factors are required for K-to-DVB
As our data suggest the requirement of mechanisms additional
to K division, we investigated whether Y-to-PDA plasticity genes
are also required for K-to-DVB. Supporting this possibility, tradi-
tional and CRISPR-KI reporters show that these factors are ex-
pressed in K (Table S1; Ferreira et al., 1999; Burglin and Ruvkun,
2001; Jarriault et al., 2008; Vidal et al., 2015).

We found that sem-4(n1971) and egl-5(n945), which are viable
null mutants (Chisholm, 1991; Basson and Horvitz, 1996), display
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the strongest DVB defect with, respectively, 92% and 85% “no
DVB” worms (Figure 4A), similar to the PDA defect (Jarriault
et al., 2008). As absence of ceh-6 and sox-2 is lethal before the
conversion occurs, we assessed their involvement using a
rectal-specific mutant for ceh-6(gk665) (Ahier et al., 2020) and
rectal-specific mild RNAi for sox-2. ceh-6(gk665) and sox-2
knockdown led to significant defects in PDA and DVB formation
(Figure 4A), with a low penetrance, probably because of experi-
mental limitations. To rule out involvement of other family mem-
bers, we tested their paralogs, but none displayed any significant
“no DVB” defects (Figure S6). Consistently, it was previously
shown that sox-2 paralog sox-3 is not required for DVB formation
(Vidal et al., 2015). Finally, we observed that neither eg/-27 nor its
paralog lin-40 mutations has a strong impact on DVB formation
as opposed to Y-to-PDA Td (Figures 4A and S6).

These results demonstrate that most genes required for Y-to-
PDA are required for K-to-DVB.

Plasticity factors enable K division and erasure of K.p
identity

As cell division is necessary for DVB formation, we analyzed K
division in plasticity factor-deficient backgrounds. We could not
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assess its orientation and asymmetry in egl-5, ceh-6, or sox-2
mutant backgrounds because of technical limitations (see
STAR Methods). However, we observed that the absence of
DVB in egl-5 null, ceh-6 rectal-specific mutant, and sox-2
knockdown using the anti-GFP nanobody strategy (Wang
et al., 2017) is due to K not dividing in three-quarters (egl-5)
and two-thirds (ceh-6 and sox-2) of the cases (Figure 4B).
When K divides but DVB does not develop, K.p retains the
rectal identity, as visualized by col-34 expression in L4 larvae
(not shown). Conversely, normally oriented K division occurs
in 100% of sem-4 null animals (Figures 2D and 4B), despite
>90% of “no DVB” defect. In sem-4 mutant, K.p persistently
exhibits a large nucleus (Figure 2E), reminiscent of an epithelial
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Figure 4. Some key Y-to-PDA plasticity fac-
tors are also required for K-to-DVB

(A) Quantification of “absence of PDA” (observed
with exp-1p::gfp) and “absence of DVB” (observed
with unc-47p::gfp) defects in wild-type L4 versus
mutants or deficient background for Y-to-PDA key
plasticity factors. n, total animals scored. See also
Figures S4, S6, and S7. Mean and standard devi-
ation between biological replicates of the per-
centage of worms scored are represented. *p <
0.05; **p < 0.01; **p < 0.001; ***p < 0.0001, and
ns, not significant.

(B) Quantification of K division in the animals
deficient for key plasticity factors presented in A
(black bars for K-to-DVB) and showing an
“absence of DVB” phenotype. Two hundred sev-
enty-six, 87, 221, 127, and 160 animals were
scored in sem-4, egl-5, sox-2, ceh-6, and egl-27
mutants, respectively.

[ Kdivided
Bl K not divided

identity, in agreement with Basson and
Horvitz (1996), and retains the epithelial
and rectal markers lin-26, let-413, col-
34, and egl-5 in L3 and L4 stages
(Figures S4B and S4D; Table S1). ajim-1
is also expressed, suggesting that this
apical gene is never silenced or is re-ex-
pressed in K.p (Figures S4A and S5;
Table S1), while neuronal markers are
not expressed in K.p in sem-4 mutant
(Figures S4E-S4l; Table S1).

Our findings suggest two roles for the
plasticity factors in K-to-DVB: (1) allow
the occurrence of K division (egl-5,
ceh-6, and sox-2) and (2) initiate K.p re-
programming through the erasure of its
rectal identity, very reminiscent of their
role during Y-to-PDA.

Plasticity factors and the Wnt
signaling pathway act in parallel to
erase K.p rectal identity

We investigated the interaction between
Y-to-PDA factors and the Wnt signaling
pathway during K-to-DVB. We focused
on sem-4 mutant and its relationship with the Wnt pathway, as
sem-4 and lin-17 mutants show similar phenotypes. The Wnt
pathway might control sem-4 expression in K.p, as it was
demonstrated that TCF/LEF1 can bind to the SALL4 promoter
in human cell lines (Béhm et al., 2006). However, the expression
of asem-4 Kl-reporter is not affected in K.p or in other rectal cells
of lin-17 mutant (Figure S7A). In addition, a sem-4 translational
construct able to rescue sem-4 phenotype was not capable to
rescue the “no DVB” defect of lin-17 mutant (92.5% “no DVB”
defect in the lin-17 mutant with the sem-4 rescuing construct
[n = 204] versus 92.4% in the lin-17 mutant alone [n = 42)).
Thus, neither sem-4 expression nor activity is downstream of
the Wnt signaling in K.p. We tested the reciprocal relationship
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Figure 5. lim-6 expression regulation by SOX-2 and POP-1/TCF

(A) Time course expression of sox-2, ceh-6, and lim-6 CRISPR-KI reporters in K.p right after K division in L1, in early L2, and in L3 (DVB). L1s worms were tightly
synchronized on the basis of the number of cells in the gonad. Black bars represent strong signal in K.p, and gray bars represent faint signal in K.p. See also
Figures S8 and S10.

(B) sox-2, ceh-6, and lim-6 CRISPR-KI reporter expression in L4 in wild-type (DVB), lin-17(n671), and sem-4(n1961) mutant backgrounds (persistent K.p). ceh-6
CRISPR-KI expression could not be addressed in the sem-4 mutant because of genetic linkage of both genes. n, total animals scored. Mean and standard
deviation between biological replicates of the percentage of worms scored are represented. *p < 0.05; **p < 0.01; **p < 0.001; ****p < 0.0001, and ns, not
significant.

(C) Genomic organization of lim-6/LMX and POP-1/TCF and SOX-2 binding sites in the fourth intron. The probes used in this study are represented. See also
Figure S9. Red crosses, mutated binding sites in the construct used in the transgenic lines presented in D.

(D) Expression in DVB of the lim-6 intron 4 transcriptional reporter depends on TCF sites. One transgenic line bearing the wild-type version of the intron 4 (ctrl) and
three independent transgenic lines bearing the mutated intron 4 (TCF sites 2-8) were analyzed in parallel in L4 larvae. In (B) and (D), bars represent mean + SD. n,
total animals scored. Mean and standard deviation between biological replicates of the percentage of worms scored are represented. *p < 0.05; **p < 0.01; **p <
0.001; ****p < 0.0001, and ns, not significant.

(E and F) Gel shift assays using the purified full-length SOX-2 and HMG-POP-1 with CY-5-labeled double stranded DNA probe 1. Binding of HMG-POP-1 (blue
arrowhead) was observed on the probe in the absence of SOX-2, and vice versa (SOX-2 on probe, orange arrowhead).

(E) Increasing concentrations of SOX-2 (125, 250, and 500 nM) were added to the dsProbe and HMG-POP-1and translated into increased binding to the probes
(dark orange arrowhead) as well as an upper shift (green arrowhead) most probably corresponding to a HMG-POP-1-SOX-2-Probe complex. Double line, free
probe; double lines with blue square, orange oval or both represent the HMG-POP-1-Probe, the SOX-2-Probe and a SOX-2-HMG-POP-1-Probe complex,
respectively. (F) Addition of the anti-FLAG antibody resulted in a supershifted complex containing the DNA probe, SOX-2, HMG-POP-1, and the antibody
(red arrowhead).

See also Figures S11, S12, and S13.

with a lin-17 transcriptional reporter and observed lin-17 faint DVB” defect compared with the single mutants at 25°C (Fig-
expression in K.p as in K.a in sem-4(n1971) and wild-type (not ure S7C). Moreover, we observed the same synergy in double
shown), which disappears in K.p as it becomes DVB in the mutants with downregulated sox-2 and wrm-1 activities
wild-type, but not in the mutant (Figure S7B). This is consistent  (Figure S7D).

with maintenance of the rectal identity of K.p in sem-4 mutant, Altogether our results suggest that the plasticity factors and
as lin-17 is a rectal marker. Indeed, /in-17 expression also per- the Wnt signaling pathway act in two different parallel genetic
sists in lin-17 mutant in K.p, which also remains rectal pathways to control the loss of K.p rectal identity.

(Figure S7B).

We examined the genetic relationship between the Wnt Antiparallel activities of sox-2/ceh-6 and the Wnt
pathway and the plasticity factors with double mutants, using signaling may control the timing of re-differentiation
wrm-1/B-cat (n1982 ts) allele for the Wnt pathway (because lin- We characterized the mechanisms regulating re-differentiation
17[n671] alone shows high penetrance of DVB absence), and into DVB. We focused on /im-6 gene, encoding a LIM homeobox
sem-4 hypomorphic allele n71378 that shows a low “no DVB” TF and the sole identified DVB terminal selector, required for
defect (Figure S7C) rather than n719771 null allele. The double DVB terminal differentiation (Hobert et al., 1999; Hober, 2016).
mutant sem-4(n1378); wrm-1(n1982 ts) led to a synergistic “no  Using both a rescuing construct and a Kl reporter, we observed

8 Cell Reports 40, 111365, September 20, 2022



Cell Reports

that /im-6 is expressed in K.p in about 25% L1 wild-type larvae
1-2 h after K division (Figure 5A), overlapping with the
decreasing expression of lin-26 and let-413 (Figure S2B). A tran-
scriptional reporter bearing the intron 4 of lim-6, sufficient for the
expression in DVB, follows the same transcriptional dynamics in
K.p as the KI (Figures S8A-S8C) and the otls157 (Hobert et al.,
1999) reporters. Thus, lim-6 expression appears to be an early
indicator of DVB future identity (Figures 5A and S2B). Consis-
tently, lim-6 is not expressed in K.p in sem-4 and lin-17 mutants
(Figure 5B).

The earlier expression of lim-6 in K.p compared with other
neuronal markers led us to hypothesize that it could be directly
downstream of the Wnt signaling, through POP-1 binding to
lim-6 regulatory regions. Indeed, Lmx1, the lim-6 mouse ortho-
log, is regulated by the Wnt signaling in proliferative dopami-
nergic neuron progenitors (Joksimovic et al., 2009, 2012; Chilov
et al., 2010). We found putative POP-1/TCF binding sites in the
intron 4 of lim-6 (see STAR Methods; Figure S9B), 8 conserved
across nematode species (Figures 5C, S9A, and S9C). When
gfp reporter constructs lacking the regions encompassing sites
3-6 or 3-8 were injected in the worm, expression was absent
in DVB. To test whether those sites are specifically required for
expression during the K-to-DVB, we mutated them (Arata
et al., 2006), focusing on the conserved sites 2-8 (Figure 5C,
red crosses). Transgenic animals bearing the mutated con-
structs showed almost no expression in DVB (Figure 5D), sug-
gesting that /im-6 is directly, positively regulated by the Wnt
signaling during K-to-DVB.

POP-1/TCF binding sites may overlap with SOX2 binding
sites, as both TCF and SOX2 are HMG domain proteins (Fig-
ure S9D; Lin et al.,, 1995; Pevny and Lovell-Badge, 1997).
Indeed, 4 POP-1/TCF binding sites in the intron 4 of lim-6
overlap with SOX2 binding sites (Figures 5C and S9A; STAR
Methods). Expression dynamics of key players suggest a
functional relationship between SOX-2 and POP-1: the rectal
markers sox-2 and ceh-6 display opposite expression dy-
namics with respect to lim-6 in K.p (Figures 5A and S10A), re-
sulting in a complete absence of expression in DVB
(Table S1). The early onset of lim-6 expression in K.p and its
anti-correlation to sox-2 and ceh-6 expression led us to hy-
pothesize a competition between SOX-2(/CEH-6) and POP-1
regulating /im-6 expression. Thus, we examined if both
POP-1 and SOX-2 could bind to /im-6 intron 4 sequences.
Electrophoresis mobility shift assays (EMSAs) using DNA
probes corresponding to TCF/SOX2 binding sites 2, 4, 5,
and 8 in lim-6 intron 4 (Figures S9A and S9E) showed that
both SOX-2 and HMG-POP-1 can bind these sequences
alone (Figure S11) and together (see retarded band in
Figures 5E, 5F, and S12 and super-shifted bands when anti-
bodies specific to either SOX-2 or POP-1 are used in Fig-
ure S13). It is possible that SOX-2 and POP-1 display antag-
onistic activities on /im-6 activation depending on their
expression levels and nuclear localization over time. Indeed,
preventing decrease of sox-2 in K.p through overexpression
of a sox-2 transgene resulted in significant loss of lim-6
expression in DVB (Figure S10B).

In sum, our results suggest that the Wnt pathway leads to
downregulation of ceh-6 and sox-2 rectal genes in K.p, the latter
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having a repressive function on lim-6 expression, and in parallel
triggers the activation of /im-6 through direct binding of POP-1 to
lim-6 regulatory regions (Figure 6C).

DISCUSSION

We addressed the role of cell division and the existence of
conserved mechanisms during natural Td by characterizing
K-to-DVB, a Td event occurring during C. elegans develop-
ment through a cell division. We first demonstrated that the
K rectal cell is a fully differentiated and specialized cell, with
all characteristics of the end-of-lineage rectal identity. Yet it
divides once and for this reason is considered a blast cell
(Chisholm, 1991). However, K is not a stem cell but a mature
rectal cell, indistinguishable also at the transcriptional level
(Packer et al., 2019) from the other rectal cells that do not
divide or change identity and with which it forms the rectum.
Thus, although not post-mitotic, K holds a structural role in
a permanent, vital organ and is fully differentiated. Few other
terminally differentiated cells can divide, such as hepatocytes,
which form similar hepatocyte daughters (Miyaoka and Miya-
jima, 2013). By contrast, the rectal K cell gives rise to two
daughters, one subsequently adopting a distinct, differenti-
ated identity. The ability of a differentiated cell to give rise
to another differentiated cell type was termed transdifferentia-
tion (Eguchi and Kodama, 1993; Lambert et al., 2021) and
K-to-DVB meets the criteria defining Td.

Cell division is required for K-to-DVB and may contribute
to reprogramming through different mechanisms

Using mutants defective for K division we demonstrated that cell
division is a key step for DVB formation. How might it contribute?
One mechanism might involve the asymmetric partitioning of
cellular components (Betschinger and Knoblich, 2004). However,
our data do not point to such mechanism: plasticity factors and
most of the tested epithelial and rectal markers are not asymmet-
rically partitioned (POP-1/TCF and SYS-1/B-cat expression levels
are too low in K cell and its daughters to analyze them). Only some
apical membrane proteins are asymmetrically distributed (in K.a),
but the observation that K.a can turn into a DVB-like cell in WNT
mutants suggests that these proteins do not affect the compe-
tence of K daughters to transdifferentiate.

Cell division can contribute to reprogramming also through
DNA replication (Nashun et al., 2015) or the formation of a
more epigenetically plastic environment, by facilitating the
erasure of pre-existing chromatin marks and/or open access to
chromatin. Indeed, chromatin regulators can act as barriers to
induced direct reprogramming (Hajduskova et al., 2019; Ko-
lundzic et al., 2018; Rothman and Jarriault, 2019). Even though
our analysis suggests that DNA replication alone is not sufficient
to trigger a dramatic transcriptional change and the erasure of K
rectal identity, DNA replication might facilitate Td, for instance by
dispensing with some of the factors required for Td events in
which DNA replication does not occur. In support of this, we
found that egl-27/MTA, an ortholog of a chromatin remodeling
complex component (Kumar and Wang, 2016), is not key for
K-to-DVB, whereas it is very significantly required for Y-to-PDA
in absence of cell division (Kagias et al., 2012).
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Figure 6. Model for K-to-DVB Td and parallel with Y-to-PDA

(A) Y-to-PDATd, initiated end of the L1 stage and finalized in the L3 stage, goes through two intermediate states: Y.0, which appears to have lost characteristics of
the initial identity but not have gained those of the final identity, and Y.1, which appears to be an early neuronal cell. The box describes the cell plasticity cassette
factors required for the initiation of Y-to-PDA Td, that is, the dedifferentiation step. Top: developmental timeline for A and B.

(B) K-to-DVB Td, initiated toward the end of the L1 stage and finalized in the L2 stage, involves a cell division and an intermediate state that possibly represents a
mixed identity between the initial and the final identity. The four important features of this Td, as well as the factors involved, are highlighted: division, choice of
which daughter will adopt a different identity, loss of the initial identity and adoption of a subtype-specific final identity.

(C) Inset representing how the dynamics of SOX-2 and POP-1 levels and their competition in modulating /im-6 expression can provide a timer for the re-dif-

ferentiation step.

The Wnt/B-catenin asymmetry pathway mediates
several aspects of K-to-DVB

Our data support the involvement of the C. elegans Wnt/B-cate-
nin asymmetry pathway in K-to-DVB. The Wnt/B-catenin asym-
metry pathway influences cell identity specification in several
cellular contexts and at different developmental stage in
C. elegans, ranging from the 2-cell stage to late embryonic devel-
opment and to larval development (Mizumoto and Sawa, 2007;
Bertrand and Hobert, 2009; Sawa and Korswagen, 2013). Our
study shows that the Wnt pathway can also contribute to Td of
a fully differentiated cell in multiple ways: the choice of which
daughter will convert to a different identity, the erasure of the
rectal identity, and the definition of DVB subtype-specific identity
(Figure 6B).
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We showed that posterior LIN-44/WNT ensures that a
daughter cell is formed at a stereotyped posterior-basal posi-
tion and is able to lose its mother identity. In its absence, other
more anteriorly expressed WNT ligands can induce K-to-DVB,
as observed in seam cells (Jackson and Eisenmann, 2012; Ya-
mamoto et al., 2011). This would explain both the non-fully
penetrant “no DVB” defect and the reversed polarity of cell di-
vision in lin-44 mutants. We propose that the Wnt signaling
pathway has an instructive, rather than a permissive role on
K-to-DVB, with WNT ligands acting as positional cues and
instructing which K daughter will transdifferentiate. An analo-
gous situation was demonstrated in the SMDD/AIY asym-
metric cell division during embryonic development (Kaur
et al., 2020).
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Besides the Wnt pathway, physical constraints due to the inte-
gration of the K cell into the rectum likely affect the orientation of
K division, similarly to the role of cell shape and the Wnt pathway
previously described (Wildwater et al., 2011). This might explain
why the mutants that we tested (gpr-1, goa-1, and gpa-16 mu-
tants) did not show any significant impact on K division orienta-
tion, and why the orientation defect in lin-17/FZD mutant is also
very low compared with its “no DVB” defect. Irrespective of K di-
vision orientation, in the absence of the Wnt signaling, K.p re-
mains a rectal cell, suggesting that another important role of
the Wnt signaling is to erase the epithelial identity of K.p, reminis-
cent of Y dedifferentiation step. A role in Td for Wnt was recently
proposed in promoting hepatocyte-to-cholangiocyte Td (Kosar
et al., 2020), and in converting biliary cells (BECs) into hepato-
cytes in mouse models with compromised hepatocyte prolifera-
tion (Valle-Encinas et al., 2020). Further similarities between
BEC-to-hepatocyte conversion and the K.p-to-DVB transition
include the transition through a mixed identity (Deng et al.,
2018). It would be interesting to assess if the role of WNT signal
in promoting the erasure of the initial identity in Td is conserved.
Interestingly, the Wnt pathway promotes not only dedifferentia-
tion but also re-differentiation, through the instruction of DVB-
specific identity: the Wnt pathway is required for expression of
the LIM-6 terminal selector TF.

Although we could not easily assess whether WNT distinct
functions are sequential, in support of sequential outputs,
the WNT signal has been shown to have opposite effect on
embryonic stem cells depending on the cell state (Merrill,
2012). Future studies, for instance looking at the evolution
over time of the transcriptome of the K.p cell, may address
this question.

Conserved reprogramming TFs are required for K-to-
DVB

We showed that the Y-to-PDA factors SEM-4, EGL-5, SOX-2,
and CEH-6 are also required for K-to-DVB to erase K.p rectal
identity after division and, except SEM-4, for K division to
occur (Figures 6A and 6B). Thus, K division is necessary but
not sufficient for the formation of the DVB neuron: in sem-4
mutant, and sox-2 and ceh-6 mutants in which the K cell did
divide, K.p appears to remain rectal. Our data are in agree-
ment with the previously postulated role for sox-2 for the ter-
minal neural differentiation of post-embryonic differentiated
cells, also known as Td (Vidal et al., 2015), with a difference:
the lack of ceh-6 expression (used as rectal cell marker) led
Vidal et al. to conclude that the K.p cell found in sox-2 mu-
tants does not maintain the rectal identity, contrary to what
col-34 expression observed here suggests. We propose that
lack of ceh-6 expression in K.p in sox-2 mutant might be
due to the continued activity of the Wnt signaling pathway,
which is required for ceh-6 downregulation, rather than re-
flecting a loss of rectal identity.

The involvement of Y-to-PDA factors in K-to-DVB reinforces
the hypothesis that shared mechanisms exist (Figures 6A and
6B) and that those factors might be part of a conserved “plas-
ticity cassette” in C. elegans, allowing reprogramming initiation
of differentiated cells. Interestingly, these genes belong to fam-
ilies known to be master regulators of cell fate and their reprog-
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ramming capacity is conserved through evolution (Julian et al.,
2017; Malik et al., 2018; Tsubooka et al., 2009). It remains to
be determined if these factors are involved in other natural Td
events, or if region or tissue-specific variations exist. A recent
study reported a low penetrance defect in the AMso-to-MCM
or the PHso-to-PHD conversions in mosaic worms having lost
a sox-2 rescuing array, although sem-4 and sox-2 genes
appeared little or not involved using systemic RNAi (Molina-
Garcia et al., 2020). Thus, this study and the present one under-
score the importance of the approach used to eliminate sox-2
activity: sox-2 systemic RNAI, even in a sensitized background,
did not result in significant K-to-DVB defects (not shown) by
contrast with cell-specific expression of a sox-2 antisense
RNA. It is also conceivable that variations around this set of fac-
tors exist between Td events, with the involvement of other fam-
ily members.

The plasticity TFs are expressed in all rectal cells, including
those that never change their identity. Although the Wnt
pathway has an instructive role on K-to-DVB, our data are
consistent with the TFs sem-4, sox-2, ceh-6, and egl-5
providing a permissive cellular context for reprogramming of
K, as we previously proposed for Y-to-PDA (Kagias et al.,
2012). We anticipate that other factors are expressed in Y
and K and specifically allow reprogramming (e.g., ZTF-11;
Lee et al., 2019) and that factors expressed in the other rectal
cells might prevent their plasticity.

The Wnt pathway and plasticity TFs cooperate to erase
K.p rectal epithelial identity and to control the timing of
re-differentiation into DVB

Our characterization of the relationship between the Wnt
signaling and the reprogramming TFs suggests that they act in
parallel to allow the erasure of K.p rectal features and its conver-
sion into DVB. Such cooperation between the Wnt pathway and
these TFs was described in other contexts and appears
conserved: sem-4 and the B-catenin bar-1 cooperate to render
six epidermal precursor cells competent to respond to other
developmental signals (Eisenmann and Kim, 2000; Grant et al.,
2000), and the Wnt signaling enhances the pluripotent reprog-
ramming capacities of SOX2, KLF4, and OCT4 (Marson et al.,
2008).

We found that a likely consequence of their interplay is the
timing of expression of the terminal selector lim-6. Examination
of DVB enhancer in lim-6 intron 4 revealed several POP-1/TCF
binding sites, necessary for lim-6 expression in DVB and bound
by the POP-1 protein. In addition, our observations that sox-2/
SOX and ceh-6/OCT expression is downregulated in K.p, in an
anti-correlated fashion to the beginning of the expression of
lim-6, suggest that the Wnt pathway and at least these two mem-
bers of the plasticity cassette act antagonistically on lim-6
expression, and hence DVB neuron subtype identity acquisition.
Overexpression of SOX-2 in K.p blocks lim-6 expression in DVB,
consistently with antagonistic activities of Wnt and SOX proteins
in a TOP-flash assay (Sinner et al., 2007). We found that SOX-2,
whose consensus overlaps POP-1/TCF’s (Lin et al., 1995; Pevny
and Lovell-Badge, 1997), is able to bind to several of POP-1/TCF
sites. On the basis of our EMSA experiments, we propose that
SOX-2 and POP-1, rather than competing for the binding on
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lim-6 regulatory region, co-occupy those sites and that SOX-2
might negatively affect POP-1 activity directly or by sequestering
co-factors such as B-catenin. Such a model is consistent with
studies in vertebrates, in which SOX factors were shown to
interact with TCF/B-catenin on DNA or to affect B-catenin stabil-
ity (Akiyama, 2004; Kormish et al., 2010; Mukherjee et al., 2020),
and also with a recent model postulating that SOX2 levels influ-
ence the cell response to the Wnt signaling, leading to pro-plu-
ripotency (at high levels) or pro-differentiation activities (Blass-
berg et al., 2022). The negative interactions between SOX-2
and the Wnt signaling (a third role for sox-2 in K Td) might further
be reinforced by CEH-6/0OCT, as OCT4 was shown to inhibit
TCF/B-catenin stability and transcriptional activity in mouse ES
cells and Xenopus (Cao et al., 2007; Abu-Remaileh et al., 2010;
Davidson et al., 2012). As SOX-2 and CEH-6 levels go down,
this negative regulation of SOX-2 on the Wnt pathway would
be released and lim-6 expression activated. Downregulation of
sox-2 and ceh-6 is lost in lin-17/FZD mutant, suggesting nega-
tive feedbacks. We postulate that this dynamic pas de deux
between sox-2 and the Wnt signaling provides a timer for
precise lim-6 expression in K.p and therefore re-differentiation
(Figure 6C).

The transition path may differ between different
transdifferentiation events

K-to-DVB Td occurs in a shorter time window compared with
Y-to-PDA Td (less than 6 h compared with an entire larval
stage), likely affecting the nature of the conversion. Indeed,
our analysis of the expression of cell identity marker genes sug-
gests that the discrete cellular steps observed during Y-to-
PDA, with a transient dedifferentiated intermediate with no
overlapping rectal and neuronal markers, are blurred in this
context. Whether Td proceeds through a discontinuous, step-
and-go model, or through a smooth continuous model
(Lambert et al., 2021), and how this compares with develop-
mental differentiation trajectories, remain open questions.
Taken together, our data on K-to-DVB (this study) and Y-to-
PDA (Richard et al., 2011) suggest that both continuous and
discontinuous modes may exist during Td in C. elegans. Such
diversity is also seen in reprogramming events in other organ-
isms: transcriptomic analyses of limb regeneration (Gerber
et al., 2018), B-to-macrophage cells (Di Tullio et al., 2011; Fran-
cesconi et al., 2018), pericyte-to-neuron (Karow et al., 2018), or
fibroblast-to-myotube (Cacchiarelli et al., 2018) reprogramming
suggest that these processes occur via a discontinuous step-
and-go model (Di Tullio et al., 2011; Gerber et al., 2018). In
contrast, during fibroblast-to-neuron Td, Treutlein et al. (2016)
describe a continuous path with concomitant loss of fibroblast
and gain of neuronal gene expression, which nevertheless in-
volves transition through a distinct state expressing a subset
of neural progenitor genes. Future studies with finer granularity
in sampling times within the considered time window will further
illuminate the range of paths and transition states when cells
swap identities.

Limitations of the study

One limitation of this study is the difficulty to knock down the
activity of genes required for embryonic and early larval viability
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and still be able to grow animals until Td has occurred. In addi-
tion, rectal cells are insensitive to RNAi in wild-type back-
ground. To bypass early lethality, we engineered several
rectal-specific knockdown approaches, such as expression of
an antisense sequence in a RNAi-sensitized background, or
the use of the GFP-targeting nanobodies. However, these ap-
proaches are not fully efficient in rectal cells, thus possibly
minimizing the real effect. Future studies will address these is-
sues and try to include a temporal control component, as some
of the investigated genes have successive roles in both K divi-
sion and K.p conversion. Another limitation is the current unfea-
sibility of chromatin immunoprecipitation (ChIP) in one unique
cell in C. elegans, together with the difficulty in isolating a tran-
sient unique cell. It is likely that the methods being developed
will allow to address such chromatin-related questions in the
future.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

HA Tag Polyclonal Antibody
FLAG Tag Monoclonal Antibody

IGBMC antibody Facility
IGBMC antibody Facility

Rabbit Polyclonal
Mouse Monoclonal

Bacterial and virus strains

Escherichia coli: OP50 Caenorhabditis Genetics Center OP50

Escherichia coli: HT115(DE3) Caenorhabditis Genetics Center HT115(DE3)
Escherichia coli: DH108 Invitrogen™ DH10B
Escherichia coli: BL21(DE3) Stratagene BL21(DE3)
Chemicals, peptides, and recombinant proteins

Proteinase K from Tricachium album Sigma-Aldrich Cat#: P2308
Ampicillin Sigma-Aldrich N/A

IPTG GoldBio Cat#: 12481C
KH2PO4 Sigma-Aldrich Cat#: P0662
Na2HPO4 Thermo Fisher Scientific Cat#: S374-3
NaCl Thermo Fisher Scientific Cat#: S271-3
MgS0O4 Sigma-Aldrich Cat#: M7506
cOmplete Mini, EDTA-free Protease Millipore Sigma Cat#: 11836170001
Inhibitor Cocktail

Tetramisole hydrochloride Sigma-Aldrich Cat#: L9756-5G
Tricaine Sigma-Aldrich Cat#: E10521-10G
NaOH Sigma-Aldrich

NaCl Sigma-Aldrich

Tris pH8 Sigma-Aldrich

EDTA Sigma-Aldrich

Dithiothreitol (DTT)

ThermoFisher Scientific

Cat#: R0861

Critical commercial assays

Taqg DNA Polymerase, 5 U/uL

Roche

11 435 094 001

Master Mix Phusion New England Biolabs MO0531L
Q5® Site-Directed Mutagenesis Kit New England Biolabs E0554S
T4 DNA Ligase New England Biolabs M0202
mMMESSAGE mMACHINE™ T7 Invitrogen™ AM1344
Transcription Kit

NucleoSpin® Gel and PCR Clean-up Macherey-Nagel 740609.50
NucleoSpin® Plasmid Macherey-Nagel 740588.50
NucleoBond® Xtra Midi Macherey-Nagel 740410.50
Hitrap Ni crude 1 mL columns Dutscher 17-5247-01
NGM agar plates N/A N/A

LB agar plates N/A N/A

LB N/A N/A
Experimental models: Organisms/strains

C. elegans strains: See Table S2

Oligonucleotides

Oligonucleotides: See Table S3 Sigma-Aldrich

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Recombinant DNA

CloneJET PCR Cloning Kit Thermo Fisher Scientific K1231
pET30a+ Novagen pET30a+
pET32a+ Novagen pET32a+
pPD95.75 Fire Kit, Addgene pPD95.75
pPD97.82 Fire Kit, Addgene pPD97.82
pPD122.53 Fire Kit, Addgene pPD122.53
pOD1988 Wang et al., 2017 pOD1988
2nls::gfp This study pSJ553
egl-5p(6.5 kb)::nanobodyGFP::zif-1. This study pSJ559
lin-17p::2nis::gfp. This study pSJ567
lim-6(int4)::gfp This study pSJ739
lim-6int4(mutated)::gfp. This study pSJ759
let-413a::gfp::pest This study pSJ721.14
lin-26p::gfp This study pSJ722
T7p::6XHis::hmg-pop-1 This study pSJ769
T7p::6XHis::sox-2 full::HA This study pSJ6094
T7p::6XHis::hmg-pop-1::Flag This study pSJ1107
col-34p::gfp::cki-1(gDNA)::unc-54 3'utr This study pSJ1108
col-34p::gfp::cki-1(cDNA)::unc-54 3'utr This study pSJ1112
egl-5p(1,3 kb)::sox-2 full antisense. This study pSJ6293
lim-6(int4)::mCherry This study pSJ1096
col-34p::gfp::sox-2(cDNA)::unc-54 3'utr This study pPSJ6199

Software and algorithms

Adobe lllustrator CS6
Fiji

Imaris

GraphPad Prism

LAS X

SnapGene viewer

ApE (A plasmid Editor)

UCSC Genome Browser

Genomatix Software: Matlnspector

ALGEN-PROMO

FIMO
Jaspar
CIS-BP

http://www.adobe.com/products/
illustrator.html

https://imagej.net/Fiji/Downloads
https://imaris.oxinst.com/packages
https://www.graphpad.com/
https://www.leica-microsystems.com/
products/microscope-software/p/
leica-las-x-Is/
http://www.snapgene.com/products/
snapgene_viewer/
https://jorgensen.biology.utah.edu/
wayned/ape/
http://genome.ucsc.edu/cgi-bin/hgTracks?
db=ce11&lastVirtModeType=default&
lastVirtModeExtraState=&virtModeType=
default&virtMode=0&nonVirtPosition=
&position=chrX%3A1074694 %
2D1078639&hngsid=1004849487 _
ACKae4H3vpcGQxQUIXfEIUAVNGS;)
https://www.genomatix.de/online_help/
help_matinspector/matinspector_help.html
http://alggen.lsi.upc.es/cgi-bin/promo_v3/
promo/promoinit.cgi?dirDB=TF_8.3
http://meme-suite.org/doc/fimo.html
http://jaspar.genereg.net/
http://cisbp.ccbr.utoronto.ca/TFreport.
php?searchTF=T333272_2.00

RRID:SCR_010279

RRID: SCR_002285
RRID: SCR_007370
RRID: SCR_002798
RRID:SCR_013673
RRID:SCR_015053

N.A

RRID:SCR_005780

RRID:SCR_008036

RRID:SCR_016926

RRID:SCR_001783
RRID:SCR_003030
RRID:SCR_017236
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http://cisbp.ccbr.utoronto.ca/TFreport.php?searchTF=T333272_2.00
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REAGENT or RESOURCE SOURCE IDENTIFIER
Other

Leica MZ6 Leica Microsystems

Leica SP5 Leica Microsystems

Leica DM6 B Leica Microsystems

HAMAMATSU Digital Camera C11440-42U30

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Sophie
Jarriault (sophie@igbmc.fr).

Materials availability
Reagents generated in this study will be made available on request, but we may require a payment and/or a completed Materials
Transfer Agreement if there is potential for commercial application.

Data and code availability
o 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 strains were maintained on agar plates containing NGM growth media seeded with E. coli strain OP50 (Brenner, 1974) at
20°C, except for temperature-sensitive strains (lin-5(ev571 ts), wrm-1(ne1982 ts), lin-18(n1051 ts), par-1(zu310 ts)) which were grown
at 15°C. To score the (hermaphrodite) larvae mutant phenotype in temperature-sensitive strains, an egg pulse population (spanning
over 1 h) was shifted at the restrictive temperature (25°C) to avoid early embryonic lethality and scored in L2. The strains used in this
study are summarized in Table S2.

Construction of C. elegans strains

C. elegans transgenic strains were created by DNA microinjection in the gonad of young adult hermaphrodites (Mello et al., 1991) of
the plasmid of interest together with a co-injection marker and pBSK to a final concentration of DNA of 200-250 ng/uL in water. For
the SOX-2 overexpression experiments, a lim-6int4::mCherry::unc-54 3'utr fragment was amplified using custom oligo 0oCG-444F
and oligo D(r) using pSJ1096 as a template. Fragment col-34p::gfp::sox-2(cDNA)::unc-54 3'utr was PCR amplified by custom oligo
BDN519 and oligoD using pSJ6199 as a template. All PCR were carried out by Hi-Fidelity Phusion polymerase following standard
PCR method. Amplicons were purified (NucleoSpin® Gel and PCR Clean-up) and quantified (NanoDrop 1000 Spectrophotometer)
and injected into the gonads of young hermaphrodite animals [lim-6int4::mCherry::unc-54 3'utr(20 ng/uL), myo-2p::GFP(2 ng/ulL) &
pBSK+(250 ng/pL) + col-34p::gfp::sox-2(cDNA)::unc-54 3'utr(25 ng/pL)].

PCR fragments injections: col-34p::gfp::cki-1(gDNA)::unc-54 3'utr and col-34p::gfp::cki-1(cDNA)::unc-54 3'utr fragments were
amplified by custom oligo BDN519 and oligoD with template pSJ1108 and pSJ1112 respectively. Injection mix was composed
of col-34p::gfp::cki-1(gDNA)::unc-54 3'utr or col-34p::gfp::cki-1(cDNA)::unc-54 3'utr (20 ng/ul), pCFJ90 (2 ng/ul) &
pPBSK+(250 ng/uL) and injected into gonad of young adult hermaphrodite animals.

All the other strains used in this work (Table S2) were obtained by crossing existing strains from our lab, other labs (obtained
through CGC or directly) or obtained from SunyBiotech for knock-in reporter strains. The presence of mutant alleles was confirmed
by PCR genotyping in case of deletions and by PCR + restriction genotyping in case of point mutations (Morin et al., 2020). Primers
used for genotyping are summarized in Table S3.

Plasmid construction
pSJ553 - 2nis::gfp. The 2NLS sequence was amplified by PCR from pSJ207 (Kagias et al., 2012) with primers oCG390/0CG391 and
cloned Kpnl/Xhol into pPD95.75.

pSJ559 — egl-5p(6.5 kb)::nanobodyGFP::zif-1. nanobodyGFP::zif-1::U54 3'UTR was amplified by PCR from pOD1988 plasmid
(Wang et al., 2017) with primers oCR073/0CR074 and cloned into pSJ671 Ascl/Apal sites, containing egl-5p:: 4pes10.
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pSJ567 - lin-17p::2nis::gfp. lin-17p (6.5 kb) was amplified by PCR from genomic DNA with primers oCR155/0CR156 and cloned
into pSJ553 Hindlll/Pstl sites.

pSJ721.14 - let-413::gfp::pest. The Mus musculus ornithine decarboxylase PEST sequence (Corish and Tyler-Smith, 1999) was
inserted by Megawhop cloning (Miyazaki, 2003) into pML801 plasmid (a gift from Michel Labouesse). The pest sequence (120 bp)
was obtained through annealing of 2 ng of oligonucleotides 0CG368 and oCG369 in 10 mM Tris pH8, 50 mM NaCl and 1 mM
EDTA. The annealing was performed in 50uL for 5" at 95°C and then ramping down to about 25°C with a rate of —1.5 °C/min. After
the annealing, the pest sequence was cloned into pJET1.2/blunt (Thermo Fisher Scientific) and subsequently amplified with primers
0CG370/0CG371 and cloned into pML801 by Megawhop cloning.

pSJ722 - lin-26rectalp::nis::gfp. The rectal specific promoter of lin-26 (Landmann et al., 2004) was PCR-amplified from genomic
DNA with primers 0CG381/0CG382 and cloned by Megawhop cloning into pPD97.82.

pSJ739 - lim-6int4::gfp. lim-6 intron 4 was PCR-amplified from genomic DNA with primers 0CG444/0CG445 and cloned by Mega-
whop cloning into pPD95.75.

pSJ759 - lim-6int4(mutated)::gfp. The sequence of the lim-6 intron 4 with 7 out of 8 mutated TCF binding sites (Figure S9) was or-
dered (ProteoGenix, France) flanked with Bbsl and Sall restriction sites. This allowed it to be cloned into pSJ739, replacing the wild-
type lim-6int4 sequence.

pSJ769 - T7p::6XHis::hmg-pop-1. The sequence of the HMG domain of pop-1 was PCR-amplified from genomic DNA with primers
0CG556/0CG557 and cloned by Megawhop cloning into pET30a+.

pSJ6094 - T7p::6XHis::sox-2 full::HA. The sox-2::HA sequence was PCR-amplified from peYFP-sox-2-HA (Kagias et al., 2012) with
primers psj6094sox-2 F/R and cloned into pET32a+ Sall/Not1 sites.

pSJ6293 - egl-5p(1,3 kb)::sox-2 full antisense. egl-5p(1,3 kb) was PCR amplified with primers pLG7F/pLG7R and cloned into
pPD122.53 at the Sall/Xbal sites. The full sox-2 antisense cDNA was PCR amplified with primers BDT950/952 from a mRNA prep
and cloned by Megawhop to replace the GFP present in the original L4053 plasmid.

pSJ1096 - lim-6int4::mCherry::unc-54 3'utr. GFP was removed from pSJ739 using Kpnl and EcoRl restriction sites then digested
fragment was assembled with overlapping ends containing mCherry fragment (obtained using oligos 0SKS-212 and 0SKS-213 via
standard PCR method) using HiFi DNA assembly kit (New England Biolabs), following the manufacture’s protocol.

The coding sequences in all constructs were verified by Sanger sequencing. All plasmids were transformed into DH10p bacteria
(Invitrogen™) for DNA amplification or BL21(DE3) (Stratagene) for protein production

pSJ1107 - T7p::6XHis::hmg-pop-1::Flag. Flag tag was inserted at the C-terminus of hmg-pop-1 in pSJ769 using Q5® Site-
Directed Mutagenesis Kit (New England Biolabs), following the manufacturer’s protocol. Oligo 0SKS-235 & 0SKS-236 were used
for this modification and their sequence is listed in Table S3.

pSJ1108 - col-34p::gfp::cki-1(gDNA)::unc-54 3'utr. sox-2 was removed from pSJ6199 using Pstl and Nsil restriction sites; digested
vector was then ligated with cki-1 fragment (obtained with custom made oligos 0SKS-233 & 0SKS-234 via standard PCR method &
Pstl and Nsil digestion) using T4 DNA Ligase (New England Biolabs), following the manufacturer’s protocol.

pSJ1112 - col-34p::gfp::cki-1(cDNA)::unc-54 3'utr. The intron was removed from pSJ1108 using custom-made oligos (0SKS-237
& 0SKS-238; see Table S3) following Q5® Site-Directed Mutagenesis Kit (New England Biolabs) manufacturer’s protocol.

METHOD DETAILS

RNAi/silencing experiments

RNAI experiments were performed as previously described (Zuryn et al., 2014). Basically, we sequence-verified clones from the Ah-
ringer library (Kamath et al., 2003). RNAi was performed by injecting double stranded RNA (dsRNA) directly into L4 worms, which
we found more effective to suppress gene expression in rectal cells when compared to the feeding method. To this end, the insert
of each clone was PCR amplified using T7 primers. In vitro transcription was performed using the PCR products as templates with
T7 RNA polymerase using the mMMESSAGE mMACHINE™ T7 Transcription Kit (Invitrogen™). Single stranded RNA was allowed to
anneal to form dsRNA by gradually lowering the temperature of the sample from 65°C. RNAi sensitized rrf-3(pk1426) Il ; oxIs12[unc-
47::gfp] adults were microinjected with dsRNA and F1 progeny derived from these adults were scored for the presence of DVB.
Note that many of the knockdowns tested resulted in significant lethality and that only escapers were scored, possibly biasing the re-
sults toward less defects. For sox-2 rectal-specific knockdown in particular, we used either the rectal expression (under egl-5(1.3 kb)
promoter) of a sox-2 antisense sequence, or the rectal expression (under egl-5(6 kb) promoter) of the nanobody-GFP system (Wang
etal., 2017)ina gfp::sox-2 CRISPR Kl strain. This latter strategy allowed us to monitor GFP::SOX-2 switch-off in parallel to DVB defects.

Epifluorescence microscopy
Worms were immobilized on 2% agarose pads using Tricaine 0.4% and Tetramizole 0.04%. Images were captured on a Leica DM6 B
microscope with LAS X software and the HAMAMATSU Digital Camera C11440. For all images, anterior is to the left and dorsal up.

Confocal/spinning disk microscopy

Worms were immobilized on 5% agarose pads with Tricaine 0.4% and Tetramizole 0.04%. For Confocal microscopy, images were
captured on an inverted Leica TCS SP5 laser scanning confocal microscope (Leica Microsystems, Germany). For Spinning Disk
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microscopy, time-lapse images were captures with an inverted Nikon Eclipse Ti equipped with the PFS (perfect focus system) and a
Yokogawa CSU-X1 scan head and a 60x1.4 NA objective lens, and run using Metamorph. For the smFISH, the same microscope
was used but with a 100x 1.4 NA objective. For all images, anterior is left and dorsal up.

Scoring criteria

Both localization, DIC appearance and fluorescent markers, using in particular the rectal reporter array gals245[col-34p::his-
24::mcherry; unc-119(+)] (Kagias et al., 2012) were used to identify K, K’ and K.p cells’ nuclei. Of note, K is found on the left side, K’
on the right side of the worm, and K.p is posterior to K.a and K’. We further confirmed the left position of K relative to the localization
of the commissures of the GABAergic neurons visualized with ox/s12 [unc-47p::GFP] and DNA replication was visualized using gals245
[col-34p::his-24::mcherry; unc-119(+)]. The assessment of K division in /in-5 mutant was performed by using gals245 together with a
fluorescent marker of the plasma membrane of rectal cells (fols101[col-34p::ph::gfo; odr-1p::dsRed)]). In egl-5(n945) mutant, since
col-34 expression is absent in rectal cells, an egl-5 reporter (bxIs7[egl-5(6.5 kb)::gfp; lin-15(+)]) was used to identify K.a and K.p. This
cytoplasmic reporter did not allow us to estimate the orientation of K division based on K.a and K.p nuclei alignment or to measure their
nuclear volumes. Similarly, the combination of markers that we used to simultaneously assess K division and DVB formation (gals245
and wyls75 for sox-2), as well as the overall perturbed rectal area, precluded the quantification of the orientation of K division or the
nuclear volumes in sox-2 knockdown and ceh-6 mutant. Since the rectal-specific sox-2 antisense array contains also rol-6(su1006),
making it difficult to identify K.a, K" and K.p in roller mutants, K cell division was scored in animals where sox-2 is knocked down by
an anti-GFP nanobody strategy (See RNAI/Silencing experiments). This strategy was also used in combination with wrm-71 mutant to
test the genetic interaction between sox-2 and the Wnt signaling pathway. DVB presence was always based on the expression of
unc-47 terminal differentiation gene (oxIs12, krls6 or wyls75 arrays) and the presence of its stereotyped neurite going anteroventrally.
For timing experiments, tightly synchronized worms were obtained via hatch-pulses: more than 100-200 eggs were picked on fresh
plates seeded with OP50 and each hour newly hatched larvae were transferred on new plates. Alternatively, L1-L2 worms were picked
and staged according to the number of cells in the developing gonad. To determine the precise timing of K division and DVB formation,
hatch-pulse tightly synchronized L1 were mounted every hour starting 10 h after hatching. Several criteria were used to precisely stage
the worms: the occurrence of division, using gals245; the L1-L2 transition, using the number of cells in the gonad and the disappearance
of the alae observed by DIC. The early L2 stage was further dissected using the number of GABAergic cell bodies in the ventral nerve
cord and the number of VD commissures as well as unc-47 expression in DVB as observed with ox/s72.

Electron microscopy
See description in (Jarriault et al., 2008) (Sl text). Ten microns of serial ultrathin sections (50-70 nm) of the rectal area were collected
and contrasted in lead citrate and uranyl acetate before imaging with a SiS Megaview 3 CCD camera mounted on a FEI Morgagni
TEM operated at 70 kV.

Image processing and analysis

Images were processed using ImagedJ. The measurement of the angle of K division was performed using the angle tool from ImageJ
where a segmented line was drawn through the rectal slit and the center of the K.a and K.p nuclei in late L1 larvae as represented by
the yellow dashed line in Figure 2A.

smFISH
The smFISH probe for lin-26 was designed using the stellaris-designer from biosearchtech web site (https://www.biosearchtech.
com/stellaris-designer) and coupled to Quasar 670.

smFISH was performed on the strain 1S3423 gals245[col-34p::his-24::mCherry; unc-119(+)] V; sox-2(syb737[GFP::linker::sox-2])X.
gals245 allows the identification of rectal cells and GFP::SOX-2 highlights K.p nucleus after division. Young mothers were bleached
and eggs were grown for 26hrs on NGM plate at 20°C. The next day, the L1 larvae were treated as described in Ji and van Oude-
naarden (2012). Briefly, larvae were collected and rinsed in M9 twice and fixed for 45 min in 4% paraformaldehyde. Then larvae
were rinsed in PBS and incubated in 70% EtOH for at least 20hrs. The next day, larvae were rinsed twice in wash buffer containing
10% formaldehyde and incubated O/N at 30°C protected from light, with 100uL of hybridization buffer containing 1uL of the lin-26
probe (final concentration 0.6uM). The next day, larvae were rinsed twice in wash buffer and incubated for 30 min with Dapi in wash
buffer. Then larvae were rinsed in 2X SSC and mounted on a pad with Vectashield. Images were acquired on a Nikon Spinning Disk
microscope as follows: Laser 635 16%, 600 ms exposure, Laser 405 30% 150 ms exposure, Laser 491 30% 200 ms exposure, Laser
561 9% 200 ms exposure, 14 z steps with 0.3 um between each step.

Quantifications were performed manually as follows: For each cell of interest, we counted the number of spots touching the nu-
cleus, only taking into account cells for which the total volume of the nucleus was visible as determined with our different markers
(his-24::mCherry, gfp::sox-2 and Dapi). We reasoned that spots touching the nucleus (“touching spots”) would reflect active
transcription.

Transcription factor binding sites analysis
For the manual identification of the putative TF binding sites, the following consensus sequences in Snapgene were used:
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POP-1/TCF: WWCAAAR (Bertrand and Hobert, 2009), SEM-4/SPALT: WARATTGTSTKKSW (Lloret-Fernandez et al., 2018) and
TTGTST (Toker, 2003), SOX-2/SOX2: VACAAWGG (Maruyama et al., 2005).

For automatic identification of putative binding sites, several platforms were used: FIMO with the C. elegans POP-1/TCF Matrix
(Narasimhan et al., 2015), or MatInspector and Promo from vertebrate homologues.

Conservation of the binding sites was examined using the multiple alignment provided by the UCSC genome Browser. However,
very poor conservation of the binding sites was observed among C. elegans species.

6 xHis-tagged protein expression and purification

To make 6 x His-tagged proteins, sox-2, pop-1 and HMG-pop-1 cDNAs were cloned into pET32a+ or pET30a+ (Addgene) and trans-
formed into BL21(DE3) from Stratagene. 6 x His-tagged protein expression was induced by adding 1 mM IPTG to 1L of transformed
cell culture at OD600 = 0.6 for 4 h at 37°C. Cells were then harvested and lysed in 40 mL of Lysis Buffer (20 mM Tris pH 8, 100 mM
NaCl, 10 mM imidazole, 1 mM DTT, 0.1% NP40, Protease inhibitor from Roche) by sonication. The lysates were centrifuged 30 min at
40 000 RPM, 4°C. 6xHis-tagged proteins were purified using a Hitrap Ni crude 1 mL columns (Dutscher) and the following buffers:
Equilibration Buffer (20 mM Tris pH 8, 100 mM NaCl, 10 mM imidazole, 0.1% NP40) and Elution Buffer (Equilibration Buffer +300 mM
imidazole). The extracts were fractionated on a cation exchange chromatography and then dialyzed in EMSA buffer (20 mM Tris pH 8,
100 mM NaCl, 1 mM EDTA, 1 mM DTT, 0.1% NP40). Note that for unknown reasons, we could not manage to purify the full-length
POP-1 protein despite numerous attempts.

Electrophoretic mobility shift assay (EMSA) and super shift assay

Cy5-labeled probes were ordered (Merck, Germany) and annealed as follows: 10uM of forward (CY5) and reverse (unlabeled) primers
were incubated in the dark in TE buffer containing 125 mM NaCl at 100°C for 5 min followed by 5hrs at room temperature and then
O/N at 4°C. Purified 6 x His-tagged proteins (250 mM, or a range of 0,5 to 500 nM) and 200 ng of Cy5-probes were incubated on ice in
binding buffer (20 mM Tris HCI pH 8.0, 100 mM NaCl, 100 ug/mL BSA, 1 mM EDTA, 1 mM DTT, 0.1% NP-40) for 20 min and resolved
in a pre-run 6% polyacrylamide gel containing 0.5 x TBE buffer (Bio-Rad Mini-PROTEAN) at 100V for 1 h. The gels were imaged using
the Typhoon™ FLA 9500 biomolecular imager.

For the super shift assay, recombinant purified HMG-POP-1-FLAG (300 nM) or SOX-2-HA (200 nM) and 200 ng of double stranded
annealed Cy5-probe 1 or 2 were incubated at room temperature in binding buffer (20 mM Tris HCI pH 8.0, 100 mM NaCl, 100 pg/mL
BSA, 1 mM EDTA, 1 mM DTT, 0.1% NP-40) for 30 min. Then, 2 uM of rabbit polyclonal anti-HA and/or mouse monoclonal anti-FLAG
(IGBMC antibody facility) were added to the samples and incubated for 15 min before loading on a 8% non-denaturing polyacryl-
amide mini gel using running 0.5x TBE buffer (Bio-Rad Mini-PROTEAN) at constant 80 V. The gels were scanned using the
Typhoon™ FLA 9500 biomolecular imager (GE healthcare). All the steps involving labelled probe were carried out either in the
dark or minimal light condition.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis and data representations

In the bar plots, mean and standard deviation between biological replicates of the percentage of worms scored are represented. The
stars summarize the statistical significance as calculated through Fisher’s exact test on the merged raw data from single replicates in
a contingency table. Two-tailed Fisher’s exact test was used to compare reporter gene expression in mutant vs wild-type worms.
One-tailed Fisher’s test was used to compare Td defects in mutant vs wild-type worms; the choice of the one-tailed test is justified
by the known 0% Td defect in wild-type worms. The Student’s t-test was used to analyze the significance in the difference between
K.a and K.p nuclear volumes’ ratio and the angle of K division in wild-type vs lin-17 and sem-4 mutants. F test was used to compare
the variances of the angle of division between wild-type vs lin-17, sem-4 and goa-1 mutants. For the smFISH, an Anova and Dunnet
T3 test for multiple comparison was performed. When relevant, top bars represent mean + standard deviation. *p < 0.05; **p < 0.01;
***p < 0.001; ***p < 0.0001 and ns, not significant, for all the tests.

Quantification of nuclear volumes

To measure K.a, K.p and K’ nuclear volumes, gals245 transgenic strains were imaged at Leica SP5 confocal microscope. All the vol-
ume in Z containing K.a, K.p and K’ nuclei was acquired with a z-step size of 0.3 um. Imaris software was used to reconstruct 3D
images and to analyze the volume occupied by each nucleus. Manual selection of the nuclear area was performed.
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