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Abstract

Whereas remarkable advances have uncovered mechanisms that drive nervous system assembly, the processes responsible for the lifelong
maintenance of nervous system architecture remain poorly understood. Subsequent to its establishment during embryogenesis, neuronal
architecture is maintained throughout life in the face of the animal’s growth, maturation processes, the addition of new neurons, body
movements, and aging. The Caenorhabditis elegans protein SAX-7, homologous to the vertebrate L1 protein family of neural adhesion
molecules, is required for maintaining the organization of neuronal ganglia and fascicles after their successful initial embryonic develop-
ment. To dissect the function of sax-7 in neuronal maintenance, we generated a null allele and sax-7S-isoform-specific alleles. We find that
the null sax-7(qv30) is, in some contexts, more severe than previously described mutant alleles and that the loss of sax-7S largely pheno-
copies the null, consistent with sax-7S being the key isoform in neuronal maintenance. Using a sfGFP::SAX-7S knock-in, we observe sax-7S
to be predominantly expressed across the nervous system, from embryogenesis to adulthood. Yet, its role in maintaining neuronal organi-
zation is ensured by postdevelopmentally acting SAX-7S, as larval transgenic sax-7S(þ) expression alone is sufficient to profoundly rescue
the null mutants’ neuronal maintenance defects. Moreover, the majority of the protein SAX-7 appears to be cleaved, and we show that
these cleaved SAX-7S fragments together, not individually, can fully support neuronal maintenance. These findings contribute to our un-
derstanding of the role of the conserved protein SAX-7/L1CAM in long-term neuronal maintenance and may help decipher processes that
go awry in some neurodegenerative conditions.
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Introduction
An important yet poorly understood question of neurobiology is

how the organization of neural circuits is maintained over a life-

time to ensure their proper function. Largely established during

embryogenesis, the architecture of the nervous system needs to

persist throughout life in the face of the animal’s growth, the ad-

dition of new neurons, maturation processes, body movements,

and aging. Whereas significant progress has been made in under-

standing the processes driving neuronal development, little is

known about the mechanisms ensuring lifelong maintenance of

nervous system architecture and function.
Research using Caenorhabditis elegans has uncovered a number

of immunoglobulin (Ig) superfamily molecules required for the

long-term maintenance of neuronal architecture (Benard and

Hobert 2009). These include the large extracellular protein DIG-1

(Benard et al. 2006; Johnson and Kramer 2012), the small two-Ig

domain proteins ZIG-3, ZIG-4, and ZIG-10 (Aurelio et al. 2002;

Benard and Hobert 2009; Benard et al. 2012; Cherra and Jin 2016),

the ectodomain of the FGF receptor EGL-15 (Bülow et al. 2004), as
well as SAX-7/L1CAM (Zallen et al. 1999; Sasakura et al. 2005;
Wang et al. 2005; Pocock et al. 2008; Zhou et al. 2008). Here, we fur-
ther the investigation of SAX-7’s role in the lifelong maintenance
of neuronal architecture.

SAX-7 is an evolutionary conserved transmembrane cell adhe-
sion molecule homologous to mammalian L1CAM (Hortsch 2000;
Chen et al. 2001; Hortsch et al. 2014). In C. elegans, SAX-7 exists as
two main isoforms, a long isoform SAX-7L and a short isoform
SAX-7S. These two isoforms are identical for their intracellular
tail, transmembrane domain (TM), and most of their extracellu-
lar region including five identical fibronectin type III domains
(FnIII), and four Ig-like domains. They differ in the N-terminal ex-
tracellular region, where SAX-7S has four Ig domains (Ig 3–6),
whereas SAX-7L has six Ig domains (Ig 1–6). Transgenes of SAX-7S,
but not of SAX-7L, rescue the defects of sax-7 loss-of-function
mutants, indicating that the SAX-7S isoform is central to sax-7 func-
tions (Sasakura et al. 2005; Wang et al. 2005; Pocock et al. 2008;
Ramirez-Suarez et al. 2019). Vertebrate proteins of the SAX-7/L1CAM
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family include L1CAM, NrCAM, CHL1, and Neurofascin
(Brummendorf and Rathjen 1996; Brummendorf et al. 1998; Hortsch
2000; Haspel and Grumet 2003; Hortsch et al. 2014).

sax-7/L1CAM is well known to contribute to the development of
distinct neurons in C. elegans. It is involved in dendrite development
and axon guidance (Zhao et al. 1998; Heiman and Pallanck 2011;
Schafer and Frotscher 2012; Dong et al. 2013; Salzberg et al. 2013;
Diaz-Balzac et al. 2015; 2016; Zhu et al. 2017; Yip and Heiman 2018;
Chen et al. 2019; Ramirez-Suarez et al. 2019; Cebul et al. 2020; Sherry
et al. 2020). In flies and mammals, homologs of sax-7 function in
neuronal migration, axon guidance, and synaptogenesis (Bieber
et al. 1989; Hall and Bieber 1997; Sonderegger et al. 1998; Rougon and
Hobert, 2003; Godenschwege et al. 2006). In humans, mutations in
L1CAM severely impair neuronal development, leading to disorders
collectively referred to L1 or CRASH syndrome for corpus callosum
hypoplasia, mental retardation, aphasia, spastic paraplegia, and hy-
drocephalus (Fransen et al. 1997; Hortsch et al. 2014).

Besides their roles in neuronal development, SAX-7/L1CAM
family members also function in the mature nervous system to
preserve neuronal organization. In C. elegans, sax-7 is required for
maintaining neuronal organization well after development is
completed, as specific neuronal structures that initially develop
normally in sax-7 mutant animals, later become disorganized.
For instance, in sax-7 mutants, a subset of axons within the ven-
tral nerve cord, which developed normally during embryogenesis,
become displaced to the contralateral fascicle during the first lar-
val stage; and neurons within embryonically established ganglia
become progressively disorganized by late larval stages and
adulthood in sax-7 mutants (Zallen et al. 1999; Sasakura et al.
2005; Wang et al. 2005; Pocock et al. 2008; Zhou et al. 2008). Such
postdevelopmental neuronal disorganization displayed by sax-7
mutant animals can be prevented if animals are paralyzed
(Sasakura et al. 2005; Pocock et al. 2008), indicating that the me-
chanical stress from body movements contributes to perturbing
neuronal architecture in these mutants. In mammals, roles for
L1 family members in the adult nervous system have been
revealed as well, through the study of conditional knockouts.
Adult-specific knockout of neurofascin affects rats behavior and
alters the axon initial segment in mice (Kriebel et al. 2011; Zonta
et al. 2011); knockout of L1CAM specifically in the adult mouse
brain leads to behavioral deficits and synaptic transmission
changes (Law et al. 2003); and CHL1 conditional depletion in a
subtype of forebrain neurons in mice leads to defects in working
memory duration (Kolata et al. 2008). Thus, L1CAM family of neu-
ral adhesion proteins contributes to preserving the functionality
of the mammalian adult nervous system.

Despite the evolutionarily conserved importance of SAX-7/

L1CAM, its role in the long-term maintenance of the neuronal ar-

chitecture remains unclear. In order to better understand how

SAX-7/L1CAM participates in neuronal maintenance, here we

have generated and characterized a null allele of sax-7, tested the

temporal requirements for sax-7S neuronal maintenance func-

tion, determined the endogenous expression pattern of SAX-7S,

and assessed the function of SAX-7S cleavage products in neuro-

nal maintenance. Our results further our understanding of the

roles of the evolutionarily conserved molecule SAX-7/L1CAM in

the lifelong persistence of neuronal organization and function.

Materials and methods
Nematode strains and genetics
Nematode cultures were maintained in an incubator at 20�C (un-

less otherwise noted) on Nematode growth medium agar plates

(NGM) plates seeded with Escherichia coli OP50 bacteria as de-

scribed (Brenner 1974). Alleles used in this study are listed in

Table 1. Strains were constructed using standard genetic proce-

dures and are listed in Table 2. Genotypes were confirmed by

genotyping PCR or by sequencing when needed. Primers used to

build strains are listed in Table 3. All the mutant alleles and re-

porter strains are outcrossed with the Bristol N2 wild-type strain

at least three times prior to use for analysis or strain building.

RT-PCR for sax-7 alleles
This analysis was performed with wild-type [N2], sax-7L-specific

mutants [sax-7(eq2) and sax-7(nj53)], hypomorphic mutants of

both isoforms [sax-7(nj48) and sax-7(tm1448)], and intracellular

sax-7 mutant [sax-7(eq1)] strains. Total RNA was extracted from

worm samples using Trizol (Invitrogen) according to the manu-

facturer’s instructions. RNA (500 ng) was reverse transcribed us-

ing the High Capacity cDNA Reverse Transcription Kit (Applied

Biosystems) and random primers. PCR reactions were carried out

with 1st strand cDNA template, and 0.25 lM of each primer for

sax-7 cDNA amplification in 10 mM Tris pH 8.3, 1.5 mM MgCl2,

50 mM KCl, 0.2 mM deoxynucleotides, and 1 U Phusion DNA poly-

merase for 30 cycles of 94�C for 10 s, 55�C for 20 s, and 72�C for 45

s. Primers used to detect sax-7 transcript are as following: oCB985

(CGATTTGCAACTCAACAGGA), oCB986 (TGGTGCTCATGAAGATC

AG), oCB987 (GTGTCCCGAACTGATTCGAT), oCB988 (TTTGTGGA

ACGTATTGACC), oCB989 (GGAACGTATTGACCTGAAACAG),

oCB990 (TTGATCGTCCTGTCCGTGTA), and oCB991 (GACCACCGA

ATACCACAACC).

Table 1 List of sax-7 mutant alleles used

Allele Nature of alleles Location on cosmid C18F3 Reference

qv31 732-bp insertion
sfGFP::SAX-7S construct

After 12,809 This study

qv30 19,972-bp deletion
Total loss of function

8,364–2,8335 This study

qv25 47-bp insertion,
creates an ORF frameshift and a stop codon in sax-7S signal peptide

After 12,785 This study

qv26 36-bp in frame insertion,
but disrupts sax-7S signal peptide

After 12,785 This study

eq2 648-bp deletion 8,041–8,688 Wang et al. (2005)
nj53 724-bp deletion 8,122–8,845 Sasakura et al. (2005)
nj48 582-bp deletion 12,457–13,038 Sasakura et al. (2005)
tm1448 1,727-bp deletion 22,599–24,325 Mitani lab at NBRP

C. elegans
eq1 2,020-bp deletion 26,591–28,605 Wang et al. (2005)
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Primers oCB992 (TCGCTTCAAATCAGTTCAGC) and oCB993
(GCGAGCATTGAACAGTGAAG) were used for the control gene
Y45F10D.4 (Hoogewijs et al. 2008) cDNA amplification.

Generation of sax-7 null allele by CRISPR-Cas9
(knockout)
gRNA plasmids (pCB392 and pCB393):
The gRNAs plasmids were made as previously described (Arribere
et al. 2014). To obtain a deletion of the entire locus of sax-7, we
used two target sequences, one on the 1st exon of the sax-7 long
isoform (gtggccagtgagtaacaag reverse target sequence, pCB392)
and the other one on the last exon of sax-7 corresponding to exon
17 and 14 of long and short isoform, respectively (ccggcatcaagct
cttttg reverse target sequence, pCB393).
pCB392: Forward and reverse oligonucleotides (oCB1511: AAACctt
gttactcactggccacC and oCB1510: TCTTGgtggccagtgagtaacaag, re-
spectively), containing the 50 target sequence and overhangs
compatible with BsaI sites in plasmid pRB1017 (Arribere et al.
2014), were annealed and ligated into pRB1017 cut with BsaI to
create the gRNA plasmid pCB392.
pCB393: Forward and reverse oligonucleotides (oCB1513: AAACca
aaagagcttgatgccggC and oCB1512: TCTTGccggcatcaagctcttttg, re-
spectively), containing the 30 target sequence and overhangs
compatible with BsaI sites in plasmid pRB1017 (Arribere et al.
2014), were annealed and ligated into pRB1017 cut with BsaI to
create the gRNA plasmid pCB393.

Plasmids were confirmed by sequencing with M13 reverse
primer.

The repair donor ssDNA oligonucleotide (repair template):
We designed the repair donor simple-strand DNA oligonucleotide
and ordered to Integrated DNA Technologies (IDT) (oCB1514: GAT
TCTAGATCACGTCGAAAGACCACCATCATGAGGAGCTTCATATTT
CTAGCTTGATGCCGGCCGAACGGCCCGAGAAAGGATCAACGTCGA
CGTTTG, forward). The donor sequence starts with 50 nucleotides
corresponding to the 50 homology arm of sax-7L at the 50 target
site, followed by 49 nucleotides corresponding to the 30 homology
arm of sax-7 at the 30 target site.

sax-7 deletion is located from 8373 to 28,330 bp on cosmid
C18F3, deletion of 19,957 bp (Table 1, Supplementary Figure S1A).

Microinjection:
DNA mixture was prepared in injection buffer (20 mM potassium
phosphate, 3 mM potassium citrate, 2% PEG, pH 7.5). The injection
mix contained the Cas9 plasmid (pDD162; Dickinson et al. 2013) at
50 ng/mL, the gRNA plasmids pCB392 and pCB393 at 50 ng/mL each,
the ssDNA donor oCB1514 at 20 ng/mL, the gRNA plasmid pJA58
(dpy-10 target; Arribere et al. 2014) at 50 ng/mL, and the ssDNA

repair template for dpy-10 (dpy-10(cn64); Arribere et al. 2014) at
20 ng/mL. Mutations in the dpy-10 gene were used as CRISPR cocon-
version marker.

Screening:
F1 progeny were screened for Rol and Dpy phenotypes 3–4 days
after injection. Rol or Dpy F1 animals were singled and the F2
progeny were screened by PCR for the absence of sax-7 gene with
two couples of primers. The first couple of primers outside sax-7,
oCB747 (TCTCTCAAAATTCTTCGCAAGC, forward) and oCB1025
(CGGGAAGAAATGAAACAGGA, reverse), giving a band when
sax-7 is knockout works. Second couple of primers inside sax-7,
oCB212 (GAAATACACACAAATACGAGTGC, forward) and oCB723
(TAGTTGATTAAAATGTTTCAAGATTG, reverse) giving a band in
wild type (no knockout of sax-7).

Identification:
The strain resulting from this genome editing is identified as sax-
7(qv30) (Tables 1–3) and verified by sequencing the deletion junc-
tions (Supplementary Figure S1A) and also failed to amplify any
product by several PCR reactions with primers targeting most of
sax-7 exons.

Generation of sax-7(qv25) and sax-7(qv26),
sax-7S-specific alleles by CRISPR-Cas9
Two insertion–deletion mutants, namely sax-7(qv25) and sax-
7(qv26) (Tables 1–3, Supplementary Figure S1, B and C), were
obtained during our efforts to insert sfgfp in the sax-7S-specific lo-
cus by CRIPSR-Cas9, described below.

Generation sfGFP::SAX-7S by CRISPR-Cas9
(knock-in)
We chose the protein marker sfGFP as a gene tag because it enco-
des a GFP variant that folds robustly even when fused to poorly
folded proteins and its modified structure resists to the acidic ex-
tracellular environment (Pedelacq et al. 2006).

gRNA plasmids (pCB394 and pCB395):
The gRNAs plasmids were made as previously described (Arribere
et al. 2014). Two target sequences were selected at the end of the
exon 1 of sax-7S-specific locus (sax-7S/C18F3.2a, d), located in the
predicted sax-7S signal peptide [ggatgtctactgttccttg forward target
sequence (pCB394) and tgaaatgaaactaaccaca reverse target se-
quence (pCB395)].
pCB394: Forward and reverse oligonucleotides (oCB1515: TCTTG
ggatgtctactgttccttg and oCB1516: AAACcaaggaacagtagacatccC,
respectively), containing the target sequence and overhangs com-
patible with BsaI sites in plasmid pRB1017 (Arribere et al. 2014),

Table 3 List of primers used to genotype the gene sax-7 when build strains

Allele Primer Sequence PCR product(s) (bp) Cosmid coordinates

qv30 Mutant specific
oCB747 tctctcaaaattcttcgcaagc 326 C18F3 8252. . .8273, forward
oCB1025 cgggaagaaatgaaacagga C18F3 28531. . .28550, reverse

Wild-type specific
oCB1022 tggtggtagcgatggtgtag 609 C18F3 12312. . .12331, forward
oCB1023 agttcgatgttctcggctgt C18F3 12901. . .12920, reverse

qv25 oCB1022 tggtggtagcgatggtgtag 656 (mt), C18F3 12312. . .12331, forward
oCB1023 agttcgatgttctcggctgt 609 (wt) C18F3 12901. . .12920, reverse

qv26 oCB1022 tggtggtagcgatggtgtag 645 (mt), C18F3 12312. . .12331, forward
oCB1023 agttcgatgttctcggctgt 609 (wt) C18F3 12901. . .12920, reverse

nj48 oCB1022 tggtggtagcgatggtgtag 257 (mt), C18F3 12312. . .12331, forward
oCB208 gagttattggggtattttagcg 825 (wt) C18F3 13115. . .13136, reverse
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were annealed and ligated into pRB1017 cut with BsaI to create

the gRNA plasmid pCB394.
pCB395: Forward and reverse oligonucleotides (oCB1518: AAACtgt

ggttagtttcatttcaC and oCB1517: TCTTGtgaaatgaaactaaccaca, re-

spectively), containing the target sequence and overhangs com-

patible with BsaI sites in plasmid pRB1017 (Arribere et al. 2014),

were annealed and ligated into pRB1017 cut with BsaI to create

the gRNA plasmid pCB395.
Plasmids were confirmed by sequencing with M13 reverse

primer.

The repair donor PCR amplicon (repair template):
We decided to design the repair donor DNA in order that the new

gene insertion takes place directly at the end of the exon 1 of sax-

7S, in sax-7S signal peptide. The end of the sax-7S signal peptide is

at beginning of the exon 2 of sax-7S. Thus, it was necessary to add

this signal sequence part localized downstream the insertion

area (TCGGATCGCTACTACACA at the beginning of exon 2) at the

end of exon 1, along with the gene sfgfp to be inserted, so as to en-

sure the presence of the entire signal peptide (Figure 4B,

Supplementary Figure S1D).
The repair donor DNA was amplified by PCR using first, pri-

mers oCB1525 (GTGTCGGATCGCTACTACACAATGAGCAAAGGAG

AAGAAC, forward) and oCB1527 (ATGTGCCCTAAAAAGAAAAAT

GAAATGAAACTAACTTTGTAGAGCTCATCCATGC, reverse) and a

plasmid containing the sequence of sfGFP as template. Primers

oCB1525 contains 18 bases in 50 upstream sfgfp corresponding to

the missing sax-7S signal peptide sequence part and oCB1527

contains 35 bases corresponding to 30 homology arms of sax-7S at

the target site. A second PCR was amplified on the previous prod-

ucts with primers oCB1526 (TCATATTCCTGCTAGGATGTCTACT

GTTCCTTGTGTCGGATCGCTAC, forward) and oCB1527 (ATGTGC

CCTAAAAAGAAAAATGAAATGAAACTAACTTTGTAGAGCTCATC

CATGC, reverse). Primer oCB1526 contains 35 bases correspond-

ing to 50 homology arms of sax-7S at the target site. sfgfp with sig-

nal peptide part were inserted immediately following amino acid

29 of SAX-7S.

Microinjection:
DNA mixture was prepared in injection buffer (20 mM potassium

phosphate, 3 mM potassium citrate, 2% PEG, pH 7.5). The injec-

tion mix contained the Cas9 plasmid (pDD162; Dickinson et al.

2013) at 50 ng/mL, the gRNA plasmids pCB394 and pCB395 at

25 ng/mL each, the 50arm::sp::sfgfp::30arm donor PCR (containing

the signal peptide, sp) at 100 ng/mL, the gRNA plasmid pJA58 (dpy-

10 target; Arribere et al. 2014) at 50 ng/mL, and the ssDNA repair

template for dpy-10 (dpy-10(cn64); Arribere et al. 2014) at 20 ng/mL.

Mutations in the dpy-10 gene were used as CRISPR coconversion

marker.

Screening:
F1 progeny were screened for Rol and Dpy phenotypes 3–4 days

after injection. Rol or Dpy F1 animals were singled and the F2

progeny were screened by PCR for the presence of sax-7S signal

peptide and sfgfp in the sax-7S locus with primers oCB1022

(TGGTGGTAGCGATGGTGTAG, forward) and oCB818 in sfgfp

(TTCAGCACGCGTCTTGTAGG, reverse) for the 50 insertion side

and oCB1427 in sfgfp (AAAAGCGTGACCACATGGTCC, forward)

and oCB1023 (AGTTCGATGTTCTCGGCTGT, reverse) for the 30 in-

sertion side.

Identification:
The new strain resulting from this genome editing is identified as
sax-7(qv31[sfgfp::sax-7S]) (Tables 1 and 2), which is abbreviated as
sfgfp::sax-7S. The modified locus was verified by sequencing of
the entire region (Supplementary Figure S1D).

Microinjection to generate transgenic animals
Transgenic animals were generated by standard microinjection
techniques (Mello and Fire 1995). Each construct was injected at
0.5 ng/lL (pCB471), 1 ng/lL (pCB191), 5 ng/lL (pCB219, pCB213,
pCB402, and pCB212), 10 ng/lL (pCB224 and pCB426), or 25 ng/lL
(pCB428, pCB189, pCB195, pCB430, pCB429, pCB431, pCB401,
pCB432, pCB472, and pCB473), along with one or two coinjection
markers to select transgenics, including Pceh-22::gfp (50 ng/lL)
and Plgc-11::gfp (50 ng/lL) labeling the pharynx in green, Pttx-
3::mCherry (50 ng/lL) labeling AIY neurons in red, and Punc-
122::rfp (50 ng/lL) labeling coelomocytes in red. As needed,
pBSKþ was used to increase the total DNA concentration of the
injection mixes to 200 ng/mL. For details on transgenic strains and
their injection mix composition, see Table 2.

Molecular cloning
For sax-7 constructs, the sax-7 cDNA was subcloned under the
control of promoters rab-3 (Nonet et al. 1997), unc-14 (Ogura et al.
1997), or heat-shock promoter hsp-16.2 that express in neurons
and other tissues (Jones et al. 1986; Fire et al. 1990; Stringham et al.
1992). The gene-coding sequences of sax-7/C18F3.2b and sax-7/
C18F3.2a were used for the long and short isoform, respectively
(available on WormBase). All inserts were verified by sequencing.

Phsp16.2::sax-7S (pCB191):
Vector pRP100 (Punc-14::sax-7S; Pocock et al. 2008) was digested
with HindIII and BamHI to release Punc-14 and ligated with insert
of Phsp-16.2 digested out of pPD49.78 (was a gift from Andrew
Fire; Addgene plasmid # 1447; RRID: Addgene_1447) with the
same restriction enzymes.

Prab-3::sax-7S (pCB428):
(Ramirez-Suarez et al. 2019).

Punc-14::sax-7S::Myc (pCB189):
Cloned by Gibson assembly. For this plasmid, we used the vector
pRP100 (Punc-14::sax-7S; Pocock et al. 2008). The FLAG::sax-7S::Myc
construct was made by amplifying the 50 end of the sax-7S cDNA
from pRP100, carrying a BamHI site, with two nested PCR reac-
tions adding FLAG tag sequence (GATTACAAGGATGACGACGAT
AAG) right after the signal peptide sequence in the exon 2 and, by
amplifying the 30 end of sax-7S cDNA from pRP100, carrying NcoI
site, with two nested PCR reactions adding Myc tag sequence
(GAGCAGAAACTCATCTCTGAAGAGGATCTG) right before the
stop codon, in the exon 14. The vector pRP100 was digested with
BamHI and NcoI enzymes to release nontagged sax-7S cDNA in
order to clone the synthesized fragment FLAG::sax-7S::Myc into it
with the same restriction enzymes. As a note, western blot
experiments with several anti-FLAG antibodies were done in the
attempt of detecting the N-terminus part of SAX-7, but failed.

Punc-14::sax-7L (pCB195):
Cloned through Gibson assembly. The HA::SAX-7L::V5 construct
was made by amplifying the 50 end of the sax-7L cDNA from Punc-
17::sax-7L construct, carrying BamHI site, with two nested PCR
reactions adding HA tag sequence (TACCCATACGACGTCCCAGA
CTACGCT) after the signal peptide sequence (exon 1) in the exon
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2 (between 60 and 61 sax-7L cDNA bases). Also, by amplifying the
30 end of sax-7L cDNA carrying NcoI site, with two nested PCR
reactions adding V5 tag sequence (GGTAAGCCTATCCCTAACCCT
CTCCTCGGTCTCGATTCTACG) right before the stop codon, in the
exon 17. The vector pRP100 was digested with BamHI and NcoI
enzymes to release nontagged sax-7S cDNA in order to clone the
synthesized fragment HA::SAX-7L::V5 into it with the same re-
striction enzymes.

Punc-14::sax-7SDIg3–4 (pCB430):
Pocock et al. (2008).

Punc-14::sax-7SDIg5–6 (pCB429):
Pocock et al. (2008).

Punc-14::sax-7SDFnIII#3 (pCB224):
Pocock et al. (2008).

Punc-14::sax-7SDFnIII#3::Myc (pCB426):
Vector pCB189 (Punc-14::FLAG::sax-7S::Myc) was digested with PstI
and SalI restriction enzymes to release the sax-7S cDNA fragment
containing the FnIII#3 domain and ligated with insert of sax-7S
cDNA fragment without the FnIII#3 domain, digested out of
pCB224 (Punc-14::sax-7SDFnIII#3; Pocock et al. 2008) with the same
restriction enzymes. As a note, western blot experiments with
several anti-FLAG antibodies were done in the attempt of detect-
ing the N-terminus part of SAX-7, but failed.

Punc-14::sax-7SDFnIII (pCB431):
Diaz-Balzac et al. (2015).

Punc-14::sax-7SDAnkyrin (pCB401):
The vector Pttx-3::sax-7SDAnkyrin (gift from H.E. Bülow) was
digested with HindIII and BamHI restriction enzymes to release
the fragment Pttx-3 and ligated with insert of Punc-14, digested
out of pCB174 (Punc-14::sax-7LD11, Pocock et al. 2008) with the
same restriction enzymes.

Punc-14::sax-7SDICD (pCB432):
Ramirez-Suarez et al. (2019).

Punc-14::sax-7S Ig3 to serine protease cleavage site
(RWKR) (Fragment A) (pCB219):
From pCB189 (Punc-14::FLAG::sax-7S::Myc), the sax-7S cDNA frag-
ment FLAG::Ig3 to serine protease cleavage site (RWKR) (amino
acid 745) was amplified with primers oCB798 (CATGATgctagcATG
GGGTTACGAGAGACGATGG, forward) and oCB799 (ATCATGccatg
gCTATCTCTTCCATCTGAACTTTC, reverse) to add on NheI and
NcoI restriction sites, respectively. Vector pCB195 (Punc-
14::HA::sax-7L::V5) was digested with NheI and NcoI and ligated
with the insert of sax-7S cDNA fragment using the same restric-
tion enzymes. As a note, western blot experiments with several
anti-FLAG antibodies were done in the attempt of detecting the
N-terminus part of SAX-7, but failed.

Punc-14::sax-7S serine protease cleavage site (RWKR) to
PDZ::Myc (Fragment B) (pCB213):
From pCB189 (Punc-14::FLAG::sax-7S::Myc), the sax-7S cDNA frag-
ment serine protease cleavage site (RWKR) (amino acid 742) to
PDZ::Myc was amplified with primers oCB811 (ACTGGCCACATAT
CATCAGGCAGCATAGATTGGTCAGCGAGATGGAAGAGATCAATT
CG, forward) and oCB801 (ATCATGccatggCTACAGATCCTCTTCA
GAGATG, reverse) to add the sax-7L signal peptide sequence and

an NcoI restriction site, respectively. This first nest product was
then amplified with primers oCB812 (CATGATgctagcATGAGGAG
CTTCATATTCCTCTTGTTACTCACTGGCCACATATCATCAGG, for-
ward) and oCB801 (ATCATGccatggCTACAGATCCTCTTCAGAGAT
G, reverse) to add the NheI restriction site. Then, vector pCB195
(Punc-14::HA::sax-7L::V5) was digested with NheI and NcoI and li-
gated with the insert of sax-7S cDNA fragment using the same re-
striction enzymes.

Punc-14::sax-7S Ig3 to proximal-transmembrane cleavage
site (Fragment C) (pCB402):
From pCB189 (Punc-14::FLAG::sax-7S::Myc), the sax-7S cDNA frag-
ment Ig3 to proximal-transmembrane cleavage site (amino acid
1024) was amplified with primers oCB798 (CATGATgctagcATGGG
GTTACGAGAGACGATGG, forward) and oCB807 (ATCATGccatggC
TAACGAGAACTCGTTCCCGTCG, reverse) to add NheI and NcoI
restriction sites, respectively. Then, vector pCB195 (Punc-
14::HA::sax-7L::V5) was digested with NheI and NcoI and ligated
with the insert of sax-7S cDNA fragment using the same restric-
tion enzymes.

Punc-14::sax-7S proximal-transmembrane cleavage site to
PDZ::Myc (Fragment D) (pCB212):
From pCB189 (Punc-14::FLAG::sax-7S::Myc), the sax-7S cDNA frag-
ment from proximal-transmembrane cleavage site (amino acid
1024) to PDZ::Myc was amplified with primers oCB813 (TCACTG
GCCACATATCATCAGGCAGCATAGATTGGTCAGCGGAAGAAATG
TCTATCTTTTG, forward) and oCB801 (ATCATGccatggCTACAGA
TCCTCTTCAGAGATG, reverse) to add the sax-7L signal peptide
sequence and NcoI restriction site, respectively. This first nested
product was then amplified with primers oCB812 (CATGATgctagc
ATGAGGAGCTTCATATTCCTCTTGTTACTCACTGGCCACATATCA
TCAGG, forward) and oCB801 (ATCATGccatggCTACAGATCCTCT
TCAGAGATG, reverse) to add on NheI restriction site. Then, vec-
tor pCB195 (Punc-14::HA::sax-7L::V5) was digested with NheI and
NcoI and ligated with the insert of sax-7S cDNA fragment using
the same restriction enzymes.

Pdpy-7::sax-7S-Fragment A (From Ig3 to serine protease
cleavage site RWKR), (pCB471):
pCB219 was digested with HindIII and BamHI to release the
1424 bp sax-7S-fragment A, which was ligated to a 248 bp HindIII
and BamHI restriction fragment containing Pdpy-7.

Prab-3::sax-7S-Fragment A (From Ig3 to serine protease
cleavage site RWKR), (pCB473):
pCB428 was digested with BamHI and ApaI to remove sax-7S and
ligated to a 3161 bp BamHI and ApaI restriction fragment from
pCB219 containing sax-7S-fragment A.

Prab-3::sax-7S-Fragment B (From serine protease cleavage
site RWKR to PDZ::Myc), (pCB472):
pCB428 was digested with BamHI and ApaI to remove sax-7S and
ligated to a 2204 bp BamHI and ApaI restriction fragment from
pCB213 containing sax-7S-fragment B.

Immunoblot analysis
The analysis of Figure 1D was performed with strains carrying
the reporter oyIs14, either wild-type or sax-7S-specific mutants.
For each strain, either (1) large populations of worms were col-
lected or (2) 100 L4-stage animals were collected in M9 solution
and bacteria were washed off. Worms were fed and grown on
plates at 20�C for at least three generations before collecting.
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Figure 1. Analysis of sax-7 mutant alleles. (A) Schematics of the gene structure for the sax-7 short (C18F3.2a) and long (C18F3.2b) isoforms. The mutant
alleles used in this study are indicated, including the newly generated the null allele qv30 and sax-7S-specific alleles qv25 and qv26 (see Supplementary
Figure S1, A–C for sequence information). Alleles nj48, tm1448, and eq1 affect both isoforms, and alleles eq2 and nj53 are sax-7L-specific (see Table 1 for
allele information). (B) Schematics of the protein structure of SAX-7L and SAX-7S. Red arrows indicate cleavage sites: serine protease cleavage site in
FnIII#3, or cleavage site proximal to the transmembrane (TM) domain. The two N-terminal Ig domains Ig1 and Ig2 may fold at the hinge region onto Ig3
and Ig4 indicated in gray (Pocock et al. 2008). (C) Schematics of the four encoded sax-7 isoforms. Isoforms a and d, and isoforms b and c, are nearly
identical, except for a short sequence of 9 extra nucleotides at the beginning of exons 17 and 14 in isoforms c and d, respectively. sax-7 mutant alleles
and primers used for RT-PCR analysis are indicated. Primer oCB990 (blue) was used to detect the long isoforms (b and c). Primer oCB991 (green) was
used to detect the short isoforms (a and d). Primer oCB989§ (brown) specifically targets isoforms c and d, as its 30-end sequence primes on the 9 extra
nucleotides of isoforms c and d. Conversely, primer oCB988* (violet) specifically targets isoforms a and b, as it was designed to prime at the exon
junction lacking the 9 extra nucleotides. To the right, detection of sax-7 transcripts by RT-PCR. All RT-PCR products were confirmed by sequencing and
correspond to the predicted sax-7 sequences. In mutant nj48 , transcripts are detected. The sax-7 long isoforms (b and c) RT-PCR product amplified with
the primers oCB990/oCB987 is shorter than in the wild type, in accordance with the nj48 deletion where exon 5 of sax-7L is deleted. As expected (primer
oCB991 falls within the nj48 deletion), no transcript for short isoforms (a and d) were detected. In mutants nj53 and eq2, the 50 UTR and exon 1 of the
sax-7 long isoforms (b and c) are deleted, and for eq2, part of exon 2 is deleted as well. Yet, sax-7 long (b and c) transcripts are detected in nj53 and eq2.
Finally, in mutants tm1448 and eq1, both long (b and c) and short (a and d) transcripts are detected. Y45F10D.4 is a housekeeping gene used as an RT-
PCR control (Hoogewijs et al. 2008). (D) Western blot analyses of SAX-7 protein. An antibody specific to the intracellular domain (ICD) of SAX-7 was used,
which detects a region in the C-terminus of SAX-7S and SAX-7L (Chen et al. 2001). anti-HSP90 was used as a loading control. “þ” indicates wild-type
strain. Representative membranes of at least three independent repeats each. Asterisks (*) denote nonspecific bands, which are unrelated to SAX-7 as
they are present in extracts of (1) sax-7(qv30) null mutants, where the entire sax-7 genomic locus is deletedand (2) eq1 mutant, where the entire the
region coding for the epitope targeted by this antibody is deleted. “?” indicates an unknown form of SAX-7, which is detected in both wild-type and sax-7
mutants, except for the null qv30 and the epitope-control eq1. Left panel: >5000 mixed-stages worm populations were loaded per well. The band
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Because the amount of SAX-7 protein was too low to detect all
the protein forms on the analysis above, large pellets of thou-
sands of mixed-stage worm populations were collected by wash-
ing plates, mostly devoid of bacteria, with M9 solution.

For Figure 1E, N2 animals were grown in large amounts in liq-
uid culture, synchronized by bleaching and hatching in M9
buffer, and then grown on solid media up to the larval stages L1,
L2, L3, and L4, when they were collected.

For Figure 1F, 100 wild-type (N2) animals of the L4 stage, or of
2-, 5-, or 10-day of adulthood were collected. To collect adult ani-
mals devoid of embryos, all animals were forced to lay their em-
bryos by being treated with serotonin (50 lL of 30 mg/mL
serotonin in M9 buffer added per plate for 1 h) and were then col-
lected.

For Figure 5B, strains used were in the hdIs29 background car-
rying different sax-7S protein fragments. Worms were allowed to
grow for �2 generations by feeding with �30 transgenic worms
(or nontransgenic for wild type). Because these assays require
large pellets of thousands of worms, rather than picking trans-
genic animals, worms were collected by washing populations on
plates. We estimate that around �50% of animals carry the vari-
ous extrachromosomal transgenes: unstable nonintegrated ex-
trachromosomal arrays are lost during cell divisions and over
generations, so that by the time that the worms were collected
from plates, only a proportion of the animals are transgenics
(verified by visual inspection). Mixed-stage worm populations
from plates devoid of bacteria were collected in M9 solution.

NETI (NaCl, EDTA, Tris, IGEPAL) buffer and protease inhibitors
(Roche #11836153001) were added to worm pellets with 2X
Laemmli sample buffer (Bio-Rad #161-0737) and 5% b-mercaptoe-
thanol (v/v), and immediately frozen in liquid nitrogen. Samples
were boiled for 5 min at 95�C and centrifuged for 10 min at
10,000 rpm prior to loading with capillary tips. Proteins were sep-
arated by SDS-PAGE on a 4–15% Mini-PROTEANVR TGX Stain-
Free

TM

gel (Bio-Rad #456-8084) and transferred with the Trans-
BlotVR Turbo

TM

RTA Transfer Kit (Bio-Rad #170-4275) to an LF (low
fluorescence) PVDF membrane using the Trans-BlotVR Turbo

TM

Transfer System (Bio-Rad). Membranes were blocked in 5% BSA
(VWR #0175) and 5% nonfat milk. To detect SAX-7, blots were in-
cubated in 1:8000 rabbit anti-SAX-7, an affinity-purified antibody
generated against the SAX-7 cytoplasmic tail [gift of Chen et al.
(2001)] and 1:5000 goat anti-rabbit HRP secondary antibody (Bio-
Rad #170-5046). To detect Myc tagged recombinant versions of
SAX-7, blots were incubated in 1:500 mouse anti-Myc (CST #2276)
and 1:3000 goat anti-mouse HRP secondary antibody (Jackson

ImmunoResearch #115-035-003). For the loading control, mem-

branes were incubated in 1:1000 rabbit anti-HSP90 antibody (CST

#4874) and 1:5000 goat anti-rabbit HRP secondary antibody (Bio-

Rad #170-5046). Signal was revealed using Clarity Max
TM

Western

ECL Substrate (Bio-Rad #170-5062) and imaged using the

ChemiDoc
TM

System (Bio-Rad). This analysis was performed three

times for each set of experiments.

Microscopy and imaging
Worms were grown at 20�C for at least three generations prior to

analysis. Worm stages are indicated in the figures. Tweny-four-

hour post-L4 stage is considered “1st day of adulthood,” 24 h after

that is considered “day 2 of adulthood,” and so on.

Neuroanatomical observations
Neuroanatomy was examined in wild-type and mutant animals

using specific reporters. Worms were anesthetized with 75 mM of

sodium azide (NaN3) and mounted on 5% agarose pads on glass

slides. Animals were observed with Nomarski or fluorescence mi-

croscopy (Carl Zeiss Axio Scope.A1 or Axio Imager.M2), and

images were acquired using the AxioCam camera (Zeiss) and

processed using AxioVision (Zeiss), with 60� oil immersion objec-

tive (expected for PVQ/PVP axons: 100� oil immersion objective).

Analysis of ASH/ASI cell body positioning with respect to
the nerve ring:
Cell body pairs of ASH/ASI chemosensory neurons and the nerve

ring (neuropil of the worm), positioned in the head ganglia of the

worm, were visualized using hdIs29. Animals were analyzed in a

lateral orientation. Normally, both the two ASH and the two ASI

soma are located posterior to the nerve ring. Animals were

counted as mutant when at least one ASH or ASI soma was

touching, on top of, or anterior to the nerve ring. Animals were

counted as wild type when all ASH/ASI soma were positioned

posterior to the nerve ring.

Analysis of AVK/AIY soma:
Cell body pairs of AVK/AIY interneurons were visualized using

bwIs2 to label AVK in green, and otIs133 to label AIY in red.

Animals were analyzed when in a ventral orientation. Cell bodies

of AVK/AIY localized to the head ganglia of the worm in the retro-

vesicular ganglion. Normally, both neuron pairs AVKL/AIYL (left)

and AVKR/AIYR (right) adhere to each other (White et al. 1986b;

Pocock et al. 2008). Animals were counted as mutant when one or

corresponding to full-length SAX-7L (�190 kDa) is indicated by a blue arrow; SAX-7L is detected in the wild type and in mutants qv25 and qv26, but not
in eq2 and nj53, as expected. The band corresponding to full-length SAX-7S (�150 kDa) is indicated by a green arrow; SAX-7S is detected in the wild type
and in mutants eq2 and nj53 (indicated by a green arrow), but not in qv25 and qv26, as expected. A presumably truncated mutant version of SAX-7L is
detected in eq2 (blue arrowhead), which is not detected in wild type or eq1 and qv30 controls. Also, a truncated mutant version of SAX-7 is detected in
nj48 (black arrowhead, unclear whether it corresponds to a truncated SAX-7S and/or SAX-7L). Two cleavage products are also detected: a highly
abundant band at �60 kDa, indicated by a red arrow, corresponds to the C-terminal product resulting from cleavage at the serine protease site; a less
abundant band at �28 kDa, indicated by a black arrow, corresponds to the C-terminal product from the cleavage site near to the TM and appears to run
as a double band. An exposure of 9.5 s is required to see the bands of full-length SAX-7L and SAX-7S (arrows); however, at this exposure, the �60 kDa
cleavage product saturates the area indicated by the red dotted box. To better distinguish level differences among mutants, the same �60 kDa
membrane area was exposed for 0.1 s and is shown underneath. In SAX-7S-specific mutants qv25 and qv26, the 60 kDa C-terminal product (resulting
from cleavage at the serine protease site) is detected at a lower level of compared to wild type; however, in SAX-7L-specific mutants eq2 and nj53 the
level of this 60 kDa C-terminal-serine protease cleavage products is comparable to wild type, suggesting that most of this cleavage product may be
derived from full-length SAX-7S. On the other hand, the 28 kDa C-terminal cleavage (resulting product from cleavage site near to TM) appears to be less
abundant in eq2. Right panel: 100 L4 worms (4th larval stage) were loaded per well. While not all protein forms can be detected with this lower protein
amount, the 60 kDa C-terminal product from cleavage at the serine protease site is again clearly detected at lower levels in the sax-7S-specific mutants
qv25 and qv26, compared wild type. (E) Western blot analyses of SAX-7 protein at the 1st, 2nd, 3rd, and 4th larval stages (L1, L2, L3, and L4, respectively)
of wild-type N2 animals. The most abundant SAX-7 product from cleavage at the serine protease site is detected throughout development. Anti-HSP90
was used as a loading control. (F) Western blot analyses of SAX-7 protein in 100 wild-type N2 animals at the 4th larval stage (L4), and at 2, 5, and 10
days of adulthood (devoid of embryos). The most abundant SAX-7 product from cleavage at the serine protease site is detected throughout adulthood.
Anti-HSP90 was used as a loading control.

Figure 1 (continued)
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Figure 2. Neuronal maintenance defects in the sax-7 mutant alleles qv30, qv25, and qv26. (A) sax-7S is required to maintain head ganglia organization
postdevelopmentally. Fluorescence images of the head region of 1-day-old adults, where the soma and axons of the chemosensory neurons ASH and
ASI are visualized using reporter Psra-6::DsRed2. Drawings illustrate microscopy images. Reporters Psra-6::DsRed2 (hdIs29) and Psra-6::gfp (oyIs14) give
comparable results for all genotypes tested. In the wild type, the soma of neurons ASH/ASI (red arrowheads) are positioned posteriorly relative to the
nerve ring (yellow arrowhead) throughout stages. In sax-7 mutants, the relative positioning between the soma of neurons ASH/ASI and the nerve ring is
initially normal (soma posterior to nerve ring), but becomes progressively defective in late larvae onwards (soma can either overlap with or become
anterior to the nerve ring). Quantification of the relative positioning between the ASH/ASI soma and the nerve ring in wild type, null mutant qv30, and
sax-7S-specific mutants qv25 and qv26. Animals were examined at the 2nd (L2) and 4th (L4) larval stages, as well as at days 1, 2, or 5 of adulthood.
Rescue of qv30 null mutant defects by expression of sax-7S(þ) in the nervous system using the heterologous promoters Punc-14 and Prab-3. “#1, #2, #3”
indicate independent transgenic lines. Statistical comparisons are with qv30 mutant. (B) sax-7S is required to maintain the retrovesicular ganglion
organization. Fluorescence images showing the soma of two pairs of interneurons AVK and AIY on either sides of the 1-day-old adult animal visualized
using reporters Pflp-1::gfp and Pttx-3::DsRed2. In the wild-type animals, the soma of AVK (green) and AIY (red) are adjacent with each other. In sax-7
mutants, one or both of the AVK and AIY neuron pairs become separate from one another. Quantification of animals showing separate pairs of AVK
and AIY soma in wild type, qv30, qv25, and nj48, at the 4th larval stage (L4) and days 1 and 2 of adulthood. (C) sax-7S functions to maintain tail ganglia
organization. Fluorescence images of the chemosensory neurons PHA and PHB in L4 larvae, visualized using DiI staining, whose soma are located in the
lumbar ganglia on each side of the animal. In the wild type, the PHA and PHB soma are adjacent to each other. In sax-7 mutants, one or both of the
PHA/PHB pairs are separated from one another. Quantification of disorganized soma position in wild type, qv30, qv25, and nj48, at L4. (D) sax-7S is
required to maintain axon position within the ventral nerve cord. Fluorescence images of the interneurons PVK (visualized using oyIs14). PVQ axons
extend ipsilaterally along the ventral nerve cord during embryogenesis. In the wild type, each PVQ axon remains on the ipsilateral side of the ventral
nerve cord. In sax-7 mutants, while PVQ axons develop normally and are positioned like wild type at birth (early 1st larval stage), they later become
displaced to the opposite side of the ventral nerve cord. Quantification of displaced PVQ axons in wild type and qv30, at hatching (early L1 stage) and
the 4th larval stage (L4). Scale bars, 10 lm. Sample sizes are indicated under each column of the graph. Error bars are the standard error of the
proportion. Asterisks denote significant difference: *P � 0.05, **P � 0.01, ***P � 0.001 (z-tests, P-values were corrected by multiplying by the number of
comparisons, Bonferroni correction). “þ” indicates wild-type strain; n.s., not significant.
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two AVK/AIY pairs were detached. Animals were counted as wild
type when both of the AVK/AIY soma pairs were in contact.

Analysis of PHA/PHB soma:
Cell body pairs of PHA/PHB chemosensory neurons were visualized
using DiI (1,10-Dioctadecyl-3,3,30,30-Tetramethylindocarbocyanine
Perchlorate) staining procedure (Hedgecock et al. 1985). This is a li-
pophilic fluorescent stain for labeling cell membranes and hydro-
phobic structures, providing an alternative for labeling cells and
tissues. In our case, it allows us to stain and visualize by a pink
fluorescence the ciliated amphid (ADL, ASH, ASI, ASJ, ASK, and
AWB) and phasmid (PHA and PHB) neurons (Collet et al. 1998) that
are exposed to the outside environment. Animals were analyzed
in a ventral orientation. Cell bodies of PHA/PHB localized to the
tail ganglia of the worm in the lumbar ganglion. Normally, both
neuron pairs PHAL/PHBL (left) and PHAR/PHBR (right) adhere to
each other (White et al. 1986a). Animals were counted as mutant
when any of the PHA/PHB pairs were detached from one another.
Animals were counted as wild type when both of the PHA/PHB
soma pairs were in contact.

Analysis of PVQ/PVP axons:
PVQ and PVP axons were visualized in animals using oyIs14 (PVQ
labeled in green) or hdIs29 (PVQ labeled in red and PVP in green).
Animals were analyzed in a ventral orientation. The axons of the
PVQL/PVPL and the PVQR/PVPR neurons are normally located
within the left and right fascicles of the ventral nerve cord, re-
spectively. Animals were counted as having an axon flip-over de-
fect when one of the PVQ/PVP axons was flipped to the opposite
fascicle at any point along the ventral nerve cord, as previously
described (Benard et al. 2006).

Other phenotypic observations
Analysis of embryonic lethality:
Embryos were picked and spread onto a new plate kept at 20�C.
After �16 h, the number of larvae and dead embryos were
counted. This experiment was repeated three times.

Analysis of brood size:
L4 worms were singled on a new plate independently. The num-
ber of embryos laid was counted each day of adulthood until day
4 of adulthood and the total amount of laid embryos during
4 days was calculated. This was done at least seven times.

Analysis of egg-laying:
Ten L4-stage worms were put on one plate and their ability to lay
embryos normally was examined each day from day 1 to 5 of
adulthood. Worms deficient in embryo laying retain them inside
their bodies and display an Egl phenotype (Trent et al. 1983; Desai
and Horvitz 1989). When counted defective they were removed
from the plate. This was done 10 times.

Expression pattern analysis of sfGFP::SAX-7S
Fluorescence images of sax-7::ty1::egfp::3FLAG strain (Figure 4A;
Sarov et al. 2012) were captured by fluorescence microscopy (Carl
Zeiss Axio Imager.M2), and images were acquired using the
AxioCam camera (Zeiss) and processed using AxioVision (Zeiss),
with 60� oil immersion objective.

Fluorescent images of qv31, the sfgfp::sax-7S strain (Figure 4B),
were captured using a Nikon A1R confocal microscope and proc-
essed using ImageJ. For each stage, at least eight worms were ex-
amined in detail. Nematodes were immobilized in 75 mM of NaN3

and mounted on 5% agarose pads on glass slides. All fluorescence

images for sfgfp::sax-7S strain were obtained with the same set-

tings using a Nikon Ti-e spinning disk confocal with 60� oil im-

mersion objective. Images were three-dimensionally unmixed

with NIS-Elements image acquisition and analysis software. The

green fluorescent background is commonly seen in worms (gut

granules), which disturbs the analysis of green fluorescent fusion

proteins. In this study, we took advantage of a microscopy tech-

nique which “unmixes” overlapping spectral emissions after ac-

quisition. Thanks to highly sensitive GaAsP-detectors, signals can

be distinguished by the process called “spectral unmixing”

(Ackermann 2017).
For this, we acquired images for wild-type N2 animals and de-

termined an region of interest (ROI) in the pharynx in the head of

the worm, giving a spectral profile defined as “background” green

auto-fluorescence the worm. Then, with the sfgfp::sax-7S CRISPR-

Cas9 strain, which expresses “real” green fluorescence, we ac-

quired images and determined an ROI to the soma part of one

neuron in the head of the worm, giving a spectral profile defined

as “real” green fluorescence in the case of the sfGFP fluorophore.

Finally, the “background” profile was subtracted from the “real”

green fluorescence profile, keeping the real green fluorescence

emission coming from sfGFP for the entire animal. ND2 files gen-

erated with NIS-Elements were imported into Fiji for analysis.

Maximum intensity projections were generated by selecting

stacks that had both ventral and dorsal signals.

Heat-shock inducible expression of sax-7S(1)
This analysis was performed with wild type [oyIs14], null mutant

[sax-7(qv30); oyIs14], and null mutant transgenic animals carrying

sax-7S cDNA under heat-shock promoter hsp16.2 that express in

neurons and other tissues (Jones et al. 1986; Fire et al. 1990;

Stringham et al. 1992). Worms were maintained in the incubator

at 15�C for at least two generations prior to analysis. Plates were

fed with a lot of gravid adult hermaphrodites and left at 15�C

overnight. Embryos were then picked on a new plate and kept for

�6 h at 15�C, after which any remaining unhatched embryos

were removed from the plates leaving only freshly hatched L1s

(on average 3.5-h old) on the plate. Animals were either heat

shocked immediately as freshly L1s, or as L3s (�42-h posthatch).

Heat shock treatment consisted of three cycles of 30 min at 37�C

with a 60 min recovery period at 20�C between each cycle, after

which plates were put back at 15�C until analysis as adults

(Figure 3A). All experiments were repeated at least twice.

Neuroanatomical analysis of ASH/ASI cell body positioning with

respect to the nerve ring was performed on animals as 1-, 2-, 3-,

4-, and 5-day-old adults.

Statistical analysis
z-tests and Student’s t-tests, as indicated in each case, were per-

formed in MS Office Excel. P-values were corrected by multiplying

by the number of comparisons using the Bonferroni correction.

Error bars in bar graphs represent standard error of proportion

(S.E.P.).

Data availability
Mutant and genome engineered strains will be available at the

Caenorhabditis Genetics Center, and all strains and plasmids are

available upon request. The authors affirm that all data neces-

sary for confirming the conclusions of the article are present

within the article, figures, and tables.
Supplementary material is available at GENETICS online.
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Results
Molecular analysis of previous sax-7 mutant
alleles
The interpretation of previous structure–function analyses for

sax-7 was limited by the lack of a clear null mutation for the
gene. In particular, the existence of gene product in sax-7(nj48),

an allele reported to be a complete loss of function of the gene
sax-7, has not been fully assessed. We examined sax-7 transcripts

by RT-PCR for nj48, as well as for other sax-7 mutant alleles, in-
cluding the sax-7L-specific alleles eq2 and nj53, and two alleles

that affect both sax-7 isoforms, tm1448 and eq1 (Figure 1, A and
B). We detected transcripts corresponding to all isoforms of sax-7

in all mutants tested (Figure 1C; all RT-PCR products were veri-
fied by sequencing), except when the primer targets a sequence

that is deleted by a given mutation. In particular, transcript was
detected in nj48 mutants, using four different primer pairs
(Figure 1C), indicating that nj48 is not a null allele.

We also carried out western blots to characterize the expres-
sion of the protein SAX-7 in sax-7(nj48) and other mutant alleles
(Figure 1D). To detect SAX-7, we used a purified antibody gener-
ated against the cytoplasmic tail of SAX-7 (Chen et al. 2001). In
wild-type extracts, we detect five protein bands of �190, 150, 60,
40, and 28 kDa that are absent in the control eq1, in which the
epitope-containing region of SAX-7 is deleted, as well as in a new
deletion allele qv30 that we generated, in which the entire locus
of sax-7 is absent (see below). The 190 kDa band (Figure 1D, blue
arrow) and the 150 kDa band (Figure 1D, green arrow) correspond
to the predicted SAX-7L and SAX-7S full-length protein, respec-
tively, as previously reported (Chen et al. 2001; Sasakura et al.
2005; Wang et al. 2005). Two bands at 60 and 28 kDa appear to be
cleavage products. The 60 kDa band (Figure 1D, red arrow) is
likely the C-terminal fragment resulting from proteolytic cleav-
age of SAX-7 at the serine protease site in the 3rd FnIII domain
(Figure 1B). This cleavage site is conserved in vertebrate L1

Figure 3. Expression of sax-7S(þ) during larval stages is sufficient for sax-7S to function in the maintenance of the neuronal organization. (A) Summary
of the heat-shock experiments performed. Animals were kept at 15�C at all times except during heat shock at 37�C (red boxes). Heat shock was done at
either the 1st (L1) or the 3rd (L3) larval stage. Animals were later analyzed at days 1, 2, 3, 4, and 5 of adulthood. (B) Quantification of the relative position
between the soma of ASH/ASI and the nerve ring (as in Figure 2A), visualized using the reporter oyIs14 (Psra-6::gfp), at days 1, 2, 3, 4, and 5 of adulthood
(age indicated under each bar of the graph). Transgenic animals carry a transgene of sax-7S(þ) expressed under the control of a heat-shock promoter
[Phsp-16.2::sax-7S(þ)]. Controls include the wild type, sax-7(qv30) mutants, and nontransgenic siblings of the transgenic animals, which are derived
from the same mothers and grew on the same plates, but which do not carry the extrachromosomal array harboring the transgene. Additionally, for all
of the four genetic conditions, neuroanatomical analyses were done in the absence of heat shock so as to ensure that no transgene expression occurred
in the absence of heat shock. The defects normally displayed by adult sax-7(qv30) mutants are profoundly rescued by heat-shock-induced expression of
sax-7S(þ) during larval stages, as seen in heat-shocked sax-7(qv30) adult mutants carrying the transgene (orange bars). Nontransgenic siblings,
however, are severely defective, indicating that the rescue of defects is dependent on the expression of sax-7S(þ) upon heat shock. “þ” indicates wild
type; “NO HS,” no heat-shock; “HS L1,” heat shock was performed at the 1st larval stage; “HS L3,” heat shock was performed at the 3rd larval stage.
Sample sizes are indicated under each bar of the graph. Error bars are the standard error of the proportion. Asterisks denote significant difference: ***P
� 0.001 (z-tests, P-values were corrected by multiplying by the number of comparisons, Bonferroni correction).
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Figure 4. SAX-7S is expressed in virtually all neurons throughout life. (A) Images of SAX-7::GFP expression reporting both SAX-7L and SAX-7S. As shown
on the schematics, in this previously published transgene (Sarov et al. 2012), the gene coding for EGFP was inserted into the gene sax-7 by fosmid
recombineering in such a way that both SAX-7S and SAX-7L isoforms were tagged, making it impossible to distinguish between them. SAX-7::GFP is
broadly expressed in neurons and epidermal cells (vulval cells, seam cells). (B) Confocal images showing sfGFP::SAX-7S expression. As shown on the
schematics, the gene coding for sfGFP was inserted by CRISPR-Cas9 at the end of exon 1 of sax-7S in order to specifically tag SAX-7S (see Supplementary
Figure S1D; qv31 in Table 1). “sfGFP,” superfolderGFP; “SP,” export signal peptide sequence part of sax-7S inserted along with sfgfp. (B0) Untreated
confocal image of a late 4th larval stage worm. Arrows indicate neurons of ventral nerve cord and arrowheads point to examples of background green
auto-fluorescence due to gut granules. Dotted boxes indicate the body region (head or tail) analyzed in B00. (B00) Images of animals at the indicated larval
stages and days of adulthood examined by confocal microscopy followed by unmixing. Aged worms (>5-day old) have notably increased background
auto-fluorescence. Arrows indicate sfGFP::SAX-7S expression in neurons of the head (left) or tail (right) ganglia. n � 20 animals examined by confocal
microscopy for each stage. z-stack projections. Scale bar, 10 mm.
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Figure 5. The two SAX-7S cleavage products derived from the serine protease cleavage site, together, can mediate the maintenance of neuronal
architecture. (A) Schematics of full-length and recombinant transgenic versions of SAX-7S used. Blue triangles indicate the signal peptide of SAX-7L.
Green triangles indicate the signal peptide of SAX-7S. “DIg3–4” contains the entire SAX-7S protein except for the two first Ig domains. “DIg5–6” contains
the entire SAX-7S protein except for the Ig5 and 6 domains. In “DFnIII#3,” SAX-7S::Myc lacks the 3rd FnIII domain. In “DFnIII,” SAX-7S lacks all FnIII
domains. In “Dankyrin,” SAX-7S lacks the intracellular ankyrin-binding domain. In “DICD,” SAX-7S lacks the intracellular domain. “Fragment A”
contains the SAX-7S protein region from Ig3 to the serine protease cleavage site (RWKR). “Fragment B” contains the SAX-7S::Myc protein region from
the serine protease cleavage site (RWKR) to PDZ::Myc. “Fragment C” contains the SAX-7S protein region from Ig3 to the proximal-transmembrane
cleavage site. “Fragment D” contains the SAX-7S protein region from the proximal-transmembrane cleavage site to PDZ. “Ig,” Immunoglobulin-like
domain; “FnIII,” Fibronectin type III domain; “F,” FERM domain-binding motif; “A,” Ankyrin binding motif; “P,” PDZ domain-binding motif; bold violet
line indicates the TM; red arrows indicate serine protease cleavage site in FnIII#3 or, cleavage site close to the TM. (B) Western blot analysis of wild-type
animals (þ), sax-7(qv30) null mutants expressing transgenes for various Myc-tagged SAX-7S fragments. N-terminal and C-terminal fragments of SAX-
7S proteins were detected with anti-Myc antibody. Mixed-stage populations of >5000 worms were loaded per well, including a variable proportion of
animals that actually carry the extrachromosomal array (and therefore are transgenic), as the array gets lost randomly upon cell divisions and
generations; this comparison is only qualitative. As expected, in lysates of worms with transgene SAX-7SDFnIII#3, an uncleaved band smaller than the
full-length SAX-7S is detected. “C-term products” indicates C-terminal cleavage product, “Ser site” indicates serine protease cleavage site, “�TM site”
indicates cleavage site near to TM. “?” indicates an unknown form of SAX-7S. The three top anti-Myc panels correspond to the same membrane but at
different exposure times in order to facilitate the observation of bands that are largely different in abundance (as was done in Figure 1D). a-HSP90 was
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proteins (Faissner et al. 1985; Sadoul et al. 1988; Hortsch 1996,
2000; Nayeem et al. 1999; Silletti et al. 2000; Mechtersheimer et al.
2001; Haspel and Grumet 2003; Kalus et al. 2003; Matsumoto-
Miyai et al. 2003; Xu et al. 2003; Schafer and Altevogt 2010; Lutz
et al. 2012, 2017). The 28 kDa band (Figure 1D, black arrow), which
runs as a doublet, is likely the predicted C-terminal fragment
resulting from the proteolytic cleavage of SAX-7 at the proximal-
transmembrane extracellular site (TM site, Figure 1B). Similar
metalloprotease cleavage sites have been reported in vertebrate
L1CAM proteins (Sadoul et al. 1988; Beer et al. 1999; Nayeem et al.
1999; Mechtersheimer et al. 2001; Gutwein et al. 2003; Haspel and
Grumet 2003; Kalus et al. 2003; Matsumoto-Miyai et al. 2003; Xu
et al. 2003; Naus et al. 2004; Maretzky et al. 2005; Riedle et al. 2009;
Jafari et al. 2010; Schafer and Altevogt 2010; Kiefel et al. 2012;
Zhou et al. 2012; Tatti et al. 2015; Linneberg et al. 2019; Maten et al.
2019). Finally, a 40 kDa band is detected in the wild type, but is
absent in the controls (Figure 1D), suggesting yet another form of
SAX-7 (also recently indicated in WormBase). Noteworthy, we
find that the level of the full-length SAX-7L protein is higher than
the full-length SAX-7S and that most SAX-7 is detected as a
cleaved form. In particular, the serine protease cleavage product
(�80%) is most abundant (only the C-terminal fragment of the
serine protease cleavage can be detected, as epitope located in
the C-terminus). In contrast, the proximal-TM cleavage site prod-
uct is less abundant (Figure 1D). The 60 kDa-C-terminal-serine
protease cleavage product is detected throughout larval stages
and adulthood (Figure 1, E and F). Importantly, in extracts of nj48
mutants, two forms of SAX-7 protein were detected, which were
absent in controls: a 40 kDa band (Figure 1D, indicated by a ques-
tion mark), and a 140 kDa band, likely a truncated form of SAX-7
protein (Figure 1D, black arrowhead). Thus, sax-7 transcript and
SAX-7 protein are detected in extracts of sax-7(nj48) mutants, re-
vealing that nj48 is not a null allele.

Generation of a sax-7 null and sax-7S-specific
mutant alleles
To generate a null allele of sax-7, we used CRISPR-Cas9 technol-
ogy and deleted the entire locus of the sax-7 gene. Two targets
were used, one on the 1st exon of sax-7L and one on the last exon
of sax-7 (exon 17 and 14 of the long and short isoform, respec-
tively), resulting a 19,972-bp deletion (Figure 1A, Supplementary
Figure S1A). This new mutant, named sax-7(qv30), is a clear null
allele of sax-7 and was verified by multiple PCRs, sequencing, and
western blot (Figure 1D). sax-7(qv30) null mutants are viable and
have a somewhat reduced brood size, but their egg-laying and
embryonic viability are normal (Supplementary Figure S2).

We also generated sax-7S-isoform-specific alleles, as this iso-
form has been found to be functionally important. Using CRISPR-
Cas9 technology, we targeted the 1st exon of sax-7S specifically

(in a region corresponding to an intron in sax-7L) and obtained
two small sax-7S-specific insertion alleles, qv25 and qv26, both
predicted to be strong loss-of-function alleles of sax-7S. qv25 has
a 47-bp insertion and qv26, a 36-bp insertion (Supplementary
Figure S1, B and C). Both alleles disrupt the sax-7S export signal
peptide sequence, likely affecting SAX-7S protein synthesis. As a
further consequence of the qv25 insertion, a stop codon is gener-
ated in the open reading frame of sax-7S (Supplementary Figure
S1B). At the protein level, using the antibody against the SAX-7
cytoplasmic tail (Chen et al. 2001), as expected we detected no
full-length SAX-7S in extracts of these mutants, while full-length
SAX-7L was detected (190 kDa band; Figure 1D). Noteworthy, it
appears that when SAX-7S is affected, as in qv25 and qv26, the
60 kDa-C-terminal-serine protease cleavage product is less abun-
dant than in wild type or sax-7L-specific mutants eq2 and nj53
(60 kDa band; Figure 1D). This was consistently observed in all of
the western blots done using either mixed worm populations or
samples containing 100 L4 worms (�3 independent repeats in
each case). It thus appears that a large proportion of the C-termi-
nal-serine protease cleavage product may originate from the
cleavage of SAX-7S protein specifically.

Phenotypic characterization of new sax-7
mutants
We characterized the phenotypic consequences of the complete
loss of sax-7 function in sax-7(qv30) mutants in neuronal mainte-
nance. As a measure of head ganglia organization, we examined
two pairs of head chemosensory neurons (ASH and ASI) from the
2nd larval stage to adulthood, as previously done for other
mutants (Benard et al. 2006, 2009, 2012). The soma of these neu-
rons are located in the lateral head ganglia and their axons proj-
ect into the nerve ring. We visualized these four neurons using
the fluorescent Psra-6::gfp or Psra-6::DsRed2 and noted the relative
position of the ASH/ASI cell bodies with respect to the nerve ring.
We found that head ganglia organization is normal in 2nd larval
stage qv30 null mutants, but becomes progressively disorganized
by the 4th larval stage, worsening into adulthood (Figure 2A).
Similar disorganization of ASH/ASI has been described in nj48
mutant adults (Benard et al. 2012).

We also examined the precise axon position of a pair of bilat-
eral interneurons (PVQ) in the ventral nerve cord, labeled by the
reporter Psra-6::gfp (oyIs14). Like in the wild type, these axons are
normally positioned in freshly hatched 1st stage larvae of qv30
mutants, indicating that they had extended normally along the
ventral nerve cord during embryogenesis (Figure 2D). However,
compared to wild type where the PVQ axons maintain their nor-
mal position, PVQ axons inappropriately flip-over to the other
side of the ventral nerve cord in 35% of sax-7(qv30) mutants
(Figure 2D). We further examined the axon position of another

used as a loading control. (C, D) The relative positioning of the soma and nerve ring axons of chemosensory neurons ASH/ASI was evaluated using the
reporter Psra-6::DsRed2. Wild-type control and qv30 mutants, along with distinct SAX-7S recombinant transgenic animals, were examined as 1-day
adults. In panel C, SAX-7S transgenes are expressed under the control of the Punc-14 promoter (domain analyses are shown on the left, and fragment
analyses on the right). The simultaneous absence of Ig3 and 4 of SAX-7S fails to rescue qv30 mutants, while other domain deletions remain fully or
largely functional. Two separate sets of independent extrachromosomal arrays for fragments C and D were tested (C#1þD#1, and C#2þD#2), and failed
to rescue. In panel D, SAX-7S fragments are expressed under the control of different promoters (epidermal promoter Pdpy-7 and pan-neuronal
promoter Prab-3, as indicated). SAX-7S fragments A and B failed to rescue the defects of sax-7 mutant animals when expressed under separate
promoters (D), while they rescued when expressed in the same cells, under either the Punc-14 or the Prab-3 promoters (C and D, respectively), indicating
that the two SAX-7S protein fragments together somehow reconstitute function. Sample sizes are indicated under each column of the graph. Error bars
are the standard error of the proportion. Asterisks denote significant difference: ***P � 0.001 (z-tests, P-values were corrected by multiplying by the
number of comparisons, Bonferroni correction). “þ,” indicates wild-type strain; n.s., not significant.

Figure 5 (continued)
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pair of bilateral interneurons (PVP) in the ventral nerve cord of

4th larval stage animals, labeled by the reporter Podr-2::cfp (in

hdIs29; this strain also harbors Psra-6::DsRed2 enabling the visu-

alization of the PVQ interneurons). In the wild type, both PVP and

PVQ axons remain well-positioned in virtually all animals (94%,

n¼ 117), but in 37.5% (n¼ 80) of sax-7(qv30) mutants, the PVP and

PVQ axons flip-over to the other side of the ventral nerve cord in,

which is similar to nj48 mutants (Pocock et al. 2008; Benard et al.

2012).
Other aspects of the neuroanatomy of qv30 mutants were

more severe than nj48 mutants. For instance, we observed retro-

vesicular ganglia organization by visualizing the neurons AIY and

AVK (using reporters Pttx-3::mCherry and Pflp-1::gfp, respectively)

and found that 85% of 1-day adult qv30 mutant animals display

disjointed AIY and AVK soma, compared to 70% in nj48 mutants

(Figure 2B). Also, using DiI staining, we found that the position of

the soma of PHA and PHB in the tail ganglia is defective in 81% of

qv30 mutants, compared to 60% of nj48 mutants, at the 4th larval

stage (Figure 2C). Thus, while nj48 is a strong allele displaying

similar penetrance to the null allele qv30 in some neuronal con-

texts, its loss of function is partial and less severe than the null

qv30 in other neuronal contexts.

SAX-7S is required for neuronal maintenance
sax-7S, but not sax-7L, has previously been found to be sufficient

to rescue neuronal maintenance defects in sax-7(nj48) mutants

(Sasakura et al. 2005; Pocock et al. 2008). We verified whether

sax-7S is also sufficient to rescue such defects in the sax-7(qv30)

null mutants, by generating transgenic qv30 null mutant ani-

mals carrying wild-type copies of sax-7S(þ) expressed neuro-

nally [using the transgenes Prab-3::sax-7S(þ) or Punc-14::sax-

7S(þ); as a note Punc-14 drives expression pan-neuronally as

well as in some hypodermal cells]. We found that qv30 trans-

genic animals were profoundly rescued for head ganglia disor-

ganization (Figure 2A). On the other hand, wild-type sax-7L(þ)

did not rescue qv30 transgenic mutant animals [transgene Punc-

14::sax-7L(þ); Figure 2A], similar to findings using the allele nj48

(Sasakura et al. 2005; Pocock et al. 2008). This is consistent with

the absence of defects in sax-7L-specific mutants eq2 and nj53

(Sasakura et al. 2005; Benard et al. 2012). Altogether, these results

further demonstrate that sax-7S mediates neuronal mainte-

nance function.
To directly assess the phenotypic consequences of specifically

disrupting sax-7S, we analyzed neuronal maintenance defects of

the newly generated sax-7S-specific mutants qv25 and qv26

(Figures 1A and 2A). We found that the penetrance of their

defects is similar to qv30 null mutant animals. For instance, the

head ganglia of qv25 and qv26 animals become disorganized from

the 4th larval stage onwards, similar to the qv30 null mutants

(Figure 2A). Also, the soma of retrovesicular ganglion neurons

AIY and AVK become disorganized from the 4th larval stage in

qv25 mutants, similar to qv30 mutants (Figure 2B). Finally, the

soma of tail neurons PHA and PHB get displaced from the 4th lar-

val stage onwards in qv25 mutants, similar to qv30 mutants

(Figure 2C). Thus, the specific disruption of sax-7S leads to neuro-

nal maintenance defects that are similar to those resulting from

the complete loss of sax-7 (deleting both sax-7S and sax-7L), con-

firming the key role of SAX-7S in the maintenance of neuronal ar-

chitecture.

Postdevelopmental expression of sax-7S is
sufficient for maintaining the neuronal
architecture
Although the ventral nerve cord and head ganglia assemble dur-
ing embryogenesis, sax-7(qv30) null mutants manifest ventral
nerve cord flip-over defects during larval development, and head
ganglia become disorganized by late larval stages, progressively
worsening into adulthood. The appearance of defects in sax-7
mutants could theoretically result from either (1) undetected em-
bryonic neuronal development defects that later worsen as the
animal grows and moves or (2) deficient neuronal maintenance
during larval and adult stages. To distinguish between these pos-
sibilities, we carried out rescue assays of qv30 null mutants with
wild-type sax-7S(þ) copies expressed under the control of an in-
ducible heat-shock promoter, which drives expression in neurons
and other tissues (Jones et al. 1986; Fire et al. 1990; Stringham et al.
1992). For this, we generated transgenic qv30 animals carrying
the transgene Phsp16.2::sax-7S(þ) as an extrachromosomal array.
All animals were kept at 15�C [a colder temperature to prevent
expression of Phsp16.2::sax-7S(þ)], except during heat-shock
treatments (Figure 3A). The organization of the ASI and ASH
head ganglia neurons was examined in 1-, 2-, 3-, 4-, and 5-day-
old adults. We controlled for head ganglia organization in the
strains grown continuously at 15�C being indeed (1) normal in
wild-type animals; (2) defective in qv30 mutants; (3) not rescued
in the absence of heat shock, in transgenic qv30 animals carrying
the transgene [Phsp-16.2::sax-7S(þ)], indicating that the transgene
is not expressed without heat shock; and (4) defective in
qv30 nontransgenic control siblings under the same conditions
(Figure 3B).

To determine the temporal requirement in sax-7 function, we
heat shocked 1st (L1) or 3rd (L3) larval stage animals that had
otherwise been grown at 15�C and examined head ganglia organi-
zation at days 1, 2, 3, 4, and 5 of adulthood (Figure 3A). Wild-type
animals, qv30 mutants, transgenic qv30 animals carrying the
transgene [Phsp-16.2::sax-7S(þ)], and their qv30 nontransgenic
siblings were analyzed in parallel. An additional control consisted
of heat-shock treatment alone, in the absence of the transgene,
which did not modify the defects of sax-7 mutants (head ganglia
are similarly disorganized in qv30 animals whether heat shocked
or not; Figure 3B). Also, heat shock did not alter head ganglia or-
ganization in wild-type animals (Figure 3B). In contrast, when
transgenic qv30 animals carrying the transgene Phsp16.2::sax-
7S(þ) were heat shocked at L1, or even as late as L3, their neuro-
nal organization was profoundly rescued. This rescue by heat
shock-induced expression of sax-7S(þ) is dependent on the pres-
ence of the transgene, as nontransgenic control siblings (which
grew side by side with qv30 transgenics) were not rescued (Figure
3B). Together, these results indicate that wild-type activity of sax-
7S provided postembryonically is sufficient for it to function in
the maintenance of neuronal architecture. Heat shock-induced
expression of sax-7S(þ) had a more profound rescue effect when
triggered during the 1st larval stage than at the 3rd larval stage.
This indicates that sax-7S function during larval stages contrib-
utes to neuronal maintenance, which is consistent with the ob-
servation that head ganglia disorganization in sax-7(qv30)
mutant animals starts being detected at the 4th larval stage (L4;
Figure 2A). That heat shock-induced expression of sax-7S(þ) as
late as the 3rd larval stage could strongly rescue the defect high-
lights sax-7S(þ) postembryonic function. Moreover, we found that
the rescue of qv30 mutants following induction of sax-7S(þ) is
more profound in younger adults (days 1–3), as compared to older
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adults (days 4 and 5, Figure 3B). By day 5 of adulthood, more than
6 days have passed after heat shock-induced expression of
Phsp16.2::sax-7S(þ), suggesting that de novo expression of sax-7S
may be required to sustain its maintenance function during
adulthood. In sum, sax-7S can function postdevelopmentally to
maintain the organization of embryonically developed neuronal
architecture.

Endogenous sax-7S is expressed in neurons
The sax-7 gene is expressed strongly and broadly across the ner-
vous system, as visualized with a fosmid (Sarov et al. 2012) where
both the short and long isoforms are tagged with gfp (Figure 4A;
Ramirez-Suarez et al. 2019). To elucidate the expression pattern
of sax-7S, we used CRISPR-Cas9 technology to tag the sax-7S iso-
form specifically with sfgfp at its endogenous genomic locus
(Figure 4B). We targeted the end of the 1st exon of sax-7S in a pre-
cise region that corresponds to intron 4 of sax-7L, and inserted
sfgfp, preceded by sax-7S-signal peptide coding sequence
(sfGFP::SAX-7S; Supplementary Figure S1D, Figure 4B). This
knock-in allele of sax-7, named qv31, which was verified by se-
quencing (Supplementary Figure S1D), does not affect overall
growth, morphology, or behavior, and head ganglia organization
of qv31 animals is normal (n¼ 84, 2% defects, examined at 1-day
adult by DiI staining, similar to wild type with 0% defects, n¼ 76).

To characterize the temporal and spatial expression pattern of
qv31 sfGFP::SAX-7S, we used conventional and confocal fluores-
cence microscopy with spectral unmixing. sfGFP::SAX-7S is seen
most predominantly and abundantly across the nervous system,
where it is observed in virtually all neurons of the head and tail
ganglia, the ventral nerve cord, as well as in isolated neurons lo-
cated along the body wall (e.g., HSN near the vulva, and the PVM
postdeirid neuron). Expression of sfGFP::SAX-7S in neurons is first
observed in embryos (Supplementary Figure S3A) and persists
throughout larval stages and adulthood, including in 5- and 8-
day adults (Figure 4B). The sfGFP::SAX-7S signal appears less
bright in aged adults, perhaps due to a decline in expression/sta-
bility of sax-7S or due to an increased autofluorescence of aging
worms. While virtually all neurons express SAX-7S, differences in
the level of expression are observed among neurons. sfGFP::SAX-
7S is also occasionally detected in other cell types, such as in epi-
dermal cells of the developing vulva and the uterus at the L4
stage, but not in adults (Supplementary Figure S3B). In sum, SAX-
7S appears to be transiently and weakly expressed in developing
cells of the epidermis, but its expression is strongest and sus-
tained in virtually all neurons from embryogenesis to adulthood.

As a note, previous reports where sax-7 (both L and S indis-
tinctly) was tagged intracellularly reported SAX-7 protein signal
in axons, dendrites, or the plasma membrane (Chen et al. 2001;
Wang et al. 2005; Ramirez-Suarez et al. 2019). Here, the
sfGFP::SAX-7S signal in qv31 animals appears to be perinuclear in
neuronal cell bodies, which is surprising for a transmembrane
protein, and is likely artifactual. Indeed, in our effort to exclu-
sively tag SAX-7S with sfGFP by CRISPR-Cas9, the only option was
to insert the sfGFP very close to the predicted signal peptide of
SAX-7S, which possibly affects the cleavage of the signal peptide
and/or targeting of the protein. Nonetheless, there appears to be
sufficient functional SAX-7S in qv31 animals as they are pheno-
typically wild type; it is plausible that sufficient SAX-7S is cleaved
away from sfGFP to sustain its functions. Thus, whereas qv31
does not reliably inform about the subcellular localization of the
protein SAX-7S, it yields valuable information about the spatio-
temporal expression pattern of sax-7S.

Domains Ig3–4 of SAX-7S are necessary for its
function in neuronal maintenance
L1 family members play diverse roles via homophilic interactions
through their extracellular domains which mediate homophilic
cell adhesion (Brummendorf and Rathjen 1996; Brummendorf
et al. 1998; Hortsch 2000; Haspel and Grumet 2003), and mutating
different extracellular Ig-like domains of vertebrate L1 perturbs
its homophilic and/or heterophilic binding in in vitro assays
(Holm et al. 1995; Zhao and Siu 1995; Montgomery et al. 1996;
Felding-Habermann et al. 1997; Blaess et al. 1998; Kunz et al. 1998;
De Angelis et al. 1999; Oleszewski et al. 1999; Haspel et al. 2000;
Castellani et al. 2002; De Angelis et al. 2002) and neurite outgrowth
(Appel et al. 1993). In C. elegans, neuronal expression of an SAX-7S
recombinant version lacking Ig5–6 domains rescued AIY/AVK
neuronal soma position defects of sax-7(nj48) mutants, whereas a
recombinant version lacking Ig3–4 domains does not (Pocock
et al. 2008). We asked whether such SAX-7S recombinant versions
lacking specific Ig domains could rescue head ganglia organiza-
tion in qv30 null mutant animals. We found that the transgene
Punc-14::sax-7SDIg5–6 rescued the position of the soma of the
neurons ASH and ASI relative to the nerve ring in qv30 null
mutants, but that the transgene Punc-14::sax-7SDIg3–4 did not
rescue (Figure 5C). This indicates that only Ig domains 3 and 4 of
SAX-7S are required for its role in the maintenance head ganglia
organization.

FnIII domains of L1 family members play diverse roles in neu-
rite outgrowth, homophilic binding, and interactions with various
partners (Holm et al. 1995; Silletti et al. 2000; Haspel and Grumet
2003; Kalus et al. 2003; Koticha et al. 2005; Maten et al. 2019). We
asked whether FnIII domains are necessary for sax-7S function in
C. elegans to maintain head ganglia organization. The recombi-
nant transgene Punc-14::sax-7SDFnIII#3::Myc lacks the third FnIII
(FnIII#3) domain, which harbors the serine protease cleavage site
(Figure 5A, DFnIII#3). In extracts of qv30 transgenic animals car-
rying this transgene, a �140 kDa band is detected with anti-Myc
antibodies (Figure 5B), which is the expected size for uncleaved
SAX-7S minus the FnIII#3 domain (full-length SAX-7S would be
�150 kDa). We found that this transgene rescues head ganglia or-
ganization defects of qv30 mutant animals (Figure 5C), indicating
that uncleaved SAX-7SDFnIII#3 can function in neuronal mainte-
nance, at least in a transgenic overexpression situation. We next
tested a transgene that lacks all five FnIII domains, Punc-14::sax-
7SDFnIII, and found that it also rescues the head ganglia organi-
zation defects of qv30 null mutants (Figure 5C), indicating that
the FnIII domains are dispensable for sax-7S to function in neuro-
nal maintenance. Such transgene lacking all FnIII domains also
rescued AIY and AVK soma position in nj48 mutants (Pocock et al.
2008), as well as AIY position and branching in sax-7(dz156)
mutants (Diaz-Balzac et al. 2015).

The intracellular region (ICD ) of SAX-7/L1CAM shows a strong
homology between vertebrates and invertebrates, and mutations
in the cytoplasmic domain lead to X-linked hydrocephalus in
humans (Wong et al. 1995b). This intracellular part contains
motifs (FERM, ankyrin, and PDZ binding-domain motifs; Figure
1B), which mediate interactions with intracellular components
and cytoskeletal proteins (Davis and Bennett 1994; Wong et al.
1995a; Koroll et al. 2001; Schaefer et al. 2002; Gil et al. 2003; Falk
et al. 2004; Davey et al. 2005; Dirks et al. 2006; Gunn-Moore et al.
2006; Herron et al. 2009). We tested whether a transgene of sax-7S
lacking the ankyrin-binding motif (Punc-14::sax-7SDankyrin) could
function to maintain head ganglia organization and found that
qv30 null mutants were significantly rescued by this transgene
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(Figure 5C). Thus, the ankyrin-binding motif does not appear to be
necessary for SAX-7S function in the maintenance of head ganglia.
We next asked if SAX-7S could function in neuronal maintenance
without its intracellular domain (Punc-14::sax-7SDICD) and found a
partial but significant rescue of the qv30 defects in head ganglia
organization in animals expressing this transgene (Figure 5C). Yet,
40% of the qv30 animals neuronally expressing the SAX-7S trans-
gene devoid of the intracellular domain display maintenance
defects; this incomplete rescue may reflect that the intracellular
domain is important for SAX-7S function but that its requirement
can be partially alleviated in an overexpression situation, or alter-
natively it may be due to mosaicism or overexpression of the plas-
mid, which could possibly interfere with intermolecular
interactions.

Serine protease SAX-7S fragments can, together,
function in neuronal maintenance
The most abundant detected form of SAX-7 appears to be a serine
protease cleavage product (Figure 1D), which splits the molecule
within the third FnIII domain (Figure 1B). Other detected cleavage
products result from a cleavage site proximal to the TM (Figure
1D). We tested whether the protein fragments predicted to result
from serine protease-site cleavage, or the TM-proximal cleavage,
could function in maintaining neuronal organization, similarly to
full-length SAX-7S. For this, we constructed four separate trans-
genes encoding each of the four predicted fragments of the pro-
tein SAX-7S, from cleavage at either the serine protease or the
TM proximal sites. Some of these transgenes encode versions of
SAX-7S with a C-terminal Myc tag, which can then be examined
by immunoblots (Figure 5, A and B). Cleavage of SAX-7S at the
serine protease site within the third FnIII domain results in N-
and C-terminal fragments, which we named “SAX-7S-fragment-
A” and “SAX-7S-fragment-B,” respectively (Figure 5A). Another
cleavage event proximal to the TM results in N- and C-terminal
fragments, which we named “SAX-7S-fragment-C” and “SAX-7S-
fragment-D,” respectively (Figure 5A). We tested each of these
fragments alone, or in reciprocal combinations, for their ability to
rescue the neuronal maintenance defects of sax-7(qv30) mutants
when expressed under the promoter Punc-14. Neither “SAX-7S-
fragment-A” alone (Punc-14::sax-7S-[N-terminal] Ig3 up to serine
protease site) nor “SAX-7S-fragment-B alone” (Punc-14::sax-7S-ser-
ine protease site up to PDZ [C-terminal]) could rescue head gan-
glia organization defects of qv30 mutant animals (Figure 5C).
Similarly, neither “SAX-7S-fragment-C” alone (Punc-14::sax-7S-[N-
terminal] Ig3 up to TM site) nor “SAX-7S-fragment-D” alone (Punc-
14::sax-7S-TM site up to PDZ [C-terminal]) could rescue head gan-
glia organization defects of qv30 mutant animals (Figure 5C).

We next tested whether the serine protease cleavage N- and
C-terminal SAX-7S fragments together, i.e., “SAX-7S-fragment-A”
and “SAX-7S-fragment-B” together, or whether the TM-proximal
cleavage N- and C-terminal SAX-7S fragments together, i.e.,
“SAX-7S-fragment-C” and “SAX-7S-fragment-D” together, could
rescue neuronal maintenance defects of sax-7(qv30) mutant ani-
mals. To generate doubly transgenic animals harboring the two
respective transgenes, we avoided simultaneously comicroinject-
ing the two transgenes, as DNA recombination events between
two transgenes could potentially reconstitute a full-length gene.
Rather, we used genetic crosses to generate doubly transgenic
animals (harboring two independent extrachromosomal arrays).
We obtained a doubly transgenic strain carrying two extrachro-
mosomal arrays, one for “SAX-7S-fragment-C” and one for “SAX-
7S-fragment-D.” We found that the combination of SAX-7S frag-
ments C and D did not rescue sax-7(qv30) mutant phenotype

(Figure 5C, “CþD”; two independent sets of extrachromosomal
arrays were tested and failed to rescue). Thus, SAX-7S fragments
C and D predicted to result from cleavage proximal to the TM do-
main, even when present simultaneously, cannot fulfill sax-7S
function in neuronal maintenance.

In a similar manner, we crossed the strain carrying the extra-
chromosomal array for “SAX-7S-fragment-A” with the second
transgenic strain carrying the extrachromosomal array for “SAX-
7S-fragment-B.” The resulting strain has animals carrying both
extrachromosomal arrays, which we tested for rescue of qv30
head ganglia organization defects. The simultaneous presence of
both fragments A and B profoundly rescued the head ganglia or-
ganization in sax-7(qv30) mutant animals (Figure 5C, “AþB”).
This finding indicates that the two serine protease cleavage prod-
ucts together can mediate neuronal maintenance. As an impor-
tant control, we verified that the rescue observed in the doubly
transgenic strain depends on the simultaneous presence of both
transgenes (for fragments A and B). Indeed, each of the two reder-
ived in singly transgenic lines, each carrying only one of the two
extrachromosomal arrays no longer rescued the sax-7(qv30)
defects (fragment A alone: n¼ 28, 82% defects, or fragment B
alone: n¼ 35, 91% defects; at 1-day adult), further confirming
that only when the two SAX-7S fragments A and B are present to-
gether in an animal can then mediate neuronal maintenance
(Figure 5C, “A” and “B”).

We analyzed protein extracts of doubly transgenic animals
carrying both extrachromosomal arrays for fragments A and B,
and as expected, no full-length SAX-7S is detected (Figure 5B),
confirming that the distinct SAX-7S fragments A and B, together,
can fulfill the role of SAX-7S in neuronal maintenance.

To test whether the two serine protease cleavage products
(SAX-7S fragments A and B) need to be coexpressed within the
same cell to function, we drove the expression of these fragments
either in the same cell or in two different cell types. For this, we
made three transgenes encoding SAX-7S fragment A under the
neuronal promoter Prab-3 (Prab-3::SAX-7S-fragment-A) or under
the epidermal promoter Pdpy-7 (Pdpy-7::SAX-7S-fragment A), and
SAX-7S fragment B under Prab-3 (Prab-3::SAX-7S-fragment B). We
generated independent transgenic strains each one carrying one
of these transgenes and found that neither SAX-7S fragment A or
B alone was able to rescue the neuronal maintenance defects of
sax-7(qv30) mutants (Figure 5D), as above. We used genetic
crosses to generate doubly transgenic animals harboring two in-
dependent extrachromosomal arrays to avoid DNA recombina-
tion and assess whether the SAX-7S fragments A and B in
combination, but expressed from different cells, could function
in neuronal maintenance. We found that when SAX-7S frag-
ments A and B are both expressed in neurons, they could fully
rescue neuronal maintenance defects (Figure 5D). However,
when SAX-7S fragments A and B were expressed from different
cells (i.e., fragment A expressed in the epidermis and fragment B
expressed in neurons), then these fragments were not able to res-
cue the neuronal maintenance defects. These results might sug-
gest that SAX-7S fragments A and B may somehow reassemble in
a complex, intracellularly within neurons, and be secreted to-
gether to fulfill their function in neuronal maintenance. As a
note, such reassembly would be noncovalent as no full-length
SAX-7S protein is detected on denaturing western blots (Figure
5B). Alternatively, it is possible that epidermally expressed SAX-
7S fragment A may not reach the neuron surface, where frag-
ment B is located (the extracellular matrix needs to be traversed).
In any case, cleaved fragments are detected by immunoblot
analysis in wild-type animals throughout life and can provide
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function when expressed simultaneously in neurons. Together,
our findings show that while the cleavage at the serine protease
site is not absolutely necessary for SAX-7S function in an over-
expression situation, the two cleaved fragments A and B resulting
from it, functionally complement to mediate normal SAX-7S
function for the maintenance of neuronal architecture in C. ele-
gans.

Discussion
After the initial establishment of the nervous system, neuronal
maintenance molecules function to actively preserve neuronal
structural organization and integrity. One such molecule is C. ele-
gans SAX-7, homologous to vertebrate L1 proteins, whose devel-
opmental roles have been studied (Dong et al. 2013; Salzberg et al.
2013), but whose roles in the long-term maintenance of nervous
system organization remain unclear. Here we have generated
and characterized a complete loss-of-function allele of sax-7, ex-
amined the endogenous expression pattern of SAX-7S, tested the
temporal requirements for sax-7S, and assessed the function of
SAX-7S cleavage products in the maintenance of neuronal archi-
tecture.

New sax-7 alleles: a complete null and two
sax-7S-specific alleles
The sax-7(nj48) allele, previously considered to be a null, has de-
tectable sax-7 transcripts and proteins (Figure 1). A new mutant,
sax-7(qv30), deletes the entire sax-7 genomic locus, resulting in
the complete loss of function of the gene (Figure 1, A and D). This
null allele facilitates the interpretation of experiments without
the caveat of potential truncated protein products present in
hypomorphic alleles, which is especially important for rescue
assays with transgenes encoding protein fragments.

qv30 mutant animals display defects that are in some cases
stronger than previously studied alleles, for instance in the main-
tenance of some ganglia organization (e.g., AIY and AVK neuron
pairs in the retrovesicular ganglion; PHA and PHB neuron pairs in
the tail ganglion; Figure 2). sax-7S(þ), but not sax-7L(þ), can res-
cue the defects of null mutants sax-7(qv30) (Figure 2A), support-
ing that sax-7S is the key isoform in the maintenance of neuronal
architecture, as previously described (Sasakura et al. 2005; Pocock
et al. 2008). This is in accordance with previous reports that sax-
7L-specific mutant alleles (eq2 and nj53) do not lead to neuronal
maintenance defects (Pocock et al. 2008; Benard et al. 2012) and
that sax-7L(þ) cannot rescue neuronal maintenance defects of
mutants nj48 and ky146, where both sax-7 isoforms are affected
(Pocock et al. 2008).

Our analysis of two new sax-7 short-specific alleles, qv25 and
qv26, further supports the notion that sax-7S is the important iso-
form in neuronal maintenance. Mutant animals for each of these
two sax-7S alleles display defects similar to the null qv30 (Figure
2). As a note, other sax-7S-specific alleles with different molecular
lesions have recently been isolated (Chen et al. 2019; Rahe et al.
2019). Together, our new findings and previous results unequivo-
cally establish that SAX-7S is the important isoform mediating
maintenance of neuronal architecture (Sasakura et al. 2005;
Wang et al. 2005; Pocock et al. 2008; Benard et al. 2012; Diaz-Balzac
et al. 2015).

Postembryonic expression of sax-7S is sufficient
to maintain head ganglia organization
Expression of sax-7S(þ) during larval stages, which is well after
the embryonic assembly of neuronal ganglia, is sufficient to

function in maintaining ganglia organization (Figure 3). Indeed,
driving sax-7S expression (under the control of a heat-shock pro-
moter) at the 1st larval stage, or as late as the 3rd larval stage,
was sufficient to profoundly rescue neuronal maintenance
defects in qv30 null mutant animals. While the rescue is pro-
found, it is not complete, possibly due to the mosaicism of the ex-
trachromosomal array bearing the transgene and the failure to
recapitulate normal sax-7S(þ) expression levels. Nonetheless, lar-
val expression profoundly rescues the null mutants, pointing to
the fact that sax-7S(þ) functions postdevelopmentally to ensure
the maintenance of the neuronal organization. This finding rules
out the possibility that the neuronal maintenance defects of sax-
7 mutants are a result of an undetected embryonic defect that is
amplified by the growth and movement of the animal. Instead,
our result is consistent with an active requirement for sax-7 post-
embryonically to maintain the organization of an already estab-
lished nervous system structure.

Thus far, only a handful of molecules have been identified
that function to maintain specific aspects of the nervous system.
This likely is a reflection of the difficulty associated with deter-
mining an adult role for molecules that also play critical roles
during development. A postembryonic neuronal role for sax-7,
the C. elegans homolog of the mammalian L1CAM family, is a con-
served property of this gene family. Indeed, loss of L1CAM specifi-
cally from the adult mouse brain led to an increase in basal
excitatory synaptic transmission and behavioral alterations (Law
et al. 2003). In rats, postdevelopmental nervous system knock-
down of Neurofascin severely compromised the already estab-
lished composition of the axon initial segment and led to an
onset of motor deficits (Kriebel et al. 2011; Zonta et al. 2011).
Postnatal disruption of CHL1 in excitatory neurons of the mouse
forebrain affected the duration of working memory (Kolata et al.
2008). Thus, the continued importance of L1 family members in
the adult nervous system is conserved from worm to mammals,
suggesting that our findings in C. elegans will likely have implica-
tions in other organisms.

SAX-7S is robustly expressed across the nervous
system
Transgenic expression of sax-7S(þ) under different tissue-specific
promoters has been used to test for function (this study;
Sasakura et al. 2005; Pocock et al. 2008; Zhou et al. 2008; Benard
et al. 2012; Dong et al. 2013; Salzberg et al. 2013; Diaz-Balzac et al.
2015; Zhu et al. 2017; Ramirez-Suarez et al. 2019). Here we have
generated sfgfp insertion specifically in the sax-7S locus and char-
acterized its endogenous expression pattern. sfGFP::SAX-7S is ro-
bustly expressed in virtually all neurons (Figure 4), consistent
with the role of SAX-7S in the C. elegans nervous system. Indeed,
transgenic wild-type copies of sax-7S(þ) expressed pan-
neuronally (Punc-14::sax-7S, Prab-3::sax-7S) rescue sax-7 mutant
defects including head ganglia disorganization (Figure 2A), PVQ
axon flip-over, AIY and AVK neuronal soma displacement
(Pocock et al. 2008), AIY soma position and branching (Diaz-
Balzac et al. 2015), AFD neuronal soma position (Sasakura et al.
2005), and PVD length or defasiculation (Ramirez-Suarez et al.
2019), as well as neuronal SAX-7 expression rescues dendrite ret-
rograde extension (Cebul et al. 2020). Interestingly, we observed
that sfGFP::SAX-7S expression levels vary among specific neurons
in a given animal, and these neuron-specific differences appear
to be reproducible across animals. Future studies will address the
functional relevance of such SAX-7S expression-level signatures.

Transgenic expression of sax-7S(þ) in the hypodermis [using
the epidermal promoter in Pdpy-7::sax-7(þ) transgene] rescues the
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PVD dendrite defects of sax-7 mutants (Dong et al. 2013; Salzberg
et al. 2013; Zhu et al. 2017; Chen et al. 2019). Despite our careful
analyses of animals at all developmental stages, including with
unmixing confocal microscopy, we did not observe sfGFP::SAX-7S
expression in the body wall epidermis (hyp 7 cells). This suggests
that either (1) the endogenous level of SAX-7S in the epidermis is
too low to be detected or (2) the functional form of SAX-7S, in this
context is the C-terminal-serine protease cleavage product (frag-
ment B), which cannot be seen with the qv31 sfGFP::SAX-7S
knock-in, as the fluorescent protein is fused N-terminally (Figure
5A). Consistent with this idea, PVD dendrites can be rescued with
SAX-7S constructs lacking N-terminal domains Ig3–4 or Ig5–6
(Dong et al. 2013; Salzberg et al. 2013). Tagging the intracellular
domain of SAX-7 may allow for visualization of epidermal expres-
sion, but such a construct cannot be specific to the short isoform
(SAX-7S), if done at the endogenous genomic locus, as both iso-
forms share the entire intracellular C-terminal region. Previous
immuno-histochemistry analyses using an antibody generated
against the C-terminal cytoplasmic tail of SAX-7 reported expres-
sion of SAX-7 in multiple tissues, including robust signal in neu-
ronal cell bodies, as well as in the nerve ring (major bundle of
axons) and the ventral nerve cord (Chen et al. 2001; Wang et al.
2005).

SAX-7S cleavage products in neuronal
maintenance
SAX-7S and SAX-7L proteins could be reliably distinguished on
immunoblots thanks to robust controls: the mutant allele eq1,
where the sequence coding for the intracellular domain of sax-7
containing the epitope recognized by the antibody is deleted
(Chen et al. 2001), and the null qv30 where the entire sax-7 locus
is deleted. We observed that in wild-type animals, (1) full-length
SAX-7S is less abundant than the full-length SAX-7L; (2) the vast
majority of SAX-7 protein is cleaved throughout developmental
stages and adulthood, as an abundant �60 kDa cleavage product,
seemingly derived from the serine protease cleavage site; and
(3) another less abundant cleavage product of �28 kDa may result
from cleavage at a site near the transmembrane (Figure 1D). In the
sax-7S-specific alleles qv25 and qv26, where SAX-7S is absent, the
abundance of full-length SAX-7L is similar to wild type, and the
�60 kDa serine protease cleavage product is less abundant com-
pared to the wild type, suggesting that the SAX-7S protein may be
preferentially cleaved compared to SAX-7L. Also, in the sax-7L-spe-
cific alleles eq2 and nj53, the �60 kDa serine protease cleavage
product appears more abundant than the wild type, perhaps re-
vealing that the SAX-7S cleavage may be favored, resulting in a
lower level of full-length SAX-7S vs full-length SAX-7L.

When the serine protease cleavage site is deleted (sax-7S-
DFnIII#3), the resulting recombinant protein is functional in
head ganglia maintenance (Figure 5, B and C), indicating that
the cleavage is not essential for function in the maintenance of
neural architecture, at least with a highly expressed transgene.
Consistent with this, motor neuron axon outgrowth defects
upon knockdown of l1camb in zebrafish can be rescued by ex-
pression of a noncleavable form of L1cam (Linneberg et al. 2019).
However, this may be context-specific as Reelin-mediated cleav-
age of L1CAM in the mouse brain is important for neurodevelop-
ment (Lutz et al. 2017). Furthermore, we find sax-7S-DFnIII#3 is
primarily detected as full length via western blot (Figure 5B),
consistent with recent work which shows that mutating the
cleavage site within the third FnIII domain of L1CAM leads to
detectable full-length protein with no FnIII-domain-mediated
cleavage products detected (Kleene et al. 2020). This suggests

that the third FnIII has conserved importance in SAX-7/L1CAM
processing.

Although the two serine protease cleavage products (SAX-7S-
fragment-A and -B) cannot function individually in neuronal
maintenance, we find that their simultaneous expression in neu-
rons fulfills sax-7S neuronal maintenance function. The soluble
ectodomain of L1cam similarly cannot solely restore l1cam
knockdown-mediated defects in motor neuron axon outgrowth
in zebrafish L1cam (Linneberg et al. 2019). It is possible that,
in vivo, serine protease cleavage fragments A and B exist (as sug-
gested by our immunoblot analysis) and may interact together to
maintain neuronal architecture. In support of this, furin-
mediated cleavage products of Tractin (the L1CAM homolog in
leech) can interact in vitro, and these fragments together, not in-
dividually, can mediate adhesion in an in vitro S2 cell aggregation
assay (Xu et al. 2003). As we know that SAX-7S can also promote
homophilic adhesion in an in vitro cell aggregation assay
(Sasakura et al. 2005), this points to the intriguing possibility that
SAX-7S fragments together in vivo may have adhesive neural-
maintenance-promoting properties. Future studies will help to
address whether these SAX-7S fragments similarly function to-
gether or whether their function in neural maintenance is
through other interacting factors.
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