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Conditional gene expression is a powerful tool for genetic anal-
ysis of biological phenomena. In the widely used “lox-stop-lox”
approach, insertion of a stop cassette consisting of a series of
stop codons and polyadenylation signals flanked by /ox sites into
the 5 untranslated region (UTR) of a gene prevents expression
until the cassette is excised by tissue-specific expression of Cre
recombinase. Although lox-stop-lox and similar approaches using
other site-specific recombinases have been successfully used in
many experimental systems, this design has certain limitations.
Here, we describe the Floxed exon (Flexon) approach, which uses a
stop cassette composed of an artificial exon flanked by artificial
introns, designed to cause premature termination of translation
and nonsense-mediated decay of the mRNA and allowing for flexi-
ble placement into a gene. We demonstrate its efficacy in Caeno-
rhabditis elegans by showing that, when promoters that cause
weak and/or transient cell-specific expression are used to drive Cre
in combination with a gfp(flexon) transgene, strong and sustained
expression of green fluorescent protein (GFP) is obtained in spe-
cific lineages. We also demonstrate its efficacy in an endogenous
gene context: we inserted a flexon into the Argonaute gene rde-1
to abrogate RNA interference (RNAI), and restored RNA.I tissue spe-
cifically by expression of Cre. Finally, we describe several potential
additional applications of the Flexon approach, including more
precise control of gene expression using intersectional methods,
tissue-specific protein degradation, and generation of genetic
mosaics. The Flexon approach should be feasible in any system
where a site-specific recombination-based method may be
applied.
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Conditional gene expression is an important tool for under-
standing how genes and proteins function in different tis-
sues, lineages, and stages of development in complex organisms.
Traditionally, control of gene expression is achieved by using reg-
ulatory regions derived from genes that are expressed in specific
spatial and temporal patterns. However, the characterized regu-
latory regions do not always have the ideal expression pattern,
and often trade-offs must be made between expression level and
spatiotemporal specificity.

To address some of these limitations, we devised a variation
on the stop cassette, a sequence that inhibits expression that
can be removed by tissue-specific drivers of site-specific recom-
binase systems. In the widely used lox-stop-lox system, the stop
cassette generally consists of tandemly repeated polyadenyla-
tion signals flanked by lox target sequences of Cre recombinase,
that is inserted into the 5’ untranslated region (UTR) of a gene
of interest; tissue-specific expression of Cre leads to excision of
the cassette to restore gene expression (1-5) (Fig. 14). Similar
stop cassettes have also been used with the Flp/fit system (6, 7),
and variations include the coding region for a selectable or visible
marker within the cassette for easy identification of recombination
events (5, 8-15). In all of these cases, the stop cassette causes a
transcriptional stop prior to the first exon, blocking expression
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of the gene, but when the recombinase is provided through a
separate driver, the cassette is excised and the gene of interest
is expressed. Stop cassettes are used in transgenes to generate
spatiotemporal specificity via tissue-specific recombinase driv-
ers by placing the cassette between the coding region and a
strong promoter. For example, conditional control of transgene
expression has been accomplished in mice by inserting trans-
genes with stop cassettes into the ROSA26 locus, a neutral
locus with the potential for midlevel expression in multiple tis-
sues after Cre-mediated excision of the stop cassette (16-20).
Stop cassettes that rely on transcription termination share cer-
tain limitations. Unwanted expression of the gene can occur
from incomplete abrogation of transcription and translational
initiation downstream of the stop cassette. Leaky expression has
also been observed from read-through transcription that results
from incomplete recombination between sequence repeats within
the stop cassette (21). While leaky expression is the chief concern
for stop cassette usage in transgenes, further limitations apply
when using a stop cassette in an endogenous context. Different
isoforms of a gene may have varying start sites, potentially com-
plicating the application of lox-stop-lox to create likely null
alleles. In addition, the 5 UTR may also contain uncharacterized
but important regulatory sequences; in Caenorhabditis elegans,
these could include trans-splicing signals upstream of conven-
tional genes and internal to operons (reviewed in ref. 22). Placing
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Design and use of a Floxed exon cassette (flexon). (A) A traditional stop cassette (Left) is placed in the 5 UTR of the gene of interest and designed

to block gene expression through a transcriptional stop. A flexon stop cassette (Right) is designed to abrogate gene expression by a translational stop
and frameshift mutations leading to stop codons in other frames, and is also expected to result in nonsense-mediated decay (NMD) of the mRNA. Further
differences are discussed in the text. Both traditional and flexon stop cassettes may use strong, ubiquitous promoters to drive expression in specific line-
ages or tissues after cassette excision by Cre recombinase driven by the promoter of “your favorite gene” (yfg). (B) In this study, the artificial exon of the
flexon has an in-frame, three-codon leader sequence that ends with an in-frame stop codon followed by a frameshift-generating sequence that creates
additional premature stop codons in all frames. The flexon used in this study is bounded by /ox2272 sites. Specific parameters may be varied as described

in the text and S/ Appendix.

a stop cassette into these sequences could alter expression of the
downstream gene; even after the cassette is excised, the lox scar
could disrupt important regulatory sequences.

Here, we outline a strategy for a stop cassette that increases
insertion site flexibility for both transgenes and endogenous
genes, while retaining spatiotemporal control of expression. We
call this strategy “Flexon,” for “Floxed exon,” in which we engi-
neer a stop cassette that includes an artificial exon designed to
prevent protein translation by causing premature termination in
all three reading frames and to trigger nonsense-mediated decay
of the mRNA that contains it. A flexon can be inserted into an
intron or exon of a gene, providing different options for its place-
ment within a transgene or endogenous locus. We demonstrate
the efficacy of the Flexon approach for creating bright lineage
markers and for abrogating function of an endogenous Argo-
naute gene to allow restoration of function for tissue-specific
RNA interference (RNAI) and describe other potential applica-
tions of Flexon for genetic analysis.

Results

General Design Considerations. As with other stop cassettes, the
principle behind the flexon is that it should prevent target gene
expression in the absence of tissue-specific recombinase-mediated
excision. In addition, the flexon is designed to be versatile regard-
ing where it can be inserted in an open reading frame and prevent
ectopic gene expression due to spurious initiation downstream of
the cassette. Furthermore, although we have used Cre-lox in this
study, the Flexon approach is compatible with any site-specific
recombination system. We note that with regard to nomenclature,
we use “Flexon” to describe the approach and “flexon” for the cas-
sette used to create a new genotype.

Any flexon contains an artificial exon with one or more stop
codons flanked by artificial introns (Fig. 1 A and B). Each
flanking intron of the cassette contains a single lox site, and
both lox sites are oriented in the same direction to allow for
excision of the stop sequence in the exon (23). Due to the
flanking introns, the stop sequence is spliced into the transcript
if the cassette is inserted into an exon or an intron, allowing for
flexible placement within the gene of interest (Fig. 14).

A flexon is designed to block gene expression at the level of
translation instead of transcription. The artificial exon contains
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redundant mechanisms designed to halt translation of the protein:
it contains stop codons both in frame and out of frame, relative to
the gene of interest, and creates a frameshift that introduces addi-
tional stop codons downstream (Fig. 1B). Since the flexon exon is
a single, short, nonrepetitive sequence, it is relatively easy to clone
and adjust (SI Appendix) and presumably would not be subject to
incomplete recombination of repetitive stop sequences (21). If the
initial premature stop is read through, the subsequent frameshift
mutations would be expected to create a nonfunctional protein.
Furthermore, it would be expected to trigger nonsense-mediated
decay (NMD) of the mRNA as a further guarantee against pro-
ducing a protein. We note that in order to trigger NMD, prema-
ture stop codons need to be at least 50 nucleotides upstream of
the final exon junction (24, 25). When Cre-mediated recombina-
tion occurs, the exon with the stop sequence is removed from the
DNA sequence, leaving a single artificial intron with a lox scar in
the middle and restoring the reading frame to encode for a func-
tional protein (Fig. 14).

Design of the flexon Cassette Used in This Study. In the test cases
here, we used a flexon with the following sequence elements
(Fig. 1B). Design considerations that may apply to other flexon
cassettes are addressed in Discussion and in SI Appendix.

1) In-frame exon sequence: The exon contains a three-codon
leader to a stop codon that is in frame with the coding region
of the gene in which it was inserted (Fig. 1B).

2) Frameshift-generating exon sequence: We used 62 bp of
sequence from the neutral 3’ UTR from tbb-2 (26) to cause
a frameshift of the downstream coding region (Fig. 1B). The
total length of the exon sequence is the same as the second
exon in a widely used, artificial intron-containing form of the
coding region of green fluorescent protein (gfp) (23) to ensure
it is of sufficient length to be spliced into the mRNA. The
length of the exon was kept as small as possible to ensure effi-
cient Cre-mediated excision, facilitate cloning, and promote
homologous repair for endogenous gene insertion.

3) Intron sequences: The artificial introns were derived from a
self-excising drug selection cassette (23). Artificial introns of
similar sequences (Fire Vector Kit, 1995) are commonly used
for transgenes in C. elegans because they demonstrate efficient
splicing, due to the short sequence length and canonical splice
acceptor and donor sequences.
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4) lox site selection: We used the lox variant lox2272 to avoid
recombination with loxP sites in existing transgenes or engi-
neered loci we routinely use in our work.

Using the Flexon Approach in a gfp(flexon) Transgene for Strong,
Cre-Mediated, Tissue-Specific Expression of GFP. We replaced the
first or second intron in codon-optimized gfp sequences typically
used in C. elegans transgenes (Materials and Methods) to create
“gfp(flexon)” sequences (shown schematically in ST Appendix, Fig.
S1) and used the strong ubiquitous promoter 7ps-27p (27) to drive
expression in all somatic cells. The resulting rps-27p::gfp(flexon)
transgenes produce no or minimal visible GFP fluorescence on
their own (SI Appendix, Fig. S2), indicating little to no ectopic
expression in the absence of Cre. We then combined rps-27p::
gfp(flexon) with two different Cre drivers that were made using
tissue-specific promoters that drive weak and/or transient expres-
sion, as described below. The results were remarkable: The
expected lineages were brightly marked throughout larval devel-
opment (Figs. 2 and 3 and SI Appendix, Fig. S3).

The first driver we used would be predicted to result in
tissue-specific excision of the flexon in all somatic gonadal cells.
A C. elegans L1 larva hatches with two somatic gonad precursor
cells, Z1 and Z4, which generate all of the structures of the
somatic gonad during postembryonic development (Fig. 24).
During the first phase of gonadogenesis, Z1 and Z4 give rise to
12 cells that form the somatic gonad primordium in the L2
stage, and the somatic gonad blast cells divide in the L3 stage
and give rise to many additional cells (28).

The 5’ regulatory region for the ckb-3 gene, denoted ckb-3p,
drives expression in the somatic gonad precursor cells Z1 and
Z4 in embryos and L1 larvae, but expression rapidly diminishes
as the lineage progresses (29). When ckb-3p is used to drive
2xNLS::GFP, nuclear GFP is readily visualized in Z1 and Z4 in
the L1 stage, but progressively dims and is essentially undetectable
by the time the somatic gonad primordium has formed in the L2
stage (Fig. 2 A and B). The combination of a ckb-3p::Cre driver
that expresses a form of Cre recombinase optimized for C. elegans
(30) (Materials and Methods) with rps-27p::2xnls::gfp(flexon)
produces sustained, strong, and specific expression of 2xNLS::GFP
in the somatic gonad throughout development (Fig. 2B and
SI Appendix, Fig. S3). Furthermore, when we used a histone tag
to stabilize GFP as well as for nuclear localization [rps-27p::
gfp(flexon)::h2b], fluorescence intensity was sufficient for visualiza-
tion at lower exposure, and even using a dissecting microscope
(Fig. 2 B and C). Excision frequency approached 100% for both
gfp(flexon) transgenes; by the time Z1 and Z4 had divided, exci-
sion had always been observed.

The second driver we used would be expected to result in
tissue-specific excision of the flexon in all vulval precursor cells
(VPCs). The VPCs are six polarized epithelial cells, named
P3.p-P8.p, that are born in the L1 stage and remain quiescent
until the L3 stage. At that time, P5.p, P6.p, and P7.p are induced
by epidermal growth factor receptor and LIN-12/Notch signaling
to adopt vulval fates; the descendants of these cells form the
vulval primordium in the L4 stage (31-33). The other VPCs,
P3.p, P4.p, and P8.p, do not receive spatial patterning signals
and divide once to generate daughter cells that fuse with the
major hypodermal syncytium (P3.p sometimes fuses directly,
without dividing). A composite regulatory region made from the
5" flanking region and introns of the /in-31 gene, called lin-31p
(34-36) (Fig. 34) displays a dynamic pattern of expression. GFP
fluorescence is visible after the cells are born in the late L1 stage
and appears uniform in all VPCs during the L2 stage; at the time
VPCs commit to their fates in the L3 stage, fluorescence begins
to decrease visibly in P5.p, P6.p, and P7.p, and progressively
dims and becomes undetectable as their lineages progress (36)
(Fig. 3B). Fluorescence in P3.p, P4.p, and P8.p remains stronger
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than in the other VPCs at the beginning of the L3 stage but
becomes undetectable after they divide in the L3 stage. By con-
trast, when rps-27p::2xnis::gfp(flexon) was combined with a lin-
31p::Cre driver, GFP was strongly, uniformly, and continuously
expressed in the VPCs and their descendants (Fig. 3 B and C). As
in the somatic gonad, the use of a histone tag to stabilize GFP
results in fluorescence visible using a dissecting microscope.

Using the Flexon Approach in an Endogenous Gene: An rde-
1(flexon) Allele Enables Tissue-Specific RNAi. In C. elegans, RNAI
is usually performed by feeding worms with bacteria that express
double-stranded RNA for a gene of interest (37). Tissue-specific
RNAI has been accomplished by selectively expressing RDE-1/
Argonaute in an rde-1 hypomorphic or null mutant background
(38, 39). As with any other transgenic method, rescue experi-
ments are affected by the strength and specificity of available reg-
ulatory regions; for example, our laboratory has had difficulty
achieving effective tissue-specific RNAi using ckb-3p or lin-31p to
drive RDE-1 expression in an rde-1 null mutant background. The
transgene-based Flexon approach described above would be one
way to circumvent this problem, but for proof of concept to show
that a flexon works in an endogenous gene context, we created an
rde-1(flexon) allele that would allow for a physiological level of
RDE-1 protein to be restored after tissue-specific, Cre-mediated
recombination.
Design of the endogenous rde-1(flexon) allele. We used CRISPR-
Cas9 to replace the small ninth intron of the endogenous locus
of rde-1 with the same flexon cassette used in the gfp(flexon)
transgenes (Fig. 44). The resulting allele, rde-1(ar660), is here-
after referred to as rde-1(flexon). The position was chosen to
disrupt the catalytic PIWI domain, as the goal was to create a
sufficiently strong loss-of-function allele that would greatly
reduce or eliminate gene activity even if there was a low level
of leakiness in this gene context (Potential Limitations).
Design of the test of rde-1(flexon) for somatic gonad-specific
RNAi. To create a strain suitable for somatic gonad-specific
RNAIi, we combined the endogenous rde-I(flexon) allele with
the ckb-3p::Cre driver described above. The transcription factor
HLH-2/E2A, an essential gene for early embryonic develop-
ment and for gonadogenesis (40), offered an incisive test case.
When L4 larvae are fed bacteria expressing double-stranded
RNA for hih-2 [“hih-2(L4-RNAi)”], all offspring arrest during
embryogenesis (41) (Fig. 4B). When embryonic lethality is
bypassed by feeding L1 larvae with bacteria expressing double-
stranded RNA for hlh-2 [“hih-2(L1I-RNAI)”], the treated larvae
become sterile adults that lack or have compromised distal tip cells
(DTCs), which serve as the germline stem cell niche (42) (Fig. 4B);
sterility can be readily assessed at the dissecting microscope
level. hlh-2 is also required in the DTCs to lead gonad arm out-
growth in the L3 and L4 stages, so partial loss of function may
also be readily assessed by examining the extent of gonad arm
outgrowth in adults in the compound microscope. We therefore
tested whether rde-1(flexon) on its own prevents these deleteri-
ous effects of hlh-2(RNAi) and whether early lethality is pre-
vented but highly penetrant defects in gonad development result
when rde-1(flexon) is combined with ckb-3p::Cre. We also per-
formed additional supplemental assessments as described below.
rde-1(flexon) strongly reduces rde-1 activity. We tested whether
inserting a flexon into the endogenous rde-I gene causes a
strong loss-of-function phenotype, a necessary prerequisite for
creating a system for tissue-specific RNAi. When we performed
hih-2(L4-RNAi) by treating strain N2 (wild type) L4 larvae, all
of their progeny arrested during embryogenesis (Fig. 4C). By
contrast, when we treated rde-1(flexon) L4 larvae, all of their
progeny hatched (Fig. 4C).

Similarly, when we performed hlh-2(L1-RNAi) on N2 larvae, we
observed highly penetrant sterility, which was not observed when
hih-2(L1-RNAi) was performed on rde-1(flexon) hermaphrodites
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Fig. 2. The Flexon approach enables strong, persistent expression of GFP in all cells of the somatic gonad lineage. (A) ckb-3p drives expression of a high
level of GFP specifically in the somatic gonad precursor cells Z1 and Z4 (29), but the level of GFP diminishes rapidly as the lineage progresses (see B, Left
column). (B) GFP fluorescence from the transgene arTi433[ckb-3p::2xnls::gfp] (Left column) is dimmer and does not persist as long as GFP fluorescence
from arTi435[rps-27p::2xnls::gfp(flexon)] when the flexon excision is mediated by a ckb-3p::Cre driver (arTi237; Middle column; Materials and Methods),
as seen in photomicrographs taken at the same exposure time and imaging parameters. Stabilization of GFP using a histone tag (arTi361[rps-
27p::gfp(flexon)::h2b]; Right column) results in bright expression visible at a lower exposure time than 2xnls::gfp. (Scale bars, 10 um.) (C) GFP(flexon)::hi-
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(Fig. 4C). Treated N2 larvae also displayed a highly penetrant
lack of gonad arm extension (Fig. 4C), whereas the treated rde-
1(flexon) larvae had normal gonad arms, with a single excep-
tion of an individual that had one normal and one abnormal
gonad arm that extended but did not turn, consistent with
reduced Alh-2 activity after the DTCs had formed (42). Simi-
larly, RNAI directed against Alh-12, which encodes the dimer-
ization partner for HLH-2 for gonad arm extension (43), had a
low proportion of “escapers” 1/104 (1%) gonad arms of
treated rde-1(flexon) L1 larvae had a DTC with abnormal exten-
sion. Because most animals are unaffected, we infer that the
rde-1(flexon) allele strongly abrogates rde-1 activity, but the low
proportion of escapers suggests that it may not be a true null
allele. While there may be some situations in which a low back-
ground of residual rde-1 activity may be problematic (39), we dem-
onstrate below that it is eminently feasible to use rde-1(flexon) for
tissue-specific RNAI.

We also tested two additional genes that have a cellular focus
in tissues other than the somatic gonad: dpy-10, a cuticle colla-
gen (44), and pos-1, an RNA-binding protein required for line-
age specification in the early embryo (45). All progeny of treated
N2 hermaphrodites displayed the expected phenotype: a Dumpy
body shape for dpy-10(RNAi) (84/84) and embryonic lethal prog-
eny for pos-1(RNAi) (716/716 arrested embryos). By contrast,
the progeny of treated rde-1(flexon) hermaphrodites were gener-
ally unaffected: for dpy-10(RNAi), 0/462 progeny were Dpy, and
for pos-1(RNAi), 4/604 arrested embryos were observed (we did
not examine these arrested embryos for specific pos-I-associated
defects). These results support the inference from hlh-2(RNAi)

that insertion of the flexon into rde-1 severely compromises its
activity.

Test of endogenous rde-1(flexon) for tissue-specific RNAi in the
somatic gonad. We tested whether restoring rde-1 function spe-
cifically to the somatic gonad via excision of the flexon using the
ckb-3p::Cre driver would result in highly penetrant, gonad abnor-
malities. As Cre is expressed in Z1 and Z4, we would expect that
RNAI would be restored prior to the birth and specification of
the DTCs. Indeed, hlh-2(L1-RNAi) of rde-1(flexon); ckb-3p::Cre
resulted in sterility and lack of gonad arms, indicating that RNAi
was efficiently restored by excision of the flexon (Fig. 4C). More-
over, all progeny of hlh-2(L4-RNAi) of rde-1(flexon); ckb-3p::Cre
hermaphrodites survived (Fig. 4C), indicating that restoration of
RNAI was specific to the gonad.

The observed bypass of embryonic lethality by hlh-2(RNAi)
is strong evidence that restoration of RNAI by the ckb-3p::Cre
driver is limited to the gonad. We corroborated this inference
by performing dpy-10 and pos-I RNAi on the rde-1(flexon);
ckb-3p::Cre strain: 555/556 dpy-10(RNAi) individuals were non-
Dpy and 424/433 progeny of pos-1(RNAi) hermaphrodites were
viable, indicating that RNAi had not been restored to the hypo-
dermis and germ line.

Tissue-specific restoration of rde-1 activity to body wall muscle.
We performed an additional test of tissue-specific RNAi by
restoring rde-1 activity to the body wall muscles using hlh-1p::Cre,
which drives excision in the MS muscle founder cell lineage
(46-48), and performing RNAI against unc-22, which encodes
the body wall muscle structural protein Twitchin/Titin (49).
unc-22(RNAi) causes a fully penetrant Twitcher phenotype

A B lin-31p::Cre C
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Fig. 3. The Flexon approach enables strong, persistent expression of GFP in the vulval precursor cell (VPC) lineages. (A) The lin-31p regulatory sequence
drives expression of GFP in all VPCs in late L1 and L2, but GFP level becomes visibly nonuniform during vulval fate patterning in L3 and wanes as the line-
ages progress (34-36) (see B, Left column). (B) Photomicrographs of arTi434[lin-31p::2xnls::gfp] (Left column, genotype 1), showing dynamic expression
pattern of /in-31p schematized in A. By contrast, GFP fluorescence intensity from arTi435[rps-27p::2xnls::gfp(flexon)] (Right column, genotype 2) is higher
starting early in development and persists strongly throughout the VPC lineages. These flexon excisions were mediated by the VPC Cre driver arTi381[lin-
31p::Cre]. (Scale bars, 10 pm.) (C) Quantitation of several individuals of genotypes 1 and 2 shown in B. Each dot represents one cell of one animal.
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Fig. 4. Tissue-specific RNAi using the endogenous rde-1(flexon) allele. (A) The ninth intron of the endogenous rde-1 locus was replaced with a flexon to
generate rde-1(ar660). (Scale bar, 100 bp.) White boxes in sequence indicate UTRs. The gene graphic was made using http://wormweb.org/exonintron.
(B) hlh-2 is required for viable embryogenesis and for the specification and function of the distal tip cells (DTCs) of the gonad, which lead proper gonad
arm extension and maintain germline proliferation (Left). When N2 wild-type hermaphrodites are exposed to hlh-2 RNAi beginning in the L4 larval stage
[hlh-2(L4-RNAJ)], their progeny arrest during embryogenesis (Middle). When they are exposed to h/h-2 RNAi beginning in the L1 stage [hlh-2(L1-RNAI)]
(Right), the treated hermaphrodites are sterile and have improper gonad morphology due to failures in DTC differentiation and function. (C) Phenotypes
caused by targeting h/h-2 by RNAI. For hlh-2(L4-RNAIi), the % viable progeny was assessed by counting the number of dead eggs and moving larval prog-
eny produced by treated hermaphrodites. For hlh-2(L1-RNAI), fertility was assessed by the presence of eggs on the plate or in the gonad, and each gonad

arm was assessed in adults for presence, shape, and length. See Materials and Methods for further details.

when N2 (15/15) or rde-1(ar660);hlh-1p::Cre hermaphrodites
(16/16) are treated, but does not cause a phenotype when rde-
1(ar660) (0/16) or rde-1(ar660),ckb-3p::Cre (0/13) hermaphro-
dites are treated. Thus, tissue-specific RNAi was achieved in
this additional cell context.

Final comments on rde-1(flexon). We have provided proof of con-
cept that the Flexon approach is applicable to endogenous genes,
the main goal of this experiment, by showing that insertion of a
flexon strongly reduces rde-1 gene activity and that excision of the
flexon after expression of tissue-specific Cre drivers restores gene
activity. Our analysis suggests that rde-1(ar660[flexon]) is a
strong loss-of-function allele that should facilitate many tissue-
specific RNAI applications and be a valuable addition to the
tissue-specific RNAI toolkit for C. elegans. It should be straight-
forward to assess the feasibility of using rde-1(ar660[flexon]) for
any specific purpose by performing RNAI in the absence of a
Cre driver at the outset of a study to confirm that the associated
phenotype is not observed from potential low-level leaky expres-
sion at significant penetrance (as indeed would also be neces-
sary for transgene rescue-based approaches).

Discussion

Stop cassettes are a versatile method for achieving conditional
gene expression, a powerful approach for genetic analysis of any
biological process. Here, we developed and tested a stop cas-
sette we call a flexon, composed of an artificial exon flanked by
artificial introns and site-specific recombinase sequences. A
flexon can be flexibly positioned in a gene to prevent translation
of its protein product until it is excised by tissue-specific expres-
sion of the cognate recombinase. We have provided a prototype
for achieving strong, tissue-specific expression of a desired pro-
tein using two transgenes, one using a weak tissue-specific pro-
moter to drive Cre and the other a strong promoter with a
gfp(flexon). We also inserted a flexon into the endogenous locus
for rde-1, a gene required for RNAI, and showed that gene func-
tion was abrogated in the absence of Cre, but restored in specific
tissues in the presence of a Cre driver. While it was used here as
proof of concept for flexon function in an endogenous gene
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context, the rde-1(flexon) allele will be useful for tissue-specific
RNAI in C. elegans. Here, we first generalize the design consid-
eration for other flexon cassettes and then provide further exam-
ples of how the Flexon approach could be adapted to improve
the efficiency of commonly used genetic tools and for additional
genetic approaches in C. elegans and other experimental sys-
tems. Finally, we describe some potential limitations that should
be borne in mind when applying the Flexon approach.

Design Considerations for Other flexon Cassettes. In principle, a
flexon may be used with any protein-coding gene. In Fig. 54, we
show several adjustments that may be made to the flexon cas-
sette we used here and highlight here and in the SI Appendix
considerations for designing a flexon. In addition to cassette
adjustments, when used in a transgene, different ubiquitous or
more restricted promoters may be used to tune the level or tis-
sue in which the flexon-containing construct is expressed after
excision of the cassette (Fig. 5B; SI Appendix, Fig. S3).

1) The artificial exon sequence design should be tested in silico
by conceptual translation to ensure that it 1) causes a frame-
shift downstream and 2) introduces stop codons in all three
reading frames. The exon design used in this study contains
stop codons in two reading frames within the exon; stop
codons in the third reading frame were generated in down-
stream exons by the frameshift. The exon sequence may be
modified to include additional out-of-frame stop codons within
the exon if necessary.

2) The specific pair of lox sequences selected to flank the exon
can be chosen to allow for the possibility to excise multiple
flexon cassettes simultaneously or to guard against causing
intergenic DNA recombination in the presence of other genes
that have loxP, loxN, or lox551 sequences (such as the loxP scar
left from the self-excising cassette method of genome engi-
neering in C. elegans) (23). Alternatively, fit or other site-
specific recombinase sequences can be used in place of lox
sequences for spatiotemporal control of recombination and/or
for differential control when combining different flexon-con-
taining transgenes.
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Fig. 5. Potential adjustments to the flexon design and additional appli-
cations. The Flexon system is tunable and may be incorporated into
transgenes or endogenous loci to enable or improve genetic tools and
approaches for manipulating gene activity as well as to mark lineages.
Adjustments to the design for specific purposes (A and B) and some
potential applications (C and D) are diagrammed here and described in
the text.
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3) Insertion of a flexon into an exon can be achieved by append-
ing a splice donor site upstream of the first lox sequence and
a splice acceptor sequence downstream of the second lox
site. The introns here may be optimized in length or content
for high splicing efficiency in alternate applications within
C. elegans or for other organisms (SI Appendix).

4) When information about protein functional domains is avail-
able, it is preferable to insert the flexon such that expression
from potential cryptic, downstream start sites would not
result in an active protein.

Once a flexon has been designed and the desired insertion
obtained, it is important to assess how well gene expression or
activity has been abrogated by insertion of the flexon as an impor-
tant control for tissue-specific excision experiments (Potential

Limitations).

Potential Applications Facilitated by Incorporating a flexon into
Endogenous Genes or Transgenes. The Flexon approach may be
incorporated into many different established strategies for
manipulating gene activity or expression. We give some exam-
ples here, emphasizing C. elegans but applicable to other exper-
imental systems.

Increasing the Level of Limiting Effectors for Tissue-Specific Protein
Degradation. Targeted protein degradation using natural degron/
ubiquitin ligase pairs is a powerful method for studying gene
function. Several degron/ubiquitin ligase pairs have been suc-
cessfully used in C. elegans: the TIR1/AID (Auxin-Inducible
Degron) system (applied to C. elegans in ref. 50), the ZIF-1/ZF1
system (51), and converting GFP itself into a degron by replacing
the interaction domain of an E3 ubiquitin ligase with an anti-
GFP nanobody (52). However, the amount of the ubiquitin ligase
expressed has been reported to be limiting for degradation
(53-55), so we anticipate that the Flexon approach will facilitate
such manipulations by enabling stronger tissue-specific expression
of the ubiquitin ligase. Furthermore, by using different lox var-
iants, Cre can be used to delete a floxed, degron-tagged gene
while simultaneously using a ubiquitin ligase(flexon) to quickly
eliminate perduring protein, a strategy that has been demon-
strated to be effective when low residual protein levels obscure
the null phenotype (2).

Intersectional Approaches to Conditional Gene Expression. One
way to achieve specific gene expression is to use two different
tissue-specific promoters that have overlapping sites of expression
to drive different recombinases, e.g., combining the Cre and Flp
recombinases (56-58) (Fig. 5C). The flexible placement of the

flexon (Fig. 5D) may facilitate the use of such intersectional strate-

gies. Combinatorial recombinase approaches have been used for
marking specific cell types and lineages in mice (reviewed in ref. 59);
in C. elegans, these approaches may be used to generate GFP line-
age markers that require lower intensity and exposure to visualize,
avoiding damage from blue-light overexposure (60, 61).

Engineering Genomic Loci. For engineering genomic loci, the flexi-
bility in placement of a flexon offers several potential advantages
over stop cassettes that are placed in a 5 UTR. First, the Flexon
approach facilitates the engineering of conditional alleles for sin-
gle or multiple isoforms (Fig. 5D). Second, the flexible placement
reduces the chance of disrupting uncharacterized but important
regulatory sequences in the 5 UTR by the single recombination
site “scar” left after excision of the cassette. Third, in many cases
introns are better defined than 5" UTRs, especially in C. elegans
where about 84% of genes are trans-spliced by the addition of a
splice-leader sequence to the 5 end of pre-mRNAs (62), and
about 15% of genes are expressed from operons, in which a poly-
cistronic pre-mRNA is processed into separate transcripts by
trans-splicing of the downstream gene (63), with the trans-splice
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acceptor for the downstream gene embedded in a relatively short
sequence that also contains a 3’ UTR for the upstream gene.
Thus, a flexon can be inserted into a trans-spliced gene, or into
either gene of an operon, without potentially compromising regu-
latory sequences (Fig. 5D).

Finally, we note that manipulating endogenous gene expression
using the Flexon approach offers an alternative to transgene-
based methods for assessing tissue-specific rescue and creating
genetic mosaics that may be advantageous in certain situations.
For example, transgenes used for conventional tissue-specific res-
cue may not be expressed at endogenous levels, and when genes
have multiple isoforms, the isoform selected may influence the
results. By contrast, insertion of a flexon into an intron of an
endogenous gene will allow for all isoforms that share that intron
to be expressed under control of its natural regulatory elements
after excision using a tissue-specific Cre driver (Fig. 5D).

Potential Limitations. Although the Flexon approach addresses
some of the issues that have been observed with traditional lox-
stop-lox, it shares other limitations inherent to any stop cassette
method. One is that site-specific recombination is irreversible and
therefore cannot be used for dynamic control of gene expression
by itself, although it may facilitate the implementation of dynamic
methods such as AID, as described above. Another limitation is
that transient or variable low-level expression that is not normally
evident when the promoters are identified using fluorescent
reporter genes may be more apparent when they are used to drive
Cre (46), so tissue-specific promoters used to drive site-specific
recombinases may not be as specific as desired. A third limitation
is that expression in different cells of a tissue may be uneven
shortly after recombination events due to asynchronous cassette
excision or when occasionally excision does not occur on both
chromosomes in a cell. However, recombination tends to be very
efficient given the small size of the flexon, so for many applica-
tions, this limitation may not be an issue.

A final limitation shared with other stop cassette approaches is
potential “leakiness.” Although we have attempted to address the
causes of leakiness in traditional lox-stop-lox while also imple-
menting the advantages of the flexible insertion of the stop cas-
sette that a flexon offers, there is still the potential for leaky
expression from a fortuitous downstream translational start site
or alternative splicing/exon skipping that excludes the flexon from
the final mRNA transcript. Such exon skipping may account for
the rare escapers we observed when evaluating rde-1(flexon) for
abrogating RNAI, and may depend on the specific gene, the spe-
cific tissue, or the specific flexon design itself. For practical pur-
poses, whether leakiness is a problem may be easily addressed by
examining the phenotype of novel endogenous flexon alleles. If
incomplete penetrance is an issue, repositioning the flexon, add-
ing an additional flexon, or combining the Flexon approach with
another conditional method such as AID (2) are possible
approaches to reducing such background activity.

One other consideration must be borne in mind when manipu-
lating endogenous genes: Insertion of a flexon will abrogate gene
function, so if a lethal or sterile phenotype is anticipated, marked
balancer chromosomes (64, 65) or rescuing transgenes (such as
extrachromosomal arrays that can be readily eliminated) should
be included to circumvent this complication.

Materials and Methods

C. elegans Strains. C. elegans was grown on 6-cm nematode growth
medium plates seeded with Escherichia coli OP50 and maintained at 20 °C.
Strain N2 (wild type) (66) and two of the Cre drivers used in this study were
previously described: arTi237 [ckb-3p::Cre(opti)::tbb-2 3' UTR] X is a single-
copy insertion transgene made as described in ref. 46 and mapped as part of
this study, and arTi235 [hlh-1::Cre(opti)::tbb-2 3' UTR] was also described in
ref. 46. Cre(opti) refers to the codon-optimized Cre recombinase described
previously (30). The generation of other single-copy insertion transgenes
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and the allele rde-1(ar660[flexon]) is described below. The full genotypes of
strains used in this study are listed in S/ Appendix, Table S1.

Generation of Single-Copy Insertion Transgenes. The plasmids pHK001 [rps-
27p::gfp(flexon)::his-58::unc-54 3' UTR], pJS110 [ckb-3p::2xnis::gfp::unc-54 3'
UTR], pJS145 [rps-27p::2xnls::gfp(flexon)::unc-54 3' UTR] (Addgene #179159),
and pJS146 [lin-31p::2xnls::gfp::unc-54 3' UTR] were made in a miniMos vector
backbone [pCFJ910] (67) using Gibson Assembly (NEB) and confirmed by
sequencing. pJS110, pJS145, and pJS146 contain a C. elegans codon-optimized
GFP sequence tagged with an N-terminal SV40 and C-terminal eg/-13 nuclear
localization sequences (nls), regulated by the neutral 3’ UTR from unc-54 (68).
pHKO001 uses a C. elegans GFP sequence with slightly different codon optimi-
zation (23). Plasmids were injected into N2 hermaphrodites. Random, single-
copy insertions were obtained and mapped using the standard protocol (67).

Generation of rde-1(ar660), the Endogenous rde-1(flexon) Allele. The repair
template plasmid pJS155 was made using Gibson cloning to insert the follow-
ing sequences into a pBluescript vector: The final 500 bp of rde-7 exon 9, a
flexon cassette, and the first 500 bp of rde-1 exon 10. The arrangement of the
sequences in pJS155 will effectively replace the native intron 9 of rde-7 with
the flexon cassette when the plasmid is used as a repair template. Intron 9 lies
between two exons that encode of the catalytic PIWI domain of RDE-1.

To generate rde-1(ar660), an injection mix containing pJS155 (50 ng/uL)
as the repair template and a crRNA (IDT; tgagtatttaaaagatctctgttttagagc-
tatgct) was prepared according to an established protocol (69) and injected
into the gonads of young adult N2 hermaphrodites. Animals with potential
gene editing events were isolated according to the protocol, and animals
homozygous for a correct rde-1(ar660) allele were confirmed through PCR
genotyping and sequencing.

We note that we made another allele by replacing the second intron of
the endogenous rde-1 locus with a flexon cassette. In contrast to rde-1(ar660),
the allele resulting from this replacement had only a weak effect on rde-1
function. Because the second intron is upstream of the exons for all the known
functional domains of RDE-1, we interpret the weak phenotype as an indica-
tion that cryptic, in-frame ATG start sites downstream of the flexon allowed
for the transcription of a mutant RDE-1 protein that retained significant activ-
ity. This concern was incorporated into Design Considerations for Other flexon
Cassettes section, point 4, and reiterated in S/ Appendix.

Microscopy. C. elegans larvae were imaged for fluorescence on a Zeiss Axi-
oObserver Z1 inverted microscope with a 63x, 1.4 numerical aperture (NA) oil
immersion objective equipped with a spinning disk, CSU-X1A, a laser bench
rack, and a Photometrics Evolve Electron Multiplying Charge Coupled Device
camera. For GFP fluorescent imaging, a 488-nm, 100-mW laser was used for
excitation. Larvae were mounted onto 3% agar pads and immobilized with 10
mM levamisole.

Z stacks were collected from G59684, GS9686, GS9691, GS9692, and GS9401
larvae (Figs. 2 and 3) with slices at 500-nm intervals and imaged for GFP fluo-
rescence with the following parameters: 10% laser power, 200-ms exposure
(or 50-ms exposure for G59401), and 400 EM gain. For S/ Appendlix, Fig. S3, the
same parameters were used, but the animal was imaged with a 40x, 1.4 NA
oil immersion objective, and with 1,000-nm intervals between slices. For
strains GS9684, GS9692, and GS9401, the number of slices used per larva varied
with the size of the gonad to fully capture the nuclei of every somatic gonad
cell present. The stage of the animal was determined by the number of
somatic gonad cells and somatic gonad morphology. For G59686 and GS9691,
each stack contained 26 slices, which was sufficient to image the full volume
of the nuclei of every VPC or VPC descendant. The stage of the animal was
determined by the number of VPCs and somatic gonad morphology.

Z stacks were collected from GS9401 and GS9407 (SI Appendix, Fig. S1) with
slices at 500-nm intervals and imaged for GFP fluorescence with the following
parameters: 25% laser power, 500 EM gain, and the exposure time denoted in
the figure. The number of slices used per larva varied with the size of the
gonad to fully capture the nuclei of every somatic gonad cell present. The
stage of the animal was determined by the number of somatic gonad cells
and somatic gonad morphology.

Images in Fig. 2C were taken on a phone camera through the eyepiece of a
Zeiss Discovery V.12 SteREO dissecting microscope, GFP470 filter, Schott ACE 1
fiber optic light source, and X-cite series 120Q fluorescent lamp illuminator.
Animals to be imaged were placed on 60-mm plates filled with 1.75% agarose
and then immobilized using 10 mM levamisole.

Image Quantification. Fluorescence intensity was quantified using FUJI (70, 71).
Z stacks were sum projected for all slices containing cells of interest. Nuclei
were manually segmented, and the mean green fluorescent background from
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a random region outside of the animal was subtracted from the mean green
fluorescent intensity of each nucleus.

RNAi. The following RNAI clones were used: pKMS1196, which contains the
full-length hlh-2 cDNA (72), and commercially available library clones for unc-
22, pos-1, dpy-10, and hlh-12 (73). For feeding RNAI (37), plates were made
using NGM with 6 mM Isopropyl beta-D-1-thiogalactopyranoside and 100 uM
carbenicillin, and seeded with 70 pL of overnight culture of bacteria express-
ing a single RNAI clone. Experiments were performed at 25 °C.

To test for embryonic lethality of hih-2(RNAI), N2, GS9801, and GS9802 indi-
vidual L4 larvae were placed onto RNAI plates and then removed after 1 d.
The number of eggs and surviving larvae on each plate were counted imme-
diately upon removal, and then the number of surviving larvae were counted
1.d later. To test for sterility of hih-2(RNAi), N2, GS9801, and GS9802 embryos
were isolated using a standard bleaching protocol (74) and plated onto
unseeded NGM plates. Larvae were allowed to hatch for 1 h, isolated onto
RNAI plates, and then assessed for fertility by checking for the presence of
progeny 4 d after plating (Fig. 4 B and (). To assess gonad arm morphology
in hlh-2(RNAi) and hlh-12(RNAi), N2, GS9801, and GS9802 embryos were iso-
lated by bleaching, plated directly onto RNAI plates, and assessed for gonad
arm phenotypes 2 d after plating. Assessed phenotypes included gonad
arm absence, failure to extend, failure to turn, failure to extend back to the
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midpoint, and the presence of abnormal bulges. The gonad arms of N2 animals
on hlh-12(RNAi) had a very high penetrance of morphological defects (47/48).

For unc-22(RNAI), individual N2, GS9801, GS9802, and GS9831 embryos or
L1 larvae were placed onto RNAI plates and assessed for twitching at the L4
stage. To determine the effect of RNAi against dpy-70 and pos-1, individual
N2, GS9801, and GS9802 L1 larvae were placed onto RNAI plates and removed
2 d later after laying eggs. The progeny were then assessed for phenotypes,
dumpy for dpy-70 RNAi and lethality for pos-7 RNA..

Data Availability. All study data are included in the article and/or S/ Appendix.
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