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Worms on steroids: 

Using ligand binding domains for 
drug-inducible protein activation



How do steroids get into cells?
• Gabi Monsalve’s postdoc 

project in Yamamoto lab 

• Can we use glucorticoid 
receptor (GR) ligand-
binding domain to control 
protein function in worms? 

• Currently a dearth of 
inducible promoters in C. 
elegans
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Q system is now ligand-inducible

~ 2 hours till GFP is observed, plateaus at 8 hours

after 30 min of ligand exposure, we did not observe any
significant changes in GFP transcript levels (Figure S1C).
GFP was detected initially in the nervous system and most
predominately in unidentified tail neurons and the ventral
cord. Notably, both the percentage of GFP-positive animals
and the tissue-distribution of GFP expression increased over
time, with 80% of animals (n = 38) expressing GFP in mul-
tiple tissues after 8 hr of cultivation on dex-treated plates, as
compared to 0% (n = 27) of vehicle-treated populations
(* P , 0.001, t-test). We similarly expressed QF-GR from
an alternative ubiquitous driver, eef-1A.1, and observed dex-
specific GFP induction in transgenic animals (Figure S1C).
QF-GR expression from the eef-1A.1 promoter drove signifi-
cant GFP reporter expression predominately in hypodermal,
intestinal, and vulval tissues after 2 hr of dex exposure in 27%
(n = 26) of animals, as opposed to 0% (n = 22) of vehicle-
treated animals (* P , 0.04, t-test) (Figure S1D). In contrast

to transgenics expressing QF-GR from the pro-1 promoter, we
did not observe GFP in the nervous system in eef-1A.1::QF-GR
animals. Moreover, expression of GFP in the intestinal, hypo-
dermal, and vulval tissues appeared synchronously, and the
intensity of GFP fluorescence increased with longer expo-
sures of dex (unpublished results). Together these results
indicate that QF-GR permits ligand-gated transgene expres-
sion in most major C. elegans tissues within 2 hr of dex expo-
sure and that promoter choice is an important experimental
consideration.

QF-GR allows tissue-specific transgene expression

Havingestablished that theGRLBDinactivatedQFandthatdex
exposure allowed for QF activation, we next asked if QF-GR
could drive tissue-specific transgene expression. We expressed
QF-GR in vulval and hypodermal tissues using the tissue-
specific egl-17 and atf-8 promoters, respectively (Hunt-Newbury

Figure 1 A drug-inducible gene expression system for C. elegans. (A) Schematic of a drug-inducible system for C. elegans, which consists of QF-GR
transcriptional activator and the QUAS reporter plasmids. QF-GR consists of the full-length QF DNA-binding domain (DBD) and activation domains (AD),
fused to the LBD from the human glucocorticoid receptor a (GR). The splice leader (SL) links mCherry expression to the activity of promoter X and marks
for the expression of the array. The QUAS reporter consists of four tandem repeats of the QUAS response element upstream of the minimal Dpes-10
promoter and gene Y. (B) GFP and mCherry expression in animals containing QF-GR under the control of the ubiquitous pro-1 promoter and a QUAS::
GFP reporter. Fluorescent micrographs depict representative animals with the indicated transgenes cultivated on either vehicle or 100 mM dex plates for
24 hr. ▵’s denote simultaneous expression of GFP in neuronal and intestinal tissues upon dex treatment. Ubiquitous mCherry expression is observed in a
dex-independent manner. The percentage of GFP-positive animals observed is denoted. N$ 54 animals for each condition; * P, 0.001, chi-square test.
Bar, 20 mm. (C) A time course scoring GFP expression in animals carrying the indicated transgenes. Mixed staged animals were cultivated on vehicle or
100 mM dex plates and GFP expression was scored hourly. Each time point denotes the mean percentage of GFP-positive animals (6 SEM) from at least
three independent experiments with .21 animals for each time point. Points above the dashed line denote a significant difference from vehicle-treated
animals. * P , 0.01, t-test. (D) Average fold change of expression of dex-treated vs. vehicle-treated populations with the indicated transgenes. qRT-PCR
measurement of GFP and mCherry transcript level after 2 hr of vehicle (2) or 100 mM dex-treatment (+) (6 SEM from three biological replicates
performed in triplicate). * P , 0.05, t-test.
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Tissue-specific, inducible gene expression

GFP in developing vulva

other C. elegans proteins.We fused the GR LBD adduct to eGFP
under the control of a heat shock-inducible promoter (hsp-
16.48), which drives expression predominately in the muscle
and hypodermis (Stringham et al. 1992). After a 4-hr treat-
ment with 100 mM dex, GFP expression was detected only in
the hypodermal nuclei of 100% (n = 78) of animals; in con-
trast, GFP was visible in both the cytoplasm and nucleus in
55% (n = 94) of vehicle-treated animals (Figure 4A). This
result suggests that theGR-LBD adductmay function to restrict
localization of the linked protein to the cytoplasm in the ab-
sence of ligand and, upon dex-binding, translocation to the
nucleus occurs more readily (Picard and Yamamoto 1987).

Wenext testedwhether theGRLBDcould similarlymodulate
the activity of an endogenous C. elegans protein. Transcription-
ally inactive DAF-16 is localized to the cytosol and, upon trans-
location to the nucleus, regulates batteries of genes involved in
development, aging, andmetabolism (Lin et al. 1997; Ogg et al.
1997;Henderson and Johnson 2001; Kwon et al. 2010;Murphy
and Hu 2013). We generated hsp16.48::3XFLAG::GR LBD::
DAF-16A transgenic animals, expressed the array through acute
heat shock, and assessed the levels of the DAF-16 target gene,
sod-3, by qRT-PCR. We observed a robust 10.6-fold increase of

sod-3 transcripts after dex treatment, and only a 1.6-fold in-
crease in transcript levels in vehicle-treated transgenics, as com-
pared to wild-type populations (Figure 4B). To compare the
levels of sod-3 upon DAF-16 activation, we also measured
sod-3 levels in daf-2(e1370) loss-of-function mutants, which
genetically mimic the constitutive nuclear localization and tran-
scriptional activation of DAF-16 (Lee et al. 2001; Lin et al. 2001).
Vehicle- and dex-treated populations had 2.8- and 4.3-fold in-
creases in sod-3 levels, respectively, as compared to wild-type
animals. Notably, we only observed significant enrichment of
sod-3 levels upon dex treatment in hsp16.48::3XFLAG::GR
LBD::DAF-16A transgenics and not in daf-2(2) mutants or
wild-type animals (* P , 0.03, t-test). There was no significant
difference in sod-3 expression between vehicle-treated wild-
type worms and GR-DAF-16-overexpressing worms (P . 0.05,
t-test). Together, these results suggest that addition of the
GR-LBD adduct allows ligand-gated control of DAF-16 activity.

Discussion

We found that the QF-GR system was sufficient to drive dex-
inducible, tissue-specific expression of a GFP reporter, the

Figure 2 The QF-GR activator drives expression of target genes in various tissues. (A and B) Tissue-specific expression from the QF-GR activator in the (A)
vulva or (B) hypodermis using the egl-17 or atf-8 promoters, respectively. The QUAS reporter contains the GFP gene. Representative fluorescent
micrographs of GFP and mCherry expression from animals carrying the indicated transgenes and treated with vehicle or 100 mM dex for 3 hr. ▵’s
denote the tissue-specific expression of GFP. To the right of each set of images is a bar graph denoting the average percentage of GFP-positive animals
after an acute 3 hr vehicle or dex treatment (6 SEM; n $ 25 animals). * P , 0.02, t-test. Bar, 20 mm. (C) Induction of lin3c/EGF induces behavioral
quiescence in adult animals. QF-GR::SL::mCherry was expressed using the ubiquitous pro-1 promoter and the QUAS reporter contains the lin-3c gene.
The graph depicts the percentage of quiescent adult nematodes after 2 hr of dex treatment. Behavioral quiescence of each animal was scored by two
criteria: (1) the cessation of body movements for at least 30 sec, and (2) the absence of pharyngeal pumping for 60 sec. n $ 180 adults; * P , 0.005,
t-test. (D) QF-GR::SL::mCherry was expressed using the egl-17 promoter, which is expressed primarily in vulval cells, and the QUAS reporter contains the
peel-1 toxin gene. (Left) Induction of the peel-1 gene by dex in vulval cells. Representative Nomarski micrographs of vulvae in late L4 larvae treated with
vehicle or 100 mM dex for 3 hr. ▵’s mark holes in the vulva of a dex-treated animal due to presumed cell death; fluorescent images depict the vulva-
specific expression of mCherry. (Right) The graph depicts the average percentage of L4s and young adults with abnormal vulval morphology after an
acute 3 hr vehicle or dex treatment (6 SEM; n $ 279 animals for each condition). * P , 0.0001, t-test. Bar, 20 mm. DIC, differential interference
contrast; Veh, vehicle.
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Inducible cell death by expressing a toxin

PEEL-1 is a sperm-derived toxin (selfish genetic element) 

other C. elegans proteins.We fused the GR LBD adduct to eGFP
under the control of a heat shock-inducible promoter (hsp-
16.48), which drives expression predominately in the muscle
and hypodermis (Stringham et al. 1992). After a 4-hr treat-
ment with 100 mM dex, GFP expression was detected only in
the hypodermal nuclei of 100% (n = 78) of animals; in con-
trast, GFP was visible in both the cytoplasm and nucleus in
55% (n = 94) of vehicle-treated animals (Figure 4A). This
result suggests that theGR-LBD adductmay function to restrict
localization of the linked protein to the cytoplasm in the ab-
sence of ligand and, upon dex-binding, translocation to the
nucleus occurs more readily (Picard and Yamamoto 1987).

Wenext testedwhether theGRLBDcould similarlymodulate
the activity of an endogenous C. elegans protein. Transcription-
ally inactive DAF-16 is localized to the cytosol and, upon trans-
location to the nucleus, regulates batteries of genes involved in
development, aging, andmetabolism (Lin et al. 1997; Ogg et al.
1997;Henderson and Johnson 2001; Kwon et al. 2010;Murphy
and Hu 2013). We generated hsp16.48::3XFLAG::GR LBD::
DAF-16A transgenic animals, expressed the array through acute
heat shock, and assessed the levels of the DAF-16 target gene,
sod-3, by qRT-PCR. We observed a robust 10.6-fold increase of

sod-3 transcripts after dex treatment, and only a 1.6-fold in-
crease in transcript levels in vehicle-treated transgenics, as com-
pared to wild-type populations (Figure 4B). To compare the
levels of sod-3 upon DAF-16 activation, we also measured
sod-3 levels in daf-2(e1370) loss-of-function mutants, which
genetically mimic the constitutive nuclear localization and tran-
scriptional activation of DAF-16 (Lee et al. 2001; Lin et al. 2001).
Vehicle- and dex-treated populations had 2.8- and 4.3-fold in-
creases in sod-3 levels, respectively, as compared to wild-type
animals. Notably, we only observed significant enrichment of
sod-3 levels upon dex treatment in hsp16.48::3XFLAG::GR
LBD::DAF-16A transgenics and not in daf-2(2) mutants or
wild-type animals (* P , 0.03, t-test). There was no significant
difference in sod-3 expression between vehicle-treated wild-
type worms and GR-DAF-16-overexpressing worms (P . 0.05,
t-test). Together, these results suggest that addition of the
GR-LBD adduct allows ligand-gated control of DAF-16 activity.

Discussion

We found that the QF-GR system was sufficient to drive dex-
inducible, tissue-specific expression of a GFP reporter, the

Figure 2 The QF-GR activator drives expression of target genes in various tissues. (A and B) Tissue-specific expression from the QF-GR activator in the (A)
vulva or (B) hypodermis using the egl-17 or atf-8 promoters, respectively. The QUAS reporter contains the GFP gene. Representative fluorescent
micrographs of GFP and mCherry expression from animals carrying the indicated transgenes and treated with vehicle or 100 mM dex for 3 hr. ▵’s
denote the tissue-specific expression of GFP. To the right of each set of images is a bar graph denoting the average percentage of GFP-positive animals
after an acute 3 hr vehicle or dex treatment (6 SEM; n $ 25 animals). * P , 0.02, t-test. Bar, 20 mm. (C) Induction of lin3c/EGF induces behavioral
quiescence in adult animals. QF-GR::SL::mCherry was expressed using the ubiquitous pro-1 promoter and the QUAS reporter contains the lin-3c gene.
The graph depicts the percentage of quiescent adult nematodes after 2 hr of dex treatment. Behavioral quiescence of each animal was scored by two
criteria: (1) the cessation of body movements for at least 30 sec, and (2) the absence of pharyngeal pumping for 60 sec. n $ 180 adults; * P , 0.005,
t-test. (D) QF-GR::SL::mCherry was expressed using the egl-17 promoter, which is expressed primarily in vulval cells, and the QUAS reporter contains the
peel-1 toxin gene. (Left) Induction of the peel-1 gene by dex in vulval cells. Representative Nomarski micrographs of vulvae in late L4 larvae treated with
vehicle or 100 mM dex for 3 hr. ▵’s mark holes in the vulva of a dex-treated animal due to presumed cell death; fluorescent images depict the vulva-
specific expression of mCherry. (Right) The graph depicts the average percentage of L4s and young adults with abnormal vulval morphology after an
acute 3 hr vehicle or dex treatment (6 SEM; n $ 279 animals for each condition). * P , 0.0001, t-test. Bar, 20 mm. DIC, differential interference
contrast; Veh, vehicle.
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GR LBD works on other proteins

induction of transgenes is not possible or desirable
(i.e., temperature-sensitive mutations, physiological effects
of heat shock, etc.), or when sustained transgene expression
is required. For example, using QF-GR rather than a heat-shock
promoter to drive lin-3c would uncouple behavioral lethargy
from lin-3c overexpression and lethargy as a result from heat
shock (Van Buskirk and Sternberg 2007; Nelson et al. 2014).

As a tool, the GR-LBD adduct should be improved and
refined going forward. As discussed above, we did frequently
observe background activity of QF-GR in vehicle-treated an-
imals. Additionally, theGRLBDdid not completely restrict the
GR LBD::GFP fusion to the cytoplasm, as would occur in
mammalian cells (Picard et al. 1988). Possible solutions in-
clude optimizing position of the GR LBD relative to a tagged
protein, or including two LBD fusions on a construct. Notably,
fusing Cre to two endoplasmic reticulum LBDs in mice con-
ferred tighter regulation and lower background with respect
to recombination at floxed alleles (Zhang et al. 1996;
Casanova et al. 2002). We also did not detect transgene ex-
pression in the germline. All of our experiments were per-
formed using extrachromosomal arrays, which are frequently
silenced in the C. elegans germline. However, it is also possi-
ble that our failure to observe GFP expression in the germline
reflected a failure of dex to enter this tissue. New approaches
to license germline expression, such as introns with periodic
A/T-rich clusters (Frøkjær-Jensen et al. 2016) or removal of
Piwi-interacting RNA binding sites (Zhang et al. 2018), com-
bined with single-copy knock-ins into loci that permit germ-
line expression would distinguish these possibilities. Empirical
testing of promoters could also improve the efficacy of GR-LBD
fusions.

We observed higher basal activity of QF-GR when
expressed using the atf-8 and eef-1A.1 promoters, as com-
pared to the egl-17 and pro-1 promoters (Figure 2B and Fig-
ure S1C). In Drosophila, progesterone receptor-gated Gal4
was shown to exhibit promoter-specific leakiness in the ab-
sence of the RU-486 ligand (Poirier et al. 2008), and there is
leakiness dependent on the identity of the regulated trans-
gene (Scialo et al. 2016). It is unclear what mechanisms drive
leaky expression, but some possible explanations are cell-
specific differences in proteins that regulate steroid receptors
in the presence or absence of ligand, cell- or organism-specific
differences in nuclear import/export, or that dex and/or ve-
hicle have unknown QF-GR-independent effects on worm
physiology (Picard et al. 1990; Freedman and Yamamoto
2004). That being said, all of our experiments used extra-
chromosomal arrays for expression of all transgenes; there-
fore, we cannot eliminate the possibility that high basal
expression from some of the tested constructs was due to
high gene dosage from these arrays.

We demonstrated that the GR LBD can be used to confer
ligand gating to three proteins (QF, GFP, and DAF-16), high-
lighting the potential broad utility of this tool in C. elegans to
regulate protein activity and/or localization. Many inten-
sively studied transcription factors in C. elegans (DAF-16,
SKN-1, PQM-1, etc.) have their activity regulated by nuclear
import/export (Henderson and Johnson 2001; Lin et al.
2001; Inoue et al. 2005; Tepper et al. 2013). Fusing the GR
LBD to these factors in transgenes, or knocking the GR LBD
into the endogenous locus, could confer precise control over
protein localization through addition/omission of ligand.
The GR LBD would also be useful to add to the recently

Figure 4 The GR-LBD adduct modulates protein activity in vivo. (A) Representative fluorescent micrographs of L1 transgenic animals expressing the GR
LBD fused in frame to the N terminus of GFP and under control of the heat shock-inducible hsp-16.48 promoter. Animals were heat shocked followed
by treatment with vehicle or 100 mM dex for a total of 4 hr. Inset boxes highlight zoomed-in regions near the midbody of the animals; ▵’s denote
cytoplasmic and nuclear expression of GFP. Pharyngeal fluorescence is from the co-injection marker myo-2p::tdTomato. Bottom bars represent the
percentage of mixed staged, tdTomato-expressing animals with either nuclear only (shaded) or cytoplasmic and nuclear expression of GFP after 4 hr of
vehicle or dex treatment (open). * P, 0.00001, chi-square test. Bar, 10 mm. (B) The relative transcript levels of the DAF-16 target gene, sod-3, after heat
shock and ligand treatment for 4 hr in daf-2(e1370)mutants and wild-type animals carrying a GR LBD::DAF-16A transgene. The graph depicts the mean
fold change of expression, relative to vehicle-treated N2 animals lacking any transgenes. Error bars indicate the SEM from at least four biological
replicates performed in triplicate. * P , 0.03, t-test.
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GR LBD renders DAF-16 ligand-inducible

induction of transgenes is not possible or desirable
(i.e., temperature-sensitive mutations, physiological effects
of heat shock, etc.), or when sustained transgene expression
is required. For example, using QF-GR rather than a heat-shock
promoter to drive lin-3c would uncouple behavioral lethargy
from lin-3c overexpression and lethargy as a result from heat
shock (Van Buskirk and Sternberg 2007; Nelson et al. 2014).

As a tool, the GR-LBD adduct should be improved and
refined going forward. As discussed above, we did frequently
observe background activity of QF-GR in vehicle-treated an-
imals. Additionally, theGRLBDdid not completely restrict the
GR LBD::GFP fusion to the cytoplasm, as would occur in
mammalian cells (Picard et al. 1988). Possible solutions in-
clude optimizing position of the GR LBD relative to a tagged
protein, or including two LBD fusions on a construct. Notably,
fusing Cre to two endoplasmic reticulum LBDs in mice con-
ferred tighter regulation and lower background with respect
to recombination at floxed alleles (Zhang et al. 1996;
Casanova et al. 2002). We also did not detect transgene ex-
pression in the germline. All of our experiments were per-
formed using extrachromosomal arrays, which are frequently
silenced in the C. elegans germline. However, it is also possi-
ble that our failure to observe GFP expression in the germline
reflected a failure of dex to enter this tissue. New approaches
to license germline expression, such as introns with periodic
A/T-rich clusters (Frøkjær-Jensen et al. 2016) or removal of
Piwi-interacting RNA binding sites (Zhang et al. 2018), com-
bined with single-copy knock-ins into loci that permit germ-
line expression would distinguish these possibilities. Empirical
testing of promoters could also improve the efficacy of GR-LBD
fusions.

We observed higher basal activity of QF-GR when
expressed using the atf-8 and eef-1A.1 promoters, as com-
pared to the egl-17 and pro-1 promoters (Figure 2B and Fig-
ure S1C). In Drosophila, progesterone receptor-gated Gal4
was shown to exhibit promoter-specific leakiness in the ab-
sence of the RU-486 ligand (Poirier et al. 2008), and there is
leakiness dependent on the identity of the regulated trans-
gene (Scialo et al. 2016). It is unclear what mechanisms drive
leaky expression, but some possible explanations are cell-
specific differences in proteins that regulate steroid receptors
in the presence or absence of ligand, cell- or organism-specific
differences in nuclear import/export, or that dex and/or ve-
hicle have unknown QF-GR-independent effects on worm
physiology (Picard et al. 1990; Freedman and Yamamoto
2004). That being said, all of our experiments used extra-
chromosomal arrays for expression of all transgenes; there-
fore, we cannot eliminate the possibility that high basal
expression from some of the tested constructs was due to
high gene dosage from these arrays.

We demonstrated that the GR LBD can be used to confer
ligand gating to three proteins (QF, GFP, and DAF-16), high-
lighting the potential broad utility of this tool in C. elegans to
regulate protein activity and/or localization. Many inten-
sively studied transcription factors in C. elegans (DAF-16,
SKN-1, PQM-1, etc.) have their activity regulated by nuclear
import/export (Henderson and Johnson 2001; Lin et al.
2001; Inoue et al. 2005; Tepper et al. 2013). Fusing the GR
LBD to these factors in transgenes, or knocking the GR LBD
into the endogenous locus, could confer precise control over
protein localization through addition/omission of ligand.
The GR LBD would also be useful to add to the recently

Figure 4 The GR-LBD adduct modulates protein activity in vivo. (A) Representative fluorescent micrographs of L1 transgenic animals expressing the GR
LBD fused in frame to the N terminus of GFP and under control of the heat shock-inducible hsp-16.48 promoter. Animals were heat shocked followed
by treatment with vehicle or 100 mM dex for a total of 4 hr. Inset boxes highlight zoomed-in regions near the midbody of the animals; ▵’s denote
cytoplasmic and nuclear expression of GFP. Pharyngeal fluorescence is from the co-injection marker myo-2p::tdTomato. Bottom bars represent the
percentage of mixed staged, tdTomato-expressing animals with either nuclear only (shaded) or cytoplasmic and nuclear expression of GFP after 4 hr of
vehicle or dex treatment (open). * P, 0.00001, chi-square test. Bar, 10 mm. (B) The relative transcript levels of the DAF-16 target gene, sod-3, after heat
shock and ligand treatment for 4 hr in daf-2(e1370)mutants and wild-type animals carrying a GR LBD::DAF-16A transgene. The graph depicts the mean
fold change of expression, relative to vehicle-treated N2 animals lacking any transgenes. Error bars indicate the SEM from at least four biological
replicates performed in triplicate. * P , 0.03, t-test.
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Perspective

• makes Q system faster to activate 

• useful for induction of transgenes when heat-shock 
is not ideal or for sustained expression 

• need to continue optimization 

• make other factors ligand-regulated?
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GR ligand dexamethasone (dex) gets 
into worms
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Reduce background with QS repressor

QS represses QF; quinic acid alleviates repression

toxin gene peel-1, and ubiquitous expression of lin-3c. We
further demonstrate that addition of a GR LBD onto DAF-
16 was sufficient to confer ligand-inducible activity of this
protein, a potentially generalizable method of regulating
the activity and/or localization of nuclear and cytoplasmic
proteins in C. elegans.

The ability to control gene activation (Logie and Stewart
1995; Metzger et al. 1995; Kozlova and Thummel 2002;
Banaszynski et al. 2006; Cho et al. 2013) and protein deple-
tion by small molecule addition (Nishimura et al. 2009;
Kanke et al. 2011; Holland et al. 2012; Zhang et al. 2015)
is a powerful feature in a modern genetic toolbox. Our results

demonstrate that adding the GR LBD to the QF transcrip-
tional activator confers ligand inducibility to the Q system.
While the original Q system could be induced by including
the QS repressor and adding quinic acid to relieve repression,
it took 6 hr to detect transgene activity and 24 hr to fully
derepress the system (Wei et al. 2012); in contrast, QF-GR
allows transgene induction within 2 hr (Figure 1). Although
wewere able to observemRNA induction following dex treat-
ment up to 96-fold over basal expression (Figure 3), we did
frequently observe background activity of QF-GR in vehicle-
treated animals, as discussed below. The QF-GR system should
be particularly useful for experiments where heat-shock

Figure 3 The QS repressor blocks activity of QF-GR. (A) Construct and experimental schematic of the addition of QS to the dex-inducible gene
expression system. The composition of constructs 1 and 2 are described in Figure 1. Construct 3 encodes for the QS repressor and a splice leader
that links the mCherry open reading frame to mark expression of the array. The addition of the QS repressor restricts the activity of the QF-GR activator.
Derepression of QS is achieved by the addition of quinic acid; therefore, only in the presence of both dex and quinic acid will QF-GR drive target gene
expression. AD, activation domains; DBD, DNA-binding domain. (B) The mean percentage of GFP-positive animals in animals carrying the indicated
transgenes. QF-GR::SL::mCherry is expressed using a ubiquitously expressed pro-1 promoter and QUAS drives a GFP reporter. pro-1p also drives the
expression of the QS repressor, which restricts the activity of QF (Wei et al. 2012); derepression is achieved by the addition of quinic acid. The splice
leader links mCherry expression to QS expression to mark sites in which the transgene is expressed. Error bars represent the SEM from two independent
experiments. n $ 57 animals for each condition; * P , 0.05, t-test, as compared to both vehicle-treated (2) populations. (C) qRT-PCR measurement of
relative GFP transcript levels in animals carrying the indicated transgenes. The graph presents mean, log2-fold change of expression of the indicated
transgene/drug combinations relative to basal expression of vehicle-treated animals carrying the quas::GFP reporter (no QF-GR or QS transgenes).
Animals exposed to 7.5 mg/ml quinic acid were pretreated for 24 hr prior to dex treatment. Error bars indicate the SEM from three biological replicates
performed in triplicate. * reflects the comparison by t-test of animals treated with quinic acid for 24 hr and then vehicle or dex for 2 hr; ** represents the
comparison by t-test of animals treated with quinic acid for 24 hr and then vehicle or dex for an additional 25 hr (for both * and **, P , 0.05).
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Reduce background with QS repressor at 
a cost of slower response
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toxin gene peel-1, and ubiquitous expression of lin-3c. We
further demonstrate that addition of a GR LBD onto DAF-
16 was sufficient to confer ligand-inducible activity of this
protein, a potentially generalizable method of regulating
the activity and/or localization of nuclear and cytoplasmic
proteins in C. elegans.

The ability to control gene activation (Logie and Stewart
1995; Metzger et al. 1995; Kozlova and Thummel 2002;
Banaszynski et al. 2006; Cho et al. 2013) and protein deple-
tion by small molecule addition (Nishimura et al. 2009;
Kanke et al. 2011; Holland et al. 2012; Zhang et al. 2015)
is a powerful feature in a modern genetic toolbox. Our results

demonstrate that adding the GR LBD to the QF transcrip-
tional activator confers ligand inducibility to the Q system.
While the original Q system could be induced by including
the QS repressor and adding quinic acid to relieve repression,
it took 6 hr to detect transgene activity and 24 hr to fully
derepress the system (Wei et al. 2012); in contrast, QF-GR
allows transgene induction within 2 hr (Figure 1). Although
wewere able to observemRNA induction following dex treat-
ment up to 96-fold over basal expression (Figure 3), we did
frequently observe background activity of QF-GR in vehicle-
treated animals, as discussed below. The QF-GR system should
be particularly useful for experiments where heat-shock

Figure 3 The QS repressor blocks activity of QF-GR. (A) Construct and experimental schematic of the addition of QS to the dex-inducible gene
expression system. The composition of constructs 1 and 2 are described in Figure 1. Construct 3 encodes for the QS repressor and a splice leader
that links the mCherry open reading frame to mark expression of the array. The addition of the QS repressor restricts the activity of the QF-GR activator.
Derepression of QS is achieved by the addition of quinic acid; therefore, only in the presence of both dex and quinic acid will QF-GR drive target gene
expression. AD, activation domains; DBD, DNA-binding domain. (B) The mean percentage of GFP-positive animals in animals carrying the indicated
transgenes. QF-GR::SL::mCherry is expressed using a ubiquitously expressed pro-1 promoter and QUAS drives a GFP reporter. pro-1p also drives the
expression of the QS repressor, which restricts the activity of QF (Wei et al. 2012); derepression is achieved by the addition of quinic acid. The splice
leader links mCherry expression to QS expression to mark sites in which the transgene is expressed. Error bars represent the SEM from two independent
experiments. n $ 57 animals for each condition; * P , 0.05, t-test, as compared to both vehicle-treated (2) populations. (C) qRT-PCR measurement of
relative GFP transcript levels in animals carrying the indicated transgenes. The graph presents mean, log2-fold change of expression of the indicated
transgene/drug combinations relative to basal expression of vehicle-treated animals carrying the quas::GFP reporter (no QF-GR or QS transgenes).
Animals exposed to 7.5 mg/ml quinic acid were pretreated for 24 hr prior to dex treatment. Error bars indicate the SEM from three biological replicates
performed in triplicate. * reflects the comparison by t-test of animals treated with quinic acid for 24 hr and then vehicle or dex for 2 hr; ** represents the
comparison by t-test of animals treated with quinic acid for 24 hr and then vehicle or dex for an additional 25 hr (for both * and **, P , 0.05).
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Future directions
• did not see expression in germline, but were using arrays. 

Remove piRNA sites? Use PATC introns? Single copy? 

• Where does leakiness come from (seen in flies too; 
promoter- and transgene-dependent) 

• can make transcription factors drug-inducible (other 
nuclear proteins as well?) 

• could add to other useful systems (cGal system, Flp and 
Cre recombinases, Cas9) 

•


