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Abstract

The conditional depletion of a protein of interest (POI) is useful not only
for loss-of-function studies, but also for the modulation of biological path-
ways. Technologies that work at the level of DNA, mRNA, and protein
are available for temporal protein depletion. Compared with technologies
targeting the pretranslation steps, direct protein depletion (or protein knock-
down approaches) is advantageous in terms of specificity, reversibility, and
time required for depletion, which can be achieved by fusing a POI with a
protein domain called a degron that induces rapid proteolysis of the fusion
protein. Conditional degrons can be activated or inhibited by temperature,
small molecules, light, or the expression of another protein. The conditional
degron-based technologies currently available are described and discussed.

83


https://doi.org/10.1146/annurev-genet-120116-024656
https://doi.org/10.1146/annurev-genet-120116-024656
http://www.annualreviews.org/doi/full/10.1146/annurev-genet-120116-024656

84

INTRODUCTION

Studies of protein function in vivo are greatly helped by loss-of-function experiments, in which
the expression of a protein of interest (POI) is constitutively or conditionally suppressed for phe-
notypic analyses. The recent explosion of genome-editing technologies, such as CRISPR—Cas9,
transcription activator-like effector nuclease (TALEN), and Zn finger nuclease, has facilitated the
generation of gene knockouts (KOs) with constitutive loss of a POI (20, 33, 66, 67, 83). However,
it is impossible to generate gene KO mutants for the approximately 1,500 core-essential genes
required for the viability of human cells (8, 40, 118). The proteins encoded by these genes must
play important roles in cellular homeostasis or proliferation. To study the roles of these essential
proteins in vivo, it is crucial to employ a method that can conditionally inactivate or deplete a POI.
Even in the case of nonessential proteins, mutants generated by gene KOs might adopt changes
caused by the constitutive loss of a POI (110). Therefore, there might be a phenotypic difference
between constitutive and conditional KO mutants. Technologies enabling the conditional inac-
tivation or depletion of POIs thus represent the next step in in vivo analyses of protein function,
beyond simple gene KOs.

Protein expression can be conditionally perturbed at the DNA, mRNA, or protein level
(Figure 1a). Readers can refer to the following papers to learn about conditional technologies that
work at the level of DNA and mRNA (27, 29, 34, 36, 44, 61, 95). Because all of these technologies
function at the pretranslational level, the time required for POI depletion depends on the half-life
of the POI in cells. This can be a problem when studying highly dynamic processes, such as the
cell cycle, differentiation, or neural activity. For example, POI depletion using small interfering
RNA (siRNA) in mammalian cells typically requires 2 to 3 days, which can be a major limitation
to the use of this conventional depletion technology for studying the role of proteins involved

a Typical time required for b
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Figure 1

Technologies that allow the control of conditional expression. (#) Recombinase-mediated KOs, conditional
promoters, CRISPR, si/shRINAs, and morpholinos work at the pretranslation level. Conditional degrons
affect protein stability directly. () A POI fused with a conditional degron. The stability of the degron is
controlled by temperature, a small molecule (ligand), light, or the expression of another protein.
Abbreviations: CRISPRi, CRISPR interference; KO, knockout; POI, protein of interest; sShRINA, short
hairpin RNA; siRNA, small interfering RNA; Tet-OFF, tetracycline-controlled transcriptional inactivation;
Tet-ON, tetracycline-controlled transcriptional activation.

Natsume o Kanemaki



in cell-cycle progression. Because the depletion time is usually longer than the time required for
one round of the cell cycle in mammalian cells, in some cases the initial defect was obscured or
complemented by secondary effects caused by the loss of the POI (119, 121). It was also difficult
to analyze proteins with pleiotropic functions by siRNA because the phenotype is complicated
by multiple defects caused by slow depletion (91). Moreover, the off-target effects and depletion
efficiency of siRINA are variable (46, 50).

These problems can be overcome by controlling protein levels directly. All eukaryotic cells are
equipped with protein quality control systems, via which misfolded or damaged proteins are led to
autophagy or rapid degradation by the 26S proteasome (12). In the ubiquitin—proteasome pathway,
which is one such system, polyubiquitylated proteins are specifically degraded in a short time (35).
This degradation pathway also contributes to the timely removal of signaling proteins that are
involved in cell-cycle control, development, and homeostasis. Using endogenous degradation
pathways, it is possible to artificially control protein levels. The proteolysis-targeting chimera
(PROTAC) and F-box fusion methods were developed by exploiting endogenous degradation
pathways (92, 96, 124, 125). However, these technologies cannot be applied to general POIs
because specific ligands or binding domains must be found for each. To control protein levels,
researchers have used a domain known as a degron, which confers instability to general POIs (116).
By exerting timed, conditional control over the activity of a degron fused to a POI, the fusion
protein can be targeted for rapid proteolysis by the 26S proteasome. Furthermore, a depleted
POI can be reexpressed by inactivating the degron, and its expression level can be tuned in many
cases by adopting a semipermissive condition. Degron-based protein knockdown is a relatively
new approach that is now receiving more attention because of the advantages described above.
Conditional degrons attached to a POI can be activated or inactivated by one of four factors:
temperature, a small molecule (ligand), light, or the expression of another protein (Figure 15).
In this review, we discuss currently available conditional degron-based technologies for protein

knockdown.

TEMPERATURE-INDUCED SYSTEMS

Varshavsky and colleagues (25) developed the first conditional degron using temperature to induce
proteolysis in a POL This technology remains a powerful tool in studies of the budding yeast
Saccharomyces cerevisiae.

Temperature-Sensitive and Low-Temperature Degrons

A protein exposing a non-Met amino acid residue, such as Arg, Lys, Tyr, or Phe, at the N terminus
is efficiently degraded through an ubiquitin—proteasome pathway known as the N-end rule (107,
117). Such destabilizing residues located at the N terminus are recognized by an E3 ubiquitin ligase
[Ubr1 in budding yeast (5) and PRT1 in Arabidopsis thaliana (84)) for rapid polyubiquitylation of
the proteins, which leads to degradation by the 26S proteasome. Varshavsky and colleagues (104)
initially constructed constitutive N-degrons, which comprise a destabilizing N-terminal residue
and internal Lys residues for ubiquitylation. To generate an N-degron that works conditionally,
they developed the heat-inducible or temperature-sensitive degron (ts-degron) system for budding
yeast, via which a POI fused to a temperature-sensitive dihydrofolate reductase (ts-DHFR) protein
with an Arg residue exposed at the N terminus (R-DHFR®) can be targeted for rapid proteolysis
by shifting the temperature of the yeast culture (Figure 2) (Table 1) (24, 25). Placement of the
Ub-R-DHEFR® cassette, which comprises the ubiquitin and R-DHFR" genes, at the 5" end of a
gene of interest leads to the expression of the fusion protein (Ub-R-DHFR®*-POI). Ubiquitin is
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Figure 2

Schematic of temperature-induced conditional degron technologies (ts- and lt-degrons). The N-terminal
ubiquitin moiety is cleaved by deubiquitinating enzymes, exposing the destabilizing Arg residue at the N
terminus of DHFR®. A temperature shift causes rapid proteolysis of R-DHFR®-POI by the 26S
proteasome. Temperatures are shown for the ts-degron (o parentheses) and for the lt-degron (in parentbeses).
Abbreviations: DHFR, dihydrofolate reductase; lt, low temperature; POI, protein of interest; ts, temperature
sensitive; Ub, ubiquitin.

cleaved by ubiquitin-specific proteases, resulting in the exposure of the destabilizing Arg residue
at the N terminus of R-DHFR®-POI. Even though the Arg residue can be recognized by the
Ubrl E3 ubiquitin ligase, the fusion protein is stable within the permissive temperature range
(23-25°C). However, a shift to a higher temperature (approximately 37°C) leads to the unfolding
of R-DHFR®, which results in rapid polyubiquitylation of R-DHFR*~POI and its proteolysis by
the 26S proteasome (¢1, < 30 min). This ubiquitylation reaction is possibly induced by increased
exposure of the Arg residue at the N terminus, exposure of internal Lys residues of R-DHFR®,
or both.

Recently, molecular dynamics studies have demonstrated that, indeed, internal Lys residues
acquire a higher conformational flexibility in a DHFR® variant (30). To achieve efficient degrada-
tion in budding yeast, the ts-degron was further improved by overexpressing the Ubr1l E3 enzyme
under the conditional GALI-10 promoter before the temperature shift (58, 93). The improved
ts-degron system has been used in a functional proteomics screening to identify proteins that are
required for cell-cycle progression in budding yeast (51, 94).
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The fact that the degradation can be induced within 30 min after the temperature shift is a
great advantage of this technology. We reported that the ts-degron system was advantageous for
observing the direct effect caused by the loss of a POI (51). A subunit in a large complex can also
be depleted without affecting the remaining interacting subunits (58). Because the Ub-R-DHFR"®
cassette can be easily inserted into an endogenous gene of interest in yeast, this technology has
become a powerful tool for studying the function of yeast proteins.

Even though the ts-degron has been used for the characterization of many proteins in budding
yeast and, in part, in fission yeast (37, 53, 63, 86), the use of this technology in other species has
been limited (with the exception of chicken D'T40 cells) (6, 103). This is partly because mammalian
cells are sensitive to drastic temperature-shift and the temperatures used in the ts-degron system
are too high for plants and poikilothermic animals. To lower the restrictive temperature of the
original ts-degron system, Dissmeyer and colleagues (30) recently isolated a modified version of
R-DHFR® termed the low-temperature degron (It-degron), which is stable at 13-16°C but be-
comes unstable at 27-29°C (Table 1). Those authors successfully applied the It-degron not only
to budding yeast but also to multicellular organisms such as plants and Drosophila. By employing
the ts- or It-degron, it is now possible to analyze unicellular and poikilothermic multicellular or-
ganisms that can survive at temperatures ranging from 13 to 37°C. However, its application to
mammalian cells remains difficult because these are usually cultured at a higher temperature than
that used for inducing destabilization. It should also be noted that these degrons function only at
the N terminus, and not at the C terminus, of a POI.

SMALL-MOLECULE-INDUCED SYSTEMS

To avoid a drastic temperature shift that causes heat-shock responses, others have exploited the
use of small molecules for controlling the activity of a conditional degron. Use of this type of
conditional degron now predominates (Figure 3).

Destabilizing Domain and Ligand-Induced Degradation

Rapamycin, an antibiotic produced by Streptomzyces hygroscopicus, forms a ternary complex with the
FK506 binding protein (FKBP12) and the FKBP rapamycin binding (FRB) domain of mTOR
kinase (18). Stankunas etal. (101) noted that a mutant of FRB showed constitutive instability when
fused to GSK-3, and that the fusion was stabilized in the presence of FKBP12 and a rapamycin
analog. Inspired by this finding, Wandless and colleagues (3) set out to develop a single-ligand—
single-domain system, via which a constitutive degron or destabilizing domain (DD) is stabilized
in the presence of its ligand. They isolated FKBP12 mutants that were stabilized in the presence
of Shield-1, a derivative of rapamycin (Figure 34) (Table 1). In mammalian cell lines, a POI fused
with an FKBP-based DD (DDyggp) was depleted in several hours after the removal of Shield-1
and was re-expressed by adding this ligand back to the culture medium. Moreover, DDypggp—
POI fusions can be expressed in a dose-dependent manner. The DDpgpp technology has been
successfully applied to protozoan parasites and mice (1, 4, 41, 90). However, it is not applicable
to budding yeast and plants (87, 102). Recently, in combination with CRISPR-Cas9-mediated
knock-in, the endogenous Treacher Collins-Franceschetti syndrome 1 protein was fused with
DDykgp for expression control in human 293T cells (80).

The development of DDyggpp paved a new way for the generation of additional DDs using a
combination of another binding protein and its ligand. The Wandless group (45, 68) developed
similar DDs based on Escherichia coli (ec) DHFR and the human estrogen receptor ligand-binding
domain, together with their specific binding molecules, trimethoprim, and tamoxifen, respectively.
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Schematic of small-molecule-induced conditional degron technologies. () A DD-fused protein is stabilized in the presence of its ligand

(e.g., Shield-1), but it is degraded in its absence. (#) A synthetic degron in LID is hidden normally, but Shield-

1 causes a conformational

change that leads to the exposure of the degron for degradation. (¢) An AID-tagged protein is rapidly degraded by the addition of auxin.
(d) The HaloTag forms a covalent association with HyT'13 or 36, each of which has a hydrophobic moiety. When bound, the
POI-HaloTag fusion is degraded. (¢) The HaloTag forms a covalent association with HaloPROTACS3, which brings the fusion protein
to CRL2-VHL E3 ubiquitin ligase for rapid ubiquitylation. Similarly, FKBP12(F36V) binds to dTAG-13, which brings the fusion
protein to CRL4A-CRBN E3 ubiquitin ligase. Abbreviations: AID, auxin-inducible degron; CRBN, cereblon; CRL, CUL-Ring
ubiquitin ligase; DD, destabilization domain; LID, ligand-induced degradation; PROTAC, proteolysis-targeting chimera; POI, protein

of interest; VHL, von Hippel-Lindau.

Using DDgggp and DDecpppr, the two proteins were controlled independently in NIH3T3 cells.
Recently, DD prrr was used for C-terminal tagging of endogenous human proteins via CRISPR-
Cas9 genome editing (98). A modified DDeprrr was also used in nematodes (17). The same group
also developed an UnaG protein-based DD (which becomes stable and fluorescent when bound
to bilirubin) for the construction of a fluorescent bilirubin-dependent DD (73). Other than the
involvement of the 26S proteasome, which plays a key role in the protein quality control systems,
the proteolytic pathway of DDs is not well defined. However, the instability of DDs is related to
their unfolding in the absence of the ligand (26).

All DDs are degraded in the absence of their specific ligand. To reverse this situation, the
Wandless group (9) developed a new system in which a degron-fused POI is normally stable but
is degraded in the presence of Shield-1. They fused a synthetic 19-aa (amino acid) degron at
the C terminus of an FKBP12 variant to construct a ligand-induced degradation (LID) domain
(Figure 3b) (Table 1). The 19-aa degron is hidden in the ligand-binding pocket of FKBP12, which
protects the degron from degradation. Shield-1 strongly binds to the binding pocket, which leads
to the exposure of the degron and induction of the degradation of the POI-LID. Unlike DDyggp,
which works at either the N or C terminus of the POI, LID works only at the C terminus of
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the POL The control of two proteins using LID and DDgggp is an intriguing possibility. In the
absence of Shield-1, POII fused with LID would be expressed, whereas POI2 fused with DDyggp
would be constantly degraded. The addition of Shield-1 should reverse this situation such that
POI1 is targeted for degradation and POI2 is expressed. This might be a good strategy to study
the function of a mutant protein: Wild-type protein would be expressed before the administration
of Shield-1; after its administration, expression would switch instantly to the mutant protein.

Auxin-Inducible Degron

Plants have a unique degradation pathway that is controlled by the auxin-family plant hormones,
such as indole-3-acetic acid (IAA; a natural auxin) and 1-naphthaleneacetic acid (NAA; a synthetic
auxin). These small molecules induce rapid degradation of the AUX/IAA proteins, which bind
to auxin-response factors to inhibit the transcription of auxin-responsive genes in plants (16).
Auxin binds to an auxin-receptor F-box protein, TIR1, which forms a CUL1-Ring ubiquitin lig-
ase (CRL1) (106). Upon association of auxin with TIR1, CRL1-TIR1 binds to AUX/IAAs for
polyubiquitylation, leading to rapid proteolysis by the 26S proteasome (23, 54). TIR1 is found
only in plants, whereas the other CRL1 components are well conserved in all eukaryotes. There-
fore, we aimed to transfer the auxin-dependent degradation pathway to other eukaryotic cells via
introduction of the TIRI gene (75). Initially, we found that TIR1 derived from Arabidopsis thaliana
(AtTIRI) formed a CRL1 complex with endogenous Cdc53 (a CUL1 homolog) in budding yeast.
Subsequently, we used the Arabidopsis IAA17 protein as an auxin-inducible degron (AID). By fus-
ing AID to POIs in budding yeast, we showed that the fusion proteins were rapidly degraded
within 30-60 min after the addition of IAA or NAA (Figure 3¢) (Table 1) (75). Subsequently,
we found that TIR1 derived from Oryza sativa (OsTIR1) worked better than AtTIR1, even at the
high temperature of 37°C. Using OsTIR1, a POI fused with AID was depleted within 45 min
after auxin addition in chicken DT40 and mammalian cells (¢;; < 15 min) (75). Holland et al. (43)
also reported the successful use of AID in mammalian cells by combining it with siRNA for the
suppression of endogenous target proteins; they demonstrated that POI-AID fusions were mostly
depleted in less than 60 min (¢, = 10-20 min).

A recent study using D'T40 cells showed clear advantages of the AID over the Tet-OFF system
with regard to the detailed analysis of the formation of the kinetochore complex and its mainte-
nance, because the AID is capable of degrading an existing POI (121). Importantly, an AID can
be attached to either the N or C terminus of a POI, and it works in both the nucleus and the
cytoplasm. This technology has been successfully applied to control POIs in other unicellular
(fission yeast, Plasmodium) and multicellular (nematode, Drosophila) organisms (52, 56, 82, 113,
122). We expect that the AID technology will be applicable to all nonplant eukaryotes.

The original AID/TAA17 tag was 25 kDa (229 aa) and contained dimerization domains (known
as the AUX/IAA domains IIT and IV), which were not responsible for the interaction with TIR1
(79, 88). Therefore, we and other groups generated truncated AIDs lacking the dimerization
domains. We reported the miniAID (mAID) tag (65-132 aa), which works in a manner similar
to that of the original AID (57, 76). Other groups reported other versions of a truncated AID,
termed AID* (71-114 aa) and AID¥ (63-109 aa) (11, 69). We found that multiple copies of the
mAID fused to POIs induced tighter phenotypic defects in budding yeast for some proteins (57).

Before CRISPR-based genome-editing technology was available, it was difficult to control
endogenous proteins in mammalian cells using degron-based approaches because gene tagging was
a challenge. Initially, Holland and colleagues (60) used the adeno-associated virus for gene tagging
with AID to control Plk4 in human retinal A TERT-RPEI cells. We recently developed an efficient
CRISPR-Cas9-based AID tagging approach using short-homology donors in human colorectal
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HCT116 and mouse embryonic stem (ES) cells (72). In that study, we generated parental HCT116
cells that expressed OsTIRI under the control of a constitutive cytomegalovirus (CMV) or a
conditional tetracycline-controlled activation (Tet-ON) promoter (CMV- or Tet-OsTIR1 cells,
respectively). The RAD21 cohesin subunit tagged with mAID in the CMV-OsTIR1 background
exhibited a half-life of 17 min after auxin addition, before cell death from acute growth defects.
In some cases, an endogenous POI fused with mAID was reduced in cells expressing OsTIR1,
even without adding auxin (72; T. Natsume & M. Kanemaki, unpublished data). This may have
been caused by the activation of OsTIR1 by contaminating auxin, because the bovine serum
used for culture medium contains a small amount of auxin-like chemicals derived from intestinal
microbes or grass (81, 123). Using Tet-OsTIR1 cells, it was possible to generate AID mutants that
maintained the endogenous expression level of the POI-AID fusion in the absence of tetracycline
(or doxycycline) (72). However, the expression level of OsTIRI was not sufficient for inducing
degradation until more than 4 h after tetracycline addition. This notion and our previous work in
yeast (75) support the idea that OsTIR1 expression needed to be high for efficient degradation of
AID-fused POIs. Technical improvements are expected for applications involving Tet-OsTIR1
cell lines.

Even though there have been few applications of the AID technology to stem cells to date (2,
11), we expect that it will be used increasingly in studies using ES cells and induced pluripotent stem
cells in the future. Rapid degradation of a POl in stem cells before, during, or after differentiation
will be advantageous for many studies. The application of the AID technology to relatively large
animals, such as mice, will represent a challenge, because a method for the administration of auxin
(IAA or NAA) has not been established. In yeast and mammalian cells, relatively high doses of
TAA (100-500 M) are usually added to the culture medium to induce degradation (75). In the
case of nematodes and Drosophila, even higher doses of IAA (1-2 mM) are applied (113, 122). IAA
causes a defect in the kidney when converted to indoxyl sulfate in the liver (77). It is therefore
likely that high doses of IAA cannot be applied to mice. A new auxin-related inducer based on
NAA or related chemicals that functions at lower concentrations might overcome this problem.
Chemical and pharmacological improvements are expected for applications involving mice.

In addition to auxin, plants generate other phytohormones that induce rapid proteolysis of tran-
scription regulatory factors via the ubiquitin—proteasome pathway (100). Jasmonic acid—isoleucine
and its related compound produced by Pseudomonas syringae, coronatine (COR), induce the degra-
dation of JAZ-family proteins by activating the F-box protein coronatine-insensitive 1 (COI1),
which is structurally related to TIR1 (97, 111). Lemischka and colleagues (11) recently developed
a JAZ degron system using a modified COI1 protein and a 23-aa degron derived from the JAZ1
protein. Importantly, they used the AID and JAZ degrons successfully to control two proteins
independently using IAA and COR in mammalian cells.

HaloTag-Hydrophobic Tag, HaloPROTAC, and dTAG

The bacterial dehalogenase-derived HaloTag is a versatile tag that can be used for protein purifi-
cation, cell imaging, and other purposes because of its ability to form a specific covalent bond with
compounds that contain alkyl chloride (64). Crews and colleagues (74) aimed to induce degrada-
tion using HaloTag and a small molecule containing alkyl chloride. They focused on hydrophobic
compounds, such as adamantane, as they expected that a HaloTag bound by such a compound
mimicked a denatured or misfolded protein, which would be degraded through protein quality
control systems (12). They developed a hydrophobic tag (HyT13) that induced the degradation
of a POI-HaloTag fusion in mammalian cells, zebrafish embryos, and mice (74) (Figure 3d)
(Table 1). Subsequently, they developed an improved inducer, HyT36, which induced stronger
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degradation when bound to the original HaloTag and to the improved HaloTag7 (78, 105). Itis
now possible to convert HaloTag, one of the most commonly used tags, into a degron by adding
HyT13 or 36. The shortcomings of this technology are that the time required for degradation
is relatively long (1, = 1.5 h) and that depletion may not be very efficient, especially when
HaloTag7 is used (a maximum of 70% of the initial expression level).

To overcome these problems, the same group developed other HaloTag-binding compounds
that contained a moiety recruited to the CRL2-von Hippel-Lindau (VHL) E3 ubiquitin ligase
(HaloPROTAC:S) (Figure 3e) (Table 1) (13). Among the various HaloPROTAC:s tested by those
authors, HaloPROTACS3 was the most potent for inducing the degradation of a POI-HaloTag7
fusion. This relatively new approach showed high efficiency of degradation within 24 h (90% of
the initial expression level), but the degradation kinetics was rather slow (t;, = 5 h). Further
improvement of the system is expected in the future. A similar strategy using a HaloTag-reactive
compound that binds to the cellular inhibitor of apoptosis protein 1 (cIAP-1) E3 ubiquitin ligase
was also reported (112).

Recently, Bradner and colleagues (28, 120) synthesized dTAG ligands that induce degradation
of FKBP12(F36V) (Figure 3e) (Table 1). dTAGs are cell permeable ligands based on Shield-1
and thalidomide with high affinity, respectively, to FKBP12(F36V) and cereblon (CRBN). The
latter is a component of the CRL4A-CRBN E3 ubiquitin ligase. In the presence of dTAGs,
FKBP12(F36V)-fused proteins are recruited to the E3 ligase. Indeed, the ENL protein fused with
FKBP12(F36V) was rapidly degraded within a few hours after the addition of dTAG-13. This
simple single-component system looks promising for studies in cell biology. There are various
types of protein tags that form a covalent bond or specifically associate with a small molecule (38).
Therefore, it should be possible to convert them to degrons following ideas similar to those used
for HaloPROTAC and dTAG.

LIGHT-INDUCED SYSTEMS

Conditional degrons that are controlled by temperature or small molecules allow the temporal
control of protein expression. However, they are not suited for spatial control because both factors
are diffusive. The use of light-activated ligands can offer spatial control to some extent, but it might
not be very tight (22). To control POI expression in a tight spatial and temporal manner, light-
induced degrons were developed.

Photosensitive Degron and Blue-Light-Inducible Degron

The light oxygen voltage 2 (LOV2) domain of phototropin is well studied for its conformational
change upon blue-light irradiation (39). Taxis and colleagues (89) aimed to generate a blue-light-
activated degron using the LOV2 domain of phototropin from Arabidopsis thaliana. LOV2 was
fused with a constitutive degron derived from murine ornithine decarboxylase (ODC), which
induced ubiquitin-independent degradation by the 26S proteasome (47). Among the various com-
binations tested in budding yeast, the authors identified a LOV2-ODC protein that was stable
in the dark but became unstable upon blue-light irradiation; they named it a photosensitive de-
gron (PSD) (Figure 4a) (Table 1) (89, 115). Similarly, Wandless and colleagues (10) used LOV?2
fused with a short synthetic degron to develop another LOV2 degron termed blue-light-inducible
degron (B-LID), which induced proteolysis in mammalian cells and zebrafish upon blue-light irra-
diation. In both cases, it is supposed that LOV?2 hides the active degron in the dark condition. Blue
light induces a conformational change in LOV2, thus exposing the degron moiety (Figure 44).
The time required for POI depletion is relatively short (11, = 30 min), and these new degrons
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Figure 4

are expected to be useful in other organisms. In fact, PSD has already been used in nematodes
(42). Because optogenetic tools are important in neuroscience, it is likely that light-controllable
degrons will become particularly useful in this field.

PROTEIN-EXPRESSION-DEPENDENT SYSTEMS

Conditional degrons can be activated by the expression of another protein, such as a degron
activator or an ubiquitin ligase that recognizes the degron. Compared with the small-molecule-
induced and light-induced systems, it is inevitable that POI depletion using this strategy is slower
because the inducer must reach a level sufficient for proteolysis.

Tobacco Etch Virus Protease-Induced Protein Inactivation-Degron

The tobacco etch virus (TEV) protease-induced protein inactivation (TIPI)-degron system is
based on the N-end rule and was developed in budding yeast (Table 1) (108, 109). To achieve
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conditional exposure, green fluorescent protein (GFP) was placed as a blocker at the N terminus
of an N-degron (Figure 4b). The expression of TEV protease leads to cleavage at a recogni-
tion site placed between GFP and the N-degron, resulting in deprotection of the N-degron for
degradation via the N-end rule pathway. To enhance cleavage by TEV protease, two modifi-
cations were introduced. In the first, a domain derived from the human SF3b155 protein was
placed close to the TEV protease-recognition site. TEV protease fused with p14, which binds
to the domain, was efficiently recruited to the target site. The other modification was the use of
TEV™, a hyperactive TEV protease mutant. In budding yeast, a POI fused with GFP-N-degron
was depleted within 1-2 h. The TIPI-degron has been shown to work in Arabidopsis thaliana
(21).

Because this system relies on the N-end rule, the original TTPI-degron can be placed only at
the N terminus of a POI, as is the case with the ts- and It-degrons. Taxis and colleagues (49)
subsequently generated an improved TIPI-degron that works at the C terminus of a POI using a
C-terminal ODC-degron. The authors generated a bidirectional degron cassette [GFP—(ODC-
degron)-(N-degron)-red fluorescent protein]. When placed at the C terminus of a POI, TEV
protease cleaves the recognition site located between the ODC- and N-degrons, resulting in the
activation of both degrons for codegradation.

Degrade Green Fluorescent Protein

Nanobodies, which are single-domain antibodies derived from camelids, have been used in re-
search tools because a nanobody expressed in living cells binds to its antigen (e.g., GFP) with
high specificity (70). Caussinus et al. (14, 15) aimed to deplete GFP-fused proteins by express-
ing an anti-GFP nanobody (vhhGFP4) that forms a CRL1 E3 ubiquitin ligase; they named this
technology deGradFP (degrade green fluorescent protein) (Figure 4¢) (Table 1). For this pur-
pose, they prepared a chimeric F-box protein termed NSImb-vhhGFP4 that was composed of
an N terminal F-box domain derived from Drosophila Simb (NSImb) and vhhGFP4. The expres-
sion of NSImb-vhhGFP4 induced the proteolysis of GFP-fused POIs in mammalian cells and
Drosophila. It depleted both nuclear and cytoplasmic proteins within several hours. Shin et al.
(99) tested other cullin ligases and found that vhkhGFP4, when fused with the BTB domain of
SPOP (an adaptor domain for CUL3), functioned better than the original NSImb-vhhGFP4 in
depleting nuclear proteins in mammalian cells and zebrafish embryos. Similarly, the VHL protein
(an adaptor for CUL2) was fused with another GFP nanobody and used for depletion of GFP-
fused proteins in mammalian cells (32). The original NSImb-vhhGEFP4 has been successfully used
in many studies performed using Drosophila (7, 62, 114), possibly because NSImb-vhhGFP4 is
constructed using the Drosophila Slmb F-box protein. Because many GFP-trapped Drosophila and
zebrafish lines are available, deGradFP might be an easy way to deplete POIs in these established
lines.

OTHER SYSTEMS

Thus far, we have described conditional degron technologies that enable the depletion of a POI
that had already been expressed in living cells. Even though the technologies described below are
based on a degron, they are different from the others because they do not actively degrade an
existing POL. Instead, they are advantageous for titrating the level of a POI under semipermissive
conditions. This feature is useful because a POI can continue functioning without a change to its

half-life.
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Small Molecule-Associated Shutoff

Lin and colleagues (19) developed the small molecule-associated shutoff (SMASh) technology
(Table 1). The SMASh tag is a fusion polypeptide composed of the NS3-cleavage site, the NS3
protease, and a degron from NS4A, all of which are derived from the hepatitis C virus (HCV)
(55). The expression of a POI fused with the SMASh tag led to the autocleavage of the SMASh tag
and the release of an untagged POI soon after translation (Figure 54). The addition of an HCV
protease inhibitor, such as asunaprevir, led to the expression of a POI-SMASh fusion, which was
thus degraded by the activity of the degron. The SMASh tag works at the N or C terminus of
a POI, and in mammalian and yeast cells. An advantage of this system is that a POI expressed
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under a permissive condition is untagged. The time required for POI depletion depends on the
half-life of the POI itself, because this technology does not actively induce the proteolysis of an
existing POL. It is an interesting strategy to combine with another conditional degron technology
for tight conditional control because one can stop protein synthesis and at the same time induce
the proteolysis of an existing POL

Split Ubiquitin for the Rescue of Function

Split ubiquitin for the rescue of function (SURF), which was developed by Muir and colleagues
(85), works in an opposite manner from that described for SMASh. This technology is a combi-
nation of an unstable FRB (FRB degron) and an ubiquitin-based split-protein sensor (48, 101).
Ubiquitin can be split into N- and C-terminal fragments (Ub-N and Ub-C, respectively). Two
components are needed for the technology’s introduction into cells: FKBP12-Ub-N and a POI
fused with FRB-degron—-Ub-C, the latter of which is constitutively degraded by the activity of
FRB degron (Figure 5b). Rapamycin induces the formation of the ternary complex of FKBP-
rapamycin—FRB, which brings Ub-N and Ub-C into proximity. As a result, ubiquitin is restored
for processing by ubiquitin-specific proteases and releases an untagged POI. This POI cannot be
controlled.

DISCUSSION AND FUTURE PROSPECTS

All conditional degron technologies discussed in this review, with the exception of SMASh and
SURF, induce temporal degradation of an existing POI in living cells. This is the main advantage
of protein knockdown approaches using conditional degrons. These technologies can be used not
only for the functional analysis of a POL, but also for artificially perturbing or controlling a system
in cells. For example, if a key protein that drives the cell cycle (e.g., cyclin-dependent kinase) can
be temporally degraded, it might be possible to artificially control the cell cycle. Other features,
such as reversibility and tunability, add flexibility to the system.

The expression level of a POl is determined by a balance between protein synthesis and degra-
dation. Although all conditional degron systems, with the exception of SMASh and SURF, greatly
accelerate degradation, protein synthesis is ongoing. Depending on the POI and degron used in
the experiment, depletion can be partial under restrictive conditions, leading to a leaky phenotype.
It should be noted that in some cases it might not be possible to generate a null-like mutant using
only degron-based technologies.

The most important advantage of a degron-based system, with the exception of SMASh and
SUREF, is that one can control protein expression within a short time. In this respect, the ts-
degron, lt-degron, and AID systems deplete POIs the fastest (11, < 30 min) and have been
successfully used to control endogenous proteins that are essential for cell viability. However,
to date, successes in the use of ts- or lt-degrons in nonyeast organisms are still few (6, 30,
103). Even though AID has been successfully used in many functional analyses within yeasts
and mammalian cells, this is a two-component system, making its introduction more complicated
compared with other systems. DD-based technologies are simpler single-component systems
and have successfully been used in many studies with mammalian cells. However, one needs to
continuously administer the stabilizing ligand to maintain the expression of a DD-fused POI,
a feature which can be costly. Other small-molecule-based degrons have been shown to work
in principle, but they have not been extensively used to control endogenous proteins in func-
tional studies to date. Among them, HaloPROTAC and dTAG are interesting because these are
single-component systems and they work efficiently in mammalian cells. We await applications to
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functional studies by controlling endogenous proteins. Light-induced degrons are a new, promis-
ing approach, but this system requires a special illumination device. Expression-induced degrons,
such as deGradFP, are advantageous because they use GFP-trapped zebrafish or Drosophila lines,
which are available from a bioresource center; however, protein knockdown might not be very
fast.

All conditional degron systems have both advantages and disadvantages. Depending on the
organism, the depletion time and efficiency requirements, the availability of existing resources,
and the feasibility of genetic manipulation, one needs to choose a suitable system. Because most
degron-based technologies are relatively new, it is likely that they will be improved in the near
future or that a new degron-based technology will be developed.

Currently, small-molecule-based degrons have reached the mainstream, and these are used
primarily in single-celled organisms and cultured mammalian cells because the administration
of an inducing or inhibiting small molecule is simple. Conversely, their application in animals
remains limited with the exception of DD-based systems (4, 45, 64). Light-induced degrons might
be a powerful technology for the control of POI expression, especially in the brain. Illumination
systems are already available for optogenetic studies in which a channel rhodopsin is expressed
in the brain to activate neurons (31). A similar experimental setup can be used to control protein
expression using a light-induced degron in the brain.

Because all degron-based technologies require the attachment of a degron moiety to a POI, at
least one genetic modification is essential. This used to represent a limitation when controlling an
endogenous protein and was the reason why conditional degrons were mostly used in yeasts, where
gene targeting is feasible. The advent of CRISPR-Cas9-based genome editing completely changed
this situation. It is now possible to generate conditional cells in which a POI-degron fusion can
be controlled at the protein level either by knocking out an endogenous gene and complementing
it with a transgene expressing a POI-degron fusion or by directly fusing a conditional degron to
an endogenous protein. Endogenous gene tagging using CRISPR-Cas9 is being improved. Bi-
allelic tagging can be efficiently achieved using two donor plasmids containing different selection
markers for double selection (80). We showed that donors harboring short-homology arms worked
efficiently for homologous-recombination-mediated knock-in (72). Other authors exploited the
development of nonhomologous end-joining— and microhomology-mediated gene tagging (59,
71). Improvements to both genome-editing and conditional degron technologies will facilitate
the generation of degron-based mutants. We believe that protein knockdown via a conditional
degron will be used more frequently and will become an important approach for future detailed
analyses in cell biology and developmental biology.
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