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ABSTRACT: Targeted protein degradation (TPD) through the autophagy pathway displays broad substrate scope and is gaining
increasing interest in biology and medicine. However, current approaches using small-molecule degraders have limitations due to the
lack of versatility, modularity, and ease of implementation and are restricted to addressing only ligandable proteins. Herein, we
report a nonsmall molecule-based autophagy-targeting nanobody chimera (ATNC), or phagobody, for selective degradation of
intracellular targets, which overcomes these limitations. The core of an ATNC features a nanobody for recruiting proteins as well as
an autophagic pathway-directing module. ATNC turns out to be a general, modular, and versatile degradation platform. We show
that ATNC can be versatilely implemented in different ways including expressed ATNC intrabodies for ease of use, chemically
induced proximity (CIP)-operated logic-gated conditional and tunable degradation, and cyclic cell-penetrating peptide-tethered cell-
permeable phagobodies that selectively degrade the undruggable therapeutically relevant HE4 protein, resulting in effective
suppression of ovarian cancer cell proliferation and migration. Overall, ATNC represents a general, modular, and versatile targeted
degradation platform that degrades unligandable proteins and offers therapeutic potential.

B INTRODUCTION in recent years using bifunctional small molecules™ *~"* for
degradation of not only soluble proteins but also aggregated
proteins, nonproteinous biomolecules, and organelles.'”"?
Autophagy relies on autophagosome encapsulation of cellular
debris followed by fusion with lysosomes to give autolysosomes
that subsequently accomplish degradation.'* However, these
autophagy-based approaches have limitations such as the lack of
modularity and versatility, the requirement of multistep organic
synthesis, and the limitation to degrading proteins with
intracellular ligandable domains. Additionally, bivalent small-
molecule degraders often exhibit the so-called “hook effect,”’®
which refers to the reduced degradation efficiency resulting from
the increased formation of binary complexes accompanied by a
reduced ratio of ternary complexes at higher degrader

Targeted protein degradation (TPD) strategies are rapidly
emerging as new modalities in drug discovery."” As a promising
therapeutic strategy, TPD shows advantages over traditional
inhibitors that depend on occupancy-driven pharmacology,
while degraders enable durable knockdown of protein levels.”
Moreover, TPD approaches are able to address challenging
targets for traditional drugs, such as proteins with resistance
mutations.” Mechanistically, TPD can be categorized into
ubiquitin-proteasome system (UPS)-based and lysosome-
associated degradations; the latter can be further classified
into the autophagy pathway” and endosome—lysosome system-
based degradation approaches.”” Proteolysis targeting chimera
(PROTAC), a representative UPS-based approach, uses bifunc-
tional small-molecule degraders to recruit target proteins to E3
ligases for proteasomal clearance.® On the other hand, lysosome- Received:  August 14, 2023
mediated degradation approaches display broad substrate scope Published: October 12, 2023
ranging from cell surface and extracellular proteins®” to various

intracellular targets that are inaccessible for proteasomal

clearance.'’™"? For example, macroautophagy (hereafter,

autophagy)-based degradation methods have been introduced
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Figure 1. Design and evaluation of LC3B-based ANTC: (A) Schematic overview of the working mechanism of LC3B-based ATNC that recruits
protein of interest to the autophagic degradation pathway. (B) Representative confocal microscopy images of live HeLa cells coexpressing EGFP and
GBP-mCherry-LC3B or mCherry-LC3B showed that EGFP was degraded only in the presence of GBP-mCherry-LC3B with clear autophagic puncta
formation. (C) PCC colocalization analysis between EGFP and mCherry channels (n = 4/6 cells for mCherry-LC3B/GBP-mCherry-LC3B groups).
(D) Representative WB result (48 h) of the HeLa cell sample for control (EGFP only), no GBP group (EGFP + mCherry-LC3B), and GBP group
(EGFP + GBP-mCherry-LC3B). (E) Statistical quantification of WB degradation results (n = 3 experiments). (F) Statistical comparison between LIR-
and LC3B-based ATNCs shows that LC3B-based ATNC resulted in a higher degradation degree. (G) Mechanistic difference between LC3B-based
ANTC, LIR-based ANTC, and other autophagic small-molecule degradation tools is shown. One-sided Student’s t-test was used in this figure; n.s.:
nonsignificant; bar graphs denote mean + standard deviation (SD); mChe: mCherry. (H—J]) LC3B-based ATNC is a general tool for the degradation
of EGFP-tagged proteins; in (I), Tiam1 indicates the DHPH functional domain of Tiam1. Confocal micrographs of live HeLa cells coexpressing the
EGFP-fused protein and mCherry-LC3B or GBP-mCherry-LC3B showed the entrapment of the EGFP-fused protein into autophagic puncta;
stretched (brightness enhanced) images were provided for the better clarity of the degradation panel; and WB analysis (48 h) confirmed degradation of
these EGFP fusions. Scale bar: 10 ym.

concentrations. The large molecular weight and complicated unligandable targets, and shows broad substrate scope including
chemical structure may affect the drug—likenessls’17 profile of nonproteinous ones like organelles. We also integrated chemi-
these bivalent small-molecule degraders. cally induced proximity (CIP) with ATNC to establish a CIP-

In this study, we introduced general, modular, and versatile operated logic-gated degradation system that enables condi-
autophagy-targeting nanobody chimeras (ATNCs) for the tional and tunable degradation. Many therapeutically relevant
selective degradation of intracellular targets. Compared to proteins do not have the right small-molecule binders or are
recently introduced small-molecule-based'® autophagy-target- undruggable. For this, we employed a cyclic cell-penetrating
ing degraders, the modular feature of ATNC allows degradation peptide-based nonendocytic delivery system'” and designed
of alternative targets without compromising the degradation cell-permeable ATNC drugs, or cell-permeable phagobodies, for
efficacy. In addition, ATNC is easy to implement, can address selective degradation of the undruggable HE4 protein, which
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Figure 2. ANTC is a modular degradation system: (A) ATNC is a modular tool that can degrade different targets simply by exchanging the nanobody
module. (B) Confocal microscopy images of live HeLa cells coexpression of mCherry and EGFP-LC3B or RBP-EGFP-LC3B. (C) Representative WB
result (48 h) and statistical comparison of the degradation of the control sample (mCherry only), no RBP group (mCherry + EGFP-LC3B), and with
RBP group (mCherry + RBP-EGFP-LC3B) (n = 3 experiments). (D) Representative WB result (48 h) and statistical comparison of the degradation
result of the control sample (blank), no RhoNb group (mCherry-LC3B), and with RhoNb group (RhoNb-mCherry-LC3B) (1 = 3 experiments). (E)
Confocal microscopy images of live HeLa cells coexpressing EGFP-YAP and mCherry-LC3B or RhoNb-mCherry-LC3B revealed export of EGFP-
YAP from the nucleus to the cytosol for cells expressing RhoNb-mCherry-LC3B; line profile analysis was drawn from higher left to lower right. (F) Box
plot analysis of the fluorescence ratio of EGFP-YAP in the nucleus versus cytosol (n = 20 cells for both). (G) Representative confocal microscopy
images of live HeLa cells coexpressing EGFP-Tiam1, mCherry-RhoA, and TBFP-LC3B (up, control) or GBP-RBP-TBFP-LC3B (down, experiment)
for 24 h. (H) Representative WB result (48 h) of the degradation of the control group (EGFP-Tiam1 + mCherry-RhoA), no GBP-RBP group (EGFP-
Tiam1 + mCherry-RhoA + TBFP-LC3B), and with GBP-RBP group (EGFP-Tiam1 + mCherry-RhoA + GBP-RBP-TBFP-LC3B). (I) Statistic analysis
of the WB results (n = 3 experiments); BsNb: bispecific nanobody GBP-RBP. One-sided Student’s t-test was used for related subfigures; n.s.:
nonsignificant; see Methods section for description of box plots; bar graphs denote mean + SD in this figure; mChe: mCherry; TBFP: TagBFP2.
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allows efficient suppression of ovarian cancer cell proliferation
and migration.

B RESULTS

Design and Evaluation of ATNC Degradation Systems.
First, we aimed to identify an appropriate autophagy-targeting
module. LC3-interacting region (LIR) motifs are short peptide
sequences that bind with the LC3 protein, a key marker in
autophagy that localizes to preautophagosomal structures
(PAS) during autophagosome formation.”” We envisioned
that nanobody-LIR chimeras might bring a protein for
autophagic clearance (Figure S1A). We successfully identified
an LIR sequence DSEDEDFEILSL, derived from the C-
terminus of the ATG4B protein,” that serves as a good
candidate showing clear colocalization with LC3B-labeled
autophagic puncta (Figure S1B,C). Hence, we designed the
GBP-LIR chimera for degradation of the widely used
unligandable green fluorescent protein (GFP) and its fusion
chimeras. The GFP binding protein (GBP) is a high-affinity
nanobody against GFP and its variants, and it binds with GFP
with K = 1.4 nM.”*> We were happy to find that the expressed
GBP-LIR chimera efficiently degrades the enhanced GFP
(EGFP) protein according to confocal microscopic visualization
(Figure SID,E) and western blot (WB) validation (Figure
S1F,G).

Next, we envisioned that direct fusion of a nanobody with the
LC3B protein may result in an even better degradation profile,
since LC3B directly localizes to phagophores (Figure 1A).
Hence, we designed the GBP-LC3B chimera and were delighted
to find that EGFP could also be degraded by the GBP-LC3B
chimera in a more complete fashion according to both confocal
microscopy (Figure 1B,C) and WB analysis (Figure 1D,E). We
compared LC3B- and LIR-based ATNCs and found that the
LC3B-based ANTC indeed provides a stronger degree of
degradation (Figure 1F). Hence, in the following section, we
focus on LC3B-based ATNC for a more detailed study.
Compared to recently reported small-molecule degraders that
work via autophagic clearance, nanobody-LC3B ATNC relies on
a supplement of extra LC3B chimeras that localize to
phagophores/autophagosomes without hijacking endogenous
LC3 or p62 proteins that are necessary for endogenous
functions™ (Figure 1G).

ATNC is a General Tool for Targeted Degradation of
Tagged Proteins. Motivated by the above results, we
envisioned that proteins carrying an EGFP tag could be
degraded, turning ATNC into a general and robust selective
degradation tool for the widely used EGFP-tagged proteins
(Figure IH—]). To test this hypothesis, we used expressed GBP-
mCherrry-LC3B for degradation of the EGFP-fused Eg$
protein. EgS is a large-molecular-weight motor protein
responsible for proper bipolar spindle assembly during cell
division, and it is also a prognostic biomarker and a potential
therapeutic target for hepatocellular carcinoma.”* Confocal
microscopy images showed that EgS-EGFP was targeted to
autophagic puncta (Figure 1H, up) and WB analysis revealed
near-complete degradation (Figure 1H, down). We next tested
degradation of another protein of therapeutic relevance, T-cell
lymphoma invasion, and metastasis-inducing protein 1
(Tiam1).” Delightfully, both confocal microscopy images
(Figure 11, up) and WB analysis revealed efficient degradation
of EGFP-Tiam1 (Figure 11, down). Finally, we used this general
degradation system to study the cellular processes (Figure S2A).
For this, we aimed to degrade the Racl protein, a key player

upstream of the lamellipodia signaling cascade, whose activity
might be highly relevant to cell sizes.”® As can be seen from both
confocal microscopy images (Figure 1], up) and WB analysis
(Figure 1], down), EGFP-Racl was efficiently degraded. In
parallel, we found that cell areas were significantly reduced
(Figure S2B,C), suggesting that the presence of Racl promotes
the expansion of cells. This result is consistent with the critical
role of Racl for downstream actin polymerization that
eventually induces lamellipodia formation.”® Hence, GBP-
mCherry-LC3B ATNC is a general tool for degradation of
proteins that are fused with a nanobody binding tag, such as the
widely used fluorescent protein EGFP.

ATNC is a Modular System for Targeted Degradation
of Either Tagged or Endogenous Proteins. Next, we
investigated whether ATNC can be extended to degrade
alternative antigenic targets via the modular design of new
nanobody-LC3B chimeras (Figure 2A). Therefore, we first
chose the nanobody against mCherry red fluorescent protein
binding protein (RBP). RBP strongly and specifically interacts
with mCherry, another widely used fluorescent protein.”” We
designed the RBP-LC3B chimera for selective degradation of
mCherry. As seen from both confocal microscopy images
(Figure 2B) and WB validation (Figure 2C), mCherry was
efficiently degraded by RBP-LC3B chimera. Hence, the modular
feature of ATNC allows an easy extension to degrade different
targets simply via alternating the nanobody module. Next, we
tested a third degradation chimera, RhoNb-LC3B (RhoNb:
RhoA nanobody). We chose a nanobody against RhoA, a small
GTPase that regulates cell morphology, motility, and trans-
formation.”® Also, RhoA is a disease-relevant small GTPase
overexpressed in many cancer cells; for example, it was
suggested that downregulation of RhoA could provide a new
avenue in reversing the malignant phenotype of gastric cancer.”
For this purpose, we first tested EGFP-RhoA, which carried an
EGFP tag to facilitate the visualization of degradation. Confocal
microscopy images showed that EGFP-RhoA was targeted to
autophagic puncta (Figure S3A), and WB analysis revealed
efficient degradation of EGFP-RhoA (Figure S3B).

Then, without overexpressing EGFP-RhoA, we found that
endogenous RhoA could still be efficiently degraded according
to the WB analysis (Figure 2D). Since RhoA regulates cellular
contractility and coordinates with nuclear localization of the
transcriptional factor Yes-associated protein (YAP),* we used
the RhoNb-LC3B ATNC degrader to study the downregulation
of RhoA on cellular translocation of YAP. After degradation of
endogenous RhoA, we found that EGFP-YAP was exported
from the nucleus to the cytosol (Figure 2E,F). This result is in
agreement with previous findings that translocation of YAP
between the cytoplasm and nucleus responds to sustained
increased traction forces regulated by RhoA.’>*' Hence, the
ATNC system is an easy-to-implement and valuable tool for
degradation of endogenous proteins for studying related
signaling cascades, for example, mechanosensitive signaling
pathways and related transcriptional changes, as shown in this
study, without the need to overexpress target proteins.

We further showcased the modularity of ANTC by degrading
alternative protein targets. We chose three proteins of wide
interest, including ALFA—tag32 and BCZ-tag,g’3 which were
recently developed as next-generation protein tags in bio-
technology, as well as hTPX2 protein34’35 that exhibits strong
nucleus distribution due to the presence of the nucleus
localization signal (NLS) in its sequence. All of the new
ATNCs carrying corresponding nanobodies enable robust
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Figure 3. Further characterization and mechanistic elucidation of ATNC: (A) WB analysis of live HeLa cells coexpressing EGFP and GBP-mCherry-
LC3B was performed and the cell lysate samples were collected 1, 2, 3, 4, and S days after transfection; a control cell lysate sample only expressing
EGFP was collected at the Sth day after transfection. (B) Statistical quantification of the WB analysis (n = 4 experiments). (C) Gradient concentration
of Rap (0, 5, 10, 20, 50, and 100 nM) was added to live HeLa cells coexpressing EGFP and GBP-mCherry-LC3B, and imaging was performed 22 h after
drug addition (control: cells coexpressing EGFP and mCherry-LC3B). (D) WB analysis (46 h) of the cell samples corresponding to (C). (E)
Quantification of WB results (n = 3 experiments). (F) Live HeLa cells coexpressing EGFP and mCherry-LC3B (control) or GBP-mCherry-LC3B with
or without adding CQ (46 h) were subjected to WB analysis. (G) Statistical quantification of WB results (n = 3 experiments). One-sided Student’s t-
test was used in this figure; n.s.: nonsignificant; see Methods section for description of box plots; bar graphs denote mean + SD; see Methods section for
more details about drug treatment; mChe: mCherry.
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Figure 4. Establishment of logic-gated and tunable degradation systems by integrating CIPs with ATNC: (A) Schematic representation of the ABA-
based CIP system and the chemical structure of the CIP inducer (+)-ABA. (B, C) Schematic representation of CIP-integrated ANTC that enables
buffer (BUF) gated degradation solely depending on the input of ABA. (D) Live HeLa cells coexpressing EGFP, GBP-mCherry-ABI, and PYL-
TBFP-LC3B (TBFP: mTagBFP2) with or without adding ABA (20 uM, 1.5 h, then wash) were imaged 22.5 h after ABA addition. (E) PCC
colocalization analysis between EGFP and PYL -TBFP-LC3B with (n = 8 cells) or without (n = S cells) adding ABA. (F) WB analysis (48 h) of the
control (EGFP only) sample and other cell lysate samples with or without adding ABA (20 uM, 1.5 h, then wash). (G) Statistical quantification of WB
results (n = 3 experiments). (H) Live HeLa cells coexpressing EGFP, GBP-mCherry-ABI, and PYL -TBFP-LC3B were added with gradient
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Figure 4. continued

concentrations of ABA for 48 h, and the cell lysate was subjected to WB analysis. (I) Statistical quantification of WB results (n = 3 experiments). (J, K)
The design of an OR gated degradation system using the mutually orthogonal ABA (ABI/PYL,) and Rap (FKBP/FRB)-based CIPs, which enables
OR degradation in the presence of ABA (20 M), Rap (10 nM), or both. (L) Representative confocal micrographs (24 h) of OR gated degradation.
(M) PCC colocalization analysis (n = 7 cells). (N) Representative WB results (48 h). One-sided Student’s t-test was used; n.s.: nonsignificant; see
Methods section for description of box plots; bar graphs: mean + SD; mChe: mCherry.

degradation of their cognate cellular targets (Figure S4A—C). It
is noteworthy that even hTPX2, which shows strong nucleus
distribution, was also degraded, which might be attributed to the
presence of nucleus transporting proteins that help to shuttle the
nucleus proteins between the cytosol and the nucleus.”

Finally, we demonstrated that the modularity of ATNC could
be further extended for simultaneous degradation of two protein
targets using bispecific nanobody (BsNb)-containing ATNC.
Confocal microscopy images revealed that EGFP-Tiaml and
mCherry-RhoA could be simultaneously recruited to autophagic
puncta in the presence of GBP-RBP-TBFP-LC3B BsNb ANTC
but not TBFP-LC3B (control; Figure 2G). WB analysis further
confirmed the successful simultaneous degradation of EGFP-
Tiaml and mCherry-RhoA proteins in the presence of GBP-
RBP-TBFP-LC3B (Figure 2H,I). Simultaneous dual-target
degradation would be invaluable to produce synergetic
pharmacological effects in drug development.*

Characterization and Mechanistic Elucidation of the
ATNC Degradation System. With the results obtained above,
we were motivated to further characterize and mechanistically
understand this degradation system. First, we found that cells
coexpressing GBP-mCherry-LC3B and EGFP showed time-
dependent degradation of EGFP over time (Figure 3A,B); the
longer the time, the more complete the degradation. Then, we
studied whether rapamycin, an immunosuppressant that
activates autophagy via the mTOR pathway,”” affects the
degradation or not. Gradient concentrations of rapamycin were
added to the cell culture, and it seems that the degree of
degradation was not significantly affected (Figure 3C—E).
Hence, ATNC generally works in a rapamycin-insensitive
fashion, and efficient degradation can be achieved even without
adding autophagy-activation drugs, for example, rapamycin that
possesses additional side physiological effects. Finally, we used
an autophagy inhibitor, chloroquine (CQ),*” to treat the cells
and found that degradation of EGFP was almost completely
inhibited (Figure 3F,G). This result further validated that
nanobody-LC3B ATNC induced degradation through the
autophagic pathway.

Autophagy-mediated degradation has a key advantage over
proteosome-mediated degradation because of its significantly
wider substrate scope. Not only can it degrade soluble proteins,
but it can also target other cellular components such as
organelles and aggregated proteins. To demonstrate this
advantage, we tested the degradation of nonproteinaceous
targets such as mitochondria organelles, which offer potential for
treating diseases related to mitochondria damage.'”*” We used
EGFP-mito (mito: mitochondria targeting sequence) to label
mitochondrial surfaces in live HeLa cells. Representative
confocal microscopy images showed that mitochondria were
targeted to autophagic puncta (Figure SSA,B), and western blot
analysis confirmed the degradation of EGFP-mito (Figure
SSC,D). We further analyzed the Tom20 protein, a key
mitochondrial membrane marker, and the western blot also
revealed strong degradation of this marker protein (Figure
SSC,E). Tau is a prone-to-aggregate microtubule-binding

protein, whose clearance is recognized as a route to cure some
neuronal degenerative diseases.”” We showed that EGFP-
Tau(P301L) was also strongly degraded using the GBP-
mCherry-LC3B chimeric degrader (Figure S6). Hence, ATNC
is a degradation tool that covers broad substrate scope.

Generation of a Conditional and Tunable Logic Gated
Degradation System by Integrating Chemically Induced
Proximity with ATNC. The degradation experiments above
rely on intracellularly expressed nanobody-LIR/LC3B chimeras
or in the form of so-called expressed intrabodies.”' This
approach wins in terms of simplicity and ease of use. However, it
lacks conditional control and turnability regarding the degree of
degradation. Hence, we elaborated ATNC by combining it with
chemically induced proximity (CIP)** or molecular glue*’ to
create a CIP-controlled conditional degradation system. We
chose (+)-abscisic acid (ABA)-based CIP, which enables the
dimerization between PYL. (PYL: pyrabactin resistance-like;
cs: complementary surface) and ABI, (ABI: ABA insensitive) in
the presence of ABA, a molecular glue-like dimerizer** (Figure
4A). PYL, itself does not interact with ABIL; however, after
PYL,, first binds with ABA, a conformational change of PYL,
occurs, which creates an extensive binding surface that leads to a
high affinity to ABI**

In this CIP-controlled degradation system, a nanobody fused
with ABI binds with the target protein, while PYL -fused
LC3B is localized to phagophores/autophagosomes. Hence, the
addition of the ABA molecule will dimerize ABI_;and PYL _ and
recruit the protein for degradation (Figure 4B). As a result, a
conditional degradation system will be established solely
depending on the input of the ABA signal (Figure 4C). We
found that ABA indeed induces the dimerization between GBP-
mCherry-ABI, and PYL.-TBFP-LC3B (Figure 4D,E; TBFP:
mTagBFP2 fluorescent protein), subsequently resulting in
degradation of EGFP (Figure 4F,G) in an ABA-dependent
fashion. Since the degree of dimerization is dependent on the
concentration of ABA,"* we envisioned that the degree of
degradation could be fine-tuned simply by applying varied
concentrations of ABA. Therefore, gradient concentrations of
ABA were added to the cell culture, and WB analysis revealed
that the degree of degradation was readily fine-tuned by applying
different concentrations of ABA (Figure 4H,I).

Next, we were motivated to establish a more advanced OR
gated degradation system by integrating two mutually
orthogonal CIPs (ABA and Rap) with the ATNC (Figure
4],K). Rap is a CIP that induces the heterodimerization between
FKBP (FKS06 binding protein) and FRB (FKBP12-rapamycin-
binding) domains.”> In the OR gated system, the GBP
nanobody is fused with both FKBP and ABI_, while the LC3B
module is fused with both FRB and PYL,. Hence, the presence
of ABA, Rap, or both will trigger the dimerization and
subsequently the degradation. Confocal micrographs (Figure
4L,M) and WB analysis (Figure 4N) revealed successful OR
gated degradation.

Development of Cell-Permeable Phagobody Drugs
for Degradation of Therapeutically Relevant Undrug-
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Figure S. Development of cell-permeable phagobody drugs for degradation of the therapeutically relevant undruggable protein HE4: (A) Schematic
view of the working mechanism of the cell-permeable phagobody degrader. (B) Schematic view of the two-step assembly of nanobody-LC3B-Cys-SS-
cR10* degrader. (C) Representative confocal micrographs of live HeLa cells expressing EGFP-HE4 treated with gradient concentrations of HE4Nb-
LC3B-Cys-SS-cR10* (HLR) for 24 h. (D) WB analysis results of the cell lysate sample 24 h after drug treatment. (E) Representative WB analysis of
OVCARS3 ovarian cancer cells treated with gradient concentrations of HLR for 24 h. (F) Statistical quantification of WB results (n = 3 experiments).
(G) Representative confocal microscopy images of the OVCAR3 cells treated with different concentrations of HLR (blue: nucleus stained by S ug
mL ™" Hoechst; magenta: EdU-labeled S-phase cell). (H) Quantification of EdU assay results (n = 12 cells for each). One-sided Student’s t-test was
used; see Methods section for description of box plots; bar graphs denote mean + SD.

gable Proteins. Inspired by the above successes, we envisioned
that ATNC could be further extended to create autophagy-based
degrader drugs via the generation of cell-penetrating ATNCs or
cell-permeable phagobodies for degradation of therapeutically
relevant undruggable proteins. To test this possibility, we first
designed a cell-permeable ATNC drug called GBP-LC3B-Cys-
SS-cR10* (or GLR) for degradation of EGFP (Figure SA, left).
GLR features a GBP nanobody for recruiting EGFP, an LC3B

protein for localizing to autophagic structures, and a cyclic cell-
penetrating decaarginine (cR10*) peptide (Figure S7) for
nonendocytic delivery into a live cell,'”** and a disulfide bridge
(—SS—) that allows efficient cleavage and then removal of the
cR10* module inside the reducing intracellular environment
(Figure SA, right). GLR was assembled from the GBP-LC3B-
intein precursor via two major steps. The first step was expressed
protein ligation (EPL) to cleave the intein tag while installing a
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C-terminal cysteine residue. The second step was disulfidization
to attach the Cys-cR10* module onto GBP-LC3B-Cys to create
GBP-LC3B-Cys-SS-cR10* (Figure SB). GBP-LC3B-intein was
expressed in high yield, and the final GLR product was readily
obtained (Figure S8). Gratefullyy, GLR enabled the dose-
dependent degradation of EGFP according to microscopic
analysis (Figure S9A) and western blot validation (Figure S9B).
Hence, cell-permeable phagobodies were generated that can be
used to degrade a target protein simply via drug treatment in a
dose-dependent fashion.

Next, we were motivated to design a cell-permeable
phagobody for selective degradation of a disease-related
undruggable protein, human epididymis protein 4 (HE4).
HE4 is a glycoprotein recently identified as a tumor marker
overexpressed in several carcinomas such as endometrial cancer
and ovarian cancer.’® Recent studies showed that over-
expression of HE4 promotes tumor growth;"” hence, it was
speculated that off-regulation of HE4 would be a promising
approach to cure relevant cancers. Unfortunately, no small
molecules have been identified so far to inhibit this glycoprotein
or specifically bind with it, which renders HE4 both an
undruggable protein and a difficult unligandable target for
bivalent small-molecule degraders. In order to circumvent this
problem, we designed and generated another phagobody
degrader, HE4 nanobody-LC3B-Cys-SS-cR10*%, abbreviated as
HLR. Similarly, HLR was assembled from the HE4 nanobody-
LC3B-intein precursor via two steps including EPL and
disulfidization (Figure S10). First, we overexpressed EGFP-
HE4 in live HeLa cells to facilitate the visualization of the
degradation process. Both confocal microscopy images (Figure
5C) and WB analysis (Figure SD) showed that EGFP-HE4 was
degraded in a dose-dependent manner, and the higher the
concentration, the more complete the degradation. We next
used an ovarian cancer cell line, OVCAR3, to evaluate the
degradation of endogenous HE4 and the resulting biological
responses. Delightfully, endogenous HE4 in ovarian cancer cells
was also degraded by HLR in a dose-dependent manner (Figure
SE,F). Finally, we studied whether degradation of HE4 will
inhibit cancer cell proliferation using an EdU (S-ethynyl-2’-
deoxyuridine) cell proliferation assay. As can be seen from the
microscopy images (Figure SG) and statistical analysis (Figure
SH), the EdU-positive OVCAR3 cell or the S-phase cell ratio
decreased significantly after adding HLR, and the higher the
concentration, the stronger the inhibition. Moreover, we found
that cell migration was significantly inhibited after adding the
HLR degrader using a scratch-wounding cell migration assay
(Figure S11). Therefore, we have created a cell-permeable
phagobody of therapeutic potential that downregulates the
undruggable and unligandable cancer biomarker HE4, which
allows suppression of ovarian cancer cell proliferation and
migration.

B CONCLUSIONS

In summary, we introduced general, modular, and versatile
autophagy-targeting nanobody chimeras (ATNCs), or phago-
bodies, for the selective degradation of intracellular unligandable
and undruggable proteins. We first showed the general
applicability of this tool for the degradation of various proteins
fused with a nanobody binding tag such as the commonly used
EGFP tag. We next showed the modular feature of this tool by
alternating the nanobody module for the degradation of
different antigenic targets, including endogenous ones. We
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also showed that ATNCs degrade not only soluble proteins but
also other substrates such as organelles.

We further elaborated ATNC by integrating it with CIP and
cyclic CPP methodologies. Therefore, we have introduced in
total three variations to implement ATNC technology, each
accompanied by different features and advantages (Figure S12).
The first variation is simply expressed intracellular ATNCs or so-
called ATNC intrabodies. For this purpose, no more than a
plasmid is needed to apply the ATNC technology. The second
form is to integrate chemically induced proximity to establish
logic-gate-operated conditional and tunable TPD systems. The
third form is the generation of cell-permeable phagobodies
carrying a disulfide-bridged cyclic cell-penetrating peptide that
mediates nonendocytic intracellular delivery. Importantly, we
use this approach to create a therapeutically relevant degrader,
HE4Nb-LC3B-Cys-SS-cR10%, that allows the degradation of
the undruggable and unligandable endogenous target HE4 and
subsequently achieves the suppression of ovarian cancer cell
proliferation and migration.

Compared to recently reported small-molecule degraders
working through the autophagic pathway, ATNC can be easily
implemented without the necessity to prepare degraders via
multistep organic synthesis, hence particularly benign for
nonchemistry biologists*® who are interested in autophagy-
based degradation. Compared with small-molecule degraders,
cell-permeable ATNCs are able to address unligandable and
undruggable therapeutically relevant proteins. The use of a
nanobody also potentially enhances the specificity and binding
affinity toward targets of interest. On the other hand, ATNC
methodology may also be associated with few limitations. Due to
the relatively large M.W., it typically requires more quantities of
the ATNC degrader to achieve sufficient degradation. Also,
generation of nanobodies sometimes may also turn out to be a
time-consuming process and needs several trials. In general,
given the above-mentioned findings, we envision that ATNC
will be a promising degradation tool for not only biological
studies but also biomedical applications.
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