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ABSTRACT: Targeted protein degradation has emerged as a new paradigm to manipulate cellular proteostasis. Proteolysis-
targeting chimeras (PROTACs) are bifunctional small molecules that recruit an E3 ligase to a target protein of interest, promoting
its ubiquitination and subsequent degradation. Here, we report the development of antibody-based PROTACs (AbTACs), fully
recombinant bispecific antibodies that recruit membrane-bound E3 ligases for the degradation of cell-surface proteins. We show that
an AbTAC can induce the lysosomal degradation of programmed death-ligand 1 by recruitment of the membrane-bound E3 ligase
RNF43. AbTACs represent a new archetype within the PROTAC field to target cell-surface proteins with fully recombinant
biological molecules.

Proteolysis targeting chimeras (PROTACs)1 and related
degradation technologies, such as LYTACs,2,3 dTAGs,4

Trim-Away,5 and SNIPERs,6 have arisen as novel therapeutic
modalities to target traditionally “undruggable” proteins.
PROTACs are heterobifunctional molecules consisting of an
E3 ligase binder and a substrate targeting ligand that exploit
the cellular protein degradation machinery to selectively
degrade target proteins.1 Unlike occupancy-based inhibition,
PROTACs act catalytically.7 This enables them to target
previously intractable proteins and to be effective even when
resistance to inhibitors develops.8,9 Despite great promise for
PROTACs, they require targets with cytosolic binding
domains for small-molecule ligands, leaving many membrane
proteins untargetable. Membrane proteins comprise ∼23% of
encoded genes,10 and ∼70% of FDA-approved drugs target this
important class.11 Therefore, a new strategy to degrade cell-
surface proteins has the potential to be transformative to the
field.
IgGs have long serum half-lives12 and can be rapidly

generated as high-affinity binders to target proteins through
phage display.13,14 Bispecific IgGs can bind to two proteins
simultaneously, co-localizing them.15 We hypothesized that
this biological construct could mimic PROTACs by recruiting
membrane-bound E3 ligases to proteins of interest, inducing
degradation. We have termed these antibody-based PROTACs
(AbTACs). If successful, AbTACs would have several
advantages over previous technologies. First, AbTACs are
fully recombinant bispecific IgGs, allowing for their rapid and
renewable generation. Next, we utilize standard phage display
to generate multiple recombinant antibody binders, resulting in
high affinity and high specificity. The AbTACs are
recombinant by nature, allowing for simple genetic optimiza-
tion of binding properties. Finally, AbTACs expand the
PROTAC field’s attempts to target challenging membrane
proteins.
The most commonly used E3 ligases by the PROTAC field

are von Hippel−Lindau disease tumor suppressor (VHL)16

and Cereblon (CRBN).17 There have been numerous recent
accounts of successfully recruiting different ligases for
degradation;18−21 however, the use of a transmembrane E3
ligase (as required for our approach) has not been reported.
We sought a single-pass E3 ligase with a structured ectodomain
to facilitate phage display antibody generation. Ideally, it would
be widely expressed across cell types to enable generalizability.
RNF43 is a single-pass E3 ligase comprising a structured
ectodomain and an intracellular RING domain that meets
these requirements.22 RNF43 negatively regulates the Wnt
signaling pathway by ubiquitinating Frizzled, a Wnt co-
receptor, causing its endocytosis and degradation.23,24 We
believe this could be quite general because only in rare cases
does RNF43 act as a tumor suppressor due to mutation or
transcriptional silencing.25 Here, we report the first AbTAC
based on RNF43 targeting degradation of programmed death-
ligand 1 (PD-L1) by recruitment of the membrane-bound E3
ligase, RNF43.
We first tested if recruitment of RNF43 to a model protein,

GFP, would lead to its internalization and lysosomal
degradation (Figure 1a). We fused GFP via a transmembrane
domain to a NanoLuc domain26 to serve as an orthogonal
expression and localization reporter. As an initial test for
recruitment, we next fused an anti-GFP single chain Fab
(scFab) to the N-terminus of RNF43;27 for an isotype control,
we used an anti-GCN4 scFab. Upon expression of these
constructs in HeLa cells, confocal microscopy showed GFP
localized to the cell surface in the isotype control and to
reporter cells treated with an anti-GFP Fab (Figures 1b,c and
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Figure 1. AbTACs recruit RNF43 to internalize cell-surface proteins. (a) Graphical representation of the AbTAC mode of action. (b−d)
Engineered RNF43 constructs and the GFP-Nanoluciferase reporter with their corresponding confocal microscopy images showing GFP
localization for each experimental condition. (b) Anti-GCN4-RNF43 fusion as an isotype control. (c) Soluble anti-GFP Fab to control for Fab
binding effects. (d) Anti-GFP-RNF43 (green, GFP reporter protein; red, Lysosome Tracker; blue, DAPI).

Figure 2. Generaration of an AbTAC bispecific IgG that can simultaneously bind to RNF43 and PD-L1. (a) Fab-phage ELISA data showing
binders from a phage display campaign with RNF43 Fc fusion as the target antigen. (b) BLI trace showing Fab R3 has a Kd of 12.5 nM. (c) Flow
cytometry showing Fab R3 binds to RNF43 on cells. (d) Conditions for in vitro assembly of separately expressed half IgGs to form a bispecific IgG
using the described point mutations. (e) Two-step BLI experiment showing that AC-1 can simultaneously bind to both purified ecto-domains of
RNF43 and PD-L1.
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S1a,b). Only the anti-GFP-RNF43 fusion caused the internal-
ization of the GFP with co-localization in the lysosome
(Figures 1d and S1c). We performed a Nanoluciferase assay to
quantify the amount of reporter which showed a modest ∼20%
reduction (Figure S2). This value is comparable to degradation
levels seen for other overexpression systems.28 These data
suggested that RNF43 can be used to induce protein
degradation of endogenous proteins.
We next generated a recombinant antibody for the

ectodomain of RNF43 using phage display. Figure S3 outlines
our selection strategy. After four rounds, we used a Fab-phage
ELISA to triage clones with predicted affinities greater than 20
nM (Figure 2a). Following the sequencing of passing clones,
we identified four unique Fab-phage sequences. One of these
clones, R3, bound well to RNF43 in vitro and on cells. Biolayer
interferometry confirmed that the Fab derived from R3 had an
in vitro KD of 12.5 nM (Figure 2b). To assess on-cell binding,
we overexpressed full-length RNF43 in HEK293T cells and
used flow cytometry to verify Fab binding (Figure 2c).
We chose PD-L1 for an initial degradation target. PD-L1 is a

protein overexpressed in numerous cancers, causing the
suppression of the T-cell response via binding to the inhibitory
receptor PD-1 on T cells.29 PD-L1 has a small, 31 amino acid
long cytoplasmic domain with no known small-molecule
ligands, making it challenging to target with conventional
small-molecule PROTAC approaches.30 PD-L1 has previously
been degraded using the LYTAC approach,2 and there are
glyco-form specific antibodies that induce its degradation.31

The AbTAC method offers a fully genetically encoded
alternative for degrading cell-surface proteins based on E3
ligases.
With an RNF43 binder in hand, we chose to use Tecentriq

(atezolizumab) as our PD-L1 binder.32 To generate the
bispecific IgG (BsIgG), we utilized the highly validated knobs-
into-holes Fc construct to ensure correct heavy chain pairing
(Figure 2d).33 To prevent light chain mismatch pairing, we
expressed the antibodies as half IgGs, followed by their in vitro

assembly to construct AC-1 bispecific (Figure 2d).34 We
introduced a His-tag on the knob half IgG to purify away
unwanted hole−hole homodimer. BsIgGs bind to both
antigens simultaneously. To verify that both arms of the
BsIgG were functional, we immobilized PD-L1 on a BLI tip,
followed by subsequent addition of AbTAC and the ecto
domain of RNF43. Indeed, we observed two sequential
increases in signal, confirming that AC-1 can bind to both
RNF43 and PD-L1 concurrently (Figure 2e). To determine if
the bispecific format altered affinity, we compared the in vitro
binding affinities for AC-1 to its Fab components; indeed, AC-
1 bound to RNF43 with the same 12.5 nM Kd as the Fab
(Figure S4). These BLI experiments validated thatAC-1 is a
BsIgG that can bind to both antigens simultaneously.
We next sought to test if AC-1 can degrade PD-L1 on cells.

We first chose a triple-negative breast cancer cell line, MDA-
MB-231, due to the high expression of PD-L1. Flow cytometry
confirmed the presence of RNF43 on these cells (Figure S5).
PD-L1 stains as a doublet in Western blot analysis due to
glycosylation heterogeneity.35 Treatment of MDA-MB-231
cells with 10 nM AC-1 induced substantial degradation of both
forms of PD-L1 within 12 h, with maximal degradation by 24 h
(Figure 3a). We found that AC-1 effectively induced the
degradation of PD-L1 with a DC50 = 3.4 nM and maximal
percent degradation Dmax = 63% at 24 h (Figure 3b).
Treatment with either arm of the BsIgG individually or
simultaneously at 10 nM did not affect PD-L1 levels, indicating
both targets must be brought together to cause degradation
(Figures 3c and S6).
To measure proteomic changes that might result from loss

of PD-L1 or engagement of RNF43, we ran whole-cell
proteomics, which showed no large cellular perturbations
(Figure S7). Due to the relatively low abundance of cell-surface
proteins in a cell, PD-L1 peptides were not observed in either
sample. We also found that PD-L1 levels recovered within 24 h
after wash-out (Figure S8), consistent with our findings that
AC-1 does not produce irreversible cellular perturbations.

Figure 3. AC-1 causes the degradation of PD-L1 in MDA-MB-241 in an RNF43- and lysosomal-dependent manner. (a) Time course experiment
showing degradation of PD-L1 after 12 h, with maximum degradation after 24 h. (b) Dose escalation experiment showing maximum degradation of
PD-L1 at 20 nM bispecific IgG treatment. Densitometry was used to quantify degradation levels. Error bars represents SD of three biological
replicates. (c) Western blot analysis showing AC-1 can degrade PD-L1 at 10 nM after 24 h, whereas each component of the bispecific has no effect
on protein levels. (d) CRISPRi knockdown of RNF43 rescues degradation, demonstrating degradation is RNF43 dependent. (e) Pretreatment with
either bafilomycin or MG132 indicates that AC-1 degrades PD-L1 in a lysosomal-dependent manner. The presented data are representative of three
independent replicates.
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To test if PD-L1 degradation by AC-1 is dependent on
RNF43, we knocked RNF43 down in MDA-MB-231 cells
using CRISPR interference (CRISPRi) and confirmed knock
down via RT-qPCR (Figure S9). AC-1 did not induce
degradation of PD-L1 in these RNF43 knock down cells
after 24 h of 10 nM treatment (Figure 3d). To evaluate the
degradation pathway, we pretreated with either bafilomycin (a
lysosome acidification inhibitor) or MG-132 (a proteasome
inhibitor). Bafilomycin mitigated the degradation of PD-L1,
whereas MG-132 did not (Figure 3e). These data suggest that
AC-1 causes degradation of PD-L1 in an RNF43- and
lysosomal-dependent manner.
Next, we wanted to test if AC-1 could degrade PD-L1 on

other cell lines. Tecentriq is approved for combination therapy
in three indications: triple-negative breast cancer, non-small-
cell lung cancer, and advanced bladder cancer. We chose three
cell lines representing each of these indications that are known
to have high PD-L1 levels. In each cell line (MDA-MB-231,
HCC827, and T24), treatment with AC-1 at 10 nM induced
degradation of PD-L1 after 24 h, suggesting broad cellular
applicability (Figure 4).
PROTACs have provided an important alternative to

traditional small-molecule inhibitors by their ability to deplete
a protein of interest. Despite the great potential of PROTACs
for targeted degradation, the examples so far have only been
applied to cytosolic E3 ligases. Here, using the AbTAC
technology, we expand targeted degradation to transmembrane
E3 ligases, allowing depletion of a cell-surface protein without
a known small-molecule ligand.
As this work was underway, the Bertozzi laboratory reported

a clever method, termed LYTACs,2 to degrade cell-surface
proteins by hijacking lysosomal targeting receptors. This
elegant platform technology focused on degrading surface
proteins via chemical conjugation of glycans to an antibody
directed to the victim protein. In the first LYTAC iteration the
glycan targets the mannose-6-phosphate receptor, which upon
binding drags the cargo to the lysosome via a receptor
internalization mechanism. We envision that the AbTACs can
act as a complementary approach by providing fully
recombinant and renewable parts to induce membrane protein
degradation using membrane bound E3 ligases.
In summary, AC-1 recruits RNF43, a cell-surface E3 ligase,

to degrade PD-L1, an important cell-surface check point
protein with a small intracellular domain and no reported
small-molecule ligands required for PROTACs. The lysosomal
degradation is caused by recruitment of the two proteins, and
there are no large cellular proteomic perturbations that occur,
as was similarly reported for LYTACs. AC-1 is a fully
recombinant BsIgG, making it renewable. The AbTAC is

built of human parts, making it less likely to illicit an immune
response. It is possible that engaging RNF43 for degrading PD-
L1 could compromise its function in the Wnt signaling
pathways. However, it has been shown that inhibiting RNF43
or ZNRF3 (a close homologue that is involved in the Wnt
pathway) alone has very little effect on Wnt activity.36

AC-1 achieves a DMax of 63%, which represents the steady
state between synthesis and degradation rates. We envision
that multiple factors can affect this steady-state process,
including binding properties, cell-surface levels, E3-target
stoichiometry, endocytosis kinetics upon antibody binding,
turnover rate of the protein of interest, and the specific E3
ligase. With a deeper understanding of these factors we hope to
expand the AbTAC toolbox to degrade a range of cell-surface
proteins and to rationally optimize hits to test their phenotypic
effects in vivo. The modular nature and genetic tractability of
AbTACs offer promise for academic and translational
applications.
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