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Antibody-drug conjugates (ADCs) are increasingly used in clinic for multiple indications and may
improve upon the activity of parental antibodies by delivering cytotoxic payloads into target cells.
This activity is predicated upon internalization to release the cytotoxic payloads intracellularly.
Since binding of ADCs to their cell surface targets does not guarantee their internalization, we
hypothesize that proteolysis targeting chimeras (PROTACs) could improve the activity of ADCs
through forced internalization. We show that PROTACs improve internalization of antibodies or their
derivative antibody drug conjugates when both agents target the same oncogenic cell surface
proteins (EGFR, HER2 or MET) by 1.4-1.9 fold in most models. PROTACs also significantly enhance
cytotoxicity with HER2-targeting ADCs. These effects depend on dynamin and proteolysis. This
application of PROTACs may impact the use of ADCs and provides a rationale to combine these
agents in clinical trials.

Novel applications of proteolysis targeting chimeras (PROTACs) could
improve the activity of antibody-drug conjugates (ADCs). Targeted protein
degradation with PROTACs represents a novel strategy to eliminate
oncogenic targets1,2. PROTACs are heterobifunctional molecules that con-
sist of two protein-binding molecules that are bound by a linker. One
protein-binding molecule recognizes a target, and the other recruits an E3
ubiquitin-protein ligase. By recruiting E3 ubiquitin-protein ligases to ubi-
quitylate target proteins, PROTACs result in signaling the proteasome to
degrade these target proteins. PROTACs can recruit E3 ligases that typically
do not ubiquitylate the target proteins as part of normal homeostasis.
Whereas most research on PROTACs has focused on their direct effects on
their targets, we hypothesized that PROTACs could enhance the inter-
nalization and cytotoxicity of ADCs through targeted degradation of the
same oncogenic cell surface proteins.

Multiple ADCs have been approved by the FDA for treatment of solid
tumorsorhematologicmalignancies, andothers are indevelopment3.ADCs
are thought to improve the therapeutic index by selectively delivering potent
cytotoxic payloads to tumor cells. One ADC, trastuzumab-deruxtecan
(Tmab-deruxtecan), highlights howADCs can improve upon the activity of
the parent antibody. Whereas the parent antibody Trastuzumab (Tmab) is
only effective against breast cancers with moderate to high levels of HER2
expression, theADCTmab-deruxtecan improves survival in patientswhose

tumors have low levels of HER2 expression4. This finding suggests that the
targeted delivery of the deruxtecan payload improves upon the efficacy of
the parent antibody alone. Thus, this ADC has expanded the activity of the
parent HER2-targeting antibody beyond the canonical HER2 biomarker-
defined group of breast cancer.

Despite the success of Tmab-deruxtecan and the otherADCs, there are
still limitations with this treatment modality related to (1) the premature
deconjugation of the payload into systemic circulation with degradation of
the linker, resulting in the diffusion of free payload into non-malignant
tissues, (2) the formation of long-lived albumin linker payload adducts that
form with linkers that react with the cysteine residues of serum albumin
possibly causing off-target toxicity, (3) the internalization of ADCs through
the Fcγ receptors (FcγR) onmacrophages and other cells that bind to the Fc
domain of the ADCs and are subsequently harmed by internalization and
payload release5, and (4) the lack of localization of antibodies at the tumor
target. Prior work has suggested that only 0.1% or tumor-targeting anti-
bodies actually reach the tumor6. These issues with minimal on-target
delivery and off-target toxicity are a major challenge and highlight the need
to continue to optimize this promising therapeutic modality.

There is an additional limitation of ADCs that has not been extensively
investigated, and that is their slow or limited internalization which could
reduce the chances of their payloads being released within tumor cells.
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Target binding by an ADC does not necessarily result in the automatic
internalization of the ADCs and their targets. Whereas others have pro-
posed that inhibiting endocytosis and blocking antibody internalization
could optimize antibody-dependent cellular cytotoxicity (ADCC) or
complement-dependent cytotoxicity (CDC)7, internalization is needed to
degrade the linkers and dissociate the payloads for them to act on their
target cells.

Given the existing limitations of ADCs, novel approaches could
improve their efficacy or therapeutic index that enhance delivery to their
targets or payload release within tumor cells. As others suggest that only a
small fraction of antibodies reach their intended tumor target6, and that
internalization of ADCs at the tumor site could be limited, we hypothesized
that PROTACs might improve the internalization of ADCs by tumor cells,
potentially enhancing their cytotoxicity. More specifically, we hypothesized
that proteasomal degradation spurred by PROTACs would drive the
internalization of their respective cell surface receptors. In this currentwork,
we sought to determine whether the targeted protein degradation driven by
PROTACs could optimize the internalization and cytotoxicity ofADCs that
recognize the same oncogenic cell surface proteins.

Results
Internalization of cell surface protein targeting antibodies
To determine whether antibodies targeting cell surface oncogenic proteins
were internalized, cell lines that expressed HER2, EGFR, and MET were
selected. HER2, EGFR, and MET are transmembrane receptors that have
oncogenic activity in multiple malignancies. Antibodies, ADCs, small
molecular inhibitors, and PROTACs have been developed for clinical or
research use for all three of these targets. Internalization of antibodies
specific for each of the cell surface targets, including trastuzumab forHER2,
cetuximab for EGFR, and ABT-700 for MET, was observed in all cell lines
(Fig. 1, Supplementary Fig. 1). The lapatinib-based PROTAC SJF15288 that
degrades HER2 and EGFR, and the capmatinib-based PROTAC 48-2849

that degrades MET, were selected to test the effects of targeted degradation
on antibody internalization. The co-administration of PROTACs that target
the same cell surface proteins that are recognized by their respective anti-
bodies significantly increased (1.4–1.9 fold) internalization of the antibodies
in all cell lines with strong target expression, and mildly increased inter-
nalization of EGFR (1.1 fold) in the A549 cell line with weak EGFR target
expression (Fig. 1a–c, Supplementary Fig. 1).

Magnitude of internalization relies on antibody and PROTAC
concentrations, and degrader activity
Increasing concentrations of antibodies, with constant concentrations of
their respective protein targeting PROTACs, resulted in greater inter-
nalization of these antibodies compared to the controls (Fig. 2a), suggesting
that the targets were not saturated by the antibodies at the tested con-
centrations. Increasing concentrations of the PROTAC SJF1528 with con-
stant concentrations of antibody significantly increased antibody
internalization at each dose strongly for SKBR3 and mildly for BT-474
(Fig. 2b).Ahook effect has beendescribedwithPROTACswhere increasing
concentrations separately saturate their targets and E3 ligases, reducing the
formation of trimeric complexes that results in target ubiquitylation10. No
hook effect has been reported with SJF1528 at concentrations higher than
used herein1. To determine the significance of degradation on internaliza-
tion, we tested a second lapatinib-based degrader molecule SJF1521 which
favors EGFRdegradation overHER28, SJF0661 an inactive PROTACdue to
an inverted stereocenter at the hydroxyl-proline group of the VHL ligand
that was designed as negative control for a BRAF degradation11 and 48-279
which is an inactive PROTAC that targets MET9 on the internalization of
trastuzumab for HER2 and ABT-700 for MET. The PROTAC SJF1521
which favors EGFR degradation, did not result in the same degree of tras-
tuzumab internalization we observed with SJF1528 (Fig. 2c). Similarly, the
inactive MET-targeting PROTAC 48-279 did not result in the same degree
of ABT-700 internalization we observed with 48-248 (Fig. 2c). The inactive
PROTAC SJF0661 also did not enhance antibody internalization compared

to DMSOwith antibody control conditions (Fig. 2c). Furthermore, none of
PROTACs assayed enhanced internalization of non-specific human IgG
controls in the HER2 and MET models (Fig. 2c). Altogether, these results
provide strong evidence that the internalization rate is largelymodulated by
the activity of the degrader and the concentrations of the antibody and the
PROTAC.

Dependence on endocytosis and proteolysis
To understand which process mediates antibody internalization upon
exposure to PROTACs, we used the endocytosis inhibitors Dyngo-4a and
Pitstop2. Dyngo-4a inhibits clathrin-mediated endocytosis through inhi-
bition of dynaminGTPase activity. Pitstop2 blocks interactions between the
amino-terminal domain of clathrin heavy chain and amphiphysin12 and
inhibits clathrin-independent endocytosis13. The dynamin inhibitorDyngo-
4a delayed the internalization of Tmab with PROTAC SJF1528 in the
HER2-positive breast cancer cell line BT-474, and reduced antibody inter-
nalization in HER2-positive breast cancer cell line SKBR3 compared to
treatment without Dyngo-4a (Fig. 3a). Similar delay or reduction on anti-
body internalization was observed without SJF1528, when Dyngo-4a was
administrated to the DMSO and Tmab control conditions (Supplementary
Fig. 2a). Pitstop2 had no effect on antibody internalization with PROTACs
in these models (Supplementary Fig. 2b). In contrast, in the absence of
SJF1528, there was a significant reduction in antibody internalization with
the clathrin inhibitor Pitstop2 in the BT-474 cell line but not SKBR3
(Supplementary Fig. 2c). These results suggest that some basal rates of
antibody internalization are more sensitive to inhibition of clathrin-
independent endocytosis, whereas PROTAC-mediated antibody inter-
nalization is more senstive to clathrin-dependent endocytosis. In addition,
inhibitors of theUbiquitin-likemodifier-activating enzyme 1 (Uba1), TAK-
24314, and PYZD-440915 were assessed on Tmab and anti-MET inter-
nalization in the presence of SJF1528 and 48-284 PROTACs, respectively.
Both inhibitors showed significant reduction in antibody internalization
suggesting that ubiquitylation is required for antibody internalizationdriven
by PROTACs (Fig. 3b). Furthermore, there was time-dependent degrada-
tion of the heavy and light chains of intracellular immunoglobulins upon
treatment with PROTACs that was reduced by the addition of the protea-
some inhibitorMG132 (Fig. 3c, d and Supplementary Fig. 2d). These results
suggest that antibody internalization with PROTACs ismore dependent on
dynamin than clathrin in these models, and that internalization results in
degradation of the antibody by the proteasome.

Enhanced cytotoxicity of ADC and PROTAC combinations
To determine the effects of PROTACs on the activity of ADCs, the HER2-
positive breast cancer cell lines BT-474 and SKBR3 were treated with the
ADC trastuzumab-DM1 (Tmab-DM1) and Tmab-Deruxtecan with and
without the HER2-targeting PROTAC SJF1528. The addition of the
PROTAC reduced cell viability across multiple antibody concentrations at
multiple time points (Fig. 4a–c, Supplementary Fig. 3a–c). Also, organoids
derived fromHER2-positive patient-derived xenografts (PDX)were treated
with Tmab-Deruxtecan with and without the HER2-targeting PROTAC
SJF1528. The addition of SJF1528 improved the cytotoxicity of ADC
compared to the ADC treatment alone (Fig. 4d). We also evaluated the
effects of lapatinib on cell survival and observed that this inhibitor had a
stronger cytotoxic effect than the lapatinib-based PROTAC SJF1528.
However, unlike the observed improvement in cytotoxicity of the combi-
nation SJF1528 and Tmab-Deruxtecan, the addition of lapatinib to Tmab-
Deruxtecan did not impact cytotoxicity (Fig. 4e), suggesting that proteolysis
had a role in the increased cytotoxicity of the PROTAC and ADC
combination.

Discussion
In this work, we identified an application of PROTACs not previously
reported to the best of our knowledge. We have demonstrated that PRO-
TACs can promote the internalization of cell surface receptors, and that
antibodies attached to those same cell receptors can be internalized through
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this process. We observed this effect across multiple oncogenic cell surface
receptors in cell lines derived from different types of cancer. Furthermore,
we found that targeted degradation of HER2 with a PROTAC can improve
the cytotoxicity of HER2-targeting ADCs in cell lines and organoidmodels.

Many cell surface receptors are thought to be degraded by the
lysosome; however, previous work has demonstrated that there is a
mandatory role for the proteasome in normal endocytosis and sub-
sequent degradation. For example, the proteasome is required for
degradation of the interleukin-2 receptor following engagement with
interleukin-216. Thus, the mechanism of receptor degradation can be
receptor-, cell- or context-dependent. Ubiquitylation has been shown to
target some cell surface receptors for lysosomal degradation17,18 or

proteasomal degradation19,20. In our work, by harnessing PROTACs, we
demonstrated we could drive internalization of the antibodies bound to
EGFR, HER2, andMET. Other approaches have been developed to target
the degradation of cell surface or soluble proteins such as sweeping
antibodies21, lysosome-targeting chimeras22, and others23. Based on the
target and the context of its expression, one approach for cell surface
degradation could be favored over another.

The design of ADCs continues to evolve24. Many efforts have been
made to improve the drug-to-antibody ratio, and the linker chemistry for
release of the payloadwithin the target cells rather than in circulation. In our
opinion, less effort has been made to affect the mechanisms of antibody
internalization and whether those could be enhanced to improve the
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Fig. 1 | PROTAC improves antibodies internalization targeting oncogenic tyr-
osine kinase receptors. Cellular internalization of labeled antibodies was evaluated
by in vitro live-cell imaging, plotted as AUC of Red integrated intensity over per-
centage of cell confluence as (RCU × µM2/Well/%) in (a) breast cancer cell lines
expressing HER2 (BT-474 and SKBR3) treated with PROTAC SJF1528 100 nM and
Tmab at 4 µg/mL compared against DMSO and Tmab at 4 µg/mL control condition.
b Lung (A549) and pancreatic (BxPC-3) cancer cells expressing EGFR treated with
PROTAC SJF1528 100 nM and Cmab at 4 µg/mL and 2 µg/mL, respectively. cMET

cell models treated with PROTAC 48-284 500 nM and anti-MET antibody at
4 µg/mL for HCC827 GR6 (Lung) and HEK 293T treated with PROTAC 48-284
500 nM and anti-MET antibody at 4 µg/mL. Data shown here are representative
experiments, every condition has been done in triplicate and lines and error bars
represent the medians and SEM Individual data points are available in the Sup-
plementary Data file. Statistical significance was evaluated with GraphPad Prism 10
by unpaired t-test and two-tailed p value. ***P < 0.001; ****P < 0.0001.
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therapeutic index. It has been shown that both endocytosis and the intra-
cellular accumulation of the payloads correlatewith therapeutic efficiency of
some ADCs25. To our knowledge most efforts to improve internalization
utilized biparatopic antibodies that induce target cross-linking to increase
internalization26,27. When there is low surface expression of the targets,
cross-linking may not readily occur, possibly giving an advantage to com-
bining ADCs with PROTACs to mediate internalization in this setting.

Many antibodies that are approved by the FDA for the treatment of
cancers utilize the IgG1 subclass which is associated with strongADCC and
CDC. Others have proposed that inhibition of endocytosis optimizes the
activity of ADCC-mediating antibodies7. In contrast, internalization is

typically required for the activity of ADCs, and binding of an antibody to its
target does not necessarily trigger internalization. For these reasons, it is
possible that enhancing the internalization of antibodies could improve the
delivery of a conjugated payload,whileminimizingADCCandCDC.ADCs
are hypothesized to selectively deliver payloads to target cells. Unfortu-
nately, there is evidence that these therapies have off-target toxicities and
unintendedadverse effects due to thenatureof their design. For instance, the
linker between the antibody and the payload can bind albumin and prolong
systemic exposure to the payload. Also, the heavy chain of the antibody can
be recognized by FcγRonmacrophages or natural killer cells resulting in the
uptake of the antibodies by those cells and the negative consequences of
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Fig. 2 | Antibody internalization is antibody and PROTAC concentration
dependent and relies on degrader target-specific activity. Internalization of Tmab,
Cmab, and anti-MET was evaluated by in vitro live-cell imaging, plotted as AUC
(RCU × µM2/Well/%) as previously described.a SKBR3 and BxPC-3 cell lines were
treated with PROTAC SJF1528 100 nM and Tmab (4 µg/mL, 2 µg/mL, 1 µg/mL) or
Cmab (4 µg/mL, 2 µg/mL, 1 µg/mL), respectively, and compared with the DMSO
control conditions without PROTAC. b SKBR3 and BT-474 cells were treated with
Tmab 2 µg/mL and PROTAC SJF1528 at (200 nM, 100 nM, 50 nM) or (200 nM,
100 nM), respectively, and compared with DMSO control conditions without

PROTAC. c SKBR3 cells were treated with Tmab or human IgG (2 µg/mL) and
PROTAC SJF1528 (200 nM) or off-target antigen specificity PROTAC SJF1521
(200 nM) or the inactive degrader SJF0661 (200 nM). HCC827 GR6 cells were
treatedwith anti-METor human IgG (2 µg/mL) andPROTAC48-284 (500 nM) and
inactive degrader 48-279 (500 nM). Data shown here are representative experi-
ments, every condition has been done in triplicate and lines and error bars represent
the medians and SEM Individual data points are available in the Supplementary
Data file.

https://doi.org/10.1038/s42003-024-07439-0 Article

Communications Biology |          (2024) 7:1719 4

www.nature.com/commsbio


payload release within these unintended target cells. Because of these off-
target toxicities of ADCs, itmight be beneficial to use lowerdoses ofADCs if
their activity at the target site can be optimized. Although only supported by
in vitro evidence at this time, our data support studying combinations of
PROTACs with lower doses of ADCs to further optimize the
therapeutic index.

In summary, we have demonstrated that PROTACs enhance the
internalization of antibodies that target the same oncogenic cell-surface
proteins as their respective PROTAC. Antibody internalization was sensi-
tive to inhibition of dynamin and the proteasome. Ultimately, the activity of
HER2-targeting ADCs was improved with PROTACs across a range of
ADC concentrations over multiple time points. This application of
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PROTACsmay impact the use of ADCs and provides a rationale to further
study these combinations, possibly in clinical trials with further validation.

Methods
Cells and cell culture
Breast cancer cell lines (BT-474 and SKBR3 [both cell lines provided by Dr.
TaroHitosugi]), lung cancer cells (A549 [ATCC] andHCC827GR6 [Sigma
Aldrich]), and the pancreatic cancer cell line (BxPC-3 [ATCC]) were cul-
tured in RPMI 1640 with L-glutamine (Corning 10-040-CV). HEK 293T
(ATCC) cells were cultured inMEM(Gibco 11095-080) supplementedwith
10% fetal bovine serum (Gibco 10437-028), 100 IU/mL penicillin, and
100 μg/mL streptomycin (Gibco 15140-122) at 37 °C with 5% CO2 in a
humidified incubator.

PROTACs 48-284 and 48-279
To develop MET-targeting PROTACs, capmatinib was linked to thalido-
mide, lenalidomide, and VHL binders, as described elsewhere9. The MET
PROTAC 48-284 resulted in the strongest degradation of MET in the prior
screen. In contrast, 48-279 had a shorter linker than 48-284 and was
inactive9.

3D culture models
Organoids derived from PDX breast cancer models were generated as
described below. Tumor tissues were minced into small pieces of 1–3mm,
transferred into the gentle MACS C tubes (Miltenyi Biotec 130-093-237)
with DMEM medium (Corning 10-013-CV) without fetal bovine serum
plus tumor dissociation kit (enzymesH, R andA) (Miltenyi Biotec 130-095-
929) and digested for 1 h in gentleMACS dissociator (Miltenyi Biotec 130-
093-235) according to the manufacturer recommendations. After dis-
sociation, the cell suspensions were centrifuged and washed twice with
DMEM medium and filtered with 40 μm cell strainers (Falcon 352340) to
remove not digested tissue. The single-cell suspensions were then subject to
a negative selection withmouse cell depletion kit (Miltenyi Biotec 130-104-
694) for 20min at 4 °C and continuous rotation. Thenmagnetic separation
with LS Columns (Miltenyi Biotec 130-042-401) was performed to enrich
and recover the human breast tumor cells. Between 10,000 to 15,000 cells/
well were seeded in 96-well suspension culture plates (Greiner Bio-One
655185) in DMEM medium supplemented with 10% fetal bovine serum
(Gibco 10437-028), 1% glutamax (Gibco 35050-061), non-essential amino
acids (Corning 25-025-CI), 100 IU/mL penicillin, 100 μg/mL streptomycin
(Gibco 15140-122) and 5 μM of ROCK inhibitor (Tocris Bioscience 1254),
and incubated for 7–10 days at 37 °C degrees with 5% CO2 in a humidified
incubator.

Live-cell imaging and antibody internalization
All live-cell imaging experiments for antibody internalization were per-
formedwith IncuCyte S3-C2 (SartoriusCorporation). Cells were seeded at a
density of 10,000 cells/well and 50 µl of culture medium in black-walled 96-
well plates (Corning CLS3603) and incubated overnight before treatment.
PROTAC reagents targeting HER2 and EGFR SJF1528 (Tocris Bioscience
7262) orMET (48-284) were assayed in a range of concentrations (from 50
to 500 nM). Other PROTACmolecules such as SJF1521 (Tocris Bioscience

7261) that favor EGFR degradation over HER2, SJF0661 (Tocris Bioscience
7464) designed as negative control for a BRAF degrader and 48-279 tar-
getingMETwith no degradation activity were also assayed across a range of
concentrations (from 200 to 500 nM). Trastuzumab (Tmab) (Med Chem
Express HY-P9907), Cetuximab (Cmab) (Med Chem Express HY-P9905),
anti-MET (Creative Biolabs ABT-700), and Human IgG1 (Sino Biological
HG1K) antibodies were used at a final concentration of 1, 2, and 4 µg/mL
and labeled with Human FabFluor-pH red reagent (Sartorius Corporation
4722). A total of 50 µl of antibody-dye mix was added to each well and four
images per well were acquired every 30min for at least 24 h with the ade-
quate light channel following the manufacturer’s recommendations. The
quantitative data generated from these experiments were exported as Excel
files and used to generate the AUC and statistical analysis on GraphPad
Prism 10.

Inhibition experiments
Antibody internalization was also evaluated in the presence of endocytosis
and ubiquitin-proteasome system inhibitors. The breast cancer cell lines
BT-474 and SKBR3 and the lung cancer cell line HCC827 GR6 were
assessed for live-cell imaging as we described before. Both, the dynamin I/II
or clathrin inhibitors Dyngo-4a and Pitstop2 (Med Chem Express HY-
13863 and HY-115604, respectively) and Uba1 inhibitors TAK-243 and
PYZD-4409 (Med Chem Express HY-100487 and HY-13297, respectively)
were added to the cells at the same time that labeled antibodies Tmab and
anti-MET were added, and internalization evaluated by acquiring images
with IncuCyte every 30min for 24–48 h as before.

Internalized antibodies were also tested by Western blots using pri-
mary antibodies detecting light and heavy chains (R&D Systems
MAB100502 andMAB1101, respectively) derived fromHuman IgGs inBT-
474 and SKBR3 cell lines treated with proteasome inhibitor MG132 (Sell-
eckchem S2619). Cells were seeded at a density of 400,000 cells/well in
1.5mL of culture medium in 6-well plates (Corning CLS3603) and incu-
bated overnight at 37 °C before addition of antibody or PROTAC with
antibody at different time points.

Western immunoblots
Cells seededand treated in6-well plates asdescribedbeforewerewashed2–3
times with PBS (Corning 21-031-CV) and lysed with home-made NETN
lysis buffer plus protease inhibitors cocktail (Roche 11836170001). Cell
lysates cleared by centrifugation at 4 °C for 10min at 15,000 × g and protein
concentration was measured with Pierce BCA protein assay kit (Thermo
scientific 23225) using the Promega GloMax Explorer plate reader. Equal
amounts of proteins from cleared cell lysates were mixed with loading SDS
buffer plusβ-mercaptoethanol, resolved in 4–20%precastmini-protean gels
(Bio-Rad 4561096), and transferred to PVDF membranes. Chemilumi-
nescence was detected by the ChemiDoc digital imaging system after
incubation with Pierce ECL western blotting substrate (Thermo Scientific
32106). Other primary antibodies used for immunoblotting were anti-
HER2 (D8F12 Cell Signaling 4290), anti-β-actin (BioLegend 643802), and
anti-GAPDH (Santa Cruz Biotechnology sc-365062). Secondary antibodies
used were goat anti-rabbit (Santa Cruz Biotechnology sc-2030) and mouse
IgG kappa binding protein (Santa Cruz Biotechnology sc-516102).

Fig. 3 | Endocytosis and Uba1 inhibitors disrupt PROTAC induced-antibodies
internalization andMG132 blocks internalized-antibody degradation. Antibody
internalization was evaluated in the presence of endocytosis inhibitors (Dyngo-4a
and Pitstop2) and ubiquitin-proteasome system inhibitors (TAK-243, PYZD-4409,
andMG132). aBT-474 and SKBR3 cells were assayed by in vitro live-cell imaging for
Tmab internalization and PROTAC SJF1528 in presence of the dynamin mediated
endocytosis inhibitor Dyngo-4a at (30 and 15 µM). b SKBR3 andHCC827 GR6 cells
were also assayed for Tmab or anti-MET internalization and PROTAC SJF1528 or
48-284, respectively, in presence of the Uba1 inhibitors TAK-243 and PYZD-4409.
c Time course evaluation of the internalized Tmab byWestern blots with antibodies
specific against light and heavy human IgG chains and HER2 expression on SKBR3

cells treated with or without SJF1528 200 nM and Tmab 2 µg/mL, and SJF1528
200 nM with Tmab 2 µg/mL and MG132 5 µM. d Representative images of immu-
nofluorescence staining of BT-474 cells assayed overnight with SJF1528 200 nM and
labeled Tmab 2 µg/mL or SJF1528 200 nM with Tmab 2 µg/mL, MG132 5 µM and a
secondary antibody for human IgG–FITC conjugated. Data shown here are repre-
sentative experiments, every condition has been done in triplicate and lines and error
bars represent the medians and SEM. Individual data points are available in the
Supplementary Data file and the uncroppedWestern blots are in the Supplementary
figures. Statistical significance was evaluated withGraphPad Prism 10 by unpaired t-
test and two-tailed p value. ****P < 0.0001.
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Immunofluorescence staining
Red Fabfluor-pH sensitive labeled Tmab was assayed by immunodetec-
tion after internalization overnight in BT-474 cells. A secondary anti-
Human IgG (Fc specific)–FITC antibody (F9512 Millipore Sigma) was
used for Human IgG detection. Briefly, 40,000 cells/well were seeded in
the Millicell EZ Slide (C86024 Millipore Sigma) and incubated for 1 day.

After, SJF1528 and Red Fabfluor labeled Tmab (2 µg/mL) or SJF1528 and
Red Fabfluor labeled Tmab (2 µg/mL) and MG132 (5 µM) were added
and incubated overnight. The cells were fixed with 4% paraformaldehyde
for 10min at room temperature, permeabilized with Triton 0.1%, and
blocked with 1% BSA and 22.5 mg/mL glycine in PBST for 1 h. The cells
were then incubated with anti-Human IgG–FITC antibody for 1 h at
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37 °C in a humidified chamber, washed 3 times for 10min each with PBS,
and mounted with Doulink in situ counter staining media with DAPI
(DUO82040 Sigma). Images were acquired with EVOS 5000 Imaging
system and DAPI, using GFP and Cy5 light filter cubes (ThermoFisher
Scientific).

Cell lines viability assays
The effects of PROTAC and the ADC Kadcyla (trastuzumab-emtansine,
Tmab-DM1) or Enhertu (trastuzumab-deruxtecan, Tmab-deruxtecan) on
the viability of BT-474 and SKBR3 tumor cell lines was assessed with Cell
Titer-Glo (Promega Corporation G7571). For live-cell imaging, cells were
seeded at a density of 10,000 cells/well in 50 µl of culture medium in black-
walled 96-well plates (Corning CLS3603) and incubated overnight. Cells
were then treated with different ADCs concentrations, PROTAC, or the
combination of PROTACandADCs in separate experiments for 24, 48, and
72 h. Also, lapatinib (Med Chem Express HY-50898) alone and the com-
bination of lapatinib with Tmab-deruxtecan effect on cell survival were
evaluated on SKBR3 cells for comparison against lapatinib-based PROTAC
SJF1528with Tmab-deruxtecan combination. After the desired time, 100 µl
of Cell Titer-Glo reagent was added to each well, incubated at room tem-
perature for 10–15min, and luminescence measured with Promega Glo-
Max Explorer. Dose-response curves were generated with GraphPad Prism
10 and four-parameter fitting curves (inhibitor vs response variable slope).
Cells treatedwithDMSOonly were used as control conditions to normalize
the data.

Organoids proliferation and viability
Deidentified organoids derived from PDX breast cancer models were pro-
vided by Mayo Clinic’s BEAUTY program to the current team with only
HER2 status shared. These organoidswere collectedunderMayoClinic IRB
approval following patient consent. These organoids were evaluated for
proliferation by measuring the relative area (µM2) after treatment with
PROTAC, Tmab-deruxtecan or the combination of PROTAC and Tmab-
deruxtecan in a range of concentrations for 72 h. Briefly, single organoids
were transferredwith30 µl of culturemedium intoultra-lowattachment 96-
well U-bottomplates (Corning 4520) and cultured overnight. Then, 30 µl of
culture medium and reagents were added to achieve the desired con-
centration and bright field imageswere taken at 10× for further analysis. All
the images were calibrated using Fiji to convert pixels intoMicras, and after
setting the measurements the freehand selection tool was used to draw the
perimeter of at least three organoids per experimental condition. The
quantitative data generated from these experiments were exported to Excel
files and used to generate the graphs on GraphPad Prism 10 as relative area
(µM2). DMSO control condition was used to normalize the data for other
treatments (Fig. 4d).

Viability assayswere also performed usingmultiple organoids perwell.
For these experiments, organoids were treated similarly to the cell line
viability experiments describedbefore. Briefly, organoidswere culturedwith
50 µl of culture medium. Then, 50 µl of different ADC concentrations,
PROTAC, or the combination of PROTAC with ADC was added and
treated for 72 h. Then 100 µl of Cell Titer-Glo reagent was added to each
well, shaken for 5min, incubated at room temperature for 20min, and

luminescence measured with Promega GloMax Explorer. Also, dose-
response curves were generated with GraphPad Prism 10 and four-
parameter fitting curves (inhibitor vs response variable slope) as described
before. Organoids treated withDMSOonly were used as control conditions
to normalize the data.

Statistics and reproducibility
The total area under the curves representing antibody internalization was
determined using GraphPad from triplicates and compared between
experimental groups with a two-tailed, unpaired t-test. The null hypothesis
was that there would be no differences in antibody internalization between
groups. There were no adjustments for multiple comparisons. To calculate
fold changes, the areas under the curves of the experimental groups were
divided by that of the control groups. The raw data obtained with IncuCyte,
and the summary statistics we derived, are included in the Supplementary
Datafiles, organized byfigure andmodels, to improve reproducibility of our
analyses.

Reporting summary
Further information on research design is available in the Nature Research
Reporting Summary linked to this article.

Data availability
The primary data are summarized as per the results of this manuscript, and
raw data are available in Supplementary Data file. The cell lines and anti-
bodies canbepurchased fromvendors as listed.TheMETPROTAC48-2849

is in limited supply and requires synthesis. TheHER2-positive breast cancer
organoid is a limitedpassagemodelwhich is not available for use beyond the
current work. Please contact the corresponding author for any requests.
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