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Abstract 

Selective protein degradation platforms have afforded new development opportunities for 
therapeutics and tools for biological inquiry. The first lysosome targeting chimeras (LYTACs) 
targeted extracellular and membrane proteins for degradation by bridging a target protein to an 
endogenous lysosome targeting receptor, the cation-independent mannose-6-phosphate 
receptor (CI-M6PR). Here we developed LYTACs that engage the asialoglycoprotein receptor 
(ASGPR), a liver-specific lysosomal targeting receptor, to degrade membrane proteins in a tissue-
specific manner. We conjugated antibody-based binders targeting cell-surface proteins to a tri-
GalNAc motif that engages ASGPR. The resulting LYTACs directed lysosome trafficking of the 
bound targets and subsequent degradation. Degradation mediated by an EGFR-targeted 
GalNAc-LYTAC resulted in significant functional effects on the downstream kinase signaling of 
EGFR compared to canonical inhibition with a monoclonal antibody. Furthermore, we 
demonstrated that a small target binder, a 3.4 kDa peptide, can be linked to a single tri-GalNAc 
ligand to degrade integrins and significantly reduce cell proliferation. Site-specific chemical 
conjugation of one or two tri-GalNAc ligands to antibody scaffolds improved the pharmacokinetic 
profile of GalNAc-LYTACs in vivo compared to non-specific chemical conjugation. GalNAc-
LYTACs represent an exciting new paradigm for cell-type restricted degradation of proteins.  
 
Introduction 

Targeted protein degradation (TPD) is a promising new therapeutic modality and a tool for 
probing biological pathways as well as the cellular degradation machinery. Most TPD platforms 
such as  IMiDs1,2, proteolysis targeting chimeras (PROTACs)3,4, dTAGs5,6, Trim-Away7, and 
SNIPERs8, rely on the ubiquitin proteasome system (UPS). Recently, AUTACs9 and ATTECs10,11 
have emerged as approaches that exploit the intracellular autophagy machinery for mediating 
TPD. Advances in TPD strategies have accelerated over the past two decades, and PROTACs 
have recently entered clinical trials12. However, the cytosolic localization of the UPS and 
targetable autophagy machinery restricts these approaches to proteins with cytosolic domains 
and requires degraders to be cell-permeable.  In order to relax these constraints and expand the 
scope of TPD to extracellular targets, our lab has developed lysosome targeting chimeras 
(LYTACs) which bind and direct plasma membrane-associated or secreted proteins to 
lysosomes13. First-generation LYTACs employed the cation-independent mannose-6-phosphate 
receptor (CI-M6PR) that endogenously traffics hydrolases and other cargo to the lysosome14. 
LYTACs were composed of a target binding moiety (e.g. antibody or small molecule) linked to a 
CI-M6PR binding ligand, mannose-6-phosphonate (M6Pn). These M6Pn-LYTACs promoted 
lysosomal degradation of disease-relevant extracellular and membrane proteins by bridging the 
target protein with CI-M6PR.  

CI-M6PR is one of several lysosome trafficking receptors that could, in principle, be 
harnessed for the design of LYTACs. Indeed, whereas CI-M6PR is broadly expressed in most 
tissues, other lysosome trafficking receptors have tissue-specific expression patterns. Such 
receptors offer the opportunity to achieve tissue-specific LYTAC activity. For therapeutic 



development, the ability to select in which tissue degradation occurs could have benefits for the 
therapeutic window.  

Here, we develop LYTACs that engage the liver-specific asialoglycoprotein receptor 
(ASGPR)20 as a lysosome targeting receptor (Fig. 1a).  ASGPR recognizes glycoproteins bearing 
N-acetylgalactosamine (GalNAc) or galactose (Gal) ligands and internalizes them via clathrin-
mediated endocytosis15,16. Following internalization and endosomal acidification, ASGPR 
releases GalNAc or Gal and recycles back to the plasma membrane, while glycoproteins proceed 
to the lysosome17. ASGPR has been exploited to achieve efficient delivery of various cargo to the 
liver, most notably, siRNA and ASO therapeutics18–22. We developed LYTACs comprising an 
antibody against a target of interest conjugated to homogeneous GalNAc ligands that induce 
targeted, cell type-specific degradation. In doing so, we demonstrated that receptor-mediated 
degradation is generalizable beyond CI-M6PR. Additionally, we showed that a 3.4 kDa peptide, 
a much smaller binder than an antibody, can be linked to a single tri-GalNAc ligand to degrade 
integrins resulting in anti-proliferative effects in hepatocellular carcinoma (HCC) cells. We then 
simplified the structural architecture of antibody-based GalNAc-LYTACs through site-specific 
conjugation, which enabled modulation of the pharmacokinetic profile of GalNAc-LYTACs.  

 
Results 
Construction of GalNAc-LYTACs and internalization in HEPG2 cells  

Prior work on siRNA therapeutics revealed that triantenerrary GalNAc (tri-GalNac) ligands 
engage ASGPR with low nanomolar affinity23,24,25 and showed promising efficacy and safety 
profiles26,27. The homogeneous nature of a triGalNAc ligand was additionally appealing as it would 
enable precise characterization of ligand to antibody ratios, which was challenging with the 
heterogenous polymers utilized in the initial M6Pn-LYTACs. Therefore, we synthesized tri-
GalNAc-DBCO in 8 steps from peracetylated GalNAc and a Cbz-protected dendrimer scaffold28,21 
(Fig. 1b). Tri-GalNAc-DBCO was conjugated to azides on non-specifically labeled antibodies via 
Cu-free strain-promoted azide-alkyne cycloaddition (Extended Data Fig. 1). The conjugation 
reaction was monitored by native gel electrophoresis, as the GalNAc conjugated antibody 
migrates slower than the azide functionalized starting material as a result of increased 
hydrodynamic size (Fig. 1c). To confirm that antibody-GalNAc conjugates can trigger 
internalization of extracellular targets via ASGPR, we examined LYTAC-mediated uptake in an 
HCC cell line, HEPG2. We included the first-generation LYTAC (M6Pn-LYTAC)29 that engages 
the CI-M6PR as a comparison. HEPG2 cells were incubated with anti-rabbit IgG-647 and goat-
anti-rabbit (control), goat-anti-rabbit M6Pn (M6Pn-LYTAC), or goat-anti-rabbit GalNAc (GalNAc-
LYTAC) for 1 hour, then intracellular fluorescence was analyzed by flow cytometry (Fig. 1d). 
M6Pn-LYTAC increased cellular fluorescence 2-fold relative to the control while GalNAc-LYTAC 
increased 16-fold relative to the control (Fig. 1e). This result was confirmed by confocal 
microscopy, where GalNAc-LYTAC treatment resulted in high IgG-647 signal that co-localized 
with Lysotracker, indicating that GalNAc-LYTACs traffic to the acidic compartments in cells (Fig. 
1f). The superior internalizing efficiency of GalNAc-LYTAC compared to M6Pn-LYTAC is 
potentially due to the higher surface expression of ASGPR versus CI-M6PR in hepatocytes 
(Extended Data Fig. 2).  

 
Degradation of EGFR via GalNAc-LYTAC 

We next asked if GalNAc-LYTACs could mediate degradation of membrane proteins in 
HCC cell lines. We chose epidermal growth factor receptor (EGFR) as a target as it is 
overexpressed in HCC patients and its dysregulated activity has been implicated in primary 
resistance to sorafenib, the standard of care for advanced HCC30,31. Moreover, as EGFR was 
previously targeted with our first-generation M6Pn-LYTACs, we sought to compare GalNAc-
LYTACs with earlier congeners. Cetuximab (Ctx) is an FDA-approved blocking antibody against 
EGFR for colorectal and head and neck cancer32,33. We conjugated Ctx to the tri-GalNAc ligand 



(Fig. 2a), and MALDI-MS analysis of the product (Ctx-GalNAc) revealed an average of 10.5 tri-
GalNAc residues per antibody (Extended Data Fig. 3). We treated HEP3B cells with Ctx-GalNAc, 
then measured surface levels of EGFR by flow cytometry using an orthogonal detection antibody. 
Ctx-GalNAc degraded >70% of cell surface EGFR in HEP3B cells, a level similar to the M6Pn-
LYTACs (Fig. 2b).  

We then evaluated the depletion of total EGFR in HEP3B, HEPG2, and HUH7 HCC cell 
lines. We observed >70% total degradation with Ctx-GalNAc in HEP3B, consistent with the 
observations from cell-surface degradation. HEPG2 and HUH7 cells also exhibited comparable 
degradation efficiency (Fig. 2c). Degradation was found to depend on concentration, as Ctx-
GalNAc mediated 50% degradation of cell-surface EGFR in HEP3B cells at a concentration as 
low as 1 nM. Maximum degradation was reached at concentration of 10 nM and this degree of 
degradation persisted at higher concentrations, indicating that these LYTACs do not display the 
“hook-effect” within this concentration regime that has been observed with other bifunctional 
molecules34 (Fig. 2d). Ctx-GalNAc mediated degradation of cell-surface EGFR over 48 hours, 
reaching >50% degradation at 24 hours (Fig. 2e, Extended Data Fig. 4). Visualization and 
quantification of EGFR by confocal microscopy following LYTAC treatment showed diminished 
membrane EGFR signals, consistent with the observations from flow cytometry and western blot 
(Fig. 2f, Extended Data Fig. 5). Through several measurements, we showed that GalNAc-LYTACs 
perform comparably to M6Pn-LYTACs, demonstrating the potential generality of lysosome 
targeting receptor-mediated degradation mechanism and extending the internalizing ligand set to 
scalable, homogeneous structures. 

 
Mechanism of ASGPR-mediated degradation  

 To confirm that depletion of EGFR by Ctx-GalNAc was dependent on ASGPR, HEP3B 
cells were treated with siRNA targeting ASGPR. Degradation via the Ctx-GalNAc LYTAC was 
completely abolished following ASGPR knockdown, while EGFR degradation proceeded in cells 
transfected with non-targeting siRNA. Furthermore, Ctx-GalNAc treatment did not alter ASGPR 
levels in these cells (Fig. 3a, Extended Data Fig. 6). Treatment with bafilomycin A1 or chloroquine 
ablated EGFR degradation mediated by Ctx-GalNAc, confirming that the degradation mechanism 
promoted by GalNAc-LYTACs depends on a functional endocytic pathway (Fig. 3b).  

 
Functional effect following GalNAc-LYTAC mediated degradation  

Next, we sought to determine whether degradation of EGFR would impact downstream 
kinase signaling compared to treatment with Ctx alone. Following LYTAC treatment, HEP3B cells 
were stimulated with 100 ng/ml or 50 ng/ml of EGF for 1 hour to activate downstream kinase 
phosphorylation. After EGF stimulation, levels of phosphorylated EGFR (pEGFR), Akt (pAkt), and 
MAPK (pERK1/2) were reduced upon Ctx-GalNAc or Ctx-M6Pn treatment compared to Ctx. 
Stimulation with lower concentrations of EGF resulted in greater relative reductions in 
phosphorylated EGFR and of phosphorylated Akt and ERK1/2 by both LYTACs compared to Ctx 
(Fig. 3c). These results highlight that LYTAC-driven degradation can exert more profound effects 
on downstream signaling compared to blocking of EGFR by Ctx alone.  

Given that LYTACs mediate trafficking of membrane proteins to lysosomes, we asked if 
GalNAc-LYTACs affect lysosomal health in cells. Untreated cells and cells treated with Ctx-
GalNAc exhibited a similar number of lysosomes upon staining with Lysotracker, while staining 
intensity was reduced in cells treated with LLOMe, a lysosomal damaging reagent (Extended Data 
Fig. 7a).  Untreated cells and Ctx-GalNAc treated cells exhibited greater Cathepsin B activity 
compared to LLOMe treated cells. Although per cell quantitation showed that Ctx-GalNAc 
treatment resulted in reduction of Cathepsin B activity compared to untreated cells, activities were 
higher than that of Ctx treated cells and significantly higher than LLOMe treated cells (Extended 
Data Fig. 7b). We also examined the expression levels of ALIX, a marker for lysosomal membrane 
damage repair. While ALIX levels were increased in LLOMe treated cells, untreated and Ctx-



GalNAc treated cells exhibited significantly reduced ALIX staining (Extended Data Fig. 7c). Taken 
together, treatment with Ctx-GalNAc resulted in greater lysosomal health compared to Ctx and 
similar health to untreated cells.  

 
GalNAc-LYTAC enables cell-specific degradation  

The exclusive expression of ASGPR on hepatocytes should enable selective degradation 
of membrane proteins on liver cells. To test this hypothesis, we co-cultured HEP3B (ASGPR+, 
EGFR+, M6PR+) and HeLa-GFP (ASGPR–, EGFR+, M6PR+) and treated the co-culture with Ctx 
conjugates and analyzed EGFR degradation in each cell-type by flow cytometry (Fig. 4a). Ctx-
GalNAc selectively ablated cell-surface EGFR from HEP3B cells, while HeLa-GFP maintained 
high EGFR expression. In contrast, Ctx-M6Pn degraded EGFR in both cell types as CI-M6PR is 
expressed in both HEP3B and HeLa-GFP (Fig. 4b). These data support the hypothesis that 
harnessing a recycling receptor with restricted expression enables LYTACs to degrade proteins 
in a cell-specific manner.  
 
GalNAc-LYTACs can target HER2   

To examine the ability of ASGPR-directed LYTACs to degrade additional membrane 
targets, we developed a LYTAC targeting HER2. HER2 may regulate tumor progression in early 
stage HCC patients by inducing epithelial-mesenchymal transition, and can be upregulated in 
HCC35. Briefly, pertuzumab (Ptz), an approved HER2 antibody for HER2-positive breast cancer, 
was conjugated to the tri-GalNAc ligand, and MALDI-MS analysis confirmed that Ptz had been 
labeled with 11 tri-GalNAc moieties (Ptz-GalNAc) (Extended Data Fig. 8). Ptz-GalNAc reduced 
76% of total HER2 in HEPG2 cells, while Ptz alone degraded only 38% (Fig. 5a). Visualization by 
confocal microscopy revealed stark reduction and relocalization of HER2 signal in HEPG2 cells 
treated with Ptz-GalNAc compared to the cells treated with unmodified Ptz (Fig. 5b). Strikingly, 2-
hour treatment with Ptz-GalNAc resulted in a punctate localization pattern of HER2 by confocal 
microscopy (Extended Data Fig. 9a). These puncta did not co-localize with early endosome 
antigen 1 (EEA1), suggesting that HER2 may be trapped in other endocytic vesicles within 2 
hours of treatment. Treatment with Ptz-M6Pn for 2 hours showed membrane-localized HER2 and 
did not indicate similar internalization. After 48 hours, treatment with Ptz-M6Pn also induced 
reduction and relocalization of HER2 signal (Extended Data Fig. 9b) These results suggest that 
there is a kinetic difference in the internalization mediated by M6Pn- and GalNAc-LYTACs, and 
that Ptz-GalNAc can remove membrane HER2 within 2 hours.  
 
 
Peptide-based GalNAc-LYTACs degrade integrins and induce anti-proliferative effect. 
 Prior LYTACs targeting membrane proteins were based on antibody or antibody 
fragments as the target binders. Although antigen-binding fragments (Fab) non-specifically 
conjugated to several M6Pn polymers could induce receptor degradation29, we wondered if a 
small, synthetic peptide binder containing a single ASGPR ligand can promote degradation and 
induce enhanced functional consequences. To test this hypothesis, we used a targeting ligand 
composed of a polyspecific integrin-binding peptide (PIP), also known as EETI 2.5F, that was 
previously engineered to bind several tumor-associated integrins with high affinity36. In 
particular, PIP binds to αvβ1, αvβ3, αvβ5, αvβ6, and α5β1 integrins, which are known to be 
overexpressed on various cancer types and facilitate proliferation, migration, and metastasis37. 
Given that the 3.4 kDa PIP peptide is produced by solid phase peptide synthesis38, we readily 
incorporated azido-L-norvaline into the sequence to enable site-specific conjugation via a single 
tri-GalNAc-DBCO moiety, resulting in PIP-GalNAc (Fig. 5c, Extended Data Fig. 10).  

We measured the surface levels of integrins by flow cytometry following treatment in 
HEPG2 cells, and observed that PIP-GalNAc depleted cell-surface αvβ3  integrin 3-fold relative to 
PIP treatment alone. Treatment with PIP increased expression of integrin αvβ5, while PIP-



GalNAc overturned this effect resulting in modest degradation. Measurement of additional 
integrins that interact with PIP was challenging due to their low surface expression or a lack of 
specific detection antibody. Nevertheless, we determined the total surface level of integrins that 
bind to PIP by utilizing a PIP-Fc fusion for staining of the Fc fragment 39. Detection of the PIP-Fc 
revealed that PIP-GalNAc depleted about 60% of integrins while PIP alone degraded 40% (Fig. 
5d). Nevertheless, PIP-GalNAc had a profound effect on the proliferation of HEPG2 cells 
compared to the parent binder. PIP-GalNAc was significantly more effective at inhibiting 
proliferation than PIP at varying concentrations and durations of the treatment (Fig. 5e-g). 
Moreover, cells treated with PIP-GalNAc displayed aberrant morphology over time. Untreated 
and PIP treated cells generally displayed epithelial-like clusters, whereas the PIP-GalNAc 
treated cells formed smaller, circular clusters over the course of 5 days following treatment (Fig. 
5h). Prior work demonstrated that αvβ3  integrin expression is associated with tumor size, 
invasion, and metastasis of HCC, and that antisense gene transfections of αv and β3 integrin 
reduced proliferation in HEPG2 cells40,41. Our results suggest that increased degradation of 
integrins by LYTACs can result in significantly enhanced functional effects compared to the 
parent binder alone.  
 
Site-Specific GalNAc-LYTACs improve the pharmacokinetic profile in mice 
 Our original LYTACs were constructed by non-specific conjugation of M6Pn polymers to 
lysine residues on antibodies or Fabs. However, the heterogenous nature of both the polymeric 
ligands and conjugation chemistry prevented rigorous structure-function relationship studies. 
Similarly, non-specific functionalization with tri-GalNAc affords heterogeneous LYTACs that are 
difficult to rigorously analyze for rational improvement. The ability of PIP-GalNAc to promote 
degradation with a single tri-GalNAc ligand (Fig. 5) suggested that simplified antibody-based 
LYTACs might be similarly effective and enable the study of architectural features essential for 
optimal LYTAC activity. Therefore, we generated a panel of GalNAc-LYTACs based on Ctx using 
site-specific conjugation chemistry via the SMARTag technology, which involves genetic 
encoding of a reactive aldehyde handle on a specific site of the antibody scaffold42. To create a 
stable linkage between the tri-GalNAc motif and the aldehyde, we utilized a hydrazino iso-Pictet 
Spangler (HIPS) reaction scheme43,44 (Fig. 6a). To determine whether the location of tri-GalNAc 
ligand on the antibody scaffold would impact the degradation profile, we labeled three different 
sites of Cetuximab – C-terminus, hinge, and CH1 heavy chain (Fig. 6b). Conjugation at the hinge 
resulted in the ligand to antibody ratio of 2, while conjugation in the C-terminus and CH1 positions 
resulted in a ligand to antibody ratio of 1 (Extended Data Fig. 11). LYTACs resulting from site-
specific conjugation at the C-terminus and the CH1 heavy chain of Ctx demonstrated >50% 
degradation of EGFR, while conjugation at the hinge only showed 40% degradation despite the 
increased ligand to antibody ratio (Fig. 6c). Steric hindrance may be an issue in the hinge region 
for bridging EGFR and ASGPR, resulting in modest differences in degradation efficiency. The 
degradation efficiency of the site-specific Ctx conjugates was slightly lower than that of the non-
specifically labeled LYTACs. This could imply either that the antibody requires several tri-GalNAc 
moieties to achieve maximum degradation or that an optimal site for conjugation remains to be 
identified. We also generated site-specific conjugates based on Pertuzumab (Extended Data 
Fig.12), and observed that a single tri-GalNAc conjugation at the hinge showed comparable 
degradation as the non-specific Ptz-GalNAc, while attachment at the C-terminus or the CH1 
domain resulted in less degradation (Fig. 6d). These results indicate that the optimal site of the 
conjugation may differ between antibodies, potentially due to their different binding sites of the 
target and the resulting orientation of the LYTAC conjugate between ASGPR and the target.  

We asked whether site-specifically labeled conjugates might exhibit altered in vivo 
clearance profiles. To test this, Balb/c mice were intraperitoneally injected with 5 mg/kg of Ctx, 
nonspecifically conjugated Ctx-(GalNAc)10, Ctx-C-terminus-(GalNAc)1, or Ctx-CH1-(GalNAc)1 
and plasma was collected at 6, 24, 48, and 72 hours to analyze their clearance rate.  Ctx-



(GalNAc)10 cleared rapidly before 6 hours (Fig. 6e), implying frequent treatments would be 
required to maintain reduced EGFR levels given that the degradation was not durable for more 
than 24 hours in vitro following wash-off after LYTAC treatment (Extended Data Fig. 13).  However, 
site specific conjugates showed an initial clearance followed by sustained presence 72 hours post 
injection (Fig. 6e,f). In addition, liver and spleen were collected at 72 hours and were probed for 
the presence of the conjugates. Ctx and Ctx-GalNAc conjugates were present in the liver while 
only Ctx was present in the spleen, reaffirming that Ctx-GalNAc conjugates preferentially 
accumulate in the liver (Fig. 6g). These results demonstrate that site-specific GalNAc-LYTACs 
may be advantageous in vivo as a result of less frequent dosing than nonspecific conjugates, 
enhancing the potential for sustained degradation.  

 
Discussion 

An advantage of LYTACs as a protein degradation modality is the ability to tune 
degradation to a specific cell type expressing a given lysosome targeting receptor. To 
demonstrate this, we established that LYTACs can be designed to utilize ASGPR for liver cell-
specific degradation. GalNAc-LYTACs efficiently ablated EGFR and HER2 in HCC cells. We 
verified that the mechanism of degradation was through the endo-lysosomal system and 
dependent on ASGPR internalization. Increased trafficking of proteins to the lysosome did not 
significantly impact lysosomal health, suggesting that removal of a desired protein does not 
negatively impact the lysosomal stability or homeostatic capabilities of a given cell and that 
LYTACs would be applicable to indications where avoiding cell damage is desirable. Co-culture 
of HCC cells with cells lacking ASGPR demonstrated that GalNAc-LYTACs are indeed capable 
of cell-specific degradation. GalNAc-LYTACs degraded EGFR and induced more substantial 
abrogation of downstream kinase signaling than inhibition alone. A synthetic peptide with a single 
tri-GalNAc moiety was able to degrade integrins and resulted in substantial anti-proliferative effect, 
which demonstrated that the structural design of LYTACs can be simplified to small conjugates. 
Broadly, GalNAc-LYTACs represent a strategy for receptor-mediated and cell-specific 
degradation that can be applied to membrane proteins relevant in liver diseases, such as HCC, 
that does not depend on cell penetrance or carrier-degradation. 

Additionally, we showed that GalNAc-LYTACs are far better at internalizing extracellular 
cargoes than M6Pn-LYTACs in HEPG2 cells, likely resulting from the higher surface expression 
of ASGPR relative to CI-M6PR in hepatocytes. Despite the difference in surface levels of these 
receptors, GalNAc- and M6Pn-LYTACs performed comparably in membrane protein degradation 
assays. This observation suggests factors other than the expression levels of the recycling 
receptors modulate the degree of degradation. These factors might include the distinct sorting of 
these receptors, the rate of target release from the receptor to the lysosome, the rate of target 
turnover, or the rate of the receptor trafficking. Further studies that probe the mechanistic features 
influencing degradation mediated by endocytic receptors are needed, and may provide insight 
into rational strategies to enhance degradation efficiency.  

GalNAc-LYTACs serve as an example for applications to other recycling receptors that 
may be exploited for cell-specific degradation, such as mannose receptors for macrophage 
specific targeting45 and CD22 for B-cell selective degradation46. Additional discovery of recycling 
receptors with distinct and exclusive localization would expand the range of tissues or cells that 
LYTACs can target with selectivity. Recently, antibody-PROTAC conjugates demonstrated 
HER2-dependent degradation via a mechanism of delivery similar to antibody-drug conjugates47. 
However, a general approach for tissue-specific degradation utilizing the UPS or intracellular 
autophagy machinery would require ligand development campaigns for tissue-restricted E3 
ligases or autophagy regulators.48,49 We envision that further structure-function studies in 
combination with mechanistic elucidation will determine the optimal architecture of LYTACs and 
provide structural understanding of degradation driven by lysosome targeting receptors.   
         



Materials and Methods  
 
General Chemical Synthesis Procedures  
Reagent-grade chemical reagents were purchased from Carbosynth, Sigma Aldrich, TCI, Click 
Chemistry Tools, and TCI. All chemical reactions were performed in standard, flame-dried 
glassware capped with rubber septa under an inert atmosphere of nitrogen unless stated 
otherwise. Stainless steel syringes or cannulae were used to transfer moisture-sensitive liquids. 
Anhydrous solvents (dichloromethane and N,N-dimethylformamide) were prepared by passage 
through an activated alumina column. Thin layer chromatography (TLC) was conducted on pre-
coated glass plates covered with 0.2 mm silica gel for monitoring reactions. TLC was visualized 
with UV light, 5% H2SO4 in MeOH, and ninhydrin stain.   Reaction mixtures were purified via 
column chromatography using Biotage SNAP KP-Sil or Ultra C18 cartridges (10-100g) with a  
Biotage Isolera Prime ACI automated fraction collector.  
 
Cell Lines 
Adherent cells were cultured in T75 flasks or 15 cm plates at 37 °C in a 5% CO2 atmosphere. 
HEP3B (ATCC), HUH7 (JCRB), and HeLa-GFP (MyBioSource)  were cultured in DMEM 
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. HEPG2 (ATCC) 
were cultured in DMEM with low glucose supplemented with 10% fetal bovine serum (FBS) and 
1% penicillin/streptomycin. Expi293 cells expressing formylglycine-generating enzyme from M. 
tuberculosis (tbFGE)  were a generous gift from Melissa Gray, and were cultured with Expi293 
Expression Medium (Thermo Fischer) supplemented with 2 µg/ml puromycin in 250 ml 
polycarbonate shaker flasks (Corning), rotating 120 rpm at 37 °C  and 8% CO2.  
 
HEPG2 Internalization Assay 
HEPG2 cells were plated (100,000 cells/well in a 24-well plate) 2 days before the experiment. 
Cells were incubated with 200 µl of complete growth media with 50 nM Rabbit IgG-647 and 25 
nM goat anti-rabbit, goat anti-rabbit-M6Pn, or goat-anti-rabbit-GalNAc for 1 hour. Following 
incubation, cells were washed with PBS three times, trypsinized, then transferred to a 96 well V-
bottom plate. The cells were washed 3 times with PBS + 0.5% BSA + 5 mM EDTA, then incubated 
with Sytox Green for 15 minutes on ice prior to flow cytometry analysis.  
 
HEPG2 Co-localization Live-Cell Imaging  

HEPG2 cells were plated (30,000 cells/well in an 8-well Labtek) 2 days before the experiment. 
Cells were incubated with 200 µl of complete growth media with 50 nM Rabbit IgG-647 and 25 
nM goat anti-rabbit, goat anti-rabbit-M6Pn, or goat-anti-rabbit-GalNAc for 1 hour. Following 
incubation, cells were washed with HBSS then incubated with 50 nM Lysotracker in HBSS for 30 
minutes at 37 °C. Cells were then washed with HBSS 3 times, incubated with Hoescht for 5 
minutes, and imaged by confocal microscopy.  

Protein Degradation Analysis by Western Blot 
Adherent cells were plated (100,000 cells/well in a 24-well plate) one day before the experiment. 
Cells were incubated with 250 µl of complete growth media with 10 nM LYTAC or controls for 
indicated time. Cells were then washed with DPBS 3 times and lysed with RIPA buffer 
supplemented with protease inhibitor cocktail (Roche), 0.1% Benzonase (Millipore-Sigma), and 
phosphatase inhibitor cocktail (Cell Signaling Technologies) on ice for 30 minutes. The cells were 
scraped, transferred to Eppendorf tubes, and spun down at 21,000g for 15 minutes at 4 °C. The 
supernatant was collected and the protein concentration was determined by BCA assay (Pierce). 
Equal amounts of lysates were loaded onto 4-12% Bis-Tris gel and separated by sodium dodecyl 
sulfate-polacrylamide gel electrophoresis (SDS-PAGE). Then, the gel was transferred onto a 



nitrocellulose membrane and stained with REVERT Total Protein Stain (LI-COR), then blocked 
with Odyssey Blocking Buffer (TBS) (LI-COR) for 1 hour at rt. The membrane was incubated with 
primary antibody overnight at 4 °C, washed 3 times with TBS-T. Subsequently, the membrane 
was incubated with secondary antibody for 1 hour at rt, and washed 3 times with TBS-T for 
visualization with an Odyssey CLx Imager (LI-COR). Image Studio (LI-COR) was used to quantify 
band intensities.  
 
Cell-surface Degradation Analysis by Flow Cytometry 
Adherent cells were plated (100,000 cells/well in a 24-well plate) one day before the experiment. 
Cells were incubated with 250 µl of complete growth media with 10 nM LYTAC or controls for 
indicated time. Cells were then washed with PBS 3 times, trypsinized for <5 minutes, and 
transferred to a 96-well V-bottom plate. The cells were washed 3 times with PBS + 0.5% BSA + 
5 mM EDTA (FACS buffer) and incubated with primary antibody for 30 minutes on ice. The cells 
were washed 3 times with PBS + 0.5% BSA + 5 mM EDTA (FACS buffer) and incubated with 
secondary antibody for 30 minutes on ice. After washing 3 times with FACS buffer, cells were 
incubated with either Sytox Green or Sytox Blue for 15 minutes on ice. Flow cytometry was 
performed on either a BD LSR II or BD Accuri C6 Plus, and FlowJo software was used to gate on 
single cells and live cells for analysis.   
 
Cell-surface Integrin Degradation Analysis by Flow Cytometry 
HEPG2 cells were plated (100,000 cells/well in a 24-well plate) one day before the experiment. 
Cells were incubated with 250 µl of complete growth media with 100 nM PIP or PIP-GalNAc for 
48 hours. Cells were washed with integrin binding buffer (20 mM Tris, pH 7.4, 0.1% BSA, 150 mM 
NaCl, 2 mM CaCl2, 1 mM MgCl2, 1 mM MnCl2) and stained with primary antibodies on ice. For 
PIP-Fc staining, cells were washed with 5 mM EDTA in PBS to remove bound PIP following 
treatments, then stained with PIP-Fc (mouse IgG2a). After primary incubation, cells were 
processed and prepared for flow cytometry analysis as shown above.  
 
Confocal Microscopy for Membrane Protein Degradation  
Adherent cells were plated (30,000 cells/well in an 8-well Labtek) one day before the experiment. 
Cells were incubated with 200 µl of complete growth media with 10 nM LYTAC or controls for 
indicated time. Cells were then washed with DPBS and cells were stained with Membrite using 
the manufacturer’s protocol. Cells were fixed with 4% paraformaldehyde in PBS for 20 minutes at 
rt, washed 3 times, and permeabilized with 0.1% Triton for 5 minutes at 4 °C. Cells were washed 
3 times with DPBS and blocked in 10% goat serum in PBS for 1 hour at rt, and incubated with 
primary antibody overnight at 4 °C. Cells were washed with DPBS, then incubated with secondary 
antibody and DAPI for 1 hour at rt. Cells were washed with DPBS and imaged with Nikon A1R 
confocal microscope using Plan Fluor 60x oil immersion 1.30-numerical aperture objective. 405-
nm violet laser, 488-nm blue laser, 561-nm green laser, and 639-nm red laser were used.  
 
siRNA knockdown  
HEP3B (75,000 cells/well in 24 well plate) were transfected with 20 pmoles of siRNA (Dharmacon) 
and jetPRIME reagent using manufacturer’s specifications.  
 
EGF Stimulated Phosphorylation   
HEP3B cells were plated (100,000 cells/well in a 24-well plate) one day before the experiment. 
Cells were incubated with 250 µl of complete growth media with 10 nM LYTAC or controls for 48 
hours. Following incubation, cells were washed 3 times with PBS, and 50 or 100 ng/ml of EGF 
was added and cells were incubated for 1 hr at 37 °C. Cells were washed and lysed for western 
blot analysis.  
 



Co-Culture Assay  
HEP3B (100,000 cells/well) and GFP-HeLa (20,000 cells/well) cells were co-cultured in 24-well 
plate. Cells were then treated with 50 nM of Ctx conjugates for 48 hours and surface-level EGFR 
was assessed by flow cytometry.  
 
Anti-proliferation Assay  
HEPG2 cells (100,000 cells/well in a 24-well plate) were treated with 100 nM of PIP or PIP-
GalNAc. After treatments were added, cells were imaged every 4 hours for 44 hours (for 
concentration studies) or for 5 days in the IncuCyte S3 Live-Cell Analysis system using the 
Phase imaging channel and 10X objective setting.  

The following analysis was used to quantify Phase Confluence (%) in the Incucyte 
software: Segmentation Adjustment = 1, Cleanup- Hole Fill (µm2) = 300, Filters- Area Minimum 
(µm2) = 150. No other constraints were selected.  

Percent proliferation was then calculated by normalizing Phase Confluence (%) values. 
Specifically, at any given timepoint n in the treatment time course (t = 0 → t = n), the change in 
Confluence from t = 0 to t = n (ΔConfluence t = n) was calculated for each well as follows: 
ΔConfluence t = n  of well x = (Confluence t = n of well x) - (Confluence t = 0 of well x), where x 
represents any given well in the experiment. This ensures the value of each well is set to 0 at t = 
0. The average ΔConfluence at the final time point of the untreated wells was set as the “Max 
Value” (equivalent to 100% Proliferation). Finally, data were normalized as follows:  

% Proliferation t = n of well x = (ΔConfluence t = n of well x) / (Max Value). 
 
Site-Specific Antibody conjugation  
HIPS-azide43,44 was resuspended in DMSO to 5 mg/ml and was added to aldehyde-tagged 
antibody in citrate buffer. The reaction was agitated overnight at 37 °C protected from light. Upon 
reaction completion, the reaction mixture was filtered using a 40 kDa Zeba size exclusion column. 
Tri-GalNAc DBCO (50 equiv.) was then added to antibody labeled with HIPS-azide (>1 mg/ml) 
and the reaction mixture was incubated at rt for 3 days in dark. The reaction mixture was filtered 
using a 40 kDa Zeba size exclusion column and the protein concentration was determined from 
A280 using Nanodrop 200 Spectrophotometer.   
 
In vivo Pharmacokinetic Study  
Female BALB/c (6-8 weeks old, Jackson Laboratory) were injected intraperitoneally with 5 mg/kg 
Ctx or Ctx conjugates. Blood was collected at 6, 24, 48, 72h via tail-bleed and plasma was 
separated. 2 µl of plasma was loaded onto SDS-PAGE (4-12% Bis-Tris gel) and transferred onto 
a nitrocellulose membrane for detecting human antibody presence (800CW goat anti-human, LI-
COR). Organs were harvested at 72 hours, lysed with RIPA buffer supplemented with protease 
inhibitor and 0.1% Benzonase. Protein concentration was determined using BCA and 50 µg of 
total protein were loaded onto SDS-PAGE (4-12% Bis-Tris gel) and transferred onto a 
nitrocellulose membrane for detecting human antibody presence (800CW goat anti-human, LI-
COR). 
 
Antibodies  
Antibody Source (#) Usage, Dilution 
Anti-Rabbit IgG Bio X Cell (BE0095) Functional 
Goat Anti-Rabbit IgG Jackson ImmunoResearch 

(111-005-144) 
Functional 

Rabbit-anti-EGFR CST (D38B1) WB, 1:1000 
Mouse anti-Vinculin Bio-Rad (V284) WB, 1:1000 
Mouse-anti-EGFR Invitrogen (MA513319) Flow Cytometry, 10 µg/ml 



Goat anti-mouse IgG-Alexa 
Fluor 647 

Jackson ImmunoResearch 
(115-605-071) 

Flow cytometry, IF, 1:375 

Cetuximab Eli Lilly Functional  
Phospho-EGF Receptor 
(Tyr1068)  

CST (2234S) 1:1000 

Phospho-Akt (Ser473) CST (9271S) 1:1000 
Phospho-p44/42 MAPK 
(Erk1/2) (Thr202/Tyr204) 

CST (4376S) 1:1000 

ALIX BioLegend (634502) IF, 1:500 
Pertuzumab Selleck Chemicals (A2008) Functional 
HER2/ErbB2 CST (2242S) WB, 1:1000 
HER2 CST (2165S) IF 1:100 
Alpha V Beta 3 integrin R&D (MAB3050) 1 µg/100 µl  
Alpha V Beta 5 integrin R&D (MAB2528) 1 µg/100 µl 
IRDye 800CW Goat-anti-
rabbit IgG (H+L) 

LI-COR (926-32211) WB, 1:10000 

IRDye 800CW Goat-anti-
mouse IgG (H+L) 

LI-COR WB, 1:10000 

IRDye 800CW Goat-anti-
human IgG (H+L) 

LI-COR WB, 1:1000 
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Fig. 1. LYTACs can hijack the asialoglycoprotein receptor (ASPGR) for targeted and cell-specific protein 
degradation. a, First-generation LYTACs co-opt the broadly expressed cation independent mannose 6-phosphate 
receptor (CI-M6PR), whereas GalNAc-LYTACs target hepatocytes specifically. b, Synthesis of tri-GalNAc ligand for 
ASGPR-targeting. c, Synthesis of antibody-tri-GalNAc conjugates (GalNAc-LYTACs). Native gel electrophoresis of 
IgG, IgG-N3, and IgG-GalNAc. d, LYTAC-mediated internalization of anti-rabbit IgG-647 in HEPG2 cells. e, Mean 
fluorescence intensity (MFI) relative to the control (anti-rabbit IgG-647 only) for HEPG2 cells incubated at 37 °C for 1 



h with 50 nM anti-rabbit IgG-647 and 25 nM goat-anti-rabbit, goat-anti-rabbit-M6Pn, or goat-anti-rabbit-GalNAc. MFI 
determined by live cell flow cytometry; values are the average of three independent experiments ± SEM. *P < 0.05; 
**P < 0.01; ***P < 0.001, determined by Student’s two-tailed t-test. f, Live-cell imaging of HEPG2 cells that were 
incubated at 37 °C for 1 h with 50 nM anti-rabbit IgG-647 and 25 nM goat-anti-rabbit, goat-anti-rabbit-M6Pn, or goat-
anti-rabbit-GalNAc. 
 
 
 
 
 
 
 



Fig. 2. GalNAc-LYTACs promote degradation of epidermal growth factor receptor (EGFR) in HCC cell lines. a, 
EGFR degradation mediated by cetuximab (Ctx)-GalNAc.  b, Degradation of cell surface EGFR in HEP3B determined 
by live cell flow cytometry following 48 h of treatment with 10 nM cetuximab or conjugates. c, Western blot analysis of 
total EGFR levels in HEP3B, HEPG2, and HUH7 after treat with 10 nM cetuximab conjugates  for 48 h. d, Dose-
response curve for cell surface EGFR degradation in HEP3B incubated with 1 nM, 10 nM, 50 nM, 100 nM cetuximab 
conjugates for 48 h. Relative surface expression of EGFR is determined by live cell flow cytometry and values are the 
average of three independent experiments ± SEM. e, Time-course of degradation of cell surface EGFR in HEP3B 
incubated with 10 nM cetuximab conjugates for 3, 6, 24, and 48 h. Relative surface expression of EGFR is 
determined by live cell flow cytometry and values are the average of three independent experiments ± SEM. f, 
Visualization of EGFR degradation in HEP3B cells by confocal microscopy after 10 nM cetuximab conjugate 
treatments for 48 h. *P < 0.05; **P < 0.01; ***P < 0.001, determined by Student’s two-tailed t-tests. 



 
 
 
Fig 3. GalNAc-LYTACs operate via an endo-lysosomal mechanism and attenuate EGFR-driven signaling. a, 
Western blot of EGFR in HEP3B cells treated with 10 nM cetuximab conjugates for 48 h following knockdown of ASGPR 
by siRNA. Non-targeting siRNA is included as a control.  b, Western blot of EGFR degradation in HEP3B cells incubated 
with 10 nM cetuximab conjugates and 50 nM bafilomycin A1 or 10 µM chloroquine for 24 h. c, Western blot of pEGFR, 
pAkt, and pMAPK following incubation of 10 nM cetuximab conjugates for 48 h then 1 h stimulation with 100 ng/ml or 
50 ng/ml of EGF.  
 
 
 
 
 
 
 



 
 
 
Fig 4. Ctx-GalNAc mediates selective degradation of EGFR on ASGPR expressing cells. a, HEP3B (ASGPR+, 
EGFR+, M6PR+) and HeLa-GFP (ASGPR-, EGFR+, M6PR+) were co-cultured and treated with cetuximab 
conjugates. Ctx-GalNAc degrades EGFR selectively in HEP3B cells. b, Cell-surface EGFR levels in HEP3B cells and 
HeLa-GFP cells following co-culture and treatment with 50 nM cetuximab or conjugates for 48 h. Relative surface 
expression of EGFR was determined by live cell flow cytometry and values are the average of three independent 
experiments ± SEM. *P < 0.05; **P < 0.01, determined by Student’s two-tailed t-test.  
Figure B – GFP arrow for the flow, vertical arrow for EGFR  
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Fig. 5. GalNAc-LYTAC degrades membrane proteins HER2 and integrins and induces anti-proliferative effects 
in HEPG2 cells. a, Western blot of HER2 degradation in HEPG2 cells following incubation with 10 nM pertuzumab 
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(Ptz) or Ptz conjugates for 48 h. b, Visualization of HER2 degradation in HEPG2 cells by confocal microscopy after 10 
nM pertuzumab conjugate treatments for 48 h. c, Synthesis of PIP-GalNAc. Tri-GalNAc-DBCO was conjugated to PIP, 
a knottin peptide that binds to multiple integrins. d, Degradation of cell surface integrins in HEPG2 determined by live 
cell flow cytometry following 44 h of treatment with 100 nM PIP or PIP-GalNAc. PIP-Fc is a fusion of PIP to the Fc 
domain of mouse IgG2a, and measures the expression of surface integrins that PIP binds to. After treatment with PIP 
or PIP-GalNAc, cells were washed with EDTA to remove bound PIP, then stained with PIP-Fc.  e, Percent proliferation 
of HEPG2 cells following 44 h of treatment with 50, 100, and 200 nM PIP or PIP-GalNAc. Proliferation was quantified 
by phase confluence over time on IncuCyte. f, Time-course percent proliferation of HEPG2 cells during 44 h of treatment 
with 50, 100, and 200 nM PIP or PIP-GalNAc. g, Percent proliferation of HEPG2 cells following 5 days of treatment 
with 100 nM PIP or PIP-GalNAc. h, Live HEPG2 imaging by IncuCyte throughout 5 days after treatment with 100 nM 
PIP or PIP-GalNAc. Values are the average of three independent experiments ± SEM. *P < 0.05; **P < 0.01; ***P < 
0.001, ****P < 0.0001 determined by Student’s two-tailed t-test. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
Fig. 6. Site-specific conjugation improves pharmacokinetics of antibody-based GalNAc-LYTACs. a, Site-specific 
conjugation of Ctx using the SMARTag technology42. Ctx was expressed with formylglycine residue in 3 different 
positions, and was reacted with HIPS-azide43,44 followed by tri-GalNAc-DBCO. b, Site-specific conjugation of antibody 
at the CH1 domain, hinge, and C-terminus of the antibody. c, Western blot of EGFR degradation in HEP3B after 
treatments with 10 nM site-specific cetuximab conjugates for 48 h. d, Western blot of HER2 degradation in HEPG2 
cells after treatments with 100 nM site specific pertuzumab conjugates for 48h. e, In vivo pharmacokinetic study of 
GalNAc LYTACs. Representative human-IgG light chain western blot of plasma following 5 mg/kg i.p. injection of Ctx, 
Ctx-(GalNAc)10, Ctx-CH1-(GalNAc)1, Ctx-C-term-(GalNAc)1. Plasma was collected 6, 24, 48, and 72 h post injection. f, 
Quantification of e representing the ratio of site specific Ctx conjugates over unmodified Ctx. Values are the average 
of three separate mice ± SEM.  g, Representative human-IgG light chain blot of liver and spleen 72 h after Ctx and Ctx 
conjugate injections. 


