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Proximity-inducing modalities that co-opt cellular pathways offer new
opportunities to regulate oncogenic drivers. Inspired by the success of
proximity-based chimeras in both intracellular and extracellular target space,
here we describe the development of LYsosome Membrane TArgeting Chi-
meras (LYMTACs) as a small molecule-based platform that functions intra-
cellularly to modulate the membrane proteome. Conceptually, LYMTACs are
heterobifunctional small molecules that co-opt short-lived lysosomal mem-
brane proteins (LMPs) as effectors to deliver targets for lysosomal degrada-
tion. We demonstrate that a promiscuous kinase inhibitor-based LYMTAC
selectively targets membrane proteins for lysosomal degradation via RNF152, a
short-lived LMP. We extend this concept by showing that oncogenic KRAS“?
signaling can be potently inhibited by LYMTACs. Mechanistically, LYMTACs
display multi-pharmacology and exert their activity through both target
relocalization into the lysosome and degradation. We further generalize
LYMTACs across various LMPs and thus offer a platform to access challenging
membrane proteins through targeted protein relocalization and degradation.

Plasma membrane-bound proteins play a central role in cellular sig-
naling, and their deregulation has been implicated in a wide variety
of diseases”. While the majority of FDA-approved drugs engage the
membrane proteome, a considerable proportion of membrane-
bound targets remain undruggable by current targeted approa-
ches, which are largely comprised of antibodies and small molecule
inhibitors (SMI)*. Despite the potential clinical benefit in modulat-
ing membrane proteins, small molecule and antibody-based

therapies often suffer from limitations such as stoichiometric target
inactivation, challenges in target engagement due to lack of drug-
gable sites, dose-dependent toxicities, and resistance mechanisms®”.
Hence, alternative therapeutic strategies are needed to expand the
addressable pool of membrane targets more effectively. Of particular
interest, targeted protein degradation (TPD) by proteolysis targeting
chimeras (PROTACs) has demonstrated several advantages over
inhibitor-based therapies®™*. For instance, PROTACs can utilize a
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broader set of target binding ligands, including silent binders or
functional binders. Second, degradation of a target removes the
entire protein, including its scaffolding functions, essentially
mimicking a genetic knockout. Even though PROTACs have been
successful at degrading a wide array of cellular proteins, their utility
for degrading membrane proteins has not been fully explored™.
This is, in part, because membrane proteins are primarily degraded
through lysosomal pathways such as receptor-mediated endocytosis
and autophagy and may not always be optimally accessible for
PROTACs"", In recent years, lysosome targeting chimeras (LYTACs),
antibody-based PROTACs (AbTACs), and proteolysis targeting anti-
bodies (PROTABs) have emerged as promising proximity-inducing
modalities to target secreted and membrane proteins for lysosomal
degradation; however, to date, such approaches have mainly relied
on the use of antibodies" 2. Therefore, we anticipate small molecule-
based strategies that function intracellularly for the degradation of
membrane proteins through lysosomal machineries could expand
the scope of TPD modalities.

Lysosomal membrane proteins (LMPs) regulate essential cellular
processes such as membrane repair, autophagy, phagocytosis, and
viral infection®*. A recent study has demonstrated that a subset of
LMPs, such as RNF152 and LAPTM4a, are short-lived and are inter-
nalized into the lysosome for degradation in a ubiquitin- and endo-
somal sorting complexes required for transport (ESCRT)-dependent
manner, referred to as lysosomal microautophagy” . We hypothe-
sized that the rapid turnover and lysosomal proximity of LMPs could
be co-opted to regulate the fate of proteins of interest (POls) using
proximity-inducing small molecules. We turned this concept into
practice and have developed Lysosome Membrane Targeting Chi-
meras (LYMTACs), heterobifunctional molecules composed of a POI
ligand, a linker, and an LMP ligand (Fig. 1A). Mechanistically, a LYMTAC
induces the proximity between a POI and a short-lived LMP, thereby
inducing relocalization of the target protein to the lysosomal mem-
brane, promoting its internalization and subsequent degradation. By
applying this concept to various membrane kinases and oncogenic
KRAS®?", we demonstrate the utility of LYMTACs in targeting mem-
brane proteins for lysosomal clearance.

In this work, we demonstrate that LYMTACs are capable of
exerting pharmacological activity through substrate relocalization and
sequestration at the lysosome even in the absence of extensive
degradation. This dual mode of action translated into a deeper sup-
pression of KRAS®?" signaling and inhibition of cancer cell viability
compared to reversible KRAS inhibitors. The scope of this platform is
further highlighted by establishing that multiple LMPs, such as RNF152,
LAMPT4a, and LAPTMS, can serve as effectors for the LYMTAC tech-
nology. We anticipate that the chemical modularity and tunability of
small molecule LYMTACSs will offer new opportunities to optimize such
agents for the efficient degradation of diverse membrane-associated
proteins.

Results and discussion

Development of LYMTAC as a modular tool for lysosomal
degradation of membrane proteins

To establish the LYMTAC technology, we used RNF152 as our primary
LMP effector for proof-of-concept studies. Due to the lack of selective
and well-characterized ligands for RNF152, we generated a model
system using MTHI-tagged RNF152 (MTHI1-RNF152) to allow for
induced proximity to the POI using a selective MTH1 binding ligand*°.
Since MTHI1 ligands have been successfully incorporated into hetero-
bifunctional molecules and tested in chemical-induced dimerization
studies, we used the MTH1 tag and its ligands to establish the LYMTAC
concept®. Importantly, MTHI1 tagging did not alter the turnover rate of
RNF152 as shown by almost complete degradation of MTHI-RNF152
after only four hours of protein synthesis inhibition by cycloheximide
in HEK293 and HCTI116 cells (Fig. 1B and Supplementary Fig. 1).

Furthermore, this rapid turnover of MTH1-RNF152 was both ubiquitin-
and lysosome-dependent as evidenced by inhibition by the ubiquitin
El inhibitor (TAK-243) and lysosomal V-ATPase inhibitor (Bafilomycin
Al) (Fig. 1B).

After establishing the MTH1-RNF152 LMP model cellular system,
we probed the impact of LYMTAC on target protein degradation. As
such, we devised an untargeted approach using a promiscuous kinase
inhibitor as the POI ligand®’. We generated a multi-kinase targeting
LYMTAC (LYMTAC-1) by linking the promiscuous kinase inhibitor, TL-
13-87, to an MTHI-targeting ligand (Fig. 1C). This non-selective kinase
inhibitor binds to a vast array of membrane, cytoplasmic, and nuclear
protein kinases, thus allowing us to identify the target space that is
most readily addressed by LYMTACs. HEK293 cells stably expressing
MTHI-RNF152 were treated with LYMTAC-1 and subjected to global
proteomics to identify degradable protein targets in an unbiased
manner. A total of six protein kinases were significantly downregulated
by LYMTAC-], validating the ability of LYMTACS to drive target protein
degradation (Fig. 1D). Strikingly, five out of six kinases that were
downregulated by LYMTAC-1 were exclusively integral membrane
proteins (EPHA2, INSR, EPHB4, ACVR1, TGFBR2)***,

To directly compare the degradable protein pool of pan-kinase
LYMTAC to a PROTAC functionalized with the same pan-kinase inhi-
bitor, HEK293 cells were treated with previously reported pan-kinase
PROTAC (TL-12-186) and subjected to global proteomics. Consistent
with previous reports, the pan-kinase PROTAC mostly induced
degradation of cytosolic and nuclear kinases (Fig. 1E)*>*?°. Even
though approximately 300 kinases were detected in both experi-
ments, the PROTAC targeted a small fraction of membrane proteins (6
out of 67 downregulated kinases) for degradation. This is in stark
contrast to LYMTAC-1, which mainly induced downregulation of
membrane protein kinases (5 out of 6 downregulated kinases were
membrane kinases) (Supplementary Fig. 2). This includes ACVRI, INSR,
and TGFBR2, which are uniquely degraded by LYMTAC-1 and not
by TL-12-186. Thus, LYMTACs provide access to a distinct pool of cel-
lular targets. We speculate that the observed substrate selectivity may
be due to the distinct pathways co-opted by the two effectors, RNF152
and CRBN, which engage the lysosomal and proteasomal degradation
pathways, respectively. By engaging the endo-lysosomal degradation
pathway, LYMTACs may be more suitable for degrading membrane
proteins, given that membrane proteins are predominantly degraded
via the endo-lysosomal pathway.

To corroborate the proteomics results, HEK293 cells stably
expressing MTHI-RNF152 were treated with increasing concentrations
of LYMTAC-1 and subjected to immunoblotting. Consistent with the
proteomics data, LYMTAC-1induced PTK2 and EPHA2 degradationin a
dose-dependent manner, with robust degradation observed at 10 nM
(Fig. 1F, G). LYMTAC-1 activity was dependent on RNF152, since the
addition of excess MTHI ligand abrogated PTK2 degradation (Sup-
plementary Fig. 3). Next, we investigated the route of degradation.
Cells were pre-treated with either lysosome (Bafilomycin Al) or pro-
teasome (MG-132) inhibitors, and LYMTAC-1-induced degradation of
PTK2 and EPHA2 was assessed. LYMTAC-1-induced PTK2 and EPHA2
degradation was rescued by Bafilomycin Al but not MG-132, consistent
with lysosomal-mediated clearance of these membrane proteins, fur-
ther confirming the anticipated degradation mechanism of LYMTACs
(Fig. 1H, I).

LYMTACs induce ubiquitylation and lysosomal degradation of
KRAsGIZD

Having established the ability of LYMTACs to target membrane pro-
teins for degradation, we sought to further investigate the therapeutic
potential of these agents in degrading a historically challenging-to-
drug protein, KRAS®?, KRAS®?" is a membrane-anchored protein that
has been associated with the tumorigenic capacity of many cancer
types”. We first utilized a chemical genetic system by co-expressing

Nature Communications | (2025)16:7812


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-63128-4

LYsosome Membrane TArgeting Chimera
(LYMTAC)
LMP POI
ligand ligand
A O S o)
Plasma membrane %
POI
‘?1 Targeted 3
Lysosome £+ protein <R
i relocation
Lysosomal £
A % degradation £
POI: Protein of Interest >
LMP: Lysosomal Membrane Protein R
D il epraz | ]
°1 ATK2 ®
i“ i kinaso
g .. . Fuse
g . a TRUE
-l‘ .
i Log2FC (LYM’TA‘&:—UDMSO)
F o LYMTAC-1 (nM)
& S S
§ ~ & & & & pa
- - —
PTK2| — — | 100
% Control 100 91 48 45 53 50
GAPDH | e——————— | 57
H BafA1 MG-132
(100 nM) (1 pM)
LYMTAC-1 -+ -+ - + kDa
PTK2 | - R ST
% Control 100 39 100 124 100 48
GAPDH | S ———— 57

MTHI-RNF152 effector and HiBiT-FKBP12"¢"-KRAS®? POI (Fig. 2A)**’.
We chose to first establish this system using dimerization tags in cells
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For proof of concept, we chose to leverage FKBP12"¢"-tagged proteins
of interest (POIs) as a suitable target protein given the availability of
potent and selective ligands for FKBP127¢". Additionally, the use of
FKBP127¢"-tagging allowed us to quantitatively assess KRAS®'?® [evels
and ligand engagement without the complications associated with the
use of pharmacologically active inhibitors in cells sensitive to KRAS®?
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Fig. 1| Development of LYMTAC as a modular tool for lysosomal degradation of
membrane proteins. A Schematic of the LYMTAC concept. A LYMTAC is a het-
erobifunctional molecule composed of a POI ligand, a linker and an LMP ligand.
LYMTACsS co-opt short-lived lysosomal membrane proteins as effectors to deliver
target proteins for lysosomal degradation. B Cycloheximide (CHX) assay in FLAG-
MTHI1-RNF152 stably expressing HCT116 cells. Cells were pre-treated with DMSO,
200 nM Bafilomycin Al (BafAl), or 1 uM ubiquitin E1 inhibitor (TAK-243) for 30 min,
followed by co-treatment with 100 ug/mL CHX for 4 h. Cells were harvested at O h
to include as a control. Cells were lysed and subjected to immunoblotting with
MTHI and vinculin antibodies. Quantified data are representative of two indepen-
dent experiments. C Structure of LYMTAC-1 (promiscuous kinase inhibitor-PEG2-
MTHI ligand) and PROTAC TL-12-186. D Quantitative proteomics analysis of
LYMTAC-1. HEK293 cells stably expressing FLAG-MTHI-RNF152 were treated with
either DMSO or 500 nM LYMTAC-1 for 19 h and subjected to global proteomics
analysis. Data are representative of three treatment replicates. Differential
expression was assessed with the limma moderated ¢-test (empirical-Bayes

framework, two-sided). Reported P values are unadjusted; no correction for multi-
ple comparisons was applied. E Quantitative proteomics analysis of PROTAC (TL-12-
186). HEK293 cells stably expressing FLAG-MTH1-RNF152 were treated with either
DMSO or 500 nM PROTAC for 19 h and subjected to global proteomics analysis.
Data are representative of three treatment replicates. Differential expression was
assessed with the limma moderated t-test (empirical-Bayes framework, two-sided).
Reported P values are unadjusted; no correction for multiple comparisons was
applied. F LYMTAC-1 induced dose-dependent degradation of PTK2. HEK293 cells
stably expressing FLAG-MTHI-RNF152 were treated with increasing concentrations
of LYMTAC-1 for 19 h and subjected to immunoblotting. Quantified data are
representative of three independent experiments. G LYMTAC-1 induced dose-
dependent degradation of EPHA2. Quantified data are representative of three
independent experiments. H,  HEK293 cells stably expressing MTHI-RNF152 were
pre-treated with BafAl and MG-132 for 30 min, co-treated with DMSO or 500 nM
LYMTAC-1for 19 h, and subjected to immunoblotting with the indicated antibodies.
Quantified data are representative of two independent experiments.

depletion. Next, we designed LYMTAC-2, comprising an FKBP12"¢V
ligand, a connecting linker, and an MTH1 ligand to dimerize the target
and effector proteins (Fig. 2B). In line with our pan-kinase data,
RNF152-recruiting LYMTAC-2 induced potent but partial KRAS®?
degradation in a dose-dependent manner after 24 h (Fig. 2C). However,
LYMTAC-2-induced KRAS degradation was not observed in the
absence of MTHI-RNF152, demonstrating that LYMTAC-induced KRAS
degradation is dependent on MTH1-RNF152. To further understand the
effect of untagged RNF152 (which mimics the endogenous RNF152) on
LYMTAC's function, we overexpressed varying amounts of untagged
RNF152 in HCT116 cells and assessed its impact on LYMTAC-induced
KRAS degradation in cells stably expressing MTHI-RNF152. Over-
expression of RNF152 did not alter the efficiency of LYMTAC-induced
KRAS degradation, even at the highest overexpression level (Supple-
mentary Fig. 4).

To obtain additional insights on LYMTAC-2-induced KRAS®2"
degradation, HCT116 cells were pre-treated with inhibitors such as
Bafilomycin Al, MG-132, or TAK-243, and then co-treated with
LYMTAC-2 and subjected to immunoblotting. LYMTAC-2-mediated
KRAS®?P degradation was rescued by both ubiquitin E1 (TAK-243) and
lysosomal (Bafilomycin Al) inhibitors (Fig. 2D). However, LYMTAC-
induced KRAS®?" degradation was not rescued by proteasome inhi-
bition. These data indicate that LYMTAC-2-mediated KRAS®?® degra-
dation follows the native ubiquitin- and lysosome-dependent turnover
of RNF152. RNF152 is an E3 ubiquitin ligase LMP whose rapid inter-
nalization and lysosomal degradation are dependent on its own auto-
ubiquitylation”. Thus, we speculated that LYMTAC-2 may drive
degradation of KRAS®?" through RNF152-dependent ubiquitylation of
KRAS®?, To this end, we performed a cellular ubiquitylation assay by
transiently expressing HA-ubiquitin in HCT116 cells, followed by
immunoprecipitation and immunoblotting. Notably, cells treated with
LYMTAC-2 revealed rapid KRAS®?® ubiquitylation (Fig. 2E). Collec-
tively, our data suggest that LYMTACs can lead to the formation of a
productive ternary complex with KRAS®® and RNF152, promote
KRAS®?® ubiquitylation, and induce lysosome-dependent clearance of
KRASC2P,

KRAS®?” LYMTACs induce pathway suppression irrespective of
KRAS®?? degradation

Emerging resistance to KRAS inhibitors (KRASi) is a critical challenge in
maximizing the clinical potential of these drugs***. Degradation
strategies that remove rather than inhibit oncogenic proteins offer the
potential of addressing a number of such resistance mechanisms,
which has encouraged our development of proximity-inducing
approaches to degrade membrane-associated oncogenic KRAS. Hav-
ing established and characterized the biochemical activity of KRAS®?
LYMTACs, we next investigated the downstream consequences of
lysosomal-mediated degradation of KRAS®?", To target endogenous

KRAS®? directly, we generated KRAS®?® LYMTACs by replacing the
FKBP127¢" ligand with a pan-KRAS inhibitor (pan-KRASi) (Fig. 3A, B).
Extensive research in the TPD field has defined several common
structural features that influence the efficacy of PROTAC design such
as exit vector orientation, linker length, linker composition, and E3
ligase ligand**~*¢. X-ray crystallographic characterization of the binding
mode of the pan-KRAS inhibitor has suggested attachment of the
effector ligand via the fused bicyclo-pyrollidine ring could yield active
PROTACs and LYMTACs.

First, we screened KRAS LYMTACs with two different linker
compositions for cellular HiBiT- FKBP12P¢'-KRAS?" degradation
using HCT116 cells and compared their efficacy to that achieved
through PROTAC-mediated degradation (Fig. 3B, C). While our KRAS
PROTAC and two LYMTACs displayed varying levels of KRAS®?°
degradation, rigid linker-based LYMTAC-4 (which also tethered the
MTHLI ligand to the pan-KRAS inhibitor via a shorter linker) displayed
improved Dp,.x (61%) and DCsg (2 nM) values compared to PEG linker-
based LYMTAC-3 [Dpax =48%, DCso =25 nM), Fig. 3D). Leveraging the
more potent LYMTAC-4 in subsequent experiments, we functionally
characterized the effect of LYMTAC-induced KRAS®?® degradation in
AsPC-1 cells, a relevant KRAS?®> mutant pancreatic cancer cell line that
relies on this oncogene for cell proliferation and survival’’. MTH1-
RNF152 was stably introduced into AsPC-1 cells to evaluate ternary
complex formation (TCF) by various LYMTACs. The data suggest that
LYMTAC-4 induced a more productive ternary complex between
KRAS®? and RNF152, compared to LYMTAC-3 (Fig. 3E). Experience
with this system further supported the selection of LYMTAC-4 as an
appropriate tool molecule for subsequent investigation. To evaluate
the cellular effect of LYMTAC-4, AsPC-1 cells were treated with pan-
KRASi, PROTAC, or LYMTAC-4 for 24h and probed for pathway
activity. LYMTAC-4 induced KRAS degradation and robust pERK
downregulation at 24 h, comparable to pan-KRASi and PROTAC
(Fig. 3F). Additionally, to test the ability of KRAS LYMTACs to degrade
other KRAS variants, we tested LYMTAC-4 in HCT116 harboring the
KRAS®®P mutation. Consistent with the ability of the KRAS inhibitor to
bind G13D, we observed LYMTAC-4 induced KRAS®™ degradation in
HCT116 cells (Supplementary Fig. 5).

We next sought to further elucidate LYMTAC mode of action and
its dependence on ternary complex formation (TCF). This was inves-
tigated by treating AsPC-1 cells with LYMTAC-4 for 6 h in the absence
or presence of excessive competing MTHI-ligand or Bafilomycin Al.
Excess MTHI ligand abrogated LYMTAC-induced KRAS“?® degrada-
tion and p-ERK signaling, demonstrating that TCF is required to induce
KRAS®?P degradation and inhibit downstream signaling (Fig. 3G). As
expected, Bafilomycin Al treatment rescued LYMTAC-4-induced
KRAS®?P degradation. Unexpectedly, in Bafilomycin Al-treated cells,
LYMTAC-4 still suppressed KRAS“?® downstream signaling even in the
absence of KRAS®? degradation. To rule out that p-ERK
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of stably expressing MTH1-RNF152. Cells were treated with increasing concentra-
tions of LYMTAC-2 for 24 h, and HiBiT levels were measured using Nano-Glo® HiBiT
lytic reagent. Data are representative of three independent experiments, reported
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were pre-treated with BafAl, MG-132, or TAK-243 for 30 min followed by co-
treatment with DMSO or 500 nM LYMTAC-2 for 6 h and subjected to immuno-
blotting with KRAS and tubulin antibodies. Quantified data are representative of
two independent experiments. E KRAS®?® ubiquitylation assay. HA-ubiquitin was
transfected into HCT116, pre-treated with 200 nM BafAl for 30 min, then co-treated
with DMSO or 1uM LYMTAC-2 for 4 h. Next, cells were lysed and subjected to
immunoprecipitation with anti-HiBiT antibody. Whole cell lysate was used as the
input. The respective blots are probed with HA, MTH1, HiBiT, and vinculin anti-
bodies. Data are representative of three independent experiments.

downregulation was due to the pan-KRASi moiety of LYMTAC-4, we
stably co-expressed FKBP127¢V-KRAS“?" and MTH1-RNF152 in HEK293
cells and engaged FKBP12-KRAS with a non-inhibitory FKBP12 ligand
containing LYMTAC-2 (FKBP12 ligand-PEG2-MTH]I ligand). Strikingly,
FKBP12-targeting LYMTAC-2 also suppressed p-ERK signaling irre-
spective of KRAS ubiquitylation and degradation (Fig. 3H). Collec-
tively, these data provide compelling evidence that pathway inhibition

is not due to the inhibitory effect of pan-KRASi-based LYMTACs but
could be attributed to the ability of LYMTACs to affect target biology
beyond target degradation. Overall, the data indicate that LYMTAC-
induced KRAS ubiquitylation and degradation are not uniformly
required for downstream signaling inhibition, while TCF is critical to
suppress p-ERK signaling.
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Fig. 3 | KRAS LYMTACs induce pathway suppression irrespective of KRAS
degradation. A Schematic of complex formation between KRAS®?® and MTH1-
RNF152 in the presence of KRAS-targeting LYMTAC. B Structures of the pan-KRAS
inhibitor and PROTAC C Structures of LYMTAC-3 and LYMTAC-4. D HiBiT cellular
degradation assay in FLAG-MTH1-RNF152-stably expressing, knock-in HCT116
(HiBiT-FKBP127¢'-KRAS®?") cells. Cells were treated with indicated doses of com-
pounds for 24 h and subjected to Nano-Glo® HiBiT lytic assay. Data are repre-
sentative of three independent experiments, reported as the mean + S.E. E Ternary
complex formation assay, AsPC-1 cells stably expressing FLAG-MTH1-RNF152 were
pre-treated with BafAl for 30 min, followed by co-treatment with DMSO or 1uM
LYMTAC-3 or LYMTAC-4 for 4 h and subjected to immunoprecipitation with anti-
FLAG antibody. Whole cell lysate was used as the input. The respective blots are
probed with KRAS, MTH]1, and vinculin antibodies. Data are representative of two
independent experiments. F AsPC-1 cells stably expressing FLAG-MTH1-RNF152

pro—

Tubulin

\
J50

were treated with DMSO or 100 nM of the indicated compounds for 24 h and
subjected to immunoblotting with KRAS, pERK, ERK, and vinculin antibodies.
Quantified data are representative of two independent experiments. G AsPC-1 cells
stably expressing FLAG-MTH1-RNF152 were treated with 100 nM KRAS inhibitor,
100 nM PROTAC, or 100 nM LYMTAC-4 for 6 h. For control experiments with
LYMTAC-4, cells were pretreated with MTH1-ligand or BafAl for 30 min, followed by
co-treatment in the absence or presence of 100 nM LYMTAC-4 for 6 h, and sub-
jected to immunoblotting with KRAS, p-ERK, ERK, and vinculin antibodies. Quan-
tified data are representative of two independent experiments. H HEK293 cells
stably expressing HiBiT-FKBP12-KRAS®?® and FLAG-MTHI-RNF152 were pre-treated
with 1uM TAK-243 for 30 min followed by DMSO or 1M LYMTAC-2 treatment for
6 h. The respective blots are probed with KRAS, p-ERK, ERK, and tubulin antibodies.
Quantified data are representative of two independent experiments.

KRAS relocalization and lysosomal degradation using LYMTAC
lead to deeper pathway suppression and potent cell killing
compared to SMI

The observation that signaling downstream of KRA can be
modulated by LYMTACs even in the absence of KRAS®?® degradation
prompted us to further explore whether quantitative relocalization of
KRAS from the plasma membrane to the lysosome could be driving
this effect (Fig. 4A). To address this hypothesis, we generated
mNeonGreen-KRASY" stably expressing HEK293 cells to allow for
subcellular KRAS tracking by confocal microscopy. After generating

SGIZD

the cell line, we also verified in a CHX assay that addition of the
mNeonGreen tag does not significantly alter the half-life of KRAS
(Supplementary Fig. 6). Pre-treatment of these cells with Bafilomycin
Al followed by LYMTAC-4 revealed rapid and marked KRAS relocali-
zation from the plasma membrane followed by co-localization with
RNF152 and the lysosomal marker LAMPI (Fig. 4B). This was specific for
LYMTAGCs, as this phenotype was absent in cells treated with pan-
KRASi or PROTAC (Supplementary Fig. 7). We performed time lapse
imaging in HEK293 cells to illustrate the kinetics of LYMTAC-4 induced
KRAS relocalization. Internalization was evident as early as 30 min and
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gradually increased in a time-dependent manner (Fig. 4C). We believe
that the kinetics of relocalization may depend on several factors, such
as the expression levels of MTHI-RNF152 and KRAS in each cell, and the
efficiency of ternary complex formation.

KRAS is a plasma membrane-anchored protein that activates
oncogenic signaling at the membrane via multiple effector proteins*®,
Various attempts to block KRAS trafficking to the plasma membrane
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have been made, yet these approaches have been largely
unsuccessful**~°, In addition, membrane-bound KRAS is susceptible to
pathway rebound driven by upstream receptor tyrosine kinases such
as EGFR, ultimately contributing to therapeutic resistance*>"*2, Given
that LYMTACs display dual functionality in the inactivation of mem-
brane proteins (i.e., via intracellular relocalization and via subsequent
lysosomal degradation), their distinct mechanism of action may offer
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Fig. 4 | KRAS relocalization and lysosomal degradation using LYMTAC lead to
deeper pathway suppression and potent cell killing compared to SMI.

A Schematic of LYMTAC-induced KRAS relocalization from plasma membrane to
lysosome. B KRAS localization analyzed by confocal microscopy. FLAG-MTH1-
RNF152-stably expressing HEK293 mNeonGreen-KRAS "' cells were pre-treated
with 200 nM BafAl for 30 min and then co-treated with DMSO or 1uM LYMTAC-4
for 4 h. Cells were fixed, permeabilized, and immunostained with FLAG and LAMP1
antibodies, followed by appropriate secondary fluorophore-conjugated antibodies.
Nuclei were stained with Hoechst dye. Data are representative of two independent
experiments. C Kinetics of LYMTAC-4 induced KRAS relocalization. FLAG-MTHI-
RNF152-stably expressing HEK293 mNeonGreen-KRAS "' cells were pre-treated

with 200 nM BafAl for 30 min and then co-treated with 1uM LYMTAC-4. Live cell
images were acquired every 30 min up to 4 h. Puncta formation in each cell is
highlighted with orange, green and pink arrows at each time point. Data are
representative of two independent experiments. D Washout experiment in AsPC-1
cells stably expressing FLAG-MTHI1-RNF152. Cells were treated with 100 nM pan-
KRASi and 100 nM LYMTAC-4 for 4 h, washed three times with PBS and replaced
with fresh media in the absence or presence of 5uM MTHI-ligand for 48 h. Quan-
tified data are representative of two independent experiments. E pan-KRAS;i,
PROTAC, and LYMTAC-4 activity in a 5-day cell proliferation assay in AsPC-1 cells
stably expressing MTHI-RNF152. Data are representative of three independent
experiments, reported as the mean +S.E.

multiple advantages in overcoming some of the limitations com-
monly seen with current therapies. We explored this possibility by
measuring pathway rebound upon drug withdrawal. AsPC-1 cells
were treated with pan-KRASi or LYMTAC-4 for four hours, excess
compound was washed away, and fresh media was added for 48 h
before analysis. Consistent with the reported KRASi-induced signal-
ing rebound, we observed a p-ERK signal rebound after 48 h in the
pan-KRASi-treated samples (Fig. 4D). Strikingly, LYMTAC-4 induced
sustained KRAS®?® degradation and delayed rebound of p-ERK sig-
naling compared to pan-KRAS:i (Fig. 4D). Excess MTH1 ligand rescued
KRAS®?® degradation and p-ERK inhibition, indicating that this effect
was on target and dependent on RNF152 (Fig. 4D). Notably LYMTAC-
4 suppressed downstream p-ERK signaling similarly to a highly
optimized clinically used KRASi, MRTX1133, that does not display
p-ERK signaling rebound after washout (Supplementary Fig. 8). Given
that LYMTAC-4 maintained prolonged signaling inhibition, we
sought to further monitor the effect of LYMTACs on AsPC-1 cell
proliferation. Importantly, the depth of pathway suppression also
translated phenotypically as LYMTAC-4 demonstrated improved cell
killing compared to both KRASi and PROTAC (Fig. 4E). This potent
cell killing could be attributed to the multi-pharmacology displayed
by LYMTACs via KRAS relocalization, sustained p-ERK inhibition, and
lysosomal degradation.

Expansion of the LYMTAC platform to other LMPs
To demonstrate the generality of our platform, we targeted additional
LMP effectors beyond RNF152. We focused on LAMPT4a and LAPTMS,
two LMPs that associate with the NEDD4-1 E3 ubiquitin ligase at the
lysosome membrane through PY motifs (Fig. 5A)”*. After generating
cells stably expressing MTHI-tagged LAPTM4a and LAPTMS5, we first
performed a cycloheximide assay in HEK293 cells to confirm their
short-lived nature. The data indicate that both MTH1-LAPTM4a and
MTHI-LAPTMS are rapidly degraded within four hours in HEK293 cells
(Supplementary Fig. 9). Similarly to HEK293 cells, HCT116 cells stably
expressing MTHI-tagged LAPTM4a or LAPTM5 showed rapid LMP
turnover in a ubiquitin and lysosome-dependent manner (Fig. 5B, C).
Having confirmed the fast turnover of MTH1-LAPTM4a and MTHI1-
LAPTMS, we next asked whether these two LMPs can induce target
protein degradation in a LYMTAC-dependent manner. To this end, we
utilized HiBit-FKBP127¢V-KRAS®®® knock-in HCT116 cells and stably
expressed MTH1-LAPTM4a or MTHI-LAPTMS. Consistent with results
seen for MTHI-RNF152, both MTHI-LAPTM4a and MTHI-LAPTMS5
induced potent KRAS®?® degradation in a LYMTAC-2-dependent
manner (Fig. 5D), validating these two LMPs as effectors for the LYM-
TAC technology. To verify the mechanism of action for LAPTM5-based
LYMTACs, HCT116 cells were treated with lysosomal (Bafilomycin Al),
proteasomal (bortezomib), and ubiquitin E1 (TAK-243) inhibitors prior
to LYMTAC-2 treatment and subjected to immunoblotting. Consistent
with RNF152-recruiting LYMTACs, LAPTM5-induced KRAS?® degra-
dation was rescued by both lysosome and ubiquitin E1 inhibitors, but
not proteosome inhibitor (Fig. 5E). To further understand the
ubiquitin-dependent mechanism of action, cellular ubiquitylation
assays were performed. As expected, LAPTM5 formed a ternary

complex with KRAS“®® and induced KRAS'*® ubiquitylation in the
presence of LYMTAC-2 (Fig. 5F).

Finally, to expand LMPs that can be harnessed for LYMTAC
development, we generated MTH1-LAPTM4a expressing AsPC-1 cells
and confirmed the rapid degradation of this construct as had been
observed with prior LMP (Supplementary Fig. 10). We further con-
firmed that KRAS®?" levels were unaffected by overexpressing either
MTHI1-RNF152 or MTHI-LAPTM4a in the absence of LYMTAC molecules
(Supplementary Fig. 10). Similarly to RNF152, LAPTM4a formed a
productive ternary complex with KRAS“'?® in the presence of LYMTAC-
4 (Supplementary Fig. 11). Moreover, LAPTM4a-recruiting LYMTAC-4
induced KRAS®?® degradation and p-ERK inhibition in AsPC-1 cells
without affecting the levels of MTH1-LAPTM4a (Fig. 5G and Supple-
mentary Fig. 12). To further verify the mechanism of action, cells were
treated with either pan-KRASi or MTHI-ligand prior to LYMTAC-4
treatment. The ligand competition data indicate that LYMTAC-induced
KRAS®?" degradation and p-ERK inhibition are LAPTM4a-dependent
and require a ternary complex between KRAS®?® and LAPTM4a.

In summary, we describe here a SM-based LYMTAC platform
that functions by repurposing short-lived lysosomal membrane
protein effectors to induce membrane protein relocalization and
subsequent degradation. Using a promiscuous kinase inhibitor-
based LYMTAC, we demonstrate that LYMTACs preferentially deli-
ver membrane kinases for lysosomal degradation. The observed
substrate selectivity was a differentiating feature of LYMTAC-driven
degradation when compared to cytosolic and nuclear protein
degradation by a promiscuous kinase inhibitor-based PROTAC. The
selectivity of LYMTACs towards membrane-associated proteins is
likely explained by their natural turnover in the lysosome and con-
tinuous flux in the membrane trafficking pathways that offer
opportunities for these membrane proteins to be captured by LMPs.
Furthermore, using oncogenic KRAS®'? as a therapeutically relevant,
membrane-associated target, we demonstrated that LYMTACs
induce sustained pathway inhibition and potent cell killing as com-
pared to a KRAS inhibitor. Notably, LYMTAC-induced KRAS reloca-
lization from the plasma membrane to the lysosome is sufficient to
suppress downstream signaling. While we observe a lack of complete
KRAS degradation (Dp.x -50-60%) with LYMTACs, we observe
quantitative relocalization of KRAS from plasma membrane to lyso-
somes, potent inhibition of p-ERK signaling, and cytotoxicity.

Our proof-of-concept results demonstrate that the LYMTAC
technology could be an effective strategy to sequester KRAS away
from the plasma membrane. This is reminiscent of proximity-inducing
modalities that have recently been shown to modulate target protein
via non-degradative mechanisms such as relocalization and
sequestration® . In addition to the in-depth characterization of
RNF152, we validated the LYMTAC technology with other LMPs such as
LAPTM4a and LAPTMS, clearly demonstrating the potential compat-
ibility of many more LMPs with LYMTAC technology. Overall, LYM-
TACs are a small molecule proximity-based platform that function
intracellularly to inhibit oncogenic signaling through multi-pharma-
cology, including relocalization (occupancy-driven pharmacology)
and lysosomal degradation (event-driven pharmacology) of
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membrane proteins (Fig. 6). Other modalities such as LYTACs, PRO-
TABs, and AbTACs have also emerged as novel platforms to regulate
the membrane proteome. A potential advantage of LYMTAC com-
pared to existing antibody-based technologies would be that 1) LYM-
TAC is a small molecule-based platform with dual mechanism of action
and engages membrane targets from the cytosolic side, and 2) has the
potential to target both integral membrane and membrane-anchored

proteins for relocalization and lysosomal degradation. However,
compared to LYTACs, LYMTACs are unable to target extracellular
proteins for degradation.

While we introduce LYMTAC as a chemical biology-driven proof-
of-concept study, these MTH1-derived LYMTAC tool molecules can be
utilized in fundamental research to functionally characterize the effect
of target protein relocalization and lysosomal degradation.
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Fig. 5| Expansion of LYMTAC platform to other LMPs. A Schematic of Lysosome
Membrane Proteins (LMPs). B CHX assay in FLAG-MTHI1-LAPTM4a-stably expres-
sing HCT116 cells. Cells were pre-treated with DMSO, 200 nM Bafilomycin Al
(BafAl), or 1uM E1 inhibitor (TAK-243) for 30 min, followed by co-treatment with
CHX for 4 h. Cells were harvested at O h to include as a control. Cells were lysed and
subjected to immunoblotting with MTHI and vinculin antibodies. Quantified data
are representative of two independent experiments. C CHX assay in FLAG-MTHI-
LAPTMS-stably expressing HCT116 cells. Quantified data are representative of two
independent experiments. D HiBiT cellular degradation assay in FLAG-MTH1-
LAPTM4a- and FLAG-MTHI1-LAPTMS5-stably expressing HCT116 (knock-in-HiBiT-
FKBP12¢V-KRAS®?> (HF-KRAS)) cells. Cells were treated with increasing con-
centrations of LYMTAC-2 for 24 h, and HiBiT levels were measured using Nano-Glo®
HiBIT lytic reagent. Data are representative of three independent experiments and
reported as the mean + S.E. E HCT116 (HF-KRAS) cells stably expressing FLAG-

MTHI-LAPTMS were pre-treated with BafAl, 2 BTZ, or TAK-243 for 30 min, followed
by co-treatment with DMSO or 500 nM LYMTAC-2 for 6 h and subjected to
immunoblotting with KRAS and tubulin antibodies. Quantified data are repre-
sentative of two independent experiments. F KRAS ubiquitylation assay. HA-
ubiquitin was transfected into HCT116 expressing FLAG-MTHI-LAPTMS, which were
pre-treated with 200 nM BafAl for 30 min, followed by co-treatment with DMSO or
1uM LYMTAC-2 treatment for 4 h. Next, cells were lysed and subjected to immu-
noprecipitation with anti-HiBiT antibody. Whole cell lysate was used as the input.
The respective blots were probed with HA, MTH1, HiBiT, and vinculin antibodies.
Data are representative of two independent experiments. G AsPC-1 cells stably
expressing FLAG-MTHI1-LAPTM4a were pre-treated with either pan-KRAS inhibitor
or MTHL1 ligand, followed by DMSO or 100 nM LYMTAC-4 treatment for 6 h. Cells
were lysed and subjected to immunoblotting with KRAS, pERK, and tubulin anti-
bodies. Quantified data are representative of two independent experiments.
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Fig. 6 | LYMTACs display multi-pharmacology. LYMTAC is an SM-based, proximity-inducing modality that functions intracellularly to relocalize and degrade membrane
proteins via the lysosome. LYMTACs inhibit POI signaling via relocalization and subsequent lysosomal degradation.

Identification of potent and selective ligands for short-lived LMPs
remains a key challenge to advance the LYMTAC technology beyond
the chemical biology concept presented here. We speculate that
techniques such as DNA-encoded library screening, chemopro-
teomics, and fragment-based library screening will facilitate the dis-
covery of ligands for multiple lysosomal membrane proteins in the
future. Similarly to the challenges encountered with PROTAC delivery
in animal models, extensive optimization will be required to deliver
LYMTAC:s into animal models in the future. Future work should focus
on understanding the target scope, LMP space (including cell-type
specificity), and ligand discovery for LMPs to enable the LYMTAC
technology for therapeutic development.

Methods

Cell lines

Human embryonic kidney 293 (HEK293), AsPC-1, and HCT116 cells were
obtained from ATCC. HEK293 cells were cultured in DMEM (Gibco)
supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS)
and 1% penicillin/streptomycin (Pen/strep) (v/v). AsPC-1 and HCT116
cells were grown in RPMI media supplemented with 10% FBS and 1%
Pen/strep. Jump-In™GripTite™ HEK293 cells (A14150) were obtained
from Invitrogen and grown in DMEM Glutamax supplemented with 10%
FBS, 0.1 mM NEAA, 25 mM HEPES, 1x Pen/strep, 600 ug/mL Geneticin.
Cells were cultured at 37 °C and 5% CO, in a humidified incubator and
regularly screened for mycoplasma contamination.
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Antibodies and reagents

Antibodies against MTH1 (43918), FLAG (14793), Vinculin (13901),
Tubulin (2144), pERK (9101), ERK (4695), PTK2 (3285), EPHA2 (6997),
HA (3724), LAMP1(15665), and GAPDH (2118) were purchased from Cell
Signaling Technology. HiBiT antibody (N7200) was obtained from
Promega, and KRAS antibody (LS-C175665) was purchased from LSBio.
RNF152 antibody (PA5-95817) was purchased from Invitrogen. Alexa
Fluor 568 (A11011) and Alexa Fluor 647 (A32728) conjugated secondary
antibodies and Hoechst 33342 stain (H3570) were purchased from
Invitrogen. Amersham ECL Rabbit IgG, HRP-linked whole secondary Ab
(from donkey) (NA934) and Amersham ECL Mouse IgG, HRP-linked
whole secondary Ab (from sheep) (NA931) were purchased from
Cytiva. RIPA Lysis and Extraction Buffer (89900) and IP-lysis buffer
(87787) were purchased from ThermoScientific. Protease inhibitor
cocktail (11873580001) was obtained from Roche, and phosphatase
inhibitor cocktail (A32957) were obtained from ThermoScientific. 1,10-
phenanthroline monohydrate (55543), N-ethylmaleimide (S3692), and
M3814 (S8586) were purchased from Selleckchem. PR-619 (4482) was
purchased from Tocris. Nano-Glo® HiBiT lytic detection reagent
(N3040) was purchased from Promega, and CyQUANT™ direct cell
proliferation assay (C35011) was obtained from Invitrogen. Bafilomycin
Al (54645), MG-132 (2194) and Cycloheximide (2112) were purchased
from Cell Signaling Technology. TAK-243 (HY-100487) and Bortezo-
mib (HY-10227) were obtained from MedChemExpress. Puromycin
(ant-pr-1), blasticidin (ant-bl-05), and Geneticin (ant-gn-1) were pur-
chased from InvivoGen. Pierce™ Anti-DYKDDDDK (FLAG) Magnetic
Agarose beads (A36797) and 16% Formaldehyde (28906) were pur-
chased from ThermoScientific. Protein G Magnetic Sepharose beads
(28951379) were obtained from Cytiva. 8-well Ibidi dishes (80826) were
purchased from Ibidi, and 4X NuPAGE™ LDS sample buffer (NPO007)
was purchased from Invitrogen.

Plasmids

HA-ubiquitin cDNA in pcDNA3.1+ vector was obtained from GenScript.
FLAG-MTHI-RNF152, FLAG-MTHI-LAPTM4a, and FLAG-MTHI-LAPTMS5
cDNA were cloned into the pGenLenti-puro vector (GenScript). Lenti-
virus particles were used to transduce HEK293, HCT116, and AsPC-1
cells and generated stable cells expressing different MTH1 fusions.

Generation of endogenously tagged KRAS*?’(HiBiT-FKBP12"¢"-
KRAS®?") in HCT116 cells

HCT116 cells have a heterozygous G13D mutation on the endogenous
KRAS locus. To generate HCTI116 cells with N-terminal HiBiT-
FKBP12"*VKRAS®?" homozygous clones, a cutting site was designed
near the endogenous KRAS GI2 locus (guide RNA: 5-aaacttgtgg-
tagttggagc-3’). The HDR template was designed to contain the BSD-
P2A-HiBiT-FKBP127¢ insertion and the G12D mutation simultaneously
and de novo synthesized at GenScript. To generate the homozygous
clones, HCT116 were seeded overnight in 12-well plates at 6x10° cells
per well overnight. The next day, cells were transfected with a mixture
of 4x plasmids containing guide RNA, CRISPR enzyme, HDR template,
and i53 HDR enhancer®®. Six hours after transfection, cells were pas-
saged 1:8 into 6 well plates with 2.5mL culture medium with 1pM
M3814 as another HDR enhancer. One day later, the media was
replaced with media containing 2 pg/mL puromycin (the guide RNA
plasmid contains a puromycin-resistant gene for selection) and 1 pM
M3814 for another 2 days. The media was then replaced with media
containing 20 pg/mL blasticidin to select cells with endogenous KRAS
tagging for 2 days. The cell pool was further recovered in regular
medium for 2 days and were used for single cloning. For single cloning,
approximately 500 cells were plated on a 10 cm dish in tissue culture
media and allowed to grow for approximately one week. Single colo-
nies were isolated and transferred to a 96-well plate using a stereo-
microscope and 20 pL pipette tips. Single clones were identified with
genomic PCR and subjected to Sanger sequencing to confirm

homozygous HiBiT- FKBP127¢" tagging and GI2D mutation at the
N-terminus of endogenous KRAS.

Generation of HEK293, HCT116 (KI HiBiT-FKBP12-KRAS), and
AsPC-1 cells stably expressing MTHI fusions

To generate RNF152-expressing cells for global proteomics analysis,
HEK293 cells were transduced with lentivirus particles containing
FLAG-MTHI-RNF152 in the presence of polybrene (10 ug/mL). The cells
were selected using 2 ug/ml puromycin for 2 weeks to generate stable
cells, and MTHI-RNF152 expression was verified using immunoblot-
ting. FLAG-MTHI1-LAPTM4a and FLAG-MTHI-LAPTMS stably expres-
sing HEK293 cells were generated, similar to RNF152. To generate
effector-expressing HCT116 (KI HiBiT-FKBP12™¢V'KRAS®?®) cells, cells
were separately transduced with lentivirus particles containing FLAG-
MTHI1-RNF152, FLAG-MTHI-LAPTM4a, and FLAG-MTHI-LAPTMS,
selected using 2 ug/mL puromycin for 2 weeks and verified stable
expression via immunoblotting. To generate effector-expressing
AsPC-1 cells, cells were transduced with lentivirus particles contain-
ing FLAG-MTHI-RNF152 or FLAG-MTHI-LAPTM4a, selected using
1.5 pg/mL puromycin for 2 weeks and effector expression was verified
via immunoblotting.

Generation of HEK293 cells stably co-expressing HiBiT-
FKBP12¢V-KRAS®* and MTH1-RNF152 fusion

To generate HiBiT-FKBP12*VKRAS“?®® stably expressing Jump-
In™GripTite™ cells, HiBiT-FKBP12"*VKRAS®?® ¢cDNA was cloned into
pJTI™ R4 Dest CMV pA vector. This plasmid was co-transfected with
pJTI™ R4 Int vector into Jump-In™GripTite™ HEK293 cells. After
transfection, cells were selected using 10 ug/mL blasticidin to obtain
single cell clones. HiBiT-FKBP127¢VKRAS“? expression was verified by
immunoblotting and HiBit assay. To generate effector expressing cells,
HiBiT-FKBP12"VKRAS“?" stable cells were transduced with lentivirus
particles containing FLAG-MTHI-RNF152 in the presence of 10 pg/mL
polybrene. The cells were selected using 2ug/mL puromycin for
2 weeks to generate stable cells and MTHI-RNF152 expression was
verified using immunoblotting.

Generation of HEK293 cells stably co-expressing mNeonGreen-
KRASYT and MTH1-RNF152

To generate mNeonGreen-KRAS"" stable cells, mNeonGreen-KRASW'
cDNA was cloned into pJTI™ R4 Dest CMV pA vector. This plasmid was
co-transfected with pJTI™ R4 Int vector into Jump-In™GripTite™
HEK293 cells. After transfection, cells were selected for two weeks
using 5pug/mL blasticidin, and clones were obtained by single-cell
sorting. mNeonGreen-KRASY" expression was verified by immuno-
blotting and microcopy analysis. To generate effector-expressing cells,
mNeonGreen-KRAS cells were transduced with lentivirus particles
containing FLAG-MTH1-RNF152 in the presence of 10 ug/mL polybrene.
The cells were selected using 2 ug/mL puromycin for 2 weeks to gen-
erate stable cells, and MTHI-RNF152 expression was verified using
immunoblotting.

Cell lysis and immunoblotting

After the desired treatments, cells were washed 2X with PBS, trypsi-
nized, and harvested as cell pellets. Cell pellets were lysed in RIPA
buffer supplemented with 1X protease and 1X phosphatase inhibitor
cocktail, incubated on ice for 20 min, and the cell lysate was clarified by
centrifugation. Lysate was then mixed with 4X NuUPAGE™ LDS Sample
Buffer supplemented with 10% [3-mercaptoethanol, boiled at 95 °C, and
proteins were separated on 4-20% Criterion TGX precast gradient gels
(Bio-Rad) and transferred to PVDF membrane. Next, the blots were
incubated with blocking buffer (5% (w/v) nonfat dry milk in TBST (0.1%
Tween-20, 20mM Tris-HCI pH 7.6, 150 mM NaCl) for 1h at room
temperature, followed by overnight incubation with primary anti-
bodies at 4 °C. After primary antibody incubation, membranes were
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washed 3X with TBST and incubated with HRP-conjugated secondary
antibodies for 1h at room temperature. Membrane was washed 3X
with TBST, developed using ECL or Super Signal West Femto substrate
(ThermoFisher), and images were acquired using Bio-Rad ChemiDoc
system.

Lysosome membrane protein (LMP) turnover analysis using
cycloheximide assays

HCT116 cells stably expressing MTHI-LMP were seeded at a density of
6 x10° cells per well in a 6-well dish. After 24 h, cells were pre-treated
with DMSO, 200 nM Bafilomycin Al, and 1uM El1 inhibitor (TAK-243)
for 30 min, followed by co-treatment with 100 ug/mL cycloheximide
for 4 h. Cells were harvested at O h to include as a control. After 4 h,
cells were harvested and lysed with RIPA buffer supplemented with
protease inhibitor cocktail and subjected to immunoblotting with the
indicated antibodies.

Quantitative proteomics analysis

HEK293 cells stably expressing MTH1-RNF152 were seeded at a density
of 5x10° cells per well in a 6-well dish. After 24 h, cells were treated
with DMSO, 500 nM LYMTAC-1, and 500 nM PROTAC (TL-12-186) for
19 h. Each treatment was performed in triplicate. Next, cells were
washed 1X with PBS, trypsinized, and harvested. Cell pellet was washed
2X with PBS and subjected to global proteomics analysis.

LC-MS sample preparation

Cell pellets were lysed in 100 pL of lysis buffer (2% SDS, 100 mM Tris-
HCI) and sonicated using an Abcam PIXUL sonicator (50 Hz, 20 min).
The protein concentration of the lysates was determined by the BCA
method (Thermo Fischer Scientific 23225). For each sample, 30 ug of
protein was reduced and alkylated by adding Bond-Breaker TCEP
(Thermo 77720) to a final concentration of 100 mM and chlor-
oacetamide to a final concentration of 500 mM and incubating at 56 °C
for 45 min. The samples were then subjected to the SP3 protocol for
clean-up. Briefly, 30 ug of protein was bound to >300 ug of beads in
80% (v/v) ethanol for 15 min, and then washed three times with 80%
ethanol and once with acetonitrile. The protein-bound beads were
digested with 1.2 ug of Trypsin/Lys-C mix in 50 mM TEAB buffer for 18 h
at 37°C. The beads were removed, and the peptides were dried to
eliminate TEAB. Before LC-MS analysis, the samples were resuspended
in 5% formic acid.

LC-MS analysis method

LYMTAC and PROTAC treatment experiments were performed using
Thermo Scientific Vanquish Neo LC with Thermo Scientific Orbitrap
Eclipse or Evosep One LC with Bruker TIMS-TOF-HT.

Vanquish neo-orbitrap eclipse LC-MS method

Liquid Chromatography (LC) Conditions: The chromatographic
separation was performed using a Thermo Scientific Vanquish Neo LC
system with a Bruker PepSep C18 analytical column (15 cm x 150 um,
1.5 um particle size). The mobile phases were Solvent A (0.1% formic
acid in water) and Solvent B (80% acetonitrile and 0.1% formic acid in
water). The flow rate was set to 1.2 uL/min, and the column was equi-
librated with 0% Solvent B before sample injection. The gradient elu-
tion was programmed as follows: 0% Solvent B from O to 1min,
followed by an increase to 2% Solvent B at 1 min. Subsequently, Solvent
B was linearly ramped up to 24% over the course of 84 min(1-85 min).
After reaching 24%, the percentage of Solvent B was further increased
to 40% over the next 14 min (85-99 min). Finally, Solvent B was rapidly
increased to 95% from 99 to 100 min to wash the column and held at
95% for 4 min (100-104 min) before the flow was returned to the initial
conditions. Column re-equilibration was conducted at 95% Solvent B
for an additional 4 min. The total run time for the method was 104 min,
including the gradient, column wash, and re-equilibration steps.

Mass Spectrometry (MS) Conditions: Mass spec analysis was
performed using a Thermo Scientific Orbirap Eclipse mass spectro-
meter with a variable window DIA method. The MSI scans were
acquired by Orbitrap at a resolution of 60,000 and a mass range set to
m/z 400-1400. The RF lens was set to 60%, and the AGC (Automatic
Gain Control) target was normalized to a value of 200%. The absolute
AGC value was set at 1.0e6, with a custom maximum injection time
of 100 ms.

For the data independent MS/MS (tMS?) analysis, the MS2 scans
were acquired in Orbitrap at the resolution of 15,000, the fragmenta-
tion of precursors was performed by using high-energy collisional
dissociation (HCD) mode at the energy of 33%. The quadrupole was
used for ion isolation, with isolation windows defined by a pre-
determined table (m/z), the variable window definition is in the sup-
plementary material (Table S1). The mass range for the MS/MS scans
was set from m/z 200 to m/* 2000. The RF lens was maintained at 50%,
and the AGC target was normalized to 1000%. The absolute AGC value
was set at 5.00e5.

Evosep One- TIMS-TOF-HT LC-MS method

Peptide separations were performed using the Evosep One 30SPD
method (i.e., a throughput of 30 samples per day) on a Bruker PepSep
C18 analytical column (15 ¢cm x 150 um, 1.5 um particle size). The TIMS-
TOF-HT operated in diaPASEF mode, with ion mobility separation
spanning an inverse reduced mobility (1/Ko) range of 0.7-1.3 V-s/cm?,
mass range from 100-1700 m/z. Both the ramp time and accumulation
time were set to 75 ms, and 36 scan windows were acquired per cycle,
yielding a total cycle time of 0.97 s.

LC-MS data analysis method

Both variable width window DIA and diaPASEF data were searched
against an in-house built human spectral library using DIA-NN (v1.8.2)
with swiss-prot canonical human reference proteome (20221016), two
pass Neural Network was used and with match between run enabled,
protein quant results were analyzed through a custom R script and
applied statistical modeling and hypothesis testing using the limma
package.

HiBiT cellular degradation assay

MTHI1-fusions (MTH1-RNF152, MTH1-LAPTM4a, MTHI-LAPTMS5) stably
expressing HCT116 (knock-in-HiBiT- FKBP12™¢-KRAS“? (HF-KRAS))
cells were seeded at a density of 10,000 cells per well in 96-well plates
(Corning 3904). Next day, cells were treated with DMSO or increasing
concentrations (2.2 nM to 1000 nM) of KRAS PROTAC, LYMTAC-3, or
LYMTAC-4. For HiBiT assays with LYMTAC-2, cells were treated with
DMSO or increasing concentrations (0.001 nM to 100 nM) of LYMTAC-
2. After 24 h, HiBiT assay was performed using Nano Glo-HiBit lytic
reagent according to the manufacturer’s protocol (N3040, Promega).
The luminescence readings were recorded using EnVision plate reader
under the settings Ultra-Sensitive Luminescence (US LUM) and plotted
as a four-parameter non-linear regression curve fit using GraphPad
Prism 8.4.3.

Mechanism of action studies using control compounds

HCT116 (HF-KRAS) cells stably expressing MTHI-fusion were seeded at
a density of 5x10° cells per well in 6-well dishes. Next day, cells were
pre-treated with 200 nM BafAl, 2 uM BTZ or 10 uM MG-132, and 1uM
TAK-243 for 30 min and co-treated with DMSO or 500 nM LYMTAC-2
for 6 h. For PTK2 and EPHA2 rescue experiments, HEK293 cells were
pre-treated with 200 nM BafAl and 10 uM MG-132 for 30 min and co-
treated with DMSO or 500 nM LYMTAC-1 for 19 h. AsPC-1 cells were
pre-treated with 200nM BafAl for 30 min, followed by 100 nM
LYMTAC-4 co-treatment for 6 h. After treatment, cells were lysed in
RIPA buffer and subjected to immunoblotting with the indicated
antibodies.

Nature Communications | (2025)16:7812

12


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-63128-4

Ligand competition experiments

Cells stably expressing MTH1-fusion were seeded at a density of 5 x10°
cells per well in 6-well dishes. HEK293 cells stably expressing MTHI1-
RNF152 were pre-treated with 25 yM MTH1-ligand for 30 min, followed
by co-treatment with 500 nM LYMTAC-1 for 19 h. AsPC-1 cells were
pretreated with 10 yM MTH1-ligand or 10 uM pan-KRAS inhibitor for
30 min, followed by 100 nM LYMTAC-4 co-treatment for 6 h. After
treatment, cells were lysed and subjected to immunoblotting with the
indicated antibodies.

Ternary complex formation assay

For ternary complex assays, AsPC-1 cells stably expressing FLAG-MTH1-
RNF152 or FLAG-MTHI-LAPTM4a were seeded in 10-cm dishes at a
density of 5x10° cells. Next day, cells were pre-treated with BafAl for
30 min, followed by co-treatment with DMSO, 1uM LYMTAC-3, or 1uM
LYMTAC-4 for 4 h. Cells were harvested and lysed in IP-lysis buffer
supplemented with protease inhibitor. Next, the cell lysate was sub-
jected to immunoprecipitation with anti-FLAG magnetic beads over-
night at 4 °C. Then, beads were washed three times with wash buffer
(100 mM Tris-HCI, pH 7.5, 150 mM NaCl, 0.1% Tween-20) and the
samples were subjected to SDS-PAGE and Western blotting. The
respective blots are probed with the indicated antibodies.

Ubiquitylation assays

To probe LYMTAC-induced KRAS ubiquitylation, HCT116 (HF-KRAS +
MTHI1 fusion) were seeded in a 10-cm dish at a cell density of 5x10°
cells. Next day, 4 ug HA-ubiquitin was transfected into HCT116 (HF-
KRAS + MTHI fusion) using Lipofectamine 2000. After 24 h, cells were
pre-treated with 200 nM BafAl for 30 min followed by co-treatment
with DMSO or 1uM LYMTAC-2 for 4 h. Cells were then placed on ice,
washed with ice-cold 1X PBS, and lysed in IP lysis buffer supplemented
with 1X protease inhibitor cocktail, 5 mM 1,10-phenanthroline mono-
hydrate, 10 mM N-ethylmaleimide, and 20 uM PR-619. Then, the lysate
was incubated with 2 g of anti-HiBiT antibody for 20 min at room
temperature. HiBiT antibody incubated lysate was next added to 20 uL
of protein G Sepharose magnetic beads and incubated overnight. After
incubation, beads were washed 3X with wash buffer, and bound pro-
teins were eluted using 2X NUPAGE™ LDS Sample Buffer supplemented
with 10% [B-ME. Proteins were separated in SDS-PAGE and immuno-
blotted with respective antibodies.

Confocal microscopy

For microscopy experiments, HEK293 mNeonGreen-KRAS"" cells sta-
bly expressing FLAG-MTH1-RNF152 were seeded at a density of 15,000
cells per well in 8-well chambered dishes (Ibidi). Next day, cells were
pre-treated with 200 nM BafAl for 30 min and co-treated with 1uM
LYMTAC-4 for 4 h. Then, cells were washed 2X with PBS and fixed with
4% paraformaldehyde in PBS for 15min at room temperature. After
fixing, cells were permeabilized with 0.2% Triton-X-100 in PBS for
10 min at room temperature. Then, cells were incubated with blocking
buffer (3% BSA, 0.2% Triton-X-100 in PBS) for 1 h at room temperature,
followed by overnight incubation at 4 °C with FLAG (1:300 dilution) and
LAMP1 (1:50 dilution) antibodies in antibody dilution buffer (1% BSA,
0.2% Triton-X-100 in PBS). Next day, cells were washed 3X with PBS at
room temperature and incubated with secondary antibodies (1:500
dilution, Alexa Fluor 568 and Alexa Fluro 647) at room temperature for
1h. Next, cells were washed 3X with PBS and stained with Hoechst stain
(3 pg/mL) in PBS for 10 min at room temperature, followed by two PBS
washes. The cells were imaged using a 63x/1.30 NA glycerol immersion
objective lens on an inverted Leica TCS SP8 confocal microscope and
images were analyzed using Leica LAS X software.

Time lapse imaging
HEK293 stably transfected with mNeonGreen-KRASY" and MTHI-
RNF152 were seeded in a 35mm glass-bottom dish with 2mL

Dulbecco’s Modified Eagle’s medium (DMEM; Gibco). After 24 h, cells
were treated with 200 nM BafAl and NucBlue™ Live ReadyProbes™
Reagent for 30 min at 37 °C in 5% CO, medium. Then the media was
replaced with new media (2mL) containing 1puM LYMTAC-4 and
200 nM BafAl, and images were acquired every 30 min up to 4 h. The
cells were imaged using a 63x/1.30 NA glycerol immersion objective
lens on an inverted Leica TCS SP8 confocal microscope, and images
were analyzed using Leica LAS X software.

Washout experiment with LYMTAC-4 in AsPC-1

AsPC-1 cells stably expressing RNF152 were seeded at a density of
4 x10° cells per well in 6-well dishes. After 24 h, cells were treated with
DMSO, 100 nM pan-KRAS inhibitor, or 100 nM LYMTAC-4 for 4h,
removed media, washed three times with PBS, and replaced with fresh
media for 48 h. For LYMTAC-4 treated wells, fresh media was added in
the absence or presence of 5 uM MTHI1-ligand for 48 h. After 48 h, cells
were lysed and subjected to SDS-PAGE and immunoblotting with
respective antibodies.

Cell proliferation assays

AsPC-1 cells stably expressing RNF152 were seeded at a density of 2000
cells per well in 96-well plates. Next day, cells were treated with DMSO
and dose titrations (0.5 nM to 1000 nM) of pan-KRASi, KRAS PROTAC,
or LYMTAC-4. After five days of treatment, cell viability was measured
using CyQUANT™ direct cell proliferation assay reagents following the
manufacturer’s protocol (C35011). The fluorescence readings were
recorded using EnVision plate reader (settings: FITC_bottom, Ex: FITC
FP 480, Em: FITC 535) and plotted as a four-parameter non-linear
regression curve fit using GraphPad Prism 8.4.3.

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

Data availability

Source data are provided with this paper as a Source Data file. All
proteomic data have been uploaded to MaSSIVE repository under the
accession: MSV000096874. Source data are provided with this paper.
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