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Purpose: Antibody-drug conjugates (ADC) harboring topo-
isomerase I (TOP1) inhibitor payloads have improved survival
for patients with metastatic breast cancer. However, knowledge of
ADC resistance mechanisms and potential impact on the se-
quential use of ADCs is limited. In this study, we report the
incidence and characterization of TOPI mutations arising in the
setting of ADC resistance in metastatic breast cancer.

Experimental Design: Patients with metastatic breast cancer
treated with ADCs with available posttreatment plasma-based gen-
otyping were included. TOPI mutation incidence, mutant allele fre-
quency, and functional characterization were assessed, and incidence
was compared with that in patients with metastatic breast cancer not
receiving ADC treatment and in The Cancer Genome Atlas.

Results: Plasma-based genotyping identified distinct TOPI
mutations (S57C, R364H, W401C, and G359E) in 12.9% of pa-
tients (4/31) at the time of disease progression on ADC, com-
pared with 0.7% (3/420) in non-ADC-treated patients with

Introduction

Antibody-drug conjugates (ADC) are innovative therapeutics
designed to deliver highly potent chemotherapy directly to cells
expressing tumor-associated antigens, allowing for efficient payload
delivery while sparing normal tissues (1-3). These agents have been
demonstrated to improve overall survival in patients with metastatic
breast cancer (4). However, despite their general efficacy, patients
typically experience disease progression within less than 1 year on
treatment with ADCs and require a change in treatment. Although
many patients are candidates for multiple ADCs and therefore
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metastatic breast cancer and 0.5% in The Cancer Genome Atlas.
The appearance of mutations was associated with clinical cross-
resistance, as median duration on the first ADC was 455 versus
52 days for the second ADC. The functional characterization of
three novel TOPIl-mutant proteins demonstrated that all
exhibited reduced enzymatic activity, attenuated covalent DNA
binding, and resistance to TOPIL inhibitor ADC payloads
SN38 and deruxtecan.

Conclusions: We describe the recurrent emergence of func-
tionally altered, resistance-associated TOPI mutations in vivo
under selective pressure from ADCs and the potential impact
on mediating cross-resistance to sequential ADCs. TOPI mu-
tation may represent a biomarker of resistance in this setting,
and additional work is needed to optimize biomarkers and ADC
payload design to improve outcomes for the sequential use
of ADCs.

See related commentary by Gwin and Hurvitz, p. 1824

receive sequential ADC treatment, retrospective data have demon-
strated that patients experience shorter time on treatment with a
second ADC. The specific molecular mechanisms driving this ob-
servation are not known (5-7). Previous work has demonstrated
that the complex structure of ADCs provides many opportunities
for resistance, including genetic alterations of the antigen target as
well as the payload target, which we reported developing simulta-
neously in a single individual (8).

At present, two ADCs are approved by the FDA for use in HER2-
low and HER2-negative metastatic breast cancer: trastuzumab der-
uxtecan (T-DXd) and sacituzumab govitecan (SG). T-DXd is tar-
geted against the HER2 protein whereas SG is directed against
TROP2, which are widely expressed in solid tumors (4, 9). Dato-
potamab deruxtecan, also targeting TROP2, has demonstrated
promising results in hormone receptor—positive/HER2-negative
metastatic breast cancer in the recent TROPION-Breast01 study
(10). All three of these ADCs incorporate TOPI inhibitors as their
cytotoxic payloads. Topoisomerases, including topoisomerase I
(TOP1), facilitate DNA replication and transcription by altering
DNA topology, and they are well-established targets for antineo-
plastic therapy (11). TOP1 inhibitors such as camptothecin-based
chemotherapies intercalate at the DNA/TOP1 interface to prevent
the resolution of TOP1-induced single-strand breaks. The resulting
stabilization of the so-called TOP1 cleavage complex (TOP1CC)
ultimately leads to double-strand DNA breaks and subsequent cell
death (11). Rapidly dividing cells, including malignant cells, are
particularly sensitive to TOP1 inhibitors (11, 12). Under the selec-
tive pressure of high-dose TOP1 inhibitors in vitro, a variety of
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Translational Relevance

Antibody-drug conjugates (ADC) targeting HER2 or tro-
phoblast cell-surface antigen 2 (TROP2) and bearing topo-
isomerase I (TOP1) inhibitor cytotoxic payloads are now a
mainstay for the treatment of all subtypes of metastatic breast
cancer. However, the expression of HER2 and TROP2 is a poor
predictor of ADC response, and there are no other clinically
established biomarkers of response or resistance to these agents.
Here, we report recurrent somatic mutations in TOPI in >10%
of patients with metastatic breast cancer treated with
TOP1 inhibitor-bearing ADCs. We demonstrate the association
of these mutations with disease progression and with resistance
to subsequent ADCs with TOPI inhibitor payloads, and we
provide direct evidence that they disrupt TOP1 function and
confer TOP1 inhibitor resistance. These findings have near-term
implications for TOPI mutation detection as a potential clinical
diagnostic, particularly in the now-common clinical setting in
which multiple TOP1 inhibitor ADCs are used sequentially. This
work should also inform the optimal payload design for
future ADCs.

TOPI1 mutations have been described to emerge that confer drug
resistance (11, 13, 14). However, such mutations seem to be ex-
ceedingly rare in the setting of acquired resistance to systemic
TOP1 inhibitors in vivo.

With both of the approved ADCs for HER2-nonamplified met-
astatic breast cancer containing TOP1 inhibitor payloads, cross-
resistance is a concern and could preclude their successful use in
sequence. Retrospective clinical review has demonstrated that when
patients receive sequential ADCs, the duration of response on their
first ADC (ADC1) exposure is often substantially longer than the
second ADC (ADC2; ref. 5). Multiple mechanisms may account for
this observation, including alterations in target antigen expression,
deregulated endolysosomal processing of the ADC, and payload
efflux or alteration. Clinical evidence suggests that payload resis-
tance may be particularly important, as higher response rates have
been observed with a second ADC when an alternative payload was
used (15, 16). Here, we report the emergence and characterization of
TOPI1 mutations associated with treatment resistance in patients
receiving sequential TOP1 inhibitor ADCs for metastatic breast
cancer.

Materials and Methods

Patient cohorts and plasma-based tumor genotyping

Patients undergoing ctDNA testing using the GuardantOMNI
assay performed for any tumor type as a part of usual clinical care at
Massachusetts General Hospital (MGH) have results cataloged. This
database was queried for all patients who had identified TOPI
mutations found on ctDNA. This list was cross-referenced for all
patients at MGH who received therapy for metastatic breast cancer.
The cohort of “ADC patients” was defined as all patients treated
with any ADC for metastatic breast cancer who had post-ADC
ctDNA available within this database. The cohort of “patients with
metastatic breast cancer” included all patients with metastatic breast
cancer who had ctDNA testing available within this database.
Testing for patients in these cohorts was performed between
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September 2020 and January 2024. All patients (or guardians)
provided written informed consent under Institutional Review
Board-approved protocols in accordance with the Declaration of
Helsinki.

The GuardantOMNI platform was used for plasma-based
genotyping/cell-free DNA (cfDNA) analysis. Testing was per-
formed at Guardant Health, Inc., a Clinical Laboratory Improve-
ment Amendments—certified, College of American Pathologists—
accredited, and New York State Department of Health-approved
laboratory. The 2.145 Mb GuardantOMNI assay identifies single-
nucleotide variants and insertions and deletions in 496 genes, copy-
number amplifications (106 genes), fusions (21 genes), micro-
satellite instability (MSI)-high status, and tumor mutational burden
(17, 18). The validation of plasma tumor mutational burden and
MSI has been previously described (19, 20). The Research Resource
Identifier (RRID) for The Cancer Genome Atlas is SCR_003193.

Mutation quantitation

Whole blood was collected by routine phlebotomy in two 10-mL
Streck tubes. Plasma was separated within 1 to 4 days of collection
through two different centrifugation steps (the first at room tem-
perature for 10 minutes at 1,600 X g, and the second at 3,000 x g for
the same time and temperature). Plasma was stored at —80°C until
cfDNA extraction.

Pretreatment tissue was collected at MGH in Boston, MA. The
SNaPshot assay involves performing next-generation sequencing
using anchored multiplex PCR, which identifies gene variants,
rearrangements, insertions, and deletions (21). This assay was used
to extract tissue nucleic acid that was amplified.

cfDNA was extracted from the stored plasma using QIAamp
Circulating Nucleic Acid Kit (QIAGEN) with a 60-minute pro-
teinase K incubation period at 60°C. All other steps were performed
as described in the manufacturer’s instructions.

Digital droplet PCR (ddPCR) analysis for mutation quantification
was performed using a DNA template (up to 10 uL and 20 ng per
specimen) along with 10 uL. ddPCR Supermix for Probes (Bio-Rad)
and 2 pL custom primer/probe mixture. The combination was in-
tegrated with a DG8 cartridge and 60 uL Droplet Generation Oil for
Probes (Bio-Rad) to generate droplets, which were then moved to a
96-well plate (Eppendorf). Thermal cycling was performed under
the following conditions: 10 minutes at 95°C, 40 cycles at 94°C for
30 seconds, 55°C (with a few grades of difference among assays) for
1 minute, and then 98°C for 10 minutes (ramp rate 2°C/second). The
QX200 Droplet Reader (Bio-Rad) was used for droplet analysis and
for fluorescent measurement of FAM and HEX probes. Positive and
negative controls were used for the gating and identification of
mutant populations. The QuantaSoft analysis software was used for
data analysis and to calculate a mutant allele frequency (MAF). The
quantification of the target molecule is described as the total copy
number [mutant and wild-type (WT)] per sample. The MAF was
calculated as follows: MAF% = [Nmut/(Nmut + Nwt) x 100], in
which Nmut is the number of mutant alleles and Nwt is the number
of WT alleles. Reference tumor mutations were selected by preva-
lence or previously known association with malignancy. Normal
control human gDNA and no DNA template controls were always
included. Probe and primer sequences are available upon request.

Cell lines and reagents

All cell lines were obtained from the ATCC and the MGH Center
for Molecular Therapeutics cell bank. Cells underwent high-density
SNP typing for identity authentication and were verified to be
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Mycoplasma-free using MycoBlue Mycoplasma Detector (Vazyme,
D101-01). All experiments shown were performed within a passage
of <6 months from the acquisition of all cell lines. Cells were
cultured at 37°C at 5% CO, in RPMI 1640 medium (Corning,
10-041-CV) containing 1% penicillin-streptomycin (Thermo Fisher
Scientific, 15140122) and 10% FBS (Gibco, 26140079). TOP1
knockout (KO) virus was generated as previously mentioned using
the TOP1 single-guide RNA CRISPR/Cas9 All-in-One Lentivector
(Applied Biological Materials, 47302111). FLAG-tagged TOP1 car-
rying silent mutation for genomic DNA-targeting sequence and
lentiviral vectors carrying red fluorescent protein (GeneUniversal)
were transfected into HEK293T cells (RRID: CVCL_0063) with
LV-MAX Lentiviral Packaging Mix (Thermo Fisher Scientific, A4237)
using Lipofectamine 3000 Transfection Reagent protocol (Invitrogen,
L3000031). After 48 hours, virus-containing media were collected and
filtered using a 0.45-pumol/L pore filter (Millipore, SLHVR33RS). Pa-
rental or TOP1 KO HCC1806 (RRID: CVCL_1258) cells were
transduced using filtered viral media with 8 pg/mL Polybrene
(Sigma, TR-1003). Viral media were removed 24 hours later. The
infected cells were collected, resuspended in 2% FBS in Dulbecco’s
PBS (Gibco, 14190250), and sorted by FACS based on red fluores-
cent protein expression levels. TOP1-mutant KO cell lines were then
selected using puromycin (1 pg/mL) for 5 days.

Immunoprecipitation and Western blotting

Immunoprecipitation (IP) was performed using Pierce Magnetic
IP Kit (Thermo Fisher Scientific, 88804). Briefly, cells were lysed in
IP lysis buffer with protease/phosphatase inhibitor cocktail (Cell
Signaling Technology, 5872) for 30 minutes. The lysates were son-
icated and centrifuged at 13,000 x g to remove debris. The lysates
were incubated overnight with FLAG antibody (Invitrogen, MA1-
91878, RRID: AB_1957945) and beads. The eluates were pH-
neutralized and stored for Western blot confirmation and further
experiments. For whole-cell lysates, cultured cells were lysed with
1x SDS lysis buffer (GenScript, MB01015) and were subjected to
standard SDS-PAGE. The primary antibodies included anti-FLAG
(Cell Signaling Technology, 8146, RRID: AB_10950495), anti-TOP1
(Abcam, 109374, RRID: AB_10861978), and anti-B-actin (Cell
Signaling Technology, 3700, RRID: AB_2242334).

DNA relaxation assay

Immunoprecipitated TOP1 protein functional activity was assessed
using Human Topoisomerase I Assay Kit (TopoGEN, TG1015)
according to the manufacturer’s protocol. The reaction mixture (20 uL)
included 0.25 ng of pHOT1 DNA and indicated volumes of TOP1 WT
and mutant extracts mixed in the reaction buffer (10 mmol/L Tris-HCI,
pH 7.9, 1 mmol/L EDTA, 0.15 mol/L NaClI, 0.1% BSA, 0.1 mmol/L
spermidine, and 5% glycerol). The reaction mixtures were prepared on
ice. After 30 minutes of incubation at 37°C, the reaction was terminated
by the addition of the stop buffer (0.125% bromophenol blue, 25%
glycerol, and 5% sarkosyl). The samples were then subjected to 1%
agarose gel electrophoresis, stained with 1x GelRed, and visualized on
ChemiDoc (Bio-Rad). Quantifications were performed using Image]
(RRID: SCR_003070).

Proliferation and drug sensitivity assays

Cells were seeded in a 96-well plate (2,000-3,000 cells per well)
and allowed to attach overnight. The following day, the cells were
treated with the indicated doses of SN38 (Tocris, 2684) and main-
tained under physiologic conditions. Cells were imaged every
6 hours using the Incucyte S3 Live-Cell Analysis System (Sartorius).
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Viable cell proliferation graphs were generated using the Incucyte
image analysis software from 10X phase images. Percent well con-
fluency values were normalized to control wells to calculate relative
cell numbers. Relative cell numbers were normalized to WT before
reaching confluency and graphed in GraphPad Prism 8 (GraphPad
Software Inc., RRID: SCR_002798). After 3 to 4 days, cell viability
was assessed using CellTiter-Glo assay (Promega, G9241) according
to the manufacturer’s protocol.

TOP1 DNA-binding assay

The detection of DNA-bound TOP1 was performed according to
the published protocol with minor modifications (22). Cells
(0.6 million) were seeded in a 60-mm dish and allowed to attach
overnight. The next day, cells were treated with 0.25 pmol/L
SN38 for 15 minutes. The media were quickly aspirated, and the
cells were lysed with DNAzol (Invitrogen, 10503027). Cells were
collected by scraping and transferred into an Eppendorf tube. Cold
100% ethanol was added to precipitate the DNA. Samples were
vortexed briefly and incubated at —20°C for 10 minutes. The DNA
was pelleted at 10,000 rpm for 10 minutes at 4°C. After removing the
supernatant, the DNA pellet was washed twice with cold 70% eth-
anol and then resuspended in 8 mmol/L NaOH. Concentrations
were quantified using NanoDrop and then normalized. The samples
were then loaded into a dot blot apparatus and then probed using
anti-FLAG (Cell Signaling Technology, 8146, RRID: AB_10950495),
anti-TOP1 (Abcam, 109374, RRID: AB_10861978), and anti-dsDNA
(Abcam, 27156, RRID: AB_470907) antibodies.

y-H2AX assessment by flow cytometry

The detection of y-H2AX foci was performed using eBioscience
Foxp3/Transcription Factor Staining Buffer Set (Invitrogen, 00-5523-00)
and assessed via flow cytometry. Cells (0.05 million) were seeded in
a 12-well plate and allowed to attach overnight. The next day, cells
were treated with 0.8 nmol/L SN38 for 24 hours. Cells were tryp-
sinized, washed with PBS, and then underwent staining as per the
manufacturer’s intracellular staining protocol with minor modifi-
cations. After fixation and permeabilization, the samples were
blocked using 2% FBS for 15 minutes at room temperature. Samples
were then stained with Anti-phospho Histone H2A.X Alexa
Fluor 488 Conjugate Antibody (MilliporeSigma, 6A2770, RRID:
AB_309864) for 30 minutes at room temperature. After washing,
the samples were stained with 4,6-diamidino-2-phenylindole
(Sigma, 10236276001, RRID: AB_2629482) at 1 ug/mL and imme-
diately subjected to flow cytometry. Data were analyzed using
Flow]Jo v10.8 Software (BD Life Sciences, RRID: SCR_008520).

Data availability

Deidentified patient data reported in the article may be requested
from the corresponding authors and will be available for up to 6 years
after publication. The release of deidentified data involves a formal
review process that includes ensuring that any transfer is in compliance
with the Institutional Review Board. The requesting investigator will be
required to sign a data release form prior to transfer. Raw data sup-
porting the figures and graphs as well as full blots are available from the
authors upon request.

Results

Frequency of TOP1 mutations
To understand the incidence of TOPI mutations in patients who
have received ADCs for metastatic breast cancer, we identified all
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Table 1. Baseline characteristics of ADC patients with and without TOP7 mutations.

ADC patients with
TOP1 mutations (n, %),

ADC patients without
TOP1 mutations (n, %),

Characteristics totaln =4 total n = 27
Age (median) 54.9 years 63.4 years
Age 50
<50 1(25%) 6 (22.2%)
>50 3 (75%) 21 (77.8%)
Sex
Female 4 (100%) 27 (100%)
Race
White 4 (100%) 20 (74.1%)
Asian 2 (7.4%)
Black 1(3.7%)
Unknown 4 (14.8%)
Ethnicity
Ethnicity not known 1(25%) 1(3.7%)
Non-Hispanic 3 (75%) 24 (88.9%)
Hispanic 2 (7.4%)
ECOG PS
0 2 (50%) 1 (40.7%)
1 2 (50%) 12 (44.4%)
2 2 (7.4%)
n/a 2 (7.4%)
Time from metastatic diagnosis to the start of ADC1 (median) days 605.5 days 637 days
Previous total metastatic treatment lines (median) 3.5 2
Previous treatment
Chemotherapy 4 (100%) 21 (77.8%)
Endocrine therapy 2 (50%) 14 (51.9%)
Targeted therapy 3 (75%) 18 (66.7%)

Abbreviation: ECOG PS, Eastern Cooperative Oncology Group performance status; n/a, not applicable.

patients at our institution who had undergone plasma-based ctDNA
analysis (500-gene GuardantOMNI panel) before and after disease
progression on an ADC (N = 31). The baseline characteristics of the
patients are outlined in Table 1. Of 31 patients identified to have
pre/post-progression ctDNA analysis, 4 (12.9%) were found to have
TOPI mutations (Fig. 1A). This mutation prevalence compares with
a 0.7% frequency of TOPI mutation among a cohort of 420 patients
with metastatic breast cancer who had not received an ADC and a
0.5% frequency in primary breast cancer in The Cancer Genome
Atlas, highlighting a higher frequency in the metastatic breast
cancer setting after exposure to ADCs with TOP1 inhibitor pay-
loads (Fig. 1A). In each case, a unique missense TOPI mutation
was identified: R364H, S57C, G359E, and W401C (Fig. 1B).
TOPI®***™ has been previously reported as a bona fide camptothecin
resistance-inducing mutation arising in vitro (23), whereas the other
mutations have not been previously reported. All mutations except
TOPI®’ were found exclusively in association with disease
progression. Although numbers are small, no substantial differ-
ences in clinical characteristics were apparent between patients
in this cohort who did versus did not develop TOPI mutations
(Table 1).

Clinical outcomes and the emergence of mutations with
sequential ADCs

We evaluated the clinical outcomes of sequential ADC exposure
in patients with TOPI-mutant metastatic breast cancer. All four
patients derived clinical benefit from ADCI1 but had limited
benefit from ADC2. MGH1 and MGH4 experienced essentially de
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novo progression (within <60 days) on ADC2, and MGH2 was
found to have progressive disease at first-interval restaging
(Fig. 1B and C). In all but one case (MGH3), both ADCs con-
tained TOP1 inhibitor payloads. Overall, the median duration on
ADCI1 was 455 days, whereas the median duration on ADC2 was
52 days, excluding patient MGH3 who stopped after one cycle
because of toxicity.

To evaluate the temporal emergence of TOPI mutations, we
designed mutation-specific assays and carried out ddPCR
analysis of isolated DNA from patient serial blood and tissue
samples to quantitate the prevalence of each mutation in rela-
tion to treatment with sequential ADCs (Fig. 1C). In parallel, we
assessed the prevalence of additional patient-specific tumor-
associated mutations detected in the pre-ADC samples. No TOPI
mutations were detectable before the start of ADCI in three of
four patients despite the detection of other tumor mutations.
However, serial DNA specimens revealed the emergence or in-
creased frequency of TOPI mutations after the initiation of
therapy with ADCI1 in each case. Notably, in multiple cases,
TOPI mutations emerged even as the MAF of other tumor
mutations declined, potentially suggesting the growth of a re-
sistant tumor subclone. The TOPI MAF further increased after
treatment with a second TOP1 inhibitor ADC in two cases
(MGH1 and MGH2) and correlated with the lack of therapeutic
response. MGH2 was found to have a low-level TOPI mutation
prior to the initiation of ADC treatment but nonetheless
remained on ADC1 therapy for 13 months. The MAF for S57C
increased slightly after treatment with ADC1 (1.06%-2.21%)

Clin Cancer Res; 31(10) May 15, 2025
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Prevalence, clinical course, and quantitation associated with TOPT somatic mutations. A, TOPT mutation percentages associated with (i) MBC after ADC therapy,
(i) MBC and no prior ADC therapy, and (iii) primary tumors in the TCGA database. B, Summary of time on treatment for four patients in the MGH cohort who
received sequential ADCs for MBC, including time on ADCI, time on ADC2, and the identity of the TOPT mutation. C, Clinical course and MAF assessed in plasma
for four patients with TOP1T mutations. Day O is the day of diagnosis of MBC. Time on treatment with each ADC is outlined in color. The MAF of each TOP1
mutation and a reference mutation identified in each patient is indicated on the Y-axis. Samples represented with circles are values from ddPCR data, whereas
those represented by triangles reflect values from GuardantOMNI testing. All samples represent GuardantOMNI samples except the first timepoint of MGH],
which was a tumor (asterisk). MGH3 received a non-TOP1 inhibitor ADC for ADC2 (asterisk). Chemo, chemotherapy; MBC, metastatic breast cancer; PARPi, PARP

inhibitor; TCGA, The Cancer Genome Atlas.

but more meaningfully after treatment with ADC2 (from 2.21%
to 22.32%), reflecting the increase in refractory disease burden
despite therapy (Fig. 1C). Further clinical details of the indi-
vidual cases are included in Supplementary Table SI.

Functional characterization of individual TOP1-mutant
proteins

The mutations of TOPI are an established mechanism of re-
sistance to TOPI inhibitors, but almost all previously described
mutations have been observed only in cells exposed to
TOP1 inhibitors in vitro (24). As noted, TOP1 inhibitors function
by intercalating between TOP1 and DNA, resulting in stabilization
of the TOP1CC and ultimately giving rise to double-strand DNA
breaks and cell death (25). Most resistance-associated missense
mutations in human TOPI have been found in the core domain
(residues 214-635) and are thought to alter TOP1 structure and
enzymatic activity (26). Indeed, three of four mutations we iden-
tified were located within the core domain, and all four mutations
occurred at conserved amino acid residues (Fig. 2A and B). As
noted, R364H was previously observed to arise in vitro in a
camptothecin-resistant tumor cell line and has been characterized
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in detail (23), whereas the other three mutations have not been
previously reported. Accordingly, we sought to test the enzymatic
activity of these three novel mutant proteins and to determine
whether they were indeed associated with resistance to the ADC
TOP1 inhibitor payloads.

We first purified WT and mutant TOP1 proteins S57C, G359E,
and W401C by expressing each in vitro followed by IP via the
epitope tag (Fig. 3A). We then carried out a relaxation assay
whereby an equal amount of each protein is incubated with
supercoiled DNA followed by gel electrophoresis. Consistently,
both G359E and W401C demonstrated <50% of WT activity in
this assay, whereas the activity of S57C was also reduced but to a
lesser degree (Fig. 3B and C). We next tested the ability of these
mutant proteins to confer resistance to TOP1 inhibitor payloads
in triple negative breast cancer (TNBC) cells. Interestingly, tumor
cells exhibited variable tolerance to the expression of the different
mutants even in cells expressing endogenous TOP1, with the
lowest expression being observed for W401C (Fig. 3D). Never-
theless, in each case, quantitative dose-response analysis dem-
onstrated that cells expressing each of the three mutants were
more resistant to both ADC payloads SN38 (for SG) and
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Homo sapiens 51 NSEHKDSEKK 60 350 IANFKIEPPG
Mus musculus (mouse) 53 NSEHKDSEKK 62 352 IANFKIEPPG
Bos taurus (cattle) 53 NSEHKDSEKK 62 354 IANFKIEPPG
Gallus gallus (chicken) 53 NSEHKDSSEK 62 351 IANFKIEPPG
Danio rerio (zebrafish) 51 HSEHKSS-—- 57 336 IGNFRIEPPG
Canis lupus familiaris (dog) 53 NSEHKDSEKK 62 355 TANFKIEPPG
Xenopus laevis (frog) 75 NSEHKDGEKK 84 406 TANFRIEPPG

S57C

B

w401C

Figure 2.
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LFRGRGNHPK MGMLKRRIMP EDITINCSKD AKVPSPPPGH KWKEVRHDNK 409
LFRGRGNHPK MGMLKRRIMP EDITINCSKD AKVPSPPPGH KWKEVRHDNK 411
LFRGRGNHPK MGMLKRRIMP EDITINCSKD AKVPSPPPGH KWKEVRHDNK 413
LFRGRGNHPK MGMLKRRIMP EDITINCSKD SKVPPPPPGH KWKEVRHDNK 410
LFRGRGDHPK MGKLKRRIRP EDITINCSKD SVQPKAPPGT RWKEVRHDNK 395
LFRGRGNHPK MGMLKRRIMP EDITINCSKD AKVPSPPTGH KWKEVRHDNK 414
LFRGRGDHPK MGKLKKRIMP EDITINCSKD SKIPVAPAGH KWKEVRHDGK 465

G359E R364H

w4o01C

Location and conservation of identified TOP1-mutant amino acids. A, Alignment of TOP1 amino acid sequence regions harboring identified mutations. Mutation-
associated amino acids across species are indicated in red, and alterations are shown below. B, Schematic crystal structure of DNA-bound human TOP1 protein/
inhibitor (topotecan) complex. Mutated amino acid residues (purple) are highlighted by red circles, and topotecan is shown in orange. The three mutations within
TOP1 core domain (residues 214-635) are highlighted. S57C, which is located within an unstructured NH2-terminal domain, is not shown.

deruxtecan (for T-DXd) than cells expressing ectopic WT TOP1,
and this was particularly notable at lower TOP1 inhibitor doses
(Fig. 3E; Supplementary Fig. S1A and S1B). Notably, expression
of the mutant proteins did not significantly impede proliferation
of the cells (Supplementary Fig. SIB and S1C). Furthermore,
TOP1 inhibitor resistance was associated with statistically sig-
nificantly decreased DNA damage following SN38 treatment in
cells expressing each of the mutants compared with that in WT
TOP1, as assessed by y-H2AX staining. This was particularly the
case for G359E which was the most highly expressed of the mu-
tants (Supplementary Fig. S1D and SIE).

Given that TOPI mutation-associated inhibitor resistance has
been linked to the altered binding of inhibitor to the mutant
complex, we next carried out quantitative binding assessment in
cells expressing each mutant protein (27). We first generated
pools depleted of endogenous TOP1 with CRISPR/Cas9 engi-
neering. We then treated cells with SN38 to stabilize TOP1 co-
valently bound to DNA, followed by chromatin purification and
quantitation of DNA-bound TOP1 using an established protocol
(28). TOP1CC formation was decreased in mutant-expressing
cells, with G359E in particular showing a substantial decrease
in TOP1CC incorporation (Fig. 3F; Supplementary Fig. S1F).
Taken together, these results demonstrate that all the mutations
we identified in patients exhibiting TOP1 inhibitor-associated
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ADC resistance disrupt TOP1 function and confer resistance to
TOP1 inhibitors.

Discussion

Here, we report the emergence of unique TOPI mutations as-
sociated with clinical progression and cross-resistance to multiple
ADCs delivering TOP1 inhibitor payloads in patients with meta-
static breast cancer. Several lines of evidence point to the clinical
relevance of these TOP1 mutations for ADC resistance and cross-
resistance. First, all the mutations except one were not detected in
the pre-ADC samples, and all four increased substantially at the
time of clinical progression. Second, all four missense TOPI mu-
tations involved conserved amino acids, whereas three of the four
mutations identified were within the core domain, in which many
bona fide TOP1 resistance-inducing mutations are localized. This
includes the previously identified TOPI mutation, R364H, reported
to arise in vitro under drug selection within a camptothecin-
resistant cell line. Third, although we found the three novel mutant
proteins to be variably defective in enzymatic activity, with S57C
activity being closest to WT, each mutant protein is indeed suffi-
cient to confer resistance to the SG payload SN38 when expressed in
TNBC cells. In each case, resistance was associated with decreased
DNA damage in cells expressing the mutants compared with WT
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TOPI. Although further detailed studies will be required to fully vet
the contribution of each of these mutants to TOP1 inhibitor resis-
tance, these results are in keeping with our previous report of an
acquired TOPI mutation, E418K, in multiple sites of metastasis in a
patient with disease progression on SG (8). Like TOP1****"!, E418K
has been previously identified in vitro in the setting of induced
TOPI inhibitor resistance. These two mutations have been shown
experimentally and by molecular modeling to decrease inhibitor
binding to the mutant complex (29). Notably, in the case of the
patient whose diseases harbored E418K, we found that distinct
metastatic lesions showed a novel acquired resistance-inducing
missense mutation in TACSTD2/TROP2, highlighting the potential
for both target- and payload-directed resistance mutations to ADCs.

The prevalence of TOPI mutations as a resistance mechanism to
ADCs in metastatic breast cancer was previously unknown, but in
this cohort, it was found to be 12.9%, compared with <1% in pa-
tients with metastatic breast cancer not treated with ADCs. Al-
though larger studies will be needed to further elucidate the
prevalence of such mutations, our data suggest that they are a highly
relevant and recurrent occurrence, with broad clinical implications
for ADC selection and therapeutic sequencing. In addition, our
findings are unlikely to be restricted to patients with breast cancer,
as a recent report describes a patient with advanced non-small cell
lung cancer treated with the HER3-directed ADC patritumab
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deruxtecan (also with a TOP1 inhibitor payload) who developed a
TOPI'*'® mutation in the setting of acquired resistance (30).
Undoubtedly, the relevance of TOPI mutations as a resistance
mechanism will increase as more patients are treated with these
agents and the number of TOP1 inhibitor-associated ADCs in
clinical development continues to grow.

The relatively common occurrence of TOP1 mutations associ-
ated with resistance to ADCs suggests several strategies to limit
cross-resistance. For example, identifying patients with such
payload (and/or antibody target) mutations at the time of pro-
gression on an initial ADC would allow for the selection of an
optimal subsequent ADC candidate to maximize efficacy. Our
demonstration that these mutations are detectable through clini-
cally available blood-based analysis implies that this strategy could
be used relatively quickly for clinical decision making. As our
findings suggest that these mutations confer resistance to payloads
of multiple currently approved ADCs, the subsequent use of ADCs
bearing alternative classes of payloads would be a logical choice. In
addition, TOP1 inhibitors remain attractive as payloads, and the
literature suggests the existence of alternative TOP1 inhibitors that
may be refractory to such TOPI mutations and that could theo-
retically be incorporated into ADCs for sequential therapy (31).
Nonetheless, our findings would seem to warrant caution against
overreliance on this class of drugs and hopefully will encourage
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the development of future ADCs incorporating a diversity of cy-
totoxic and bioactive payloads.

In summary, TOPI mutations are rare prior to treatment but
repeatedly emerge in association with disease progression and re-
sistance in patients with metastatic breast cancer treated with ADCs
containing TOPI1 inhibitor payloads. These mutations are readily
detectable and likely to mediate cross-resistance to the sequential
use of existing ADCs with TOP1 inhibitor payloads. Thus, this study
demonstrates the need to establish these mutations as bona fide
clinical diagnostics and to optimize rational sequencing and the
future development of ADCs that overcome TOPI mutation—
associated clinical resistance.
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