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Loss of heterozygosity of CYP2D6 enhances the sensitivity of
hepatocellular carcinomas to talazoparib
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Summary

Background Loss of heterozygosity (LOH) diminishes genetic diversity within cancer genomes. A tumour arising in
an individual heterozygous for a functional and a loss-of-function (LoF) allele of a gene occasionally retain only the
LoF allele. This can result in deficiency of specific protein activities in cancer cells, creating unique differences
between tumour cells and normal cells of the individual. Such differences may constitute vulnerabilities that can
be exploited through allele-specific therapies.

Methods To discover frequently lost genes with prevalent LoF alleles, we mined the 1000 Genomes dataset for SNVs
causing protein truncation through base substitution, indels or splice site disruptions, resulting in 60 LoF variants in
60 genes. From these, the variant rs3892097 in the liver enzyme CYP2DG6 was selected because it is located within a
genomic region that frequently undergoes LOH in several tumor types including hepatocellular cancers. To evaluate
the relationship between CYP2D6 activity and the toxicities of anticancer agents, we screened 525 compounds
currently in clinical use or undergoing clinical trials using cell model systems with or without CYP2D6 activity.

Findings We identified 12 compounds, AZD-3463, CYC-116, etoposide, everolimus, GDC-0349, lenvatinib, MK-8776,
PHA-680632, talazoparib, tyrphostin 9, VX-702, and WZ-3146, using an engineered HEK293T cell model. Of these,
talazoparib and MK-8776 demonstrated consistently heightened cytotoxic effects against cells with compromised
CYP2D6 activity in engineered hepatocellular cancer cell models. Moreover, talazoparib displayed CYP2DG6
genotype dependent effects on primary hepatocellular carcinoma organoids.

Interpretation Exploiting the loss of drug-metabolizing enzyme gene activity in tumor cells following loss of
heterozygosity could present a promising therapeutic strategy for targeted cancer treatment.

Funding This work was funded by Barncancerfonden (I.S, PR2022-0099 and PR2020-0171, X.Z, TJ2021-0111),
Cancerfonden (T.S, 211719Pj and D.G, 222449Pj), Vetenskapsradet (T.S, 2020-02371 and D.G, 2020-04707), and
the Erling Persson Foundation (T.S, 2020-0037 and T.S, 2023-0113).
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(http://creativecommons.org/licenses/by/4.0/).

Keywords: Loss of heterozygosity; Loss of function; Hepatocellular carcinomas; CYP2D6 and talazoparib

Introduction alternatively target gain of function in oncogenes, or loss
Development of targeted anti-cancer therapy has mainly of function in tumor suppressor genes or members of a
focused on molecular differences between cancer and particular repair or signalling pathway where biological
normal cells, seeking to identify drug targets enabling function has been altered.* The limited number of on-
selective killing of tumor cells. Such therapies  cogenes that can be therapeutically targeted,” and the
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Research in context

Evidence before this study

Loss of heterozygosity (LOH) is a common genetic event in
the development of cancer. In certain tumor types, LOH can
affect more than 20% of the genome, entailing loss of allelic
variation in thousands of genes. This reduction of
heterozygosity creates genetic differences between tumor and
normal cells. In the past decade, the concept of collateral
lethality has emerged, wherein the loss of gene activity due to
deletions or LOH during tumor evolution is exploited to
induce cancer-specific cell death.” However, few if any target
genes have been presented that can be targeted using
existing approved cancer drugs and none of these approaches
have therefore impacted cancer care.

Added value of this study
In this work, we devise a strategy to identify suitable genes
for collateral lethality targeting based on prevalent loss-of-

practical limitations of reactivating tumor suppressor
genes sustain the challenge of finding drug targets for
anti-cancer therapy. Approved drugs encompass a range
of targeted treatments, including monoclonal antibodies
that enhance the immune recognition of cancer cells
(e.g., rituximab and cetuximab for non-Hodgkin lym-
phoma and colorectal cancer, respectively), tyrosine ki-
nase inhibitors that hinder cancer cell growth (e.g.,
Imatinib, a BCR-ADI inhibitor), and inhibitors targeting
protein complexes (such as proteasome inhibitors and
mTOR inhibitors).” However, the efficiency of most
targeted anti-cancer drugs is impaired by the emergence
of resistance. Recently, cancer vulnerabilities emerging
from genomic losses have been explored. Collateral
lethality approaches have been demonstrated with
ENOZ and ME3’ as promising targets in glioblastoma
and pancreatic cancer, as many tumors have complete
loss of the corresponding genomic regions during tu-
mor development. Similarly, inhibition of the methyl-
osome member PRMTS5 reduces the growth of tumors
that have defective methionine metabolism due to loss
of MTAP." Alternative approaches include the search
for haploinsufficiency targets, where copy number los-
ses in cancer cells sensitize them to further gene sup-
pression. Examples include PSMC2" and SF3BI,"
involved in proteasome and spliceosome complexes,
which are frequently found in a hemizygous state in
colorectal, breast or bladder cancers.

Loss of heterozygosity causes loss of genetic variation
in chromosomally unstable tumors. Such genomic los-
ses may encompass chromosome arms or entire chro-
mosomes, affecting on average 20% of the cancer
genome."” Further, an average of 100 LoF variants are
present in the genome of a healthy individual.** Thus,
cancers arising in individuals who carry one functional
and one non-functional allele of a gene may retain only

function alleles and LOH in cancer genomes, and identify a
clinically used drug that exploits tumour specific loss of
activity of one such target gene, CYP2D6. Compared to other
work in the field, we demonstrate that collateral lethality can
be exploited by approved drugs already in clinical use. Further,
it opens for repurposing of existing drugs for use in
hepatocellular carcinoma with unmet medical need, using
gene panel sequencing for precision medicine.

Implications of all the available evidence

Our study identified 60 loss-of-function variants across 60
genes and highlights CYP2D6 as a promising target for LOH
therapy. This motivates future clinical studies where the use
of CYP2D6 activity-dependent anti-cancer drugs is guided by
constitutional and tumour CYP2D6 genotype.

the non-functional allele after LOH. This reduction in
heterozygosity can make cancer cells susceptible to
allele-specific therapies. By mining the human genome
for common SNVs affecting the functional domains of
enzymes, we previously identified the loss of NAT2 as a
therapeutic target for colorectal cancer, specifically in
cases where the remaining NAT2 allele following LOH
has reduced enzymatic activity.’

To find additional target genes for collateral lethality
therapies, we here sought to identify genes with preva-
lent LoF alleles stemming from truncating, frameshift-
ing or splice site mutations in data from the 1000
Genomes Project. We selected the rs3892097 variant in
CYP2D6 because it is located in a genomic region
frequently affected by LOH in various tumor types,
leading to the exclusive retention of the LoF allele in a
subset of patient tumors following LOH. We established
several different cell model systems and screened 525
anticancer agents, focusing on those currently in clinical
use or undergoing clinical trials, to identify candidates
with CYP2D6 activity dependent toxicity (Fig. 1).

Methods

Identification of prevalent loss-of-function variants
Data for human genetic variation were obtained from
phase 1 samples of the 1000 Genomes project (Release
3, 2012-04-30). The consensus coding DNA sequence
definitions of human protein coding exons were
retrieved from the CCDS database (Release 15, 2013-11-
29). The exon definitions were used to select all SNVs
and indels in protein-coding regions and in splice
junctions. The selection of splice site variants was
restricted to mutations spanning the canonical di-
nucleotides belonging to splice donor or acceptor sites.
Genetic variants with allele frequency <0.005 or >0.995
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Fig. 1: A graphical summary illustrates the strategy used to identify CYP2D6 as a target for collateral lethality, driven by prevalent loss

of heterozygosity (LOH) in cancer genomes.

were discarded. The resulting set of loss-of-function
variants was further filtered to enrich for exploitable
targets in an LOH-based therapeutic approach. First,
variants residing in olfactory, taste and opioid receptors,
as well as in keratins and keratin-associated proteins
were discarded (Supplementary Table S1). Second, only
common variants having 10-90% heterozygosity in the
population were retained. Third, all SNVs and indels
causing truncation or frameshift and occurring in the
first or last 10% of the protein-coding sequence were
removed. The remaining set of variants was filtered
according to expression profile, removing variants
located in genes expressed at <300 AU (arbitrary units)
in either normal or cancer tissues. Arbitrary units were
normalized internally in the MediSapiens database,
based on their method of scoring gene expression (IST
Online [http://ist medisapiens.com],). Fourth, SNVs
and indels located in regions rarely undergoing loss of
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heterozygosity (<15% of cases) in common cancer
types" were discarded. To further validate the initial
findings which were based on 1000 Genomes phase 1
data (Release 3, 2012-04-30), gnomAD was utilized as an
additional resource for human genetic variation data
(https://github.com/KalinNonchev/gnomAD_DB.git).

Data was downloaded from the Broad Institute in the
form of gnomAD v2.1.1, containing 261,942,336 total
variants across 125,748 exomes and 15,708 whole ge-
nomes, all mapped to the GRCh37/hgl9 reference
sequence.”” Annotation of the data was achieved via the
SnpEff software package. Impact annotations provided
by SnpEff were used to initially reduce the volume of
variants, retaining only variants annotated as having
‘high’ or ‘moderate’ impact.' The consensus coding DNA
sequence definitions of human protein coding exons
were retrieved via NCBI RefSeq (Update, 2024-02-12)
accessed through UCSCs genome browser.” The exon
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definitions were used to select all SNVs and indels in
protein-coding regions and in splice junctions. The se-
lection of splice site variants was restricted to mutations
spanning the canonical dinucleotides belonging to splice
donor or acceptor sites. These variants were then filtered
to remove those with allele frequency <0.5% and were
additionally constrained to have heterozygosity between
10 and 90%. Variants outside splice sites occurring within
the first or last 10% of the protein coding sequence were
discarded alongside any which were not present in all
gene transcripts.

Based on the available transcript definitions in
UCSC, the SNVs and indels causing premature stop
codons but not present in all known transcripts of the
gene were removed (http://hgdownload.soe.ucsc.edu/
goldenPath /hg19/database/knownGeneMrna.txt.gz]. The
remaining variants were validated in the independent
sets of data from HapMap Project (https://genome.
ucsc.edu/cgi-bin/hgTrackUi?db=hg19&g=hapmapSnps],
Exome Chip data (http://genome.sph.umich.edu/wiki/
Exome_Chip_Design] and in our own whole-genome
sequencing data from 32 individuals. Finally, variants
for which no independent validation was available were
removed from the selected list of putative targets.

OMIM analysis

OMIM (Online Mendelian Inheritance in Man) analysis
was performed on the initial set of 1398 LoF variants.
The accession numbers for all available phenotypes are
provided in Supplementary Table S2.

Cell culture

HepG2 (#HB-8065) and HEK293T (#CRL-3216) cells
were obtained from ATCC (Virginia, USA). HepG2 cells
were maintained in EMEM medium (#30-2003, ATCC,
USA) and HEK293T cells were maintained in DMEM
medium (#41966029, Thermo Fisher Scientific, Massa-
chusetts, USA) with the addition of 10% Foetal bovine
serum (Thermo Fisher Scientific, Massachusetts, USA)
and 1% penicillin-streptomycin (Thermo Fisher Scien-
tific, Massachusetts, USA) at 37 °C in 5% CO,. All cell
lines were authenticated by STR profiling (ATCC cell
authentication service) and regularly checked for my-
coplasma infection with MycoAlert mycoplasma detec-
tion kit (Lonza, Basel, Schweiz).

Generation of cell models overexpressing wild-type
or LoF CYP2D6

To generate stable clones overexpressing wild-type
functional CYP2D6 (CYP2D6*1) and LoF (CYP2D6*4,
rs3892097), lentiviral particles encoding FLAG-tagged
wild-type CYP2D6*1 and the variant CYP2D6*4
(rs3892097) were cloned into the CS-A3525-Lv225-01
vector backbone (LabOmics, Belgium). The day before
transduction, 50,000 cells were plated in a 24-well plate.
Viruses were diluted in 250 pL of normal growth me-
dium containing 7.5 pg/ml Sequa-Brene (Sigma,

Missouri, USA) and added to each well. After 24 h of
incubation, the virus-containing medium was replaced
with fresh growth medium. After 48 h, transduced cells
were selected with 1 ug/ml puromycin (Gibco, Montana,
USA) for 10 days. For transient overexpression of elec-
tron donors POR and CYBSA, HEK293T cells stably
overexpressing CYP2D6*1 or CYP2D6%*4 were infected
with adenovirus-POR (#SL100701, SignaGen, USA) and
adenovirus-CYB5SA (#SL100703, SignaGen, USA) for 3 d
after cell plating in 24-well plates (Corning, Amsterdam,
Netherlands) at a density of 600,000 cells/well in phenol
red- and antibiotic-free DMEM medium with the indi-
cated MOIs. Three wells were prepared for each condi-
tion. After 3 d of infection, cells from the same
condition were collected and 20,000 cells/well were
plated the day before determining CYP2D6 catalytic
activity. The remaining cells were prepared for immu-
noblotting to confirm the expression level of POR and
CYPSA after adenovirus infection. For stable over-
expression of electron donors POR and CYBSA,
HEK293T cells stably overexpressing either CYP2D6*1
or CYP2D6*4 were transduced with lentiviral particles
encoding mCherry-POR (LPP-H3310-Lv166-050) and
hygromycin-resistant CYB5A (LPP-Z0159-Lv115-050)
following the procedure described above for generating
stable CYP2D6 clones in HEK293T cells. Following
lentiviral transduction of POR and CYB5A, cells were
first selected for CYB5A in 150 pg/ml hygromycin for
10 days then the remaining cells were further selected
by FACS using mCherry marker for POR. HEK293T
parental cells were used as negative control during the
FACS selection. Cells were collected after sorting and
checked by immunoblotting after expansion. Genera-
tion of stable HepG2 cell clones overexpressing func-
tional (CYP2D6*1) and LoF CYP2D6 (CYP2DG*4,
r$3892097) followed the same procedure.

Generation of CYP2D6 KO cells by CRISPR/Cas9
genome editing

HepG2 CYP2D6 KO cell pools were generated using
CRISPR/Cas9 by Synthego (CA, USA) with the sgRNA
sequence CGGCCCGAAACCCAGGAUCU. Approxi-
mately 500 single cells, one per well were prepared by
FACS sorting in 96-well plates. After 3 weeks, colonies
generated from every single cell were expanded in
24-well plates and further tested by qPCR using the
forward primer 5-TGGCGCGAGCAGAGGCGCTTC-3’
and reverse primer 5-GTCCCCGTCCTCCTGCATATC-3".
CYP2D6 KO1 and KO2 were selected for subsequent
experiments.

RNA-sequencing and analysis

Cell pellets were collected and RNA was isolated, trip-
licates for each condition. All RNA samples passed
sample quality control. RNA-SEQ was performed by
Novogene using Illumina Sequencing PE150. Raw data
in fastq format (raw reads) were first processed through
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an in-house perl script. In this step, clean data (clean
reads) are obtained by removing adapter-containing
reads, plot-N-containing reads, and low-quality reads
from the raw data. Simultaneously calculate the Q20, Q30
and GC contents in the clean data. All downstream ana-
lyses are based on high-quality clean data. Further bioin-
formatics analysis procedures were performed according
to the method instructions. For RNA-SEQ analysis, dif-
ferential expression analysis of two conditions/groups
(three biological replicates per condition) was performed
using the DESeq2Rpackage (1.20.0). For GO enrichment
analysis clusterProfiler (version 3.8.1) was used. RNA-SEQ
raw data will be uploaded upon request.

Western blot

Cells were collected and lysed in ice-cold RIPA lysis
buffer and separated on 4-12% SDS-PAGE
(#NP0336BOX, Thermo Fisher Scientific, USA). Pro-
teins were transferred to nitrocellulose membranes and
incubated at room temperature in 5% non-fat dry milk in
1 x PBST for 1 h. Membranes were then incubated
overnight at 4 °C with anti-FIAG primary antibody
(peptide sequence DYKDDDDK, #F3165, Mouse, Sigma)
to detect the overexpressed CYP2D6*1 (56 kDa) as well as
CYP2D6*4 (~20 kDa) proteins, anti-CYP2D6 to detect
endogenous CYP2D6 (#ab137426), anti-POR (#sc-25270,
Mouse, Santa Cruz Biotechnology), anti-CYB5A (#NBP2-
49284, Rabbit, NovusBio) and p-Actin (#sc-47778, Mouse,
Santa Cruz Biotechnology). Next day, membranes were
washed with 1 x PBST and incubated with anti-Rabbit
(#31430, Thermo Fisher Scientific) or anti-Mouse sec-
ondary antibodies (#31460, Thermo Fisher Scientific) ata
dilution of 1:5000 for 1 h. Immunoreactive bands were
detected by FluorChem Fluorescent Western Imaging
System from ProteinSimple (California, USA).

Quantification of CYP2D6 catalytic activity

Cells were plated at a density of 20,000 cells per well in a
96-well plate. On the next day, incubations with the
CYP2D6-specific substrate dextromethorphan (10 uM)
were initiated both in the presence or absence of the
CYP2D6 inhibitor quinidine (10 uM). Reactions were
quenched by addition of 99.98% MeOH. The formation
of dextrorphan after CYP2D6 metabolism was detected
by LC-MS/MS on a XEVO TQ (Waters) instrument
couples to an Acquity UPLC (Waters) using a HSS T3
column (1.7 pm, 2 x 50 mm). The mobile phases con-
sisted of (A) 0.05% heptafluorobutyric acid and propi-
onic acid, and (B) 0.05% heptafluorobutyric acid and
propionic acid in acetonitrile.

Protein quantification was performed on cell pellets
using Pierce BCA Protein Assay Kit (#23227, Thermo
Scientific). The protein concentration for each pellet was
calculated in order to adjust the volume of the solvents
used for metabolite extraction. The extraction was per-
formed using HPLC-grade CHCl; and milli-Q water
(4:4:2.85/sample solution: CHCl;:milli-Q water; fixed
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volume ratio). The sample tubes were shaken at 4 °C for
20 min in a Thermomixer (1400 rpm) and then centri-
fuged (5 min, 14,100 g). The aqueous phase was trans-
ferred to a new tube and dried under vacuum in a
Speedvac. The remaining pellet was dissolved in water/
acetonitrile (95/5, v/v) and the solution was transferred
to LC vials for the UHPLC-MS/MS analysis.

The UHPLC-MS/MS analysis was performed in a
Maxis II ETD Q-TOF mass spectrometer (Bruker Dal-
tonics, Germany) using an electrospray ionization (ESI)
source with an elute UHPLC (Bruker Daltonics, Ger-
many) system. Milli-Q water with 0.1% formic acid was
used as mobile phase A and LC-MS grade methanol
with 0.1% formic acid was used as mobile phase B. The
column temperature was kept at 40 °C, and the auto-
sampler temperature was kept at 4 °C. The flow rate was
set to 0.22 ml/min. The gradient used was as follows:
0-2 min, 0% B; 2-15 min, 0-100% B; 15-16 min, 100%
B; 16-17 min, 100-0% B; 17-23 min, 0% B. The system
was controlled using the Compass HyStar software
package from Bruker (Bruker Daltonics, Germany).
High-resolution mass spectra were acquired in positive
mode at a mass range of m/z 50-1200. Data acquisition
was performed in AutoMSMS mode (data dependent
acquisition, DDA) with ramped collision energy from
20 eV to 50 eV. A solution of sodium formate [10 mM in
a mixture of 2-propanol/water (1/1, v/v)] was used for
internal calibration at the beginning of each run, in a
segment between 0.10 and 0.31 min.

Cell viability assay

Cell viability was determined either using CellTiter-Glo®
luminescent cell viability assay medium (#G9681,
Promega, Madison, USA) for 384-well plate format in
screening described below or resazurin-based assay so-
lution (Sigma—Aldrich) for drug candidates confirmation
in 96-well plate format. To perform the resazurin-based
cell viability assay, cells were incubated with com-
pounds at indicated concentrations for 72 h at 37 °C then
medium was removed from each well and replaced with
resazurin solution for 2.5 h at 37 °C. The fluorescence
intensity was read using the Victor 1420 multilabel
counter (Wallac) at 560 nm excitation/590 nm emission.
Percentage of cell viability was calculated as (fluorescence
intensity of treated cells — fluorescence intensity of
background)/(fluorescence intensity of DMSO treated
control—fluorescence intensity of background) x 100%.
To calculate the half-maximal inhibitory concentration
(ICsp), at least 5 different concentrations were made. The
half-maximal inhibitory concentration (ICso) was calcu-
lated using dose-response inhibition (inhibition vs
normalized response) analysis in GraphPad.

Drug screening and hit confirmation in HEK293T
cells

Two compound libraries, in total 525 drugs, were used
for drug screening: (1) 147 FDA approved oncology
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drugs set (compound list) provided by the develop-
mental therapeutics program at the National Cancer
Institute (NCI/DTP); and (2) 378 kinase inhibitors set
(compound list) provided by Chemical Biology Con-
sortium Sweden (CBCS). Compounds (10 mM in
DMSO) were spotted in assay ready plates (NUNC TC
black optical bottom 384-well plates) with an Echo
dispenser to a final volume of 40 nl per well, and 40 nl of
DMSO was spotted in control wells. Compounds were
tested at 10 concentrations: 0, 40, 80, 160, 315, 625, 1250,
2500, 5000 and 10,000 nM spotted in rows. HEK293T
CYP2DG*"*FPORBSA and CYP2D6**PORA cells were
seeded in 60 pl DMEM medium supplemented with 10%
FBS and 1% Pen-Strep, at a density of 3000 cells per well
in assay ready plates and incubated at 37 °C, 5% CO,.
After 72 h, 60 pl CellTiter-Glo® Luminescent Cell
Viability Assay medium (#G9681, Promega, Madison,
USA) was added to each well using a BioMek Nx robot.
Cells were incubated with CellTiter-Glo for 30 min at
37 °C, 5% CO, after which luminescent signal was
measured. To normalize data, % viability was calcu-
lated for each datapoint as luminescent units (RLU) for
compound/RLU DMSO control in respective com-
pound. We then followed a similar criterion for hit
compound selection,' first excluding compounds with
<20% decreased viability over DMSO control at 10 pM,
then selecting compounds where % viability HEK293T
CYP2DG* ! PORBSA 0y poDe**PORSBSA 3t any con-
centration >1.2. To confirm the selected compounds,
the HEK293T cell viability assay was repeated 2-3
times on with 5 concentrations representing the
optimal dose response range. We retained compound
for which % viability HEK293T CYP2De* PORE4,
CYP2DG**HPORBSA 519 and ICs, HEK293T
CYP2DG*PORBSA Cypo D+ FORBIA > 5 After this
step, 12 compounds were selected as hit candidates.

Hit confirmation in HepG2 cell models

The selected 12 compounds were further tested on
HepG2 cell models. Firstly, HepG2 parental cells were
treated at 10 and 50 uM to determine the appropriate
dose response range. Next, parental and CYP2D6 KO
clones were seeded at a density of ~10,000 cells per well
in 96 well plates, treated with indicated concentrations
of compounds and incubated at 37 °C, 5% CO, for 72 h.
The confirmed compounds were further tested using
HepG2 cells either overexpressing CYP2D6*1 or
CYP2DG6*4.

CYP activity assays

The activity of different CYPs was detected following the
protocol of P450-Glo™ Assay Kits of Promega (#V8421,
V8791, V9001). Briefly, HepG2 cells (#HB-8065) ob-
tained from ATCC and HepG2-CYP cells (HepG2-
CYP1A2, HepG2-CYP2C9, HepG2-CYP3A4) obtained
from Hera Biolabs (KY, USA) were seeded in 96-well

plates at a density of 12,000 cells/well and cultured for
72 h. The culture medium was then replaced with fresh
medium or buffer containing corresponding lumino-
genic CYP substrates, including luciferin-1A2 for
CYP1A2, luciferin-H for CYP2C9, and luciferin-IPA for
CYP3A4. CYP1A2 inhibitor a-naphthoflavone (5 pM),
CYP2C9 inhibitor sulfaphenazole (5 pM) and CYP3A4
inhibitor ketoconazole (2.5 pM) were also added to the
HepG2-CYP cells with the luminogenic CYP substrates.
After incubation for an appropriate time as recom-
mended in the instructions, equivalent culture me-
dium/buffer and luciferin detection reagent (25 pL each)
were transferred to an opaque 96-well white lumin-
ometer plate and incubated at room temperature for
20 min. Then luminescence was detected using a
CLARIOstar Reader (BMG LABTECH, Germany).

Generation of spheroids

Spheroids were prepared using a modification of our
previously described method.” 10,000 cells/well were
plated in 96 well plates. Plates were incubated for 4 day
before drug exposure. Spheroids were then treated with
indicated concentrations of compounds for 72 h fol-
lowed by image acquisition and resazurin assay. The
volumes of spheroids were calculated as V = 4/3 x mr’.

HCC organoid generation and expansion

HCC tumor tissues for organoid generation were
collected from patients undergoing diagnostic liver bi-
opsy or surgical resection at the University Hospital
Basel. Written informed consent was obtained from all
patients. The study was approved by the local ethics
committee (protocol numbers EKNZ 2014-099 and
BASEC 2019-02118). HCCOs were generated as
described previously.” Briefly, tumor tissue was disso-
ciated to small cell clusters and seeded into basement
membrane extract type 2 (BME2, R&Dsystems, Cat. No.
3533-005-02). After BME2 polymerization, expansion
medium (EM) was added. The EM composition was
Advanced DMEM/F-12 (Gibco, Cat. No. 12634010)
supplemented with B-27 (Gibco, Cat. No. 17504001), N-
2 (Gibco, Cat. No. 17502001), 10 mM Nicotinamide
(Sigma, Cat. No. N0636), 1.25 mM N-Acetyl-L-cysteine
(Sigma, Cat. No. A9165), 10 nM [Leul5]-Gastrin (Sigma,
Cat. No. G9145), 10 pM Forskolin (Tocris, Cat. No.
1099), 5 uM A83-01 (Tocris, Cat. No. 2939), 50 ng/ml
EGF (Peprotech, Cat. No. AF-100-15), 100 ng/ml FGF10
(Peprotech, Cat. No. 100-26), 25 ng/ml HGF (Peprotech,
Cat. No. 100-39), 10% RSpol-conditioned medium (v/v,
homemade).

Variant calling and phenotype prediction of human
HCCOs

Variant detection was performed using two different
variant callers, FreeBayes and BCFtools, with
HumanG1Kv37 as reference genome. When calling
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variants using FreeBayes, minimum base quality was
set to 20 and minimum mapping quality was set to 1.
No filter was used for variant detection with BCF tools.
Considering that no formaldehyde was applied to the
cells, i.e., the risk for preparation-induced DNA-damage
is low, exclusion of variants with strand bias >90% was
used as a filtering step. Additionally, quality score <20
was excluded. Subsequently, we searched for known
CYP2D6 variants in our data set. Known CYP2D6 ge-
notypes, their associated alleles and their effect on
CYP2D6 function were obtained from Human Cyto-
chrome P450 (CYP) Allele Nomenclature Committee.
Certain genotypes are specific for certain haplotypes,
meaning that their presence defines it. However, there
are many reported CYP2D6 genotypes that occur in
several alleles, which, together with the fact that short
read sequencing was used, complicates the process of
predicting the variant alleles. To circumvent this issue,
the combination of variants detected in each sample and
to some extent the variant allele frequency was used to
assess the probability of the detected variants being
present on the same allele, and therefore predicting the
CYP2DG6 star alleles. After determining the likely dip-
lotype, the phenotype was predicted according to the
definition’': UM (ultrarapid metabolizers) if they carried
>2 fully functional alleles (*1, *2, *33, *35, *39, *53),
EM (extensive, or normal, metabolizers) if they
possessed 2 fully functional alleles or 1 fully functional
and a semi-active allele (*9, *10, *17, %29, *36, *41, *53,
*54, *59, *72, *84), IM (intermediate metabolizers) if
they had only 1 fully functional allele and a null allele
(*3—*8, *11, *12, *14-*16, *18—*21, *38, *40-*42, *44,
*51, %56, *57, *60, *62, *68, *69, *92, *96, *99—*101,
*114) or 2 semi-functional alleles, PM (poor metabo-
lizers) were determined to have 2 null alleles. Among
the SNPs detected by both variant callers, two different
allele specific CYP2D6 variants were found. These
included rs28371717 which is unique for CYP2D6*33
and does not alter the function of CYP2D6, as well as
rs$3892097 which is unique for CYP2D6*4 and results in
decreased function of CYP2D6 (Supplementary
Table S3).

Drug treatment of human HCCOs

For HCCO drug sensitivity assays 11 different HCCO
lines were used. HCCOs were dissociated into single
cells using 0.25% Trypsin—-EDTA (Gibco, Cat. No.
25200056) and plated at 1000 cells/well in 384-well
plates. After 3 days, drugs were added using a
D300e digital dispenser (Tecan) and the HCCOs
treated for a total of 5 days. Cell viability was
measured using the CellTiter-Glo 3D reagent (Prom-
ega, Cat. No. G9681) according to the manufacturer’s
instructions. Results were normalized to vehicle
(DMSO) and curve fitting was performed using
GraphPad software and the nonlinear regression
fitting (four parameters model).
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Ethics declarations

HCC tumor tissues for organoid generation were
collected from patients undergoing diagnostic liver bi-
opsy or surgical resection at the University Hospital
Basel. Written informed consent was obtained from all
patients. The study was approved by the local ethics
committee (protocol numbers EKNZ 2014-099 and
BASEC 2019-02118).

Statistical analysis

Statistical parameters and tests are reported in the
Figures and corresponding Figure Legends. Statistical
analysis was done using GraphPad Prism (GraphPad
Software Inc). Results were considered statistically sig-
nificant when the p-value was less than 0.05 (p < 0.05).

Data availability

The HepG?2 parental and CYP2D6 KO RNA-SEQ raw data
included in this study have been deposited to the sequence
read archive (SRA) (BioProject ID: PRJNA1050576; Bio-
Sample accession number: SAMN38746387). Uncropped
western blots are provided in the Supplementary Infor-
mation. Additional data and materials that support the
findings of the study can be found in the article and its
supplementary material.

Role of funders
The funders played no roles in the study design, data
collection, data analysis, interpretation, or the writing of
the manuscript.

Results

Identification of CYP2D6 as a target gene for LOH-
based therapy

To identify potential candidate genes with prevalent LoF
alleles and where LOH events observed in common
cancer types could result in the exclusive retention of the
LoF allele, our first objective was to compile a list of
genes harbouring prevalent LoF variants in human
populations. We mined the full Phase I 1000 Genomes
dataset for SNVs causing premature stop codons, indels
causing frameshift or truncation, and SNVs or indels
causing splice site disruption. We discarded variants
located in non-coding genomic regions and those with
allele frequency <0.5%, thereby prioritizing alleles with
a practically exploitable population prevalence.? This
removed ~78.5% of alleles and retained 1361 potentially
deleterious variants, consisting of 449 SNVs, 528 indels
and 384 splice site alterations (Fig. 2 and Supplementary
Table S4). Compared to a previous analysis of a subset
of the 1000 Genomes dataset,” a similar positional
distribution of the variants within transcripts (with a
predilection for the 3" and 5’ ends of the transcripts) was
observed (Supplementary Table S4). Interestingly,
60.5% of the alterations observed in this study were
previously not described, and 42.4% of the variants
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1000 Genomes Dataset
38,248,779 SNVs

Remove SNVs in
non-coding genomic
regions

SNVs in the exons of
CCDS genes

482,280 SNVs

SNVs in splice sites

2,552 SNVs

SNVs in exons with
0.005 < AF < 0.995

104,054 SNVs

> Select SNVs
generating stop codons

SNVs causing
stop codons
449 SNVs

R Remove SNVs with
allele frequency < 0.5%

SNVs in splice sites with
0.005 < AF < 0.995

218 SNVs

> Select SNVs
disrupting splice sites

SNVs causing
splice site disruptions
218 SNVs

391 SNVs

9 Remove olfactory, taste
and opioid receptors,
keratins and keratin-
associated proteins

209 SNVs

y

Select SNVs where

107 SNVs

- Remove SNVs in the
first or last 10% of
protein-coding
sequence

69 SNVs

heterozygosity in the
population is 10-90%

59 SNVs

51 SNVs

Remove SNVs in
genes with low
expression in normal or
cancer tissues

N

38 SNVs

39 SNVs

> Remove SNVs not
present in all gene
transcripts

Remove SNVs located
in loci undergoing
<15% LOH

N

21 SNVs

18 SNVs
> Remove SNVs without
independent validation
available
18 SNVs 19 SNVs
18 genes 19 genes

1000 Genomes Dataset
1,443,514 indels

Remove indels in
non-coding genomic
regions

Indels in the exons of
CCDS genes
1,279 indels

Indels in splice sites
174 indels

Indels in the exons of
CCDS genes
1,234 indels
> Select indels
generating stop codons

Indels causing stop
codons and frameshift

528 indels

Remove indels with
allele frequency < 0.5%

Indels in splice sites with
0.005 < AF < 0.995
166 indels

> Select indels
disrupting splice sites

Indels causing splice site
disruptions
166 indels

475 indels

> Remove olfactory, taste
and opioid receptors,
keratins and keratin-
associated proteins

166 indels

y

Select indels where

165 indels

= Remove indels in the
first or last 10% of
protein-coding
sequence

109 indels

heterozygosity in the
population is 10-90%

30 indels

77 indels

Remove indels in
genes with low
expression in normal or
cancer tissues

N

24 indels

71 indels

—> Remove indels not
present in all gene
transcripts

Remove indels located
in loci undergoing
<15% LOH

A

10 indels

22 indels
> Remove indels without
independent validation
available
14 indels 9 indels
14 genes 9 genes

Fig. 2: Identification of CYP2D6 as a target for LOH-directed therapy by analysis of common constitutional loss-of-function variants in
the human genome. Putative polymorphisms causing premature stop codons, frameshift or splice site mutations were identified by analysis of
the 1000 Genomes Project (a) SNVs and (b) indels located near or within exons of the consensus coding genes (CCDS) gene set. The resulting
loss-of-function polymorphisms of interest are present at 10-90% heterozygosity in the human population and in all alternative gene tran-
scripts. This led to 361 polymorphisms in 325 genes for which a considerable number of heterozygous patients could be eligible and benefit
from therapy. The 361 polymorphisms include 107 SNVs and 165 indels in the exons of CCDS genes, 59 SNVs and 30 indels in splice sites. These
variants are additionally expressed in normal tissues and at least one common cancer type for which the frequency of undergoing loss of
heterozygosity is at least 15%.

www.thelancet.com Vol 109 November, 2024


http://www.thelancet.com

Articles

observed in a previously published work* were not
observed here (Table 1).

Next, variants in genes unlikely to be exploitable in a
cancer context, such as olfactory, taste and opioid re-
ceptors as well as keratins and keratin-associated pro-
teins, were removed. Subsequently, we limited our
selection to common variants, defined as poly-
morphisms with a heterozygosity prevalence ranging
from 10% to 90% in the human population. This
resulted in 361 polymorphisms in 325 genes. For SNVs
causing premature stop codons and indels causing
truncation and/or frameshift, variants predicted to
disrupt less than 10% or over 90% of the protein-coding
sequence were excluded, as such polymorphisms may
lack functional impact on the translated protein because
of alternative translation start sites or C-terminal trun-
cations having no effect on the near full-length protein
product. The remaining targets were filtered according
to their expression profile, taking into consideration
only those genes that were expressed in the normal and
tumour tissues of interest. Next, we required the gene
loci to be frequently lost through LOH in >15% of cases
in at least one common cancer type.” To enrich for
functionally important variants at the transcriptional
and protein level, we discarded polymorphisms not
present in all known transcripts of each candidate gene.
These selection criteria resulted in 18 SNVs in 18
different genes which generate premature stop codons,
22 indels in 22 different genes causing truncation or
frameshift, and 31 splice site disruptions in 31 different
genes caused by SNVs or indels. Altogether, we ob-
tained 71 LoF variants in 71 genes which we proceeded
to validate manually or by mining for independent
support in alternative sequencing efforts. Independent
support derived from HapMap, dbSNP and other
genome sequencing efforts,** was available for ~85% of
the LoF variants. As expected, the remaining uncon-
firmed polymorphisms were primarily indel muta-
tions, of which ~37% could not be validated by
alternative resources. Therefore, the ultimate dataset
comprised 60 LoF variants distributed across 60
distinct genes. These variants were subsequently cate-
gorized into five classes, each associated with predicted
LoF mechanisms. The classes were (1) SNVs intro-
ducing a premature stop codon (16 genes); (2) SNVs
disrupting a splice site (19 genes), (3) insertions or
deletions causing a shift in the reading frame of a
transcript (13 genes), (4) indels disrupting a splice site
(9 genes), and (5) LoF variants involving two different
mechanisms (3 genes) (Table 2). Together, these 60
genes are potential targets for LOH-directed thera-
peutic approaches.

Knowledge on protein function was available for two-
thirds of the candidate genes and revealed genes regu-
lating cell functions (i.e., transcriptional regulation,
apoptosis, cell growth and proliferation) or playing a
role in metabolic pathways. A subset of these
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polymorphisms had previously been associated with
disease (Supplementary Table S2). The variant rs601338
in FUT2 has been associated with resistance to Norwalk
virus infection,” rs10774671 in OAS1 with diabetes type
1 susceptibility,® rs3892097 in CYP2D6 with poor
metabolism of debrisoquine,” and rs3832852 in A2M
with the pathogenesis of Alzheimer’s disease.”® Addi-
tionally, ~18% of the splice site variants had been linked
to the development of cancer and other complex dis-
eases such as asthma and autoimmune disorders in
independent studies. Additionally, after assessing vari-
ants of these 60 genes in the Genome Aggregation
Database (gnomAD), variants in 51 of these genes,
including the LOH variant rs3892097 in CYP2DG6,
remained (Supplementary Table S5 and Supplementary
data 1).

The cytochrome P450 oxidase family member
CYP2D6 is known to metabolize ~25% of drugs
currently in clinical use by adding or removing specific
functional groups through processes such as hydroxyl-
ation, demethylation, and dealkylation.”” The gene
encoding CYP2D6 is located on 22q13.2, a locus un-
dergoing LOH in >30% of hepatocellular carcinomas®
and >15% of neuroblastoma, glioblastoma, neuroglial,
lung and ovarian tumours.’*> Among its many known
alleles, the rs3892097 variant disrupts the recognition of
the acceptor splice site in exon 4, resulting in the gen-
eration of an aberrant transcript that produces a trun-
cated product.”* This non-functional allele, also termed
CYP2D6*4, lacks activity and results in a poor metabo-
lizer phenotype.”* The allele frequency for CYP2D6%*4 is
highly variable, being rare in Chinese (~1%)** and Af-
rican populations (~4%)** but common in Caucasians
(20-25%).”” Due to its well-established role in pharma-
cogenetics, significant impact on drug effects and
toxicity, and the relatively high frequency of LOH
events, we concentrated our efforts on CYP2D6 and its
LoF variant rs3892097.

current study, which are not reported by MacArthur et al.

LoF variant Initial In CCDS Overlap between our LoF
number definitions dataset and the reference  variants
reported by  of exons/splice set previously
MacArthur sites Before AF After AF unreported
et al.

filter filter

Stop SNV 1111 809 580 (~72%) 256 (~32%) 193

Splice SNV 658 291 168 (~58%) 86 (30%) 132

Frameshift indel 1040 421 241 (~57%) 210 (~50%) 355

Splice indel 0 0 0 0 166

The final sets of LoF variants reported by MacArthur et al.”* (second column) were imposed upon the exon/
splice-junction definitions from the CCDS database, and only the variants within the defined borders were
considered further (third column). The variants from the third column were matched towards the datasets from
the current study before (fourth column) or after (fifth column) the filtering for AF (<0.005 or >0.995), and the
percentage of overlap is shown in parenthesis. The last column shows the number of LoF variants from the

genomes dataset identifies known and new truncating polymorphisms

Table 1: Comparison to previously identified mutations from preliminary analyses of the 1000
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Class 1: genes with prevalent LoF variants by a SNV-inducing premature stop codon

Gene and Cancer types with LOH in >15% of cases®
chromosomal location

LoF variant and percentage of ~LoF variant
heterozygotes percentage of
the protein (%)

1 SYNE2 Colon: ~15%, Kidney: ~22%, Ovarian: ~20% and Melanoma: ~14% 152781377 (94% HET) 58.11
14q23.2

2 UBE2NL Lung: ~26%, Ovarian: ~30%, Neuroblastoma: ~24% and Neuroglial: 15237520 (48% HET) 57.79
Xq27.3 ~20%

3 CLDN5 Lung: ~27% rs885985 (44% HET) 1221
22q11.21

4 FUT2 Lung: ~25% and Ovarian: ~18% rs601338 (35% HET) 44.77
19q13.33

5 C170rf77 Lung: ~17% and Ovarian: ~24% rs545652 (26% HET) 85.19
17q25.1

6  ARMS2 Lung: ~22%, Ovarian: ~18%, Melanoma: ~23% and Neuroblastoma: rs2736911 (22% HET) 35.51
10426.13 ~15%

7  MROH2B Lung: ~16% and Ovarian: ~15% rs1023840 (22% HET) 12.05
5p13.1

8 PRB4 Lung: ~20%, Ovarian: ~17% and Melanoma: ~15% 1512829245 (18% HET) 21.91
12p13.2

9 ARMQ3 Lung: ~24%, Ovarian: ~23%, Melanoma: ~20% and Neuroglial: ~31%  rs190663005 (17% HET) 75.61
10p12.2

10 HLA-DQB1 Lung: ~17% and Ovarian: ~15% rs1130385 (17% HET) 40.46
6p21.32

11  AP3M1 Lung: ~22%, Melanoma: ~20% and Neuroglial: ~30% 15190136804 (15% HET) 61.72
10022.2

12 EIF3CL Lung: ~20% and Ovarian: ~18% 15201261076 (15% HET) 63.79
16p11.2

13 PRAMEF2 Breast: ~19%, Colon: ~18%, Lung: ~26%, Ovarian: ~19%, Melanoma:  rs75411676 (15% HET) 44.51
1p36.21 ~18% and Neuroblastoma: ~50%

14  SPERT Lung: ~29% and Ovarian: ~20% 1579707842 (14% HET) 60.68
13q14.13

15 OBSCN Lung: ~20% and Ovarian: ~20% 153795786 (11% HET) 42.64
1q42.13

16 ZNF860 Kidney: ~49%, Lung: ~44%, Ovarian: ~18%, Melanoma: ~29% and rs4639011 (11% HET) 22.63
3p23 Neuroblastoma: ~15%
Class 2: genes with prevalent LoF variants through a SNV-disrupting splice site
Gene and chromosomal  Cancer types with LOH in >15% of cases® LoF variant and percentage
location of heterozygotes

1 (CCDC182 Lung: ~17% and Ovarian: ~21% 1512451748 (49% HET)
17q22

2 HTR3D Ovarian: ~18% and Melanoma: ~28% rs6443930 (47% HET)
3q27.1

3 TOR1AIP1 Lung: ~16% 152245425 (44% HET)
1q25.2

4 ZNF419 Lung: ~25% and Ovarian: ~18% 12074071 (43% HET)
19q13.43

5 EMR1 Lung: ~22% and Ovarian: ~15% rs330880 (42% HET)
19p13.3

6 GSDMB Lung: ~18% and Ovarian: ~21% 1511078928 (42% HET)
17912

7 O0AS1 Melanoma: ~16% 1510774671 (41% HET)
12q24.13

8  TMPRSS4 Ovarian: ~18%, Melanoma: ~19% and Neuroblastoma: ~19% 152276122 (35% HET)
119233

9 TBC1D31 Lung: ~21% and Ovarian: ~21% rs10101626 (32% HET)
8q24.13

10 (140rf105 Kidney: ~22%, Lung: ~21% and Ovarian: ~21% rs1152522 (30% HET)
14q22.3

11 (C14orf159 Lung: ~22% and Ovarian: ~20% 154900072 (29% HET)
14q32.11

(Table 2 continues on next page)
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Class 2: genes with prevalent LoF variants through a SNV-disrupting splice site

Gene and chromosomal
location

Cancer types with LOH in >15% of cases®

LoF variant and percentage
of heterozygotes

(Continued from previous page)

12 NPHP4 Breast: ~20%, Colon: ~18%, Lung: ~26%, Ovarian: ~19%, Melanoma: ~18% and 151287637 (28% HET)
1p36.31 Neuroblastoma: ~50%

13 TNK1 Colon: ~31%, Lung: ~35%, Ovarian: ~24% and Melanoma: ~15% 157220814 (17% HET)
17p13.1

14 CYP2D6 Lung: ~28%, Ovarian: ~25%, Neuroblastoma: ~18% and Neuroglial: ~22% 153892097 (16% HET)
22q13.2

15 MPP2 Lung: ~17% and Ovarian: ~21% rs231518 (15% HET)
17q21.31

16 EFCAB13 Lung: ~17% and Ovarian: ~21% 1576299620 (11% HET)
17q21.32

17 SLC22A14 Kidney: ~49%, Lung: ~44%, Ovarian: ~18%, Head/neck: ~19%, Melanoma: ~29% and  rs753331 (11% HET)
3p22.2 Neuroblastoma: ~15%

18 CES5A Lung: ~17%, Ovarian: ~15% and Melanoma: ~21% rs72810507 (10% HET)
16q12.2

19 ENDOV Lung: ~17% and Ovarian: ~21% rs41298712 (10% HET)
179253
Class 3: genes with prevalent LoF variants through an indel-causing shift in the reading frame of a transcript
Gene and Cancer types with LOH in >15% of cases” LoF variant and percentage of  Percentage of the
chromosomal location heterozygotes protein occurring

the LoF variant (%)

1 ZNF880 Lung: ~25% and Ovarian: ~18% 1534470614 (43% HET) 18.37
19q13.41

2 (100rf113 Lung: ~22%, Ovarian: ~15%, Melanoma: ~20%, Neuroblastoma: ~ rs72102767 (35% HET) 40.51
10p12.31 ~15% and Neuroglial: ~30%

3 EBLN2 Kidney: ~48%, Lung: ~40%, Ovarian: ~18%, Head/neck: ~19% and NT73111480chr3 (28% HET) 30.88
3p13 Melanoma: ~28%

4 GLT6D1 Lung: ~31% and Ovarian: ~18% 1534217442 (27% HET) 51.81
199343

5 (CD200R1L Kidney: ~16% and Melanoma: ~28% 1s58161637 (27% HET) 72.8
3q13.2

6  C12orf60 Ovarian: ~15% rs139293175 (26% HET) 751
12p12.3

7 RAI1 Colon: ~29%, Lung: ~29% and Ovarian: ~23% 535068024 (23% HET) 14.69
17p11.2

8  AKAP3 Lung: ~20%, Ovarian: ~17% and Melanoma: ~15% rs67512580 (22% HET) 82.06
12p13.32

9  ZNF681 Lung: ~22% and Ovarian: ~15% 1561397759 (22% HET) 3147
19p12

10 PRR25 Lung: ~21%, Ovarian: ~16% and Melanoma: ~21% rs138733834 (21% HET) 58.71
16p13.3

11 ZNF812 Lung: ~24% and Ovarian: ~19% 15112014279 (18% HET) 53.96
19p13.2

12 SLFN12L Lung: ~18% and Ovarian: ~21% rs143471015 (12% HET) 2211
17q12

13 MucC22 Lung: ~17% and Ovarian: ~15% 15112064513 (11% HET) 35.93
6p21.33
Class 4: genes with prevalent LoF variants through an indel-disrupting splice site
Gene and chromosomal Cancer types with LOH in >15% of cases” LoF variant and percentage of
location heterozygotes

1 NEK3 Lung: ~29% and Ovarian: ~20% 153837575 (43% HET)
13q14.3

2 ATG2B Lung: ~22% and Ovarian: ~20% rs34296665 (42% HET)
14932.2

3 SPATA6L Lung: ~38%, Ovarian: ~18%, Melanoma: ~18% and Neuroglial: ~19% rs34533529 (38% HET)
9p24.1

4 NFKBIZ Kidney: ~16% and Melanoma: ~28% 153217713 (31% HET)
3q12.3

(Table 2 continues on next page)
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Class 4: genes with prevalent LoF variants through an indel-disrupting splice site

Gene and chromosomal
location

Cancer types with LOH in >15% of cases”

LoF variant and percentage of
heterozygotes

(Continued from previous page)

5 MPRIP Colon: ~29%, Lung: ~29% and Ovarian: ~23%
17p11.2
6 TMPRSS3 Lung: ~26% and Ovarian: ~24%
219223
7 A2M Lung: ~20%, Ovarian: ~17% and Melanoma: ~15%
12p13.31
8 PDZRN3 Kidney: ~48%, Lung: ~40%, Ovarian: ~18%, Head/neck: ~19% and
3p13 Melanoma: ~28%
9 SLC3A1 Ovarian: ~15%
2p21

Class 5: genes with prevalent LoF variants involving two predicted mechanisms

rs3215213 (29% HET)
rs56283966 (25% HET)
153832852 (23% HET)
rs200593963 (21% HET)

1561179824 (17% HET)

Neuroblastoma: ~50%

Gene and Cancer types with LOH LoF variant and percentage of LoF predicted mechanism Percentage of the
chromosomal  in >15% of cases” heterozygotes protein occurring
location the LoF variant
(%)

1 GSTT2 Lung: ~27% 15201176441 (29% HET) SNV introducing a premature stop codon 80.33
22q11.23 rs76498342 (33% HET) SNV disrupting a splice site =

2 GSTT2B Lung: ~27% 15200376763 (26% HET) SNV introducing a premature stop codon 80.33
22q11.23 15181983734 (25% HET) SNV disrupting a splice site -

3 (YP4B1 Breast: ~19%, Colon: ~18%, rs3215983 (25% HET) Indel causing a shift in the reading frame of 57.53
Cytochrome Lung: ~26%, Ovarian: ~19%, a transcript
11p33 Melanoma: ~18% and

rs3215983 (25% HET)

Sixty loss-of-function variants in 60 potential target genes causing likely loss of gene function through premature stop codons, frameshifts or splice site disruption.
Information on protein function was obtained from UniProt (http://www.uniprot.org). Gene expression levels and LOH frequency in common cancers was analyzed to
obtain a set of candidate genes expressed in at least one common form of cancer and lost in >15% of patient tumors. Protein function data was obtained from the UniProt
database (http://www.uniprot.org). “The fraction of tumors with LOH at the target locus was estimated from Mertens et al., 1997 for the following forms of cancer: breast,
colon, kidney, lung, ovarian, head and neck, malignant melanoma, neuroblastoma and neuroglial tumors."

Indel disrupting a splice site -

Table 2: Genes with prevalent loss-of-function variants potentially exploitable in cancer therapies targeting loss of heterozygosity.

Identification of anti-cancer drugs with CYP2D6
dependent activity

To identify clinically used anticancer drugs whose ef-
fects are influenced by CYP2D6 activity, we established
cancer cell models proficient or deficient in CYP2D6
activity by introducing the wild-type CYP2D6*1 and LoF
CYP2D6*4 variant containing the splice site substitu-
tion G1846A (rs3892097), which creates a new acceptor
site one base downstream of exon 4. We designed a
lentiviral insert with a transcript lacking the first coding
base of CYP2D6 exon 4, as this is the most likely aber-
rant transcript resulting from the splice site variant.*®
Next, we confirmed transcript expression from wild-
type CYP2D6*1 and the LoF CYP2D6%4 variant. Geno-
typing of the generated clones confirmed that they
encode either the wild-type CYP2D6*1 allele or the LoF
variant CYP2D6*4 allele transcripts resulting from the
1846 G > A splice variant (Fig. 3a, bottom). Cells over-
expressing the wild-type CYP2D6%*1 allele will produce a
full-length functional CYP2D6 enzyme containing 497
amino acids, but cells overexpressing the LoF
CYP2D6*4 variant with the splice G1846A site will
produce a truncated non-functional CYP2D6 enzyme
containing only 181 amino acids (Fig. 3a, Upper). Since

HEK293T cells do not endogenously express CYPs
(proteinatlas and*), which minimizes the potential
interference from other drug metabolic enzymes,* we
first stably overexpressed the wild-type or LoF CYP2D6
proteins in HEK293T cells (Supplementary Figure S1a).
Next, the catalytic activity of CYP2D6 was assessed by
measuring the formation of dextrorphan which is
generated from the CYP2D6-specific substrate dextro-
methorphan. Dextrorphan formation increased 5-fold
after 90min incubation with dextromethorphan in
wild-type CYP2D6 but not in LoF CYP2D6 expressing
cells (dextrorphan formation at 90 vs 0, unpaired t-test,
Fig. 3b, grey bar), supporting that the LoF CYP2D6
protein lacks catalytic activity.

The electron donors cytochrome P450 oxidoreduc-
tase (POR) and cytochrome b5 (CYBSA) are essential
components regulating the activities of cytochrome
P450 oxidase enzymes and have been used in HEK293T
cells to enhance CYP3A4 activity.” Since CYP2D6 and
CYP3A4 share the same electron donors (Fig. 3¢ and®),
we transiently overexpressed POR and CYBS5A in
HEK293T cells overexpressing wild-type or LoF CYP2D6
(Supplementary Figure S1b and 1c) and determined its
activity. With increasing levels of POR and CYB5A, the

www.thelancet.com Vol 109 November, 2024


http://www.uniprot.org
http://www.uniprot.org
http://www.thelancet.com

Articles

CYP2D6*1 (wild-type)

Splice Splice
donovr site accep&or site
ACCACTCCG giggg... ...cccag GACGCCCCT

DNA

CYP2D6*4 (non-functional allele)

G1846A
($3892097)

v
ACCACTCCG glggg... ..cccaa ~ACGCCCCT

b

=3 PORMOI0

CYB5AMOI 0

=3 PORMOI 0.5

CYB5AMOI 0.5 (1:1)

== POR MOI 0.5

CYB5AMOI 2.0 (1:4)

=

POR MOI 0.5
CYB5AMOI 5.0 (1:10)

CYP2D6*1 CYP2D6*4
Exon 3 Exon 4 Exon 3 Exon 4 - = :
xon 1 transcription Fov xon ltrsnscnplion and 10 P U'00;2)=0.002:
mRNA splicing splcing - p=0.024 H
ACCACUCCGGACGCCCCU ..ACCACUCCGACGCCCCUU % Se- p=0.015 T
B S E— - [ ;
Exon 3 Exond Exon3 Exond cQ :
l"znslaunn ransiaton H £ i
Protein 0 26
497 aa 181aa 53 :
52 5
® 4 H
ceactecoaceccee TTT ccacTcc@lceccce TTT 554 :
S5 ns
o€ i ns NS ns
L 2 i
) | ﬁm
1 TTTT ITTTTT11
I ARG NSO ANRS SIRS SRS NS

Exon 3 Exond  Exon3  Exond QOSSNSO RSO A3SS S8 AISSAISS AASS
Time (min)
c e . f library 1 library 2
NADPH rucaparib Approved Oncology Drugs ~ Known Kinase Inhibitors
(147 agents) (378 agents)

-o- HEK293T CYP2D6*1+POR+CYB5A

—a HEK293T CYP2D6"4+POR+CYB5A HEK293T cells with HEK293T cells with

functionalCYP2D6 and non-functional CYP2D6

=100 IC:114uM (CYP2D6*1) (CYP2D6"4)
CYP2D6/ S ¢¥> -
CYP3A4 > p=0024
= 50 0.010 Select in total 68 compounds:
7 2 : % viability CYP2D6*1/CYP2D6*4 at any concentration >1.2.
>
= p=0.015
3o Select: IC,,CYP2D6*1 22 fold IC,,CYP2D6*4

2 -10 1
d Concentration (uM) 12 hits
- CYP2D6*1 -= CYP2D6*4
150 AZD-3463 . CYC-116 5 Etoposide 150, FEverolimus 450, GDC-0349 50, Lenvatinib
X
50kDa—| - Fla = IC.: 22.8uM IC,: 6.2uM 1C. - 3.5uM
v L 1004 T 1004 1C,9.6uM 1004 e oo 1007 w1003
s LIC,,:3.4uM k ICy: 4.8M N i IC,: 1.7uM
@50 504 . 50 50"5\= 50 501 IC,: 69.9uM
20kDa— Flag IC,,:0.5uM 0 1Cq 1 5.5uM o o o Gyt 12.8uM
CYP2D64 75 T T § 100 3 4 6 6 10 "0 10Z030405 0 2 46 510 034681 032486810
Concentration (uM) Concentration (uM) Concentration (uM) Concentration (uM) Concentration (uM) Concentration (uM)
- ) w |POR <150 s(l\:/IK-8776 150, PHA-680632 .. Talazoparb g, Tyrphostin9 5o,  VX-702 150,  WZ-3146
70kDa-| g (SCH 900776) IC,,: 8.3uM e 1C,:9.3uM
£1007 |c_-0.42um 10014 100 IC,: 4.6pM 1004 g
a CYB5B 3 5o 0421 .
— — - ©
— s o IC.,: 0.4uM
15kDa | = lcyBsA gso Cot OOTUM g0 T 504 < s0] NG 0 0hpM 501
. . IC,,: 4.9uM
40KDa | == - | Actin 0 0 o o — it L
0246 81 0 0 1020304050 0 2 4 6 8 10 50 100 150 200 2 46 810

HEK293T Concentration (uM) Concentration (M) Concentration (uM)  Concentration (M) Concentration ("M)  Concentration (LM)

Fig. 3: Establishment of cell models expressing functional CYP2D6*1 or loss-of-function CYP2D6*4 alleles. a. Upper panel: as part of our
drug discovery toolset, we generated models expressing either the wild-type CYP2D6 or the loss-of-function CYP2D6 allele associated with
153892097 (CYP2D6*4). CYP2D6*1 allele encodes the wild-type sequence, producing a transcript that is translated into a 497 amino acid (aa)
protein (green). In contrast, the CYP2D6*4 variant creates a cryptic acceptor site at the start of exon 4 (yellow), creating a frameshift when
transcription and splicing occurs. The resulting aberrant transcript is missing 1 bp in exon 4 and is translated into a truncated peptide of 181
amino acids (grey). Lower panel: genotyping of the generated clones confirmed that they encode either the wild-type CYP2D6*1 or the
CYP2D6*4 allele resulting from the 1846 G > A splice variant. The coding part of exon 3 (blue) and exon 4 (orange) is shown. b. Detection of
CYP2D6 catalytic activity in HEK293T cells overexpressing wild-type or LoF CYP2D6 alleles, and transiently overexpressing cofactors POR and
CYB5A. The formation of dextrorphan was measured by LC-MS/MS at indicated time points after incubation with 10 pM of the CYP2D6 specific
substrate dextromethorphan. One representative experiment with three technical replicates is shown (mean + SD, POR MOI:0/CYB5A MOI:0, 90°
incubation p = 0.024; POR MOI:0.5/CYB5A MOI:0.5, 90’ incubation p = 0.015; POR MOI:0.5/CYB5A MOI:2.0, 90’ incubation p = 0.002; POR
MOI:0.5/CYB5A MOI:5.0, 90" incubation p = 0.002; unpaired t-test, Two-stage step-up (Benjamini, Krieger, and Yekutieli)). c. Schematic of POR
and CYB5A in relation to the CYP family CYP2D6 and CYP3A4. POR donates electrons to CYPs, which in turn donates them to molecular oxygen
as the terminal electron acceptor thereby mediating catalysis. In some cases, CYB5A facilitates interaction of POR with CYPs, and may act as an
alternative donor for the second, but not the first, electron in the P450 cycle; thus, the action of POR is essential for all CYPs.*° d. Confirmation
of HEK293T CYP2D6*H*POR * B and CYP2D6*+*POR * B5A cell models. Expression of FLAG-tagged wild-type CYP2D6*1 and LoF CYP2D6*4, POR
and CYB5A was confirmed by immunoblotting with actin as loading control. e. Dose response to the CYP2D6 specific substrate rucaparib in
HEK293T CYP2D6*1FPOR + BSA 50 CYP2D6*4+POR * B5A (colls. One representative experiment with three technical replicates is shown (mean =+

SD, rucaparib 65 pM, p = 0.024; rucaparib 130 pM, p = 0.010; unpaired t-test, Two-stage step-up (Benjamini, Krieger, and Yekutieli)).
f. Workflow of the cell-based drug screen. A total of 525 compounds from the approved oncology drug set and known kinase inhibitors set
were assessed in a cell-based screen to find compounds that exhibited selective toxicity to either HEK293T cells with CYP2DE*1+POR + BSA
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formation of dextrorphan was up to ~8-fold higher in
wild-type CYP2D6*1 overexpressing cells, but not in LoF
CYP2D6*4 overexpressing cells (dextrorphan formation
at 90" vs 0’, unpaired t-test, Fig. 3b, blue and yellow bar).
Since POR and CYB5A could further promote the
catalytic activity of CYP2D6, we established a stable
co-expression HEK293T cell model overexpressing
wild-type CYP2D6*1 (hereafter CYP2DE*!*PORESA)
or LoF CYP2DG*4 (hereafter CYP2D6**POR™EA)
The HEK293T CYP2DG*!PORFCYBSA or
CYP2DG**PORTCYBIA cells were confirmed by immu-
noblotting (Fig. 3d) and had no significant difference in
growth rate (Supplementary Figure S1d).

CYP2D6 primarily metabolizes lipophilic com-
pounds, including certain antidepressants, antipsy-
chotics, antiarrthythmics, antiemetics, p-adrenergic
receptor antagonists, and opioids. The processing of
anticancer drugs by CYP2D6 has not been systemati-
cally studied,” but CYP2D6 is known to metabolize the
poly (ADP-ribose) polymerase (PARP) inhibitor ruca-
parib,” suggesting that cells lacking CYP2D6 should
exhibit increased sensitivity to rucaparib. Compared to
HEK293T CYP2D6*"*PORPA CYpaDe#*+POREA cellg
exhibited increased sensitivity to rucaparib (ICsy 114 pM
vs 52 pM, [Inhibitor] vs. normalized response, Fig. 3e).
Next, we sought to identify other anticancer drugs
already in clinical use or in clinical trials that display
CYP2D6 allele-specific cytotoxicity. To do so, we per-
formed drug screening using the HEK293T cell model.
A total of 525 approved cancer drugs and kinase in-
hibitors were evaluated by dose-response screening
(Fig. 3f). This screen identified 12 drugs, AZD-3463
(ALK/IGF1R inhibitor), CYC-116 and PHA-680632
(aurora kinase inhibitor), etoposide (topoisomerase II
inhibitor), everolimus and GDC-0349 (mTOR kinase
inhibitor), lenvatinib, tyrphostin 9 and WZ-3146 (GFRs
inhibitor), talazoparib (PARP inhibitor), MK-8776
(checkpoint kinasel inhibitor) and VX-702 (p38 MAP
kinase inhibitor), having >2-fold higher potency (ICs)
in HEK293T CYP2D6**FORBA  (ells  (Fig. 3g,
Supplementary Figure Sle). Taken together, 2.3% of the
evaluated compounds displayed CYP2D6 dependent
toxicity.

Validating hit candidates in hepatocellular
carcinoma cells with deficient CYP2D6 expression
Hepatocellular carcinoma HepG2 cells are inherently
resistant to many chemotherapeutic drugs,”° thus
representing a challenging model for drug screening.
Even so, the HepG2 cells are among the few available
options suitable for hit validation since they (1) are

homozygous for the wild-type CYP2D6*1 allele, thus
suitable for CRISPR editing; (2) express the cofactors
required for cytochrome P450 activity’’; (3) express
other CYPs allowing determination of specificity. We
hypothesized that HepG2 cells lacking functional
CYP2D6 should be more sensitive to our discovered hit
compounds. To validate this, we established two
CRISPR/Cas9 CYP2D6 knockout clones (KO C1 and
C2) in HepG2 cells and showed that they lacked
endogenous expression of CYP2D6 (Fig. 4a and b). We
observed a higher increase of dextrorphan formation in
HepG2 parental cells than in CYP2D6 KO clones (dex-
trorphan formation at 30 vs 0', and 60" vs 0', unpaired t-
test, Fig. 4c). Furthermore, compared to HepG2
parental cells, a ~4-fold accumulation of dextromethor-
phan was observed in CYP2D6 KO cells after 90 min
incubation, suggesting that CYP2D6 KO cells take up
but are unable to metabolize dextromethorphan (dex-
trorphan formation at 90" vs 0’, unpaired t-test, Fig. 4d,
Supplementary Figure S2a). Moreover, CYP2D6 KO
cells exhibited greater sensitivity to rucaparib (Fig. 4e), a
known substrate of CYP2D6, thereby validating the
reliability of the HepG2 cell model for hit validation.
To gain a deeper understanding of how loss of
CYP2D6 expression affects cellular function, we per-
formed RNA-SEQ analysis and compared differential
KEGG pathway analysis between HepG2 CYP2D6
parental and KO cells. Interestingly, the top down-
regulated pathways in HepG2 CYP2D6 KO cells
included cholesterol metabolism (padj = 0.0001), fat
digestion and absorption (padj = 0.0005), and CYP450-
mediated drug metabolism and  peroxisome
(padj = 0.0008) (Fig. 4f and g, Supplementary
Figure S2b and Supplementary Table S6), which have
been associated with the activity of CYP2D6.**° The
pathways most significantly upregulated in CYP2D6 KO
cells included those associated with cardiomyopathy
(padj = 0.0016), MAPK signalling (padj = 0.0059), and
the PI3K-Akt signalling pathway (padj = 0.0159) (Fig. 4h
and i, Supplementary Figure S2c¢ and 2d and
Supplementary Table S7), which has also been reported
previously,”**" suggesting that altered CYP2D6 activity
or expression level may not only affect drug metabolism
but also alter cellular function. Moreover, several growth
factor ligands and receptors (PDGFRB, NGFR, TGFA,
FGFR1 and FGF21) were identified as jointly upregu-
lated genes in the MAPK signalling and the PI3K-Akt
signalling pathways (Supplementary Figure S2e). Next,
we tested the 12 hit compounds selected from the
HEK293T cell system using the HepG2 cell model.
AZD-3463, CYC-116, etoposide, tyrphostin 9, VX-702

(thereafter HEK293T CYP2D6*1 in the figure) or CYP2D6*4+POR + BSA (thereafter HEK293T CYP2D6*4 in the figure). g. Dose response to
12 identified hit compounds in the HEK293T cell model. Name of 12 compounds: AZD-3463, CYC-16, etoposide, everolimus, GDC-0349,
lenvatinib, MK-8776, PHA-680632, talazoparib, tyrphostin 9, VX-702 and WZ-3146. The half-maximal inhibitory concentration (IC5o) was
calculated using Dose-Response inhibition (inhibition vs normalized response).
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Fig. 4: Talazoparib and MK-8776 exhibit CYP2D6 dependent cytotoxicity in hepatocellular carcinoma cells. a. Relative expression of
CYP2D6 in parental HepG2 cells and two CRISPR/Cas9 CYP2D6 KO clones was determined by qPCR. *p < 0.05 by two-tailed t-test. RQ: relative
quantification. b. Expression levels of endogenous CYP2D6 protein was determined in HepG2 parental and CYP2D6 KO clones by immuno-
blotting using actin as loading control. Recombinant CYP2D6 is pure CYP2D6 protein thus no actin was detected. c. Catalytic activity of CYP2D6
in HepG2 parental and CYP2D6 KO cells. The formation of dextrorphan was measured by LC-MS/MS at indicated time points after incubation
with 10 pM of the CYP2D6 specific substrate dextromethorphan. One representative experiment with three technical replicates is shown (mean
+ SD, HepG2 parental 30 vs 0" incubation, p = 0.036; HepG2 parental 60" vs 0" incubation, p = 0.0004, unpaired t-test, Two-stage step-up
(Benjamini, Krieger, and Yekutieli)). d. The total amount of the CYP2D6-specific substrate dextromethorphan in the cell pellet was determined
by LC-MS/MS after 90min incubation with 10 pM dextromethorphan. One representative experiment with three technical replicates is shown
(mean + SD, *p < 0.05 by two-tailed t-test). e. Dose-response to rucaparib in HepG2 parental and CYP2D6 KO clones. One representative
experiment with three technical replicates is shown (mean £ SD, *p < 0.05, **p < 0.01 and ***p < 0.001, unpaired t-test, Two-stage step-up
(Benjamini, Krieger, and Yekutieli)). f. The top 10 down-regulated KEGG signalling pathways in HepG2 CYP2D6 KO cells compared to HepG2
parental cells (full list Supplementary Table S6). g. The enriched genes in the KEGG pathway of drug metabolsim-CYP450. h. The top 10 up-
requlated KEGG signalling pathways in HepG2 CYP2D6 KO cells compared to HepG2 parental cells (full list Supplementary Table S7). i. The
enriched genes in the MAPK signalling pathway. j. Dose-response of talazoparib and MK-8776 in HepG2 parental and CYP2D6 KO clones. Cell
viability of KO clone 1 vs parental, and KO clone 2 vs parental, unpaired t-test, Two-stage step-up (Benjamini, Krieger, and Yekutieli), only show
p-values <0.05).

and WZ-3146 were excluded due to a lack of CYP2D6
selective toxicity in HepG2 cells; lenvatinib was excluded
because of its ICsy >50 pM. Everolimus, PHA-680632
and GDC-0349 were excluded because the difference

in ICso was less than two-fold. The drugs MK-8776 and
talazoparib were retained as hits (cell viability of KO
clone 1 vs parental, and KO clone 2 vs parental, un-
paired t-test, Fig. 4j, Supplementary Figure S2f and g).
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In a similar vein, we hypothesized that cells over-
expressing functional CYP2D6 should be more tolerant
to the hit candidates compared to those overexpressing
LoF CYP2D6. HepG2 cells were therefore stably trans-
duced with lentiviral particles encoding functional
CYP2D6*1 or LoF CYP2D6*4 (Supplementary
Figure S3a and b). A kinetic analysis of CYP2D6 cata-
lytic activity revealed that dextrorphan formation was
~8-fold higher in CYP2D6*1 overexpressing HepG2
cells, non-functional CYP2D6*4 clones showed the
same level of dextrorphan formation as parental HepG2
cells after 90mins incubation with dextromethorphan
(dextrorphan formation at 90" vs 0’, unpaired t-test,
Supplementary Figure S3c). Considering the significant
endogenous CYP2D6 expression in HepG2 cells
(proteinatlas.org) and the similar level of dextrorphan
production observed in parental HepG2 and
CYP2D6*4 cells (unpaired t-test, Supplementary
Figure S3d), it is evident that also the cells over-
expressing the LoF CYP2D6*4 still maintain drug
detoxification ability. Nevertheless, talazoparib and MK-
8776 showed consistent specific cytotoxicity against
HepG2 cells overexpressing LoF  CYP2D6%*4
(Supplementary Figure S3e).

Apart from CYP2D6, the CYP3A subfamily, specif-
ically CYP3A4, is the most abundant CYP member in
the human body and metabolizes >30% of clinically
used drugs.”” We therefore asked if CYP3A4 activity
would affect the effect of talazoparib or MK-8776 in
HepG2 CYP3A4 overexpressing cells with~10-fold
higher CYP3A4 activity compared to HepG2 parental
cells. Ketoconazole, a specific CYP3A4 inhibitor,
inhibited CYP3A4 activity in HepG2 CYP3A4 over-
expressing cells (Supplementary Figure S3f). In the
presence or absence of ketoconazole, HepG2 parental
and CYP3A4 overexpressing cells treated with talazo-
parib or MK-8776 did not display big differences in
survival (Supplementary Figure S3g), demonstrating
that CYP3A4 activity does not significantly alter the ef-
fect of these drugs. Similarly, CYP1A2 and CYP2C9
activity did not impact the cytotoxic effects of talazoparib
and MK-8776 (Supplementary Figure S3h-k). Taken
together, the cytotoxicity of talazoparib and MK-8776 in
HepG2 cells was dependent on CYP2D6, but not on the
activity of the other abundant CYP members.

Talazoparib exhibits cytotoxicity against cells
deficient in CYP2D6 activity in 3D culture models
and human liver cancer-derived organoids
Three-dimensional cell culture models more closely
mimic tumor properties than monolayer cultures in
terms of growth kinetics and metabolic rates.”> More-
over, cancer cells are in general more resistant to anti-
cancer agents when grown as 3-dimensional spheroids
rather than as monolayer cultures.”” We therefore
evaluated the effect of talazoparib and MK-8776 in 3D
culture models. We treated HEK293T overexpressing

wild-type CYP2D6 or LoF CYP2D6, and HepG2 parental
and CYP2D6 KO spheroids with increasing concentra-
tions of talazoparib and MK-8776, and measured cell
viability after 72 h. Spheroids with LoF CYP2D6
exhibited higher sensitivity to talazoparib and MK-8776
(unpaired t-test, *p < 0.5, **p < 0.01, Fig. 5a). On
spheroid microplates, HEK293T cells formed neat
spheroids with sharp edges, whereas HepG2 cells could
only form a 3D structure (Supplementary Figure S4a).
We further calculated the size of HEK293T cells formed
spheroids, a significant decrease in volume after treat-
ment with talazoparib or MK-8776 was observed in
HEK293T LoF CYP2D6 spheroids as compared to wild-
type CYP2D6 spheroids (two-tailed t-test, Fig. 5b).

Considering that talazoparib is already used in the
clinical setting, and consistently demonstrated CYP2D6-
dependent cytotoxicity in both HEK293T and HepG2
spheroids, we proceeded to culture and treat human
hepatocellular cancer organoids from 11 patients with
talazoparib (two-tailed t-test, Fig. 5c). By genotyping
CYP2D6 in each sample, we attempted to establish an
association between predicted CYP2D6 catalytic activity
and response to drug treatment (Supplementary
Table S3). In general, tumour organoids identified as
CYP2D6 intermediate metabolizers were more sensitive
to talazoparib than normal metabolizers (Fig. 5d), sup-
porting its potential as therapy for heterozygous patients
only retaining the LoF allele in their tumors.

Discussion

In 2020, LOH of essential genes was shown to constitute
a significant category of non-driver cancer vulnerabil-
ities when 5664 variants in 1278 essential genes that
undergo LOH in cancer were identified and allele-
specific inactivation of two such genes (PRIM1 and
EXOSC8) was shown to be lethal to cancer cells.” In our
earlier research, we reported that non-driver cancer
vulnerabilities resulting from LOH can be targeted us-
ing small molecules.’ To extend this concept, we here
identified genes frequently lost in common cancers that
have prevalent constitutional LoF alleles in the popula-
tion. We ultimately selected the truncating rs3892097
variant of CYP2D6 because (i) 22q13.2 undergoes LOH
in >30% of hepatocellular carcinomas and >15% of
cases of several tumor types, including neuroblastoma,
glioblastoma, neuroglial, lung, and ovarian tumors*"*;
(ii) CYP2D6 is a well-studied drug metabolic enzyme
and its typical substrates are mainly antidepressants,
antipsychotics, antiarrhythmic drugs, antiemetics and
opioids, but there is limited knowledge of its meta-
bolism of cancer drugs; and (iii) the carrier frequency of
the LoF allele CYP2D6%4 is high among Caucasians,
ranging from 20% to 25%.”* Currently, over 135
unique CYP2D6 alleles, resulting from SNVs, indels
and gene rearrangements, have been reported by the
Pharmacogene Variation Consortium (PharmVar). The
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Fig. 5: Talazoparib exhibits cytotoxicity against cells with deficient CYP2D6 activity in 3D culture models and hepatocellular carcinoma
organoids. a. Dose response to talazoparib and MK-8776 in spheroids formed by HEK293T CYP2D6***"OR * B5A and CYP2D6*4POR * BSA cells, or
in spheroids formed by HepG2 parental and CYP2D6 KO cells. One representative experiment with three technical replicates is shown (mean +
SD, *p < 0.05, **p < 0.01, unpaired t-test, Two-stage step-up (Benjamini, Krieger, and Yekutieli)). b. Representative images for HEK293T
CYP2D6*HPOR * BSA gnd CYP2D6*4POR * BSA cells were taken by Incucyte after 72 h incubation with indicated drugs. Diameters were measured
and spheroid volumes were calculated using the formula V = (4/3) *r *R3, where 7 is approximately 3.14, and R represents the spheroid radius.
One representative experiment with three technical replicates is shown (mean + SD, two-tailed t-test, only show p-values <0.05). Bar
scale = 300 pm. c. Dose response of human HCCOs to talazoparib. HCCO-C975, HCCO-D045, HCCO-D046, HCCO-D324, HCCO-D386, HCCO-
D415, and HCCO-D455 were determined as normal metabolizers; HCCO-C798, HCCO-C948, HCCO-C949, and HCCO-D359 were determined as
intermediate metabolizers. *p < 0.05, using unpaired t test with Welch’s correction. d. Targeting CYP2D6 allelic loss in tumors. CYP2D6 is located on
chromosome 22 (p-arm, blue; centromere, grey; g-arm, yellow), which is acrocentric (shown by the two black lines). Eligible patients are het-
erozygous for the wild-type CYP2D6 allele (CYP2D6*1, pink) and the LoF allele (CYP2D6*4, dark grey). Throughout cancer progression, tumor cells
undergo LOH and may lose the wild-type CYP2D6 allele. Treatment with a cytotoxic CYP2D6 substrate (pink) will result in selective killing of tumor
cells, as they cannot process the drug and die. Normal cells which still express CYP2D6 are able to detoxify the drug and survive.

resulting protein variants are classified by activity level
and enable the sorting of individuals within a popula-
tion into poor, intermediate, normal (extensive), or ul-
trarapid metabolizers.”** Across different human

populations, the normal and intermediate (IM) pheno-
types are most common, with normal metabolizers
comprising 43—-67% of populations and IMs comprising
an additional 10-44%.*° Here, our focus was primarily
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on the LoF allele CYP2D6*4. Given the existence of
additional non-functional alleles, we anticipate a broader
applicability of the findings from this study.

To enable future clinical translation, we screened in
total 525 anticancer agents that are either in clinical use
or undergoing clinical trials and discovered 12 com-
pounds which show a greater toxicity to cells deficient in
CYP2D6 activity, namely AZD-3463 (ALK/IGF1R in-
hibitor), CYC-116 and PHA-680632 (aurora kinase in-
hibitor), etoposide (topoisomerase II inhibitor),
everolimus and GDC-0349 (mTOR kinase inhibitor),
lenvatinib, tyrphostin 9 and WZ-3146 (GFRs
inhibitor), talazoparib (PARP enzymes inhibitor), MK-
8776 (checkpoint kinasel inhibitor) and VX-702 (p38
MAP kinase inhibitor), in an engineered HEK293T cell
model naturally devoid of any other CYP activity.
Additional investigations utilizing in vitro models of
hepatocellular carcinoma confirmed that talazoparib and
MK-8776 consistently displayed cytotoxic effects against
cells with compromised CYP2D6 activity. Talazoparib is
a clinically used poly (ADP-ribose) polymerase (PARP)
inhibitor,” and 64.7% of talazoparib is excreted in the
urine with 54.6% as unchanged drug (FDA, reference
ID 485951). Talazoparib has also been reported to un-
dergo slow metabolism by the liver,* aligning with our
discovery that cancer cells with lower CYP2D6 activity
exhibit heightened susceptibility to talazoparib treat-
ment. Since HCCO with lower CYP2D6 activity dis-
played higher sensitivity to talazoparib, future in vivo
experiments to validate this finding are warranted.

Moreover, both the MAPK pathway and the PI3K-Akt
pathway exhibited significant upregulation in HepG2
CYP2D6 knockout cells, and several growth factor/re-
ceptors (PDGFRB, NGFR, TGFA, FGFR1 and FGF21)
were identified as co-shared upregulated genes by these
two pathways. This finding suggests that the altered
activity of CYP2D6 may have broader effects beyond
drug metabolism, influencing cell signalling.

The genetic variability that leads to resistance to drug
treatment is a key challenge in cancer therapy. For
instance, mutations can heighten the activity of crucial
signalling pathways, promote cell growth and prolifera-
tion while dampening apoptosis, thus contributing to
drug resistance.”” This includes the upregulation of
DNA repair proteins, which may explain why HepG2
HCC cells exhibit relative resistance to talazoparib.
However, the CYP2D6-dependent response of HCCO to
talazoparib (ICsy intermediate 2.17 pM vs normal
7.66 uM), suggests that this therapeutic concept is
relevant also at drug concentrations achievable during
patient treatment. Moreover, combining talazoparib
with currently utilized drugs for liver cancer may
potentially enhance treatment outcomes for patients
who have lost CYP2D6 activity in their tumor. As this
study concerned anticancer drugs that are either used in
clinical practice or undergoing clinical trials across
various types of cancer, not specifically targeting HCC,

future screens tailored specifically toward HCC may
result in additional candidate drugs with enhanced ef-
ficacy for HCC tumours with CYP2D6 deficiency. This
is particularly relevant given the low 3-year overall sur-
vival rate, which remains <50%.

We also acknowledge the limitations of this study,
including: (i) we only focused on the CYP2D6*4 allele,
the most common CYP2DG6 LoF alleles. However,
considering the existence of various other non-
functional CYP2D6 alleles (*3, *5-*8, *11, *12, *14—
*16, *18-*21, *38, *40-*42, *44, *51, *56, *57, *60,
%62, *68, %69, *92, *96, *99-*101, *114), and that ~25%
of the population has intermediate CYP2D6 activity, we
expect that strategies targeting CYP2D6 activity will have
widespread applicability; (i) we encountered challenges
in identifying patient-derived organoids having the poor
CYP2D6 activity phenotype. We hypothesize that tala-
zoparib or MK-8776 will demonstrate better efficacy in
tumors with a poor CYP2D6 phenotype.

Collectively, we have (i) validated earlier findings of
deleterious variants present in the human genome; (ii)
discovered a set of genes having validated prevalent
inactivating alleles in the population; (iii) identified
CYP2D6 as a putative target for LOH therapy; and (iv)
demonstrated increased cytotoxicity of talazoparib in
hepatocellular cancer cell models and organoids.
Considering that the incidence of liver cancer worldwide
is ~900,000 cases (IARC 2020), predicted to increase
>55% by 2040, ~25% of the population (median
10-44%°°) has the CYP2D6 intermediate phenotype,
and the LOH frequency at 22q is 28%, about 50,000
individuals yearly could potentially benefit from LOH
therapies targeting lack of CYP2D6 function by 2040.
Furthermore, the pursuit of therapies targeting CYP2D6
LoF could hold relevance in the realm of brain tumors.
When taking into account the prevalence of glioblas-
toma in the US and Europe (2.5 per 10,000 individuals,
as reported by the brain tumour foundation of Canada),
and considering the frequency of chromosome 22q loss
in glioblastomas (~20%), we estimate that >600 in-
dividuals each year may have benefit from a therapeutic
approach based on loss of heterozygosity. Since talazo-
parib has been approved by the FDA, it is justified to
further explore its potential dependence on CYP2D6
activity in future clinical trials.

Contributors

Xiaonan Zhang: literature search, study design, data collection, data
analysis, data interpretation, data curation, investigation, methodology,
software, supervision, validation, visualisation, figures, writing—orig-
inal draft, and writing; Natallia Rameika: data collection, data analysis,
data interpretation, data curation, validation, visualisation and writing;
Lei Zhong: data collection, data analysis, data interpretation, investiga-
tion, methodology, validation and visualization; Verénica Rendo: data
collection, data analysis, methodology, investigation, visualisation and
writing; Snehangshu Kundu: data collection, data analysis, methodol-
ogy, investigation, visualisation and writing; Sandro Nuciforo: data
collection, data analysis, methodology, investigation, visualisation, and
writing; Jordan Dupuis: data collection, data analysis, methodology,
investigation, visualisation, and writing; Muhammad Al Azhar: data

www.thelancet.com Vol 109 November, 2024


http://www.thelancet.com

Articles

collection and data analysis; loanna Tsiara: data collection, data analysis
and writing; Pauline Seeburger: data collection and data analysis;
Shahed Al Nassralla: data analysis and writing; Viktor Ljungstrom: data
analysis and writing; Richard Svensson: data collection and data anal-
ysis; Margus Veanes: data analysis and writing; Ivaylo Stoimenov:
methodology, data analysis and writing; Per Artursson: investigation,
methodology, resources and supervision; Markus H. Heim: investiga-
tion, methodology, resources and supervision; Daniel Globisch: inves-
tigation, methodology, resources, supervision and writing; Tobias
Sjéblom: conceptualisation, literature search, study design, data inter-
pretation, data curation, funding acquisition, methodology, project
administration, resources, software, supervision, visualisation, figures,
writing — original draft, and writing. All authors have read and approved
the final version of the manuscript.

Data sharing statement
The data supporting the findings of this study are available from the
corresponding author upon reasonable request.

Declaration of interests

The authors declare that they have no competing financial interests or
personal relationships that could have influenced the work reported in
this paper. The corresponding author of this manuscript, certify that the
contributors’ and conflicts of interest statements included in this paper
are correct and have been approved by all co-authors.

Acknowledgements

This work was funded by Barncancerfonden (T.S, PR2022-0099 and
PR2020-0171, X.Z, TJ2021-0111), Cancerfonden (T.S, 211719Pj and
D.G, 222449Pj), Vetenskapsradet (T.S, 2020-02371 and D.G, 2020-
04707), and the Erling Persson Foundation (T.S, 2020-0037, T.S, 2023-
0113). We express our gratitude to the Chemical Biology Consortium
Sweden (CBCS) for their assistance in facilitating our screening of the
525-chemical library.

Appendix A. Supplementary data
Supplementary data related to this article can be found at https://doi.
org/10.1016/j.ebiom.2024.105368.

References

1 Sandberg ML, Wang X, Martin AD, et al. A carcinoembryonic
antigen-specific cell therapy selectively targets tumor cells with
HLA loss of heterozygosity in vitro and in vivo. Sci Transl Med.
2022;14(634):eabm0306.

2 Nichols CA, Gibson W], Brown MS, et al. Loss of heterozygosity of
essential genes represents a widespread class of potential cancer
vulnerabilities. Nat Commun. 2020;11(1):2517.

3 Rendo V, Stoimenov I, Mateus A, et al. Exploiting loss of hetero-
zygosity for allele-selective colorectal cancer chemotherapy. Nat
Commun. 2020;11(1):1308.

4 Sawyers C. Targeted cancer therapy. Nature. 2004;432(7015):294—
297.

5 Yeh P, Chen H, Andrews |, Naser R, Pao W, Horn L. DNA-Mu-
tation Inventory to Refine and Enhance Cancer Treatment
(DIRECT): a catalog of clinically relevant cancer mutations to
enable genome-directed anticancer therapy. Clin Cancer Res.
2013;19(7):1894-1901.

6  Baines AT, Xu D, Der CJ. Inhibition of Ras for cancer treatment:
the search continues. Future Med Chem. 2011;3(14):1787-1808.

7  Adams J. The proteasome: a suitable antineoplastic target. Nat Rev
Cancer. 2004;4(5):349-360.

8  Muller FL, Colla S, Aquilanti E, et al. Passenger deletions generate
therapeutic vulnerabilities in cancer. Nature. 2012;488(7411):337—
342.

9 Dey P, Baddour J, Muller F, et al. Genomic deletion of malic
enzyme 2 confers collateral lethality in pancreatic cancer. Nature.
2017;542(7639):119-123.

10 Mavrakis KJ, McDonald ER 3rd, Schlabach MR, et al. Disordered
methionine metabolism in MTAP/CDKN2A-deleted cancers leads
to dependence on PRMTS. Science. 2016;351(6278):1208-1213.

11 Nijhawan D, Zack TI, Ren Y, et al. Cancer vulnerabilities unveiled
by genomic loss. Cell. 2012;150(4):842-854.

www.thelancet.com Vol 109 November, 2024

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

Paolella BR, Gibson W], Urbanski LM, et al. Copy-number and
gene dependency analysis reveals partial copy loss of wild-type
SF3B1 as a novel cancer vulnerability. Elife. 2017;6:€23268.
Mertens F, Johansson B, Hoglund M, Mitelman F. Chromosomal
imbalance maps of malignant solid tumors: a cytogenetic survey of
3185 neoplasms. Cancer Res. 1997;57(13):2765-2780.

MacArthur DG, Tyler-Smith C. Loss-of-function variants in the
genomes of healthy humans. Hum Mol Genet. 2010;19(R2):R125—
R130.

Karczewski KJ, Francioli LC, Tiao G, et al. The mutational
constraint spectrum quantified from variation in 141,456 humans.
Nature. 2020;581(7809):434-443.

Cingolani P, Platts A, Wang le L, et al. A program for annotating
and predicting the effects of single nucleotide polymorphisms,
SnpEff: SNPs in the genome of Drosophila melanogaster strain
w1118; iso-2; iso-3. Fly (Austin). 2012;6(2):80-92.

Pruitt KD, Tatusova T, Maglott DR. NCBI Reference Sequence
(RefSeq): a curated non-redundant sequence database of genomes,
transcripts and proteins. Nucleic Acids Res. 2005;33(Database is-
sue):D501-D504.

Zhang X, Akcan E, Correia M, et al. Enhanced cytotoxicity of a
novel family of ATPase inhibitors in colorectal cancer cells with
high NAT2 activity. Biochem Pharmacol. 2022;203:115184.

Zhang X, Fryknids M, Hernlund E, et al. Induction of mitochon-
drial dysfunction as a strategy for targeting tumour cells in
metabolically compromised microenvironments. Nat Commun.
2014;5:3295.

Nuciforo S, Fofana I, Matter MS, et al. Organoid models of human
liver cancers derived from tumor needle biopsies. Cell Rep.
2018;24(5):1363-1376.

Meloche M, Khazaka M, Kassem I, Barhdadi A, Dube MP, de
Denus S. CYP2D6 polymorphism and its impact on the clinical
response to metoprolol: a systematic review and meta-analysis. Br |
Clin Pharmacol. 2020;86(6):1015-1033.

Genomes Project C, Abecasis GR, Altshuler D, et al. A map of
human genome variation from population-scale sequencing. Na-
ture. 2010;467(7319):1061-1073.

MacArthur DG, Balasubramanian S, Frankish A, et al. A systematic
survey of loss-of-function variants in human protein-coding genes.
Science. 2012;335(6070):823-828.

Kim JI, Ju YS, Park H, et al. A highly annotated whole-genome
sequence of a Korean individual. Nature. 2009;460(7258):1011—
1015.

Lindesmith L, Moe C, Marionneau S, et al. Human susceptibility
and resistance to Norwalk virus infection. Nat Med. 2003;9(5):548—
553.

Field LL, Bonnevie-Nielsen V, Pociot F, Lu S, Nielsen TB, Beck-
Nielsen H. OAS1 splice site polymorphism controlling antiviral
enzyme activity influences susceptibility to type 1 diabetes. Diabetes.
2005;54(5):1588-1591.

Gough AC, Miles JS, Spurr NK, et al. Identification of the primary
gene defect at the cytochrome P450 CYP2D locus. Nature.
1990;347(6295):773-776.

Flachsbart F, Caliebe A, Nothnagel M, et al. Depletion of potential
A2M risk haplotype for Alzheimer’s disease in long-lived in-
dividuals. Eur ] Hum Genet. 2010;18(1):59-61.

Wang B, Yang LP, Zhang XZ, Huang SQ, Bartlam M, Zhou SF.
New insights into the structural characteristics and functional
relevance of the human cytochrome P450 2D6 enzyme. Drug Metab
Rev. 2009;41(4):573-643.

Takahashi K, Kudo J, Ishibashi H, Hirata Y, Niho Y. Frequent loss
of heterozygosity on chromosome 22 in hepatocellular carcinoma.
Hepatology. 1993;17(5):794-799.

Nakamura M, Ishida E, Shimada K, et al. Frequent LOH on 22q12.3
and TIMP-3 inactivation occur in the progression to secondary
glioblastomas. Lab Invest. 2005;85(2):165-175.

Lasota ], Wozniak A, Kopczynski ], et al. Loss of heterozygosity on
chromosome 22q in gastrointestinal stromal tumors (GISTs): a
study on 50 cases. Lab Invest. 2005;85(2):237-247.

Hanioka N, Kimura S, Meyer UA, Gonzalez FJ. The human CYP2D
locus associated with a common genetic defect in drug oxidation: a
G1934 A base change in intron 3 of a mutant CYP2D6 allele
results in an aberrant 3’ splice recognition site. Am J Hum Genet.
1990;47(6):994-1001.

Daly AK, Brockmoller ], Broly F, et al. Nomenclature for human
CYP2D6 alleles. Pharmacogenetics. 1996;6(3):193-201.

Wang SL, Huang JD, Lai MD, Liu BH, Lai ML. Molecular basis of
genetic variation in debrisoquin hydroxylation in Chinese subjects:

19


https://doi.org/10.1016/j.ebiom.2024.105368
https://doi.org/10.1016/j.ebiom.2024.105368
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref1
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref1
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref1
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref1
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref2
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref2
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref2
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref3
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref3
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref3
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref4
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref4
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref5
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref5
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref5
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref5
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref5
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref6
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref6
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref7
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref7
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref8
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref8
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref8
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref9
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref9
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref9
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref10
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref10
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref10
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref11
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref11
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref12
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref12
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref12
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref14
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref14
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref14
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref13
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref13
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref13
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref15
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref15
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref15
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref16
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref16
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref16
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref16
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref17
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref17
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref17
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref17
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref18
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref18
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref18
http://refhub.elsevier.com/S2352-3964(24)00404-3/optLgUb70Y6dX
http://refhub.elsevier.com/S2352-3964(24)00404-3/optLgUb70Y6dX
http://refhub.elsevier.com/S2352-3964(24)00404-3/optLgUb70Y6dX
http://refhub.elsevier.com/S2352-3964(24)00404-3/optLgUb70Y6dX
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref19
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref19
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref19
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref20
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref20
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref20
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref20
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref21
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref21
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref21
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref22
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref22
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref22
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref23
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref23
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref23
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref24
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref24
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref24
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref25
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref25
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref25
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref25
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref26
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref26
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref26
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref27
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref27
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref27
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref28
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref28
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref28
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref28
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref29
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref29
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref29
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref30
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref30
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref30
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref31
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref31
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref31
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref32
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref32
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref32
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref32
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref32
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref33
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref33
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref34
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref34
http://www.thelancet.com

Articles

20

36

37

38

39

40

41

42

43

45

46

47

polymorphism in RFLP and DNA sequence of CYP2D6. Clin
Pharmacol Ther. 1993;53(4):410-418.

Masimirembwa C, Hasler ], Bertilssons L, Johansson I, Ekberg O,
Ingelman-Sundberg M. Phenotype and genotype analysis of
debrisoquine hydroxylase (CYP2D6) in a black Zimbabwean pop-
ulation. Reduced enzyme activity and evaluation of metabolic cor-
relation of CYP2D6 probe drugs. Eur ] Clin Pharmacol.
1996;51(2):117-122.

Petrovic ], Pesic V, Lauschke VM. Frequencies of clinically
important CYP2C19 and CYP2DG6 alleles are graded across Europe.
Eur ] Hum Genet. 2020;28(1):88-94.

Meyer UA, Zanger UM. Molecular mechanisms of genetic poly-
morphisms of drug metabolism. Annu Rev Pharmacol Toxicol.
1997;37:269-296.

Nebert DW, Wikvall K, Miller WL. Human cytochromes P450 in
health and disease. Philos Trans R Soc Lond B Biol Sci.
2013;368(1612):20120431.

Ahlin G, Hilgendorf C, Karlsson ], Szigyarto CA, Uhlen M,
Artursson P. Endogenous gene and protein expression of drug-
transporting proteins in cell lines routinely used in drug discov-
ery programs. Drug Metab Dispos. 2009;37(12):2275-2283.

Neve EP, Artursson P, Ingelman-Sundberg M, Karlgren M. An
integrated in vitro model for simultaneous assessment of drug
uptake, metabolism, and efflux. Mol Pharm. 2013;10(8):3152-3163.
Pandey AV, Fluck CE. NADPH P450 oxidoreductase: structure,
function, and pathology of diseases. Pharmacol  Ther.
2013;138(2):229-254.

Zhou SF. Polymorphism of human cytochrome P450 2D6 and its
clinical significance: Part 1. Clin Pharmacokinet. 2009;48(11):689—
723.

Zhao D, Long X, Wang ]. Metabolism-related pharmacokinetic
drug-drug interactions with poly (ADP-ribose) polymerase in-
hibitors (Review). Oncol Rep. 2022;47(1):20.

Yang JD, Hainaut P, Gores GJ, Amadou A, Plymoth A, Roberts LR.
A global view of hepatocellular carcinoma: trends, risk, prevention
and management. Nat Rev Gastroenterol Hepatol. 2019;16(10):589—
604.

Lohitesh K, Chowdhury R, Mukherjee S. Resistance a major hin-
drance to chemotherapy in hepatocellular carcinoma: an insight.
Cancer Cell Int. 2018;18:44.

Zhou B, Ho SS, Greer SU, et al. Haplotype-resolved and integrated
genome analysis of the cancer cell line HepG2. Nucleic Acids Res.
2019;47(8):3846-3861.

48

49

50

51

52

53

54

55

56

57

58

59

60

Cairns W, Smith CA, McLaren AW, Wolf CR. Characterization of
the human cytochrome P4502D6 promoter. A potential role for
antagonistic interactions between members of the nuclear receptor
family. | Biol Chem. 1996;271(41):25269-25276.

Fujiyama K, Hino T, Nagano S. Diverse reactions catalyzed by cy-
tochrome P450 and biosynthesis of steroid hormone. Biophys
Physicobiol. 2022;19:e190021.

Wang B, Wu L, Chen ], et al. Metabolism pathways of arachidonic
acids: mechanisms and potential therapeutic targets. Signal Trans-
duct Target Ther. 2021;6(1):94.

Luo R, Ge C, Xiao X, et al. Identification of genetic variations
associated with drug resistance in non-small cell lung cancer pa-
tients undergoing systemic treatment. Brief Bioinform. 2021;22(6):
bbab187.

Kawakami H, Ohtsuki S, Kamiie J, Suzuki T, Abe T, Terasaki T.
Simultaneous absolute quantification of 11 cytochrome P450 iso-
forms in human liver microsomes by liquid chromatography tan-
dem mass spectrometry with in silico target peptide selection.
J Pharm Sci. 2011;100(1):341-352.

Hagg M, Biven K, Ueno T, et al. A novel high-through-put assay for
screening of pro-apoptotic drugs. Invest New Drugs. 2002;20(3):253—
259.

Kunz-Schughart LA, Freyer JP, Hofstaedter F, Ebner R. The use of
3-D cultures for high-throughput screening: the multicellular
spheroid model. J Biomol Screen. 2004;9(4):273-285.

Dahl ML, Johansson I, Palmertz MP, Ingelman-Sundberg M,
Sjoqvist F. Analysis of the CYP2D6 gene in relation to debrisoquin
and desipramine hydroxylation in a Swedish population. Clin
Pharmacol Ther. 1992;51(1):12-17.

Pratt VM, Scott SA, Pirmohamed M, Esquivel B, Kattman BL,
Malheiro AJ. Medical genetics summaries. Bethesda (MD). 2012.
Bruin MAC, Sonke GS, Beijnen JH, Huitema ADR. Pharmacoki-
netics and pharmacodynamics of PARP inhibitors in oncology. Clin
Pharmacokinet. 2022;61(12):1649-1675.

Attwa MW, Kadi AA, Abdelhameed AS, Alhazmi HA. Metabolic
stability assessment of new PARP inhibitor talazoparib using vali-
dated LC-MS/MS methodology: in silico metabolic vulnerability
and toxicity studies. Drug Des Devel Ther. 2020;14:783-793.

Ladd AD, Duarte S, Sahin I, Zarrinpar A. Mechanisms of drug
resistance in HCC. Hepatology. 2024;79(4):926-940.

Rumgay H, Arnold M, Ferlay ], et al. Global burden of primary liver
cancer in 2020 and predictions to 2040. | Hepatol. 2022;77(6):1598—
1606.

www.thelancet.com Vol 109 November, 2024


http://refhub.elsevier.com/S2352-3964(24)00404-3/sref34
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref34
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref35
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref35
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref35
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref35
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref35
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref35
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref36
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref36
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref36
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref37
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref37
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref37
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref38
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref38
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref38
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref39
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref39
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref39
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref39
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref40
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref40
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref40
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref41
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref41
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref41
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref42
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref42
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref42
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref43
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref43
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref43
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref44
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref44
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref44
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref44
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref45
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref45
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref45
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref46
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref46
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref46
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref47
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref47
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref47
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref47
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref48
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref48
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref48
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref49
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref49
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref49
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref50
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref50
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref50
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref50
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref51
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref51
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref51
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref51
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref51
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref52
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref52
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref52
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref53
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref53
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref53
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref54
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref54
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref54
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref54
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref55
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref55
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref56
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref56
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref56
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref57
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref57
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref57
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref57
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref58
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref58
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref59
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref59
http://refhub.elsevier.com/S2352-3964(24)00404-3/sref59
http://www.thelancet.com

	Loss of heterozygosity of CYP2D6 enhances the sensitivity of hepatocellular carcinomas to talazoparib
	Introduction
	Methods
	Identification of prevalent loss-of-function variants
	OMIM analysis
	Cell culture
	Generation of cell models overexpressing wild-type or LoF CYP2D6
	Generation of CYP2D6 KO cells by CRISPR/Cas9 genome editing
	RNA-sequencing and analysis
	Western blot
	Quantification of CYP2D6 catalytic activity
	Cell viability assay
	Drug screening and hit confirmation in HEK293T cells
	Hit confirmation in HepG2 cell models
	CYP activity assays
	Generation of spheroids
	HCC organoid generation and expansion
	Variant calling and phenotype prediction of human HCCOs
	Drug treatment of human HCCOs
	Ethics declarations
	Statistical analysis
	Data availability
	Role of funders

	Results
	Identification of CYP2D6 as a target gene for LOH-based therapy
	Identification of anti-cancer drugs with CYP2D6 dependent activity
	Validating hit candidates in hepatocellular carcinoma cells with deficient CYP2D6 expression
	Talazoparib exhibits cytotoxicity against cells deficient in CYP2D6 activity in 3D culture models and human liver cancer-de ...

	Discussion
	ContributorsXiaonan Zhang: literature search, study design, data collection, data analysis, data interpretation, data curat ...
	Data sharing statementThe data supporting the findings of this study are available from the corresponding author upon reaso ...
	Declaration of interests
	Acknowledgements
	Appendix A. Supplementary data
	References


