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ABSTRACT
Purpose: Molecular tumor heterogeneity may have important
implications for the ef cacy of targeted therapies in metastatic
cancers. Inter-metastatic heterogeneity of sensitivity to anticancer
agents has not been well explored in colorectal cancer.
Experimental Design: We established a platform for ex vivo
pharmacogenomic pro ling of patient-derived organoids (PDO)
from resected colorectal cancer liver metastases. Drug sensitivity
testing (n … 40 clinically relevant agents) and gene expression
pro ling were performed on 39 metastases from 22 patients.
Results: Three drug–response clusters were identi ed among the
colorectal cancer metastases, based primarily on sensitivities to
EGFR and/or MDM2 inhibition, and corresponding with RAS
mutations and TP53 activity. Potentially effective therapies, including off-label use of drugs approved for other cancer types, could be
nominated for eighteen patients (82%). Antimetabolites and targeted agents lacking a decisive genomic marker had stronger

Introduction
Colorectal cancer accounts for about 10% of all cancer cases and
deaths worldwide (1). More than half of all patients with colorectal
cancer develop metastatic disease and liver metastasis is the main cause
of death (2). Systemic treatment for metastatic colorectal cancer
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differential activity than most approved chemotherapies. We found
limited intra-patient drug sensitivity heterogeneity between PDOs
from multiple (2–5) liver metastases from each of ten patients. This
was recapitulated at the gene expression level, with a highly proportional degree of transcriptomic and pharmacological variation.
One PDO with a multi-drug resistance pro le, including resistance
to EGFR inhibition in a RAS-mutant background, showed sensitivity to MEK plus mTOR/AKT inhibition, corresponding with lowlevel PTEN expression.
Conclusions: Intra-patient inter-metastatic pharmacological
heterogeneity was not pronounced and ex vivo drug screening
may identify novel treatment options for metastatic colorectal
cancer. Variation in drug sensitivities was re ected at the
transcriptomic level, suggesting potential to develop gene
expression–based predictive signatures to guide experimental
therapies.

(mCRC) is primarily based on combination chemotherapies with
5- uorouracil (5-FU), oxaliplatin, and/or irinotecan, with the addition
of a few biologically targeted agents such as monoclonal anti-EGFR
antibodies in KRAS/NRAS wild-type (wt) cancers, anti-angiogenic
agents targeting VEGF (3, 4), as well as the multi-kinase inhibitor
regorafenib (5). These expanded treatment options have improved the
median overall survival from approximately one year with 5-FU alone
to approximately two–three years with current standard therapies (6).
However, almost all patients develop resistance to available
therapies (7), and there is an unmet need for more effective therapies
and strati ed treatment options (8). The potential for this has primarily been documented by the high response rates and durable
responses to immune checkpoint inhibitors in the small subgroup of
mCRCs with microsatellite instability (9), as well as with targeted
combination therapies against BRAFV600E mutations (10) and HER2
overexpression (11).
Patients with mCRC commonly present with multiple metastatic
sites, including multiple lesions in the liver. A high level of intrapatient inter-metastatic genomic heterogeneity may be a poor prognostic factor after hepatic resection (12). Clonal expansion is also a
major cause of treatment failure, and this has been well documented in
mCRC by the emergence of resistant subclones during EGFR inhibition (13). However, it is not well documented to which extent
anticancer therapies have the same level of activity in distinct metastatic lesions of each patient, and whether potentially heterogeneous
responses may affect patient outcome. Heterogeneous responses both
to palliative chemotherapy (14) and to neoadjuvant chemotherapy in
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Translational Relevance
The majority of patient-derived organoids from colorectal liver
metastases were sensitive to anticancer drugs in clinical use and/or
under development in late-phase clinical trials. Together with only
a modest level of intra-patient inter-metastatic pharmacological
heterogeneity, this reinforces a potential bene t from off-label use
of drugs guided by both pharmacological pro ling and established
molecular markers. Correlation in the overall variation at the drug
sensitivity and gene expression levels supports the relevance of
transcriptomic pro ling in pharmacogenomic assessments.

patients with resectable colorectal cancer liver metastasis (CRLM;
ref. 15) may be associated with a worse survival. Furthermore, there
is also evidence of heterogeneous responses to molecularly targeted
therapies against HER2 (16) and EGFR, the latter being associated with
genomic heterogeneity (17).
The use of genomics to guide cancer therapies has been less
successful than anticipated, and less than 7% of patients in 2018 were
estimated to bene t from such precision oncology (18). Drug testing of
the patient's own tumor cells offers a complementary approach (19).
These patient-derived organoids (PDO) recapitulate the genomic and
histopathological characteristics of colorectal cancers (20–22). Importantly, several studies have demonstrated that PDOs are amenable to
drug screening within a clinically relevant timeframe (20, 23–25), and
it was recently shown that PDOs can predict clinical responses (25–27),
including to standard combination chemotherapies in a patient with
mCRC (28). The pharmacological landscape of PDOs from colorectal
cancers has been investigated in a few studies (22, 25, 28), and there is
evidence of intra-tumor heterogeneity in responses to selected
drugs (29, 30). However, the level of intra-patient inter-metastatic
pharmacological heterogeneity is largely unknown. To this end, we
have generated a living biobank of PDOs derived from multiple lesions
from patients treated for resectable CRLM in an observational study.
Our main objective in this pre-clinical phase of the project was to
explore intra-patient relative to inter-patient variation in drug sensitivities and gene expression ex vivo.

Materials and Methods
Patients and tissue sampling
Twenty-nine patients treated for resectable CRLM within fteen
months of an ongoing observational study at Oslo University Hospital,
from September 2017 to November 2018, were included. All patients,
except for patient 28, had received standard combination chemotherapies with or without targeted agents before the liver resection from
which the studied tumors were sampled and PDOs were derived, either
as a part of a prior treatment regimen (n … 6) or as neoadjuvant
treatment (n … 15; Supplementary Table S1). Parallel tissue samples
were immediately frozen ( 80 C) for molecular pro ling or submitted
to organoid cell culture within 1 to 18 hours. Samples for PDO cell
culture were transported on ice in basal culture media (Advanced
DMEM/F-12 #12634028 supplemented with 10 mmol/L HEPES
#15630080, 2 mmol/L GlutaMAX #35050061, and 100 U/mL penicillin-streptomycin #15140122, all from Thermo Fisher Scienti c/Gibco).
The study was approved by the Norwegian Data Protection Authority and the Regional Committee for Medical and Health Research
Ethics, SouthEastern Norway (2010/1805; 2017/780). Written
informed consent was obtained from all patients included in the
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study. The research performed was consistent with the Declaration
of Helsinki, and the research biobanks were constructed in compliance
with national legislation.
Organoid cell culture
Organoid cell culture was based on the methods described by Fujii
and colleagues (refs. 22, 31; Supplementary Methods). All PDO
cultures were periodically tested for Mycoplasma contamination using
the MycoAlert Mycoplasma Detection Assay (Lonza #LT07-518) and
their identities veri ed by short tandem repeat pro ling according to
the AmpF‘STR Identi ler PCR Ampli cation Kit (Thermo Fisher
Scienti c). One PDO culture did not match the patient's original tumor
pro le and was discarded from further analyses.
Drug library and sensitivity screening
A customized drug library was designed for drug response pro ling
of the PDOs, including a total of 40 anticancer agents either used as
standard of care to treat colorectal cancer, drugs approved for other
indications, drugs under development (in clinical trials for colorectal
cancer), or agents identi ed from high-throughput drug screening of
colorectal cancer cell lines (ref. 32; Supplementary Table S2). Drugs (at
nine concentrations typically ranging from 1 to 10,000 nmol/L) and
controls (100 mmol/L benzethonium chloride in nine wells as positive
control and 0.1% DMSO in 13 wells as negative control) were preprinted onto 384-well tissue culture plates (Corning 3707 clear black
at-bottom microplates) using liquid acoustic dispensing technology
(Echo 550, Labcyte Inc.; printed at the High Throughput Biomedicine
Unit at the Institute for Molecular Medicine Finland), except for the
monoclonal antibody cetuximab which was added manually at two
concentrations (5 and 50 mg/mL) immediately before screening. Two
replicate 384-well plates were screened per sample. Using an Integra
Voyager electronic multichannel pipette, 10 mL of Matrigel was added
to the bottom of each well before seeding 450–600 organoids (strained
with a 40-mm pore size mesh from VWR, #734-0002) to a nal volume
of 40 mL in 3% Matrigel/ENAS media supplemented with 10 mmol/L
ROCKi, and incubated at 37 C in a humidi ed 5% CO2 atmosphere.
Viability was measured after 96 hours of drug exposure using the
CellTiter-Glo 3D Cell Viability Assay (Promega) according to the
manufacturer's instructions and measured on a Victor 3 microplate
reader (PerkinElmer).
CellTiter-Glo luminescence (lum) readouts were rescaled to relative
~ measured viability) based on the median of the control
viability (E,
wells with 0.1% DMSO as negative control (NC, viability … 1) and
100 mmol/L benzethonium chloride as positive control (PC, viability …
0). Thus for drug j at concentration x, viability was de ned as follows
~j;x … 1
E

lumNC
lumNC

lumj;x
lumPC

Technical replicates were rescaled separately and data com~ j was truncated to lie
bined to estimate dose–response curves. E
between 0 and 1 and we tted logistical models using the function
logLogisticRegression in the R package PharmacoGx (v1.14.2; ref. 33).
E x; slope; E¥ ; EC50 … E¥

1
1

E¥
x slope
EC50

Here, E refers to the modeled viability and x refers to the drug
concentration [all values in nanomolar (nmol/L) if not otherwise
speci ed]; slope refers to the Hill coef cient (steepness) of the curve;
E¥ refers to the asymptote as x tends to in nity; and EC50 refers to the
concentration at half maximum effect [i.e., E EC50 … 12 1 E¥ ].
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Emax is de ned as the modeled viability at the maximum assayed drug
concentration. Drug sensitivity scores (DSS) were calculated using the
function DSS in the R package DSS (v1.2) with the following parameterization: IC50 … EC50; SLOPE … slope; MIN … 0; MAX … (1 E¥)
100; y … 10; type … 2 (34). All dose–response models [n … (40 drugs
1 combination) 39 samples … 1,599] were visually assessed and for
problematic ts manually set to either the result from the higherquality replicate (n … 2) or NA if ambiguous (n … 32). For disul ram Cu, ve concentrations were excluded due to printing errors
whereas for olaparib and erastin the highest concentration was
excluded due to noise, possibly due to precipitation, and dose–
response models were re tted. For SN-38, four concentrations were
discarded due to loss of activity on one of two source plates (dose–
response curves were tted on the basis of concentrations 1, 3, 100, 300,
and 10,000 nmol/L). 2-methoxyestradiol and sirolimus were discarded
due to batch effects (loss of activity).
The quality of each drug screen plate was evaluated on the basis of
the strictly standardized mean difference (SSMD) metric and a single
sample (two technical replicates) with SSMD < 3 was discarded and
repeated. For the remaining screens the median SSMD was 9.25 (range,
3.03–34.3). Drug variability was evaluated on the basis of the standard
deviation (SD) of the differences in DSS for technical replicates
(Supplementary Fig. S4C). Drugs with SD > 3.1 (n … 3) were excluded
from principal component analyses. For the remaining drugs, the
median SD was 1.41 (range, 0.16–3.01).

(downloaded from The Human Protein Atlas; https://www.proteina
tlas.org/humanproteome/tissue/liver) using the R package GSVA (38).
A gene expression signature for TP53 mutations was generated by
differential expression analyses between mutated and wild-type
tumors in our previously published gene expression dataset of 409
primary colorectal cancers (GEO accession numbers GSE24550,
GSE29638, GSE69182, GSE79959, GSE97023, and GSE96528) using
the R package limma. Sample-wise gene set enrichment scores for
TP53wt signature were calculated using the “gsva” function in the R
package GSVA based on the 5 most differentially expressed genes
ranked by P value (all downregulated in TP53 mutated tumors;
MDM2, SPATA18, FAS, DDB2, HSPA4L). The same function was
used to calculate single-sample enrichment scores for 14 gene sets
assembled from different databases (39). EGFRi- and MEKi-responder
signatures were retrieved from ref. 23 (16 genes) and ref. 40 (66 genes),
respectively.
DNA/RNA isolation and gene mutation analyses are described in
Supplementary Methods and Supplementary Table S1.
Immunostaining
All PDOs were paraf n embedded and stained for hematoxylin and
eosin, as well as the epithelial colorectal cancer markers caudal type
homeobox 2 transcription factor (CDX2), cytokeratin 7 (CK7), and
cytokeratin 20 (CK20; details in Supplementary Methods).

Drug synergy screening
On the basis of the single-agent results, a customized combination
screen was designed for drug synergy pro ling of one PDO. Drug
combinations were printed on a 384-well plate with each assay
covering 48 wells and forming a (7
7) 1 dose–response matrix.
As for the initial screen, relative cell viabilities were assessed using the
CellTiter-Glo 3D Cell Viability Assay (Promega) following 96-hour
incubation. The highest concentration combinations were imputed
with the maximum for a full 7 7 matrix. Following normalization,
the resulting data were used as input for the SynergyFinder web
application https://synergy nder. mm. (accessed 2019 June 12) and
drug interaction landscape probed using a zero interaction potency
(ZIP) model that captures the drug interaction relationships by
comparing the change in the potency of the dose–response curves
between individual drugs and their combinations (35).

Statistical analyses
All statistical analyses were performed in R (version 3.6.2), including unsupervised principal component analyses of gene expression
data [based on the genes (n … 2,000) with highest cross-sample
variance] using the package FactoMineR or stats, correlation analyses
using the function “cor,” linear models using the function “lm,” and
two-samples t test using the function “t.test” and Wilcoxon rank sum
test using the function “wilcox.test”.
Binomial con dence intervals were calculated using the function
“binconf” in the R package Hmisc (v4.2-0). Heatmaps were prepared
using the R package heatmap3 with clustering and agglomeration as
indicated in captions. To account for multiple drugs with a similar
mechanism of action (e.g., afatinib/cetuximab/erlotinib/lapatinib and
binimetinib/trametinib) in the overall sensitivity analysis, the function
“ ndCorrelation” in the R package caret (v6.0-84) was used to lter
drugs with absolute pair-wise correlation above 0.75 (n … 3).

Gene expression analyses
Gene expression pro les were generated for the 39 PDOs that were
successfully screened for drug sensitivities using the GeneChip Human
Transcriptome Array 2.0 according to the manufacturer's instructions
(Thermo Fisher Scienti c). Parallel tissue samples for a subset of 18 of
the metastases were also analyzed, including two tissue samples from
each of 3 metastases (total of 21 samples). Raw intensity data stored in
CEL les were background corrected, quantile normalized, and summarized at the gene level according to the robust multi-array average
(RMA) approach with R package affy (v1.62.0) and independently with
modi ed Signal Space Transformation implemented in the Affymetrix
Expression Console 1.1 software. For comparison, the gene expression
datasets for PDOs and tumor tissue samples were merged by batch
correction using ComBat (36) implemented in the R package SVA (37).
Before pair-wise correlation analyses between samples, the expression
level of each gene was centered and scaled using the mean expression
level and standard deviation among all samples, respectively. For the
tumor tissue samples, a liver enrichment score was calculated on the
basis of a set of genes (n … 157) with expression enrichment in the liver

Drug sensitivity and gene expression pro ling of PDOs from
resected CRLMs
An overview of the ex vivo pharmacogenomic platform for analysis
of PDOs derived from resected CRLMs is shown in Fig. 1A. Tumor
cells were isolated from multiple CRLMs (n … 75 lesions) from twentynine patients and cultured ex vivo. PDOs were successfully established
for 39 lesions (lesion-wise success rate 52%) from twenty-two patients
[patient-wise success rate 76%; 95% binomial proportion con dence
interval (CI): 58%–88%; Supplementary Table S1], including ve
distinct metastatic lesions from one patient, three lesions from four
patients, two lesions from another ve patients, and one lesion from
twelve patients (Fig. 1B). There was a moderate correlation between
the number of lesions attempted to culture per patient and the
numbers of successfully established PDOs (r … 0.39, P … 0.035,
Pearson's correlation test, Fig. 1B), indicating that successful culture
was not only dependent on the number of sampled tumors per patient,
but also on the biological traits of the sampled cancer cells. Most PDOs
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Figure 1.
A living biobank of colorectal cancer liver metastases (CRLM). A, Included patients and study overview. B, PDO growth success rate and the number of lesions. C, PDO
growth morphologies and epithelial markers. CDX2, caudal type homeobox 2 transcription factor; CK7, cytokeratin 7; CK20, cytokeratin 20. D, Representativeness of
the PDO cohort. Unsupervised principal component analysis of gene expression data highlighting lesions from patients with successful PDO cultures (black, n … 31
tumors from 14 patients) in the context of the in-house consecutive cohort of surgically treated patients with colorectal liver metastases (n … 290 tumors and n … 174
patients). E, Principal component analysis plot showing correspondence between gene expression from individual PDOs and their respective tumors. Multiple-lesion
CRLMs and corresponding PDOs from ve patients are indicated with colors and numbers inside the plot, whereas single-lesion CRLMs and corresponding PDOs are
shown in the legend. Distributions of Spearman's correlation coef cients are from matched and non-matched PDOs and tumors. For twenty-one PDOs analyzed,
corresponding tumor tissue was not analyzed. p, patient; PC, principal component.
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