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Simple Summary: Today, clinical management for the majority of cancer patients is still based on
a “one-size-fits-all” approach. To improve the outcomes in the era of personalized medicine, it is
essential to stratify patients based on established and novel biomarkers. In the present study, we
investigated a SMAD4 loss-of-function mutation, which is associated with chemoresistance and
decreased overall survival in colorectal cancer (CRC). To investigate the molecular mechanism behind
the impact on drug response, we used CRISPR technology on patient-derived organoid models
(PDOs) of CRC. We showed that PDOs with loss-of-function SMAD4 mutations are sensitive to MEK-
inhibitors. Using a novel four-gene signature reliably predicts sensitivity towards MEK-inhibitors,
regardless of the RAS and BRAF status. The present study is a significant step towards personalized
cancer therapy by identifying a new biomarker.

Abstract: Background: In colorectal cancer (CRC), mutations of genes associated with the TGF-
β/BMP signaling pathway, particularly affecting SMAD4, are known to correlate with decreased
overall survival and it is assumed that this signaling axis plays a key role in chemoresistance.
Methods: Using CRISPR technology on syngeneic patient-derived organoids (PDOs), we investi-
gated the role of a loss-of-function of SMAD4 in sensitivity to MEK-inhibitors. CRISPR-engineered
SMAD4R361H PDOs were subjected to drug screening, RNA-Sequencing, and multiplex protein pro-
filing (DigiWest®). Initial observations were validated on an additional set of 62 PDOs with known
mutational status. Results: We show that loss-of-function of SMAD4 renders PDOs sensitive to MEK-
inhibitors. Multiomics analyses indicate that disruption of the BMP branch within the TGF-β/BMP
pathway is the pivotal mechanism of increased drug sensitivity. Further investigation led to the
identification of the SFAB-signature (SMAD4, FBXW7, ARID1A, or BMPR2), coherently predicting
sensitivity towards MEK-inhibitors, independent of both RAS and BRAF status. Conclusion: We
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identified a novel mutational signature that reliably predicts sensitivity towards MEK-inhibitors,
regardless of the RAS and BRAF status. This finding poses a significant step towards better-tailored
cancer therapies guided by the use of molecular biomarkers.

Keywords: organoids; biomarker; targeted therapy; colorectal cancer; CRC; SMAD4; TGF-β/BMP-
pathway; intra-tumor heterogeneity; MEK inhibition

1. Introduction

Colorectal cancer (CRC) is the third most diagnosed cancer in the world [1]. The
main cause of death in CRC is metastases [2]. At first diagnosis, 20% of colorectal cancer
patients already have developed metastases, and more than 30% of early-stage patients will
eventually develop metastases [3]. Making a successful treatment even more difficult, the
metastatic disease is often refractory to systemic agents such as 5-fluorouracil (5-FU)-based
therapies [4,5], so progression-free survival after first-line treatment did not significantly
improve in the last decade [6,7]. The main reason for this unsatisfactory situation is
that large cohorts of patients may benefit from guideline treatments, yet the individual
tumors are so heterogenous that for most metastatic CRC patients, this “one-size-fits-all”
approach does not culminate in a successful treatment [8,9]. This fact is fully accepted by
the approving bodies (EMA, FDA); therefore, the development of companion diagnostic
biomarkers is highly encouraged for future targeted treatment regimens.

Loss-of-function mutations of the SMAD4 gene are present in up to 15% of CRC
cases [10]. They have been correlated with decreased overall survival [11,12] and a strong
line of evidence suggests that functional loss of SMAD4 promotes chemoresistance in
multiple cancer types, including CRC [13].

In the present study, we link SMAD4 loss-of-function mutations and the subsequent
loss of the TGF-β/BMP signaling to increased sensitivity towards MEK-inhibitors of af-
fected cells. More specifically, the BMP axis of this signaling pathway seems responsible
for resistance towards MEK inhibition. This led to the identification of a mutational sig-
nature present in more than 30% of CRC cases as sufficient for predicting sensitivity to
MEK-inhibitors independent of the RAS and BRAF mutational status of the tumor.

2. Materials and Methods
2.1. 3 D Cell Culture

PDO cultures were generated and propagated as previously described [14,15]. Models
used are listed in Table S2.

2.2. Semi-Automated High-Throughput Drug Response Assay

PDO cultures were digested with TrypLE Express (ThermoFisher Scientific, Waltham,
MA, USA) to a single cell suspension. Single cells were recovered in 5 mL complete PDO
medium with ROCK-inhibitor (Miltenyi Biotec, Bergisch Gladbach, Germany) for 15 min
at 37 ◦C. Cells were embedded in Matrigel® (Corning, Tewksbury, MA, USA) at a density
of 1500 cells/well in 384-well plates (Greiner Bio-One, Frickenhausen, Germany) using
a Biomek FX automated workstation (Beckman Coulter, Brea, CA, USA). Plates were in-
cubated for 15 min at 37 ◦C to allow Matrigel® solidification, and a 50 µL/well complete
PDO medium with ROCK-inhibitor was added. PDOs were cultured until organoid sizes
reached 50 µm in diameter prior to treatment. Subsequently, drug treatments were per-
formed by removing the medium daily and adding 50 µL/well complete medium without
ROCK-inhibitor, containing drugs in 4 replicates. Concentrations of the tested compounds
were distributed around the cmax (maximal plasma concentration) values observed in
clinical settings. Cells treated with DMSO (Sigma-Aldrich, Steinheim, Germany) (0.3%)
were used as “untreated control,” while Matrigel® only was used for background readout.
Staurosporine was used as an internal positive control.
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After 4-day treatment, the cell viability was evaluated by Cell Titer Glo® (CTG) assay
(Promega, Madison, WI, USA) following the manufacturer’s protocol. The intensity of
luminescence was measured using the SpectraMax i3x plate reader (Molecular Devices,
San Jose, CA, USA) 30 min after the addition of the reagent. Luminescence intensity data
were used to evaluate the percentage of viability after background subtraction. To interpret
the data, organoids are defined as sensitive if the absolute IC50 value is equal to or lower
than the cmax value and resistant if the absolute IC50 value is higher than the cmax value.

2.3. Genomic DNA and RNA Isolation

For DNA preparation, PDOs from 4–8 wells of a 24-well plate were collected, cen-
trifuged (5 min, 300× g), washed in 1× PBS (ThermoFisher Scientific), and stored at−80 ◦C
for further use. Genomic DNA was isolated using the Wizard Kit (Promega) according to
the manufacturer’s protocol. DNA was eluted in 30 µL RNAase-free water (Sigma-Aldrich)
and stored at −20 ◦C for further use.

For total RNA isolation, PDOs from 12 wells of a 24-well plate were collected. PDOs
were centrifuged (300× g for 5 min at 4 ◦C) and kept on ice for the following steps. Pellets
were washed with 5 mL sterile ice-cold PBS and centrifuged. Cell pellets were resuspended
in 600 µL ice-cold RLT buffer (Qiagen, Venlo, The Netherlands) supplemented with 1%
β-mercaptoethanol. Samples were frozen at−80 ◦C for further use. Total RNA was isolated
by ATLAS Biolabs GmbH (Berlin, Germany). Nucleic acids were quantified using the
Nanodrop 2000 (ThermoFisher Scientific).

2.4. PCR

Primers were designed using the web-interface Primer3Plus. The PCR reaction mix-
ture (25 µL) contained 100 ng isolated DNA, 1× Phusion GC buffer, 3% DMSO, 200 µM
dNTPs, 0.5 µM of each primer (SMAD4_fw 5′-AAATTCTCAGTTGACCTGGTCC-3′ and
SMAD4_rev 5′-ACCGACAATTAAGATGGAGTGC-3′), and 0.02 U/µL of Phusion DNA
polymerase (all PCR reagents from ThermoFisher Scientific). Initial denaturation at 95 ◦C
for 5 min was followed by 34 cycles of denaturation at 95 ◦C for 30 s, primer annealing
at 58 ◦C for 30 s, and extension at 72 ◦C for 30 s in an automated DNA thermal cycler
(Biometra TRIO Thermal Cycler Series, Analytik Jena AG, Jena, Germany). The final ex-
tension was performed at 72 ◦C for 5 min. The PCR products, expected to be 688 bp, were
resolved on 2% agarose gel stained with ethidium bromide (Roth, Karlsruhe, Germany)
and visualized under the UV trans illuminator (VWR® International, Radnor, PA, USA).
Molecular size markers (GeneRulerTM100bp DNA Ladder, ThermoFisher Scientific) were
run concurrently. PCR products were purified using the QIAquick PCR purification Kit
(Qiagen), according to the manufacturer’s protocol.

2.5. CRC Panel Sequencing (DNAseq)

Targeted high-depth sequencing was performed for genomic areas comprising 100 genes
using a custom-designed CRC panel (Table S1) [16]. From each sample, 10 ng of DNA were
used for multiplexed PCR amplification with the Ion Ampliseq Library kit (ThermoFisher
Scientific), using two amplicon pools per DNA sample. Samples were ligated to Ion Xpress
Barcode Adapters (ThermoFisher Scientific) and purified using Agencourt AMPure beads
(Beckman Coulter). All six samples were combined on a 316v2 chip and sequenced on an
Ion Torrent PGM device (ThermoFisher) with an average read depth of 580–700.

2.6. Sanger Sequencing

Mutations found via panel sequencing were validated via direct Sanger sequenc-
ing of PCR amplicons using both forward and reverse SMAD4 PCR primers mentioned
before. Aliquots of 14 µL 20 ng/µL purified PCR product were sent to LGC Genomics
GmbH (Berlin, Germany) for sequencing. Electropherograms and FASTA files from Sanger
sequencing were analyzed internally using CLC Genome Viewer (Qiagen).
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2.7. Whole Transcriptome Sequencing (RNAseq)

PDOs were treated with trametinib (0.03 µM) or vehicle control DMSO (0.3%) for
24 h. Drug concentrations were chosen based on clinically achievable plasma concen-
trations [17]. RNA isolation and whole-transcriptome sequencing were performed at
ATLAS Biolabs GmbH. An average of 1 µg total RNA per sample was used to generate
barcode-labeled libraries using the Illumina TruSeq Standard mRNA Library preparation
kit. Paired-end libraries were sequenced on an Illumina NovaSeq sequencer with the
125 bp reads protocol. The quality of raw RNA-seq reads was estimated with the following
trimming of adapters and low-quality reads with the fastP [18] and MultiQC tools [19].
To generate gene expression data, RNA-seq reads were mapped to the latest version of
Homo sapiens GRCh37 reference genome from the Ensembl collection [20] using STAR
aligner [21]. Rsubread package [22] and featureCounts tool [23] were used to evaluate
read counts and generate the expression data matrix. Further differential gene expression
analysis was performed using the NOISeq package [24] with the pipeline customized for
the replicate simulation analysis. Read counts were normalized using RPKM (Reads per
kilobase per million mapped reads) [25] and TMM (Trimmed Mean of M-values) meth-
ods [26], low count values were filtered away, and the ARSyNseq function of the NOISeq
package was used to filter out noise-associated results and unidentified batch effects. To
increase the significance of differential expression probability, we set parameter q = 0.95
for the NOISeq-sim function. Functional enrichment analysis was done using parameter
q = 0.9 to have a more representative and broader picture of affected pathways. Biocon-
ductor packages org.Hs.eg.db (https://doi.org/10.18129/B9.bioc.org.Hs.eg.db, accessed
on 13 October 2021) and Genomic Features [27] were used to annotate the results. GO-
annotation and functional enrichment analysis was implemented utilizing GOexpress [28]
and EnrichR [29,30] packages.

2.8. Generating CRISPR-Engineered Organoids
2.8.1. Cloning Procedure

SMAD4 single-guided RNA (sgRNA) sgSMAD4-i-A (5′-CACCGATGGATACGT-
GGACCCTTC-3′) was inserted into the BbsI sites of pU6chimRNA-CAG-Cas9-venus-
bpA (kindly provided by Ralf Kühn) (Figure S2A–D). The plasmid was digested with
BbsI (NEB #R3539) for 1.5 h at 37 ◦C. The mixture of linearized plasmid and inserts were
incubated with T4 DNA ligase (NEB #M0202L) overnight at 16 ◦C, followed by transfor-
mation into E. coli. DH5α. Plasmid minipreps were performed according to the standard
protocol (GeneJET Plasmid Miniprep Kit, Thermo Fisher Scientific). The resulting plas-
mid (pU6-SMAD4-I-CAG-Cas9-venus-bpA) was sequenced using U6 sequencing primer
5′-GAGGGCCTA-TTTCCCATG-3′ and was further used for transfection. All primers and
single-stranded oligonucleotides were synthesized by BioTEz (Berlin, Germany).

2.8.2. Transfection for Targeted Gene Editing

SMAD4wt PDOs were collected and digested as previously described. 2 × 105 single
cells were plated into 24-well ULA plates (Greiner Bio-One) in 500 µL of complete PDO
medium 6 h before transfection. Transfection was performed with TransIT-2020 (Mirus
Bio, Madison, WI, USA), according to the manufacturer’s protocol. Single-stranded oligos
(ssODNs) were used for the introduction or correction of single nucleotide mutation via
homology-directed repair at the target site. Cells were transfected with 700 ng DNA Mas-
terMix, consisting of 250 ng pU6SMAD4-I-CAG-Cas9-venus-bpA (Figure S2C,D), 200 ng
pCAG-Cas9-PCK-venus, 166.6 ng ssODN (5′-ACCTTGCTCTCTCAATGGCTTCTGTCCT-
GTGGACATTGGAGAGTTGACCCAAACAAAAGCGATCTCCTCCAGAAGGGTCCA
CGTATCCATCAACAGTAACAATAGGGAGCTTGAAGGA-3′) (Figure S2C,E) as repair
template bearing the R361H point mutation (Figure S2A) and 83.3 ng pCAG-i53-EF1BFP
(Figure S2C,F) to increase homologous-directed repair [31].

https://doi.org/10.18129/B9.bioc.org.Hs.eg.db
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2.8.3. Cell Sorting

72 h after transfection, cells were collected, centrifuged at 300× g for 5 min, and
digested in 500 µL TrypLE Express for 15 min. Single cells were washed in a complete
PDO medium with ROCK-inhibitor and incubated for 15 min at 37 ◦C, washed in PBS, and
filtered through a 35 µm cell strainer (Corning). Single cells were gated for BFP/Venus and
sorted directly in 500 µL of complete PDO medium supplied with 10 µg/mL gentamycin
(Lonza, Basel, Switzerland) using a BD Aria cell sorter (BD Biosciences, Franklin Lakes, NJ,
USA). BFP/Venus-positive cells were embedded in Matrigel®. After 3 weeks in culture,
one-half of the cells was used for isolation of genomic DNA and performing genotyping
PCR, while the other was used for expansion and clonal selection.

2.8.4. Limited Dilution

Cells were dissociated using TrypLE Express as previously described. A cell solution
at a concentration of 5 cells/mL was prepared in a 10 mL complete PDO medium. 100 µL
per well were transferred into a round 96-well plate (Greiner Bio-One) to achieve an average
density of 0.5 cells/well. Individual colonies were allowed to grow until they could be
genotyped individually to confirm gene editing using PCR and the pJet cloning method
(Thermo Fisher Scientific #EF694056.1).

2.9. High-Content Western Blotting–DigiWest®

DigiWest® on PDO cultures was performed essentially as previously described [32].
For organoid generation, 3.0 × 106 cells per condition were plated. After 72 h, PDOs were
treated with trametinib (0.03 µM) or vehicle control DMSO (0.3%) for 24 h. PDOs were
isolated with cell recovery solution (Corning) according to the manufacturer’s protocol
and stored at −80 ◦C. For analysis, organoid pellets were lysed by the addition of 2× LDS
lysis buffer (Life Technologies) containing Protease-Inhibitor Mix M (Serva, Heidelberg,
Germany), PhosSTOP (Roche Applied Science, Mannheim, Germany), and PMSF (Ther-
moFisher Scientific) and heating to 95 ◦C for 10 min; protein was quantified using a Pierce
BCA Protein Assay Kit (ThermoFisher Scientific). The NuPAGE SDS-PAGE gel system
(Thermo Fisher) was used for protein separation and blotting; 12 µg protein per sample
was separated using 4–12% Bis-Tris gels and transferred onto PVDF membranes (Millipore,
Billerica, MA, USA).

For the DigiWest® procedure, relative protein expression was determined using the
primary antibodies listed in Table S4 and signal intensity was determined from the integral
of the analyte-specific peak. The values were normalized to beta-actin and data were
presented relative to the DMSO controls.

2.10. Establishment of 5-FU Resistant PDO Models

PDO models were cultivated as described before. To establish 5-FU resistant PDO
models, cells were grown in the presence of a sublethal concentration (9.2 µM) of 5-FU for
4 weeks. Surviving cells were allowed to recover and challenged further with 46.1 µM of
5-FU over 4 months. Subsequently, 5-FU concentration was increased to 230 µM (cmax) [33]
for another 3 months. Before drug screening, 5-FU resistant PDOs, as well as the non-
resistant counterparts, were cultivated and passaged in a complete PDO medium. 5-FU
resistant PDOs were treated with 5-FU, regorafenib, cobimetinib, and trametinib and
compared with their non-resistant counterparts.

3. Results
3.1. SMAD4 Loss-of-Function Is Associated with Differential Drug Response

Intra-tumor heterogeneity poses a significant obstacle in cancer therapy. However,
comparing different cell populations from the same tumor can be used to understand mech-
anistic complexity and subsequently identify prospective biomarkers. We have previously
reported that PDO “sibling”-culture models established from separate regions of a primary
chemo-naïve CRC tumor respond differently to drugs [15]. Here, we focused on two of



Cancers 2022, 14, 3252 6 of 20

these sibling PDO models (R1R361H and R4wt), displaying multiple identical mutations
(KRASG12D, PIK3CAH1047R, and TP53C242F), but differ regarding a SMAD4R361H mutation
(Figure 1A). As reported by others [34], PDO model R1R361H carries the well-known loss-of-
function mutation SMAD4R361H [35] and tends to proliferate faster in comparison to R4wt

(Figure 1B).

Figure 1. Single gene alteration leads to differential drug responses. (A) CRC-Panel DNA Sequenc-
ing of two representative sibling PDOs differing in SMAD4 mutational status (R4wt and R1R361H)
(Variant allele frequencies (VAF) are shown). (B) Doubling times of R4wt and R1R361H. The cell density
was measured on day 2, 3, 5, and 7 by measuring cellular ATP content using Cell Titer Glo® assay.
Results from four independent experiments were combined (one-way ANOVA * p < 0.05). (C) Drug
response curves of R4wt and R1R361H treated with 5-Fluorouracil (5-FU). (D) Scheme of the MAPK
signaling pathway with interruption of signal transduction due to small molecules (mRTK-inhibitor:
regorafenib, BRAF-inhibitor: dabrafenib, MEK-inhibitors: cobimetinib, trametinib, selumetinib, and
ERK-inhibitor: ulixertinib). (E) Drug response curves of R4wt and R1R361H treated daily for 4 days
with small molecules targeting the MAPK signaling pathway. Cell sensitivity in three biological and
four technical replicates was defined according to IC50 values in relation to the maximal plasma
concentrations (cmax), which are indicated for each drug with dotted lines. In all panels: Nonlinear
curve fit, comparison of best-fit values, extra sum-of-squares F Test p < 0.05. (See also Figure S1).
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There were no significant differences between the two PDOs in response to 5-FU,
a pivotal drug in first-line therapy for CRC (Figure 1C). Notably, the absolute IC50 val-
ues for both models were very close to the cmax values of 5-FU [33], reflecting the donor
patient’s poor response to FOLFOX/FOLFIRINOX in the clinic. Morphological changes
observed in R1R361H upon 5-FU treatment (Figure S1) may signify epithelial to mesenchy-
mal transition (EMT). In contrast, responses to targeted therapeutics, however, revealed
drastic differences in sensitivity to MEK-inhibitors cobimetinib, trametinib, and selumetinib.
The mutant PDO R1R361H was 10- to 100-fold more sensitive towards the MEK-inhibitors
trametinib and cobimetinib, respectively, compared to the SMAD4wt counterpart R4wt

(Figures 1E and S1). Whereas targeting the mitogen-activated protein kinase (MAPK) path-
way upstream or downstream (Figure 1D) of MEK resulted in similar values in both models
(Figures 1E and S1). Thus, the SMAD4 mutational status is very likely responsible for a
differential sensitivity specifically to MEK inhibition.

3.2. Introduction of SMAD4 Point Mutation Reverses MEK-Inhibitor Resistance

To substantiate our hypothesis that loss-of-function SMAD4 mutations create sen-
sitivity to MEK-inhibitors, we generated syngeneic PDOs harboring SMAD4R361H. The
R4wt PDO model was CRISPR-engineered to introduce a single SMAD4R361H mutation
(Figures 2A and S2). Three such clones (clones A, B, and C) were established and the suc-
cessful introduction of the SMAD4R361H mutation was confirmed (Figure 2B,C, Table S1).
SMAD4 loss-of-function was associated with a significant increase in proliferation (Figure 2D),
confirming our previous observations (Figure 1E). CRISPR-SMAD4R361H PDOs became
sensitive towards MEK inhibition but not other compartments within the MAPK pathway
(Figures 2E and S3). This further strengthens a SMAD4 loss-of-function driven increased
sensitivity towards MEK-inhibitors that may be of use as a predictive biomarker for clini-
cally successful MEK-inhibitor therapy in CRC.

3.3. BMP-Pathway Is Activated in Response to MEK Inhibition

To pin down the mechanism underlying the differential MEK-inhibitor sensitivity, we
treated the sibling-PDOs and the CRISPR-SMAD4R361H PDOs with trametinib (0.03 µM)
or vehicle control DMSO (0.3%) for 24 h and performed RNA sequencing. In a Princi-
pal Component Analysis, all CRISPR-SMAD4R361H PDOs and R1R361H clustered together
and were clearly separated from R4wt (Figure 3A). We found 618 genes affected in all
SMAD4R361H PDOs and 222 unique genes in R4wt (Figure 3B). Gene enrichment analysis of
the SMAD4R361H models revealed that among the significantly altered biological processes
were DNA replication and cell cycle progression consistent with a MEK inactivation-
associated growth arrest (Table S3). Moreover, affected in GO terms were signal transduc-
tion, specifically of the TGF-β/BMP signaling, especially in SMAD4wt PDOs. Yet, DNA
replication or cell cycle progression were not enriched (Table S3).

As a complementary approach, we subjected trametinib and DMSO-control treated
sibling cultures to DigiWest® analysis [32] (Figure 3C,D, Table S4). All SMAD4 mutated
PDOs clustered together according to their protein profile (Figure 3C). We observed a pro-
nounced decrease in proliferation markers cyclin B1 and Aurora kinase A in SMAD4R361H

PDOs after 24 h trametinib treatment (Figure 3D). While no differences in post-translational
phosphorylation of MAPK pathway proteins, such as MEK and ERK, or p-ERK were ob-
served (Figure 3D) in R4wt PDOs, phosphorylation of mTOR, SMAD5, and SMAD1/5 was
higher after treatment with trametinib (Figure 3D). These findings confirm the activation
of the TGF-β/BMP pathway, specifically of the BMP branch, in response to exposure to a
MEK inhibitor.
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Figure 2. SMAD4R361H influences sensitivity to MEK inhibition. (A) Generation of CRISPR-
engineered PDOs: transfected R4wt (SMAD4wt) PDOs were sorted and sequenced as a bulk pop-
ulation. (B) Representative images of three single clones (clones A, B, and C) that were expanded
for further analysis. (C) DNA-panel-sequencing confirmed homozygote SMAD4R361H mutation in
each CRISPR-SMAD4R361H clone (clones A, B, and C). (D) Doubling times of R4wt, R1R361H, and
CRISPR-SMAD4R361H PDOs (clones A, B, and C). The cell density was measured on day 2, 3, 5, and
7 by measuring cellular ATP content using Cell Titer Glo® assay. Results from four independent
experiments were combined (one-way ANOVA * p < 0.05). (E) IC50 values of R4wt and R1R361H

and CRISPR-SMAD4R361H PDOs (clones A, B, and C each in biological triplicates) treated daily for
4 days with small molecules targeting the MAPK signaling pathway. Achievable maximal plasma
concentrations (cmax) are indicated for each drug with dotted lines. In all panels: ns = not significant;
* p < 0.05, values as mean ± SEM using one-way ANOVA and Tukey’s test for multiple comparisons.
(Scale bars = 100 µm (A and B)). (See also Figure S3).
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Figure 3. BMP-pathway is activated in SMAD4wt cells in response to MEK-inhibition. (A) Princi-
pal Component Analysis of mRNA expression of R4wt, R1R361H, and CRISPR-SMAD4R361H PDOs
(clones A, B, and C). The first component on the x-axis contains 55% of the variance and classifies the
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samples into two major groups R1R361H/CRISPR-SMAD4R361H PDOs (treated with trametinib and
untreated) and R4wt (treated with trametinib and untreated). (B) Five-set Venn diagram showing
unique and overlapping genes from RNA sequencing of R4wt, R1R361H, and CRISPR-SMAD4R361H

PDOs (clones A, B, and C). (C) Heatmap of differentially expressed total and (phospho-) proteins in
R4wt, R1R361H, and CRISPR-SMAD4R361H PDOs (clones A, B, and C) after 24 h-treatment with DMSO
(0.3%) and trametinib (0.03 µM) (all normalized over beta-actin, log2 fold change trametinib/DMSO.
(D) Protein levels [%] involved in proliferation, MAPK pathway, mTOR pathway, and TGF-β/BMP
pathway after 24 h-treatment with DMSO (0.3%) and trametinib (0.03 µM). Protein levels were
normalized over beta-actin (treatment to DMSO control) in [%] or rather the ratio of phospho-protein
level to the total protein level of replicates. (See also Table S4).

3.4. SFAB Signature Predicts Sensitivity to MEK Inhibition in CRC PDOs

Next, we evaluated the eligibility of using the SMAD4 mutational status as a predictive
biomarker for MEK-inhibitors in 62 PDOs with known mutational status (Table S2). In
total, 9 PDOs harbor pathogenic SMAD4 mutations (stated in “The Human Gene Mutation
Database”; HGMD® [36,37]). All of these were sensitive to MEK-inhibitor cobimetinib, 6
were sensitive to trametinib, and 5 to selumetinib (Figure S4). From the data generated on
the sibling models, we would have expected that only PDOs with loss-of-function SMAD4
mutations were sensitive to MEK inhibition. However, a significant amount of SMAD4wt

PDO models were also MEK-inhibitor sensitive (Figure S4).
To solve this conundrum, we looked at additional genes involved in TGF-β/BMP sig-

naling that are frequently mutated in CRC. In addition to SMAD4, we identified FBXW7 (F-
box/WD repeat-containing protein 7) [38], ARID1A (AT-rich interactive domain-containing
protein 1A) [39], and BMPR2 (bone morphogenetic protein receptor type II) [40] for the
marker signature [41,42] (Figure 4A) as our SFAB- (SMAD4, FBXW7, ARID1A or BMPR2)
signature. We found that at least one loss-of-function mutation is present in one of these
genes determines the sensitivity towards MEK inhibition. The frequency of SFAB in the
CRC patient cohort (TCGA n = 594; https://www.cbioportal.org, accessed on 18 August
2021) was comparable to the frequency of SFAB in our PDOs (Figure 4B,C). For PDOs
with SFAB-signature, we found up to 95% and 70% significant positive prediction for
cobimetinib and selumetinib, respectively, and also up to 70% positive prediction for tram-
etinib (Figure 5). Thus, the SFAB signature can be used to reliably predict response to
MEK inhibition.

We further investigated if SFAB is superior to the RAS status of CRC PDOs in predict-
ing sensitivity to MEK inhibition. About 53% (33/62) of the CRC PDOs carry a pathogenic
KRAS mutation (Table S2), which is concordant with published data [43]. Compared to
the predictive power of SFAB, the RAS mutational status failed to better predict a model’s
sensitivity to the MEK-inhibitors cobimetinib, trametinib, and selumetinib (Figure S5).
Furthermore, we investigated if the BRAF status of CRC PDOs could predict sensitivity
to MEK inhibition. About 10% (6/62) of the CRC PDO carry a pathogenic BRAF muta-
tion, which is concordant with published data (https://www.cbioportal.org/, accessed
on 20 November 2021). BRAF status alone failed to better predict sensitivity to the MEK-
inhibitors cobimetinib, trametinib, and selumetinib (Figure S5). Apart from one PDO model,
all BRAF mutant PDOs have an SFAB signature (Table S2). Therefore, BRAF mutations
alone are not better than SFAB (Figure 5).

Overall, these findings establish that the SFAB signature predicts sensitivity to MEK
inhibition in CRC in a RAS/BRAF status-independent manner.

https://www.cbioportal.org
https://www.cbioportal.org/
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Figure 4. Four frequently mutated genes in CRC (SMAD4, FBXW7, ARID1A, or BMPR2) are
involved in the TGF-β/BMP pathway. (A) Scheme of the TGF-β/BMP pathway with four fre-
quently mutated genes in CRC (circled): SMAD4 = mothers against decapentaplegic homolog 4,
FBXW7 = F-box/WD repeat-containing protein 7, ARID1A = AT-rich interactive domain-containing
protein 1A, BMPR2 = Bone morphogenetic protein receptor type II. (B) Frequency of SFAB (SMAD4,
FBXW7, ARID1A, or BMPR2) in CRC patients (TCGA = The Cancer Genome Atlas, PanCancer Atlas
colorectal adenocarcinomas (n = 594) (https://www.cbioportal.org, accessed on 18 August 2021)).
(C) Frequency of SFAB in CRC PDOs (n = 62). (See also Table S2).

https://www.cbioportal.org
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Figure 5. CRC PDO models with SFAB- (SMAD4, FBXW7, ARID1A, or BMPR2) signature are
sensitive to MEK inhibition. (A) Waterfall plots of IC50 values of CRC PDO models with known
SMAD4 status tested with MEK-inhibitors cobimetinib, trametinib, and selumetinib. PDO models
with IC50 values below cmax are defined as sensitive and PDO models with IC50 values above cmax
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are defined as resistant. (Orange bars: PDOs harboring pathogenic mutations in SMAD4, FBXW7,
ARID1A, or BMPR2; gray bars: PDOs harboring non-pathogenic or no mutations in SMAD4, FBXW7,
ARID1A, or BMPR2). (B) Contingency analysis of the MEK-inhibitors cobimetinib, trametinib,
and selumetinib for sensitive and resistant models (n = 62). All calculations were performed on
technical replicates of two biological samples each (See also Table S2). SMAD4 = mothers against
decapentaplegic homolog 4, FBXW7 = F-box/WD repeat-containing protein 7, ARID1A = AT-rich
interactive domain-containing protein 1A, BMPR2 = Bone morphogenetic protein receptor type II.

3.5. De-Novo Acquired Drug Resistance Can Affect Sensitivity to MEK-Inhibitors

In CRC, 5-FU-based therapies, such as FOLFOX and FOLFIRINOX, are the first-line
treatment of choice. MEK-inhibitors are currently not approved for first-line treatment
of CRC [44], and thus, they could only be considered for subsequent therapy lines. To
recapitulate this clinical situation, we wanted to establish 5-FU resistant sibling- and
CRISPR-SMAD4R361H PDOs. PDOs were treated with increasing concentrations of 5-FU
up to 230 µM (cmax) [33]. Interestingly, 5-FU resistant lines could only be established
from SMAD4R361H PDOs. SMAD4wt PDO (R4wt) did not recover from long-term 5-FU
treatment in two independent approaches (data not shown). This is consistent with the
previous observations of SMAD4 functional loss being associated with first-line therapy
resistance [13]. 5-FU resistant PDO models and their passage-matched counterparts did
not differ in proliferation (Figure S6A). As expected, drug screening revealed a significantly
increased 5-FU resistance (Figure S6B), as well as an increased resistance to all tested
targeted agents, including MEK-inhibitors (Figure S6C). These observations suggest that
de-novo acquired drug resistance to 5-FU might share similar mechanisms with resistance
to MEK-inhibitors.

4. Discussion

The ultimate goal of precision oncology is to identify effective treatments for the
individual patient. One route to reaching that goal is linking specific tumor mutations to
clinical response to treatment. Combined with chemotherapy, targeted agents are already an
important pillar in the standard-of-care treatment of multiple cancers [45]. Among studied
examples are the anti-epidermal growth factor receptor (EGFR) antibody cetuximab and
the vascular endothelial growth factor (VEGF) antibody bevacizumab [7,46].

The MAPK pathway is dysregulated in more than 30% of human cancers [47]. The
aberrant activation of this pathway is usually triggered by gain-of-function mutations in
RAS and BRAF proteins [48]. Mutations in KRAS occur in 36–50% of CRC [47] and they
interfere with anti-EGFR therapy [49,50]. Only 10–20% of CRC patients are responsive
to anti-EGFR treatment, and the KRAS/NRAS mutational status is the standard-of-care
biomarker to exclude patients from therapies based on anti-EGFR anti-bodies [51]. Cetux-
imab is therefore only approved for RAS wild-type tumors. However, 35–45% of these
cases still do not respond to this treatment [52,53]. Besides KRAS/NRAS and BRAF mu-
tations, alterations in PI3KCA or PTEN are likely involved in the resistance to anti-EGFR
therapy [50,52,54]. Also, mutations in FBXW7 and SMAD4 are prevalent in non-responsive
cases [53]. To plan successful therapies for those patients, additional biomarkers are needed.
Using a set of biomarkers will help stratify cancer patients into cohorts based on the individ-
ual tumor biology [55] rather than only the location of the tumor. We observed that SMAD4
loss-of-function is associated with differential sensitivity to MEK inhibition (Figure 1).

We were able to introduce the R361H point mutation into R4wt PDOs and gener-
ated three CRISPR-PDOs carrying the homozygous SMAD4R361H mutation (Figure 2A–C,
Table S1). However, the three CRISPR-PDOs lost the heterozygous PI3KCAH1047R mutation
after clonal selection (Figure 2C, Table S1), which was present in both R1R361H and R4wt.
PIK3CA is frequently mutated in CRC with up to 32% [56,57] and is associated with poor
prognosis [58,59]. Although the clones lost PI3KCAH1047R, they showed similar behavior to



Cancers 2022, 14, 3252 14 of 20

R1R361H in terms of proliferation time and drug response (Figure 2D–E). Thus, we conclude
that this PI3KCAH1047R mutation is not involved in the MEK-inhibitor response.

Gene editing confirmed that mutations of SMAD4 are responsible for the observed
differential drug response. We showed that the introduction of the R361H mutation is
sufficient to (re-)induce sensitivity towards the MEK-inhibitors cobimetinib, trametinib,
and selumetinib (Figure 2).

Further, activation of the TGF-β/BMP signaling pathway, specifically the BMP path-
way branch, was observed in SMAD4wt PDOs, indicating that BMP signaling is likely a
driver of resistance towards MEK inhibition (Figure 3).

We observed an upregulation of mTOR phosphorylation in trametinib-resistant SMAD4wt

PDO (R4wt) and a decrease in phosphorylation for SMAD4R361H PDOs (Figure 3). Several
mechanisms of MEK-inhibitor resistance are associated with the activation of cellular
signaling pathways, such as the PI3K/AKT/mTOR pathway [60]. This finding is consistent
with a previously published study showing that activation of mTOR promotes tumor
growth and metastases [61].

As previously published, BMP signaling, particularly through SMAD5, can promote
cancer cell proliferation and tumor growth [62]. In breast cancer, resistance to paclitaxel
can be reversed with the depletion of SMAD5 [63]. The role of the BMP signaling in CRC
is historically controversial, potentially due to the differential status of this signaling in
different CRC molecular subtypes [64,65]. There is evidence of BMP pathway activation
in the mesenchymal molecular subtype of the CRC, while in other subtypes, it is sup-
pressed [66]. R1R361H and R4wt were derived from a tumor that was described as consensus
molecular subtype 2 (CMS2), which is characterized by WNT and MYC activation [15,64].
In addition to CMS classification, the CRC intrinsic subtype B (CRIS-B) is associated with
TGF-β-pathway activity, EMT, and poor prognosis [67], which is more applicable to this
tumor and correlates with our observations.

From these observations, it is plausible to assume that functional loss of SMAD4
and thus loss of BMP signaling renders SMAD4 mutated tumors more sensitive to MEK-
inhibitors. However, a loss-of-function mutation or deletion of the SMAD4 gene alone did
not significantly positively predict response to MEK inhibition (Figure S4). By broadening
the scope to additional frequently mutated genes involved in TGF-β/BMP signaling [11,38–41],
we identified the novel gene mutational SFAB-signature (SMAD4, FBXW7, ARID1A, or
BMPR2) (Figure 4). SMAD4 is considered a signaling mediator of the TGF-β/BMP-pathway,
but its role as an important suppressor of CRC progression remains elusive [68]. SMAD4
loss has been shown to promote chemoresistance in multiple cancer types, including
CRC [11,12].

FBXW7 is a tumor suppressor and regulates the TGF-β/BMP-pathway by targeting for
degradation co-repressor TGF-β-induced factor 1 (TGIF1), which recruits specific repressor
complexes to SMAD2 [69]. Functional loss of FBXW7 also promotes chemoresistance in
CRC cell lines [70].

ARID1A participates in the TGF-β/BMP-pathway as a tumor suppressor that inter-
acts with p53 regulating cyclin-dependent kinase inhibitor 1A (CDKN1A) and SMAD3
transcription and subsequently tumor growth [71]. ARID1A has emerged as a candidate
“driver gene” tumor suppressor based on its frequent mutations in cancer cells, such as
ovarian clear cell and endometroid cancers, as well as CRC [72].

BMPR2 is directly involved in BMP branch signal transduction in the TGF-β/BMP-
pathway [73] and has been reported to play a dual role in regulating tumor growth [74]. In
CRC lacking SMAD4, BMPR2 can bind to LIM domain kinase 1 to activate the Rho/Rho-
associated protein kinase (ROCK) pathway to promote tumor invasion and metastases [75].

The SFAB signature predicts the sensitivity towards MEK inhibition in CRC PDOs
with a high probability (Figure 5). PDO models have been consistently shown to faith-
fully recapitulate features of the tumor of origin in terms of cell differentiation, genomic
background, intra-tumor heterogeneity, and drug response [14,15,76–78]. We show that
the frequency of SFAB-signature in our PDOs mirrors the expression data of CRC patients
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(Figure 4). Therefore, it is plausible to assume that the SFAB signature could reliably predict
sensitivity to MEK inhibition in CRC patients. Alterations in the TGF-β/BMP pathway due
to loss-of-function mutations or deletions affecting SMAD4, FBXW7, ARID1A, or BMPR2
have previously been shown to correlate with decreased overall survival and to promote
chemoresistance in multiple cancer types, such as CRC [11,13], ovarian cancer [79–81] and
squamous cell carcinoma [82]. This exciting observation suggests that the same alterations
that cause resistance to first-line therapies and provide proliferative benefits could at the
same time render cancer cells sensitive to certain targeted therapeutics.

In addition to the previously published gene expression signature scores representing
MEK-inhibitor sensitivity and MEK-inhibitor adaptive resistance [83,84], SFAB could serve
as a predictive biomarker for successful cancer therapy by MEK inhibition.

The present study significantly adds to the concept that multimodal strategies must
be considered to deliver effective and specific therapies.

5. Conclusions

We identified a novel RAS/RAF-independent biomarker signature that could correctly
predict the outcome of MEK inhibition in vitro. In conclusion, we propose using the SFAB
signature as a RAS/BRAF-independent biomarker for the clinical stratification of patients.
Furthermore, we strongly suggest including MEK-inhibitors in the portfolio of therapeutic
regimens against CRC.

As the next step to renew the guidelines for CRC treatment, retrospective clinical
correlation studies in tumors with known mutation status are ongoing, proofing the clinical
benefit of the SFAB signature.

6. Patents

These findings were patented in March 2021 (Nr. DE102020102143B3). “A method for
determining whether to start or continue a treatment of cancer, a biomarker corresponding
to at least one marker gene and the use of a biomarker in the method of the invention.”

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cancers14133252/s1, Figure S1: Microscopic pictures of CRC
PDOs (R4wt and R1R361H) treated with 5-FU and second-line therapeutics targeting the MAPK
signaling pathway. PDOs (A) R1R361H and (B) R4wt were treated with DMSO (0.3%) and 5-FU
(230 µM) for 4 days. After treatment with 5-FU, morphological changes were observed in R1R361H

(black arrows). Pictures were taken after 4 days of daily treatment with vehicle control: DMSO (0.3%),
positive control: staurosporine (0.25 µM), mRTK-inhibitor: regorafenib (10 µM), BRAF-inhibitor:
dabrafenib (1.55 µM), MEK-inhibitors: cobimetinib (0.51 µM), trametinib (0.03 µM), selumetinib
(1.06 µM), and ERK-inhibitor: ulixertinib (2.77 µM). Scale bars = 100 µm. Figure S2: Procedure to
generate CRISPR-engineered SMAD4R361H organoids. (A) In the targeted sequence, the SMAD4-
specific sgRNA is indicated in orange and the PAM sequence is shown in purple, 8bp upstream from
the point mutation. The ssODN includes homology arms (HA) of 60 bp flanking the point mutation.
(B) Workflow: R4wt PDOs were transfected with vectors, as in C, and ssODN, as in A, to exchange
adenine for guanine (A to G), which leads to an amino acid change of arginine to histidine. 72 h
after transfection, Venus- and BFP-positive cells were sorted as bulk populations. Single clones were
isolated via limited dilution and genotyped by locus-specific sequencing to confirm the R361H point
mutation. (C) Vectors for transient transfection of PDOs. SMAD4R361H PDOs were transfected with
an all-in-one vector pU6sgh-SMAD4-I-CAG-Cas9-PGK-Venus (U1) or pU6sgh-SMAD4-II-CAG-Cas9-
PGK-Venus (U2). To increase homologous-directed repair, PDOs were co-transfected with a plasmid
vector containing i53-bpA [31] and an additional Cas9-vector (pCAG-Cas9-PGK-Venus). (D) Vector
map of pU6chimRNA-CAG-Cas9(D10A)-venus-bpA. (E) Vector map of pCAG-Cas9uPUK-Venus.
(F) Vector map of pCAG-i53-EfI-BFP (kindly provided by Ralf Kühn). Vector map images were created
with SnapGene Viewer. Figure S3: Drug response curves and corresponding microscopic pictures
of CRISPR-SMAD4R361H PDOs (clones A, B, and C) treated with second-line therapy targeting the
MAPK signaling pathway. (A) Drug response curves of CRISPR-SMAD4R361H PDOs (clones A, B, and
C). For cobimetinib, trametinib, and selumetinib, fitted curve parameters were significantly different

https://www.mdpi.com/article/10.3390/cancers14133252/s1
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(extra-sum-of-squares F test, p < 0.05). (B) Pictures were taken after 4 days of daily treatment with
vehicle control: DMSO (0.3%), positive control: staurosporine (0.25 µM), mRTK-inhibitor: regorafenib
(10 µM), BRAF-inhibitor: dabrafenib (1.55 µM), MEK-inhibitors: cobimetinib (0.51 µM), trametinib
(0.03 µM), selumetinib (1.06 µM), and ERK-inhibitor: ulixertinib (2.77 µM). Scale bars = 100 µm.
Figure S4: PDO models of CRC mutated in the SMAD4 gene are sensitive to MEK inhibition.
(A) Waterfall plots of IC50 values of CRC PDO models with known SMAD4 status tested with the
MEK-inhibitors cobimetinib, trametinib, and selumetinib. PDO models with IC50 values below cmax
are defined as sensitive; PDO models with IC50 values above cmax are defined as resistant. (Yellow
bars: PDOs harboring pathogenic SMAD4 mutation; gray bars: PDOs harboring non-pathogenic or
no SMAD4 mutations.) (B) Contingency analysis for sensitive and resistant models (n = 62). Figure
S5: RAS and BRAF status does not predict sensitivity to MEK-inhibitors. Contingency analysis of
the MEK-inhibitors cobimetinib, trametinib, and selumetinib for sensitive and resistant CRC PDOs
(A) based on RAS status alone, (B) SFAB-signature + RASmut vs. no SFAB-signature + RASwt and
(C) SFAB-signature + RASwt vs. no SFAB-signature + RASmut, (D) based on BRAF status alone and
(E) SFAB-signature + BRAFmut vs. no SFAB-signature + BRAFwt. Apart from one PDO model, all
BRAF mutant PDOs have an SFAB signature; therefore, SFAB + BRAFmut could not be analyzed (SFAB
= SMAD4, FBXW7, ARID1A, or BMPR2) (n = 62). (See also Table S2). Figure S6: De-novo acquired
drug resistance can affect sensitivity to MEK-inhibitors. (A) Cell growth curves of 5-FU resistant
PDO models (R1R361H res., clone B res., and clone C res.) and their non-resistant counterparts. The
luminescence was measured after day 1, 3, 5, and 7. The fitted curve parameters were not significantly
different (extra-sum-of-squares F test p > 0.05). (B) Drug response curves of 5-FU resistant PDO
models (R1R361H res., clone B res., and clone C res.) and their non-resistant counterparts after
daily treatment with 5-FU, regorafenib, cobimetinib, and trametinib. Achievable maximal plasma
concentrations (cmax) are indicated for each drug with dotted lines. For all tested drugs, the fitted
curve parameters were significantly different (extra-sum-of-squares F test p < 0.05). Table S1: CRC
panel sequencing [16] of R1R361H, R4wt, and CRISPR-SMAD4R361H PDOs (clone A, clone B, and clone
C). In total, 94 CRC-related genes were sequenced. Variant allele frequencies (VAF) of 12 genes are
shown. Clone A, clone B, and clone C carry a homozygous SMAD4R361H loss-of-function mutation
in comparison to the parental PDO R4wt [31]. (See also Table S2). Table S2: PDO-model cohort
description and their mean IC50 values after treatment with cobimetinib (cmax = 0.53 µM), trametinib
(cmax = 0.03 µM), and selumetinib (cmax = 1.061 µM). * Staging data not available. ** Tumor location
of metastasis unknown. Pathogenic mutations are indicated in blue (for KRAS), green (for BRAF),
and orange (for the SFAB signature). Table S3: Gene enrichment analysis of R4wt, R1R361H, and
CRISPR-SMAD4R361H PDOs (clones A, B, and C). Evaluated with Enrichr—Ma’ayan Laboratory—
Computational Systems Biology (https://maayanlab.cloud/Enrichr/, accessed on 25 November
2021) (adjusted p-value < 0.05). Table S4: DigiWest® data of R4wt, R1R361H, and CRISPR-SMAD4R361H

PDOs (clones A, B, and C). The relative intensity unit of each analyte tested for R4wt, R1R361H, and
CRISPR-SMAD4R361H PDOs (clones A, B, and C), which were treated with trametinib (0.03 µM) and
DMSO (0.03%) for 24 h [16].

Author Contributions: Conceptualization, J.L., S.B. (Sanum Bashir), M.T., M.V., C.R. and C.R.A.R.;
Data curation, U.P., J.L., S.B. (Sergei Belanov), M.V. and L.W.; Formal analysis, U.P., J.L., M.T., P.H.,
S.M., S.B. (Sergei Belanov), M.L., C.R. (Christoph Reinhard), L.W. and C.R.A.R.; Funding acquisition,
M.L. and C.R.A.R.; Investigation, U.P., J.L., F.B. and C.R. (Christoph Reinhard); Methodology, U.P.,
J.L., S.B. (Sanum Bashir), R.K., M.T., P.H., S.M., M.L., L.W. and C.R.A.R.; Project administration,
M.L., L.W. and C.R.A.R.; Resources, R.K., M.T., M.L., M.V. and C.R.A.R.; Software, S.M. and S.B.
(Sergei Belanov); Supervision, J.L., S.B. (Sanum Bashir), M.L., C.R., L.W. and C.R.A.R.; Validation,
U.P.; Visualization, U.P., J.L., S.B. (Sergei Belanov) and C.R.A.R.; Writing—original draft, U.P., J.L.
and C.R.A.R.; Writing—review & editing, U.P., J.L., S.B. (Sanum Bashir), M.T., S.B. (Sergei Belanov),
M.L., F.B., M.V., C.R., L.W. and C.R.A.R. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in Supplementary
Tables S1–S4.

https://maayanlab.cloud/Enrichr/


Cancers 2022, 14, 3252 17 of 20

Acknowledgments: We thank Quirin Graf Adelmann for having our backs in the preparation of the
manuscript. We also thank our colleagues at CELLphenomics GmbH and ASC Oncology GmbH,
especially Alina Pflaume, Katja Herrera Glomm, Alex Herter, and Anne-Claire Kröger for hands-on
support and fruitful discussions. We also thank our consulting oncologist Manuela Regenbrecht
for adding a clinical perspective on treating real patients. Thank you for technical assistance at
the MDC to Johanna Wolf, Jana Rossius, and Anja Zimmer. A shoutout to Gerrit Erdmann, Anja
Briese, and Przemyslaw Dudys from NMI TT Pharmaservices, as well as our collaborators Frauke
Alves, Joanna Napp, and Fernanda Ramos-Gomes from Max Planck Institute for Multidisciplinary
Sciences. Our warmest gratitude goes to Joris Buiks for preparing all graphics and artwork used
in this publication. You guys’ rock! Last but not least, we bow to all the patients who, by donating
tissues and data without an immediate benefit to themselves, made this research possible. Humanity
owes you big time!

Conflicts of Interest: Christian Regenbrecht, Markus Templin, and Christoph Reinhard are co-
founders and shareholders of ASC Oncology GmbH. Christian Regenbrecht is co-founder and
shareholder of CELLphenomics. Markus Templin is an employee of NMI and NMI TT.

References
1. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN

Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209–249. [CrossRef]
[PubMed]

2. Pretzsch, E.; Bösch, F.; Neumann, J.; Ganschow, P.; Bazhin, A.; Guba, M.; Werner, J.; Angele, M. Mechanisms of Metastasis
in Colorectal Cancer and Metastatic Organotropism: Hematogenous versus Peritoneal Spread. J. Oncol. 2019, 2019, 7407190.
[CrossRef] [PubMed]

3. Ferlay, J.; Soerjomataram, I.; Dikshit, R.; Eser, S.; Mathers, C.; Rebelo, M.; Parkin, D.M.; Forman, D.; Bray, F. Cancer Incidence and
Mortality Worldwide: Sources, Methods and Major Patterns in GLOBOCAN 2012. Int. J. Cancer 2015, 136, E359–E386. [CrossRef]
[PubMed]

4. Sánchez-Gundín, J.; Fernández-Carballido, A.M.; Martínez-Valdivieso, L.; Barreda-Hernández, D.; Torres-Suárez, A.I. New Trends
in the Therapeutic Approach to Metastatic Colorectal Cancer. Int. J. Med. Sci. 2018, 15, 659–665. [CrossRef]

5. Der Jeught, K.V.; Xu, H.-C.; Li, Y.-J.; Lu, X.-B.; Ji, G. Drug Resistance and New Therapies in Colorectal Cancer. World J. Gastroenterol.
2018, 24, 3834–3848. [CrossRef]

6. Perez-Garcia, J.; Capdevila, J.; Macarulla, T.; Ramos, F.J.; Elez, E.; Ruiz-Echarri, M.; Tabernero, J. Advances in Targeted Therapies
for Metastatic Colorectal Cancer. Therapy 2009, 6, 321–333. [CrossRef]

7. Mahipal, A.; Grothey, A. Role of Biologics in First-Line Treatment of Colorectal Cancer. J. Oncol. Pract. 2016, 12, 1219–1228.
[CrossRef]

8. Buikhuisen, J.Y.; Torang, A.; Medema, J.P. Exploring and Modelling Colon Cancer Inter-Tumour Heterogeneity: Opportunities
and Challenges. Oncogenesis 2020, 9, 66. [CrossRef]

9. Punt, C.J.A.; Koopman, M.; Vermeulen, L. From Tumour Heterogeneity to Advances in Precision Treatment of Colorectal Cancer.
Nat. Rev. Clin. Oncol. 2017, 14, 235–246. [CrossRef]

10. CBioPortal. Available online: http://www.cbioportal.org/results/mutations?plots_horz_selection=%7B%7D&plots_vert_
selection=%7B%7D&plots_coloring_selection=%7B%7D&tab_index=tab_visualize&Action=Submit&session_id=623af92a0
4dc35387468ff0b (accessed on 18 August 2021).

11. Sarshekeh, A.M.; Advani, S.; Overman, M.J.; Manyam, G.; Kee, B.K.; Fogelman, D.R.; Dasari, A.; Raghav, K.; Vilar, E.; Manuel, S.;
et al. Association of SMAD4 Mutation with Patient Demographics, Tumor Characteristics, and Clinical Outcomes in Colorectal
Cancer. PLoS ONE 2017, 12, e0173345. [CrossRef]

12. Zhao, M.; Mishra, L.; Deng, C.X. The Role of TGF-β/SMAD4 Signaling in Cancer. Int. J. Biol. Sci. 2018, 14, 111–123. [CrossRef]
[PubMed]

13. Boulay, J.-L.; Mild, G.; Lowy, A.; Reuter, J.; Lagrange, M.; Terracciano, L.; Laffer, U.; Herrmann, R.; Rochlitz, C. SMAD4 Is a
Predictive Marker for 5-Fluorouracil-Based Chemotherapy in Patients with Colorectal Cancer. Br. J. Cancer 2002, 87, 630–634.
[CrossRef] [PubMed]

14. Schütte, M.; Risch, T.; Abdavi-Azar, N.; Boehnke, K.; Schumacher, D.; Keil, M.; Yildiriman, R.; Jandrasits, C.; Borodina, T.;
Amstislavskiy, V.; et al. Molecular Dissection of Colorectal Cancer in Pre-Clinical Models Identifies Biomarkers Predicting
Sensitivity to EGFR Inhibitors. Nat. Commun. 2017, 8, 14262. [CrossRef] [PubMed]

15. Schumacher, D.; Andrieux, G.; Boehnke, K.; Keil, M.; Silvestri, A.; Silvestrov, M.; Keilholz, U.; Haybaeck, J.; Erdmann, G.; Sachse,
C.; et al. Heterogeneous Pathway Activation and Drug Response Modelled in Colorectal-Tumor-Derived 3D Cultures. PLoS Genet.
2019, 15, e1008076. [CrossRef] [PubMed]

16. Mamlouk, S.; Childs, L.H.; Aust, D.; Heim, D.; Melching, F.; Oliveira, C.; Wolf, T.; Durek, P.; Schumacher, D.; Bläker, H.; et al. DNA
Copy Number Changes Define Spatial Patterns of Heterogeneity in Colorectal Cancer. Nat. Commun. 2017, 8, 14093. [CrossRef]

17. Waddell, J.A.; Solimando, D.A. Drug Monographs: Dabrafenib and Trametinib. Hosp. Pharm. 2013, 48, 818–821. [CrossRef]

http://doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
http://doi.org/10.1155/2019/7407190
http://www.ncbi.nlm.nih.gov/pubmed/31641356
http://doi.org/10.1002/ijc.29210
http://www.ncbi.nlm.nih.gov/pubmed/25220842
http://doi.org/10.7150/ijms.24453
http://doi.org/10.3748/wjg.v24.i34.3834
http://doi.org/10.2217/thy.09.11
http://doi.org/10.1200/JOP.2016.018382
http://doi.org/10.1038/s41389-020-00250-6
http://doi.org/10.1038/nrclinonc.2016.171
http://www.cbioportal.org/results/mutations?plots_horz_selection=%7B%7D&plots_vert_selection=%7B%7D&plots_coloring_selection=%7B%7D&tab_index=tab_visualize&Action=Submit&session_id=623af92a04dc35387468ff0b
http://www.cbioportal.org/results/mutations?plots_horz_selection=%7B%7D&plots_vert_selection=%7B%7D&plots_coloring_selection=%7B%7D&tab_index=tab_visualize&Action=Submit&session_id=623af92a04dc35387468ff0b
http://www.cbioportal.org/results/mutations?plots_horz_selection=%7B%7D&plots_vert_selection=%7B%7D&plots_coloring_selection=%7B%7D&tab_index=tab_visualize&Action=Submit&session_id=623af92a04dc35387468ff0b
http://doi.org/10.1371/journal.pone.0173345
http://doi.org/10.7150/ijbs.23230
http://www.ncbi.nlm.nih.gov/pubmed/29483830
http://doi.org/10.1038/sj.bjc.6600511
http://www.ncbi.nlm.nih.gov/pubmed/12237773
http://doi.org/10.1038/ncomms14262
http://www.ncbi.nlm.nih.gov/pubmed/28186126
http://doi.org/10.1371/journal.pgen.1008076
http://www.ncbi.nlm.nih.gov/pubmed/30925167
http://doi.org/10.1038/ncomms14093
http://doi.org/10.1310/hpj4810-818


Cancers 2022, 14, 3252 18 of 20

18. Chen, S.; Zhou, Y.; Chen, Y.; Gu, J. Fastp: An Ultra-Fast All-in-One FASTQ Preprocessor. Bioinformatics 2018, 34, i884–i890.
[CrossRef]

19. Ewels, P.; Magnusson, M.; Lundin, S.; Käller, M. MultiQC: Summarize Analysis Results for Multiple Tools and Samples in a
Single Report. Bioinformatics 2016, 32, 3047–3048. [CrossRef]

20. Howe, K.L.; Achuthan, P.; Allen, J.; Allen, J.; Alvarez-Jarreta, J.; Amode, M.R.; Armean, I.M.; Azov, A.G.; Bennett, R.; Bhai, J.; et al.
Ensembl 2021. Nucleic Acids Res. 2021, 49, D884–D891. [CrossRef]

21. Dobin, A.; Davis, C.A.; Schlesinger, F.; Drenkow, J.; Zaleski, C.; Jha, S.; Batut, P.; Chaisson, M.; Gingeras, T.R. STAR: Ultrafast
Universal RNA-Seq Aligner. Bioinformatics 2012, 29, 15–21. [CrossRef]

22. Liao, Y.; Smyth, G.K.; Shi, W. The R Package Rsubread Is Easier, Faster, Cheaper and Better for Alignment and Quantification of
RNA Sequencing Reads. Nucleic Acids Res. 2019, 47, e47. [CrossRef] [PubMed]

23. Liao, Y.; Smyth, G.K.; Shi, W. FeatureCounts: An Efficient General Purpose Program for Assigning Sequence Reads to Genomic
Features. Bioinformatics 2014, 30, 923–930. [CrossRef] [PubMed]

24. Tarazona, S.; Furió-Tarí, P.; Turrà, D.; Pietro, A.D.; Nueda, M.J.; Ferrer, A.; Conesa, A. Data Quality Aware Analysis of Differential
Expression in RNA-Seq with NOISeq R/Bioc Package. Nucleic Acids Res. 2015, 43, e140. [CrossRef] [PubMed]

25. Mortazavi, A.; Williams, B.A.; McCue, K.; Schaeffer, L.; Wold, B. Mapping and Quantifying Mammalian Transcriptomes by
RNA-Seq. Nat. Methods 2008, 5, 621–628. [CrossRef]

26. Robinson, M.D.; Oshlack, A. A Scaling Normalization Method for Differential Expression Analysis of RNA-Seq Data. Genome Biol.
2010, 11, R25. [CrossRef] [PubMed]

27. Lawrence, M.; Huber, W.; Pagès, H.; Aboyoun, P.; Carlson, M.; Gentleman, R.; Morgan, M.T.; Carey, V.J. Software for Computing
and Annotating Genomic Ranges. PLOS Comput. Biol. 2013, 9, e1003118. [CrossRef]

28. Rue-Albrecht, K.; McGettigan, P.A.; Hernández, B.; Nalpas, N.C.; Magee, D.A.; Parnell, A.C.; Gordon, S.V.; MacHugh, D.E.
GOexpress: An R/Bioconductor Package for the Identification and Visualisation of Robust Gene Ontology Signatures through
Supervised Learning of Gene Expression Data. BMC Bioinform. 2016, 17, 126. [CrossRef]

29. Xie, Z.; Bailey, A.; Kuleshov, M.V.; Clarke, D.J.B.; Evangelista, J.E.; Jenkins, S.L.; Lachmann, A.; Wojciechowicz, M.L.; Kropiwnicki,
E.; Jagodnik, K.M.; et al. Gene Set Knowledge Discovery with Enrichr. Curr. Protoc. 2021, 1, e90. [CrossRef]

30. Chen, E.Y.; Tan, C.M.; Kou, Y.; Duan, Q.; Wang, Z.; Meirelles, G.V.; Clark, N.R.; Ma’ayan, A. Enrichr: Interactive and Collaborative
HTML5 Gene List Enrichment Analysis Tool. BMC Bioinformatics 2013, 14, 128. [CrossRef]

31. Canny, M.D.; Moatti, N.; Wan, L.C.K.; Fradet-Turcotte, A.; Krasner, D.; Mateos-Gomez, P.A.; Zimmermann, M.; Orthwein, A.;
Juang, Y.-C.; Zhang, W.; et al. Inhibition of 53BP1 Favors Homology-Dependent DNA Repair and Increases CRISPR–Cas9
Genome-Editing Efficiency. Nat. Biotechnol. 2017, 36, 95–102. [CrossRef]

32. Treindl, F.; Ruprecht, B.; Beiter, Y.; Schultz, S.; Döttinger, A.; Staebler, A.; Joos, T.O.; Kling, S.; Poetz, O.; Fehm, T.; et al. A
Bead-Based Western for High-Throughput Cellular Signal Transduction Analyses. Nat. Commun. 2016, 7, 12852. [CrossRef]
[PubMed]

33. Kline, C.L.B.; Schiccitano, A.; Zhu, J.; Beachler, C.; Sheikh, H.; Harvey, H.A.; Mackley, H.B.; McKenna, K.; Staveley-O’Carroll,
K.; Poritz, L.; et al. Personalized Dosing via Pharmacokinetic Monitoring of 5-Fluorouracil Might Reduce Toxicity in Early- or
Late-Stage Colorectal Cancer Patients Treated with Infusional 5–Fluorouracil-Based Chemotherapy Regimens. Clin. Colorectal
Cancer 2014, 13, 119–126. [CrossRef] [PubMed]

34. Hernandez, A.L.; Wang, Y.; Somerset, H.L.; Keysar, S.B.; Aisner, D.L.; Marshall, C.; Bowles, D.W.; Karam, S.D.; Raben, D.; Jimeno,
A.; et al. Inter- and Intra-tumor Heterogeneity of SMAD4 Loss in Head and Neck Squamous Cell Carcinomas. Mol. Carcinog.
2019, 58, 666–673. [CrossRef] [PubMed]

35. Fleming, N.I.; Jorissen, R.N.; Mouradov, D.; Christie, M.; Sakthianandeswaren, A.; Palmieri, M.; Day, F.; Li, S.; Tsui, C.; Lipton,
L.; et al. Molecular and Cellular Pathobiology SMAD2, SMAD3 and SMAD4 Mutations in Colorectal Cancer. Cancer Res. 2013,
73, 725–735. [CrossRef]

36. Stenson, P.D.; Ball, E.V.; Mort, M.; Phillips, A.D.; Shiel, J.A.; Thomas, N.S.T.; Abeysinghe, S.; Krawczak, M.; Cooper, D.N. Human
Gene Mutation Database (HGMD®): 2003 Update. Hum. Mutat. 2003, 21, 577–581. [CrossRef]

37. Stenson, P.D.; Mort, M.; Ball, E.V.; Chapman, M.; Evans, K.; Azevedo, L.; Hayden, M.; Heywood, S.; Millar, D.S.; Phillips, A.D.;
et al. The Human Gene Mutation Database (HGMD®): Optimizing Its Use in a Clinical Diagnostic or Research Setting. Hum.
Genet. 2020, 139, 1197–1207. [CrossRef]

38. Iwatsuki, M.; Mimori, K.; Ishii, H.; Yokobori, T.; Takatsuno, Y.; Sato, T.; Toh, H.; Onoyama, I.; Nakayama, K.I.; Baba, H.; et al.
Loss of FBXW7, a Cell Cycle Regulating Gene, in Colorectal Cancer: Clinical Significance. Int. J. Cancer 2010, 126, 1828–1837.
[CrossRef]

39. Mathur, R.; Alver, B.H.; Roman, A.K.S.; Wilson, B.G.; Wang, X.; Agoston, A.T.; Park, P.J.; Shivdasani, R.A.; Roberts, C.W.M.
ARID1A Loss Impairs Enhancer-Mediated Gene Regulation and Drives Colon Cancer in Mice. Nat. Genet. 2017, 49, 296–302.
[CrossRef]

40. Kodach, L.L.; Wiercinska, E.; de Miranda, N.F.C.C.; Bleuming, S.A.; Musler, A.R.; Peppelenbosch, M.P.; Dekker, E.; van den Brink,
G.R.; van Noesel, C.J.M.; Morreau, H.; et al. The Bone Morphogenetic Protein Pathway Is Inactivated in the Majority of Sporadic
Colorectal Cancers. Gastroenterology 2008, 134, 1332–1341.e3. [CrossRef]

41. Abdullah, M.-I.; Muhammad, N.A.N. Prediction of Colorectal Cancer Driver Genes from Patients’ Genome Data. Sains Malays.
2018, 47, 3095–3105. [CrossRef]

http://doi.org/10.1093/bioinformatics/bty560
http://doi.org/10.1093/bioinformatics/btw354
http://doi.org/10.1093/nar/gkaa942
http://doi.org/10.1093/bioinformatics/bts635
http://doi.org/10.1093/nar/gkz114
http://www.ncbi.nlm.nih.gov/pubmed/30783653
http://doi.org/10.1093/bioinformatics/btt656
http://www.ncbi.nlm.nih.gov/pubmed/24227677
http://doi.org/10.1093/nar/gkv711
http://www.ncbi.nlm.nih.gov/pubmed/26184878
http://doi.org/10.1038/nmeth.1226
http://doi.org/10.1186/gb-2010-11-3-r25
http://www.ncbi.nlm.nih.gov/pubmed/20196867
http://doi.org/10.1371/journal.pcbi.1003118
http://doi.org/10.1186/s12859-016-0971-3
http://doi.org/10.1002/cpz1.90
http://doi.org/10.1186/1471-2105-14-128
http://doi.org/10.1038/nbt.4021
http://doi.org/10.1038/ncomms12852
http://www.ncbi.nlm.nih.gov/pubmed/27659302
http://doi.org/10.1016/j.clcc.2013.11.001
http://www.ncbi.nlm.nih.gov/pubmed/24461492
http://doi.org/10.1002/mc.22958
http://www.ncbi.nlm.nih.gov/pubmed/30575147
http://doi.org/10.1158/0008-5472.CAN-12-2706
http://doi.org/10.1002/humu.10212
http://doi.org/10.1007/s00439-020-02199-3
http://doi.org/10.1002/ijc.24879
http://doi.org/10.1038/ng.3744
http://doi.org/10.1053/j.gastro.2008.02.059
http://doi.org/10.17576/jsm-2018-4712-20


Cancers 2022, 14, 3252 19 of 20

42. Sakai, E.; Fukuyo, M.; Ohata, K.; Matsusaka, K.; Doi, N.; Mano, Y.; Takane, K.; Abe, H.; Yagi, K.; Matsuhashi, N.; et al. Genetic
and Epigenetic Aberrations Occurring in Colorectal Tumors Associated with Serrated Pathway. Int. J. Cancer 2016, 138, 1634–1644.
[CrossRef] [PubMed]

43. Serebriiskii, I.G.; Connelly, C.; Frampton, G.; Newberg, J.; Cooke, M.; Miller, V.; Ali, S.; Ross, J.S.; Handorf, E.; Arora, S.; et al.
Comprehensive Characterization of RAS Mutations in Colon and Rectal Cancers in Old and Young Patients. Nat. Commun. 2019,
10, 3722. [CrossRef] [PubMed]

44. National Cancer Institute. Drugs Approved for Colon and Rectal Cancer. Available online: https://www.cancer.gov/about-
cancer/treatment/drugs/colorectal (accessed on 10 December 2021).

45. Xie, Y.-H.; Chen, Y.-X.; Fang, J.-Y. Comprehensive Review of Targeted Therapy for Colorectal Cancer. Signal Transduct. Target. Ther.
2020, 5, 22. [CrossRef]

46. Zhong, L.; Li, Y.; Xiong, L.; Wang, W.; Wu, M.; Yuan, T.; Yang, W.; Tian, C.; Miao, Z.; Wang, T.; et al. Small Molecules in Targeted
Cancer Therapy: Advances, Challenges, and Future Perspectives. Signal Transduct. Target. Ther. 2021, 6, 201. [CrossRef] [PubMed]

47. Luke, J.J.; Ott, P.A.; Shapiro, G.I. The Biology and Clinical Development of MEK Inhibitors for Cancer. Drugs 2014, 74, 2111–2128.
[CrossRef]

48. Zhao, Y.; Adjei, A.A. The Clinical Development of MEK Inhibitors. Nat. Rev. Clin. Oncol. 2014, 11, 385–400. [CrossRef]
49. Emburgh, B.O.V.; Sartore-Bianchi, A.; Nicolantonio, F.D.; Siena, S.; Bardelli, A. Acquired Resistance to EGFR-targeted Therapies

in Colorectal Cancer. Mol. Oncol. 2014, 8, 1084–1094. [CrossRef]
50. Misale, S.; Nicolantonio, F.D.; Sartore-Bianchi, A.; Siena, S.; Bardelli, A. Resistance to Anti-EGFR Therapy in Colorectal Cancer:

From Heterogeneity to Convergent Evolution. Cancer Discov. 2014, 4, 1269–1280. [CrossRef]
51. Cutsem, E.V.; Cervantes, A.; Adam, R.; Sobrero, A.; Krieken, J.H.V.; Aderka, D.; Aguilar, E.A.; Bardelli, A.; Benson, A.; Bodoky,

G.; et al. ESMO Consensus Guidelines for the Management of Patients with Metastatic Colorectal Cancer. Ann. Oncol. 2016,
27, 1386–1422. [CrossRef]

52. Bardelli, A.; Siena, S. Molecular Mechanisms of Resistance to Cetuximab and Panitumumab in Colorectal Cancer. J. Clin. Oncol.
2010, 28, 1254–1261. [CrossRef]

53. Lupini, L.; Bassi, C.; Mlcochova, J.; Musa, G.; Russo, M.; Vychytilova-Faltejskova, P.; Svoboda, M.; Sabbioni, S.; Nemecek, R.;
Slaby, O.; et al. Prediction of Response to Anti-EGFR Antibody-Based Therapies by Multigene Sequencing in Colorectal Cancer
Patients. BMC Cancer 2015, 15, 808. [CrossRef] [PubMed]

54. Eklöf, V.; Wikberg, M.L.; Edin, S.; Dahlin, A.M.; Jonsson, B.-A.; Öberg, Å.; Rutegård, J.; Palmqvist, R. The Prognostic Role of
KRAS, BRAF, PIK3CA and PTEN in Colorectal Cancer. Br. J. Cancer 2013, 108, 2153–2163. [CrossRef] [PubMed]

55. Sveen, A.; Kopetz, S.; Lothe, R.A. Biomarker-Guided Therapy for Colorectal Cancer: Strength in Complexity. Nat. Rev. Clin. Oncol.
2020, 17, 11–32. [CrossRef]

56. Hamada, T.; Nowak, J.A.; Ogino, S. PIK3CA Mutation and Colorectal Cancer Precision Medicine. Oncotarget 2017, 8, 22305–22306.
[CrossRef]

57. Liao, X.; Morikawa, T.; Lochhead, P.; Imamura, Y.; Kuchiba, A.; Yamauchi, M.; Nosho, K.; Qian, Z.R.; Nishihara, R.; Meyerhardt,
J.A.; et al. Prognostic Role of PIK3CA Mutation in Colorectal Cancer: Cohort Study and Literature Review. Clin. Cancer Res. 2012,
18, 2257–2268. [CrossRef]

58. Barault, L.; Veyrie, N.; Jooste, V.; Lecorre, D.; Chapusot, C.; Ferraz, J.; Lièvre, A.; Cortet, M.; Bouvier, A.; Rat, P.; et al. Mutations in
the RAS-MAPK, PI(3)K (Phosphatidylinositol-3-OH Kinase) Signaling Network Correlate with Poor Survival in a Population-
based Series of Colon Cancers. Int. J. Cancer 2008, 122, 2255–2259. [CrossRef] [PubMed]

59. Wang, Q.; Shi, Y.; Zhou, K.; Wang, L.; Yan, Z.; Liu, Y.; Xu, L.; Zhao, S.; Chu, H.; Shi, T.; et al. PIK3CA Mutations Confer Resistance
to First-Line Chemotherapy in Colorectal Cancer. Cell Death Dis. 2018, 9, 739. [CrossRef]

60. Kun, E.; Tsang, Y.T.M.; Ng, C.W.; Gershenson, D.M.; Wong, K.K. MEK Inhibitor Resistance Mechanisms and Recent Developments
in Combination Trials. Cancer Treat. Rev. 2020, 92, 102137. [CrossRef]

61. Hua, H.; Kong, Q.; Zhang, H.; Wang, J.; Luo, T.; Jiang, Y. Targeting MTOR for Cancer Therapy. J. Hematol. Oncol. 2019, 12, 71.
[CrossRef]

62. Peng, J.; Yoshioka, Y.; Mandai, M.; Matsumura, N.; Baba, T.; Yamaguchi, K.; Hamanishi, J.; Kharma, B.; Murakami, R.; Abiko, K.;
et al. The BMP Signaling Pathway Leads to Enhanced Proliferation in Serous Ovarian Cancer-A Potential Therapeutic Target.
Mol. Carcinog. 2015, 55, 335–345. [CrossRef]

63. Opyrchal, M.; Gil, M.; Salisbury, J.L.; Goetz, M.P.; Suman, V.; Degnim, A.; McCubrey, J.; Haddad, T.; Iankov, I.; Kurokawa, C.B.;
et al. Molecular Targeting of the Aurora-A/SMAD5 Oncogenic Axis Restores Chemosensitivity in Human Breast Cancer Cells.
Oncotarget 2017, 8, 91803–91816. [CrossRef] [PubMed]

64. Guinney, J.; Dienstmann, R.; Wang, X.; de Reyniès, A.; Schlicker, A.; Soneson, C.; Marisa, L.; Roepman, P.; Nyamundanda, G.;
Angelino, P.; et al. The Consensus Molecular Subtypes of Colorectal Cancer HHS Public Access. Nat. Med. 2015, 21, 1350–1356.
[CrossRef] [PubMed]

65. Hardwick, J.C.; Kodach, L.L.; Offerhaus, G.J.; Brink, G.R. van den Bone Morphogenetic Protein Signalling in Colorectal Cancer.
Nat. Rev. Cancer 2008, 8, 806–812. [CrossRef] [PubMed]

66. Irshad, S.; Bansal, M.; Guarnieri, P.; Davis, H.; Zen, A.A.H.; Baran, B.; Pinna, C.M.A.; Rahman, H.; Biswas, S.; Bardella, C.;
et al. Bone Morphogenetic Protein and Notch Signalling Crosstalk in Poor-Prognosis, Mesenchymal-Subtype Colorectal Cancer.
J. Pathol. 2017, 242, 178–192. [CrossRef] [PubMed]

http://doi.org/10.1002/ijc.29903
http://www.ncbi.nlm.nih.gov/pubmed/26510091
http://doi.org/10.1038/s41467-019-11530-0
http://www.ncbi.nlm.nih.gov/pubmed/31427573
https://www.cancer.gov/about-cancer/treatment/drugs/colorectal
https://www.cancer.gov/about-cancer/treatment/drugs/colorectal
http://doi.org/10.1038/s41392-020-0116-z
http://doi.org/10.1038/s41392-021-00572-w
http://www.ncbi.nlm.nih.gov/pubmed/34054126
http://doi.org/10.1007/s40265-014-0315-4
http://doi.org/10.1038/nrclinonc.2014.83
http://doi.org/10.1016/j.molonc.2014.05.003
http://doi.org/10.1158/2159-8290.CD-14-0462
http://doi.org/10.1093/annonc/mdw235
http://doi.org/10.1200/JCO.2009.24.6116
http://doi.org/10.1186/s12885-015-1752-5
http://www.ncbi.nlm.nih.gov/pubmed/26508446
http://doi.org/10.1038/bjc.2013.212
http://www.ncbi.nlm.nih.gov/pubmed/23660947
http://doi.org/10.1038/s41571-019-0241-1
http://doi.org/10.18632/oncotarget.15724
http://doi.org/10.1158/1078-0432.CCR-11-2410
http://doi.org/10.1002/ijc.23388
http://www.ncbi.nlm.nih.gov/pubmed/18224685
http://doi.org/10.1038/s41419-018-0776-6
http://doi.org/10.1016/j.ctrv.2020.102137
http://doi.org/10.1186/s13045-019-0754-1
http://doi.org/10.1002/mc.22283
http://doi.org/10.18632/oncotarget.20610
http://www.ncbi.nlm.nih.gov/pubmed/29207686
http://doi.org/10.1038/nm.3967
http://www.ncbi.nlm.nih.gov/pubmed/26457759
http://doi.org/10.1038/nrc2467
http://www.ncbi.nlm.nih.gov/pubmed/18756288
http://doi.org/10.1002/path.4891
http://www.ncbi.nlm.nih.gov/pubmed/28299802


Cancers 2022, 14, 3252 20 of 20

67. Isella, C.; Brundu, F.; Bellomo, S.E.; Galimi, F.; Zanella, E.; Porporato, R.; Petti, C.; Fiori, A.; Orzan, F.; Senetta, R.; et al. Selective
Analysis of Cancer-Cell Intrinsic Transcriptional Traits Defines Novel Clinically Relevant Subtypes of Colorectal Cancer. Nat.
Commun. 2017, 8, 15107. [CrossRef]

68. Papageorgis, P.; Cheng, K.; Ozturk, S.; Gong, Y.; Lambert, A.W.; Abdolmaleky, H.M.; Zhou, J.-R.; Thiagalingam, S. Smad4
Inactivation Promotes Malignancy and Drug Resistance of Colon Cancer. Cancer Res. 2011, 71, 998–1008. [CrossRef]

69. Bengoechea-Alonso, M.T.; Ericsson, J. Tumor Suppressor Fbxw7 Regulates TGFβ Signaling by Targeting TGIF1 for Degradation.
Oncogene 2010, 29, 5322–5328. [CrossRef]

70. Li, N.; Lorenzi, F.; Kalakouti, E.; Normatova, M.; Babaei-Jadidi, R.; Tomlinson, I.; Nateri, A.S. FBXW7-Mutated Colorectal Cancer
Cells Exhibit Aberrant Expression of Phosphorylated-P53 at Serine-15. Oncotarget 2015, 6, 9240–9256. [CrossRef]

71. Guan, B.; Wang, T.-L.; Shih, I.-M. ARID1A, a Factor That Promotes Formation of SWI/SNF-Mediated Chromatin Remodeling, Is a
Tumor Suppressor in Gynecologic Cancers. Cancer Res. 2011, 71, 6718–6727. [CrossRef]

72. Wu, R.-C.; Wang, T.-L.; Shih, I.-M. The Emerging Roles of ARID1A in Tumor Suppression. Cancer Biol. Ther. 2014, 15, 655–664.
[CrossRef]

73. Rahman, M.S.; Akhtar, N.; Jamil, H.M.; Banik, R.S.; Asaduzzaman, S.M. TGF-β/BMP Signaling and Other Molecular Events:
Regulation of Osteoblastogenesis and Bone Formation. Bone Res. 2015, 3, 15005. [CrossRef] [PubMed]

74. Cao, H.; Quan, S.; Zhang, L.; Chen, Y.; Jiao, G. BMPR2 Expression Level Is Correlated with Low Immune Infiltration and Predicts
Metastasis and Poor Survival in Osteosarcoma. Oncol. Lett. 2021, 21, 391. [CrossRef] [PubMed]

75. Voorneveld, P.W.; Kodach, L.L.; Jacobs, R.J.; Liv, N.; Zonnevylle, A.C.; Hoogenboom, J.P.; Biemond, I.; Verspaget, H.W.; Hommes,
D.W.; de Rooij, K.; et al. Loss of SMAD4 Alters BMP Signaling to Promote Colorectal Cancer Cell Metastasis via Activation of Rho
and ROCK. Gastroenterology 2014, 147, 196–208.e13. [CrossRef]

76. Phan, N.; Hong, J.J.; Tofig, B.; Mapua, M.; Elashoff, D.; Moatamed, N.A.; Huang, J.; Memarzadeh, S.; Damoiseaux, R.; Soragni, A.
A Simple High-Throughput Approach Identifies Actionable Drug Sensitivities in Patient-Derived Tumor Organoids. Commun.
Biol. 2019, 2, 78. [CrossRef]

77. Vlachogiannis, G.; Hedayat, S.; Vatsiou, A.; Jamin, Y.; Fernández-Mateos, J.; Khan, K.; Lampis, A.; Eason, K.; Huntingford, I.;
Burke, R.; et al. Patient-Derived Organoids Model Treatment Response of Metastatic Gastrointestinal Cancers. Science 2018,
359, 920–926. [CrossRef]

78. Wensink, G.E.; Elias, S.G.; Mullenders, J.; Koopman, M.; Boj, S.F.; Kranenburg, O.W.; Roodhart, J.M.L. Patient-Derived Organoids
as a Predictive Biomarker for Treatment Response in Cancer Patients. NPJ Precis. Oncol. 2021, 5, 30. [CrossRef] [PubMed]

79. Luo, Q.; Wu, X.; Zhang, Y.; Shu, T.; Ding, F.; Chen, H.; Zhao, P.; Chang, W.; Zhu, X.; Liu, Z. ARID1A Ablation Leads to Multiple
Drug Resistance in Ovarian Cancer via Transcriptional Activation of MRP2. Cancer Lett. 2018, 427, 9–17. [CrossRef] [PubMed]

80. Ma, Y.; Ma, L.; Guo, Q.; Zhang, S. Expression of Bone Morphogenetic Protein-2 and Its Receptors in Epithelial Ovarian Cancer
and Their Influence on the Prognosis of Ovarian Cancer Patients. J. Exp. Clin. Cancer Res. 2010, 29, 85. [CrossRef]

81. Yokoyama, Y.; Matsushita, Y.; Shigeto, T.; Futagami, M.; Mizunuma, H. Decreased ARID1A Expression Is Correlated with
Chemoresistance in Epithelial Ovarian Cancer. J. Gynecol. Oncol. 2014, 25, 58–63. [CrossRef]

82. He, L.; Torres-Lockhart, K.; Forster, N.; Ramakrishnan, S.; Greninger, P.; Garnett, M.J.; McDermott, U.; Rothenberg, S.M.; Benes,
C.H.; Ellisen, L.W. Mcl-1 and FBW7 Control a Dominant Survival Pathway Underlying HDAC and Bcl-2 Inhibitor Synergy in
Squamous Cell Carcinoma. Cancer Discov. 2013, 3, 324–337. [CrossRef]

83. Dry, J.R.; Pavey, S.; Pratilas, C.A.; Harbron, C.; Runswick, S.; Hodgson, D.; Chresta, C.; McCormack, R.; Byrne, N.; Cockerill, M.;
et al. Transcriptional Pathway Signatures Predict MEK Addiction and Response to Selumetinib (AZD6244). Cancer Res. 2010,
70, 2264–2273. [CrossRef] [PubMed]

84. Davis, T.B.; Gupta, S.; Yang, M.; Pflieger, L.; Rajan, M.; Wang, H.; Thota, R.; Yeatman, T.J.; Pledger, W.J. Ras Pathway Activation
and MEKi Resistance Scores Predict the Efficiency of MEKi and SRCi Combination to Induce Apoptosis in Colorectal Cancer.
Cancers 2022, 14, 1451. [CrossRef] [PubMed]

http://doi.org/10.1038/ncomms15107
http://doi.org/10.1158/0008-5472.CAN-09-3269
http://doi.org/10.1038/onc.2010.278
http://doi.org/10.18632/oncotarget.3284
http://doi.org/10.1158/0008-5472.CAN-11-1562
http://doi.org/10.4161/cbt.28411
http://doi.org/10.1038/boneres.2015.5
http://www.ncbi.nlm.nih.gov/pubmed/26273537
http://doi.org/10.3892/ol.2021.12652
http://www.ncbi.nlm.nih.gov/pubmed/33777214
http://doi.org/10.1053/j.gastro.2014.03.052
http://doi.org/10.1038/s42003-019-0305-x
http://doi.org/10.1126/science.aao2774
http://doi.org/10.1038/s41698-021-00168-1
http://www.ncbi.nlm.nih.gov/pubmed/33846504
http://doi.org/10.1016/j.canlet.2018.04.013
http://www.ncbi.nlm.nih.gov/pubmed/29660381
http://doi.org/10.1186/1756-9966-29-85
http://doi.org/10.3802/jgo.2014.25.1.58
http://doi.org/10.1158/2159-8290.CD-12-0417
http://doi.org/10.1158/0008-5472.CAN-09-1577
http://www.ncbi.nlm.nih.gov/pubmed/20215513
http://doi.org/10.3390/cancers14061451
http://www.ncbi.nlm.nih.gov/pubmed/35326598

	Introduction 
	Materials and Methods 
	3 D Cell Culture 
	Semi-Automated High-Throughput Drug Response Assay 
	Genomic DNA and RNA Isolation 
	PCR 
	CRC Panel Sequencing (DNAseq) 
	Sanger Sequencing 
	Whole Transcriptome Sequencing (RNAseq) 
	Generating CRISPR-Engineered Organoids 
	Cloning Procedure 
	Transfection for Targeted Gene Editing 
	Cell Sorting 
	Limited Dilution 

	High-Content Western Blotting–DigiWest® 
	Establishment of 5-FU Resistant PDO Models 

	Results 
	SMAD4 Loss-of-Function Is Associated with Differential Drug Response 
	Introduction of SMAD4 Point Mutation Reverses MEK-Inhibitor Resistance 
	BMP-Pathway Is Activated in Response to MEK Inhibition 
	SFAB Signature Predicts Sensitivity to MEK Inhibition in CRC PDOs 
	De-Novo Acquired Drug Resistance Can Affect Sensitivity to MEK-Inhibitors 

	Discussion 
	Conclusions 
	Patents 
	References

