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Abstract Biobanking of molecularly characterized co-
lorectal cancer stem cells (CSCs) generated from indi-
vidual patients and growing as spheroids in defined
serum-free media offer a fast, feasible, and multi-level
approach for the screening of targeted therapies and
drug resistance molecular studies. By combining
in vitro and in vivo analyses of cetuximab efficacy with
genetic data on an ongoing collection of stem cell-
enriched spheroids, we describe the identification and
preliminary characterization of microsatellite stable
(MSS) CSCs that, despite the presence of the KRAS
(G12D) mutation, display epidermal growth factor
(EGF)-dependent growth and are strongly inhibited by
anti-EGF-receptor (EGFR) treatment. In parallel, we de-
tected an increased resistance to anti-EGFR therapy of
microsatellite instable (MSI) CSC lines irrespective of
KRAS mutational status. MSI CSC lines carried mutations
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in genes coding for proteins with a role in RAS and
calcium signaling, highlighting the role of a genomically
unstable context in determining anti-EGFR resistance.
Altogether, these results argue for a multifactorial origin
of anti-EGFR resistance that emerges as the effect of
multiple events targeting direct and indirect regulators
of the EGFR pathway. An improved understanding of
key molecular determinants of sensitivity/resistance to
EGFR inhibition will be instrumental to optimize the
clinical efficacy of anti-EGFR agents, representing a fur-
ther step towards personalized treatments.

Keywords Colorectal cancer- Cancer stem cells -
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Introduction

We previously reported on a recently established
biobank of colorectal CSCs isolated from fresh patient’s
tissues and expanded in serum-free medium as spher-
oids (De Angelis et al. 2016). Newly established cul-
tures are routinely validated by (i) patient-matching
verification through STR (short tandem repeats) analy-
sis, (ii) assessment of CSC capability to originate
phenocopies of the original patient’s tumor upon xeno-
grafting into NOD.Cg-Prkdc™ 112rg™"Vi/SzJ (NSG)
mice, and (iii) analysis of expression of stem cell
markers. CSCs are then molecularly characterized by
whole exome sequencing (WES) and banked for future
uses. Since our procedure of CSC generation reaches
40-50% of efficiency of CSC isolation/primary tissues
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processed, the biobank is highly representative of pa-
tient tumor diversity in terms of genetic landscape and
drug sensitivity. Therefore, it offers a powerful tool both
for the screening of anticancer drugs in vitro and in vivo,
and for the analysis of the molecular events linked to
sensitivity versus resistance. In comparison to other
methods of CSC collection recently developed, such as
organoid biobanks (Fujii et al. 2016; van de Wetering
et al. 2015) and patient-derived xenograft (PDX)
(Bertotti et al. 2011; Gao et al. 2015; Julien et al.
2012), spheroid cultures can be easily expanded to high
cell yield, giving the possibility to fast and affordable
tests. Noteworthy, since selective media formulations
specifically support the isolation and the expansion of
cancer spheroids, cultures are devoid of supporting
cells, so that cancer cell-intrinsic events may be specif-
ically identified and analyzed.

By routine analysis of the sensitivity of newly gen-
erated CSCs to the anti-estimated glomerular filtration
rate (EGFR) MoAb cetuximab, we have identified a
small group of CSCs carrying a missense mutation in
KRAS (G12D) that are strongly dependent on EGF for
proliferation, and can be targeted efficiently by treat-
ment with anti-EGFR MoAbs. Here we report prelimi-
nary characterization of these lines, as an example of
multiple approach to drug resistance analyses in CSCs.

Material and methods
CSC culture

CSCs were generated from individual patient’s tissues
(Table S1) as previously reported (De Angelis et al.
2016), and cultured using an optimized medium (CSC
medium, see below) in ultra-low attachment tissue culture
flasks (Corning Costar, Cambridge, MA), in humidified
atmosphere at 37 °C, and 5% CO, as previously de-
scribed in (De Angelis et al. 2018). The CSC medium
consists of Advanced DMEM F12 added with 10% Hor-
mone Mix 10% (see below), 100 units/mL of penicillin,
100 pg/mL of streptomycin, 0.29 mg/mL glutamine, 6 g/
L glucose, 5 mM HEPES, 3.6 g/L, NaHCO3, 4 mg/L (all
from ThermoFisher Scientific, Waltham, MA, USA),
0.1%, BSA, (=700 U/L) heparin, 10 mM nicotinamide
(all from Sigma-Aldrich, St. Louis, MO, USA), 20 ng/
mL human recombinant EGF, and 10 ng/mL human
recombinant bFGF (both from PeproTech, London,
UK). Hormone Mix (10x) composition is Advanced
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DMEM F12 added with 1 g/L apo-transferrin, 250 mg/
L insulin, 161 mg/L putrescine, 52 pg/L sodium selenite,
62 pg/L progesterone, and 10 mM HEPES (all from
Sigma-Aldrich). Unless otherwise indicated, supplements
and reagents were purchased from Sigma-Aldrich, St.
Louis, MO, USA.

Animal procedures

All animal procedures were performed according to the
Italian national animal experimentation guidelines
(D.L.116/92) upon approval of the experimental proto-
col by the Italian Ministry of Health’s Animal Experi-
mentation Committee. Four- to 6-week-old female
NOD.Cg-Prkdc*“® 112rg™!"Vi/SzJ (NSG) mice (The
Jackson Laboratory, Bar Harbor, ME, https://www.jax.
org) were used for experiments. For drug testing, 5 x 10°
cells were injected subcutaneously in the flank of 12
replicate mice, in 100 mL 1:1 PBS/Matrigel (BD, Frank-
lin Lakes, NJ, http://www.bd.com). Tumors were
measured twice weekly by an external digital caliper,
and volumes were calculated using the following
formula: 7/6 x d*> x D, where d and D represent shorter
and longer tumor measurements, respectively. Drug
treatments were started after tumor establishment (100
~150 mm®). Mice were treated with 10 mg/kg
cetuximab (Merck KGaA, Darmstad, Germany,
http://www.emdgroup.com) intravenously twice
weekly. Control animals were treated with vehicle only.

DNA extraction and MSI analysis

Genomic DNA was obtained from CSCs and patient-
matched non-tumoral tissues (Dnasy mini kit, Qiagen,
Limburg, Netherlands). Five mononucleotide and two
pentanucleotide markers were co-amplified by the MSI
analysis system (Promega Madison, W1, USA) accord-
ing to the manufacturer’s directions. The fluorescent-
labeled PCR products obtained from CSCs were sepa-
rated by capillary electrophoresis using an AB3130 x1
sequencer and evaluated with the GeneMapper software
(Applied Biosystems/Life technologies). Criteria for
definition of MSS and MSI are according to the Bethes-
da guidelines (Umar et al. 2004).

WES data analysis and validation

Exome enrichment was performed using SeqCap EZ
Human Exome Kit v3.0 (NimbleGen, Roche) and the
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resulting target libraries were sequenced using a
HiSeq2000 platform (Illumina). Paired-end reads were
aligned to the human genome (UCSC GRCh37/hgl9)
with the Burrows-Wheeler aligner (BWA v. 0.7.10) (Li
and Durbin 2009) and PCR duplicates were removed
using Picard’s MarkDuplicates (http://broadinstitute.
github.io/picard). The Genome Analysis Toolkit
(GATK 3.3) (McKenna et al. 2010) was used for base
quality score recalibration. Somatic point mutations
were detected using Mutect software v.1.1.6 (Cibulskis
et al. 2013), and small indels were identified through a
comparison between indels called in individual CSC
lines and their matched non-tumoral samples by means
ofthe GATK Haplotype Caller algorithm (DePristo et al.
2011), with the following quality filters: quality score >
100 and quality-by-depth score > 1.5; indels below these
thresholds or resulting from four or more reads having
ambiguous mapping (this number being greater than 10
% of all aligned reads) were discarded. The resulting
somatic SNVs and small indels were annotated by
SnpEff v3.6 (Cingolani et al. 2012) and dbNSFP2.8
(Liu et al. 2013) and filtered to retain only those located
in exons with any effect on the coding sequence, and
splice site regions (=3 to +8 with respect to exon-intron
junctions). Variant validation and genotyping were per-
formed by Sanger sequencing. Amplicons were directly
sequenced using the ABI BigDye Terminator Sequenc-
ing kit (Applied Biosystems) and an automated capillary
sequencer (ABI 3500, Applied Biosystems). Sequence
electropherograms were analyzed using Sequencing
Analysis Software v.5.4 (Applied Biosystems).

Western blotting

Cell lysates were obtained from approximately 5 x 10°
spheroid cells by incubation of cell pellets in lysis buffer
(20 mM Tris-HCI pH 7.2; 200 mM NaCl; 1% NP40,
added with protease inhibitor cocktail and phosphatase
inhibitor cocktails I and II). Cell lysates from xenograft-
derived tissues were obtained from ~50 mg pieces of
frozen xenograft lysed in 0.40 mL of lysis buffer (as
above). Tissues were homogenized with Pro 200 Kema
Keur (Pro Scientific Inc. Oxford) at maximum speed at
4 °C for 30 s. Lysate concentrations were determined by
Bradford assay (Bio-Rad Laboratories, Hercules, CA,
http://www.bio-rad.com) and equal amounts of proteins
were loaded on a gradient precast gel (4-12% or;
ThermoFisher), then transferred to nitrocellulose
membranes (GE Healthcare, Piscataway, NJ,

http://www.gelifesciences.com). Blots were blocked
with TBST 5% non-fat dry milk and incubated over-
night at 4 °C with primary antibodies, then incubated for
45 min with secondary horseradish peroxidase-
conjugated antibodies dissolved in TBST 1% BSA.
Chemiluminescent signals were detected with prime or
select (ThermoFisher Scientific). Images were taken and
analyzed with Bio-Rad ChemiDoc Imagers (Bio-Rad
Laboratories). For densitometry quantification,
immunoblot signals were acquired with ChemiDocMP
(Bio-Rad) and the relative intensity was quantified with
Image Lab software. Normalization was performed
using (3-tubulin as reference. Monoclonal anti-«-
tubulin was from Sigma-Aldrich; other antibodies were
from Cell Signaling Technology.

Viability assay and drug screening

CSC viability upon treatment with cetuximab and/or
kinase inhibitors was determined by CellTiter-Glo lumi-
nescent cell viability assay (Promega, Madison, WI,
http://www.promega.ca) according to the
manufacturer’s directions. Briefly, CSCs (2.5-3 % 10°
per well) were dissociated with TrypLE Express,
seeded in 96-well plates (six replicates per experimental
point) in CSC medium, and incubated in a humidified
atmosphere at 37 °C, 5% CO,. Luminescence was de-
tected with a DTX880 multimode microplate reader
(Beckman Coulter, Brea, CA, https://www.
beckmancoulter.com). Cetuximab was used at a
concentration of 100 pug/mL; EGF and kinase inhibitors
(Selleck Chemicals, Houston, TX, http://www.
selleckchem.com) were used at the concentrations
indicated in the text.

Statistical analysis

Statistical analyses and non-linear regressions were
done by GraphPad Prism v.4.0 for Windows (GraphPad
Software, San Diego, CA, www.graphpad.com).
Statistical significance of data was evaluated by
ANOVA and Bonferroni pairwise post-tests or by un-
paired Student’s ¢ test, as specified for each experiment
in the legends to figures. Statistical significance up to
0.05 was accepted. P values are indicated as fol-
lows: ***p value <0.001, **p value <0.01, *p
value <0.05.
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Results

KRAS-mutated CSCs are inhibited by cetuximab
and EGF deprivation

By routine analysis of newly generated CSCs for
cetuximab sensitivity, we identified two lines, CSC28
and CSC26, both carrying a somatically acquired mis-
sense substitution in KRAS (G12D) that were highly
inhibited by the MoAb and strictly depended on EGF
for growth. Figure 1a shows the dose-response to EGF
of the KRAS-mutated, cetuximab-sensitive (Mut-S)
CSCs, in the absence or in the presence of 100 pg/mL
cetuximab. The analysis of representative KRAS wild-
type, cetuximab-sensitive (WT-S, CSC1, and CSC11)
(Fig. 1b) and KRAS (G12D) mutant, resistant lines
(Mut-R, CSC10, and CSCS8) (Fig. 1c) is shown for
comparison. In both Mut-S CSCs, after 3 days of treat-
ment, cell growth decreased at levels lower than 25% of
the maximum, at EGF concentrations of 0.02 pg/mL,
and was completely inhibited in the absence of the
growth factor. No resistant clones emerged from the
cultures, and no residual alive cells were observed after
8 days of culture (not shown). Addition of cetuximab
exacerbated the growth inhibition, this likely indicating
autocrine production of EGFR ligand(s) by the cells. By
comparing the inhibition curves of Mut-S and WT-S
CSCs, no major difference was evident in the degree
of dependence on EGF. The EC50 values of EGF of the
different lines, both in the absence and in the presence of
cetuximab (Fig. 1d), did not correlate with the presence
or the absence of the mutation. Conversely, two repre-
sentative mutated CSCs were completely resistant to
EGF removal and/or cetuximab treatment. Western blot
analysis of the CSCs tested confirmed that phosphory-
lation level of ERK and AKT decreases in Mut-S CSCs
following EGF deprivation, at similar levels to those
observed in WT-S CSCs. Conversely, no effect on pro-
tein phosphorylation was evident in control Mut-R lines
(Fig. le—f). To verify these data in vivo, we analyzed
the effect of cetuximab on xenografts generated with
Mut-S, WT-S, and Mut-R CSCs (Fig. 2a). Cetuximab
completely inhibited the growth of the Mut-S CSC,
similarly than in the WT-S lines. In contrast, Mut-R
CSC xenografts were fully resistant to the drug, alto-
gether confirming the good correlation between
cetuximab effects in vitro and on xenografts we had
previously shown (De Angelis et al. 2016). Western
blot analysis of xenograft cells ex vivo (Fig. 2b—c)
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confirmed that AKT and ERK phosphorylation is
reduced in xenografts of sensitive CSCs, whether
WT or mutated. Conversely, Mut-R CSC xenografts
showed no variations in phosphorylation levels upon
treatment.

KRAS-mutated CSCs respond to inhibitors of EGFR
downstream pathways

Several reports indicate that resistance of KRAS-
mutated cancer cells to EGFR inhibition can be
circumvented by combining the MoAb with inhibitors
of different downstream molecules of the EGFR path-
way, including MEK, PI3K, AKT, mTOR, or JAK
(Allen et al. 2013; Cheng et al. 2015; Hong et al.
2016; Napolitano et al. 2015; Troiani et al. 2014;
Zhang et al. 2015). In order to verify this point in our
model, and more in general to investigate whether Mut-
S, WT-S, and/or Mut-R CSCs would respond differently
to pathway-specific inhibitors, we screened a panel of
inhibitors directed to the main EGFR-related pathways
(Table S2 and Fig. 3) on representative lines. The inhib-
itors were tested at 500 nM, in the presence or the
absence of cetuximab. Exogenous EGF concentration
was 2 ng/mL EGF, chosen to allow the growth of EGF-
dependent CSC, without turning off the effect of
cetuximab. As shown in Fig. 4, no major qualitative
difference in the response to the different classes of
targeted agents was evident, among Mut/S (4a), WT/S
(4b), and Mut/R CSCs (4¢). In fact, three classes of
inhibitors proved the most active on all the CSCs tested,
regardless of their mutational status: the inhibitors of
MEK, the multiple inhibitor of mTOR/PI3K
PF05212384, and the multiple inhibitor of
mTOR/PI3K/AKT PF0469152. However, several
agents directed against AKT, PI3K, mTOR, JAK, or
PLK showed an additive effect with cetuximab on both
Mut/S and WT/S, but not on Mut/R CSCs. To detail this
point, we performed dose-response curves for three
representative inhibitors, i.e., PF0469152 (multiple in-
hibitor of AKT/PI3K/mTOR), TG101348 (directed to
JAK?2), and AS703026 (directed to MEK) in the pres-
ence or in the absence of 100 pug/mL cetuximab, on
Mut/S, Mut-R, and WT-S CSCs. The results are shown
in Fig. 5 and Table S3. Cetuximab displayed an additive
effect in combination with PF0469152, targeted to
AKT/PI3K/mTOR (Fig. 5a, d), or with the JAK2
inhibitor TG101348 (Fig. 5b, ¢), on both Mut-S and
WT-S CSCs. An additive effect with MEK inhibition
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Fig. 1 KRAS-mutated CSCs are inhibited by EGF deprival and
by cetuximab in vitro. a—¢ EGF dose-response in the absence
(blue) or in the presence (red) of cetuximab (100 pug/mL), on
Mut-S, WT-S, and Mut-R CSCs. Mutational status is indicated
for each CSC. Spheroid culture viability was assessed at 72 h by
CellTiter-Glo Luminescent Cell Viability Assay as described in the
“Material and methods,” and is expressed as the percentage of
maximal viability. Data represent the average of three independent
experiments £ SEM. d LogECS50 for the curves in a—c.

was less evident (Fig. 5c, f). Conversely, cetuximab
displayed no combined effect with any of the inhibi-
tors tested, on the two Mut-R CSCs analyzed (Fig. 5h,
i, g). Taken together, these data confirm that different
subgroups of KRAS (G12D)-mutated CSCs can be
distinguished: one in which the mutation parallels
complete unresponsiveness to cetuximab, either alone
or in combination with the inhibitors of the major
EGFR pathway branches. However, a second sub-
group is exemplified by CSC26 and CSC28, in which
despite the presence of KRAS (G12D), cetuximab is
still active on the EGFR signaling pathway, and its
action is additive with inhibition of the AKT/PI3K/
MTOR and the JAK2 pathways.

pakt pERK pS6 pmtor pakt pERK pS6 pmtor pakt pERK pS6 pmtor
Calculations and non-linear regressions were done by GraphPad
Prism software. The equation of fitting curve is
Y = Bottom + %. e Representative Western blot analy-
sis for relevant downstream EGFR intermediates on representative
Mut-S, WT-S, and Mut-R CSCs following treatments as in a—c. f
Densitometry quantification of Western blot, mean + SEM, n=3.
Statistical significance was calculated by two-tailed Student’s ¢
test; ***p value < 0.001, **p value <0.01, *p value < 0.05

CSC sensitivity to cetuximab correlates with MS status:
mutations in GAPs and GEFs recur
in cetuximab-resistant MSI CSCs

MSI tumors constitute a distinct subgroup of colorectal
cancers, defined by deficiency in the mismatch repair
(MMR) machinery. MSI colorectal tumors prevalently
occur to the right side intestine, exhibit mucinous his-
tology with abundant lymphocyte infiltration, and have
better clinical outcome than microsatellite stable (MSS)
tumors (Vilar and Gruber 2010). They also have specific
molecular characteristics in terms of mutation landscape
(Cortes-Ciriano et al. 2017; Kim et al. 2013) and gene
expression profile (Guinney et al. 2015).
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Fig. 2 KRAS-mutated CSCs are inhibited by cetuximab in vivo.
a Xenografts of Mut-S, WT-S, and Mut-R CSCs were generated
by subcutaneous injection as in “Material and methods,” and after
tumor establishment mice were treated with 10 mg/kg cetuximab
intravenous twice a week. Mutational status is indicated for each
CSC. Data represent the average of six to ten tumors/group +
SEM. Representative experiment is shown. Statistical significance

Prompted by the observation that both sensitive
CSC26 and CSC28 are MSS, while CSC8 and CSC10
are MSI, we took into examination MS status and
cetuximab resistance within a wider panel of CSCs
(Table S1 and Fig. S1-S2). As shown in Fig. 6a, average
sensitivity of MSS was significantly higher than that of
MSI CSCs (average percentage of maximal growth 37.0
+7.9 versus 79.2 +10.6, ¢ test, p=0.0075). When ana-
lyzed separately (Fig. 6b), both MSI-WT and MSI-Mut
CSCs averaged as highly resistant to cetuximab (average
viability ~75% of untreated controls), independently
from their KRAS mutation status. Conversely, MSS-WT
CSCs were highly sensitive to the drug (average viability
~25% of controls). Finally, MSS-Mut CSCs averaged as
medium responders (average viability ~50% of controls).
MSI lines mutated in BRAF available were all highly
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was calculated by two-tailed student’s ¢ test; ***p value <0.001,
**p value <0.01, *p value < 0.05. b Representative Western blot
analysis for relevant downstream EGFR intermediates on xeno-
grafts as in a. Cells from six to eight tumors were pooled for
analysis. ¢ Densitometry quantification of Western blot + SEM,
n=3. Statistical significance was calculated by two-tailed stu-
dent’s ¢ test; ***p value < 0.001, **p value < 0.01, *p value < 0.05

resistant to cetuximab (not shown) and were not included
in the analysis. A relevant feature of MSI cancer cells is
that impairment of the DNA repair machinery determines
progressive hypermutation: accordingly, MSI CSCs
share high mutation rates (De Angelis et al. 2016; Vilar
and Gruber 2010); Fig. S1). Analysis of CSCs mutations
in genes involved in cetuximab resistance in CRC, in
fact, shows a higher frequency of widespread mutations
in MSI versus MSS lines (Fig. 7a and Table S4). To
extend this observation to other potentially relevant
genes, we examined the pattern of mutations in MSS
and MSI CSCs, within panels of genes functionally
involved within the KRAS, MAPK, and PI3K-AKT
cascades, selected according to the KEGG pathway da-
tabase (Tanabe and Kanehisa 2012). As shown in Fig.
7b—d and Table S4, specific groups of mutations emerged
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Fig. 4 Targeted pathway inhibition of Mut-S, WT-S, and Mut-R Each compound was tested as a single agent at a 500-nM concen-
CSCs. Drug screening was performed on dissociated spheroid tration (colored bars) or in combination with 100 pg/mL
cells, as described in “Material and methods.” Cell viability was cetuximab (white bars). Samples were ordered by their sensitivity
assessed at 72 h by CellTiter-Glo assay and expressed as the to the combination of cetuximab plus targeted inhibitor. Data
percentage of DMSO-treated control cells (black bar). Bars rela- represent the average of three independent experiments + SEM.
tive to inhibitor-treated cells were assigned different colors accord- CETU, cetuximab. a Mut-S CSCs. b WT-S CSCs. ¢ Mut-R CSCs

ing to the pathway inhibited, as specified in the upper right legend.
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Fig. 5 Dose-response of AKT/PI3K/mTOR, JAK2, and MEK
inhibitors alone or in combination with cetuximab on Mut-S,
WT-S, and Mut-R CSCs. a—i Inhibitor dose-response in the ab-
sence (orange, green and blue lines) or in the presence (red lines)
of cetuximab (100 pg/mL), on Mut-S, WT-S, and Mut-R CSCs.
CSCs mutational status is indicated in the figure. Spheroid culture
viability was assessed at 72 h by CellTiter-Glo as described in
“Material and methods” and is expressed as the percentage of
maximal viability. Data represent the average of three independent

C. Most interestingly, MSI CSCs showed a higher fre-
quency of mutations in genes codifying for proteins
regulating RAS function, specifically GTPase-activating
proteins (GAPs) including RASALI, RASAL2, and
RASAL3, and NF1, and guanine nucleotide exchange
factors (GEFs) such as RASGRF1, SOS, and RAPGEF?2.
Calcium has a deep impact on RAS signaling, both direct
and mediated trough regulators including RASAL and
RASGRFI. Of note, mutations affecting several CACNA
genes—codifying for voltage-gated calcium channels—
were identified in MSI CSCs. By contrast, MSI,
cetuximab-highly sensitive CSCs were characterized by
lower mutation rates and were scarcely mutated in
EGFR-cascade genes. In fact, the most sensitive among
WT-S lines, i.e., CSC1, CSC11, CSC12, and CSC27,
carried respectively 1, 3, 4, and 5 mutated genes respec-
tively, among the selected panels of functionally relevant
genes. Such low mutation incidence was common to
Mut-S lines; in fact, CSC26 and CSC28 carried
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experiments = SEM. a, d, g PF0469152 (multiple inhibitor of
AKT/PI3K/mTOR). b, e, h TG101348 (directed to JAK2). ¢, f, i
AS703026 (directed to MEK). Calculations and non-linear regres-

sions were done by GraphPad Prism software. The equation of

(Top-Bottom)
| 1 QLoEECs0 X -

Equation for best fitting curves in b, e h is
Y = Bottom + —Lep-Botion) Summary of relevant values

T+ 10(LogECS0-X) HilSTope
for best fitting curves is reported in Table S3

best fitting curves in a, d, g, ¢, f, i is Y = Bottom +

mutations in 5 and 3 genes respectively, including KRAS
(Fig. 7).

Discussion

By preliminary analysis of a panel of patient-derived
CSCs, we have shown that a small subpopulation of
KRAS (G12D)-mutated CSCs strictly depends on EGF
for growth and is highly sensitive to the anti-EGFR
MoAb cetuximab. These cells respond to targeted in-
hibitors of several intermediates of the EGFR signaling
cascade, including AKT, PI3K, mTOR, JAK, or PLK,
with an additive effect upon cetuximab co-treatment.
In particular, we have detailed the effect of the com-
bination of cetuximab/PF0469152 (directed against
AKT/PI3K/mTOR), and cetuximab/TG101348 (di-
rected to JAK2). Both drug combinations exert an
additive inhibition on WT-S and Mut-S, but not on
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Fig. 6 CSC sensitivity to cetuximab correlates with MS status and two-tailed student’s 7 test. b Average inhibition of KRAS MSS-WT,
low frequency of mutations in functionally relevant genes. a MSS-MUT, MSI-WT, and MSI-MUT CSCs. Error bars represent
Average inhibition of MSS versus MSI CSCs. Viability is SEM from the mean. Statistical significance was calculated by
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representative Mut-R CSCs, altogether indicating a We have shown that Mut-S CSCs are characterized
different degree of dysregulation of the EGFR down- by very low frequency of mutations in the EGFR down-
stream pathway among different groups of mutated stream genes, similarly to cetuximab-highly responsive,
CSCs. WT-S lines. In fact, we have also shown that CSC MSI
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WES-based mutation profiling for recurrent genes, within KEGG pathway database panels. b KRAS. ¢ MAPK. d PI3K-AKT
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status correlates with high cetuximab resistance, inde-
pendently from the cell’s mutational status in KRAS.
Conversely, MSS, either KRAS WT or mutated, includes
CSCs medium-highly responsive to the drug. Mutations
in KRAS are clinically associated with resistance to anti-
EGFR treatment (De Roock et al. 2010); therefore,
determination of KRAS status is now recommended in
metastatic CRC patients before starting anti-EGFR
treatment. It is generally accepted that constitutively
activated, mutated KRAS allows the cell to bypass
upstream inhibition of EGFR. However, organoids and
PDX generated with KRAS-mutated tumors that are
inhibited by cetuximab have been previously reported
(Fujii et al. 2016; Isella et al. 2017; Julien et al. 2012;
Schutte et al. 2017). Such discrepancy with clinical data
may be explained by the absence of stromal cells in
these systems: recent studies (Isella et al. 2017,
Schutte et al. 2017) demonstrated wide differences in
gene expression patterns among patient’s and PDX-
developed tumors, pointing to a prominent role of stro-
ma in tumor determination. Stroma-secreted factors
such as HGF, TGFf3, AREG, and EREG strongly influ-
ence tumor sensitivity to anti-EGFR treatment (Luraghi
et al. 2014; Mutsaers et al. 2009; Takahashi et al. 2014).
In this frame, serum-free grown spheroids offer a clear-
cut approach to the analysis of tumor cell-restricted
phenomena. Alternatively or in addition, complete dys-
regulation of EGFR signaling in KRAS (G12D) CSCs
may be linked to a context of other accumulating muta-
tions. Indeed, recent work showed that in colorectal
organoids engineered by CRISPR-Cas9 with oncogenic
APC, SMAD4, and TP53, the addition of KRAS (G12D)
did not induce per se full activation of EGFR signaling,
since mutated cells still required EGF for growth
(Matano et al. 2015). Among others, aberrant function-
ality of the KRAS regulators GAPs and GEFS contrib-
ute to oncogenesis in some contexts (Vigil et al. 2010),
and may cooperate to determine overall CSC depen-
dence on EGF signaling. Indeed, a feedback loop has
been recently described, by which the RASGRP-1 GAP
turns off oncogenic KRAS, in response to EGFR acti-
vation (Depeille et al. 2015). In this frame, it is partic-
ularly interesting that MSI CSCs analyzed in this study
carry recurrent mutations in several RAS, GAPs, and
GEFs. Calcium flux also holds a relevant role in the
modulation of GAPs, GEFS, and RAS itself (Cullen and
Lockyer 2002): We found that several isoforms of the
calcium channel genes are also recurrently mutated in
MSI. Altogether, these data strengthen the hypothesis
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that KRAS (G12D) may not be sufficient per se to confer
resistance to CSCs, but other factors may be required to
fully deregulate EGFR pathway. Among these, muta-
tions hitting GAFs, GEF's, and/or calcium flux may hold
a relevant role. Further research based on the combina-
tion of genomic and functional approaches is needed for
a complete molecular dissection of colorectal CSC re-
sistance to anti-EGFR targeted agents. The increased
availability of different model systems should be
exploited in order to achieve both a comprehensive
picture of tumor complexity and an improved clinical
application of individualized therapies.

Author contribution summary MLDA: experimental
data generation and assembly. ABr: WES data process-
ing and analysis. FF: experimental data generation. FP:
experimental data generation. SV: experimental data
generation. AZ: manuscript revision. MT: WES data
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and interpretation, manuscript writing.
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