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Abstract

A subset of colorectal cancer (CRC) with a mesenchymal phenotype (CMS4) displays an aggressive disease, with an
increased risk of recurrence after surgery, reduced survival, and resistance to standard treatments. It has been shown that
the AXL and TGFp signaling pathways are involved in epithelial-to-mesenchymal transition, migration, metastatic spread,
and unresponsiveness to targeted therapies. However, the prognostic role of the combination of these biomarkers and the
anti-tumor effect of AXL and TGF inhibition in CRC still has to be assessed. To evaluate the role of AXL and TGFp as
negative biomarker in CRC, we conducted an in-depth in silico analysis of CRC samples derived from the Gene Expression
Omnibus. We found that AXL and TGFp receptors are upregulated in CMS4 tumors and are correlated with an increased
risk of recurrence after surgery in stage II/III CRC and a reduced overall survival. Moreover, we showed that AXL receptor
is differently expressed in human CRC cell lines. Dual treatment with the TGFf galunisertib and the AXL inhibitor, bem-
centinib, significantly reduced colony formation and migration capabilities of tumor cells and displayed a strong anti-tumor
activity in 3D spheroid cultures derived from patients with advanced CRC. Our work shows that AXL and TGFp receptors
identify a subgroup of CRC with a mesenchymal phenotype and correlate with poor prognosis. Dual inhibition of AXL and
TGFp could represent a novel therapeutic strategy for patients with this aggressive disease.
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Introduction

The prognosis of localized colorectal cancer (CRC) is
improved due to early detection, surgery, and adjuvant sys-
temic treatments. However, the outcome of patients with meta-
static CRC (mCRC) remains poor with a 5-year survival rate of
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cured after surgical intervention, since there are some patients
with aggressive disease that rapidly progress due to lack of
cancer sensitivity to chemotherapies and/or targeted therapies
[2]. Therefore, CRC is a heterogenous disease with a landscape
of genomic alterations, which are involved not only in tumor
initiation but also in disease progression and in resistance to
treatments [3]. In this scenario, major efforts are needed to
understand the complex molecular biology of CRC, in order
to identify novel and more effective therapeutic targets and
related biomarkers.

Recently, the Colorectal Cancer Subtype Consortium per-
formed a large transcriptomic analysis and identified four dif-
ferent molecular subtype (CMS): CMS1 (MSI Immune, ~14%
of cases), CMS2 (Canonical, ~#37% of cases), CMS3 (Meta-
bolic, ~#13% of the cases), and CMS4 (Mesenchymal, ~23% of
the cases) [4]. This molecular classification system can provide
biological interpretability of CRC. CMS4 tumors carry the
mesenchymal phenotype with a TGFf-activated stroma and
exhibit the worst relapse-free survival after surgery and the
worst prognosis among the four CMS subgroups.

The TGFp signaling pathway plays a controversial role in
CRC tumorigenesis, while in early stages of cancer develop-
ment, TGFp displays a tumor suppressor activity, in metastatic
CRC TGF favors tumor growth, invasion, EMT, metastatic
spread, and immune evasion [5-9].

AXL is a member of the TAM receptor tyrosine kinase
(RTK) family and regulates cell growth, migration, and angio-
genesis [10, 11]. High levels of AXL expression are correlated
with reduced overall survival (OS) in early-stage CRC and
represent a mechanism of primary and/or secondary resistance
to anti-epidermal growth factor receptor (EGFR) therapies
[12, 13]. Emerging evidence suggests a functional crosstalk
between the TGFf and AXL signaling pathways in hepatocel-
lular carcinoma (HCC) and breast cancer, while their role in
CRC has never been addressed before [14, 15]. Therefore, we
sought to evaluate the potential coherence between TGFf and
AXL signaling in human mCRC and examine a dual recep-
tor inhibition approach. We showed that AXL expression is
upregulated in CMS4 tumors. Moreover, high levels of AXL
and TGFBR?2 correlate with augmented risk of recurrence
after surgery and with a reduced OS. Finally, we identify that
a combined inhibition of AXL and TGFp showed a significant
anti-tumor activity in vitro and in patient-derived spheroids
from primary and secondary CRC tumors. Thus, our treat-
ment approach may represent a novel therapeutic strategy for
advanced CRC.
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Materials and methods
Dataset

Raw data of CRC samples of stage I-IV were retrieved
from the Gene Expression Omnibus database with the
accession number GSE40967. The CRC tumor sets were
analyzed with the GPL571 platform Affymetrix Human
Genome U133A 2.0 Array. The study cohort includes
750 patients with stage I to IV CRC who underwent sur-
gery between 1987 and 2007 in seven centers. 566 of 750
(75%) samples fulfilled RNA quality requirements. Gene
sequences were annotated based on the ENTREZ IDs of
the NCBI platform. Gene expression data of patients who
had no clinicopathological information were excluded
from analysis (Supplementary Table 1).

Background correction and normalization

Microarray analysis was carried out with R software. Data
processing and normalization were performed using the
robust multi-array average algorithm (RMA) as imple-
mented in the ‘affy’ package for R/Bioconductor (available
at http://www.bioconductor.org/). Data processing includes
background correction, between array intensity adjustment,
and transformation to a logarithm-like scale.

Array, batch and outlier removal

CEL files were read into R using the ‘affy’ package. Quality
control was performed using the arrayQualityMetrics pack-
age. Arrays marked as outliers in any of the metrics (distance
between arrays, boxplots, relative log expression, normal-
ized unscaled standard error, MA plots, and spatial distri-
bution) were excluded from further analysis. After RMA
normalization (R package ‘affy’), the resulting expression
sets were subjected to a second QC analysis, as described
above. Further batch effects were corrected with the’combat’
R package.

CRC subtyping

CMS classifications were performed using the R
package’CMScaller’ [16]. The prediction confidence is
estimated from gene sampling and samples with a false
discovery rate (FDR)-adjusted p-value >0.05 were “not
assigned” (NA). The classifier is dependent on gene expres-
sion values from the immune and stromal compartments of
tumors. Using this algorithm, 91% of the samples were iden-
tified to be highly representative of that particular consensus
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molecular subtype. 9% of samples were not clearly assigned
to any type, referred to as mixed subtype.

Gene threshold

The threshold for high and low risk groups was determined
by maximizing the log-rank statistics using the ‘survminer’
package of R. Briefly, samples are ranked according to gene
expression and the gene expression of the sample that maxi-
mizes the log-rank statistics between the two groups is cho-
sen as threshold. Overall, 516 CRC samples were stratified
according to their gene expression levels.

Survival analysis

Survival was estimated with the Kaplan—-Meier method and
described as the median or rate at specific time points fol-
lowed by log-rank test in R software. A p-value less than
0.05 was considered to indicate a statistically significant
difference.

Correlation analysis

Pearson’s correlation coefficients between mRNA expression
values were calculated. The correlograms were combined
with the significance test and all entries with a p-value <0.01
were removed from the plots.

Statistical analysis

In all statistical analyses, a p-value of less than 0.05 or 0.01
was considered significant. Significance is presented for
individual experiments (asterisks in figures). Comparisons
between groups to assess statistical significance were per-
formed with two-tailed paired Student’s #-tests.

Cell lines

Human HCT116, LoVo, SW480, LIM1215, and SW48 CRC
cancer cell lines were obtained from the American Type
Culture Collection (ATCC) and authenticated by IRCCS
“Azienda Ospedaliera Universitaria San Martino-IST Isti-
tuto Nazionale per la Ricerca sul Cancro, Genova,” (Italy).
Human HCT116, LoVo, SW480, LIM1215, and SW48 CRC
cancer cell lines were grown in RPMI- 1640 (Lonza), sup-
plemented with 10% fetal bovine serum (gibco, purchased
by thermofisher) and 1% penicillin/streptomycin. All can-
cer cells were grown in a humidified incubator with 5% of
carbon dioxide and 95% air at 37 °C and were routinely
screened for the presence of mycoplasma (Mycoplasma
Detection Kit; Roche Diagnostics).

Drugs

The TGFBR1 inhibitor, galunisertib (LY2157299), and the
AXL inhibitor, bemcentinib (R428), were purchased by Sell-
eckchem. Drugs were dissolved in sterile dimethylsulfoxide
(DMSO) at a 10 mM stock solution concentration and stored
in aliquots at —20 °C.

Western blot analysis

Protein lysates were obtained by homogenization in RIPA
lysis buffer (Sigma-Aldrich, MO, USA) supplemented with
protease and phosphatase inhibitors (Hoffmann-La Roche).
Protein extracts were quantified with the Bradford assay
(Bio-Rad, CA, USA) and equal amounts of total protein
were separated by a 4-15% gradient mini pre-cast TGX
gel (Bio-Rad). Proteins were transferred onto a nitrocel-
lulose membrane, blocked with BSA solution and incu-
bated with primary antibodies (Cell Signaling) overnight
on 4 °C. The secondary antibody was incubated at RT for
1 h before detection. Immunocomplexes were detected with
the enhanced chemiluminescence kit ECL plus, by Thermo
Fisher Scientific (Rockford, IL) using the ChemiDoc device
(Bio-Rad). Each experiment was performed in duplicate.

RNA isolation and qRT-PCR

The mRNA levels of AXL, TGFBR1, and TGFBR2 were
measured by real-time quantitative polymerase chain reac-
tion (RT-qPCR). Total RNA was isolated using TRIzol
reagent (Life Technologies) and was reversely transcribed
into cDNA using SensiFast reverse transcriptase (Bioline)
according to the manufacturer instruction. Amplification
was conducted using the SYBER Green PCR Master Mix
(Applied Biosystems). The quantified value of each sample
was normalized to /8S expression in the same sample, which
was amplified simultaneously with the target genes. The rel-
ative gene expression was quantified using the 2742 method.
Each sample was tested in duplicate using a Quant studio 7
Flex (Applied Biosystem).

Migration

Chamber of transwell (6.5 mm diameter, 8 pm pore size
polycarbonate membrane, Corning) was used to evaluate
the migratory capacity of HCT116 and LoVo cells with or
without inhibitor treatment, i.e., galunisertib, bemcentinib
and the combination of the two drugs. A cell concentration
of 25 10* cells in 200 pl medium without FBS was added
to each migration (upper) chamber of the transwells. Chemo-
taxis was induced by addition of 10% fetal bovine serum to
the medium in the lower chamber. Cells were allowed to
migrate from the upper compartment through the membrane
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towards the lower compartment along the chemo-attractant
gradient. After incubation for 48 h, non-migrating cells were
removed with cotton swabs, and the cells that migrated into
the lower surface of the filters were stained with 0.1% crystal
violet, solubilized with 1% isopropanol-HCL, and quantified
by measuring the absorbance at 560 nm. Each experiment
was performed in duplicate and repeated at least twice.

Colony-forming assay

Colony-forming assay was performed to evaluate the long-
term proliferative potential in HCT116 and LoVo cells
treated with galunisertib, bemcentinib, and the combination
of the two drugs. Cells were seeded on 6-well tissue culture
dishes at 1000-3000 cells/well and treated with the indicated
drug/s at different doses. After 96 h, the medium contain-
ing the drug/s was removed and cells were maintained for
10 days and fresh culture media was replaced every 3 days.
Cells were stained with 0.1% crystal violet solubilized
with 1% isopropanol-HCL and quantified by measuring the
absorbance at 560 nm. Treatment conditions were normal-
ized to untreated cells, respectively. Each experiment was
performed in triplicate and repeated at least twice.

Generation of three-dimensional (3D) ex vivo
cultures, as spheroids and drug treatment

Fresh tissue biopsies from 13 primary tumors or liver
metastasis from patients with CRC were used to establish
3D tumor cultures. The protocol has been approved by the
local Ethics Committee and all patients gave their written
informed consent to the use of the tumor sample. Tumor tis-
sues were weighed, washed, and cut in fragments. Briefly,
tumor fragments were incubated with digestion medium
(DMEM F-12, Sigma-Aldrich) supplemented with 2% peni-
cillin/streptomycin 10X amphotericin, 2X collagenase and
Hyaluronidase for up 16 h on a 37 °C under agitation. Undi-
gested fragments and debris were filtered through a 100 um
cell strainer (BD-Falcon) followed by centrifugation for
5 min at 1200 rpm. The supernatant was removed, and the
pellet was further re-suspended in an ice-cold 1:1 mixture
of growth medium and Matrigel (BD-Falcon) and seeded in
24-well plates (Corning) for cytotoxicity experiments. The
Matrigel droplets were polymerized for 10 min at 37 °C and
growth medium was added. The 3D spheroids were treated
with 1 uM of bemcentinib and/or 10 pM galunisertib for
14 days. The cell viability was assessed by 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-di-phenyltetrazoliumbromide (MTT-
Sigma-Aldrich) assay. Matrigel was degraded using Cell
Recovery Solution (BD-Falcon), according to the manufac-
turer’s protocol. Retrieved, 3D spheroids were centrifuged as
described above and lysated and the absorbance at 590 nm
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was detected using a spectrophotometer. Untreated spheroids
were defined as 100% viable.

FoundationOne analysis

To evaluate the genomic landscape of the 3D patient-derived
spheroid cultures, we analyzed tumor formalin-fixed paraf-
fin embedded (FFPE) with the FoundationOne assay. The
test required 10 blank slides to provide at least 55 ng of
genomic DNA to ensure enough DNA for quality control.
The assay detects alterations in a total of 324 genes includ-
ing the assessment of the microsatellite instability (MSI)
status and tumor mutational burden (TMB). Using the
[lumina®HiSeq 4000 platform, hybrid-capture—selected
libraries are sequenced to high uniform depth (target-
ing > 500X median coverage with >99% of exons at cover-
age > 100X). FoundationOne®CDx Full Specification Infor-
mation; https://www.accessdata.fda.gov/cdrh_docs/pdf17/
P170019C.pdf

Results

AXL and TGFBR2 are associated with a mesenchymal
CRC subtype

CRC is a heterogenous disease with molecular phenotypes
that can influence the patient prognosis and survival [4].
In order to analyze the molecular classification potential
of AXL and TGFBR2 to distinguish low- and high-risk
CRC patients, a publicly available dataset from the GEO
database was analyzed. From the 750 CRC samples, a total
of 516 tumor samples fulfilled RNA quality and remained
for downstream analysis after quality control and normali-
zation. These samples were subjected to the CMScaller
algorithm [16]. In total, 516 CRC samples were assigned
to one of the CMS subtypes, accordingly (Fig. 1a). CMS1
(MSI) and CMS3 (high KRAS mutations) contribute to
16% of all tumor subtypes, respectively. Approximately,
30% of all cancer subtypes fall into the category CMS2
(elevated EGFR levels) or CMS4 (mesenchymal-like).
The latter one displayed upregulation of genes, involved
in EMT, matrix remodeling, TGFf signaling, angiogen-
esis, and inflammatory-related systems. AXL expression
was found to be significantly distinct in all subtypes,
being highest expressed in the CMS4 subtype (Fig. 1b,
p <0.0001). Quantitative changes could also be seen in
terms of subtype distributions between high and low gene
expressing groups (Fig. 1c¢). Therefore, tumor samples
were classified into groups according to whether they
fall into the low or high gene expression group by using
maximum log-rank statistics and the survminer package.
High levels of AXL and TGFBR2 were observed in 83%
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of CMS4 tumors suggesting that dual analysis of AXL and
TGFBR2 could contribute to better identify CRC with a
mesenchymal phenotype.

Of note, while CMS4 is enriched in both the AXL"¢"
and TGFBR2M&" groups over the respective low express-
ing groups, high levels were even more pronounced for
AXL over TGFBR2. Similarly, upregulation of TGFBR1
and AXL is strongly correlated with CMS4 tumors (Sup-
plementary Figure 1). Thus, AXL could represent a novel
molecular marker for advanced staged mesenchymal-like
colon tumors. Indeed, genes associated with EMT, matrix
remodeling, and cellular adhesion were significantly
upregulated in AXLMe" over AXL!® tumors samples
(Fig. 1d, Supplementary Figure 2). While AXL expression
strongly correlates with the expression of common EMT-
like genes, such as vimentin, N-Cadherin, and fibronectin,
it shows only minor or even negative correlation with epi-
thelial markers. Interestingly, AXL was strongly correlated
with high levels of TGFp (Supplementary Figure 2).

The AXL/TGFBR2 gene signature improves
the prediction of early-stage CRC and is associated
with a poor overall survival

To identify the prognostic value of AXL, we determined
differential changes in gene expression of the tumor samples
assigned to either the AXL'°" or the AXL"&" group. The
relapse-free survival (RFS) of CRC patients with AXLeh
expression in the tumor tissue (n=167) was significantly
lower than that for AXL!Y patients (n=341). Patients in the
TGFBR2"" group (n=315) also showed a worse prognosis
as compared to the low expressing group (n=193). Dual
upregulation of AXL and TGFBR2 correlated with a sig-
nificantly increased risk of relapse (p =0.00043) (Fig. 2a).
Similarly, patients with AXL"€" and TGFBR2"2" tumors
had a reduced overall survival (OS) compared with AXL
and TGFBR?2 low expressing tumors (p =0.0064) (Fig. 2b).
However due to a small number of patients in same sub-
groups, there was a statistical imbalance that render very
difficult to extrapolate any conclusion.
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days (survival or censoring time), number at risk, gene (gene low or
highly expressed). Single-gene survival plots: low (black), high (red);
gene signature plot: low/low (blue), low/high (shades of gray), high/
high (red). Significance: p-value>0.05 ns, <0.05%,<0.01**,<0.001
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Effects of dual AXL and TGF@ blockade in human CRC
cell lines

We studied the anti-tumor activity of AXL and TGFp
blockade in in vitro models of human CRC. There-
fore, AXL and TGFp receptors expression was assessed
on mRNA and protein level in a panel of human CRC
cell lines (HCT116, SW480, LoVo, SW48, LIM1215)
including three RAS-mutant (RASm) (HCT116, SW480,
and LoVo) and two RAS wild-type (RASwt) (SW48,
LIM1215) cancer cell lines. While TGFBR1 and TGFBR2
were expressed heterogeneously by all cell lines (Fig. 3a,
b), AXL was only expressed in the RASm cell lines. Thus,
RASmM cell lines show the highest AXL protein expression
and TGF signaling activation, making them suitable for
the study of the dual receptor blockade.

To assess the potential anti-tumor activity of dual inhi-
bition of AXL and TGFp receptors we performed a col-
ony-forming and migration assay in HCT116 and LoVo
cells (Fig. 4a, b). In line with literature, HCT116 and the
LoVo cell lines are classified, respectively, into CMS4 and
CMS1 subgroups [17]. Despite being classified as CMS|,
the LoVo cell line displays a mesenchymal phenotype with
an upregulation of AXL and EMT markers expression,

Fig.3 AXL and TGF-f expres-
sion and functional inhibition

rendering them a good model to assess the effect of AXL
and TGFf blockade [17].

For colony-forming assay cancer cells were seeded in
multi-well plates at clonal density and treated with the
TGFBRI inhibitor galunisertib and/or the AXL inhibitor.
Galunisertib displayed marginal anti-proliferative activity,
while AXL inhibition significantly reduced colony forma-
tion as compared to untreated cells (Fig. 4a). The addition of
TGFBRI1 inhibition to the AXL blockade slightly increased
the inhibitory activity of AXL in HCT116 and LoVo cells
by reducing colony formation. Furthermore, we evaluated
the effect of AXL and TGFBR1 blockade on the invasion
capability. Single-agent treatment with galunisertib dis-
played a modest effect on cell migration, whereas bemcen-
tinib induced a reduction in cell migration of approximately
20-30% (Fig. 4b). Interestingly, the combination of the two
drugs significantly reduced the invasiveness in HCT116 and
LoVo cells as compared to single-agent treatment.

Efficacy of dual blockade of AXL and TGFp in ex vivo
models

Emerging evidence suggests that CRC patient-derived
spheroid cultures may retain the characteristics of the pri-
mary tumors and that they could represent a compelling
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cells. a Colony-forming assay of HCT116 and LoVo cells treated
with galunisertib 10 uM and/or bemcentinib 1 uM. Error bars indi-
cate the standard deviation compared to single treatment. 7-student
test was used for statistical analysis, p-value <0.05%,<0.01*%,<0.0

tool for investigating the sensitivity of cancer cells to anti-
cancer treatments [18, 19]. In this regard, samples from
13 CRC patients that received surgery for the removal of
the primary tumor or a liver biopsy of a metastasis were
collected and cultured as ex vivo 3D spheroid cultures to
study the effects of AXL and TGFf inhibition in a more
clinical setting. In total, 7 out of 13 spheroid cultures were
established with a successful rate of 53. Patient character-
istics for the seven successfully established spheroids are
summarized in Table 1. To assess the response to galunis-
ertib, bemcentinib, and/or to the combination of the drugs,
3D spheroid cultures were treated for 14 days with the
respective drugs and cancer cell proliferation was evalu-
ated by the MTT assay. In all the seven cases, treatment
with bemcentinib revealed a significant cell growth inhibi-
tion of about 40-50% as compared to untreated controls.
On the other hand, treatment with the single-agent galuni-
sertib determined cancer cell growth inhibition in 3 out of
7 spheroid cultures (cases 4, 5 and 6). However, the dual
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cal analysis, p-value <0.05%, <0.01*%*, <0.001*%**, < (0.0001 ****

blockade of AXL and TGFBRI led to almost complete cell
growth inhibition of up to 90% (Fig. 5).

To better understand the different treatment responses, the
tumor samples were analyzed by extended next-generation
sequencing (NGS) analysis with FoundationOne analysis.
Interestingly, one patient (case 2) showed a missense altera-
tion in the AXL extracellular domain (T343M) of uncertain
significance. Another patient (case 4) displayed a SMAD4
R361C mutation that determines a loss of function in the pro-
tein, impairing the binding with Smad2/3 favoring the shift
from the anti-tumoral to the pro-tumoral activity of TGFp [20].
Thus, in this case, the blockade of TGFf signaling could deter-
mine an anti-proliferative activity.



Medical Oncology (2021) 38:24

Page90of13 24

Table 1 Patients characteristics

it Case Sex Age
of 3D spheroid cultures

Stage Biopsy site Molecular alterations

v COLON KRAS G12V
MSS
BCORLI1 L1326FS*38

CHECK 1R160H

v LIVER MSI
AXL T343M
PTCHI1 L39fs*41
PIK3CA H1047R
PIK3R1 D68fs*7, N257fs*10
CTNNBI1 T41A

BRAF V600E

MSS

NSD3 amplification
ZNF3 amplification

KRAS G13D

MSS

PIK3CA H1047L

SMAD4 R361C, P522fs*4
FANCC splice site 522-1G>C
MEDI12 G44S

KRAS G12D

MSI

ATM K1820fs
GATA 3 W112fs*83,
$237fs*67

1 COLON MSS
MYC amplification
PIK3CA T10251

v COLON MSS
KRAS G12V
CHEK2 loss exons 3-7
APC E941%*, E1494fs*12
TP53 H179Y

v COLON

v COLON

1I COLON

The table summarizes the main clinical patient information of whom 3D spheroid cultures were estab-
lished. Primary colon tumors were isolated from 6 out of 7 patients (case 1, 3—7), and a liver biopsy was
obtained from one patient (case 2). The molecular characterization of tumor samples was performed with

the FoundationOne test

MSI Microsatellite instability; MSS Microsatellite stable

Discussion

CRC is a heterogenous disease with a complex landscape of
genetic alterations that influence the disease clinical behav-
ior and evolution and that affect susceptibility to anti-cancer
treatments. During the last twenty years, major efforts have
been made to identify key molecular drivers of CRC in order
to offer a personalized and molecularly driven treatment for
each patient. Some major clinical results have been obtained
following the discovery that certain gene alterations, such as
activating KRAS or NRAS point mutations, BRAFV600E
mutation, HER2 gene amplification or the MSI high (MSI-
H) status may characterize specific subgroups of patients
that could be treated with selective anti-cancer therapies [21,
22]. Alongside the identification of single-gene alterations,
the CMS classification allows to stratify CRC according to
distinct molecular subgroups, which are based on a complex

gene signature analysis [4]. Noteworthy, CMS4 (mesenchy-
mal) tumors are associated with prominent TGFf activation,
stromal invasion, and angiogenesis and have a higher risk
of recurrence after surgery with reduced OS as compared to
CMS2 or CMS3 patients [4]. Disruption of TGFp signaling
plays a pivotal role in CRC pathogenesis as it causes EMT
in cancer cells, resulting in an aggressive phenotype [23].
Indeed, in silico analysis of human CRC tumors shows a
poor prognosis of TGFBR2M#" patients.

Emerging evidence suggests that AXL overexpression
could be associated with an aggressive disease that cor-
relates with reduced survival in early-stage CRC and with
resistance to anti-EGFR treatments [12, 13]. In this regard,
our group has previously demonstrated that the blocking
of AXL with foretinib exhibits anti-tumor activity since it
reduces cancer cell survival and migration capability in vitro
and determines tumor regression in vivo [11]. Furthermore,
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Fig.5 Anti-tumor activity of TGFBR1 and AXL is blocked in 3D
patient-derived spheroid culture. MTT proliferation assay for colorec-
tal cancer spheroids of case 1-7 treated with 10 uM galunisertib and
1 uM bemcentinib. Graphical representation of representative images

we identified AXL as a prognostic marker in therapy-
resistant metastatic CRC (13). As these findings indicated,
upregulation of AXL is involved in CRC development and
patient’s prognosis.

A possible connection of TGFB and AXL was recently
described in HCC. AXL can dysregulate TGFp signaling
through the aberrant phosphorylation of the Smad3 linker
region, which causes the repression of the anti-proliferative
activity and promotes EMT [14]. Goyette and colleagues
had also shown that AXL is necessary for inducing TGFp-
mediated EMT, migration, and metastatic spread which
confers resistance to anti-HER treatments in a breast cancer

@ Springer

with a magnification of 40x. T-student test was used for statistical
analysis for comparing the treatments with the untreated control, p-va
lue <0.05%, <0.01*%*, <0.001#%*, < 0.0001****

model [15]. Yet, a possible context of both receptors in CRC
has not been shown. In order to further investigate the cor-
relation between AXL and TGFp, we have conducted an in
silico analysis of the publicly available dataset GSE40967,
including stage I-IV CRC patients with clinical annotation
such as RFS and OS [24]. AXL was upregulated in 76% of
patients with colorectal cancer and strongly correlated with
a mesenchymal phenotype, whereas 37% of TGFBR2"" and
65% of tumors TGFBR1M&" were attributed to the CMS4
subtype. Upregulation of AXL and TGFBR1 or TGFBR2
was observed in approximately 80-90% of CMS4 samples,
suggesting that dual analysis of these biomarkers could be



Medical Oncology (2021) 38:24

Page 110f13 24

a better strategy to identify tumors with these mesenchymal
characteristics. The optimal therapeutic strategy after sur-
gery, including the choice of chemotherapy and the dura-
tion of the treatments, is still debated [25]. Recently, the
analyses of the immune infiltrate (immunoscore) and of the
circulating tumor-derived DNA have been proposed as pos-
sible biomarkers for the identification of patients with CRC
at higher risk of recurrence after surgery [26-28]. Here, we
provide evidence that tumors with high levels of AXL or
TGFBR?2 are associated with worse RFS and OS as com-
pared to the low expressing tumors. Moreover, upregulation
of both receptors was correlated with a significant increased
risk of tumor relapse (p =0.00043).

Collectively, these finding support the concept that
enhanced dual expression of both AXL and TGFBR2 cor-
relates with a more aggressive CRC and is associated with
poor survival. Thus, there is a strong rationale for exploring
the potential therapeutic efficacy of the combined inhibi-
tion of the two receptors. Robust preclinical evidence has
demonstrated that dual TGFp and PD-L1 blockade can trig-
ger the activation of the immune system and could exhibit
strong anti-tumor response in a mouse tumor experimental
model [9]. Despite these promising preclinical results, the
combination of TGFf and PD-L1 inhibition demonstrated
little activity in pre-treated mCRC patients [29]. Similarly,
the combination of TGFBR1 blockade (PF-03446962)
with the multi-kinase inhibitor regorafenib failed to obtain
clinical activity in refractory mCRC [30]. Therefore, new
combinatory strategies are required for targeting TGFp in
CRC. Here, we have provided experimental evidence that
dual AXL and TGFp blockade elicit a strong anti-tumor
activity in a preclinical and ex vivo human CRC model.
To support this hypothesis, we evaluated a dual treatment
approach with the combination of bemcentinib and galunis-
ertib. Indeed, the combinatory therapy showed a significant
reduction in colony formation and migration as compared
with single-agent treatments in CRC cell lines that express
high levels of AXL and TGFf. To further expand these pre-
clinical observations, we obtained six primary 3D spheroid
cultures from CRC patients. The combined treatment with
bemcentinib and galunisertib led to a strong reduction in
cancer cell viability (80-90%) in all cultures. Contrary,
galunisertib alone showed an activity in only 3/7 cases and
limited activity in the other spheroids. To better understand
this pattern of response, we performed extended NGS gene
mutation analysis on these tumor samples. Interestingly, one
patient-derived spheroid that showed a potent response to
TGF inhibition displayed a pathogenic alteration in Smad4
(R361C). This mutation has been shown to prevent its bind-
ing to Smad2/3 and thereby impair the anti-proliferative
activity of TGFp [20]. Moreover, another patient (case 2)
exhibited a rare missense alteration in the AXL extracellular

domain (T343M) that has been described in breast cancer
[31]. The pathogenic role of this mutation is still uncertain.
To date, this is the first time that AXL T343M has been
reported in colorectal cancer.

With the limitations of a relatively small sample size of
the primary 3D spheroid cultures, the current study repre-
sents a proof of concept that combined anti-AXL and anti-
TGFp treatments might represent a therapeutic option for
selected molecular subgroups of CRC that deserves further
investigation.

Conclusion

CRC is a complex disease, with a landscape of molecular
alterations that influence not only tumor initiation, but also
cancer progression, invasiveness, and resistance to treat-
ments. Here, we show that high levels of AXL and TGFBR2
correlate with the mesenchymal CMS4 subtype and reduced
RFS and OS. Moreover, in a preclinical model of CRC, a
functional crosstalk between AXL and TGFf was observed.
The combinatory inhibition of the two receptors showed an
encouraging anti-tumor activity. Therefore, our data suggest
that a subset of CRC tumors with poor prognosis depends
on AXL and TGFp signaling and thus targeted treatment
could represent a promising innovative therapeutic strategy

for these patients.
Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12032-021-01464-3.

Author contributions DC, BB, NM, FC, MS, and EM developed the
original hypothesis and experimental design. DC, BB, NM, VB, TM,
EC, GB, and FZM performed the experiments. DC, BB, NM, VB, TM,
PPV, GM, LP, CC, SN, VDF, EFG, FS, CDC, RF, AC, FM, TT, MS,
FC, and EM performed the data analysis. DC, BB, NM, and EM wrote
the manuscript. All read and approved the final manuscript.

Funding Open Access funding provided by Universita degli Studi della
Campania Luigi Vanvitelli. This work was supported by a grant from
Associazione Italiana per la Ricerca sul Cancro (AIRC) to EM (Grant
number MFAG-2015-ID: 7778) and by a grant from Regione Campania
to FC (I-Cure Research Project, Grant number: Cup 21C17000030007).
Neither AIRC nor Regione Campania played a role in study design,
data collection, data analysis, data interpretation, or writing of the
report. This study was also supported by grants from the European
Research Council (ERC) Advanced grant (ERC-2015-AdG TNT-
Tumors 694883), the WWTF-project LS16-025, and the European
Union’s Horizon 2020 research and innovation program under the
Marie Sktodowska-Curie grant agreement No. 766214 (Meta-Can) to
M. Sibilia.

Data availability The dataset analyzed in the current study is the Gene
Expression Omnibus database with the accession number GSE40967
(Marisa L, de Reyniés A, Duval A, et al. Gene expression classification
of colon cancer into molecular subtypes: characterization, validation,
and prognostic value. PLoS Med. 2013;10(5):e1001453. https://doi.
org/10.1371/journal.pmed.1001453).

@ Springer


https://doi.org/10.1007/s12032-021-01464-3
https://doi.org/10.1371/journal.pmed.1001453
https://doi.org/10.1371/journal.pmed.1001453

24 Page120f13

Medical Oncology (2021) 38:24

Compliance with ethical standards

Conflict of interest DC reports travel grant from Sanofi; FM: Advi-
sory Boards: MSD, Lilly; Institutional Research Grants: AstraZeneca;
TT reports advisory board for Amgen, Bayer, Merck, Novartis, Roche,
Sanofi; FC reports advisory board for Merck, Roche, Amgen, Bayer,
Servier, Symphogen, Pfizer and research funding from Roche, Merck,
Amgen, Bayer, Ipsen; EM advisory board for Amgen, Bayer, Merck,
Roche, Sanofi, Servier and expert opinion for ESMO (European So-
ciety of Medical Oncology); all the other authors reports no conflict
of interest.

Ethical approval The present study was approved by the Ethic Com-
mittee of the University of Campania “Luigi Vanvitelli.”

Informed consent All the patients signed an informed consent for the
use of clinical information and tumor samples.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Howlader N, Noone AM, Krapcho M, et al (eds). SEER Can-
cer Statistics Review, 1975-2016, National Cancer Institute,
Bethesda, MD, https://seer.cancer.gov/csr/1975_2016/, based on
November 2018 SEER data submission, posted to the SEER web-
site, April 2019.

2. Van der Jeught K, Xu HC, Li YJ, Lu XB, Ji G. Drug resistance
and new therapies in colorectal cancer. World J Gastroenterol.
2018;24(34):3834-48. https://doi.org/10.3748/wjg.v24.i134.3834.

3. Yaeger R, Chatila WK, Lipsyc MD, et al. Clinical sequencing
defines the genomic landscape of metastatic colorectal cancer.
Cancer Cell. 2018;33(1):125-136.e3. https://doi.org/10.1016/j.
ccell.2017.12.004.

4. Guinney J, Dienstmann R, Wang X, et al. The consensus molecu-
lar subtypes of colorectal cancer. Nat Med. 2015;21(11):1350-6.
https://doi.org/10.1038/nm.3967.

5. Massagué J. TGFbeta in cancer. Cell. 2008;134(2):215-30. https
://doi.org/10.1016/j.cell.2008.07.001.

6. Seoane J, Gomis RR. TGF-f family signaling in tumor suppres-
sion and cancer progression. Cold Spring HarbPerspectBiol.
2017;9(12):a022277. https://doi.org/10.1101/cshperspect.a0222
77.

7. Luo J, Chen XQ, Li P. The role of TGF-f and its receptors in
gastrointestinal cancers. TranslOncol. 2019;12(3):475-84. https
://doi.org/10.1016/j.tranon.2018.11.010.

8. Calon A, Espinet E, Palomo-Ponce S, et al. Dependency of colo-
rectal cancer on a TGF-fB-driven program in stromal cells for
metastasis initiation. Cancer Cell. 2012;22(5):571-84. https://
doi.org/10.1016/j.ccr.2012.08.013.

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

24.

25.

Tauriello DVF, Palomo-Ponce S, Stork D, et al. TGFp drives
immune evasion in genetically reconstituted colon cancer metas-
tasis. Nature. 2018;554(7693):538-43. https://doi.org/10.1038/
nature25492.

Li Y, Ye X, Tan C, et al. Ax] as a potential therapeutic target in
cancer: role of Axl in tumor growth, metastasis and angiogen-
esis. Oncogene. 2009;28(39):3442-55. https://doi.org/10.1038/
onc.2009.212.

Martinelli E, Martini G, Cardone C, et al. AXL is an oncotarget in
human colorectal cancer. Oncotarget. 2015;6(27):23281-96. https
://doi.org/10.18632/oncotarget.3962.

Dunne PD, McArt DG, Blayney JK, et al. AXL is a key regulator
of inherent and chemotherapy-induced invasion and predicts a
poor clinical outcome in early-stage colon cancer. Clin Cancer
Res. 2014;20(1):164-75. https://doi.org/10.1158/1078-0432.
CCR-13-1354.

Cardone C, Blauensteiner B, Moreno-Viedma V, et al. AXL is a
predictor of poor survival and of resistance to anti-EGFR ther-
apy in RAS wild-type metastatic colorectal cancer. Eur J Can-
cer. 2020;138:1-10. https://doi.org/10.1016/j.ejca.2020.07.010.
Reichl P, Dengler M, van Zijl F, et al. Axl activates autocrine
transforming growth factor-f signaling in hepatocellular carci-
noma. Hepatology. 2015;61(3):930—41. https://doi.org/10.1002/
hep.27492.

Goyette M-A, Duhamel S, Aubert L, et al. The receptor tyros-
ine kinase AXL is required at multiple steps of the metastatic
cascade during her2-positive breast cancer progression. Cell
Rep. 2018;23(5):1476-90. https://doi.org/10.1016/j.celre
p-2018.04.019.

Eide PW, Bruun J, Lothe RA, Sveen A. CMScaller: an R package
for consensus molecular subtyping of colorectal cancer pre-clin-
ical models. Sci Rep. 2017;7(1):16618. https://doi.org/10.1038/
s41598-017-16747-x.

Berg KCG, Eide PW, Eilertsen IA, et al. Multi-omics of 34
colorectal cancer cell lines - a resource for biomedical studies.
Mol Cancer. 2017;16(1):116. https://doi.org/10.1186/s1294
3-017-0691-y.

Jeppesen M, Hagel G, Glenthoj A, et al. Short-term spheroid cul-
ture of primary colorectal cancer cells as an in vitro model for
personalizing cancer medicine. PLoS ONE. 2017;12(9):e0183074.
https://doi.org/10.1371/journal.pone.0183074.

Lee S-H, Hong JH, Park HK, et al. Colorectal cancer-derived
tumor spheroids retain the characteristics of original tumors.
Cancer Lett. 2015;367(1):34—42. https://doi.org/10.1016/j.canle
t.2015.06.024.

Liao X, Hao Y, Zhang X, et al. Clinicopathological characteri-
zation of SMAD4-mutated intestinal adenocarcinomas: a case-
control study. PLoS ONE. 2019;14(2):e0212142. https://doi.
org/10.1371/journal.pone.0212142.

Martini G, Ciardiello D, Vitiello PP, et al. Resistance to anti-Epi-
dermal Growth Factor Receptor in metastatic colorectal cancer:
what does still need to be addressed? Cancer Treat Rev. 2020.
https://doi.org/10.1016/j.ctrv.2020.102023.

Ciardiello D, Vitiello PP, Cardone C, et al. Immunotherapy of
colorectal cancer: challenges for therapeutic efficacy. Cancer Treat
Rev. 2019;76:22-32. https://doi.org/10.1016/j.ctrv.2019.04.003.
Hao Y, Baker D, ten Dijke P. TGF-p-mediated epithelial-mesen-
chymal transition and cancer metastasis. IJMS. 2019;20(11):2767.
https://doi.org/10.3390/ijms20112767.

Marisa L, de Reyniés A, Duval A, Selves J, Gaub MP, Vescovo L,
et al. Gene expression classification of colon cancer into molecu-
lar subtypes: characterization, validation, and prognostic value.
PLoS Med. 2013;10(5):e1001453. https://doi.org/10.1371/journ
al.pmed.1001453.

Bender U, Rho YS, Barrera I, Aghajanyan S, Acoba J, Kavan
P. Adjuvant therapy for stages II and III colon cancer: risk


http://creativecommons.org/licenses/by/4.0/
https://seer.cancer.gov/csr/1975_2016/
https://doi.org/10.3748/wjg.v24.i34.3834
https://doi.org/10.1016/j.ccell.2017.12.004
https://doi.org/10.1016/j.ccell.2017.12.004
https://doi.org/10.1038/nm.3967
https://doi.org/10.1016/j.cell.2008.07.001
https://doi.org/10.1016/j.cell.2008.07.001
https://doi.org/10.1101/cshperspect.a022277
https://doi.org/10.1101/cshperspect.a022277
https://doi.org/10.1016/j.tranon.2018.11.010
https://doi.org/10.1016/j.tranon.2018.11.010
https://doi.org/10.1016/j.ccr.2012.08.013
https://doi.org/10.1016/j.ccr.2012.08.013
https://doi.org/10.1038/nature25492
https://doi.org/10.1038/nature25492
https://doi.org/10.1038/onc.2009.212
https://doi.org/10.1038/onc.2009.212
https://doi.org/10.18632/oncotarget.3962
https://doi.org/10.18632/oncotarget.3962
https://doi.org/10.1158/1078-0432.CCR-13-1354
https://doi.org/10.1158/1078-0432.CCR-13-1354
https://doi.org/10.1016/j.ejca.2020.07.010
https://doi.org/10.1002/hep.27492
https://doi.org/10.1002/hep.27492
https://doi.org/10.1016/j.celrep.2018.04.019
https://doi.org/10.1016/j.celrep.2018.04.019
https://doi.org/10.1038/s41598-017-16747-x
https://doi.org/10.1038/s41598-017-16747-x
https://doi.org/10.1186/s12943-017-0691-y
https://doi.org/10.1186/s12943-017-0691-y
https://doi.org/10.1371/journal.pone.0183074
https://doi.org/10.1016/j.canlet.2015.06.024
https://doi.org/10.1016/j.canlet.2015.06.024
https://doi.org/10.1371/journal.pone.0212142
https://doi.org/10.1371/journal.pone.0212142
https://doi.org/10.1016/j.ctrv.2020.102023
https://doi.org/10.1016/j.ctrv.2019.04.003
https://doi.org/10.3390/ijms20112767
https://doi.org/10.1371/journal.pmed.1001453
https://doi.org/10.1371/journal.pmed.1001453

Medical Oncology (2021) 38:24

Page130f 13 24

26.

217.

28.

29

stratification, treatment duration, and future directions. Cur-
rOncol. 2019;26(Suppl 1):S43-52. https://doi.org/10.3747/
€0.26.5605.

Pages F, Mlecnik B, Marliot F, et al. International validation of
the consensus immunoscore for the classification of colon cancer:
a prognostic and accuracy study. Lancet. 2018;391(10135):2128—
39. https://doi.org/10.1016/S0140-6736(18)30789-X.

Tie J, Cohen JD, Wang Y, et al. Circulating tumor DNA analyses
as markers of recurrence risk and benefit of adjuvant therapy for
Stage III colon cancer. JAMA Oncol. 2019;5(12):1710-7. https
://doi.org/10.1001/jamaoncol.2019.3616.

Tarazona N, Gimeno-Valiente F, Gambardella V, et al. Targeted
next-generation sequencing of circulating-tumor DNA for tracking
minimal residual disease in localized colon cancer. Ann Oncol.
2019;30(11):1804-12. https://doi.org/10.1093/annonc/mdz390.
Kopetz S, Spira Al, Wertheim M, et al. M7824 (MSB0011359C),
a bifunctional fusion protein targeting PD-L1 and TGF-p, in

30.

31.

patients with heavily pretreated CRC: preliminary results from
a phase I trial. JCO. 2018;36(4_suppl):764—-764. https://doi.
org/10.1200/1C0O.2018.36.4_suppl.764.

Clarke JM, Blobe GC, Strickler JH, et al. A phase Ib study of
the combination regorafenib with PF-03446962 in patients
with refractory metastatic colorectal cancer (REGAL-1 trial).
Cancer ChemotherPharmacol. 2019;84(4):909-17. https://doi.
org/10.1007/s00280-019-03916-0.

Stephens PJ, Tarpey PS, Davies H, et al. The landscape of can-
cer genes and mutational processes in breast cancer. Nature.
2012;486(7403):400—4. https://doi.org/10.1038/nature11017.

Publisher’s Note Springer Nature remains neutral with regard to

jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.3747/co.26.5605
https://doi.org/10.3747/co.26.5605
https://doi.org/10.1016/S0140-6736(18)30789-X
https://doi.org/10.1001/jamaoncol.2019.3616
https://doi.org/10.1001/jamaoncol.2019.3616
https://doi.org/10.1093/annonc/mdz390
https://doi.org/10.1200/JCO.2018.36.4_suppl.764
https://doi.org/10.1200/JCO.2018.36.4_suppl.764
https://doi.org/10.1007/s00280-019-03916-0
https://doi.org/10.1007/s00280-019-03916-0
https://doi.org/10.1038/nature11017

	Dual inhibition of TGFβ and AXL as a novel therapy for human colorectal adenocarcinoma with mesenchymal phenotype
	Abstract
	Introduction
	Materials and methods
	Dataset
	Background correction and normalization
	Array, batch and outlier removal
	CRC subtyping
	Gene threshold
	Survival analysis
	Correlation analysis
	Statistical analysis
	Cell lines
	Drugs
	Western blot analysis
	RNA isolation and qRT-PCR
	Migration
	Colony-forming assay
	Generation of three-dimensional (3D) ex vivo cultures, as spheroids and drug treatment
	FoundationOne analysis

	Results
	AXL and TGFBR2 are associated with a mesenchymal CRC subtype
	The AXLTGFBR2 gene signature improves the prediction of early-stage CRC and is associated with a poor overall survival
	Effects of dual AXL and TGFβ blockade in human CRC cell lines
	Efficacy of dual blockade of AXL and TGFβ in ex vivo models

	Discussion
	Conclusion
	References




