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ABSTRACT

The CMS4 mesenchymal subtype of colorectal cancer (CRC) is associated with poor prognosis and
resistance to treatment. The cellular prion protein PrPS is overexpressed in CMS4 tumors and controls
the expression of a panel of CMS4-specific genes in CRC cell lines. Here, we sought to investigate PrP¢
downstream pathways that may underlie its role in CMS4 CRC. By combining gene set enrichment
analyses and gain and loss of function approaches in CRC cell lines, we identify the integrin-linked kinase
ILK as a proximal effector of PrP< that mediates its control on the CMS4 phenotype. We further leveraged
three independent large CRC cohorts to assess correlations in gene expression pattern with patient
outcomes and found that ILK is overexpressed in CMS4 mesenchymal tumors and confers a poor prog-
nosis, especially when combined with high expression of the PrP¢ encoding gene PRNP. Of note, we
discovered that the PrP“-ILK signaling axis controls the expression and activity of the tryptophan
metabolizing enzyme indoleamine 2,3 dioxygenase IDO1, a key player in immune tolerance. In addition,
we monitored alterations in the levels of tryptophan and its metabolites of the kynurenine pathway in the
plasma of metastatic CRC patients (n = 325) and we highlight their prognostic value in combination with
plasma PrP¢ levels. Thus, the PrP“-ILK-IDO1 axis plays a key role in the mesenchymal subtype of CRC. PrP®
and IDO1-targeted strategies may represent new avenues for patient stratification and treatment in CRC.
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1. Introduction

Colorectal tumors can be divided according to molecular sig-
natures into four distinct CMS (consensus molecular sub-
group), which now represents the gold standard for colorectal
cancer (CRC) classification." CMS subtypes differ in prognosis,
tumor microenvironment (TME) characteristics, and response
to treatments.” Among those, the CMS4 subgroup, typically
characterized by mesenchymal features, is the most aggressive
and is associated with worse outcomes.” This subtype is more
prevalent in advanced stages of CRC and is associated with
increased progression rates to more advanced stages.’ Besides,
CMS4 tumors display an immunosuppressive phenotype.*
Elucidating the actors sustaining the CMS4 subtype may help
unravel the pathways that orchestrate the various biological
processes specifically related to this subgroup. We recently
documented that the cellular prion protein PrP is enriched
in CMS4 tumors and we showed through gain and loss of
function studies in vitro that it controls the expression of
a set of genes that specify the CMS4 subgroup.” Notably,
PrP€ operates through the mobilization of the YAP/TAZ and

TGF pathways,” the latter being actively scrutinized for its
contribution to CRC metastasis.>” In the present study, we
aimed at further investigating the molecular pathways down-
stream from PrP® in CMS4 CRC. We identify the Integrin
Linked Kinase (ILK) as a proximal effector of PrP that relays
its control on a panel of CMS4 genes. We show that high ILK
expression is associated with poor prognosis, including within
the worst outcome CMS4 subgroup. Furthermore, we provide
evidence that the PrP-ILK signaling axis controls the expres-
sion and activity of indoleamine 2,3 dioxygenase (IDOI).
IDO1, which catalyses the conversion of tryptophan (Trp)
into Kynurenine (Kyn), represents a major driver of immune-
tolerance in cancer.® By exploiting a large cohort of metastatic
CRC patients, we substantiate that circulating levels of PrP®
correlate with increased ratios of plasma Kyn to Trp, mirroring
increased IDO1 activity. Finally, we establish that combined
measurements of PrP® and Tryptophan metabolites in the
plasma of mCRC patients can together predict disease control
and survival.
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2. Materials and methods
2.1 Reagents

All tissue culture reagents were from Invitrogen (Carlsbad,
CA, USA). GSK38  inhibitor IX  ((2'Z3'E)-
6-Bromoindirubin-3’-oxime, BIO) and mouse monoclonal
antibody against o-tubulin (T9026) were from Sigma-
Aldrich (St. Louis, MO, USA). Polyclonal rabbit antibodies
against phosphoYAP (S127) (#4911) and phosphoNF2
(S518) (#13281) were from Cell Signaling Technology
(Danvers, MA, USA). Mouse monoclonal antibodies against
PrP€ (Sha31) were from SPI-Bio (Montigny Le Bretonneux,
France). Mouse monoclonal antibodies against YAP (sc-
101199) were from Santa Cruz (Santa Cruz, CA, USA).
Rabbit antibodies against ILK (ab76468) and mouse antibo-
dies against NF2 (ab88957) were from Abcam. Mouse anti-
bodies against Actin (ACTNO5) were from Novus. QLT0267
was provided by Dr. Shoukat Dedhar. The appropriate QLT
concentration was determined through dose-response
analyses.

2.2 Cell culture

The human CRC MDST8 and LoVo cell lines were purchased
from Sigma in 2019, which provided cell authentication.
MDST8 cells were grown in DMEM with 10% fetal bovine
serum (FBS). LoVo cells were grown in F-12 K medium sup-
plemented with 10% FBS. All cell lines were grown at 37°C and
5% CO; in a humidified incubator and regularly tested for
mycoplasma contamination. For transient siRNA-mediated
silencing, cells were transfected with siRNA sequences
(30 nM) as in.” For PrP overexpression, LoVo cells were trans-
fected with 2.5 ug of the pcDNA3-prnp plasmid that expresses
mouse Prnp (kind gift of Pr. Sylvain Lehmann) using the
Lipofectamine 3000 reagent according to the manufacturer’s
instructions (Invitrogen). The corresponding empty vector was
used as control.

2.3 Preparation of cell supernatants, protein extracts and
western blot analyses

The cells supernatants were collected, centrifuged for 5 min at
1,500 g and immediately frozen at —80°C. Cells were washed in
PBS and incubated for 30 minutes at 4°C in NaDOC lysis buffer
[50 mM Tris-HCI (pH 7.4)/150 mM NaCl/5 mM EDTA/0.5%
Triton X-100/0.5% sodium deoxycholate] and a mixture of
phosphatase (Thermo-Scientific, Waltham, MA, USA) and
protease (Roche, Mannheim, Germany) inhibitors. Extracts
were centrifuged at 14,000 x g for 15 minutes. Protein concen-
trations in the supernatant were measured by using the
bicinchoninic acid method (Pierce, Rockford, IL, USA).
Protein extracts (15 pg) were resolved by 4-12% SDS-PAGE
(Invitrogen) and transferred to nitrocellulose membranes
(iBlot, Invitrogen). Membranes were blocked with
SEABLOCK blocking buffer (Thermo-Scientific) for 1 hour at
room temperature and then incubated overnight at 4°C with
primary antibody. Bound antibody was revealed by infrared
detection using a secondary antibody coupled to IRDye fluor-
ophores (Li-Cor biosciences, Lincoln, NE, USA). Western blot

read out was performed with the Odyssey Infrared Imaging
System (Li-Cor biosciences).

2.4 Isolation of total RNA and RT-PCR analysis

RNA was isolated by using the RNeasy extraction kit
(Qiagen, Limburg, Netherlands), as recommended by the
manufacturer’s instructions. For reverse transcriptase-
polymerase chain reaction (RT-PCR) analysis, first-strand
c¢DNA was synthesized with oligo(dT) primer and random
6 mers, using the High-capacity cDNA Reverse
Transcription kit (Applied Biosystems) according to the
manufacturer’s protocol. Real-time PCR was performed
using Absolute QPCR SYBR Green ROX Mix (Thermo-
Scientific, Waltham, MA, USA) on a ABI PRISM 7900HT
(Applied Biosystems, Life Technologies Corporation,
Carlsbad, CA, USA). Real-time PCR analyzes was performed
with the SDS software 2.3 (Applied biosystems). Primers
used for the PCR reactions are shown on Table S7. Results
are expressed as a relative quantification of a target gene
transcript normalized to the RPLI3A housekeeping gene
using the AACt method.

2.5 Real-time cell proliferation, migration and invasion

MDSTS cells were seeded at a density of 10,000 cells/ well into
E-plate 16 (ACEA Biosciences, Inc, San Diego, CA) and mon-
itored on the xCELLigence Real-Time Cell Analyzer (RTCA)
Dual Plate instrument (ACEA Biosciences, Inc) according to
the manufacturer’s instructions. Cell proliferation was assessed
by electrodes in chambers and impedance differences within an
electrical circuit were monitored by the RTCA system every
10 minutes for the first 48 h and then every 15 minutes up to
72 hours. Migration and invasion assays were performed using
CIM-Plate 16. MDSTS8 cells were seeded at a density of 20,000
cells/ well in 3% FBS in the upper chamber and forced to move
toward the lower chamber containing 10% FBS. For invasion,
the upper chamber was pre-coated with 30 pl of Cultrex (1:15
in medium, Biotechne, Minneapolis, Mn, USA). The impe-
dance was recorded every 15 min for up to 96 hours. In all
experiments, siRNA against PRNP or QLT0267 were added at
t = 0. The experiments were performed in quadruplicate and
repeated twice.

2.6 Gene expression analyses

The following datasets were retrieved from public sources:
GSE39582 (“CIT cohort”, n = 566), GSE13294, GSE18088,
GSE14333, GSE13067, GSE17536, GSE17537, GSE33113,
GSE26682, TCGA, altogether forming the “validation cohort”
(n = 1647). Gene expression analysis for the PETACC8 cohort
was performed through 3'RNA sequencing. Samples were
selected so as to yield a near even distribution among CMS
subgroups. Data were normalized as transcript per million
reads. Subtype classification systems assignments were per-
formed using original published predictor methods as
described in.”

Kaplan-Meier plots were generated using the “survival”
(Cancer Genome Atlas Network, 2012) R package.



2.7 Gene Set Enrichment Analysis (GSEA)

GSEA’ was performed on the GSE39582 dataset.'® This cohort
is composed of n = 91 CMS1, n = 232 CMS2, n = 69 CMS3,
n = 127 CMS4 n = 47 unclassified and n = 19 non tumor
samples (NT). The GSEA was performed using the Broad
Institute platform (http://www.broadinstitute.org/gsea/index.
jsp; Version 2.0.14).

2.8 Analysis of plasma samples

Characteristics of plasma samples from the PRODIGEY trial
have been described in.” Collection of material was approved
by the Committee for the Protection of Persons Ile de France
VIII The patients and methods for the PRODIGES trial have
been described previously (trial registration number
NCT00952029)."" Blood samples of 275 healthy individuals
without any indication of malignancy were collected as
a control group. We verified that control values did not differ
according to age groups (>65 and <65 years). Experiments
were all carried out under blinded conditions.

2.9 Quantifications of Tryptophan and its metabolites

L-Trp, L-Kyn and AA were measured in cells conditioned
medium or patients plasma through LC/MS-MS as in.'?
Quantifications were performed by referencing calibration
curves obtained with internal standards.

2.10 Statistical analysis

The results are reported as the means + standard errors of the
means (s.e.m.). The unpaired Student’s t-test, the ANOVA
variance analysis with Tukey post hoc test or the Wilcoxon
rank-sum test were used for group comparisons. Survival
curves were obtained using Kaplan-Meier estimates and differ-
ences between groups of patients were assessed using the log-
rank test for univariate analyses or Cox models for multivariate
analyses. A p-value < 0.05 was considered significant.

3. Results

3.1 Integrin-linked kinase correlates with PrP€ expression
and is enriched in mesenchymal colorectal tumors.

We employed gene set enrichment analyses (GSEA) to get
further insight into the pathways enriched among the genes
whose expression is correlated to that of PRNP in colorectal
patients (“CIT cohort”, GSE39582). We found that the expres-
sion of PRNP was highly associated with integrin binding, cell-
substrate adhesion and cell-substrate junction (Figure la).
Using leading-edge analysis to identify overlapping genes in
these 3 gene sets, we derived a short list of highly correlated
genes, most of which encode integrin subunits (Figure 1b).
Because distinct integrins may share common partners and
functionally compensate for each other,'>'* we chose to focus
on one of their proximal effector, namely ILK,"” which features
in the leading edge-derived list of overlapping genes
(Figure 1b). When assessing the distribution of ILK transcripts
according to the consensus molecular subgroups (CMS) in
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colorectal patients, we found that ILK expression was signifi-
cantly higher in the CMS4 subgroup in two large CRC cohorts
(“CIT cohort”, n = 566, “validation cohort” see Materials and
Methods, n = 943 patients with CMS) (Figure 1c). ILK tran-
scripts were also elevated in CMS4 tumors in a sample
(n = 195) of the large PETACC8 cohort (Figure lc, bottom
panel), solely composed of stage IIT CRC.'® We extended these
analyses to in vitro transcriptomic'” and proteomic'® data on
a panel of CRC cell lines, whose CMS has been established
recently.'” In accordance with the above observations in CRC
patients, ILK mRNA and protein levels were increased in
CM$4 cell lines vs other subgroups (Fig. Sla and b).

Next, when we plotted ILK mRNA levels as a function of
PRNP mRNA levels, we obtained significant correlations in the
three cohorts (Figure 1d). Since PrPC controls the expression of
a panel of genes that specifies the mesenchymal subtype of
CRC,’> we further calculated a PRNP-score by summing the
expression of these 13 PrP“-dependent genes. Of note, high
correlations were found between ILK expression and the
PRNP-score in the three cohorts (Figure le). Finally, we
found high correlations between ILK and PRNP gene expres-
sion in the whole Cancer Cell Line Encyclopedia (CCLE) and
in the large intestine cells of this panel (Fig. Slc and d).
Altogether, these results define ILK as a CMS4-enriched gene
and allow to hypothesize that ILK may be a downstream effec-
tor of PrP relaying its control on a subset of CMS4-associated
genes.

3.2 ILK expression is associated with poor prognosis

In line with the enrichment of ILK transcripts in the poor-
prognosis CMS4 subgroup, we found that samples with high
ILK levels were associated with a worse outcome in terms of
overall survival (OS) and relapse-free survival (RFS) in the CIT
cohort (Figure 2a). Multivariate COX regression analysis con-
firmed that ILK was an independent predictor of OS and RFS
when adjusted for sex, age at diagnosis, TNM stage and tumor
location. Of note, when considering the poor-prognosis CMS4
subgroup only (n = 127), patients with high ILK expression had
a significantly poorer OS (HR = 1.78, 95%CI = 1.02 to 3.11,
p =.042) and a tendency toward reduced RFS (HR = 1.71, 95%
CI=0.99 to 2.97, p = .055) than those with low ILK expression.
Next, we compared patients combining high ILK and PRNP
mRNA levels to others, which represent 55 out of the 139
patients with high ILK levels. We found that high ILK and
PRNP expressing patients had a much worse OS and RFS
probability in the CIT cohort with hazard ratios of 2.23 (95%
CI = 1.51 to 3.31, p = 6e-05) and 1.81 (95%CI = 1.19 to 2.76,
p =.0055), respectively (Figure 2b). Similar observations were
obtained with the validation cohort. We used an optimal cut off
value to divide patients into 2 groups according to ILK expres-
sion and found that high ILK expression was associated with
worse OS (HR =1.53,95%CI = 1.11 to 2.1, p = .0086) (Fig. S2a).
This was even exacerbated when considering patients with
both high ILK and high PRNP expression (HR = 1.77, 95%
CI = 1.26 to 2.48, p = .001) (Fig. S2¢). Finally, these overall
results were corroborated in the PETACCS cohort. Indeed,
patients exhibiting high levels of ILK transcripts had poorer
OS and disease free survival (DFS) with hazard ratios of 2.44
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Figure 2. Prognostic impact of high ILK expression in CRC. a Kaplan-Meier overall survival (OS) (left panel) and relapse free survival (RFS) (right panel) according to high
and low ILK gene expression was determined in the CIT cohort. b Kaplan-Meier OS (left panel) and RFS (right panel) comparing patients with high ILK and PRNP gene
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(95%CI = 1.19 to 5.01, p = .01532) and 2.09 (95%CI = 1.18 to
3.71, p = .012), respectively (Figure 2c). As for the CIT and
validation cohorts, we found that combined high expression
levels of both ILK and PRNP (n = 62 out of 97 patients with
high ILK) was associated with reduced OS (HR = 2.42, 95%
CI =1.19t0 4.91, p =.015) and DFS (HR = 2.26, 95%CI = 1.27
to 4.02, p = .005) in the PETACCS8 cohort sample (Figure 2d).

3.3 PrP and ILK form a feed-forward loop in cancer cells

We next employed cell-based assays in order to assess whether
PrP€ would control the expression of ILK. First, we found that
siRNA-mediated silencing of PrP¢ in the MDST8 CRC cell
line, which belongs to the CMS4 subgroup, promoted signifi-
cant reductions in the mRNA and protein levels of ILK
(Figure 3a, b). Conversely, overexpression of PrPC in the
CMS1 LoVo CRC cell line was associated with significantly
increased ILK mRNA and protein levels (Figure 3¢, d). We
then asked the question as to whether ILK may in turn regulate
PRNP gene expression. For this purpose, MDST8 cells were
exposed for 24 h to 25 pM QLTO0267, a specific inhibitor of
ILK.?° QLT0267-treated cells exhibited a two-fold reduction in
PRNP mRNA and a 33% reduction in PrP® protein levels as
compared to control MDST8 cells (Figure 3e, f). To assess the
functional relevance of the PrP©-ILK connection, we examined
the behavior of MDST8 cells submitted to PrP“ depletion or
ILK inhibition using the xCELLigence technology. This non-
invasive methodology allows the real-time measurement of
electrical impedance, which reflects the number of cells, cell
size and morphology and cell attachment quality (E-plate), or
is an indicator of cell migration or invasion (CIMP-plate). As
shown in Figure 3g, h, Prp¢ silencing and QLT0267 treatment
in MDSTS8 cells promoted highly similar changes in cell index,
a parameter reflecting the impedance of the plate-cells system.
With E-plates (left panels), after the first phase of cell attach-
ment and proliferation recovery, cell indexes of both PrPC-
silenced and QLT0267-exposed cells decreased, indicating that
both treatments interfere with cell proliferation and/or adhe-
sion. This is in line with our previous observation that PrP®
silencing in MDST8 causes a nearly 50% reduction in cell
number within 72 h while having a modest impact on cell
viability (10% reduction).” PrP‘ silencing and exposure to
QLT0267 were also both associated with reduced migration
and invasion capacities of MDSTS cells, as assessed with CIM-
plates (middle panels for migration, right panels for invasion,
see Materials and Methods). We may further note that the
shorter time-window of effects with QLT0267 is compatible
with a prompt inhibition of ILK, as compared with a longer
time-delay to reach effective depletion of PrP€ (min 40 h).
Overall, we conclude that PrP© and ILK are linked within
a positive feedback loop and that the PrPC-ILK axis sustains
cell proliferation and/or adhesion as well as migration and
invasion of cancer cells.

3.4 ILK contributes to the PrP -dependent activation of
YAP/TAZ and expression of their downstream targets

We previously documented a PrP®-YAP/TAZ axis in CRC.’
Since ILK has been reported as a potential upstream regulator

of YAP/TAZ acting at the level of neurofibromatosis type 2
protein (NF2)/Merlin,>’ we hypothesized that the PrP-
dependent control over YAP/TAZ may involve an activation
of ILK and subsequent phosphorylation on Ser518 of NF2,
itself resulting in NF2 inactivation. In support of this hypoth-
esis, we found that CMS4 cell lines of the proteomic CRC panel
exhibit higher ratios of phosphoS518-NF2 to total NF2 as
compared to other cell lines (Figure 4a). Furthermore,
phosphoS518-NF2 levels and the ratio phosphoS518-NF2 to
total NF2 were reduced after PrP© depletion in MDST$ cells
(Figure 4b). This hypothesis could be firmly substantiated by
the significant reductions in the levels of phosphoS518-NF2,
total NF2, phosphoS518-NF2/total NF2 and TAZ monitored in
QLT0267-treated MDSTS8 cells as compared to control cells
(Figure 4c). We went on to examine the impact of QLT0267 on
the panel of PrP®-dependent genes associated with the
mesenchymal subtype of CRC that we recently
characterized.” As shown in Figures 4d, 8 out of 13 genes of
the panel exhibited reduced expression in response to
QLT0267, while 3 of them were unchanged and two
(FRMD6, LATS2) were upregulated after treatment. These
observations suggest that the PrP“-ILK signaling module may
mobilize additional pathways beyond YAP/TAZ and that one
of those may negatively regulate FRMD6 and LATS2 expres-
sion, to the opposite of YAP/TAZ. One candidate is the GSK3{3
kinase, one of the best characterized effector of ILK.** In
support of this hypothesis, we found that PrP“-ILK negatively
regulates GSK38 activity, as inferred by the reduced expression
of the 8-catenin target gene AXIN2 in MDSTS cells exposed to
QLT0267 (Fig. S3a), and that GSK383 inhibition with BIO
causes a reduction in FRMD6 and LATS2 transcripts (Fig.
S3b). Finally, we monitored reduced levels of ILK mRNA and
protein in MDST8 submitted to ILK inhibition (Figure 4e, f)
and ILK mRNA were reduced after YAP and/or TAZ silencing
(Fig. S3c), arguing that one transcriptional target of the PrP“-
ILK-YAP/TAZ cascade is ILK itself. As a whole these data
define ILK as a proximal effector of PrP“ upstream of YAP/
TAZ (Figure 4g).

3.5 The PrP-ILK axis controls the expression of IDO1

When analyzing the common impact of PrP-silencing and
ILK inhibition in MDST8 cells, we found that one of the most
decreased gene is IDOI, encoding indoleamine 2,3 dioxygen-
ase, an enzyme highly associated with immune tolerance.®
Indeed, PrP¢-silenced and QLT0267-treated MDSTS cells
expressed only 12% of IDOI as compared with control cells
(Figure 5a, d). IDOL is one of the rate-limiting enzyme of the
Kynurenine Pathway, together with the TDO2 (tryptophan
2,3 dioxygenase) enzyme, and both IDO1 and TDO2 catalyze
the conversion of Trp into Kyn.*> As observed with IDOI,
TDO2 expression was reduced in PrP-silenced and
QLTO0267-treated MDST8 cells, although the reduction was
milder than that obtained for IDOI (Fig. S4). Interestingly,
IDO1 mRNA - but not TDO2 mRNA (data not shown) -
expression appears to be significantly higher in CRC cell lines
of the CMS4 subtype as assessed in the panel of the Medico
study'” (Figure 5c). Mechanistically, we found that IDOI
mRNAs  were strongly upregulated after GSK383
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Figure 3. ILK is a target of PrP® in CRC cell lines and positively controls PrPC in a feedforward loop. a qRT-PCR analysis showing reduced expression of /LK in PRNP-
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LoVo cells. e gRT-PCR analysis showing reduced expression of PRNP in QLT0267-treated (25 uM, 24 h) vs. control (DMSO-treated) MDST8 cells. f Western blot analysis
showing decreased expression of PrP® in QLT0267-treated vs. control MDSTS cells. g Cell index measurements of PRNP-silenced vs. control MDST8 cells in proliferation/
adhesion assay (E-plate, left panel), migration assay (CIMP-plate, middle panel) or invasion assay (Cultrex-coated CIMP-plate, right panel). h Cell index measurements of
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pharmacological inhibition (Fig. S5a). Thus, PrP“ appears to
regulate IDOI expression via ILK-GSK383, most likely via the
activation of {3-catenin, in line with the reported identifica-
tion of LEF1 binding sites in the promoter of the IDOI gene**
(Fig. S5b). We went on to evaluate IDO1/TDO2 activity by
measuring the ration of Kyn to Trp. In line with the RT-
qPCR data, we found significantly lower levels of Kyn/Trp in
the supernatant of PrP“-depleted and QLT0267-treated
MDSTS8 cells (Figure 5b, e). Finally, we sought to assess the
impact of PrP“ overexpression in the CMS1 LoVo cells line.
IDOI transcripts were detected neither in control cells nor in
Prnp-expressing LoVo. However, LoVo cells expressed basal
levels of TDO2 transcripts, and these were significantly
increased  upon  PrP“-overexpression  (Figure  5f).
Accordingly, we measured significantly higher levels of
Kyn/Trp in the supernatant of PrPC-overexpressing LoVo
cells versus control cells (Figure 5g). Thus, these data indicate
that the PrP©-ILK axis controls IDO1/TDO2 expression and
activity in CRC cells.

3.6 IDO1 activity is elevated in the plasma of metastatic
CRC patients and correlates with circulating PrP¢ levels

We previously documented high levels of circulating PrP in
the plasma of patients with metastatic colorectal cancer
(mCRC) as compared with healthy subjects and that high
plasma levels of PrP€ are correlated with poor disease control
in the PRODIGEY study.” Having shown a control of PrP® on
the expression and activity of IDO1 in the MDST8 CRC cell
line, we went on to evaluate whether plasma levels of Trp and
its metabolite Kyn may relate to circulating PrP€ levels in the
PRODIGE9 cohort. In line with what we had observed with
plasma PrP<,> mCRC patients had significantly lower levels of
Trp (31.29 + 7.23 uM vs. 47.89 = 5.96, p < 2e-16) (Figure 6a)
and higher levels of Kyn (2.19 + 1.24 pM vs 1.75 + 0.39, p < 2e-
8) (Figure 6b). Kyn to Trp ratios, which may be considered as
a proxy of IDO activity, were also higher in mCRC patients
than healthy subjects (0.0731 + 0.050 vs 0.0367 + 0.0079,
p < 2e-16, with values ranging from 0.0153 to 0.368)
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Figure 6. Trp metabolism is elevated in the plasma of mCRC patients, correlates with PrP€ levels and has prognostic value. a-e Plasma levels of Trp a, Kyn b, Kyn/Trp
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(Figure 6¢). Going one step further in the Kynurenine pathway,
we went on to measure the levels of Anthranilic Acid (AA),
which is produced from Kyn by the Kynureninase enzyme (Fig.
S6a). We found higher levels of AA (44.80 + 10.56 nM vs
34.81 + 2.59, p < 2e-16) and AA to Kyn ratios, a proxy of
Kynureninase activity, (0.0266 + 0.0157 vs 0.0210 + 0.0054,
p = .0063) in mCRC patients (Figure 6d, e). In agreement,
Kynureninase (KYNU) transcript and protein levels were
increased in CRC cell lines of the CMS4 subtype according to
the Medico'” and Roumeliotis'® studies (Fig. S6b and o).
Interestingly, we further found that circulating PrP® levels
were positively correlated with plasma Kyn/Trp ratios

(Figure 6f), in line with the data obtained in vitro, and inversely
correlated with those of plasma AA/Kyn ratios (Figure 6g).

3.7 Plasma levels of Trp and its metabolites Kyn and AA,
in combination with circulating PrP¢ levels, have
prognostic value in metastatic CRC

Next, we analyzed the association of Trp levels with clinical
parameters. The cut off value chosen for stratification was the
lowest tertile value of patients Trp levels (28.1 uM). Trp-low
patients did not differ from Trp-high patients except that they
were significantly older (Table S1). Interestingly, multivariate



analysis revealed that Trp-low patients had a tendency toward
worse OS and significantly poorer progression-free survival
(PFS) rates (HR = 1.32, 95%CI = 1.01 to 1.73, p = .041), while
Trp levels had no impact on disease control (DC) probability
(Figure 6h and Fig. S7). We then restricted our analyses on
patients with low and medium Ko6hne criteria, who have simi-
lar DC, significantly better than that of patients with high
Kohne criteria.” For this subset of patients, both OS
(HR = 145, 95%CI = 1.06 to 1.98, p = .020) and PFS
(HR = 1.34, 95%CI = 1.00 to 1.79, p = .047) were significantly
reduced in Trp-low patients (Fig. S7 and 15).

We went on to analyze the association of Kyn levels with
clinical parameters. The 80% of patients with highest Kyn
levels were not different from those with low Kyn levels
(Table S2). However, in multivariate analysis, high Kyn levels
were associated with poor disease control (DC), which is the
primary endpoint of the PRODIGE9 study'' (HR = 1.64, 95%
CI = 1.04 to 2.57, p = .032, Figure 6i and Fig. S8). A tendency
toward poor OS and PFS was also observed, although not
reaching significance. Similar observations were obtained
when restricting analyses to patients with low and medium
Koéhne criteria, for which high Kyn levels were associated
with worse DC (HR = 1.76, 95%CI = 1.04 to 2.99, p = .035)
and PFS (HR = 1.50, 95%CI = 1.05 to 2.15, p = .027) (Fig. S8
and 15).

We further pursued our analyses with Kyn/Trp ratios.
Patients were dichotomized according to the distribution of
Kyn/Trp ratios in plasmas (0.0429) (Fig. S9a). There was no
correlation between Kyn/Trp ratios and clinical parameters
(Table S3). However, patients with high Kyn/Trp ratios had
dismal prognosis, most notably poor DC, (HR = 1.64, 95%
CI=1.03to 2.62, p =.038, Figure 6j and Fig. $9). We confirmed
the significant worse outcome of high Kyn/Trp ratios in
patients with low and medium Kéhne criteria in terms of DC
(HR = 1.74, 95%CI = 1.01 to 3.00, p = .046) as well as PFS
(HR = 1.51, 95%CI = 1.04 to 2.17, p = .029) (Fig. S9 and 15).

Next, we examined the prognostic value of AA levels and
AA/Kyn ratios. Strikingly, patients with low AA levels (thresh-
old 47.6 pM, corresponding to the highest tertile value in
patients) had a significantly worse OS (HR = 1.47, 95%
CI = 1.09 to 1.96, p = .010) and a tendency toward worse DC
(Figure 6k), which was also true when considering patients
with low and medium Kéhne criteria only (HR = 1.44, 95%
CI = 1.05 to 1.99, p = .025 for OS) (Fig. S10 and 15). We also
found that patients with a low AA/Kyn ratio (threshold 32.13
corresponding to the highest quartile value in patients) had
a significantly worse DC (HR = 1.66, 95%CI = 1.12 to 2.48,
p = .013) (Figure 61), which was also observed in the subgroup
of patients with low and medium Koéhne criteria (HR = 1.70,
95%CI = 1.09 to 2.65, p = .019 for DC) (Fig. S11 and 15). No
other clinical differences were found between AA-low and AA-
high patients or between AA/Kyn-low and AA/Kyn-high
patients (Tables S4 and 5).

We next asked whether combining one of these parameters
with high PrP® levels as in® would define a group of patients
with particularly unfavorable prognostic. Interestingly, Trp-
low (<28.1 uM) PrPC-high (= 8.7 ng/mL) patients had a sig-
nificantly poorer OS (HR = 1.38, 95%CI = 1.01 to 1.88,
p = .043) and PFS (HR = 1.37, 95%CI = 1.02 to 1.84,
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p = .035) and a tendency toward worse DC (HR = 1.34, 95%
CI = 094 to 191, p = .109) (Figure 6m and Fig. SI12).
Comparable results were obtained when considering patients
with low and medium Kéhne criteria: Trp-low PrP®-high
patients had a significantly poorer OS (HR = 1.41, 95%
CI = 1.01 to 1.98, p = .045) and a tendency toward worse PFS
and DC (Fig. $12 and 15). Trp-low PrP“ high patients, were
comparable to other patients in terms of gender, WHO per-
formance status, Kéhne criteria, number of metastatic sites or
primary tumor location, but were significantly older (Table S6).

We then considered patients combining high Kyn (=
1.24 uM) and high PrP€ levels (= 8.7 ng/mL), which were
comparable to other patients in terms of age, gender, WHO
performance status, Kéhne criteria, number of metastatic sites
or primary tumor location (Table S7). While this subgroup of
patients had a significantly poorer DC than other patients
(HR = 1.52, 95%CI = 1.07 to 2.15, p = .019) (Figure 6n and
Fig. S13), including when restricting these analyses to patients
with low and medium Kohne criteria (HR = 1.61, 95%CI = 1.09
to 2.39, p = .016) (Fig. S13 and 15), combining Kyn and Prp¢
levels did not appear to outcompete Kyn or PrP® levels alone in
terms of prognosis value (see Figure 6i and Fig. S15 and”).

Finally, we found that the combination of AA-low
(<47.6 nM) and PrPC-high (2 8.7 ng/mL) criteria defined
a group of patients with worse DC (HR = 1.63, 95%CI = 1.18
to 2.24, p = .003) and OS (HR = 1.49, 95%CI = 1.13 to 1.98,
p =.005) and a tendency toward worse PFS (HR = 1.21, 95%
CI = 0.94 to 1.56, p = .137) (Figure 60 and Fig. S14). These
conclusions also hold true when restricting analyses to low and
medium Kohne criteria patients (HR = 1.77, p = .002 for DC,
HR = 1.48, p = .013 for OS and HR = 1.29, p = .074 for PFS)
(Fig. S14 and 15). As for other clinical parameters, AA-low
PrP®-high patients did not differ from other patients
(Table S8).

Overall, these data corroborate the link between PrP© and
IDO activity in patients and indicate that measuring plasma
levels of Trp and its metabolites in addition to PrP® may help
stratify patients in mCRC.

4. Discussion

The cellular and molecular mechanisms sustaining the
mesenchymal CMS4 phenotype in CRC remain poorly under-
stood. Building upon our recent identification of PrP as
a candidate driver of this subtype, operating via YAP/TAZ
and TGFR,” we here bring to light a novel PrP“-ILK cascade
that sustains the expression of genes associated with the
mesenchymal phenotype. We further provide evidence that
IDO1, the rate-limiting enzyme in the Kynurenine pathway,
is a downstream target of the PrP°-ILK axis, and that com-
bined measurement of PrP© and Trp metabolites in the plasma
of metastatic CRC patients has clinical impact (Figure 7).

ILK is a pleiotropic serine/threonine kinase that interacts
with both 81 and 83 integrins and acts as a key component in
multiple signaling cascades.”>?° It is overexpressed in various
types of cancers and favors tumor progression by sustaining
proliferation, migration and invasion.”>*® In CRC, ILK was
shown to promote epithelial to mesenchymal transition
(EMT), cancer stem cell (CSC) features and
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Figure 7. Schematic diagram. Molecular cascade linking PrP€ with ILK and IDO1 and translational implications.

chemoresistance.”” In addition, conditional deletion of Ilk in
the mouse intestine was shown to protect against colitis-
induced carcinogenesis.”® Our rationale for studying ILK in
the present context was based on (1) the reported activation of
YAP/TAZ downstream from ILK in cancer cells*' and (2) the
connection of PrP© with integrins described in various studies
(see for*® review) and highlighted here with our GSEA analyses
(see Figure 1a). Our in vitro data unambiguously posit ILK as
a central effector mobilized by PrP© and relaying its action on
YAP/TAZ and more largely on a panel of genes specifying the
CMS4 phenotype. They also indicate that ILK activation con-
trols the transcription of its own gene as well as that of PRNP,
thereby highlighting the occurrence of a self-sustaining feed-
forward loop. Hence, induction of ILK expression in colonic
cells in response to inflammation, as reported,” could be
a primary event leading to PrP® overexpression and subse-
quent acquisition and maintenance of mesenchymal character-
istics. From a translational point of view, another important
observation is that ILK transcripts are overexpressed in CMS4
tumors and that high ILK expression is associated with poor
OS and RFS, including within CMS4 patients. Of note, we also
found that combined high ILK and PRNP expression defines
a subgroup of patients with a particularly poor prognosis, again
arguing that the PrPC-ILK axis has a very detrimental impact
in CRC.

A second major finding of our study is the identification of
IDO1 as a target of the PrPC-ILK axis in CRC. IDOL, the rate-
limiting enzyme of the Kynurenine pathway, is frequently
overexpressed in cancer and favors tumor progression by sup-
pressing anti-tumor immune responses.”’ In the context of
CRC, the seminal study by Brandacher and colleagues depicted
an increased expression of IDOI in tumoral versus normal
adjacent tissue in a large panel of CRC cases.”’ Importantly,
the authors noted that high IDO1 expression was associated
with lower CD3" cells and significantly correlated with the
frequency of metastases.”’ More recently, tumoral IDOI
expression at the invasive front was shown to be significantly
associated with worse OS as well as with the development of

metachronous metastases.”> Animal models have further
allowed to incriminate tumor cell-derived, rather than tumor
microenvironment-derived, IDO1 has an important contribu-
tor of tumor growth. Indeed, the growth of Idol-expressing
CT26 murine CRC cells in Ido1-deficient mice was shown to be
significantly reduced upon administration of Idol-targeting
compounds.” Furthermore, mice with a specific deletion of
Idol in colonic epithelial cells developed fewer and smaller
tumors than their wild-type counterparts upon induction of
colon tumorigenesis with an azoxymethane/dextran sodium
sulfate (AOM/DSS) protocol.** In line with this, we provide
evidence for strong IDO1 expression and activity in CMS4-
type CRC cells and we show that these are under the control of
PrP€ and ILK, thereby bringing to light a new pathway for
IDO1 induction. Our data further point to GSK3{ as a relay in
the PrP“-ILK-dependent regulation of IDOI. From
a functional standpoint, the IDO1-dependent production of
Kynurenine metabolites is likely to exert both autocrine as well
as paracrine effects in tumors. Among cell-autonomous
impacts, Kyn, the proximal metabolite of the pathway, was
shown to protect CRC cells from apoptosis®® and to foster
their proliferation via activation of the Aryl Hydrocarbon
Receptor (AhR).*® Hence, IDO1 activation could contribute
to the PrP“-dependent resistance to 5-FU and to the PrP®
and ILK-dependent regulation of proliferation, invasion and
migration,’and Figure 3g and h. We may further surmise that
elevated IDOL1 activity in CMS4 tumors contributes to set up
an immune-tolerant microenvironment,® a major hallmark of
this subtype.*

Our data finally provide strong support for the translational
relevance of our in vitro findings with the observation that
Kyn/Trp ratios are elevated in the plasma of metastatic CRC
patients and correlate with those of soluble PrP®. Of note, we
discovered that the combined measurement of plasmatic Trp,
Kyn, AA and PrP€ concentrations has strong prognostic value.
Indeed, we found that low Trp levels strongly correlate with
worse PFS, as well as worse OS in the case of patients with low
or medium Kohne criteria. A complementary observation is



that both high Kyn levels and high Kyn/Trp ratios are asso-
ciated with poor DC and PFS (although the latter correlations
do not reach significance when considering all patients:
HR = 1.36, 95%CI = 0.98 to 1.88, p = .065 and HR = 1.37,
95%CI = 0.98 to 1.91, p = .064, respectively), recalling the
conclusions we obtained with soluble PrP levels.” Our data
fit in with the reported reduced serum Trp levels in CRC
patients, correlating with impaired quality of life,’® as well as
with the increase in plasmatic Kyn levels in CRC patients,
associated with poor 0S.*” This is however, to our knowledge,
the first extensive analysis of both Trp and Kyn levels in the
plasma of mCRC patients. Another novel observation is that
low AA levels and low AA/Kyn ratios have a negative prog-
nostic value, arguing that monitoring AA levels may be of
interest, in particular when combined with PrP¢ (see
Figure 60). Whether our findings may extend to non-
metastatic CRC deserves further investigation. Undoubtedly,
should Trp, Kyn, AA and PrP® circulating levels have prog-
nostic impact in non-metastatic CRC, this would represent an
important advance for patient stratification. In such a context,
targeting IDO1 in combination with standard chemotherapy™®
would represent a valuable treatment option. Alternatively,
combined IDOI inhibition and immune checkpoint blockade
therapy, the efficiency of which was recently demonstrated in
syngeneic mice models,”” may be envisioned. Altogether, our
data warrant evaluating the therapeutic benefit of IDO1 target-
ing drugs in CRC of the CMS4 subtype.
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