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ABSTRACT
BACKGROUND: Cervical cancer (CC) remains a leading cause of gynaecological cancer-

related mortality worldwide and constitutes the third most common malignancy in women.

The RAIDs consortium (http://www.raids-fp7.eu/) conducted a prospective European study
[BioRAIDs (NCT02428842)] with the objective to stratify CC patients for innovative
treatments. A “metagene” of genomic markers in the PI3K pathway and epigenetic regulators
had been previously associated with poor outcome.?

METHODS: To detect new, more specific, targets for treatment of patients who resist
standard chemo-radiation, a high-dimensional Cox model was applied to define dominant
molecular variants, copy number variations, and reverse phase protein arrays (RPPA).
FINDINGS: Survival analysis on 89 patients with all omics data available, suggested loss-of-
function (LOF) or activating molecular alterations in nine genes to be candidate biomarkers
for worse prognosis in patients treated by chemo-radiation while LOF of ATRX, MEDI3 as
well as CASPS8 were associated with better prognosis. When protein expression data by RPPA
were factored in, the supposedly low molecular weight and nuclear form, of beta-catenin,
phosphorylated in Ser552 (pB-Cat552), ranked highest for good prognosis, while pp-Cat675
was associated with worse prognosis.

INTERPRETATION: These findings call for molecularly targeted treatments involving p53,
Wnt pathway, PI3K pathway, and epigenetic regulator genes. PB-Cat552 and pp-Cat675 may
be useful biomarkers to predict outcome to chemo-radiation, which targets the DNA repair
axis.

FUNDING: European Union’s Seventh Program for research, technological development and

demonstration (agreement N°304810), the Fondation ARC pour la recherche contre le cancer.

Keywords: Cervical cancer, molecular landscape, molecular and protein biomarkers for

chemo-radiation efficiency, beta-catenin pp-Cat552 and pp-Cat675



RESEARCH IN CONTEXT

The molecular landscape of cervical cancer'? similarly to that of squamous cell carcinoma of
head and neck®* has been characterized and actionable or targetable genomic alterations have
been identified. However, single targeted therapies have very limited activity in unselected
patients. Even in selected patients’, activity is limited, owing to the fact that advanced disease
has multiple, heterogeneous targets.

Evidence before this study

According to the ESMO glossary, ‘targetable genomic alteration’ encodes an altered protein
against which a drug exists or can be synthesized and an ‘actionable genomic alteration’
includes both targetable alterations and genomic alterations that cannot be directly targeted but
that leads to dysregulation of a pathway in which there are possible targets.

According to Galot et al. the percentage of patients in a biomarker driven trial that had an
‘actionable genomic alteration’ identified through screening programs ranged from 46% to
63%. However, the number of patients who were finally treated with a matched targeted
therapy across three international trials was low: 13%, 16%, and 19% respectively.7 It was
27% in a most recent trial publication, probably related to the extension of the screening
panels. Different reasons explain these low enrolment rates: tumour tissue issues, rapid decline
in the patients’ performance status in line with rapidly progressing disease, possibly related to
a multiplicity of driver alterations, the non-detection of a targetable alteration or the
limitations of access to relevant drugs. With pre-planned access, still only 12% of the patients
were finally enrolled in a recently published trial - only 18% of the screened tumours had been
found to have a genomic alteration that matched one of the 30 treatment arms.”®

The summary on present achievements of biomarker-driven studies is the low number of
patients who benefit from this approach. This suggests that for heterogeneous cancers with

multiple potential oncogenic drivers, biomarkers assessed only at the DNA level in a panel



assay, may 1/ not establish the main tumour drivers and, 2/ not reliably predict drug responses.
For that reason, we took-into-account not only the genotype but also the phenotype (e.g. gene
expression/proteomic profiles) of cancer cells as well as the multiplicity of potential driver
alterations. We initiated BioRAIDs, a supervised longitudinal study with pretreatment cervical
cancer sample collection and clinical annotation (NCT02428842).° PIK3CA mutations and/or
gene amplifications were the most frequently diagnosed oncogenic alteration, present in 40%
of BioRAIDs patients.> The most frequently diagnosed suppressor gene alterations were loss-
of-function (LOF) mutations in KMT2A-D (Lysine methyl transferase) gene leading to
defective histone H3K4 methylation. The cumulative frequency of tumours harboring any
suppressor gene alterations in the epigenetic pathway (involving KMT2C, KMT2D, EP300,
ARIDIA, ARID2, ATRX, CREBBP, KMT2A, KDM5C) was 45% of which 32% also had

alterations in PI3KCA.

Added value of this study

While current treatment strategies are still mostly based on tumour location and disease stage
and very few on tumour biology'?, we set out to identify upfront the molecular alterations that
will need innovative therapies by assessing a European cervical cancer patient population. To
do this, we tested the lead molecular alterations based not only on DNA alterations but also on
activated protein expression profiles associated with cure or progression following standard
(chemo-radiation) therapy. Molecular testing for multiplicity of driver alterations was carried
out on a supervised patient population with pre-therapy frozen and fixed tumour biopsies as
well as six-monthly liquid biopsies, allowing to follow viral presence and persistent molecular
alterations over time (NCT02428842). A boosting implementation of Cox models, compatible
with high-dimensional settings, allowed to integrate relevant information on molecular
variants (based on whole exome sequencing (WES)), copy number variations as well as

reverse phase protein arrays (RPPA), together with clinical data. From our dedicated



biomarker screening trial, we identified 16 molecular alterations (based on WES analysis) and
30 activated proteins to be associated with progression-free survival up to 24 months
following standard chemo-radiation. Patients with two or more actionable genomic alteration,
previously associated with poor outcome, progressed earlier. Most significant beneficial
markers (ATRX, MED13) may serve as biomarkers in favor of chemo-radiation, while most
recurrent deleterious markers (7P53 and CREBBP) suggest the need for additional innovative
therapies.

Implication of all the available evidence

The present findings are to our knowledge the first systematic approach towards the
understanding of multiple governing alterations in cervical cancer, treated by the current best
standard clinical approach, which has been developed in careful clinical trials over the past
decades.

Integration of individual tumour specific constellations based on multiple tumour cell
genotypic and phenotypic driver alterations with outcome data leads to a better understanding
of relevant mechanisms that govern clinical control (or not) of cervical cancer treated by
chemo-radiation.

Pre-treatment awareness of type and constellation of deleterious genetic alterations will assist

the design of innovative umbrella type platform trials.



INTRODUCTION

Cervical cancer (CC) remains, after breast cancer, the second most common
malignancy in women.!'! Although patients with CC exhibit differences in their clinical course,
infection by high-risk Human Papilloma Virus (HPV) remains an important initiating event in
CC tumourigenesis'?, and one of the most important risk factors for developing CC.!* The
global incidence is approximately 500 000 cases per year and the mortality of this virally
initiated disease is in the order of 50% of patients worldwide.!! Advances in biomarker-driven
cancer therapy development are hampered by the complexity of the human genome and the
high inter- and intra-patient variability in molecular alterations.

BioRAIDs, a supervised longitudinal study with pretreatment sample collection and
clinical annotation (NCT(02428842)° allowed the identification of molecular pathways related
to poor outcome. PIK3CA mutations and/or gene amplifications were the most frequently
diagnosed oncogenic alteration, present in 40% of BioRAIDs patients. The most frequently
diagnosed suppressor gene alterations were loss-of-function (LOF) mutations in KMT2A-D
(Lysine methyl transferase) genes leading to defective histone H3K4 methylation. The
cumulative frequency of tumours harboring any suppressor gene alterations in the epigenetic
pathway (involving KMT2C, KMT2D, EP300, ARIDIA, ARID2, ATRX, CREBBP, KMT2A,
KDMS5C) was 45 % of which 32% also had alterations in PI3KCA.?

The present manuscript attempts to further detail the relevance of specific molecular
alterations. The relative impact of individual markers on CC response and outcome following

chemo-radiation was assessed using an integrative approach.



MATERIALS AND METHODS

Patients

Patients included in this study had been enrolled in the EU-funded prospective CC BioRAIDs
study (NCT02428842) run by the RAIDs Network (Rational Molecular Assessment and
Innovative Drug Selection, www.raids-fp7.eu). The clinical protocol together with tumour
sampling procedures, quality control of samples and treatment was conducted in 18 European
centers from seven European countries. Study results have been previously published.>*!* The
study has been conducted in accordance with the ethics principles of the Declaration of
Helsinki and a signed informed consent for the participation in the study was a prerogative.
All patients had pretreatment mandatory frozen tumour, blood and serum sampling as well as
mandatory magnetic resonance imaging. Pet scan imaging was optional and is available in half
of the population. Genomics analyses on patient derived samples have already been
published.? Several data-frames were compiled to ask or validate specific questions, based on
shared patients and data types. Four subpopulations for whom omics and reverse phase protein
array (RPPA) data are available were considered more specifically in this manuscript: 181 pts
with mutation data (Supplementary table 1), 146 with mutation and copy number variation
(CNV) data, 135 with RPPA data and 89 patients with full molecular profile (Table 1 and

Figure 1).

DNA Sequencing & Bioinformatics

Paired-end whole exome sequencing (WES) and paired-end targeted gene panel sequencing
were performed on a HiSeq2500 platform. The sequencing was performed to reach an average
depth of coverage of ~150x for whole exome sequencing and ~730x for targeted sequencing.
The data were further processed by the Institut Curie bioinformatics pipeline. Somatic

alterations (point mutations, insertions/deletions and copy number changes) were identified



(Supplementary table 2) from the aligned sequences of matched-samples using dedicated
tools, detailed in Scholl et al.?

CoxBoost analysis'> was used to fit a Cox proportional hazards model by component wise
likelihood-based-boosting. This type of analysis is suited for models with high number
predictors, typically omics covariates. Analysis was limited to previously curated gene
variants of documented clinical significance. The analysis furthermore focused on molecular
alterations that were detected in a sizable proportion of patients (>5%), to ensure estimation of

the stability and relevance of the procedure.

Reverse phase protein array (RPPA)

For RPPA analyses, the samples were processed as previously described'® and printed onto
nitrocellulose covered slides (Supernova, Grace Biolabs) using a dedicated arrayer (2470
arrayer, Aushon Biosystems). Five serial dilutions, starting at 2000 pg/ml and two technical
replicates per dilution were printed for each sample. Arrays were labeled with 194 specific, or
without primary antibody (as negative control), as described previously described.!s All
primary antibodies used in RPPA have been previously tested by Western Blotting to assess
their specificity for the protein of interest. Raw data were normalized using Normacurve'”,
which normalizes for fluorescent background per spot, a total protein stain and potential
spatial bias on the slide. Next, each RPPA slide was median centered and scaled (divided by
median absolute deviation). We then corrected for remaining sample loading effects
individually for each array by correcting the dependency of the data for individual arrays on

the median value of each sample, over all 194 arrays, using a linear regression.

STATISTICAL ANALYSIS



The endpoint of interest is progression-free survival (PFS), defined as the minimal time of
relapse or death, with administrative censoring at 24 months. All analyses were performed

using R version 3.6.1 software.

ROLE OF FUNDERS
The funders had no role in study design, data collection, data analysis, interpretation or writing

of the report.

RESULTS

Patient characteristics with a complete dataset (n=89)

Clinical and patho-biological covariates on the complete BioRAIDS population (n=376) have
been previously published.?

Here we focused first on a patient population (n=89) with complete information for all data
types (mutations, amplifications/deletions and protein expression and phosphorylation
patterns). For subsets of the initial population (Table 1), there were no significant changes in
treatment allocation or in clinical and patho-biological parameters such as FIGO-2018 stage
(I-1II vs III-1V), HPV type {negative and viral clade 7 (HPV18,39,45,59,68) as opposed to viral
clade 9 (HPV 16,31,33,35,52,58)}. While 62-66% of patients were allocated to chemo-
radiation as a first treatment, many patients had external beam radiation with or without
platinum or brachytherapy as a follow-on treatment after surgery or neoadjuvant
chemotherapy. This led to close to 90% of patients having received radiation therapy as

previously published.?

Prognostic biomarkers for standard treatment in CC: Integrating clinical, mutations, CNV,

as well as activated protein expression




Using this complete cohort of 89 patients, the CoxBoost approach provides non-zero ranked
biomarker effect estimates summarized in (Figure 2a). A positively weighted biomarker in this
test corresponds to a higher risk of event occurrence as measured by PFS and therefore
represents a deleterious biomarker.

When RPPA data were factored into the CoxBoost analysis of mutations and copy number
variants in a patient population with information for all omics types, a number of activated
phospho-proteins outranked molecular alterations. Intriguingly, beta-catenin, when
phosphorylated in Ser552 (pp-Cat552), ranked highest as a better prognosis indicator, while
another post translationally modified form (pp-Cat675) of the same protein, ranked second
highest for worse prognosis. Protein 14-3-3 [, an abundant chaperon protein and supposedly
responsible for pp-Cat552 nuclear exit'®, ranked highest for worse prognosis (Figure 2a).
When patients with genetic variants together with copy number variations (n=146; Figure 2¢)
or genetic variants only (n=181, Figure 2d) were analyzed separately, other genetic markers
with significant alterations for outcome based on WES were detected. Genetic variants
consistently associated with better prognosis were alterations in ATRX and MEDI3, while
LOF of TP53 and CREBBP remained the dominant genetic parameters, significantly
associated with worse prognosis. Only variants represented in at least 5% of patients were
tested. A better prognosis was associated with significant alterations in the following genes:
FBXW7, KMT2C (MLL3) while alterations in: CSMD3, UBRS, PIK3CA, NOTCHI, NFE2L2,

ARIDIA, KMT2D (MLL2), and PTEN were associated with a higher risk for recurrence.

Phosphorylation patterns in -Cat at Ser552 is a good prognostic indicator in an enlarged
patient population (n=135)
To confirm these protein activation-related findings, we focused on a patient set of 135

patients with data on both clinical outcome and on RPPA expression (Figure 2b). Furthermore,



looking at the previously identified RPPA clusters®, pp-Cat552 appeared significantly less
expressed in the EMT cluster, as compared to the two other clusters (Figure 3a), lending
credence to its relevance as a good prognostic indicator. Protein 14-3-3 [ appeared
significantly enriched in the “DNA damage signaling” cluster (Figure 3b). In addition, no
association was found between the levels of IDO protein (Figure 3c) or the pp-Cat675 form

(Figure 3d) with any of the three clusters.

Tumour genetic heterogeneity and timing of recurrence

Patients with co-occurences of several deleterious genetic markers (previously identified as
associated with worse prognosis in Figure 2) were grouped according to the number of
mutations they carry. Mutations could be inferred from a population of 181 patients (as shown
in Figure 1 and 2d) and mutations (only) were taken-into-account in this analysis. Kaplan
Meier survival curves, based on the number of the deleterious markers identified in a specific
tumour, with PFS estimates at 24 months showed that tumours carrying > 2 of relevant genetic
appeared to be at a higher risk for earlier recurrence, as compared to those with one or none
of the previously documented clinically significant gene variants (Figure 4, p-value=0.00037).
While the notion that tumour heterogeneity at start, carries a higher risk, is already well
established, these findings will be retested in larger populations in the future to better define
individual risk.

Several molecular alterations may co-exist and affect outcome in individual patients (Figure
5a and 5b). When we collated these various genomic alterations associated with treatment
resistance on a per patient basis, a large fraction of the population (n=53) had single

alterations. Alterations below the 5% frequency level have not been accounted for. Among the



single alterations, PIK3CA was dominant with n=33 cases. However, 48 (54%) patients had

more than one of those genes which ranked high for a poor prognostic signal.

DISCUSSION

Recent estimations of benefit of biomarker-driven clinical studies repeatedly document the
low number of patients to have benefited from this approach.” This suggests that, for
heterogeneous cancers with multiple potential oncogenic drivers, biomarkers assessed mostly
by alterations in a limited gene panel at the DNA level, may not be able to predict drug
responses reliably. Molecular alterations in cancer tissues have profound effects on RNA
expression, which in turn lead to modifications in protein expression and activation patterns.
Integrating WES and RPPA data and using a CoxBoost analysis for progressive enrichment of
biomarkers, we identified 16 molecular alterations and 30 activated proteins that were
associated with good or poor outcome up to 24 months, for patients having received standard
chemo-radiation. Furthermore, patients diagnosed with two or more of these molecular
alterations progressed earlier. The present integration of genotype and phenotype led to a
highly interesting finding, namely that two different post-translational modifications of the
same protein: beta-catenin, exhibit opposite effect on the PFS.

In agreement with the present integrative results, what is the published evidence that
alterations in ATRX, MED13, and possibly CASPS8 (LOF) (Figure 2) might render tumour cells
more sensitive to this treatment?

ATRX: This gene was first discovered as the genetic cause of the a-thalassemia, mental
retardation, X-linked (ATRX) syndrome.!®? It is required for efficient replication of a subset
of genomic loci and involved in maintaining telomere structural integrity in embryonic stem
cells.?!’ ATRX has thus important cellular functions, being involved in meiotic spindle

organization, DNA repair, chromatin organization and remodeling as well as nucleosome



assembly.?! ATRX loss was shown to induce genomic instability??> and ATRX-deficient mouse
tumours were shown to be highly aggressive. Nevertheless, a better response to immune check
point inhibitors was observed in mice harboring ATRX-deficient tumours.”> ATRX gene
mutations have also been associated with good prognosis by extensive studies in neural
tumours like gliomas and neuroblastoma, but, to our knowledge, no studies with respect to
ATRX and cervical cancer are presently available. Thus, this finding in cervical carcinoma is
of high interest.?’

MED13 in association with MED12, CDKS8, and Cyclin C constitutes a four-subunit “kinase”
module that exists in variable association with a 26-subunit Mediator core.’* Genetic and
biochemical studies have established the Mediator kinase module to function in developmental
and oncogenic signaling through Mediator, and much of its function in signal-dependent gene
regulation is thought to derive from its resident CDKS8 kinase activity which has been also
been linked to Wnt signaling.?>?%?7 Mediator is recruited to promoters by transcriptional
activators or nuclear receptors (ER, AR among others) to induce gene expression and serves as
a scaffold for the assembly of a preinitiation complex. The mediator function is involved in the
regulated transcription of nearly all RNA polymerase II-dependent genes.?>?® Mediator
functions as a bridge to convey information from gene-specific regulatory proteins to the basal
RNA polymerase II transcription machinery. Beyond CDKS, little is presently known
regarding the functional convergence and divergence related to MED12/12L and MED13/13.%
However, genetic ablation of MED12 or MED13 in mice similarly conferred early embryonic
lethality, excluding the possibility of functional redundancy among their corresponding
paralogs during development.”® These data are in line with the present results suggesting that
cancer cell loss of MEDI13 function might increase susceptibility to cancer cell damage by

chemo-radiation.



Caspase-8 has been originally identified as an essential player of death receptor-induced
apoptosis. Emerging evidence suggested that the retention of caspase-8 in glioblastoma may
interfere with the sensitivity to radio and chemotherapeutic approaches through multiple
pathways, including improvement of the DNA damage repair and the activation of NF-kB and
cytokine production. Caspase-8 contributes to the functionality of the DNA damage response.
Caspase-8 LOF on the other hand promotes genomic instability and tumour development.
Intriguingly, it has been suggested that the inhibition of Caspase-8, although detrimental for
apoptosis induction, may enhance the sensitivity of cancer cells to DNA damaging agents,
most likely independent of apoptosis, and may therefore represent a valuable therapeutic
strategy.?’ Loss of Caspase-8 function was associated with good prognosis in the cancer
genome atlas (TCGA) in head and neck squamous cell carcinoma.* As a result, tumours with
loss of Caspase-8 function may be more likely to benefit from chemoradiation, in accordance
with the present results, while they might not be sensitive to immune checkpoint inhibition.
While alterations in ATRX, MED13 and CASP8 were association with treatment response,
our results suggested that LOF alterations in 7P53 and CREBBP may be top ranking markers
that impact cervical cancer cells to resist chemo-radiation.

TP53: In physiological conditions, the encoded p53 protein responds to cellular stresses by
inducing cell cycle arrest, apoptosis, senescence, DNA repair, or changes in metabolism. In
the present patient cohort, the TP53 bi-allelic gene loss was highly detrimental but present at a
low frequency, in opposition to other malignancies such as in head/neck squamous cell
carcinomas (HNSCC), or high grade serous carcinoma of the ovary, which are primarily
driven by complete loss of the gene TP53. In HNSCC, a subgroup of patients with dismal
prognosis after chemoradiation was characterized by TP53 mutations. The prognostic impact
was stronger for nonsense/frameshift TP53 mutations associated with either expression of a

truncated p53 protein or complete loss of p53 expression compared with missense mutations



resulting in overexpression of mutated p53*’. Similarly, in diffuse intrinsic pontine gliomas
(DIPG), inactivation by mutation of TP53 was shown to contribute to radio-resistance.’! In
cervical cancer, the p53 protein is more commonly ubiquitinated and degraded by HPVES6,
leading to carcinogenesis. While the HPV virus mediated inactivation of TP53 protein,
together with the inactivation of RB (retinoblastoma) protein by HPVE7, are the most frequent
driver protein alterations in cervical cancer, only the cervical cancer patients with a complete
bi-allelic TP53 gene loss had a dismal prognosis. Furthermore, HPV positivity and TP53 loss
are mutually exclusive patterns in cervical cancer patients (Kamal et al, submitted).

Novel cancer therapeutics that supposedly reactivate a variant tumour p53 protein include
small molecule drug candidates (such as APR-246), presently in clinical development for
myelodysplastic syndromes, acute myeloid leukemia, as well as solid tumours
(NCTO03268382).>> A phase Ib/II clinical trial in TP53 mutated high-risk hematological
cancers is ongoing, combining APR-246 and azacytidine (NCT03931291). Such a
combination might be worth considering for chemoradiation resistant cervical cancer patients
with loss of function in both p53 and epigenetic regulating genes.

CREBBP was first isolated as a nuclear protein that binds to cAMP-response element binding
protein (CREB), and together with EP300 was shown to encode lysine acetyl-transferases
(KAT) with critical roles in embryonic development, growth control, and homeostasis by
coupling chromatin remodeling to transcription factor recognition.*?

CREBBP alterations have been documented in many cancers, and specifically in 5% of SCC
of the uterine cervix’’, which is comparable to the 8% LOF by mutation or non-frame-shift
deletion, reported here. CREBBP loss in lung cancer was shown to reduce histone acetylation
and transcription of cellular adhesion genes, while driving tumorigenesis.>* These effects

could be partially restored by HDAC inhibition, which exhibited enhanced effectiveness in



CREBBP-deleted tumours, suggesting a role for treatment by a HDAC inhibitor such as
Vorinostat, while CREBBP/EP300 bromo-domain inhibitors are also under investigation.35

In a previous publication, we had tested the relative role of PIK3CA alone or PIK3CA and a
“metagene” of epigenetic regulators. While PIK3CA alone did not carry a bad prognosis, it did
so in association with alterations in epigenetic regulators.” Figure 5 details the patients with
single or multiple molecular alterations (above the 5% frequency level) that were present in
the population. These results may assist to define the patient population for future molecular
targeting.

Two different post-translational modifications on beta-catenin appeared to be high-profile
parameters related to outcome, with opposite prognosis, depending on the protein isoform as
distinguished by its specific phosphorylation pattern. The supposedly active nuclear form of
beta catenin, which according to Goretsky et al.'8, is phosphorylated in Ser 552 (pp-Cat552)
appeared associated with good outcome, while the predominance of a phosphorylated epitope
in Ser 675 (pp-Cat675), which is located just outside the armadillo repeat at the beginning of
the C terminal domain, was associated with poor outcome in our dataset. Truncations in this C
terminal domain was shown to lead to loss of function.’® Crystallographic studies have
suggested that binding of E-cadherin or APC occurs in the armadillo structure, whereas helix
C (containing Ser 675) appears to interact with Chibby and ICAT (alias CTNNBIP1), which is
a physiological inhibitor of Wnt signals that prevents the binding of TCF to beta catenin.’” Of
interest is the finding that high protein 14-3-3 expression which cooperates with Chibby to
regulate subcellular distribution and signaling activity®® in the CoxBoost analysis came up
close together and on the same side with the high levels in the Helix C (pp-Cat675) chain. We
confirmed our results on a larger patient population (n=135) for whom RPPA and clinical, but
not genetic data, were presently available. Furthermore, the (pp-Cat552) isoform associated

with response to chemoradiation was inversely correlated with the RPPA cluster of proteins



associated with EMT. Our findings, based on quality controlled fresh frozen clinical samples,
were puzzling in view of the experimentally derived data by Goretsky et al.'® who suggested
that, during Wnt-activated signaling, beta-catenin undergoes partial site-directed cleavage
prior to a nuclear localization of a low molecular weight form (LMW) which is supposedly the
pP-Cat552 isoform. Furthermore their findings suggested that the LMW pB-Cat552 isoform
supposedly binds transcription factor 4 (TCF4) and drives transcription in chromatin-bound
fractions. Overexpression in vitro of a double truncated form of beta-catenin, (reducing it to
the LMW form), enhanced transcriptional activation, cell proliferation and growth of tumour

xenografts, while a substitution of Ser 552 to Alanine abrogated all these effects.

Wht-activated signaling is commonly associated with cancer progression. However, if pp-
Cat552 is indeed associated with cell proliferation, as suggested by Goretsky et al., cells
overexpressing pp-Cat552 are likely to be more sensitive to chemo-radiation and thus be
associated with a better prognosis in this population treated by chemo-radiation. Moreover,
according to our biostatistics analysis, pp-Cat552 was lower in the EMT cluster, and EMT is
often a hallmark of stem cells that proliferate less and are resistant to chemo-radiation. While
cancer cells are thought to proliferate and to invade, it is tempting to speculate that the pp-
Cat552 phosphorylation form might specifically orientate towards proliferation and not
invasion, while the predominance of the pp-Cat675 form might be more permissive to
invasion. The bioinformatics analysis does not associate this latter form with any of the RPPA
clusters, but it is not anti-correlated with EMT. In cancer cells, many additional alterations are
at play and inactivation of UBRS (an E3 ligase), normally directing the beta-catenin protein to
the proteasome pathway, may be of relevance. Alternatively, similarly to the accumulation of
a non-functional defective pS3 protein in the case of LOF 7P53 mutations, pp-Cat552 might
accumulate when it cannot function and/or resist degradation, or degradation enzymes may be

inactive. While the subcellular location of the activated protein forms of beta-catenin as well



as their functionality and their kinetics remain to be assessed in the context of cancer
treatment, different drugs relevant to target aberrantly active beta-catenin signaling have been
suggested, such as Bortezomib'®. Wnt pathway targeting has also been recently reviewed in a
context of head and neck squamous cell carcinoma.>® Furthermore, evidence from a human
retinal epithelial cell model showed silencing of endogenous TF (tissue factor) to significantly
suppress the Wnt/B-catenin signal transduction cascades, suggesting that the regulation of TF
on VEGF expression may be mediated by activation of the Wnt/B-catenin signaling pathway.*
Tisotumab Vedotin, directly targets tissue factor and was shown safe and effective in SCCC.*!
Targeted therapy towards TF and Wnt signaling and its downstream proteins is promising for
interventions of pathological processes involving TF-regulated angiogenesis and
inflammation.

IDO (indole amine 2,3 oxygenase) is thought to play a role in a variety of pathophysiological
processes such as antimicrobial and anti-tumour defense, neuropathology, immunoregulation
and antioxidant activity. This enzyme catalyzes the first step of the catabolism of the essential
amino acid tryptophan along the kynurenine pathway.*’ In addition, through its expression in
dendritic cells, monocytes, and macrophages, this enzyme modulates T-cell behavior by its
peri-cellular catabolization of the essential amino acid tryptophan. IDO is thought to act either
as a suppressor of anti-tumour immunity or involved in anti-tumour defense while high IDO in
the present analysis was an important predictor of good prognosis in the context of response to
chemo-radiation therapy***. Furthermore, mutations in the gene UBRS (Ubiquitin Protein
Ligase E3 Component N-Recognin 5) was associated with poor prognosis. Since IDO is an
important enzyme in the tryptophan metabolism and the gene UBRS being related to
tryptophan metabolism, these two factors might contribute to radiation-induced immune check

point activation which could potentially affect the response to radiation.*’



In conclusion, this is to our knowledge the first omics derived evidence for the relevance of
two different post translationally modified forms of beta-catenin as potential biomarkers for

46,38 that beta-catenin

chemo-radiation. Our data is consistent with the idea shared by others
expression/activation together with p53°° and epigenetic alterations (in particular CREBBP
and possibly UBRS5, CSMD3, KMT2D) may be at the heart of cervical cancer
control/progression. The relevance of Wnt pathway activity and CTNNBI mutations and
activations in cancer is not new, but elucidation of the intimate control mechanisms, leading to
the nuclear translocation of an active form, is recent and our findings call for additional
mechanistic studies, on post-translational modifications of beta catenin together with cell
invasive behavior.

Our study comes with some limitations, notably the need for validation in larger cohorts with
clinical, molecular alterations, conjointly with protein expression/activation. The
reproducibility of the set of biomarkers identified by the boosting approach will be under
further scrutiny. Large aggregated studies are mandatory to confirm relevant constellations of
molecular alterations and decipher multiple functional drivers that can be targeted. Focus on

individual patient-specific molecular information will lead to innovative combined treatments

to be explored in umbrella type platform trials.
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FIGURE LEGENDS

Figure 1: Venn diagram illustrating the number of patients for the different combinations of
omics types and clinical data. (CNV = copy number variation; RPPA = reverse phase protein
array)

Figure 2: Coefficient values in Cox boost of frequent genetic variants associated with worse or
better prognosis using all available omics types (mutational, copy number variation and RRPA
variables) clinical data (panel a); clinical data with RPPA variables (panel b); gene and copy
number variants and mutations (panel ¢) and mutations only (panel d). (mut = mutations; CNV
= copy number variations; RPPA = reverse phase protein array)

Figure 3: Expression levels of phosphobeta-catenin-Ser552 (panel a) and 14-3-3 protein (panel
b), IDO (panel ¢) and phosphobeta-catenin-Ser675 (panel d) per RPPA cluster

Figure 4: Kaplan Meier progression free survival curves as a function of tumour heterogeneity
at start (number of mutations per patients from a defined list of genes), limited to the
following molecular alterations that were detected in a sizable proportion of patients (>5%).
The probability of survival is the probability that the members of each group did not
experience death or relapse at each time point

Figure 5: Pattern of frequencies of molecular alterations of significance by individual patient.

Panel a with mutations only and Panel b integrating mutations and CNV



Figure 1: Venn diagram illustrating the number of patients for the different combinations of omics types and clinical data. (CNV = copy humber variation; RPPA = reverse phase protein array)
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Figure 2: Coefficient values in Cox boost of frequent genetic variants associated with worse or better prognosis using all available omics types (mutational, copy number variation and RRPA variables) clinical data (panel a);
clinical data with RPPA variables (panel b); gene and copy number variants and mutations (panel ¢) and mutations only (panel d). (mut = mutations; CNV = copy number variations; RPPA = reverse phase protein array)
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Table 1. Patients’ characteristics of the different BioRAIDs subpopulations

Clinical | Mutation | Mutation Mutation,
data data and CNV | RPPA data | CNV and
data RPPA data
Number of patients 376 181 146 135 89
FIGO 2018 I 290 (77%) | 133 (73%) | 110 (75%) | 97 (72%) | 66 (74%)
1H/1v 86 (23%) | 48 27%) | 36 (25%) | 38 28%) | 23 (26%)
PFS Event 108 (29%) | 60 (33%) | 50 (34%) | 46 (34%) | 32 (36%)
Clade 7/HPV negative | 104 (28%) | 54 (30%) | 41 (28%) | 42 31%) | 27 (30%)
HPV Clade Clade 9/Others 220 (58%) | 126 (70%) | 104 (71%) | 93 (69%) | 62 (70%)
NA 52 (14%) 1 (<1%) 1 (<1%) 0 0
Squamous 308 (82%) 148 (82%) | 118 (81%) | 112 (83%) | 72 (81%)
Adenocarcinoma 43 (11%) 19 (10%) 16 (11%) 15 (11%) 11 (12%)
Histology  Adenosquamous 15 (4%) 11 (6%) 9 (6%) 7 (5%) 5 (6%)
Mixed/undifferentiated. | 9 (2%) 3 (10%) 3(2%) 1 (<1%) 1 (1%)
NA 1 (<1%) 0 0 0 0
. Chemoradioation 242 (64%) | 112 (62%) | 89 (61%) | 89 (66%) | 55 (62%)
TrIeI:ttrlr?(lent Surgery 76 20%) | 35(19%) | 30(21%) | 21 (16%) 16 (18%)
NACT 58 (15%) | 34 (19%) | 27 (18%) | 25 (19%) 18 (20%)

CNV= copy number variation; FIGO 2018 integrating lymph nodes status under IIIC; PFS=Progression free survival; HPV type (based on
hybridisation test)”: Clade 9 (HPV 16.31.33.35.52.58) & Clade 7 (HPV 18.39.45.59.68); NACT=Neaodjuvant chemotherapy, NA=not available;






