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ARTICLE INFO ABSTRACT

Atticle history: Background: There is a lack of information as to which molecular processes, present at diagnosis, favor tumour
Received 2 March 2019 escape from standard-of-care treatments in cervical cancer (CC). RAIDs consortium (www.raids-fp7.eu), con-
Received in revised form 22 March 2019 ducted a prospectively monitored trial, [BioRAIDs (NCT02428842)] with the objectives to generate high quality
Accepted 25 March 2019 samples and molecular assessments to stratify patient populations and to identify molecular patterns associated

Available online 2 April 2019 with poor outcome.

Methods: Between 2013 and 2017, RAIDs collected a prospective CC sample and clinical dataset involving 419

gf(})’:;fdrg Ztu dy participant patients from 18 centers in seven EU countries. Next Generation Sequencing has so far been carried
Prospective database out on a total of 182 samples from 377 evaluable (48%) patients, allowing to define dominant genetic alterations.
Cervical cancers Reverse phase protein expression arrays (RPPA) was applied to group patients into clusters. Activation of key
Whole exome sequencing genetic pathways and protein expression signatures were tested for associations with outcome.
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Findings: At a median follow up (FU) of 22 months, progression-free survival rates of this FIGO stage IB1-IV pop-
ulation, treated predominantly (87%) by chemoradiation, were65+4% [CI95%: 60-2-71.1]. Dominant oncogenic al-
terations were seen in PIK3CA (40%), while dominant suppressor gene alterations were seen in KMT2D (15%)
and KMT2C (16%). Cumulative frequency of loss-of-function (LOF) mutations in any epigenetic modulator
gene alteration was 47% and it was associated with PIK3CA gene alterations in 32%. Patients with tumours har-
boring alterations in both pathways had a significantly poorer PFS. A new finding was the detection of a high fre-
quency of gains of TLR4 gene amplifications (10%), as well as amplifications, mutations, and non-frame-shift
deletions of Androgen receptor (AR) gene in 7% of patients. Finally, RPPA protein expression analysis defined
three expression clusters.

Interpretation: Our data suggests that patient population may be stratified into four different treatment strategies
based on molecular markers at the outset.

Fund: European Union's Seventh Program grant agreement No 304810.

© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

Research in context

Evidence before this study

The Cancer Genome Atlas Research Network (TCGA) published
the molecular characterizations of its cervical cancer (CC) dataset,
providing a wealth of information on tumour subtypes. However,
clinical annotation of TCGA samples does not include complete
data on tumour stage and treatment outcome. Therefore, it has
not been possible so far to associate molecular data with response
to treatment efficacy.

Added value of this study

BioRAIDS is the first prospectively collected extensive database
from Central and Western EU countries. The aim of the European
BioRAIDS study was to characterize newly diagnosed cervical
cancer from a biological and a clinical view, in order to identify
new pre-treatment prognostic factors and to provide a scientific
rationale for novel treatment combinations. FIGO stage at inclu-
sion and the revised staging (FIGO 2018) are compared with treat-
ment categories and outcome. Close to 90% of BioRAIDs patients
received chemoradiation, as compared to surgery, which was the
primary treatment in the TCGA dataset.

Implications of all the available evidence

We identified genetic alterations in PIK3CA and in epigenetic mod-
ulators that were associated with a poor prognosis. Our data sug-
gest that new treatment combinations may improve outcome in
subsets of cervical cancer patients.

1. Background

Despite effective prophylactic vaccines, cervical cancer remains the
second most commonly diagnosed cancer in women. It accounts for
more than a quarter of a million deaths worldwide each year [1] with
the highest impact in countries and regions with suboptimal access to
health care. The etiology of >90% of cervical cancers is the persistent
infection with high-risk human papillomavirus types (HPV) which inac-
tivate normal cellular controls via the viral proteins E6 and E7, progres-
sively leading to genomic instability and accumulation of molecular
alterations. While prognosis is related to FIGO stage and the presence
or absence of lymph node metastases [2], the role of specific molecular
patterns that resist DNA repair interference (platinum compounds and
chemoradiation) is poorly documented. The Cancer Genome Atlas Re-
search Network [3] has published molecular characterizations of its

cervical cancer (CC) dataset, but correlations with outcome based on
specific treatments are awaited. While some patients can be treated
with surgery up to stage IB2 and IIA, the gold standard of stages IB2-III
cervical cancer treatment is chemoradiation. Two thirds of the “core”
TCGA samples analyzed previously originated from patients in which
surgery was reportedly the primary treatment.

For stages > IB2 at presentation, 30-40% of patients relapse within
2-3 years [4]. While improved therapeutic strategies over the last de-
cade using IMRT (intensity modulated radiotherapy) to the pelvis and
“preventive” para-aortic lymph node irradiation in patients with high
risk disease and positive pelvic nodes, do make an impact on local con-
trol and outcome, there remains a high variability in treatment strate-
gies. Image guided brachytherapy in a recently published multicenter
cohort study (RetroEMBRACE) demonstrated excellent 3-year local
control rates of 93% and 79% for patients with FIGO stage IIB and IIIB dis-
ease, respectively. However, the 5-year actuarial disease-specific OS
was 65% [5].

A recent report identified a subset of virally associated tumours that
presented a molecular profile distinct from that of typical HPV+ tu-
mours and exhibited poor treatment response, indicating molecular
and clinical similarities with HPV- tumours [6]. Patient stratification
based on molecular patterns associated with poor outcome is a first
step towards targeted strategies. In the current manuscript, we report
on the first prospectively collected extensive database from Central
and Western EU countries with a focus on correlating molecular pat-
terns with tumour pathophysiology, response to treatment and
outcome.

2. Methods
2.1. Patient recruitment, samples collection and treatment

The EU funded RAIDs Network (Rational Molecular Assessment and
Innovative Drug Selection, www.raids-fp7.eu) collected a prospective
CC sample and dataset BioRAIDs: NCT02428842 (n = 419).

The clinical protocol together with tumour sampling procedures and
quality control of samples and treatments in 18 European centers
(seven European countries) have been previously published. [7,8]. A
signed informed consent for the participation in the study protocol
was a prerogative, prior to inclusion and sampling. Quality assurance
and source data verification was performed according to a risk adapted
approach and a pre-defined essential study data. Frozen and formalin-
fixed, paraffin-embedded tumour samples, blood as well as frozen
sera specimen were transferred to common repositories for centralized
processing, pathology review, and quality assessments at Erasmus Uni-
versity, Rotterdam, prior to DNA sequencing, analysis and storage at
SeqOmics Ltd., Hungary. Ethical review was conducted according to na-
tional requirements and in accordance with the Declaration of Helsinki
[9,10]. All tumour and serum samples and clinical data were registered
in a common database using a unique barcode system assuring data


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.raids-fp7.eu

S. Scholl et al. / EBioMedicine 43 (2019) 253-260 255

privacy. A radiotherapy dummy run was performed before patient re-
cruitment to homogenize contouring among centers (Rivin del Campo
et al., Radioth Oncol 2017, Supplementary material). Treatment deci-
sions were based on guidelines defined in the clinical protocol as de-
tailed in Ngo et al., 2015 [7] and in Supplementary material. Since
FIGO staging at the time of patient accrual did not take into account
lymph node staging, for the purpose of the present analysis, the patient
population is shown both as a function of initial FIGO staging as well as
the new FIGO 2018 staging, upstaging early stage patients with lymph
node positivity to stage IlIC and down staging patients with previous
stage IVA to stage IIIC2.

2.2. HPV typing

All samples included in this study were analyzed for HPV type, using
the SPF10 primer set and INNO-LiPA HPV genotyping extra line probe
assay (Fujirebio Europe, Gent, Belgium) according to the manufacturers
protocol. For DNA isolation, one to five 10 um tissue sections were cut
depending on the size of the tumour biopsy. DNA was isolated using
the automated Tissue Preparation System (Siemens Healthcare Diag-
nostics, NY, USA).

2.3. WES & targeted sequencing and bioinformatics analyses

Paired-end whole exome sequencing of 87 samples and paired-end
targeted gene panel sequencing (608 genes) of 96 paired tumour/nor-
mal samples was performed at SeqOmics (Hungary) on a HiSeq2500
platform to date. The sequencing was performed to reach an average
depth of coverage of ~150x for WES 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 from the aligned sequences
of matched-samples using dedicated tools (Supplementary methods).
Biologically relevant variants were selected regarding their functional
impact per gene category (oncogene, tumour suppressor gene, or
uncharacterized) and compared with patients' outcome. Detailed infor-
mation on genomic and bioinformatics analyses is available in the Sup-
plementary Methods section.

The future integration of additional BioRAIDS data such as the ongo-
ing longitudinal ctDNA analysis, of transcriptomics, methylome and
TME characteristics will decipher the pathway complexity in more de-
tail and hopefully assist innovative treatment orientations.

2.4. Reverse phase protein arrays (RPPA)

154 baseline samples, 103 post-treatment samples were processed.
Arrays were labeled with 194 specific antibodies except for the negative
control(s) where primary antibodies were omitted, using an Autosta-
iner Plus (AGILENT). All primary antibodies used in RPPA have been pre-
viously tested by Western Blotting to assess their specificity for the
protein of interest. Detailed information is available in the Supplemen-
tary Methods section [11,12].

2.5. Biostatistical analysis

Quantitative data were described as median with range. Qualitative
data were presented as numbers and proportions leaving out missing
data. Survival curves were constructed according to Kaplan-Meier and
were compared using the log-rank test. Overall Survival (OS) and
Progression-Free Survival (PFS) were calculated from the date of inclu-
sion to the date of event, (disease related death for OS and relapse/or
disease related death for PFS). Patients without event at the date of
last follow-up were censored at this time. Univariate and multivariate
Cox proportional hazard models were performed to determine prog-
nostic factors associated with relapse or death. All analyses were per-
formed using R version 3-4-4 software.

3. Findings
3.1. Patient population eligible for analysis

Four hundred and nineteen patients with histologically proven cer-
vical carcinoma cases were prospectively recruited between 2013 and
2016 in 18 centers from seven European countries [7,8]. Fourty two pa-
tients were not eligible for analysis due to: inclusion error [26], death
before start of treatment [1], investigator/patient decision [6], second
cancer [4], lost to follow up [3], or missing data [2]. At a median follow
up time of 22 months [min = 11 - max = 41-2], PFS data is available
for 377 patients.

3.2. Staging procedures

As defined by protocol, the FIGO staging based on clinical examina-
tion was confirmed by magnetic resonance imaging (MRI) in all 377 pa-
tients (100%). Median tumour size by MRI was 48 mm [range: 9-167].
Tumour size >4 cm (>stage 11A2) was present in 248/377 (74-5%) pa-
tients. Additional imaging was by CT scan in 230 patients (61%),
positron electron tomography (PET) scan in 185 patients (49%). Lymph-
adenectomy for lymph node staging purposes was performed in a total of
130 (34%) patients, depending on center policy. According to the FIGO
classification in use at the time of trial conduct 291 (77%), of the
evaluable patients were considered stage I-Il and 86 (23%) stage III-IV.
If patients with positive lymph nodes are being reclassified according
to the new FIGO 2018 classification [13], into IIIC1 (pelvic node positive)
and I1IC2 (aortic node positive), 137 (36%) patients are to be considered
stages I-Il and 240 (64%) stages IlI-IV. PFS according to FIGO stages are
illustrated in Supplementary Figs 1 & 2. Pretreatment PET-scan imaging
was carried out in 13/56 (23%) of surgical patients, in 138/263 (52%) of
chemoradiation patients and in 34/58 (74%) neoadjuvant chemother-
apy (NACT) patients. Positive lymph nodes (by pathology or by imag-
ing) were diagnosed in a total of 216/377 (57-3%) patients.

3.3. Treatment allocation

Primary treatment allocation as a function of restaging according to
the FIGO 2018 classification is shown in Table 1. First line surgical man-
agement was the preferred management in early stage (IB1 and IB2) as
well as in pelvic lymph node positive disease (I1IC1), whereas chemora-
diation was the treatment of choice in higher stages (stages Il and III).
Only 15% (n = 56) of the population were allocated to first line surgery,
while the majority of the patients (n = 263; 70%) were allocated to the
chemoradiation (CR) group. The patients treated with NACT had stage
II-IV advanced or metastatic disease, representing 15% (n = 58) of
the population. In the chemoradiation group, 21 patients could not re-
ceive concomitant chemotherapy and 34 patients received less than
the planned four to five cycles of chemotherapy for reasons of tolerance
(see Supplementary data).

3.4. First line and follow on treatments received in the first 6 months

Surgery: While surgical resection was the first intention-to-treat in a
limited population (n = 56), a surgical resection in the first 6 months
period was deemed necessary in a total of 136 (36% of all) patients
(see Supplementary data). Lymphadenectomy was carried out in 202
(53%) of all patients, as a staging procedure (34%), or for treatment
(19%) purposes. (Additional information in Supplementary).

Radiotherapy: Treatment consisted in external beam radiation ther-
apy (EBRT) with concomitant platinum based chemotherapy in 295
(78%) of the population as per protocol and previous publications
[7,14]; in EBRT alone (n = 34) or in brachytherapy alone (n = 2). A
total of 331/377 patients (87%) received radiotherapy either as primary
or as follow on treatment after surgery or NACT. Following pelvic
irradiation, an additional boost was administered to the tumour by
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EBRT (n = 66) and/or by brachytherapy (n = 284). Twenty-two pa-
tients received no additional external radiotherapy boost. Forty-three
received no brachytherapy. (Additional information in Supplementary).

Neoadjuvant Chemotherapy: A combination of Taxol and Carboplatin
was the first treatment in 55 patients (Fig. 1). Additional loco-regional
treatment was administered in 44/55 (80%) patients. Second line che-
motherapy was administered as needed in advanced/refractory disease.

3.5. Survival based on clinical characteristics (Table 2)

Median overall survival is presently not reached; survival rates at
24 months are 85-2% [CI95%: 80-7-89-8], progression-free survival
rates are 65-4% [CI95%: 60-2-71-1]. As expected, a highly significant
correlation with outcome was seen for both FIGO 2014 and FIGO 2018
stages (Tables 1 and 2 and Supplementary Figs 1 & 2). We chose to inte-
grate the new FIGO 2018 staging in the multivariate Cox regression
model and the results of multivariate analysis identified FIGO 2018,
ECOG performance index and BMI as correlated with PFS. Histological
type was not related to outcome.

3.6. The genetic landscape of treatment-naive cervical cancer

In our cohort of 182 patients [out of the 377 evaluable BioRAIDS pa-
tients (48%)] analyzed, using next generation sequencing (NGS) all
novel and previously confirmed significantly altered genes reported
by The Cancer Genome Atlas [3] were detected in the RAIDs dataset;
the most frequent alterations are represented in Fig. 1. PIK3CA muta-
tions (Supplementary Fig 3) 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 alter-
ations in the epigenetic pathway (involving KMT2C, KMT2D, EP300,
ARID1A, ARID2, ATRX, CREBBP, KMT2A, KDM5C) was 45% of which 32%
also had alterations in PI3KCA. Relevant to the viral etiology and possible
influencing immune function, a high level of TLR4 (toll like receptor-4)
amplifications (10%), not previously reported to our knowledge, was
detected in the BioRAIDs population. We confirmed the presence of
CD274/PD-L1 and PDCD1LG2/PD-L2 amplifications at a low frequency
[5/182 patients, data not shown]. Another new finding was the presence
of amplifications, mutations, and non-frame-shift deletions of AR (An-
drogen receptor) in 7% of patients, presently of unknown significance.
The presence of an APOBEC signature could only be tested in samples
with full exome sequencing and the numbers are too small to test for
significant correlations with PIK3CA hotspot mutation.

RPPA protein expression analysis [11] of 154 samples defined three
expression clusters (Supplementary Figs 4 & 5). Significant features of
RAIDs cluster 1 corresponded to an “EMT” signature, including high
phospho-YAP (p = 3-11e-06) and phospho-MET (p = 4-74e-03),

Table 1
Treatment allocation as a function of FIGO staging.

FIGO 2014 FIGO 2018

Number (%)

Primary treatment allocation

Stage  Number Stage Surgery Chemo radiation NACT

IB1 34 IB1 25 7% 18 7 0
B2 62 B2 25 7% 10 9 6
A 28 IIA 14 4% 0 14 0
1B 167 1B 73 19% 2 67 4
1A 11 A 2 1% 0 1 1
111B 42 111B 18 5% 0 17 1
1mc1 147 39% 23 108 16
ez 40 1% 1 28 11
IVA 18 IVA 18 5% 1 11 6
IVB 15 IVB 15 4% 1 1 13
TOTAL 377 377 100% 56 263 58

high MET (p = 2-42e-11), high NOTCH (p = 4-14e-17) and low E-
CADHERIN (p = 2-41e-06). Significant features of cluster 2 included
high NBS1 (p = 5-85e-11), MRE11 (p = 6-09e-11), FANCD2 (p =
1-69e-09), phosphorylated FANCD2 (p = 6-37e-07), and HSP90alpha
(p = 4-31e-06), as well as low levels of phosphorylated AKT (p =
5.48e-18), EGFR (p = 6.39e-11), HER3 (p = 1.96e-09), HER2 (p =
4.79e-09) and p70 S6K (p = 1.01e-05) compared to the two other clus-
ters. Significant features of cluster 3 included phosphorylated forms of
NFkB (p = 8.29e-09), p70 S6 kinase (p = 2-82e-04), AKT (p =
4-36e-04), p38 MAPK (p = 7-32e-03), ERK1/2 (p = 1-32e-02), and
EGFR (p = 2-67e-02).

3.7. Molecular signatures predictive of outcome following standard therapy

When patients were clustered in quantiles of PFS (ONCOPRINT:
Fig. 1), those patients who remained progression free at the time of
analysis (PFS, yellow line), had visibly less alterations in genes involved
in Tyrosine Kinase receptor/PI3K pathway and in suppressor functions
related to the following epigenetic enzyme modifications (KMT2C,
KMT2D, KMT2A, KDM5C, EP300, CREBBP, ARID1A, ARID2, ATRX). When
these pathway alterations were pooled in a “metagene”, Kaplan Meyer
progression free survival estimates (Fig. 2) confirmed a poorer PFS (p
= 0-02) for patients with tumours harboring at least one molecular al-
teration in this metagene as opposed to patients with no such alteration.
While the medium number of variants increased slightly with FIGO
stage this was not statistically significant, since the confidence intervals
are very large (Supplementary Fig. 6).

Among the 154 tumours analyzed using RPPA, 136 patients were
evaluable for outcome. While there was no difference in overall survival,
our data showed a significant poorer PFS for the cluster “EMT” as com-
pared to the other two clusters combined (Fig. 3) (p = 0-03). There was
no correlation between WES analysis and RPPA data, likely due to the
limited antibody targets used in RPPA as compared to a full exome
analysis.

3.8. Interpretation

Patient stratification according to outcome categories based on ge-
nomic variants, needs a prospectively accrued, sufficiently large cohort
of tumour samples together with supervised standard treatments. Che-
moradiation was the first line of treatment in >2/3 of patients and che-
moradiation or radiation was administered in 87% of all patients if first
line treatments were pooled with Supplementary treatments received
during the first six months. This is in stark contrast with the predomi-
nant surgical treatment (70%) reported in other series [3,15]. In case
of a pelvic lymph node detection prior to treatment, most centers per-
form primary chemoradiation to avoid the morbidity of adding radical
surgery to radiotherapy. In the BioRAIDS population, only 36% of pa-
tients had a surgical tumour resection, either as a first approach in
small tumours (15%) or as a secondary resection (16%) in case of an in-
complete or doubtful response to chemoradiation. Some positive nodes
are detected only during surgery leading to additional radiotherapy
or chemoradiation. Reclassifying BioRAIDS patients according to
the new FIGO 2018 stage resulted in well differentiated PFS curves
(Supplementary data).

Integrative bioinformatics analysis suggests 4 privileged treatments
for tumours associated with resistance to present treatments directed to
DNA repair interference.

1: PIK3CA activating mutations and amplifications, present in 40% of
tumours, were frequently associated with LOF in epigenetic regulator
genes. The cumulative presence of both (in 34% of the population), but
not the PIK3 pathway alone as suggested before [16] was associated
with a significantly poorer PFS. PI3K activity contributes to diverse func-
tional roles in cellular metabolism, immune function and cell motility in
cancer [17] and is associated with treatment resistance. In a patient
group with PIK3 pathway mutations we previously reported a negative
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Fig. 1. Oncoprints are presented, showing the most frequently altered (higher than 5% of the cohort) oncogenes and tumour suppressor genes, combining both small and large-scale
variations together with clinical information (WES and target panel combined), using the R package Complex Heatmap (v1.17.1). Each column represents a patient. Key oncogene and
tumour suppressor gene alterations are listed by name (right column), by frequency in the population (left column), by alteration type (colour code) by each clinical data detail for
each individual patient (heading). Headings define the type of mutational analysis (full exome or targeted 607 gene panel), the tumour mutational burden (high/low; cut-off =
8mutations/Mb), the HPV clade (7, 9, other), the histological type (squamous, adenocarcinoma, other), first treatment received (surgery, chemoradiation, NACT), node status (positive/
negative), FIGO stage (2014) not taking into account lymph node involvement and regrouped into I-II versus III-IV. Quantile PFS ordered by time interval from start to date of

progression: 1. PD prior to 6 Mo, 2. 6-12 Mo, 3. 12-18 Mo, 4. DFS at last follow up.

impact on patient outcome by the addition of Cetuximab, an EGFR in-
hibitor [14] to chemoradiation. Recent evidence suggests that PIK3CA
genetic alterations may induce centrosome amplification and increase
tolerance to spontaneous genome doubling, thereby contributing to
irreversible genomic changes in cancer [18]. While much effort has
been devoted to targeting PIK3CA, tolerance to specific PI3K isoforms
has been so far a rate limiting step. It was recently suggested that toxic-
ities may be contained through intermittent dosing and nanoparticle
delivery [17]. Many selective inhibitors for each PI3K isoform are in
clinical trials and activity was shown associated with PI3K specific
mutations [19].

2: Epigenetic LOF alterations were seen in 47% BioRAIDs tum-
ours assessed so far. While epigenetic alterations (involving DNA
methylation and covalent histone modifications) are increasingly

reported in solid tumours, this is to our knowledge the first report
emphasizing not only a frequent loss-of-function (LOF) mutations
in KMT2A-D genes, leading to defective histone H3K4 methylation
in cervical cancers, but also linking these to outcome. KMT2A-D
have already been reported in many other solid tumours (reviewed
by [20]) and have been associated with increased micro satellite in-
stability (MSI) in colorectal carcinoma. Of interest to oncologists is
that pan histone deacetylase inhibitors (HDACi), such as Vorinostat
(Zolinza®), which affects the alterations regulation of histone and
non-histone proteins by modifying their post-translational acetyla-
tion, is likely to be relevant for cervical cancer treatment. [21] [22].
In preclinical models, Banerjee et al. [23] showed that Vorinostat sig-
nificantly reduced E6 and E7 activity, abrogated viral DNA amplifica-
tion and inhibited host DNA replication. >20 epigenome targeting
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Table 2
PFS according to clinical and tumour characteristics.
Univariate Multivariate
HR 1C95%(HR) p-value HR 1C95%(HR) p-value
Age 0-47
<50 1
>50 1-14 [0-79; 1-65]
Tobacco consumption 0-62
Never 1
Yes. current or past (>1PA) 0-91 [0-63;1-31]
BMI 0-01 0-03
<25 1 1
>25 0-63 [0-43; 0-91] 0-66 [0-45; 0-96]
ECOG 0-002 0-04
0 1 1
1-2 2-10 [1-32; 3-28] 1-70 [1-04; 2-77]
Histological type 0-73
Squamous cell carcinoma 1
Adenocarcinoma 1-11 [0-65; 1-88]
Adenosquamous. clear cell. mixed + undifferentiated 0-75 [0-30; 1-84]
Hemoglobin (g/dl) 0-06 0-34
<10 1 1
>10 0-61 [0-37; 1-01] 0-76 [0-44;1-32]
FIGO 2014 <0-001
I 1
1l 1-87 [1-09; 3-22]
il 4-90 [2-66;9-02]
v 3-64 [1-83;7-21]
FIGO 2018 (integrates lymph nodes status under IIIC) <0-001 0-004
I 1 1
1l 2-14 [0-86; 5-35] 1-83 [0-72; 4-63]
il 4-04 [1-76;9-29] 3.25 [1-40; 7-57]
1\ 5-71 [2-23; 14-60] 3-46 [1-28;9-31]
HPV type (based on hybridisation test) 0-17 0-56
Clade 9 (HPV 16.31.33.35.52.58) 1 1
Clade 7 (HPV 18.39.45.59.68) 1-47 [0-96;2-24] 1-32 [0-85; 2-05]
Others or Negatives 1-38 [0-76; 2-52] 1-30 [0-69; 2-44]
drugs are in clinical development across cancer types, they have a 3: Immune checkpoint inhibition (ICI) has significantly changed can-
broad spectrum of epigenetic activities. Vorinostat (Zolinza®), ini- cer therapy showing impressive durable responses across cancer
tially marketed for the treatment of cutaneous T-cell lymphoma, types. There is only limited data on ICI treatment of PDL-1 positive cer-
and more recently Romidepsin (Istodax®) are approved drugs. vical cancer to date; a 17% partial response rate was documented in
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Fig. 2. Progression free survival according to the presence/absence of alterations in a METAGENE composed of any of the following alterations in the PI3K pathway and/or in Enzymes
involved in Epigenetic Signaling. The list of genes included in this analysis was predominantly (but not exclusively) oncogenes from the Tyrosine Kinase receptor/PI3K pathway:
PI3KCA and PI3KCB mutations as well as PTEN in association with the following (predominantly suppressor) genes with loss of function alterations in Epigenetic enzymes: KMT2C,
KMT2D, KMT2A, KDM5C, EP300, CREBBP, ARID1A, ARID2, ATRX.



S. Scholl et al. / EBioMedicine 43 (2019) 253-260 259

10

08
|

— MAPK/PI3K signaling

06

04

EMT

Progression-Free Survival

02
Il

p-value LogRank = 0025
] 1 ] 1 1 1
0 6 12 18 24 30 36
Time from inclusion {(months)

0.0

Number at rnisk

25 21 15 11 9 7
11 105 82 72 40 9

ww

Fig. 3. Progression free survival by RPPA analysis from the total evaluable population with available RPPA data (n = 136). Comparison of outcome of cluster “EMT” (Red) versus pooled
gene expression clusters of DNA damage and MAPK/PI3K signaling (Blue), suggests a poorer PFS for the patients whose tumours showed EMT associated gene expression. Gene expression

of epigenetically active enzymes was not assessed.

recurrent disease [24]. The viral etiology of CC will affect the host im-
mune response and the phenotype of the tumour microenvironment
(TME). The presence of double stranded genomic or viral DNA in the cy-
tosol has been recently shown to lead to activation of the cGAS-STING
cytosolic DNA sensing pathway and the down-stream non-canonical
NFkB inflammatory signaling pathway [25]. Collectively, HPV viruses
also cause genetic amplifications, some of which may specifically impact
inflammation and the immune response [26]: TLR4 (toll like receptor 4),
was amplified in 10% of our series [not previously reported to our knowl-
edge], PDL-1 and PDL-2 amplifications were present at a low frequency
(3%). Loss of function of CASP8 (caspase 8); has been linked to apoptosis,
necrosis and inflammation and together with amplification of TLR4
genes might serve as biomarker for an “inflamed” TME. Furthermore,
the poor prognostic RPPA Cluster 1 was characterized by biomarkers of
EMT and associated with upregulated PD-L1 and B7-H4. These features
have been controlled by immunohistochemistry in a parallel project de-
fining the tumour microenvironment (ongoing) with excellent correla-
tion. EMT biomarkers may allow the identification of patients that could
potentially benefit from ICl in the future. Additional data on gene meth-
ylation or miRNA which had not been planned in the present project up-
front may shed light on the mechanism of enhanced gene expression.
Moreover, recent preclinical data further suggested that HDAC inhibi-
tion by Vorinostat may potentiate effects of ICI through upregulation of
PD-L1 and HLA-DR on tumour cells, [27] suggesting a potential synergy
by combining ICI and HDACi in this patient population.

4: LOF mutations linked to deficient DNA repair were seen in ATRX
(9%), BAP1 (5%), BRCA2 (5%) while the FANCB oncogene was mutated
or amplified in 3% of tumours. RPPA also identified differences in
expression and activation of DNA repair proteins among the three clus-
ters, suggesting that some RPPA clusters might be more sensitive to
PARP inhibitor than others. Treatment downstaging, through the use
of a PARP4, rather than chemoradiation, may be envisioned in the con-
text of a clinical trial. Compared to the omnipresent p53 and RB alter-
ations in high grade serous ovarian cancer, the respective mutation
frequencies 7% and 10% in CC were rare, consistent with the predomi-
nant HPV effects on the viral oncoproteins E7 and E6 to establish the
permissive milieu by destabilizing the pRB and p53 family proteins
[23] rather than by mutation.

3.9. Future prospects for clinical decision making

While routine molecular diagnostic testing has yet to be intro-
duced to guide personalized cervical cancer treatment, the BioRAIDs
dataset defined activated genetic pathways and expression signa-
tures that are associated with poor outcome based on the present
standard therapies. IMRT and prophylactic irradiation to para-
aortic lymph nodes in high risk patients has been shown to mitigate
risk and improve outcome, yet, despite occasional abscopal effects,
they cannot effectively target micro or macro metastases outside of
the radiation field. Higher rates of abscopal effect in many tumour
sites may be reached through the integration of radiation or chemo-
radiation with immunotherapy and combination trials (NICOL,
PRIMMO) are ongoing.

Key biomarkers for CC diagnostics appear dominated by alterations
in the PI3K pathway, in genes coding for epigenetic remodeling en-
zymes, for DNA repair and for inflammatory pathways. Pathway specific
druggability, using distinct compounds to define the genomic correlates
for drug specific sensitivity or resistance in cell lines and tumours as
well as drug synergies and synthetic lethality need to be tested in future
preclinical and clinical studies. For the purpose of translational studies,
the continuous pretreatment collection of frozen tissues in advanced
stage CC appears mandatory.
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