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Abstract

Preoperative chemoradiotherapy is widely used to improve local control of disease,
sphincter preservation and to improve survival in patients with locally advanced rectal
cancer. Patients enrolled in the present study underwent preoperative chemoradiotherapy,
followed by surgical excision. Response to chemoradiotherapy was evaluated according to
Mandard’s Tumor Regression Grade (TRG). TRG 3, 4 and 5 were considered as partial or
no response while TRG 1 and 2 as complete response. From pretherapeutic biopsies of 84
locally advanced rectal carcinomas available for the analysis, only 42 of them showed 70%
cancer cellularity at least. By determining gene expression profiles, responders and non-
responders showed significantly different expression levels for 19 genes (P <0.001). We
fitted a logistic model selected with a stepwise procedure optimizing the Akaike Information
Criterion (AIC) and then validated by means of leave one out cross validation (LOOCYV,
accuracy=95%). Four genes were retained in the achieved model: ZNF160, XRCC3,
HFM1 and ASXL2. Real time PCR confirmed that XRCC3 is overexpressed in responders
group and HFM1 and ASXL2 showed a positive trend. In vitro test on colon cancer
resistant/susceptible to chemoradioterapy cells, finally prove that XRCC3 deregulation is
extensively involved in the chemoresistance mechanisms. Protein-protein interactions
(PPI) analysis involving the predictive classifier revealed a network of 45 interacting nodes
(proteins) with TRAF6 gene playing a keystone role in the network. The present study
confirmed the possibility that gene expression profiling combined with integrative
computational biology is useful to predict complete responses to preoperative

chemoradiotherapy in patients with advanced rectal cancer.
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Introduction

Preoperative chemoradiotherapy (pCRT) is worldwide accepted as a standard treatment
for locally advanced rectal cancer . After pCRT the complete pathological response is
approximately 20%, whereas in 20 to 40% of patients the response is poor or absent 45,
The prediction of response has the potential to spare unnecessary toxic treatments for
non-responders and, in selected cases, to perform a less-radical surgery (e.g. local
excision or a wait and see policy).

Several studies have been performed to evaluate potential predictors of response after
pCRT for rectal cancer, however findings are still unclear and controversial 6. 7
Discrepancies between studies are mainly related to patient selection, sample size, study
design, treatments and definitions used for tumor response. Moreover, the only accepted
marker to monitor colorectal cancer treatment, progression and relapse is the
carcinoembryonic antigen (CEA) ®.

However, gene signatures using microarray technology may help to predict tumor
response after pCRT. Recent studies using microarray technology have shown that gene
expression profiles of tumor cells can discriminate responders and non-responders
patients after neoadjuvant or adjuvant chemotherapy ° ' '3,

The clinical value of these studies is to identify disease subtypes that represent distinct
subphenotypes of rectal cancer in order to better approach opportunities for individualized
therapeutics. Despite these advances, few studies have attempted to demonstrate the
value in integrating genomic information with the traditional clinical risk factors to provide a
more detailed assessment of clinical risk and an improved prediction of response to
therapy.

The results we present herein significantly improve the application of gene expression
profiling, by biologically dissecting a commonly used clinical predictive classifier in rectal

cancer. Using integrative computational biology, we combined multiple data to derive novel
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interpretations and identifying important players in the prediction of and in the response to

treatment.

Results

Patient, tumor and treatment characteristics

A total of 48 patients met all criteria for inclusion in this study. Six samples did not pass our
microarray strict quality control standards and had to be excluded. Complete details of the
patients, tumor and treatment characteristics are summarized in Table 1.

Before the CRT, 91% and 88% of patients were clinically staged as T3—4 and lymph nodes
positive, respectively; 38 (90%) patients received a total dose of radiotherapy higher than
50 Gy, and 15 out of these cases (36%), drugs other than 5-FU were administered (n=11,
Oxaliplatin; n = 4, Carboplatin). For 33 (79%) patients, 5-FU was administered by
continuous venous infusion. The median (range) interval time between the completion of
pCRT and surgery was 46 (30- 66) days.

With a median follow-up of 81 months, only 6 out of 42 patients had recurrent disease, 9
patients died from disease and 1 patient from unrelated causes. The following TRG
distribution was found: TRG 1: n=8; TRG 2: n=11; TRG 3: n=6; TRG 4: n=10; and TRG 5:
n=7. On the basis of the TRG distribution, 19 (45%) patients were considered responders

(TRG 1 to 2), and 23 (55%) were considered non-responders (TRG 3 to 5).

Class Comparison and Hierarchical Clustering

A total of 45,868 out of 54,675 probe sets with RefSeq annotation were considered. We
investigated different expression levels between the two groups of interest (responders
and non-responders) by means of the modified F-fest statistic with p-values computed by
permutations, as described in experimental procedures. Only 19 genes were found to be

informative with an adjusted p-value =0.037 (Table 2).
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Hierarchical cluster analysis using the 19 informative genes was able to clearly identify the
two groups of interest with only two misclassified samples (Figure 1, “Response to
therapy” label). Left branch included 18/19 (94.7%) responders while right branch gathered
22/23 (95.7%) non-responders. Interestingly, non-responders branch correlated with 5/6
(83.3%) cases with pM event and 16/17 (94.1%) cases with a specific pT class. The
inspection of clinical data did not suggest any particular explanation about the two
misclassified samples; further analyses will be performed to clarify the outliers. The
predictive 19 gene classifier from our study were entered into Ingenuity Pathway Analysis
Software and, as previously described by Breettingham-Moore '*, TNF signaling pathway
was enriched in our network (Supplementary Figure 1). Moreover, we tested the 19 genes
classifier on patients treated with 5-FU alone (n=27) and patients treated with other drugs
alone (n=15). Six out of 27 (22%) and 2 out of 15 (13%) outliers resulted in 5-FU alone
and other drug association groups, respectively, suggesting similar trend for different

treatment protocols.

Responders prediction

Considering all the probe sets, we further investigated the capability to predict the patient's
outcome. To this aim we fitted a logistic model selected with a stepwise procedure
optimizing the AIC and then validated by means of LOOCV. In this way we removed
possible redundant information.

Starting from the 19 probe-sets we selected the logistic model maximizing the Akaike
Information Criterion. Performance was 95% accuracy by LOOCV. Four genes are
representative of the entire set: 1567031_at (ZNF160), 216299_s_at (XRCC3), 241469 _at
(HFM1) and 231417_at (ASXL2). The target sequence of the 231417_at probe is not
defined but it matched 423/424 identities with "putative Polycomb group protein ASXL2"

using NCBI BLASTN on all genome assemblies.
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These genes were included in the previously identified gene set and were able to correctly
predict 40 out of 42 outcomes with one false responder and one false non-responder
(LOOCV accuracy=0.952, specificity=0.9473, sensitivity=0.9565, positive predictive value=

0.9565, negative predictive value=0.9473).

Multivariate analysis

To exclude differences in gene expression between responders and non-responders was
due to differences in other characteristics of the two groups (Table 1), we performed a
multivariate analysis including both the four genes identified in their univariate analysis and
the clinicopathological potential confounding factors. We considered a linear model where
the four identified genes represent the dependent variables while the confounding factors
(sex, tumor distance from anal verge, radiotherapeutic dose delivered, ypTNM) represent
the independent variables. Multiplicity corrections have been performed using Holm-
Bonferroni method. We found no significant results after multiplicity corrections, thus we
can exclude putative associations between the four genes and possible confounding

factors (data not shown).

Quantitative Real-time PCR analysis

In order to confirm data achieved with microarray analysis, we measured XRCCS3,
ZNF160, HFM1, and ASXL2 transcript levels, which alone are able to correctly predict 40
out of 42 outcomes, using Real Time quantitative polymerase chain reaction with
TagMan® Assay. XRCC3 gene showed a significant correlation between the array-based
and quantitative PCR methods (Pearson = 0.85; r2 = 0.7), with high expression on
Affymetrix arrays corresponding to low delta threshold cycle (ACt) values from TagMan®
Assay.

Also the expression with TagMan® Assay of ZNF160, HFM1, and ASXL2 genes are in

agreement with microarray results because they show the same expression pattern.

7
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Unfortunately, these three genes did not reach a sufficient significance to irrefutably
confirm microarray results, probably due to a different resolution of the techniques. The
authors anyhow, believes that such genes equally have a pivotal role on the determination
of response to treatment, especially if we consider their indirect involvement in a complex

protein interaction network, as described below for HFM1 and ASXL2.

XRCC3 knockdown restores sensitivity to 5FU in chemoresistant colon cancer cells
In order to validate the relationship between XRCC3 expression and chemoresistance, we
investigated the effect of XRCC3 knockdown on HCT116 and HCT116 p53” cells. HCT116
cells are known to be sensitive to 5-FU, whereas HCT116 p53"' are resistant to the 5-FU
chemotherapeutic action '°.

We performed a kinetic study of XRCC3 knockdown by siRNA, which revealed a
significant decrease of XRCC3 protein levels 48 hours after transfection (Supplementary
Figure 2), both in HCT116 and HCT116 p53™ cells.

We then evaluated the effect of XRCC3 knockdown on sensitivity of cells to 5-FU. HCT116
p537 (chemoresistant) and HCT116 (chemosensitive) cells were transfected with a control
siRNA or with a XRCC3-siRNA, and cells were then treated with 5-FU 36 hours after
transfection. XRCC3 knockdown in HCT116 cells had no effect on cell viability with or
without administration of 5-FU. On the contrary, in HCT116 p53” cells the XRCC3
knockdown in combination with 5-FU treatment caused a relevant decrease of cell viability
as compared to the control group (0,81+0,09 vs. 2,05+0,14 absorbance ratio respectively,
p=0.001). As expected, in all the other groups it was observed an increase in cell viability
(Ctrl siRNA+5-FU 1.22+0.06 absorbance ratio; XRCC3-siRNA 1.80+0.10 absorbance
ratio).

To further characterize the response to 5-FU of the HCT116 or HCT116 p53™ cells, we

performed a caspase 3/7 activation assay which disclosed an increase of caspase activity
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in XRCC3-siRNA transfected HCT116 p53™ cells treated with 5-FU. No effect of XRCC3-

siRNA on caspase activation was revealed on HCT116 cells (Figure 2).

p53 Immunohistochemistry

There are many different mechanisms at the basis of chemoresistance. Because XRCC3
in vitro testing was performed on HCT 116 and HCT116 p537 cells, the result showed
above could be due to XRCC3 deregulation in a p53 mutated background cell line
(HCT116 p53™ cells), rather than to the XRCC3 over/under expression per se. We decided
to address this issue characterizing p53 in patient tissues. In 42 preoperative biopsies
analyzed, p53 protein expression was not detect in 23 samples (54.7%) whereas it
showed different positive degree in 19 samples (45.3%): 4 samples with 11-25%, 4
samples with 26-75% and 11 samples with >75 % of immunostained tumor cells.
(Supplementary Figure 3). No significant correlation was found between p53 expression

and tumor response to therapy.

Network analysis

The analysis of the PPl network of the four genes revealed that ZNF160 is a protein with
no described interactions while the remaining three are included in a network of 45 nodes
(proteins) '®. In this network, our most significant protein XRCC3 not only interact with a
relevant number of protein per se; but are also related to ASXL2 and HFM1 through
indirect interactions. Interestingly, “the heart” of this network seems to be TRAF6 (not
relevant by experimental data) that connects ASXL2 to the other two proteins (Figure 3).
The functional annotation and enrichment analysis show a major role of the proteins in the
PPl network in DNA repair and recombination, mRNA processing, in sugar catabolic

processes and in the organelle lumen organization (Supplementary Figure 1).
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The microRNA: target analysis using mirDIP shows 472 microRNAs targeting the nodes of
the network. Thirty-nine of them are shared by the interactors of the three predictor genes.
Twenty-seven have been already described as predictors of response in rectal cancer

patients undergoing neoadjuvant therapy " (

Figure 4).

The analysis of drug targets using DrugBank highlighted 130 drugs targeting one or more
proteins of the network. The drugs targeting many protein in the network (drug nodes with
the highest degree) include cyclosporine, 7,8-Dihydro-7,8-dihydroxybenzo(a)pyrene 9,10-
oxide and arsenic trioxide. In this network, fluorouracile affects 6 proteins (PPP2CB,
HSPA4, TPI1, PLRG1, PI4KB and FANCG), some of which have a central role. Oxaliplatin
targets only one protein, SPTBN1, while carboplatin is not present in the network.

Moreover, the central protein TRAFG6 is targeted by Estradiol, Folic Acid, Aspirin, Curcumin,

Formaldehyde, Hydrogen Peroxide, pirinixic acid and arsenic trioxide (Figure 5).

Discussion

Currently anti-tumor therapy is predominantly based on the use of chemotherapeutic drugs
and leave aside the molecular basis of the disease.

Although these treatments have significantly improved the outcome of many patients, they
are ineffective or even toxic for many other types of tumors and in case of metastasis.
Recently, new drugs directed against cancer-specific molecular circuits, have been
developed and introduced into clinical practice (so-called molecular drugs). However, only
selected groups of patients respond to these drugs, and the molecular mechanisms
underlying tumor resistance in unresponsive individuals remain to be fully elucidated. In
this context, one of the priorities in the field of clinical oncology is the identification of

genetic or phenotypic markers able to predict patient responsiveness to treatments.

10
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In an overall perspective of expanding our current capability to tailor personalized therapy,
the integrated approach (gene profiling, proteomics, bioinformatics, in vitro and ex-vivo
validation) would add an important piece to the puzzle.

Gene expression approach offers the opportunity to evaluate large sets of samples in
parallel and has the potential to improve our understanding of tumorigenesis and patients
treatment. However, molecular screening alone on different study groups has not achieved
sufficient accuracy for the translation into clinical practice. An integrated approach aiming
at the interpolation of data collected from protein biomarkers and genetic signatures might
offer more reliable predictions. Recent advances in computational science allowed the
processing, management and use of large sets of genomic and proteomic information that,
properly analyzed, might address us to perform treatment selection and prediction of
patient outcome. The molecular profiling of individual patient is a constitutive principle of
personalized medicine and is the first step necessary to the clinicians for the selection of
the therapeutic regimen.

This study provided a new set of genetic biomarkers associated with the prediction and
monitoring of the response to therapy and of tumor chemoradioresistance. Although these
tasks are of paramount importance for the development of personalized, mechanism-
based anticancer therapies, currently anti-tumor therapy is predominantly based on the
use of chemotherapeutic drugs that do not take into account the molecular basis of the
disease.

As shown in the current study, a crucial predictor gene is XRCC3 that codes for a protein
involved in homologous recombination repair of DNA double-strand breaks and is required
for genomic stability. lonizing radiation induces both DNA single-strand breaks (SSB) and
double-strand breaks (DSB), with the DSBs generally considered the lethal event for cell
homeostasis. XRCC3 polymorphisms have been implicated in radiosensitivity

mechanism321'27, but several studies on rectal cancer patients failed the link between them

11
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and sensitivity to radiation treatment. In our study, the expression of XRCC3 supports the
importance of its role in the prediction of the response to treatment, suggesting that the
mutational analysis limited to very few SNPs in the previous studies has been insufficient
to highlight the role of the gene.

The microRNA network reveals a central role of hsa-mir-185, directly targeting XRCC3. As
hsa-mir-185 has been correlated with poor survival and metastasis in colorectal cancer 28,
the evaluation of the XRCCS3 status should be performed not only considering SNPs but
also its gene- targeting microRNA expression.

To further investigate the role of XRCC3 gene in the chemoresistance in colon carcinoma,
a siRNA-mediated knockdown of this gene was performed in a well-known in vitro model
of 5-FU chemoresistance of colon carcinoma, the HCT116 p53™ cell line'. The down-
regulation of XRCC3 in these cells re-sensitized the chemoresistant cells to 5-FU,
suggesting a chemoprotective role of this gene in colon carcinoma settings and supporting
the evidence of the up-regulation of this gene in non-responder colon carcinoma patients.
Interestingly another predictor gene, HFM1, is involved in DNA interaction by encoding a
putative DNA helicase homolog (S. cerevisiae). Its probe was down regulated in
responders group as well as the one related to ASXL2 gene. According to literature, the
role of these genes in response to radiochemotherapies remains to be explored.
Approaching to this new kind of study, we must consider that the increasing use of high-
throughput (HT) assays shifted research from hypothesis-driven exploration to data-driven
hypothesis generation. However, generating substantially more data, HT methods in turn
led to shifting from predominantly using statistical tools to depending on computational
biology approaches, especially data mining and machine learning algorithms, to aid data
analysis and interpretation® *°. These theoretical paradigm is “on practice translate” in this
study through the surprisingly identification of TRAF6 as protein with a pivotal role in

XRCC3 network. In fact, basing on experimental data alone we have a partial vision on

12
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what really happen in the complex micro-world of cell signalling network. However, thanks
to integrated HT approach, if we fall experimental data into a more complex scenario we
can see the topics in a new prospective and identify that “hidden players” which better
complete our model.

Through this approach, TRAF6 (Tumor necrosis factor (TNF) receptor associated factor 6)
has been shown to play a central role in the PPI network of the predictor genes. TRAF6 is
a crucial signaling molecule regulating a diverse array of physiological processes,
including adaptive and innate immunity, bone metabolism and the development of several
tissues including lymph nodes, mammary glands, skin and the central nervous system '°.
This protein mediates the signaling not only from the members of the TNF receptor
superfamily, but also from the members of the Toll/I[L-1 family. It also works as a signal
transducer in the NF-kappaB pathway that activates IkappaB kinase (IKK) in response to
pro-inflammatory cytokines. Interestingly, TRAF6 is targeted by aspirin, known to reduce

1

risk of rectal cancer 3" and by curcumin, a polyphenol known to affect the NF-kappaB

pathway in colorectal cancer cells, which is in phase Il clinical trial for colorectal cancer
prevention 3233,

Afterward, TRAFG6, activated by IL-18 or LPS, suppresses TGF-B1/Smad pathways
through interaction with TRRIIl upon TGF-1 stimulation. In general, inflammation is tightly
regulated and resolved by the induction of anti-inflammatory cytokines 3*. Once this
regulatory balance is disturbed, non-specific stimulation and activation of inflammatory
cells may lead to increased production and release of potently destructive immunological
and inflammatory molecules. For instance, improper regulation of IL-1 signaling has been
shown to potentiate neoplastic risk and ultimately induce tumor progression 3. In addition,

decreased TRRIIl expression was closely correlated with tumor progression in various

human cancers including breast, lung, prostate, pancreatic, ovarian, and renal cancers %

13
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supporting the idea that TPRIll-mediated regulation of normal epithelial cells may
contribute to prevent tumor progression.

In conclusion, meta-analysis of published gene expression data will be performed to
further validate our results and to allow the comparison of data retrieved by different
platforms and work groups. Through a coordinated effort, our project could help us in
identifying clinically useful biomarkers to predict tumor responsiveness to anti-cancer
chemo/radiotherapies and to validate newly identified molecular circuits as potential

targets for the development of mechanism-based therapeutic strategies.

Patients and Methods

Patients, samples, and treatment

Between 1998 and 2006, 186 patients with primary adenocarcinoma of the rectum
underwent CRT followed by surgery. The pre-treatment evaluation of the patients included
a complete clinical history and physical examination, colonoscopy, complete blood cell
count, transrectal ultrasound, pelvic computed tomography scan or magnetic resonance
imaging, abdominal/chest computed tomography and carcino-embryonic antigen test. The
inclusion criteria for CRT were as follows: a) biopsy-proven adenocarcinoma of the mid-
low rectum (< 11 cm from the anal verge); b) clinical stage T3-4 and/or node-positive; c)
Eastern Cooperative Oncology Group performance status 0-2.

Since most patients received the preoperative CRT elsewhere, only in 84 out of 186
patients who underwent surgery at our institution the pre CRT research biopsies (2-3 mm?®)
were collected during the initial diagnostic endoscopy, immediately frozen and stored in a
liquid nitrogen tank. Biopsies were divided into half, one piece undergoing independent
histopathological examination and the other prepared for RNA extraction.

No statistically relevant differences were found between clinical and treatment

characteristics of included and excluded patients.
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The patients underwent to preoperative external beam radiotherapy using high-energy
photons (> 6 MV) with conventional fractionation (= 50 Gy in 28 fractions, 1.8 Gy/day, 5
sessions per week) and 5-fluorouracil (5-FU)-based chemotherapy administered by bolus
or continuous venous infusion. A standard total mesorectal excision was performed 4 to 8
weeks after the completion of pCRT.

The study protocol was reviewed and approved by the local ethics committee (protocol

number 740 P) and each patient provided written informed consent.

Evaluation of tumor response

The surgical specimens were assessed in a standardized way and reviewed by one
pathologist (CM), who was unaware of the patient’s outcome. The histopathology findings
and definition of radical surgery were reported following the American Joint Committee on
Cancer TNM (2002). The tumor response to CRT was defined as the tumor regression
grade (TRG) and was scored following the criteria proposed by Mandard et al. *: TRG-1,
pathological complete response (pCR), i.e., absence of viable cancer cells in the resected
specimen; TRG-2, presence of residual cancer cells; TRG-3, fibrosis outgrowing residual
cancer cells; TRG-4, residual cancer cells outgrowing fibrosis; and TRG-5, absence of
response. According to the TRG, the patients were classified as responders (TRG 1-2) and

non-responders (TRG 3-5) 3" 38,

RNA extraction

After independent histopathology review of sample set, in 52 out of 84 biopsies containing
more than 70% tumor, RNA was extracted by phenol/chloroform extraction (TRIzol;
Invitrogen) prior to further purification by column chromatography (RNeasy Mini Kit;

Qiagen). RNA integrity (RIN) was then assessed using the Agilent 2100 Bioanalyzer

15
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(Agilent Technologies); four samples showed evidence of RNA degradation (RIN<6) and

were excluded from the analysis.

Microarrays preparation

Gene expression analysis was performed using the Affymetrix GeneChip Human Genome
U133 Plus 2.0 Array Platform. Preparation of labeled and fragmented RNA targets,
hybridization and scanning were carried out according to the manufacturer's protocol
(Affymetrix). Briefly, 100 ng of total RNA for each sample was processed using the
GeneChip 3' IVT Express Kit. RNA was reverse transcribed and then converted to double-
stranded cDNA prior to biotin labeling during in vitro transcription. Fifteen micrograms of
labeled aRNA was then fragmented, and quality control was carried out using the Agilent
Bioanalyzer. Fragmented aRNA was then hybridized on GeneChip Human Genome U133
Plus 2.0 Arrays for 16 hours at 45°C. Arrays were then washed and stained using the
GeneChip Hybridization, Wash, and Stain Kit on the GeneChip Fluidics Station 450. Chips
were then scanned using the Affymetrix GeneChip Scanner 3000. Six out of 48 processed
samples did not pass quality controls and were excluded from the analysis; thus, a total of

42 samples were used in the final analysis (19 responders and 23 non-responders).

Class comparison and class prediction analyses

The Affymetrix Human Genome U133 Plus 2.0 Array expressions were preprocessed and
normalized using Robust Multi-array Average (RMA) procedure *°. A class-comparison
analysis was applied to determine which genes were differentially expressed between
responders and non-responders.

To this aim we used the Fss test statistic, which is a modified F test statistic that shrinks
both the means and the variance. The Fss test has almost identical power as the

Maximum Average Powerful test, but it is computationally less demanding and more
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powerful than the other modified F-type tests (for more details see Hwang, et al. *°).

P-values were computed by means of permutations, hence avoiding any distributional
assumption. P-values adjustment for multiple testing was made using the Holm-Bonferroni
method to control the family wise error rate. Adjusted p-values < 0.05 were considered
significant.

We performed a cluster analysis on the interesting probe-sets to show the discriminant
power of the profiles.

To further investigate the predictive capability of genes expression, we selected the logistic
model optimizing the Akaike Information Criterion (AIC) considering all the probe-sets *'.

LOOCYV was then used to estimate the prediction accuracy for the selected model 4> 3.

Quantitative real-time PCR

The amount of starting RNA was normalized using 18S ribosomal RNA as a control
transcript. To this end, a QuantumRNA 18S internal standard kit (Ambion) was utilized,
followed by quantification of the electrophoretic bands by ImageQuant
(MolecularDynamics). Real time PCR was performed on ABI PRISM 7300 (Applied
Biosystems Foster City, California, USA) by using specific TagMan® Gene Expression
Assays (Applied Biosystems). XRCC3 (Hs00193725 _m1), ASXL2 (Hs00827052_m1),
HFM1 (Hs01651101_m1 ), ZNF160 (Hs00369142_m1).

For the amplification, the gPCR core kit was utilized (Applied Biosystem). Real time PCR
conditions were set as specified by the manufacturer. All samples were amplified in

triplicate and results were analyzed by the 2—DCt method *“.

Cell Culture
HCT116 and HCT116 p53™ colon carcinoma cell lines were a kind gift of Prof. Bert

Vogelstein (John Hopkins University, Baltimore, MD).
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Cells were maintained and cultured in a 37°C incubator at 5% CO, and grown with
McCoy’s 5A-Glutamax medium with 10% FBS (Gibco, not Heat Inactivated), 100 U/ml

Penicillin and 100 pg/ml Streptomycin.

siRNA mediated knockdown and cell treatments

For siRNA mediated knockdown, HCT116 and HCT116 p53"' cells were transfected with
control siRNA (Negative Control siRNA #1, Life Technologies, final concentration 10 nM) or
siRNA against XRCC3 (s14946, Life Technologies, final concentration 10nM), using
Lipofectamine™ RNAiIMax reagent (Life Technologies) and following manufacturer’s
protocol optimized for this cell lines.

5-Fluorouracil (5-FU, clinical grade) was administered to cells at the final concentration of

200 uM, 36 hours after transfection.

Cell viability assay and cell death evaluation

Cell viability was evaluated by the Crystal Violet (CV) assay and absorbance was
measured with a microplate reader (Tecan Instruments). The cell viability data were
calculated and expressed as the ratio between the absorbance read at the end of
treatment and the absorbance read 24h after seeding.

To test caspase 3/7 activity it was used the Caspase-Glo© 3/7 Assay (Promega) following
manufacturer’s protocol. Statistical analysis was performed using IBM SPSS Statistics
(version 19). Significant differences between groups were determined by ANOVA with
Bonferroni’'s post-hoc test for multiple comparisons (adjusted p-value <0.05 was

considered as significant).

Protein extracts and Immunoblotting

Cells where harvested at determined time points and lysed with a modified RIPA buffer:
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Tris-HCI pH 8, 50 mM; NaCl 500 mM; IGEPAL 1% v/v; Sodium Deoxycholate 0.5% v/v;
EGTA 1 mM; EDTA 1 mM; DTT 1 mM; Protease Inhibitor Cocktail (Sigma-Aldrich) 2% vi/v.
Quantification of protein lysates was performed using MicroBCA assay (Thermo Scientific).
Protein extracts were separated by SDS-PAGE (NuPAGE, Life Technologies) and blotted
on nitrocellulose membranes (iBlot system, Life Technologies). Membranes were then
immunodecorated with the following primary antibodies: anti-XRCC3 (mouse monoclonal
[10F1/6], Abcam) at a 1:1000 dilution and anti-vinculin (mouse monoclonal [\V824], Sigma-
Aldrich) at a 1:5000 dilution. The signal detection was performed with a HRP-conjugated
secondary anti-mouse antibody (GE Healthcare) and images digitally acquired with G-BOX

System (Syngene).

Immunohistochemistry

For each sample, we chosen one slide corresponding to the most representative part of
the tumor in order to perform an immunohistochemical evaluation of p53 protein
expression. Formalin-fixed, paraffin-embedded sections were deparaffinized and
rehydrated and p53 was detected by the mouse monoclonal antibody anti-p53 Ab-2 (clone
PAb 1801, Oncogene Research Products) as previously describe in Esposito et al.** p53
protein expression was graded as: (1) absent or present in <10% of tumor cells; (2)

present in 11-25%; (3) present in 26 —75%, or (4) present in >75% of tumor cells.

Network Analysis

We further investigated the molecular pathways involving the predictive classifier using
protein-protein interactions (PPls) and enrichment analysis, as well as the possible
common microRNAs and drugs targeting them. We first characterized one part of the
46

classifier by retrieving physical PPls from [2D database ver. 1.95

[http://ophid.utoronto.ca/i2d], creating a PPl network that we visualized and analyzed in
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NAViGaTOR 2.3 *' [http://ophid.utoronto.ca/navigator]. We then performed a functional

annotation and enrichment analysis of all the proteins of the network using DAVID

Bioinformatics resources 6.7 *® *° [nttp://david.abce.ncifcrf.gov/], a study of the microRNAs

targeting the PPI network using mirDIP 1.1 %° [http://ophid.utoronto.ca/mirDIP], and a study

of the drugs targeting the same network using DrugBank 3 °' [http://www.drugbank.ca/].

Moreover, to prioritize microRNAs in the network, we collected data from published studies

on response to neoadjuvant chemoradiotherapy and microRNA signatures. '’
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Figure legends:

Figure 1. Hierarchical clustering of 42 patients with rectal carcinomas based on significantly

differentially expressed probe sets representing 19 genes (rows) between the subgroup of
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responders and non-responders (columns) to neoadjuvant chemoradiotherapy. Responders are
located on the left branch, Non-responders are clustered on the right branch. Red depicts
decreased gene expression; blue indicates increased expression. The two asterisks identify the

outliers.

Figure 2. Caspase activation assay on HCT116 and HCT116 p53-/- cells. A) XRC33 knockdown
does not influence caspase activation in HCT116 cells. B) 5-FU, in combination with XRCC3
knockdown, causes a significant increase of caspase 3/7 activation as compared to control group
in HCT116 p53-/- cells. Luminescence is expressed as Relative Light Units (RLU). *: p-value<0.05
compared to control group in t-test with Bonferroni’s correction. Error bars represent standard

errors of the mean.

Figure 3. NAViGaTOR PPI network for the 3 of the 4 predictor genes (rectangle nodes).

Figure 4. microRNAs targeting the predictor genes PPl network. White squares: microRNAs
shared by the 3 genes; pink squares: signature microRNAs described in the literature. The size of
the microRNA node corresponds to number of target genes it has. Thick blue lines highlight direct

links between predictor genes and corresponding microRNAs.

Figure 5. Drugs targeting the predictor genes PPI network. The size of the node corresponds to

number of proteins it targets.
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Table 1. Patient, tumor and treatment characteristics of the patients included in the study.

Sample set
Characteristic No. %
Age Median (range) yrs | 60 (20-77)

Sex Male 24 57
Female 18 43

Tumor distance from the anal verge <7cm 23 55
>7cm 19 45

Total radiotherapy dose delivered > 50 Gy 38 90
<50 Gy 4 10

5-Fluorouracil administration Continuous infusion 33 79
Bolus 8 19

Oral (capecitabine) 1 2

Other drugs 5-Fluorouracile 07 64

alone

Oxaliplatin 11 26

Carboplatin 4 10

ypTNM 0 6 14
I 13 31

Il 13 31

I 4 10

\Y 6 14

Not available 0 0

Radical surgery Yes 34 81
No 8 19

Not available 0 0
Pre-chemotherapeutic CEA 71/
(ng mi) <5/ 25 30/ 7 17
Not available 5 12

5-FU= 5-Fluorouracil; CEA= carcinoembryonic antigen
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725 Table 2: List of 19 informative genes (adjusted p-value = 0.037) discriminating responders and non-responders groups.

726
Gene Symbol AffylD Chromosome |Description
AGRN 217419 _x_at chr1 agrin
HFM1 241469 at chr1 ATP-dependent DNA helicase homolog (S. cerevisiae)
CSTF3 203947 _at chr11 cleavage stimulation factor subunit 3 isoform 1
RABGA 221792_at chr11 RABGA, member RAS oncogene family isoform a
PRKRIR 209323 _at chr11 protein-kinase, interferon-inducible double
C120rf32 225837 _at chr12 chromosome 12 open reading frame 32
XRCC3 216299 s_at chr14 X-ray repair cross complementing protein 3
CDK10 203468_at chr16 cyclin-dependent kinase 10 isoform b
CDK5R1 204996 _s_at chr17 cyclin-dependent kinase 5, regulatory subunit 1
IL12RBA1 1552584 at chr19 interleukin 12 receptor, beta 1 isoform 1
BCKDHA 239158_at chr19 branched chain keto acid dehydrogenase E1, alpha
ZNF160 1567031 _at chr19 zinc finger protein 160
ASXL2 231417 _at chr2 additional sex combs like 2
EIF3L 217719_at chr22 eukaryotic translation initiation factor 3
PSMD6 232284 at chr3 proteasome (prosome, macropain) 26S subunit,
MAGI1 232859 s _at chr3 membrane associated guanylate kinase, WW and PDZ
RAB7A 1570061_at chr3 RAB7, member RAS oncogene family
SPRY4 220983 s _at chr5 sprouty homolog 4 isoform 1
CNKSR2 1554607 _at chrX connector enhancer of kinase suppressor of Ras
727
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Ingenuity Pathway Analysis on the 19 relevant gene set. The plot

Supplementary Figure 1.

shows the correlation among the 19 genes and their location in the cell.
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Supplementary Figure 2. siRNA mediated knockdown of XRCC3 in colon carcinoma cell lines.
Effects of XRCC3-siRNA on the expression of the XRCC3 protein in HCT116 colon carcinoma 5-
FU sensitive cell line at determined time-points after siRNA transfection (upper panel). Effects of
XRCC3-siRNA on the expression of the XRCC3 protein in HCT116 p53-/- colon carcinoma 5-FU

resistant cell line at determined time-points after siRNA transfection (lower panel).

Ctrl-siRNA XRCC3-siRNA
24H A8H T2H 24H A8H T2H
e — - XRCC3
HCTI116 :
— S S— — — — VINC
HCTL16 N > om— —— e o XRCC3
p53* ——— — D — W VING

Supplementary Figure 3. A) p53 immunostaining shows overexpression of the oncoprotein in

colon cancer cells (on the left of dotted line) compared to normal tissue (on the right of dotted line);

B) Colorectal adenocarcinoma lacking p53 nuclear immunostaining.
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