
INTRODUCTION
Understanding the molecular mecha-

nisms of anticancer agents is crucial for
personalized treatment and for develop-
ing more rational drug combinations.
However, most mechanistic studies of
anticancer agents have been carried out
in vitro with isolated tumor cells under
conditions that may neither be represen-
tative of the tumor environment nor of

the actual drug exposure. For example,
homogeneous cancer cell lines ignore the
clonal heterogeneity of tumors. The in-
teraction of tumor cells with the mi-
croenvironment is also absent in cell cul-
ture, which precludes a complete
analysis of the impact of chemotherapeu-
tic agents such as the influence on tumor
angiogenesis. Hypoxia is rarely consid-
ered in vitro, nor are the drug-exposure

conditions, which usually are much more
dynamic in vivo than in vitro.

Considering these caveats, the current
study aims to characterize the in vivo
tumor response to an anticancer agent by
using xenografts of patient-derived tu-
mors. Although orthotropic xenografts
models are considered mandatory to
evaluate invasion and metastasis in re-
sponse to therapy, they are challenging
to establish, especially from patient-de-
rived tumors. Subcutaneous xenografts
of human tumors offer a valuable model
to study the mechanisms underlying the
effect of experimental therapies in an in
vivo context without the bias of using cell
lines selected by in vitro culture. In a pre-
vious study (1), we showed that
xenografting of human tumors alters nei-
ther the genetic nor the histological pro-
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files of the original tumors, even after
multiple passages, suggesting that clonal
selection does not occur in nude mice.
Interestingly, as normal cells of human
origin do not survive in the xenograft,
the tumor compartment is exclusively of
human origin, whereas the stromal com-
partment is principally composed of
murine cells, thereby providing a mean
to discriminate between the two cell
populations.

As a model, we have chosen to study
the influence of irinotecan in patient-
 derived colon cancers. Irinotecan is a
topoisomerase I inhibitor widely used for
the treatment of colorectal cancer in both
first- and second-line treatments (2–6).
Clinically used topoisomerase I inhibitors
target a covalent DNA–topoisomerase I
reaction intermediary (called cleavable
complexes), thereby preventing the rean-
nealing of the nicked DNA (7). The
cleavable complexes are believed to se-
lectively induce S-phase cytotoxicity
when they collide with advancing repli-
cation forks (8). If not repaired, the DNA
lesions can induce cell-cycle arrest
and/or apoptosis, depending on the cel-
lular levels of cleavable complexes and
the genetic context of the cells (9,10). Al-
though this process has been clearly de-
scribed, the subsequent mechanisms un-
derlying the in vivo antitumor effects of
irinotecan are less clear.

We define here the molecular signature
elicited by irinotecan in human cancer
cells as well as in the corresponding
murine stromal cells. To the best of our
knowledge, this is the first cancer study
to apply transcriptome-based masks (11)
to distinguish between transcriptomes of
human and murine origin. By testing
human colon cancer xenografts on
human and mouse oligonucleotide mi-
croarrays, we were able to identify an in
vivo mode of action for irinotecan involv-
ing the inhibition of hypoxia-inducible
factor-1α (HIF1A) protein expression
with a subsequent reduction in the ex-
pression levels of HIF1A target genes and
inhibition of tumor angiogenesis. These
results illustrate how particular cytotoxic
antitumor drugs such as topoisomerase I

inhibitors can affect in vivo tumor angio-
genesis and how the method used can
open the way for mechanistic studies of
the in vivo activity of anticancer agents.

MATERIALS AND METHODS

Human Tumor Xenografts and
Treatment with Irinotecan

Male athymic nude mice (nu/nu), 6–8
wks old (Charles River, L’Arbresle,
France), were maintained under specific
pathogen-free conditions. Human tumor
tissue fragments were obtained after
gaining informed consent from patients
undergoing colectomy and/or synchro-
nous liver metastasis resection. Cancer
tissues were minced on ice and injected
subcutaneously into the right and left
flanks of nude mice as previously de-
scribed (1). Xenografts were further
propagated by serial transplantation. For
treatment, mice were observed daily for
tumor appearance, and irinotecan treat-
ment was initiated when the tumors
reached a mean volume of 150–300 mm3.
Irinotecan (Campto®, irinotecan chlorhy-
drate) was given intraperitoneally at
40 mg/kg five times every 5 d (q5dx5).
Each group consisted of four to five
tumor-bearing mice, corresponding to
eight to ten individual tumors. Tumor
volume (V) was evaluated once weekly
and was calculated as V = (a2 × b)/2,
where a is the width of the tumor in mil-
limeters and b is the length. The individ-
ual relative tumor volume (RTV) was de-
fined as Vx/V0, where Vx is the volume
in mm3 at a given time and V0 is the vol-
ume at the start of treatment. Mean RTV
and standard error of the mean (SEM)
were calculated for each group. Drug
 efficacy at the end of treatment (d 25)
was expressed as the percentage of
tumor growth inhibition, which was cal-
culated using the formula 100 – (mean
RTVtreated/mean RTVcontrol) × 100. For the
analyses, control samples (C) correspond
to xenografts of untreated animals,
treated samples (T) correspond to xeno -
grafts from mice treated with 40 mg/kg
irinotecan q5dx5 and collected at the end
of treatment period, and regrowth sam-

ples (R) correspond to xenografts that
have started to grow again after the end
of the treatment  period.

Tumor Clonogenic Assay Using
Human Tumor Xenografts

Freshly xenografted tumors were
placed in Liforlab® solution (Oncoscience
AG, Wedel, Germany) until preparation
of single-cell suspensions for the clono-
genic assay. Tumor clonogenic assay was
performed as previously described (12).
Half-maximal inhibitory concentration
(IC50) values were determined using con-
centrations of SN-38 (Abatra, Xi’an,
China), the active metabolite of irinote-
can, ranging from 0.001 to 20 μg/mL.

RNA Isolation from Human Tumor
Xenografts and Gene Expression
Profiling

Xenografted tumors were snap frozen
in liquid nitrogen immediately after re-
section and stored at –80°C. Total RNA
was prepared using Trizol (Invitrogen,
Cergy Pontoise, France) according to the
manufacturer’s instructions. RNA was
further purified using spin columns
from the RNeasy Mini Kit (Qiagen,
Courtaboeuf, France). RNA integrity was
analyzed on the Agilent 2100 bioana-
lyzer. Samples were transcribed in vitro,
biotinylated and hybridized to both
Affymetrix Human Genome U133 Plus
2.0 GeneChip® arrays and Mouse Ge-
nome 430 2.0 GeneChip arrays
(Affymetrix, Santa Clara, CA, USA).

Transcriptome Data Analysis
An initial quality control of the raw

data from the Affymetrix microarray was
performed using RReportGenerator (13),
and all arrays fulfilled our quality crite-
ria. Raw data from the Affymetrix ex-
pression results were analyzed using a
method described by Naef and Huelsken
(11) to distinguish mouse and human
specific probes within each probe set.
Briefly, for transcriptional data analysis
of the human tumor component, the
probe masks defined by Naef and
Huelsken (11), which allow for the re-
moval of individual probes from the
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U133 Plus 2.0 GeneChip array that may
cross-hybridize with mouse mRNA,
were applied to the dataset. Settings that
allowed a maximum of three mismatches
were selected, in agreement with Naef
and Huelsken (11), and 16.9% of the indi-
vidual probes were masked. This choice
represents a good compromise between
specificity and sensitivity (only 6.3% of
the probe sets were discarded because of
the lack of sufficient remaining probes),
since more stringent conditions, with
fewer mismatches tolerated, would sig-
nificantly reduce the final number of ex-
ploitable probe sets.

The newly defined probe sets were
then summarized with Robust Multi-
array Average (RMA) (14,15), using im-
plementation in Bioconductor (16) under
R (www.r-project.org). The summarized
and normalized data were then filtered to
remove all probe sets that were not ex-
pressed in all samples tested (that is,
probe sets with log2 expression values of
<4.9 for all arrays). Statistical testing was
performed based on a two-factor model
that allows for separation of (a) tumor
specimen origin (that is, patient) and (b)
sample treatment type (that is, control,
irinotecan-treated or regrowth sample
type). The corresponding analysis of vari-
ance P values for both factors and for
each probe set were then transformed
into local fdr (false discovery rate) values
(17,18) and were compared against each
other. A total of 130 human probe sets,
which fulfilled the criteria of fdr-treat-
ment type <0.02 and fdr- treatment type
<10,000 × fdr–tumor-specimen origin,
were retained for further analysis. The re-
tained probe sets were analyzed for en-
richment of Gene Ontology (GO)
 ontologies using DAVID (Database for
Annotation, Visualization, and Integrated
Discovery) (19) and for enrichment of
pathway interaction maps using the Inge-
nuity Pathway Analysis tool (www.inge-
nuity.com, data not shown). In addition,
hierarchical clustering was used to fur-
ther organize the resulting list of 130
probe sets. Approximate unbiased boot-
strap P values were obtained using the R
package  “pvclust” (20).

To further select human genes to be
validated by real-time quantitative re-
verse transcriptase–polymerase chain re-
action (RT-PCR), values for the mean
fold-change were calculated using un-
treated control xenografts as a reference.
A 2.0-fold difference was used as a cutoff
value. The significance of the changes in
gene expression levels was assessed by
two-sided Wilcoxon signed-rank tests.

Real-Time Relative Quantitative 
RT-PCR

mRNA expression of selected human
genes was evaluated by real-time relative
quantitative RT-PCR using the LightCy-
cler® 480 System (Roche Applied Science,
Meylan, France) and SYBR Green I tech-
nology. Reverse transcription of 2 μg
RNA was performed using AMV reverse
transcriptase (Finnzymes, Ozyme, Saint
Quentin, France) and oligo(dT) primers.
Validated QuantiTect® Primer Assays
(Qiagen, Courtaboeuf, France) were used
for amplification as previously described
(21). All quantifications were performed
in duplicate and normalized to two inde-
pendent endogenous reference genes, hy-
droxymethylbilane synthase (HMBS) and
keratin 19 (KRT19). Target cDNA expres-
sion was quantified using the compara-
tive Ct method and expressed as the
fold-change versus control untreated
samples. Two-sided Wilcoxon signed
rank tests were used to assess the signifi-
cance of the fold-change values in
irinotecan-treated samples.

Histology and Immunohistochemistry
Resected xenografts were fixed in for-

malin, embedded in paraffin and
processed for histology by hematoxylin
and eosin (H&E) and Masson trichrome
stains. For Masson trichrome, sections
were sequentially stained with Weigert
iron hematoxylin and Biebrich Scarlet
acid fuchsin solutions. After treatment
with phosphotungstic and phospho-
molybdic acids, collagen was stained in
blue with aniline blue. Ki-67 immunohis-
tochemical staining (rabbit anti-human
Ki-67 monoclonal antibody, clone SP6,
dilution 1:200; Microm Microtech,

Francheville, France) was performed
using the Ventana automated system
(Benchmark®, Ventana Medical Systems,
Illkirch, France). For anti-CD31
(anti–platelet endothelial cell adhesion
molecule [PECAM-1]) immunohistochem-
istry, frozen sections were incubated with
fluorescein isothiocyanate (FITC)-
 conjugated rat  anti-mouse CD31 mono-
clonal antibody (BD Biosciences, Le
Pont-De-Claix, France) and then with
horseradish  peroxidase–conjugated anti-
fluorescein Fab fragments (Roche Molec-
ular Biochemicals, Meylan, France) as
previously described (22). Immunostain-
ing was developed with the liquid DAB
substrate kit (Roche Molecular Biochemi-
cals, Meylan, France), and the tissue sec-
tions were counterstained with hema-
toxylin. Ki-67–positive cells were
quantified in clusters of tumor cells by
calculating the ratio of Ki-67–positive
cells over total cells in four distinct areas
of 0.2 mm2 each, at 400× magnification.

Detection of Tissue Hypoxia by
Immunostaining for Pimonidazole
Adducts

Pimonidazole (Hypoxyprobe-1™ Plus
Kit; Chemicon Upstate, Millipore, Mol-
sheim, France) was administered intra -
peritoneally at a dose of 100 mg/kg in
phosphate-buffered saline for 60 min be-
fore euthanizing the mice. Resected
xenografts were fixed in formalin, em-
bedded in paraffin and then processed
for immunochemistry using the FITC-
conjugated hypoxyprobe-1 monoclonal
antibody and the horseradish
 peroxidase–conjugated anti-FITC second-
ary monoclonal antibody from the
 Hypoxyprobe-1 Plus Kit following the
manufacturer’s instructions.

Immunoblotting
Tumor tissues were crushed on ice in

lysis buffer (10 mmol/L Tris, 5 mmol/L
MgCl2, 10 mmol/L NaCl, 0.5% NP-40,
protease and phosphatase inhibitors)
and briefly sonicated. Aliquots (20 μg) of
total protein were resolved on 10%
sodium dodecyl sulfate–polyacrylamide
gel electrophoresis gels, transferred onto
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a nitrocellulose membrane and incu-
bated with primary antibodies: mouse
anti–human-HIF-1α monoclonal anti-
body (BD Biosciences, Le Pont-De-Claix,
France) that does not cross-react with
mouse HIF-1α protein and rabbit poly-
clonal anti-α/β-tubulin (Cell Signaling,
Ozyme, Saint Quentin, France). Protein
expression was detected using horserad-
ish  peroxidase–conjugated goat anti-
mouse or anti-rabbit secondary antibod-
ies with enhanced chemiluminescence
reagents (Amersham, GE Healthcare,
Saclay, France).

RESULTS

Comparison of the In Vitro and In Vivo
Efficacy of Irinotecan

Patient-derived colon tumors and their
corresponding liver metastases (Table 1)
were used for xenografting to identify a
molecular signature associated with the
response to irinotecan. First, the in vitro
sensitivity to SN-38 (the active metabo-
lite of irinotecan) was determined by
clonogenic assays with cells directly dis-
sociated from the tumor xenografts. The
tumors showed a wide range of sensitivi-
ties with three resistant tumors (xeno -
grafts 17, 22 and 36M1) having IC50 val-
ues (dose inhibiting 50% tumor cell
growth compared with untreated con-
trols) between 17.0 and 25.2 μg/mL and

four sensitive tumors with IC50 values
between 0.001 and 0.06 μg/mL (Table 2).
Next, the in vivo response of the same
xenografts was evaluated after irinotecan
administration (40 mg/kg intraperi-
toneally q5dx5). At this dose, irinotecan
inhibited tumor growth or induced
tumor shrinkage in all xenografts (Fig-

ure 1 for two representative examples),
including the three xenografts showing in
vitro resistance, suggesting that irinotecan
may exert additional effects in vivo that
are not detectable under in vitro condi-
tions. This observation prompted us to
study the in vivo impact of irinotecan at
the transcriptome level, with the aim of
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Table 1. Clinical and pathological data of patient-derived xenografts.

36 T, 36 M1,
Xenografts 2 17 21 22 and 36 M3

TNM pT2N0M0 pT3N1M0 pT2N1M0 pT2N2M1 pT3N2M1
Stage I III III IV IV
Tumor localization Right colon Right colon Left colon Right colon Left colon
Metastasis localization NA NA NA Liver and lung Synchronous liver 

metastases
Sex M M F M M
Age (years) 72 77 57 63 74
Treatment after surgery 0 0 FUFOL FOLFIRI FOLFOX
Evolution

NA, nonapplicable.

Table 2. In vitro and in vivo treatment efficacy of SN38 and irinotecan.

In vitro
TCA SN38 IC50 In vivo Mean relative TV ± SEM TGI 

Xenografts (μg/mL) treatment (d 25 versus d 0) (%) P

2 0.06
Control 13.1 ± 3.4 —

0.0095
Irinotecan 1.1 ± 0.1 92

17 21.2
Control 5.6 ± 0.3 —

0.028
Irinotecan 1.3 ± 0.1 77

21 0.001
Control 3.8 ± 0.5 —

0.028
Irinotecan 1.3 ± 0.1 66

22 25.2
Control 6.0 ± 1.9 —

0.028
Irinotecan 1.1 ± 0.1 82

36 T 0.008
Control 13.7 ± 1.8 —

0.0015
Irinotecan 0.20 ± 0.02 98

36 M1 17.0
Control 19.2 ± 7.4 —

0.0060
Irinotecan 1.4 ± 0.7 93

36 M3 0.035
Control 10.6 ± 1.5 —

0.0025
Irinotecan 0.4 ± 0.1 96

The efficacy of SN38 in vitro is reported as the IC50 value observed in tumor clonogenic
assays (TCAs). For the evaluation of irinotecan efficacy in vivo, xenografted mice where
treated with irinotecan 40 mg/kg q5dx5. Mean relative tumor volume (TV) ± SEM (n = 8–10
tumors) calculated at d 25 versus d 0 are indicated with the corresponding tumor growth
inhibition (TGI) value and statistical P value (Mann-Whitney test).

No recurrence. 
Death from hepato-
cellular carcinoma.

No recurrence. 
Death from cholan -
giocarcinoma.

Lung metastasis
and lateroaortic
adenopathy 2 years
after surgery.

Still alive 6 years
after surgery 

Disease progression
after 10 months.

Death related to
cancer 2 years
after surgery.

Disease progression
after 4 months.

Death related to
cancer 2 years
after surgery.



deciphering novel cellular and molecular
mechanisms that could be responsible for
the in vivo antitumor effects of irinotecan.

Transcriptional Profile of the Human
Tumor Component in Irinotecan-
Treated Xenografts

For each of the seven xenografts, three
samples were selected for transcriptome
analysis using Affymetrix Human Ge-
nome U133 Plus 2.0 GeneChip arrays. As
illustrated in Figure 1, the three samples
correspond to control samples (C) from
xenografts of untreated animals, treated
samples (T) corresponding to xenografts
from mice treated with 40 mg/kg q5dx5
irinotecan and regrowth samples (R) cor-
responding to xenografts that have
started to grow again after the end of the
treatment period and that were collected
when the relative tumor volumes were
comparable with the tumor volumes of
the C samples. The R control was in-
cluded to allow us to identify potential
drug-modulated genes that were not asso-
ciated with the tumor-growth inhibitory
activity.

Xenografted human tumors contain an
important stromal component of murine

cells. To specifically identify the molecu-
lar signature elicited by irinotecan treat-
ment in the human cancer cells, raw data
from Affymetrix expression results were
analyzed using a species-selective ap-
proach that removes measurements from
oligonucleotides that may cross- hybridize
with both human and mouse transcripts
(11). After filtering probe sets with mar-
ginal expression levels, the remaining
19,818 human probe sets were further an-
alyzed using unsupervised hierarchical
clustering on the basis of Euclidean dis-
tance and complete linkage. Cluster anal-
ysis revealed that C, T and R samples
from a given xenograft are more similar
to each other than the different C, T or
R samples are to each other (Figure 2A).
This shows that the tumor-specific com-
ponent is a major factor directing the out-
come of the cluster analysis. Accordingly,
all xenografts derived from the same pa-
tient clustered together in a separate arm.
A second finding was that T samples
were always separated from the corre-
sponding C and R samples, indicating
that irinotecan treatment elicits a specific
signature that is readily discernible in
spite of the tumor heterogeneity.

To evaluate the transcriptional effects
that were specific to irinotecan, a two-fac-
tor model was applied to separate the im-
pact of irinotecan treatment from the
dominant tumor-specific influence on
gene expression. Evaluation of local false
discovery rate values defined a highly
stringent signature of 130 human probe
sets (list available upon request) with a
profile that was primarily influenced by
irinotecan treatment. Subsequent unsu-
pervised hierarchical clustering of the 130
probe sets (Euclidean distance and com-
plete linkage) showed that the profiles of
the irinotecan-treated xenografts can be
clearly separated from their correspon-
ding C and R counterparts (Figure 2B).
The transcriptome profiles of the T sam-
ples revealed most downregulated genes
(116 downregulated probe sets out of
130). Functional analysis of the identified
genes on the basis of gene ontology clas-
sification highlighted genes involved in
glucose metabolic processes, such as glu-
cose transporters or glycolytic enzymes
(data not shown). In contrast, the analysis
did not reveal any modulation of genes
classically associated with cell cycle ar-
rest, apoptosis or senescence.

Validation of Microarray Data by
Quantitative RT-PCR

To focus on the most prominent tran-
scriptional changes induced by the in
vivo irinotecan exposure, 37 probe sets,
with a mean fold-change of at least 2.0
between T and C samples (P < 0.05),
were selected, with 34 downregulated
and 3 upregulated probe sets that corre-
sponded to 27 downregulated and 3 up-
regulated genes (Table 3). Five of the
genes were poorly documented in the lit-
erature and were therefore excluded
from further analysis. Real-time quantita-
tive RT-PCR (qRT-PCR) was used to vali-
date the remaining 24 downregulated
and 1 upregulated genes.

The expression levels of these 25 genes
were measured by qRT-PCR in the same
xenograft samples as those that were
originally used for the microarray experi-
ments and were normalized to two differ-
ent housekeeping genes (Table 3). A total
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Figure 1. Growth inhibition of human colon tumor xenografts by irinotecan. Subcutaneous
xenograft-bearing mice were treated with irinotecan intraperitoneally at 40 mg/kg q5dx5
on the days indicated by arrows. Tumor growth was evaluated by plotting the mean rela-
tive tumor volume ± SEM (n = 8–10) over time. Two representative examples of xenografts
that exhibited different levels of in vitro sensitivity to SN-38 (the active metabolite of
irinotecan) are shown (see Table 2). The control (C), treated (T) and regrowth (R) samples
used for transcriptome analysis are indicated in the corresponding curves. Four to five
mice, each bearing two individual tumor xenografts, were included in each group. Results
were confirmed in two independent experiments.



of 24 out of the 25 genes that had been
shown to be down- or upregulated by
irinotecan in the microarray experiments
were successfully confirmed by qRT-PCR
with a similar fold-change (P < 0.05). In
agreement with the array data, no signifi-
cant changes were observed between the
C and R samples (Table 3). Only the
downregulation of PTPN12 gene expres-
sion could not be confirmed by qRT-PCR.
For further control, a set of five genes, for
which the expression levels did not ex-
ceed 2.0-fold in the microarray experi-
ment, were included as negative controls.
Their expression levels, as measured by
qRT-PCR, remained below the 2.0-fold
cutoff, with a P value that did not reach
the significance level (Table 3).

The In Vivo Signature of Irinotecan
Treatment Is Characterized by the
Downregulation of HIF1A Target Gene
Expression

A total of 18 of the 23 genes that were
significantly downregulated by irinote-
can represented HIF1A- or hypoxia-
 induced target genes (23–25). These
genes include VEGFA, SLC2A1, SLC2A3,
SLC6A8, PFKFB3, PFKP, ALDOC, PGK1,
ENO2, ADM, ANKRD37, BHLHB2,
BNIP3L, DDIT4, ERO1L, NDRG1, P4HA1
and PLOD2 (Table 3). The relevance of
this signature was evaluated in an inde-
pendent xenograft (xenograft 40) that
was quite insensitive to irinotecan, with
only 19% tumor growth inhibition on
d 25 of treatment. This tumor model is
derived from a right-sided human stage
IV colon tumor (pT4N1M1 with liver
metastasis) that was surgically removed
from a patient first treated with FOLFOX
and then with the FOLFIRI regimen and
who subsequently developed new liver
metastatic lesions during FOLFIRI treat-
ment. Irinotecan had only a marginal ef-
fect on the tumor xenografted in mice,
which is consistent with the absence of
clinical response observed in the patient.
When comparing T and C samples for
this insensitive tumor, no obvious down-
regulation of the 23 genes associated with
tumor growth inhibition in irinotecan-
sensitive tumors had occurred (data not
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Figure 2. Human gene expression profiles of irinotecan-treated colon tumor xenografts.
The results of unsupervised hierarchical clustering of 19,818 human probe sets showing sig-
nificant expression in xenograft samples are summarized in a dendogram in panel A.
Numbers in red above the clusters in the tree indicate the percentage of times these
clusters were observed in 3,999 iterations during bootstrap analysis. Panel B shows the re-
sults of unsupervised hierarchical clustering of 130 human probe sets, for which variation
of expression was more specifically influenced by irinotecan than intertumor variability.
Numbers in red above the clusters in the tree indicate the percentage of times these
clusters were observed in 3,999 iterations during bootstrap analysis. Red indicates high rel-
ative expression; green indicates low relative expression. 
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shown). These results strongly suggest
that downregulation of HIF1A target
genes are specifically associated with the
in vivo response of irinotecan-sensitive
human tumor xenografts.

Irinotecan Inhibits HIF1A Protein
Accumulation and Angiogenesis in
Human Colon Tumor Xenografts

To characterize the molecular mecha-
nisms underlying the irinotecan-induced
downregulation of HIF1A target genes,
the expression of HIF1A mRNA was eval-
uated. Microarray and qRT-PCR analyses
revealed that RNA transcript levels for
HIF1A did not change in response to
irinotecan (Table 3). In contrast, a com-
plete inhibition of human HIF1A protein
accumulation was observed, which was
partially reversed in R samples after
treatment arrest (Figure 3A).  Interestingly,
the inhibition of HIF1A protein accumu-
lation occurred independently of signifi-
cant changes in intratumoral hypoxia
(Figure 3B). In addition, tumor sections
from T samples showed a decrease in the
number of tumor cells, as evaluated by
H&E staining, and an increase in extra-
cellular matrix deposition, as evaluated
by trichrome staining, in comparison
with C samples (Figure 3C). These alter-
ations were completely reversed in R
samples. Within clusters of tumor cells,
the number of proliferating cells, as de-
tected by Ki-67 staining, is identical in C
(93% of positive cells), T (90% of positive
cells) and R (94% of positive cells) tumors
(Figures 3C,D). After irinotecan treat-
ment, all tumors showed a dramatic dis-
organization of their vascular network
and exhibited only isolated CD31-
 positive endothelial cells (Figure 3C). Al-
together, these  observations indicate that
irinotecan inhibits HIF1A protein accu-
mulation and angiogenesis in human
colon cancer xenografts in vivo.

DISCUSSION
We used human tumor xenografts to

identify a molecular signature for tumor
growth inhibition by irinotecan, a topoi-
somerase I inhibitor, which principally
relies on the inhibition of HIF1A protein
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Figure 3. Irinotecan inhibits HIF1A protein accumulation and angiogenesis in colon tumor
xenografts. Western blot analysis of HIF1A protein accumulation in human colon tumor
xenografts is shown in panel A. Tumors from mice treated with irinotecan (T) show a com-
plete inhibition of HIF1A protein accumulation compared with control tumors from un-
treated mice (C). The inhibition of HIF1A protein accumulation is reversed in xenografts that
have started to grow again (R) after the end of the treatment period. Results were con-
firmed in two independent experiments. Panel B shows the detection of intratumor hypoxia
in human colon tumor xenografts of mice treated with irinotecan. Mice were injected in-
traperitoneally with 100 mg/kg pimonidazole 1 h before euthanasia. Pimonidazole
adducts in hypoxic areas of the tumors were identified using hypoxyprobe monoclonal
 antibodies on paraffin-embedded sections. Bars represent 250 μm. Results were confirmed
in two independent experiments. Panel C shows histological examinations of human colon
tumor xenografts in mice treated with irinotecan. H&E and trichrome staining show a de-
crease in tumor cellularity and an increase in extracellular matrix deposition, respectively, in
tumors from irinotecan-treated mice (bars represent 2.5 mm). Cellular proliferation was eval-
uated with Ki-67 labeling within clusters of tumor cells (bars represent 500 μm). CD31 stain-
ing shows well-formed vessels (arrows) in the control tumors of untreated mice, whereas the
vascular network is completely disorganized in the tumors of irinotecan-treated mice. This
effect is reversed in tumors that have started to grow again after the end of the treatment
period (bars represent 1 mm). Results were confirmed in two independent experiments.
Panel D shows the quantification of the impact of irinotecan treatment on cell proliferation
as assessed by Ki-67 staining. The mean values for the average percentage of Ki-67–positive
cells were calculated along with SEM. No significant difference was observed in tumor cells
from control (C), irinotecan-treated (T) and regrowth (R) samples.



accumulation accompanied by transcrip-
tional downregulation of HIF1A target
genes.

HIF1A is a key transcriptional activa-
tor of genes needed for crucial aspects of
cancer biology, including angiogenesis,
glycolytic metabolism, cell survival and
invasion (24–28). In nondiseased tissue,
HIF1A is generally expressed at very low
levels. However, in cancer tissue, and
colon cancers in particular, HIF1A is fre-
quently upregulated (29–31; GeneAtlas
and NCI-60 transcription profiles,
http://biogps.gnf.org), in agreement
with the results for our untreated control
xenografts. Several of the HIF1A target
genes, which became downregulated
after irinotecan treatment, are crucial for
overcoming the hypoxic status of tumors
and may thereby interfere with the ca-
pacity of tumor cells to adapt to a hy-
poxic environment. In particular, irinote-
can reduced the expression of several
genes encoding glucose transporters
(SLC2A1, SLC2A3) as well as glycolytic
enzymes (PFKFB3, PFKP, ALDOC, PGK1,
ENO2). Reduced expression of these
genes may result in decreased ATP pro-
duction by the glycolytic pathway, which
is needed for tumor growth during hy-
poxia (32,33). This in vivo signature is in
agreement with our previous observa-
tions showing that downregulation of
HIF1A by siRNA in colon cancer cells in-
duces antiproliferative effects in hypoxia
conditions, validating HIF1A as a func-
tionally important target (21).

A notable feature of irinotecan-treated
xenografts was the inhibition of tumor
angiogenesis that correlated well with
the observed tumor size stabilization, in-
dicating that in vivo irinotecan had a cy-
tostatic rather than cytotoxic effect. This
activity may result from the downregu-
lation of genes encoding VEGFA and
ADM, both of which are potent angio-
genic factors, and of ERO1L, an endo-
plasmic reticulum oxidoreductase that
activates VEGF secretion under hypoxic
conditions (34,35). Irinotecan treatment
was also accompanied by intense reac-
tive fibrosis within the tumor microenvi-
ronment. Mouse tissue-specific analysis

of the same initial RNA samples re-
vealed a broad profile of differential
gene expression, although the induction
of some mouse extracellular matrix com-
ponents such as lumican or laminin α2
and the downregulation of angiogenesis-
related genes such as endothelial
cell–specific molecule 1 or placental
growth factor were still evident (data
not shown). The expression of the mouse
hif1a gene was not modulated by irinote-
can. Altered expression of genes linked
to protein kinases was also observed,
suggesting that their involvement in the
regulation of the stromal compartment
during irinotecan treatment might impli-
cate protein networks.

Whereas irinotecan downregulated a
large number of genes in the human
tumor cells in vivo, only a few genes
were upregulated. The only upregulated
human gene that could be robustly con-
firmed by qRT-PCR was poly (ADP-
 ribose) polymerase family, member 12
(PARP12), a member of the PARP super-
family belonging to the subgroup of
CCCH-type zinc-finger PARPs (36). Like
other recently discovered PARP proteins,
the structure of PARP12 is characterized
by a PARP catalytic domain that lacks
the critical glutamic acid residue impor-
tant for poly-ADP-ribosylation. This re-
sult suggests that this enzyme, of yet un-
known function, may act as a
mono-ADP-ribosyltransferase, although
the physiological role of this modifica-
tion remains to be elucidated (37).

Importantly, our in vivo study did not
identify genes associated with cell cycle
regulation or apoptosis, in clear contrast
to previous cDNA microarray studies
that were performed on colon or other
cancer cell lines in vitro under normoxic
conditions (38–43). The discrepancies in
expression profiles underline the impor-
tant influence of the microenvironment
and/or pharmacological parameters on
the in vivo tumor response. This result
supports the view that definitively in
vivo mechanisms have to be analyzed to
address the whole complexity of differ-
ent pathways involved in response to
chemotherapeutic agents.

In agreement with previous data sug-
gesting that irinotecan and other topoiso-
merase inhibitors may inhibit angiogene-
sis (44–51), our findings obtained in
patient-derived colon tumors illustrate
the mechanistic basis for this activity,
which is linked to decreased accumula-
tion of HIF1A protein. These results are
consistent with the downregulation of
the HIF1A protein induced by the poly-
ethylene glycol (PEG) conjugate of SN-38
in neuroblastoma and glioblastoma
xenograft tumors (50,51). Also interest-
ingly, a systematic in vitro screen of 2,000
chemically diverse compounds for spe-
cific inhibitors of the transcriptional ac-
tivity of HIF1A under hypoxic conditions
in a glioblastoma cell line tumor model
identified four compounds, among
which three were topoisomerase I in-
hibitors (52,53). Therefore, the link be-
tween HIF1A and topoisomerase I in-
hibitors has now been identified both in
vitro and in vivo and by several different
approaches. The molecular mechanisms
that link TOP1 inhibition to the attenua-
tion of HIF1A protein levels remain to be
identified, but are not on the basis of
transcriptional downregulation of the
HIF1A gene. Similar observations disso-
ciating the inhibition of HIF1A protein
accumulation from mRNA modulation
have been recently published for PEGy-
lated SN-38 and irinotecan in glioblas-
toma xenografts (51). These results are
also consistent with those reported for
topotecan, another topoisomerase I in-
hibitor that did not affect HIF1A mRNA
accumulation or protein half-life, but
rather acted on the translational level
(54). In addition, we have recently shown
that inhibition of HIF1A protein accumu-
lation by irinotecan does not rely on inhi-
bition of the mammalian target of ra-
pamycin (mTOR) pathway (21).

CONCLUSION
In conclusion, this study reveals the

activity of a cytotoxic antitumor drug on
tumor angiogenesis and highlights its
mechanistic basis. Use of transcriptome-
based masks for separate analysis of the
tumor and the stromal component of
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xenograft models opens the way for in-
novative mechanistic studies of the in
vivo activity of anticancer agents. Such
studies are crucial for the development
of more rational drug combinations, as
exemplified by our recent work demon-
strating a cooperative inhibition of the
mTOR/HIF1A axis by the combined use
of irinotecan and rapamycine, a novel as-
sociation that was designed on the basis
of the results of the present study (21).
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