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1. Comparison of genetically engineered mouse models (GEMM) and 
xenograft models as in vivo tools to investigate clinically relevant 
resistance mechanisms

In this thesis, resistance to topoisomerase inhibitors was investigated by 
treating tumor-bearing animals with the maximum tolerable dose of drugs. Drug 
intervention was performed in a transplantation setting, in which syngeneic and 
fully immunocompetent mice carried orthotopically grafted mammary tumors, 
derived from the conditional K14cre;Brca1F/F;p53F/F model of BRCA1-deficient breast 
cancer. This approach to model clinical chemoresistance development has several 
advantages compared with classical xenograft models of human cancer cell lines. To 
avoid immunological rejection in the latter models, the xenografted host mice need 
to be immunocompromised, eliminating the role of the immune system in tumor 
development and drug response. In addition, the tumors that develop from these cell 
lines poorly reflect the histomorphology of their human counterparts and are grafted 
into the subcutaneous interscapular fatpad or under the renal capsule, lacking the 
orthotopical tumor microenvironment of the mammary gland. Importantly, these 
xenografts are often hypersensitive to a wide range of drugs without resistance 
development and therefore represent a poor surrogate model for the clinic.
 The NCI-60 panel of the National Cancer Institute has been most extensively 
characterised at the molecular level and widely used to study chemoresistance in vitro. 
This panel consists of 60 cancer cell lines derived from nine different tumor types to 
capture the (epi)genetic heterogeneity of these cancers. Nevertheless, array-based 
gene expression analysis has recently shown that these cell lines rather resemble 
each other than the tumors they are supposed to model, regardless of the culture 
method or tumor type from which they were originally derived. This evidence shows 
that cell culture has selected for tumor cells with improved proliferation capabilities 
under artificial in vitro conditions and that this leads to the loss of some crucial 
characteristics of the original tumor (1). Although these cell lines may have been 
instructive in the past to learn how cancer cells adapt to drug exposure, resistant 
clones were often selected under artificially high drug concentrations that do not take 
in vivo pharmacokinetics into account. To address these shortcomings to some extent, 
patient-derived tumor xenograft (PDTX) models have been developed, in which 
surgically-derived tumor pieces from patients are directly engrafted and propagated 
in various types of immunocompromised mice without prior in vitro culture (2). 
The major improvement of this approach is that the outgrowing tumors not only 
recapitulate better the tumor cell-intrinsic aspects of the original, but also develop 
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stromal components that model the patient tumor microenvironment. However, the 
tumor take rates of such models can vary considerably, taking up to several months, 
and largely depend on the tumor type and the extent of immunodeficiency of the 
mouse strains used. Breast cancers appear in particular difficult to establish in these 
mice. Marangoni and colleagues, for instance, reported that only 22 out of the 200 
engrafted breast adenocarcinomas could be maintained up to the third passage, and 
xenografts took 2 to 8 months after transplantation to appear at the grafted site (3). 
The engraftment rate was clearly biased towards high tumor malignancy as tissue 
from metastatic sites had a 24% tumor take versus 15% for primary tumors, for 
grade 3 tumors 30% and grade 1 tumors only 3%. Once established in the mouse, 
these PDTX tumors need to be passaged in vivo to maintain the model, and they 
usually cannot be frozen without losing their transplantability. This propagation is 
accompanied by some phenotypic and genetic drift over successive generations as 
tumor cells further adapt to the murine environment and increasingly depart from 
the original (2). Another important shortcoming of PDTX tumors is that they are not 
as easily amenable to genetic modification as the GEM models.
 To meet these limitations of classical and patient-derived xenograft models, 
increased efforts have been made over recent years to develop more sophisticated 
GEM models, which better predict clinical therapy responses (4-8). The predictive 
ability of these models has recently been confirmed for KRAS-mutant lung (NSCLC) 
and pancreas (PDAC) cancers, for instance (9). Strikingly, the overall and progression 
free survival outcomes in preclinical GEM models reflected very closely the results of 
previous clinical trials. Whereas adding the EGFR inhibitor erlotinib to gemcitabine 
was beneficial in the mutant Kras-driven PDAC GEMM, this was not the case for 
the erlotinib carboplatin combination in the NSCLC GEMM, underscoring the 
importance of genetic context in therapy response. Likewise, Chen and colleagues 
showed that adding the MEK inhibitor selumetinib significantly improved docetaxel 
efficacy in a mutant Kras-driven NSCLC model with concomitant p53 loss, but not 
with concomitant Lkb1 loss (10). These findings demonstrate the usefulness of GEM 
models in helping to stratify patient enrolment in a simultaneous clinical trial.
 Our GEM transplantation model for BRCA1-deficient breast cancer reflects many 
histomorphological and molecular characteristics of the human counterpart disease. 
Despite having the same Brca1 and p53 driver mutations at the start, these mouse 
tumors diverge genetically during tumor progression, as gene expression profiles 
show (11, 12). The genomic instability caused by Brca1 deletion in these tumors 
results in a mutator phenotype, which enables stochastic acquisition of additional 
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somatic mutations during progression. Comparison of array comparative genomic 
hybridization profiles of human BRCA1- and BRCA2-deficient breast cancers and 
murine mammary tumors containing conditionally deleted alleles of these genes 
demonstrated that principal copy number aberrations, like the MYC-associated gain 
and RB/INTS6-associated loss, in the GEM models mirror those of the human tumors 
(13). Interestingly, cross-species comparison identified another 10 overlapping 
BRCA1-specific gains and 16 losses, whereas only 4 overlapping BRCA2-specific 
losses were found. There were also a few differences, like the absence in the mouse 
of the human 3q chromosomal gain, which is associated with PIK3CA overexpression. 
Like the activation of Wnt, commonly found in the mouse but absent in human breast 
cancers, there are some species-specific oncogenomic differences. Nevertheless, 
the unique genomic context of each individual tumor determines which resistance 
mechanisms in response to drug intervention are selected out. In contrast to 
classical xenograft models, tumors are not easily eradicated in our model, despite 
being treated with the maximum tolerable dose and hypersensitive towards DSB-
inducing agents.
 There are also some limitations of our model that need consideration. The large 
exon 5 to 13 Brca1 deletion, for instance, is irreversible and cannot model resistance 
development through genetic reversion (14-16). Drost and colleagues, however, did 
not find any evidence for this resistance mechanism when the common pathogenic 
BRCA1-C61G missense mutation was introduced into the model (17). Interestingly, 
mammary tumors with this engineered BRCA1 RING domain mutation, which 
reduces BRCA1/BARD1 heterodimerization and abrogates ubiquitin ligase activity, 
showed a poor response to platinum drugs and PARP inhibition. In contrast 
to the BRCA1-deficient model, which never acquires platinum resistance, the 
BRCA1-C61G model rapidly acquired resistance to both platinum drugs and PARP 
inhibition. The hypomorphic activity of BRCA1-C61G, as evidenced by increased 
RAD51 and reduced γH2AX foci formation, may have reduced the likelihood of 
evolving secondary mutations that (partially) restore BRCA1 function. The benefit 
of complete and irreversible Brca1 deletion in our transplantation model is that it 
allows for unambiguous investigation of alternative resistance mechanisms that are 
independent of BRCA1.
 Compared with the human BRCA1-deficient breast cancers (18), the number of 
somatic structural rearrangements in the genome of murine mammary tumors is 
generally less (19) and may limit to some extent the genetic variety on which drug 
selection can draw upon during resistance development. This species difference 
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can be explained by the fact that probably less additional (epi)genetic events are 
required for tumors to progress in the mouse as already two main driver mutations 
are engineered into the GEM model. In addition, these tumors have far less time to 
evolve compared to their human counterparts due to the shorter life span of mice and 
in contrast to the latter do not have to overcome replicative senescence because of 
short telomeres to immortalize. The advantage of the reduced mutational spectrum 
in the mouse tumors is that it simplifies identification of key driver mutations 
for tumor progression and resistance development. Cross-species oncogenomic 
comparisons can be informative to distinguish between the driver and probably 
much more prevalent passenger mutations in human tumors (13, 20, 21). There 
can be species differences in the preferred drug metabolism and excretion routes 
when extrapolating from mouse to human (22) that may influence tumor exposure 
to drugs and as a consequence resistance development.
 In summary, no model is perfect and any surrogate animal model an investigator 
chooses in his hypothesis-driven research should be sufficiently accurate to answer 
the scientific questions at hand. The work presented in this thesis supports the great 
potential that GEMMs have to increase our molecular understanding of therapy 
response and chemoresistance development. This knowledge may help to optimize 
clinical trial design to limit the costs involved in late-stage drug attrition (23).

2. Resistance to topoisomerase inhibitors through ABC transporters

In our mouse model we found that moderate overexpression of the efflux 
transporters ABCG2 and P-gp is highly effective against topotecan and doxorubicin, 
respectively. Increased drug sensitivity following tumor-specific transporter ablation 
or combination therapy with specific inhibitors supports this result. The clinical 
relevance of ABC transporters in drug resistance, however, remains controversial 
(24-26). This may point out an important species difference and could be the result 
of a difference in how these transporters are upregulated. In human tumor cells 
complex gene re-arrangements or transcription from an alternative promoter have 
been shown to drive P-gp expression, for instance (27, 28). In our mouse model 
we have excluded these mechanisms for both transporters ((29) and unpublished 
results). Other mechanisms like gene amplification, promoter demethylation or 
alteration of the mRNA 3’-UTR (30-32) were also excluded for ABCG2 (unpublished 
results) and we therefore still do not know the responsible mechanism(s).
 We did not identify other transporters previously implicated in resistance to 
topotecan (ABCC2 or ABCC4) or doxorubicin (ABCG2, ABCC1 or ABCC2) (33). Rather, 
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we identified downregulation of the drug targets TOP1 (topotecan) and TOP2 
(doxorubicin) in tumors, lacking ABCG2 or P-gp. These results demonstrate the 
importance of validating the in vivo relevance of cell culture resistance mechanisms. 
It may be that lower transport efficiency of alternative ABC transporters implies 
that unphysiologically high and difficult-to-achieve expression levels are required 
to cause resistance, while drug target downregulation is more readily attainable 
and much more effective. Whether this hypothesis is true, however, remains to be 
investigated.

3. Resistance to topoisomerase inhibitors through drug target-related 
mechanisms

In contrast to the topotecan-resistant ABCG2 null tumors, resistance in the P-gp 
null tumors did not develop unless the doxorubicin dose was halved, indicating how 
important basal P-gp expression is in the defence against this drug. Interestingly, in the 
ABCG2 null tumors that acquired topotecan resistance we could only identify TOP1 
downregulation at the protein level, whereas in the P-gp null tumors both message 
and protein levels of TOP2α were decreased in the doxorubicin resistant tumors. The 
requirement of dose lowering to allow doxorubicin resistance to occur in the P-gp 
null tumors suggests that downregulation of TOP2α may not be easily induced. Which 
mechanism is responsible for TOP2α downregulation in these tumors, remains to be 
determined. There are several methods available to investigate whether promoter 
hypermethylation in the resistant tumors (34, 35) could be the reason for durable 
downregulation at both the mRNA and protein levels. A preliminary miRNA profiling 
experiment identified no differentially expressed miRNAs between control and 
resistant tumors that may inhibit TOP1 mRNA translation in the topotecan-resistant 
ABCG2 null tumors (unpublished results). Perhaps, more sensitive and specific RNA 
sequencing may still reveal relevant differences in miRNA expression that we were 
unable to identify using these microarrays. Alternatively, TOP1 degradation is known 
to be ubiquitin-dependent and accelerated proteasomal degradation of TOP1 in 
response to inhibition may help resistant tumors to reduce TOP1cc-associated DSB 
and subsequently become resistant. Treating the topotecan-resistant ABCG2 null 
tumors with a proteasome inhibitor like bortezomib in combination with topotecan 
may be useful to show whether this mechanism could be involved in these tumors.
 Sumoylation is another posttranslational modification that has been reported 
to influence the sensitivity to topoisomerase inhibitors. Sumoylation of both 
TOP1 and TOP2α has been implicated in rerouting of these enzymes to nucleoli 
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and this mechanism may be involved in the maintenance of DNA topology during 
transcription of the ribosomal gene cluster (36-38). If nucleolar topoisomerase 
accumulation reduces the incidence of DSB in nucleoplasmic DNA, tumor cells may 
become less sensitive to topoisomerase inhibitors. Whether this mechanism is 
playing a role in our mouse tumors could be investigated by immunofluorescence, 
comparing sections of control and resistant tumors to search for differences in the 
subnuclear localization of TOP1 and TOP2α.
 The role of topoisomerase phosphorylation in acquired resistance has been 
relatively underexplored in vivo. Phosphorylation of both TOP1 and TOP2α (and 
TOP2β) has been shown in vitro to be critical for the DNA cleavage activity (39-
45). It follows that hypophosphorylation may lower the incidence of SSB and DSB, 
respectively, and therefore benefit tumor cells by lowering the amount of DNA 
damage caused by stabilized cleavable complexes. There are biochemical assays 
to study TOP1- and TOP2-specific activities in vitro, like relaxation of supercoiled 
plasmid DNA (TOP1) and decatenation of kinetoplast DNA (TOP2) (46). When using 
whole tumor lysates for this purpose, it will be critical to preserve these unstable 
modifications as much as possible. Preferably, nuclear extracts from tumor cells 
should be used without contamination from the stromal compartment. Thus far, 
preliminary experiments failed to show any reduced TOP1 activity in the topotecan-
resistant ABCG2 null tumors that lack a reduced TOP1 protein content. However, 
further optimization of experimental conditions may be needed to reveal the small 
differences that could be sufficient to cause resistance in vivo.

4. Alternative mechanisms to overcome cell killing by topoisomerase 
inhibitors

4.1. Drug resistance

Tumors may also become resistant to TOP1 and TOP2 inhibitors by alterations 
in their DNA damage response. We found that partial restoration of homologous 
recombination (HR) by 53BP1 loss (47, 48) explained topotecan resistance in a 
small fraction of the ABCG2 null tumors. However, loss of 53BP1 was not observed in 
our panel of doxorubicin resistant tumors. Loss of 53BP1 may not be the only route 
to HR restoration and we are currently investigating what other genes are involved 
in this process. A strong indication for this possibility would come from restoration 
of RAD51 foci formation, as this recombinase is essential for strand invasion and 
the search for sequence homology during HR. Experiments are currently ongoing to 
investigate this.
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 To identify novel genes that may be involved in drug resistance, we performed 
unbiased gene expression profiling of resistant and matched untreated control 
tumors. The significance analysis of microarrays (SAM) can be used as a statistical 
method to ask which genes are differentially expressed when resistant and control 
samples are compared as two distinct groups (49). This approach assumes that the 
differentially expressed genes are correlated with drug response in all or most of the 
resistant tumors. However, the detection of imbalanced differential signal (DIDS) 
analysis was recently developed to identify candidate resistance genes that are 
differentially expressed in only a small subset of the resistant tumors (de Ronde et 

al., submitted for publication). Both approaches yield lists of significantly up- and 
downregulated genes and gene set enrichment or ingenuity pathway analyses on 
such gene lists can be helpful to study whether these genes can be related to gene 
networks underlying resistance. We frequently identified immune response-related 
networks, using these approaches, and this is not unexpected if total RNA samples 
are extracted from whole tumors, which may accumulate immune cells in response to 
drug-induced cell killing. Nevertheless, we also found known resistance-associated 
genes like the ABC transporters Abcg2 and Abcb1a/b or the doxorubicin target 
Top2α to be differentially expressed in the resistant tumors, which validated that 
this approach can pick up non-immune system-related genes involved in resistance. 
Among these candidate resistance genes, poly(ADP-ribose) polymerase 3 (PARP3) 
and the ABC transporter ABCC3 caught our attention in particular and we discuss 
these two examples here in more detail.
 Several topotecan-resistant Abcg2-/- tumors (with and without TOP1 
downregulation) showed significantly elevated Parp3 transcript levels on 
the microarrays and by qRT-PCR (unpublished results). Comparing PARP3 
immunoreactivity of resistant and matched control tumor sections revealed that 
PARP3 expression was tumor cell-specific and also increased at the protein level. 
Two recent publications (50, 51) implied PARP3 in the cellular response to DSB. 
Hence, tumor cells may benefit from elevated PARP3 expression through increased 
repair of topotecan-induced DNA damage. To test this hypothesis, we derived two 
independent cell lines from mouse Brca1-/-;p53-/- mammary tumors and introduced 
Parp3 cDNA with the doxycycline-inducible pINDUCER lentivector (52). We are 
currently performing clonogenic assays with these cell lines to test the potential 
involvement of PARP3 in topotecan resistance. If these experiments show a 
convincing effect of PARP3 in vitro, the next step would be to inject these tumor cells 
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in fat pads of syngeneic animals to investigate PARP3-mediated topotecan resistance 
in real mammary tumors in vivo.

4.2. Drug tolerance

Interestingly, we observed a considerable increase in the senescence markers SA-
βgal and p19ARF in response to topotecan therapy of Brca1-/-;p53-/- tumors, whereas 
apoptosis-related cleaved caspase 3 and TUNEL immunoreactivity showed only a 
slight change in comparison to untreated control tumors. Also when these tumors 
were treated with olaparib or docetaxel, there was only a modest increase in these 
apoptosis markers (53, 54). In contrast to the Eμ-Myc lymphoma model, which is 
rather apoptosis-prone, it seems therefore unlikely that our mouse tumors can 
acquire resistance due to blockage of apoptosis (55). Stress and aberrant signal-
induced senescence (STASIS) is a tumor cell response that can be initiated by DNA 
damaging chemotherapy (56, 57), independent of the short telomeres responsible 
for replicative senescence. STASIS is induced by increased p21 expression and 
maintained by sustained p16 expression. Nevertheless, the rapid tumor shrinkages 
we observe in our mouse model are not easily reconciled with chemotherapy-induced 
senescence as the main response mode. Senescent cells irreversibly arrest their cell 
cycle even in the presence of growth factors and remain metabolically active, but 
do not die. It may therefore be that alternative cell death responses like mitotic 
catastrophe or necrosis contribute more to tumor shrinkage (58). If chemotherapy 
is supposed to eradicate tumors, STASIS may not be optimal as a drug response and 
clearance of killed tumor cells might be enhanced by inducing alternative cell death 
responses. One strategy to achieve this in p53-deficient tumor cells, which already 
have a defect in the G1/S checkpoint, is to abrogate the remaining DNA-damage-
responsive G2/M checkpoint (59, 60). Combining topotecan with the Chk1 and 
2 inhibitor UCN-01 or the Wee1 inhibitor MK-1775 would then drive tumor cells 
into mitotic catastrophe, as any opportunities to arrest and repair damaged DNA 
have been blocked. Experiments testing this hypothesis in vitro with mouse tumor-
derived cell lines failed to show synergistic effects of this combination (unpublished 
results). Recently, new evidence has emerged that in heterogeneic tumor cell cultures 
certain subpopulations of cells can be identified with a reversible and epigenetically 
programmed drug-tolerant state (61, 62). These cells avoid killing simply by lying 
low in a G0-like state and this mechanism may allow tumors to become tolerant to 
a broad range of anticancer agents, as most of these drugs are dependent on rapid 
replication for their cytotoxic effects. There are numerous ways in which some cells 
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may be able to acquire this state, though, and the challenge will be to identify which 
pathways are generally responsible, what the clinical relevance of this mechanism is 
and how to attack it with novel therapies. We are currently investigating what role 
this mechanism may play in our mouse model.
 We found that several of the 50% doxorubicin dose-resistant Abcb1a/b-/- tumors 
(with and without TOP2α downregulation) had elevated Abcc3 transcripts on the 
microarrays and by RT-MLPA (unpublished results). Moreover, full dose-treated 
doxorubicin remnants were also enriched in ABCC3-positive tumor cells. ABCC3 
is an efficient transporter of glucuronidated substrates (63) and can cause modest 
levels of resistance to anti-cancer agents, like etoposide and methotrexate, but not 
to doxorubicin (64, 65). ABCC3-expressing remnant cells are therefore not protected 
by doxorubicin efflux. Recently, Henderson et al. (66) showed that MYCN-amplified 
BE(2)-C neuroblastoma cells with elevated ABCC3 expression have impaired 
invasive and colony forming capabilities in wound closure assays compared with 
cells that lack ABCC3. ABCC3 may therefore be a marker of more differentiated 
cells like the ABCC3-positive epithelial cells in mammary gland ducts. If these cells 
replicate slower than their more malignant counterparts, they may avoid killing by 
doxorubicin-induced DNA damage. It will be interesting to further investigate what 
role these ABCC3-positive cells may play in drug resistance of our mouse model.

5. Phytoestrogens and chemoprevention of breast cancer

While introducing Abcg2 and Abcb1a/b null alleles into the mouse model, we 
observed that the Abcg2 null model, but not the Abcb1a/b null model, showed 
a significant reduction in latency of spontaneous tumor development. Since the 
proclaimed health promoting effects of phytoestrogens to post-menopausal 
women are controversial (67-69), we investigated as a side project whether in 
our genetically well-defined mammary tumor model these compounds may affect 
tumor latency when supplemented at considerable levels in the diet. We found a 
modest, but significant delay of skin tumor development of the ovariectomized 
K14cre;Brca1F/F;p53F/F animals supplemented with resveratrol and genistein. While 
ovariectomy resulted in almost complete loss of mammary tumor development, 
as was found by van de Ven et al. (submitted for publication), we found that the 
weak estrogen-mimicking effects of these compounds were insufficient to restore 
mammary tumor development. In contrast, when van de Ven et al. (submitted for 
publication) implanted subcutaneous estradiol-17β-slow-release pellets, mammary 
tumor development was restored in this model, confirming estrogen-dependency of 
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mammary tumor development despite the absence of hormone and HER2 receptors. 
How estradiol-17β promotes tumor development in our model and BRCA1-deficient 
breast cancers is not yet clear, although several hypotheses have been proposed. It 
has been suggested that BRCA1-associated cancers arise from luminal progenitor 
cells which are still ER-positive (70). Another hypothesis is that paracrine RANKL 
signaling through ER-positive luminal mammary cells drives mammary stem 
cell expansion, which gives rise to tumors if additional genetic alterations during 
progression are acquired (71). Similarly, paracrine signaling through stromal cells 
has been shown to be critical during normal mammary gland development (72) and 
proposed as a mechanism for tissue-specificity of tumor development in BRCA1 
patients (73). While BRCA1-deficient cells usually undergo apoptosis, survival in the 
mammary gland may be promoted through supportive signals from an estrogen-
responsive stroma (74).
 We conclude that even at relatively high doses, these compounds are rather 
poor modulators of mammary tumor development in our mouse model. Which 
mechanism is responsible for the reduced tumor latency of the Abcg2 null model 
remains to be determined.

6. Conclusions

The results presented in this thesis show that genetically engineered mouse models 
are useful tools to study drug resistance, yielding insights that may be relevant 
to the clinic. If required, new modifications can be introduced into these models, 
investigating focussed questions like the role of genetic reversion in drug resistance 
(17). Novel chimeric mouse models, based on recombinase-mediated cassette 
exchange-compatible GEMM-ESC lines (75), will considerably reduce the time and 
costs involved in investigating drug sensitivity-modulating candidate genes directly 
in vivo. The interplay between drug discovery, testing of novel therapeutic strategies 
and the clinical relevance of such scientific questions should always remain at the 
centre of these mouse modelling efforts to further our understanding of cancer 
biology and optimize chemotherapy efficacy in the clinic.
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