
Abstract. Aim: To assess the efficacy of multiple treatment of
phosphatidylinositol-3-kinase (PI3K) inhibitor on autochthonous
tumours in phosphatase and tensin homologue (Pten)-deficient
genetically engineered mouse cancer models using a
longitudinal magnetic resonance imaging (MRI) protocol.
Materials and Methods: Using 3D MRI, B-cell follicular
lymphoma growth was quantified in a Pten+/–Lkb1+/hypo mouse
line, before, during and after repeated treatments with a PI3K
inhibitor GDC-0941 (75 mg/kg). Results: Mean pre-treatment
linear tumour growth rate was 16.5±12.8 mm3/week. Repeated
28-day GDC-0941 administration, with 21 days ‘off-treatment’,
induced average tumour regression of 41±7%. Upon cessation
of the second treatment (which was not permanently cytocidal),
tumours re-grew with an average linear growth rate of 40.1±15.5
mm3/week. There was no evidence of chemoresistance.
Conclusion: This protocol can accommodate complex dosing
schedules, as well as combine different cancer therapies. It
reduces biological variability problems and resulted in a 10-fold
reduction in mouse numbers compared with terminal assessment
methods.  It is ideal for preclinical efficacy studies and for
phenotyping molecularly characterized mouse models when
investigating gene function.

The genomic era has produced impressive advances regarding
our understanding of the genetic factors that contribute to cancer.
It has lead to the identification of oncogenes and tumour
suppressor genes, and the characterization of the signalling

pathways that become ablated or hyperactivated in cancer cells.
In turn, this has allowed the development of molecularly targeted
anticancer agents that inhibit these aberrant signalling pathways,
with the most successful drug being Gleevec® (Novartis, Basel,
Swiss). However in the clinic, single molecularly targeted
anticancer drug responses have generally been transitory, being
followed by relapses (1). Increasingly, the concept of ‘one target,
one disease’ is being challenged (2). There is growing interest in
developing new paradigms for anticancer therapies (1-5), for
example those that target multiple signalling pathways.
Validating and testing the efficacy of these anticancer agents
requires molecularly relevant cancer models, which ideally
should mimic the genetic mutations that drive cancer growth, as
well as replicate the microenvironment of human cancer. In cell
cultures, many of the hallmarks of cancer as reviewed by
Hanahan and Weinberg (6) cannot be reproduced, such as
vasculature and tumour heterogeneity. Moreover, it is becoming
apparent that several critical tumorigenesis signalling pathways
cannot be observed in 2D cell cultures (7). Consequently, new
models, such as molecularly characterized mouse models (8-10)
are required for the preclinical testing of the next generation of
anticancer therapies.

Subcutaneously xenografted mice with transplanted human
cancer cells or tissue are the most common mouse cancer
model. Becher and Holland have discussed the limitations of
these models (11), which includes the fact that the mice are
immunocompromised and so the host’s immune system is
absent; often the cancer cells are immortalised, and tumours
are usually not in their anatomically correct location. The
remarkable developments in genetic engineering technology
have made it possible to precisely knock-out or overexpress
genes in a temporal and spatial manner (12, 13). Thus
genetically engineered mice (GEM) are promising alternative
cancer models. They are fully immunocompetent and produce
integrated orthotopic tumours, although frequently they do
not fully replicate human cancer pathology. Two of their main
disadvantages are practical. Firstly, it can take many months
before spontaneous tumours form. Secondly, unlike tumours
in subcutaneous xenograft mouse models where the size of
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tumours can rapidly be determined using callipers, preclinical
imaging such as ultrasound, X-ray computed tomography and
magnetic resonance imaging (MRI) are often the only way to
non-invasively measure tumour volume in these GEM cancer
models (14-17).

The aim of this study was to demonstrate the utility of a 3D
MRI protocol for quantitatively phenotyping the growth of
autochthonous tumours that form in GEM cancer models, and
evaluate its suitability for preclinical studies that involve multiple
drug treatment schedules. The mouse model used was a
heterozygous Pten+/–Lkb1+/hypo mouse line harbouring a single
phosphatase and tensin homologue (Pten) allele (18) and 60%
reduction in their levels of liver kinase B1 (Lkb1) (19). These
mice spontaneously develop large B-cell follicular lymphomas
within cervical lymph nodes after about four months. The
tumour suppressor gene PTEN, which encodes for a lipid
phosphatase antagonizing phosphoinositide-3-kinase (PI3K)
activity, is one of the most mutated genes in human cancer (20).
The PI3K/AKT pathway plays an important role in promoting
growth, survival and proliferation of cancer cells, and there is a
number of molecularly targeted anticancer agents currently used
in clinical trials that inhibit kinases on this pathway (21).

We present data from a three-month longitudinal 3D MRI
study to evaluate the efficacy of repeat treatments of PI3K
inhibitor GDC-0941 acting on follicular lymphomas that form
in the Pten+/–Lkb1+/hypo mouse line, and investigate the
potential drug resistance. GDC-0941 selectively inhibits all class
1 PI3K isoforms (22). Preclinical trials have shown that it is
well tolerated and slows the growth of several cancer cell lines
that have elevated PI3K pathway activity in xenograft mouse
models (22, 23). We demonstrated that GDC-0941 produces
tumour regression by reducing tumour cell proliferation,
promoting apoptosis, and suppressing the centroblast population
in B-cell follicular lymphomas (24). GDC-0941 is in clinical
evaluations for treatment of non-Hodgkin’s lymphomas.
According to the American Cancer Society, the overall 5-year
relative survival rate for patients with non-Hodgkin’ s
lymphoma is 63% and the 10-year relative survival rate is 51%
(25). GDC-0941 is also used in combination clinical drug trials
with other targeted medicines, such as trastuzumab
(ClinicalTrials.gov Identifier NCT00928330).

Materials and Methods

Mouse breeding and drug treatment. All animal studies were
approved by the University of Dundee Ethics Committee and
performed under a UK Home Office project license. The mice were
cared for in accordance with Home Office guidelines and standard
husbandry practice (26, 27). The generation and genotyping of the
Pten+/− mice and the Lkb1 hypomorphic mice have been described
previously (18, 28). The parental Lkb1+/hypo and Pten+/− mice used
for these experiments were backcrossed with C57BL/6J mice for over
seven generations before initiating the crosses for the present study.
These mice express reduced levels of PTEN and LKB1 in all tissues

studied (19), and spontaneously develop large B-cell follicular
lymphomas within cervical lymph nodes after about four months.

Ten Pten+/–Lkb1+/hypo mice bearing tumours, ranging in age from 7
to 9.5 months and weights from 25 to 30 g, were divided into two
groups: the test group (n=6) were given PI3K inhibitor GDC-0941
(GDC-0941 bismesylate at 75 mg/kg), whilst the control group (n=4)
were given saline vehicle solution only. The experimental protocol is
depicted in Figure 1A, where ��V is change in tumour volume and R is
tumour growth rate. It includes a pre-treatment phase where tumour
growth rates were measured; two treatment stages (treatment 1 and 2)
where the efficacy of anticancer agents were determined; and two
periods with no treatment (off-treatment 1 and 2) where tumour re-
growth was quantified. Day 1 was assigned as the first day the mice
were imaged and the mice were imaged three times during the 21-day
pre-treatment period, and at intervals between 8 to 15 days thereafter.
The mice were treated daily by oral gavage during two 28-day treatment
sessions. The first treatment session (treatment 1) ran from day 23 to 50,
followed by a 21-day period without any treatment (off-treatment 1).
The second 28 day treatment session (treatment 2) was from day 72 to
99, followed by a period without any treatment (off-treatment 2), ending
on day 119. At the end of the study, the mice were sacrificed and
tumours were extracted and fixed in 10% formalin.

To minimise the problems of biological variability, the cohort
groups were all female, with matching genetic profiles. The mice
were selected so that each cohort had similar age and tumour size
profiles. The handling procedures for all the mice were the same.
The treatment cohort size was similar to the recommendations made
by the International Mouse Phenotyping Consortium (IMPC), based
on the European Mouse Disease Clinic investigations into statistical
impact and reliability of cohort size (29). During the course of the
study, the 10 mice generated 104 data points, which with single
data-point post-mortem methods would have involved 104 mice.

MRI and data analysis. Mice were anaesthetized with 1.5% isoflurane in
100% oxygen using a nose cone; scavenging was used to remove the
anaesthetic after use. The mice were appropriately restrained in a mouse
cradle using a bite bar and tape to minimise motion. Mouse physiology
was monitored during imaging and recovery periods, and mice were
returned to their cages when fully recovered. The MRI data were
acquired on a Bruker Avance FT NMR spectrometer (Bruker Biospin
GmbH, Rheinstetten, Germany) with a wide-bore 7.1 T vertical-axis
magnet resonating at 300.15 MHz for 1H. A Bruker MicroMouse
birdcage radio-frequency resonator with an internal diameter of 30 mm
was used. 3D 128 by 128 by 128 rapid acquisition relaxation enhanced
(RARE) MRI experiments were performed with RARE factor of 4.
Repetition time (TR) of 250 ms and an effective echo time (TE) of 10
ms were used. One acquisition sequence was acquired to minimise the
experimental time, which was 16 min. The field of view was 30 mm and
the isotropic image spatial resolution was 234 μm per pixel.

The Fourier-transformed MRI data were visualised using the Amira
PC-based software (Visage Imaging GmbH, 12163 Berlin, Germany).
This permitted 2D slices to be viewed from any orientation within the
3D data set, and the anatomy of interest to be digitally segmented. The
ID numbers of the mice and the time points were known, but their
treatment histories were unknown to the person who performed the
data processing, so data analysis was not completely blind. 3D surface
representations of anatomical structures were produced by surface
rendering the 3D finite element meshes generated from the
segmentation of the regions of interest. This allowed volumes to be
determined. The segmentation was semi-automated starting with signal

ANTICANCER RESEARCH 32: 415-420 (2012)

416



intensity thresholding methods proceeded by a manual ‘painting’
method. Partial volume effects, chemical shift artefacts, radio
frequency coil inhomogeneities and mouse movement were identified
as the main sources of errors. Previous reproducibility studies of in
vivo kidney volumes measured by same MRI protocol using ‘test-
retest’ triplicate experiments with this preclinical scanner had an
estimated fractional 95% confidence interval of the order of 14% (30).
Mean tumour volumes and growth rates were calculated; standard
deviations (sd) are quoted. The two-tailed, unpaired t-test was used to
statistically compare the differences between two different groups
using GraphPad software (La Jolla, California, USA). A p-value of less
than 0.05 was considered significant.

Results and Discussion

The B-cell follicular lymphomas in the neck region of
heterozygous Pten+/–Lkb1+/hypo mice were visualised over a
17-week period at intervals of between 8 and 15 days. The
echo and recycle times had been optimised to maximise
contrast between tissue types and ensure the boundary of the
tumour could be identified (Figure 2A). The tumours have a
darker appearance than the neighbouring sub-maxillary and
sub-lingual salivary glands, the average contrast resolution (to
noise) was 8:1. The average signal-to-noise ratio of B-cell
follicular lymphomas in T2-weighted MRI was 16:1. The
subcutaneous adipose tissue is white and clearly distinguishable
from the lymphomas as the contrast resolution (to noise) was of

the order of 42:1. The high image intensity of lipids in the
adipose tissue produces chemical shift artefacts along the read
magnetic field gradient axis (sagittal), and also introduces
partial volume problems. The mice were sacrificed at the end
of the study to extract the tumours; the ex vivo image (Figure
2B) can be compared with that of day 119 (Figure 2A).

Amira software was used to digitally segment the tumours
ventral to the salivary glands. Representative images from
control and test mice at day 1, 23 and 51 are displayed in Figure
1C, with tumours shown in pink. The tumour volumes were
calculated for each mouse at each time point and tabulated
(Table I). Relative tumour volumes were calculated by assigning
the tumour volume at the start of treatment 1, on day 23, as 1.
The changes in the mean relative tumour volumes of the control
and test groups with time are shown in Figure 1B. The tumour
growth for the control cohort was linear with a mean growth
rate of 13.9±10.9 mm3/week, (coefficient of determination
R2=0.9864; the t-test showed the linear correlation was highly
statistically significant). Unsurprisingly the saline treatment had
no effect on tumour growth. By the end of the study, tumours in
saline-treated mice had on average nearly doubled (1.9) in size.
Each mouse was individually phenotyped; the tumour growth
rates of the six test mice before the start of the GDC-0941
treatment are shown in Table II. Despite these mice being
genetically similar, their tumour growth rates range between 8
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Table I. Cervical lymphoma volumes (mm3) of control and test cohorts at each time point. Control cohort A-D (n=4) was treated with saline vehicle
alone and the test cohort A-F (n=6).

Day Control mice Test mice 

A B C D A B C D E F

1 163.9 283.1 78.8 158.9 233.8 136.1 273.4 150.9 151.4 176.8
14 172 317.9 109.3 180.4 245.8 173.8 339.4 163.8 158.8 193.3
23 182.4 341.3 113.3 200.8 259.4 190.4 409.3 191.4 180.8 203.8
37 190.2 391.5 125.7 191.2 145.3 126.6 218.8 100.4 108.4 110.3
51 202.4 441.7 158.7 221.7 139.7 123.2 188.4 86.2 106.8 91
63 206.3 165.5 236.5 247.2 170.9 256.2 155.4 144.3 126.6
72 217.8 180.9 248.1 263.6 214.3 294.2 190.6 170.7 140
87 236.5 187.2 252.8 170.7 150.9 189.4 109.6 102.5 93.9
100 250.5 191.7 255.3 154.9 151 174.3 94.4 92.8 88.2
111 257.5 217 261.2 256.3 195.5 246.5 162 141.4 110.8
119 258.4 232 263.5 298.1 252.5 327.3 202.9 169 130.2

Table II. Murine cervical follicular lymphoma growth rates (mm3/week) during pre-treatment, and off-treatment periods 1 and 2. The test cohort mice
A-F received GDC-0941 (75 mg/kg).

Tumour growth rate Test mice
(mm3/week)

A B C D E F

Pre-treatment (R1) 8 17.5 41.3 12.5 9 8.6
Off-treatment 1 (R2) 44.3 31.8 37.3 36.8 22.4 17.4
Off-treatment 2 (R3) 56.3 39.1 56.4 42.4 29.8 16.3
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Figure 1. Longitudinal study of tumour regression induced by oral administration of GDC-0941. A: Longitudinal protocol (��V is change in tumour
volume, R is tumour growth rate). B: Mean relative tumour volumes (normalised to size at day 23, at the start of treatment 1) plotted against time.
Control cohort was treated with vehicle alone (n=4). Test cohort was treated with GDC-0941 at 75 mg/kg (n=6). Errors bars are standard deviations.
C: Ventral transverse views of 3D surface reconstructions of RARE-4 MRI data set of the neck region of heterozygous Pten+/–Lkb1+/hypo mice
bearing tumours: (i) control mouse and (ii) test mouse. The skin is shown in brown and tumours in pink. Control cohort received saline vehicle and
the test cohort received GDC-0941 (75 mg/kg). The start of: pre-treatment was day 1, treatment 1 was day 23, off-treatment 1 was day 51, treatment
2 was day 72, off-treatment 2 was day 100, and the end of off-treatment 2 was day 119.



and 41 mm3/week, with an average linear growth rate of
16.5±12.8 mm3/week (R1) (R2=0.987).

During treatment 1, the tumours in the GDC-0941-treated
mice showed a marked non-linear shrinkage, with an average
tumour regression of 52±8%. This tumour regression profile
had been observed previously, with shrinkage reaching a
plateaus after a month (24). When the GDC-0941 treatment
ceased, the tumours in the test cohort mice grew again (off-
treatment period 1) with an average linear tumour growth
rate of 31.3±9.9 mm3/week (R2) (R2=0.98). R2 for
individual GDC-0941 test mice are shown in Table II. After
21 days, the tumours had nearly returned to their size at the
start of treatment. They grew on average nearly twice (1.9)
as fast as before treatment (R2>R1); the difference was
statistically significant (p=0.042). As with many molecular-
targeted anticancer therapies, GDC-0941 stopped cells’
proliferation but was not completely cytocidal.

The test mice started their second GDC-0941 chemotherapy
course on day 72 (treatment 2) and tumours regressed with
average tumour shrinkage of 41±7% (Figure 2B). Treatment 2
produced slightly better tumour regression than treatment 1,
with similar regression profiles; so it would appear that that the
tumours had not become resistant to the PI3K inhibitor and that
the drug action was similar during both treatments. At the end
of the second treatment (off-treatment 2), the lymphomas in the
GDC-0941-treated mice grew with an average linear growth rate
of 40.1±15.5 mm3/week (R3) (R2=0.958). This was on average
28% faster than the tumour growth after the first drug treatment
(R3>R2). The difference between R1 and R2 growth rates was
statistically significant (p=0.0157) but difference between R2
and R3 was not. R3 for individual GDC-0941 test mice are also
shown in Table II. The difference in tumour growth rates R1
and R3 could be due to the fact that the phenotype of the
tumour cells had changed as a result of drug treatment, and the
remaining tumour cells were more aggressive. Alternatively, the
tumour microenvironment may have changed, which made it

more conducive for tumour growth. Since no resistance to the
PI3K inhibitor was observed and tumour re-growth rates as a
result of treatments 1 and 2 were quite similar, it suggested that
a change in the tumour microenvironment is more likely to be
responsible for the increase in growth rate.

Conclusion

In summary, this study demonstrates the utility of Pten-deficient
mouse lines as a preclinical cancer model of B-cell follicular
lymphomas. The longitudinal MRI drug protocol described in
Figure 1A is an effective method for quantitatively evaluating
multiple treatments with GDC-0941, and allowed potential
mode of action and chemoresistance to be investigated. The
GDC-0941 treatments produced tumour regression of
approximately 50%, but the PI3K inhibitor did not produce
permanent tumour shrinkage. Although the tumour growth rate
increased after each drug treatment (R1<R2<R3), repeating
treatment did not induce chemo-resistance and the differences
might be due to changes in the tumour microenvironment.

The strength of this technique is the non-invasive nature of
MRI, so that the same animals can be used throughout. This
resulted in a 10-fold reduction in mouse numbers required for
the study compared with terminal assessment methods; this is
in line with the 3Rs principle (Replacement, Reduction and
Refinement). The mice themselves act as internal controls
which reduces problems of biological variability, especially
useful when considering the variation in growth rates between
different tumours. This protocol is able to accommodate
complex drug dosing schedules and multiple drug
combinations, as well as different cancer therapies. This
longitudinal method can often detect subtle changes that may
be lost when combining data from single data-point methods.
In conclusion, we suggest that this MRI protocol is well suited
for preclinical efficacy studies of the next generation of
anticancer therapies. It can also be applied to gene function

Wullschleger et al: Study of PI3K Inhibitor Efficacy in a Mouse Model

419

Figure 2. Ventral transverse views of neck of
heterozygous Pten+/–Lkb1+/hypo mouse. A: 2D
MRI images from RARE-4 MRI data set acquired
on day 119. B: Image of tumours during
extraction. t, tumours; sg, sub-maxillary salivary
gland; j, jaw; a, subcutaneous adipose tissue.



studies when used to phenotype different GEM models (31)
during investigation of genotype-to-phenotype relationships.
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