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ABSTRACT
Purpose: Metastatic breast cancer is devastating and triple negative breast cancers (TNBC) have a higher
propensity for metastasis. Improved local control upfront in this aggressive cancer could potentially
decrease its propensity toward metastasis. We sought to determine if using caloric restriction (CR) as a
systemic therapy, combined with radiation therapy (IR) to the primary tumor, may impact metastatic
disease. Methods: An orthotopic mouse model using a highly metastatic, luciferase-tagged TNBC cell line
(4T1), was used to generate palpable tumors. Mice were then treated with CR, IR, and a combination of the
two. In vivo imaging was performed for metastatic evaluation. Molecular evaluation of the tumors was
performed, generating a mechanistic hypothesis for CR, which was then tested with pertinent pathway
inhibition in the model. Results: CR significantly increased the time to developing metastases, decreased
the overall number and volume of lung metastases, and increased survival. CR decreased proliferation,
increased apoptosis and globally downregulated the IGF-1R signaling pathway. Adding an IGF-1R/INSR
inhibitor to local IR in vivo accomplished a decrease in metastases similar to CR plus IR, demonstrating the
importance of the IGF-1R signaling pathway, and underscoring it as a possible mechanism for CR.
Conclusions: CR decreased metastatic burden and therefore may complement cytotoxic therapies being
used in the clinical setting for metastatic disease. Downregulation of the IGF-1R pathway, is in part
responsible for this response and modulating IGF-1R directly resulted in similar improved progression-free
survival. The novel use of CR has the potential to enhance clinical outcomes for patients with metastatic
breast cancer.
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Introduction

Metastatic breast cancer is a devastating diagnosis which is
responsible for more than 40,000 deaths in the US annually.1

Triple negative breast cancer (TNBC), which accounts for 20%
of all breast cancers, is associated with earlier time to, and high
frequency of metastases.2,3 Historically, treatment of metastatic
breast cancer has traditionally focused on cytotoxic systemic
therapies which until recently have not shown significant
improvement in overall survival. Patients with estrogen positive
metastatic disease generally have the option of using anti-estro-
gen therapies. Recently, combination chemotherapy has been
shown to improve overall survival in a subset of patients with
HER2C disease.4 Unfortunately, patients with triple-negative
breast cancers (TNBC) have limited options because their
tumors are defined by the lack of estrogen (ER), progesterone
(PR) and HER2 receptors.5 TNBC tumors are associated with
increased metastases and higher mortality rates when compared
with other breast cancer subtypes and rely on signaling from
other growth pathways such as the IGF-1R/Akt/PI3K pathway.6

Therefore, in the last decade, metastatic disease has
been treated with novel systemic therapies via a personalized
medicine approach administering treatments tailored more

specifically to pathway blockade. Theoretically this idea is
promising, however, clinical trials have not proven as successful
as predicted. For example, Avastin which targets VEGF, has
been used in combination with standard chemotherapy in the
metastatic setting (RIBBON-1) and while it extended PFS
slightly (8.0 months versus 9.2 months in the anthracyclin/tax-
ane group), there was no demonstrated benefit in overall sur-
vival.7 This is likely because of redundant and multiple
signaling pathways which tumors can use to survive and con-
tinue to proliferate.8,9

In this manner, a treatment which could downregulate mul-
tiple pathways without accruing toxicity from multiple single
pathway inhibitors would be optimal. In several preclinical
models, caloric restriction (CR), has been shown to decrease
the incidence of cancer, slow tumor growth, delay the onset of
metastases and downregulate multiple signaling molecules of
the IGF-1R pathway including: IGF-1R, Akt and PI3K.10,11 We
have previously shown the ability of CR alone and in combina-
tion with IR to decrease primary tumor growth which occurs in
part through the IGF-1R pathway.12 In this study, we sought to
determine whether CR alone and combined with a local ther-
apy (ionizing radiation, IR) could have an impact on the
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development and progression of metastatic disease in a triple
negative breast cancer mouse model.

Results

Caloric restriction coupled with radiation reduces
metastatic potential and prolongs overall survival in a
highly metastatic model

In this model, we found that the use of CR significantly
decreased primary tumor growth and increased overall survival
as reported in a previous study.12 We hypothesized the survival

benefit seen with the use of CR was due to a decrease in meta-
static burden. To test this hypothesis, cells were luciferase
tagged to facilitate repetitive bioluminescent imaging of pri-
mary tumors and metastases. In addition to primary tumor
growth delay seen in the current study, CR alone prolonged
median overall survival of the mice by 11.3% (39.5 d vs. 35.5 d
in the AL group, p D 0.0117). When radiation was added to CR
(CRCIR), overall survival was increased further to 19.7%
(42.5 d vs. 35.5 d in the AL group, p D 0.0047) (Table 1). Using
imaging to detect metastases in the mice, we found that CR
alone significantly delayed the time to visible metastases to 28 d
compared to 19 d (p D 0.01) in the AL group, while CRCIR
delayed the development of metastases to 29 d (Table 1).

Size and number of pulmonary metastases was also signif-
icantly altered by CR and CRCIR treatments. Using imaging
analysis, it was noted that mice that received CR as part of
their treatment developed metastases at a later time point
and the nodules that they did develop were on average
smaller in size and less intense by bioluminescence when
compared with AL groups (Fig. 1A and 1B). The latest imag-
ing time point for AL mice alone was 35 d due to over-
whelming tumor burden and achieving our endpoint of
humane sacrifice; however, the other cohorts (ALCIR, CR

Table 1. Overall survival and time to metastases across treatment groups.

Treatment
Group

Median Overall
Survival

Median Time
to Metastases

Ad libitum (AL) 35.5 days 19 days
ALCIR 37.5 days 21.3 days
CR 39.5 days 28 days
CRCIR 42.5 days 29 days
IGF-1RCIR 34.5 days 30 days

Note. AL: Ad libitum, IR: Ionizing radiation, CR: Caloric restriction, IGF-1R: IGF-1R
inhibitor

Figure 1. Mice were imaged via bioluminescent imaging throughout disease progression to monitor development and spread of metastases. Mice in the ad lib (A) fed
group developed visible metastases significantly faster than those in the CR fed groups (B). Imaging intensity is designed such that it is proportional to the proliferative
capacity of the cells in the luminescent area. On average, metastases in the AL fed groups demonstrated increased intensity and were larger than those in the CR fed
groups. The last imaging time point for AL fed mice was day 29 compared with day 41 for the CR fed group. Total volume of metastatic disease burden within the lungs
was calculated for each treatment group at each respective time point (C). AL fed mice had larger total volume across time points when compared with other treatment
groups, specifically at later time points as metastatic disease volume approached 1400 mm3. Average size of lung nodules on imaging was calculated for each imaging
time point as well (E). AL fed mice had significantly larger lung nodules on average across imaging time points. Total volume of metastases and average nodule size were
based on a representative 3 mice from each cohort, where error is defined as SEM with n D 3.
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and CRCIR) were imaged until day 40 post-injection. The
number of visible metastases was also quantitatively evalu-
ated histologically, which showed reduced number of nod-
ules by radiation alone (ALCIR) from an average of 4 per
tissue section in the AL group to 3.5 per tissue section in the
ALCIR group, which was not statistically significant
(Fig. 3A-D). CR however, reduced the total number of visible
metastases to an average of 1.67 per tissue section
(p D .01). Adding radiation to CR (CRCIR) further reduced
the average number of visible metastases to 0.67 (p D .006)
(Fig. 2E). To assess metastatic burden in a quantitative man-
ner, the total volume of lung consumed by nodules was cal-
culated for each mouse. At day 35 post-injection total lung
volume burden was 1360 mm3 in AL fed mice, 820 mm3 in
ALCIR mice, 150 mm3 in CR mice and 160 mm3 in CRCIR
mice (p D 0.06 for ALCIR, p D 0.004 for CR and 0.007 for
CRCIR) (Fig. 1D). Average size of metastases was measur-
ably changed on imaging in the ALCIR, CR and CRCIR
groups (Fig. 1E). The average size of lung nodules in the AL
group at day 35 was 225mm3, whereas the ALCIR group was
at 215 mm3 at day 40. CR alone decreased this to 99.5mm3

on day 40 and CRCIR exhibited an average size of 86.7 mm3

on day 40 (Fig. 1E). This represents a 70.5% decrease in the
size of metastases in the CRCIR cohort when compared with
AL control (p < 0.0001).

After dissection, lungs were also grossly examined for the
presence of nodules. It was noted that mice in the AL fed
groups (AL and ALCIR) had a greater number of metastases
that appeared larger when compared with the CR fed groups
(Fig. 2A-D). Lung tissue from the mice in each of the treatment
groups was stained with hematoxylin and eosin for microscopic
examination of metastases. The average size of metastases was
also significantly decreased by on histologic examination in
those mice receiving CR as part of treatment (Fig. 3A-D) with
the largest of the CR nodules measuring .231 mm while the
largest of the AL nodules measured 2.712 mm (p value not cal-
culated as n D 1, this is a qualitative observation).

CR decreases proliferative potential and increases
apoptosis in metastases

To evaluate their proliferative potential, tissue sections from
both primary tumor and metastases were evaluated for Ki-67
expression. Using Aperio software to generate a Ki-67 index,
data from primary tumors appeared to corroborate our previ-
ous findings. Data from the metastases demonstrated that a
similar decrease in proliferation rate was noted in the lung nod-
ules, with the nodules from CR mice demonstrated a 35.5%
decrease in the cell proliferation index when compared with AL
mice (CR: 34.73% C/¡ 3.86% vs. AL: 53.86% C/¡ 0.58%).

Figure 2. Lungs from each treatment group were grossly analyzed for presence of metastases at expiration. Mice in the AL group (A) had the most metastases in number
on gross inspection. Lung nodules from mice in the ALCIR (B) and CR (C) groups appeared similar on gross inspection. Lung nodules from mice in the CRCIR group
appeared less frequently than in any other treatment group (D). Average number of visible metastases was calculated for each cohort of mice (E). AL mice had on average
4.25 visible metastases compared with 3.25 in the ALCIR mice, 1.67 in the CR mice and 0.67 in the CRCIR mice. � Indicates significance in comparing to AL group only and
» indicated significance in both comparison with AL and ALCIR groups (p < 0.05).
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Radiation (CRCIR) further decreased the cell proliferation
index in metastases to 17.24% C/¡ 5.82% (Fig. 4A-D). Apopto-
sis in metastases was also evaluated by expression of cleaved
caspase-3 as compared with intact caspase-3 expression. Rela-
tive expression of caspase-3 in the AL versus CR mice was 0.92
and 0.84 respectively. Relative expression of cleaved caspase-3
in the AL vs. CR metastases was 0.80 and 0.29 respectively
(Fig. 4F). CRCIR also increased apoptosis in the metastases,
although this increase in apoptosis was not as dramatic as CR
alone.

Caloric restriction triggers a biological response in the key
signaling nodes in the IGF/AKT pathway that is further
enhanced with addition of ionizing radiation

Western blotting for members of the IGF-1R/Akt pathway in
primary tumor tissue revealed an overall decrease in IGF-1R
and PI3KCa in groups treated with CR (Fig. 5A). More notable
is the decrease in expression of IGF-1R from primary tumor to
metastases. IGF-1R decreased by 6-fold from primary to metas-
tases in both groups treated with CR (Fig. 5B). Evaluation of
GSK-3b expression revealed a modest elevation in the CRCIR
group in primary tumor tissue. There was also a notable

decrease (about 10-fold) in the phosphorylated form of Akt
(pAkt) in both the CR and CRCIR groups as compared to the
AL group and as compared with expression of Akt1, the pri-
mary isoform of Akt. The ratio of pAkt to Akt in the primary
tumors was 0.23 in the CR cohorts versus 0.91 in the AL
groups. While this same effect with regard to pAkt was not
seen in the metastases (ratio 0.59 in CR cohort vs. 0.53 in AL
cohort), it should be noted that the relative expression of Akt1
was overall lower in metastases of those mice treated with CR
and CRCIR as compared with their respective primary tumor.
A global downregulation of expression in the IGF-1R pathway
was most significant in the tissue from the lung nodules
(Fig. 5B).

Modulation of the IGF-1R pathway with radiation results
in a similar decrease in metastases as caloric restriction
with radiation

Since molecular analysis demonstrated the important role that
IGF-1R played in the metastatic response to CR, cohorts of
mice were treated with IGF-1R/INSR inhibitor therapy. The
goal here was to establish that there is a similar physiologic
effect of CR and IGF-1R with respect to tumor growth and

Figure 3. Tissue sections from lungs in each of the treatment groups were H&E stained and examined for presence of visible metastases. Each tissue section was exam-
ined and the largest visible lung nodule was measured on its largest axis in each treatment group. Metastases in the AL group (A) were imaged at 2X, ALCIR and CR
group at 4X (B and C) and CRCIR group at 10X (D) for data collection purposes. Nodules from the AL mice appeared larger and more frequently on histology when com-
pared with other treatment groups. On average, mice in the CRCIR group had the smallest and least number of metastases on histology as evidenced by one micrometa-
stasis seen on tissue section (D).
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metastatic disease. Consistent with the slight decrease in IGF-
1R that was noted with CR in the primary tumors, IGF-1R
blockade via the inhibitor did show a significant difference in
primary tumor growth when added to the group receiving radi-
ation therapy (IGF-1RCIR versus CRCIR) (Fig. 6A). The mice
receiving IGF-1R/INSR inhibitor therapy did experience an
increased time to metastases when compared with the AL mice
and with the CR mice (Fig. 6B). The combination of an IGF-1R
inhibitor with radiation prolonged development of visible lung
metastases by approximately 11 d (30 d for IGF-1RCIR vs. 19
d for AL) when compared with the AL control group (Table 1)
which is similar to the benefit noted when caloric restriction
was added to radiation. In addition, the number of metastases
was significantly decreased in mice receiving IGF-1R/INSR
inhibitor with IR (Fig. 6B) which was also similar to the cohort
receiving caloric restriction with IR suggesting a common
mechanism since the physiologic effect on metastases was
similar.

Discussion

With few treatment options available for patients with meta-
static triple negative breast cancer, it is crucial to explore new
therapeutic options. Our findings demonstrate that caloric
restriction can complement local cytotoxic therapy to decrease
metastases and therefore, dietary alterations may be used in the
clinical setting for metastatic disease. In an aggressive ortho-
topic model of triple negative breast cancer treated with caloric
restriction and local radiation, metastases took longer to

develop, were fewer in number and smaller in size. The advan-
tages of CR for metastases were also noted molecularly with
decreased proliferation, increased apoptosis and a global down-
regulation of the IGF-1R signaling pathway. Together, these
findings demonstrate that dietary interventions can alter the
systemic milieu to potentially prevent metastases and increase
the response to cytotoxic treatment.

Approximately 33.9% of triple negative breast cancer
patients ultimately develop metastases and median overall sur-
vival is significantly shorter for those patients with triple nega-
tive disease (4.2 y versus 6 years).13 In this study we have
demonstrated that administering a dietary alteration at the
time of initial primary cancer treatment, significantly lengthens
the time to metastases in triple negative breast cancer. This led
to a significant (p D 0.005) survival benefit, which can be attrib-
uted to the change in time to metastases. Molecularly we show
that modulation of multiple nodes of the IGF-1R signaling
pathway decreases the metastatic propensity. The importance
of IGF-1R in decreasing the time to metastases has previously
been shown by others in both lung cancer and gastric cancer
models.14-16 In this manner, CR may be changing the subpopu-
lation of cells that escape the primary tumor to make a less
favorable environment for metastases.

In addition to the prolonged time to metastases that CR
offers, the general molecular alterations suggest that CR could
be used as a novel treatment for metastatic disease since treat-
ment options for metastatic TNBC are limited and are fraught
with toxicity. We show that the metastases from the mice
treated with CR, have decreased proliferation as noted by Ki-67

Figure 4. Tissue sections from both primary and metastatic tissue were examined for Ki-67 expression. Representative IHC images from metastatic tissue from each treat-
ment group are shown from left to right: AL, ALCIR, CR, CRCIR (A-D). Each slide was imaged at 10X for presentation purposes. Tissue sections of metastases stained for
Ki-67 were scored as a percentage based on staining intensity. On average AL mice exhibited a Ki-67 score of 53.8% § 0.58, mice in the ALCIR group had Ki-67 score of
40.3% § 0.48, mice in the CR group had Ki-67 score of 26.9% § 3.89 and mice in the CRCIR group had Ki-67 score of 10.5% § 0.86 (p D 0.003, p D .0.019 and
p D 0.0006, respectively). Relative expression levels of Ki-67 normalized to the AL group demonstrate the decrease in proliferation across treatment groups (E). Similarly,
protein gel blotting for intact caspase-3 and cleaved caspase-3 show an increase in apoptosis in CR and CRCIR groups when compared with the AL group (F). Error in pan-
els E and F are reported as SEM. �Indicates significance in comparison with AL group.
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and increased cell death as noted by caspase expression. These
favorable molecular changes induced by CR could be harnessed
by using dietary alterations to complement cytotoxic therapy of
metastases to induce more cell kill. We also demonstrate that
CR significantly reduced the number and size of lung metasta-
ses, particularly when used concurrently with radiation. It has
been previously shown that CR alone has a substantial impact
on tumor growth and metastases in vivo,10,17-19. This has been
found by De Lorenzo et al., who have previously shown that
CR affects the growth of metastases, particularly for spontane-
ous metastases. To build on this, Phoenix et al. examined the
effects of metformin, a potential CR mimetic, but also included
some data on CR and reported a reduction in the average num-
ber of metastatic nodules per lung. We have demonstrated that
targeting the primary tumor locally with radiation and systemi-
cally with caloric restriction can change the molecular profile
of metastases. Using the “seed to soil” hypothesis, metastases
require not only a source, but an appropriate environment in
which to grow. CR in combination with IR may be affecting
not only the seed, but the soil as well, both of which result in
not only decreased size and number of metastases, but an alter-
ation in the makeup of this metastases that do develop. Taken
together, these observations suggest metastases treated with CR
would be rendered more susceptible to cytotoxic treatments.

One of the posited mechanisms behind the effect that CR
has on growth of primary tumor and metastases is that perhaps
CR is affecting the IGF-1R pathway.20-22 Downregulation of
the IGF-1R signaling cascade leads to widespread apoptosis of
cancer cells through the PI3K/AKT pathway which makes CR
an intriguing therapeutic option since 46% of TNBC show
upregulation of this pathway and this upregulation has been
shown to be correlated with poor outcomes.23-26 Breast tumors
often express high IGF-1 levels and thus, IGF-1R pathway
members have been implicated as possible therapeutic targets
of this disease. The downstream effects of IGF-1R activation
include signaling cascades via IRS-1 (insulin receptor substrate)
to the Akt/PI3K and RAF/MAPK pathways. It has been shown
that IRS-1 is upregulated significantly in breast cancers.27 Addi-
tionally, it has also been demonstrated the triple-negative cells

have shown a notable growth response to IGF-1 via the AKT
pathway.28 Based on these principals, clinical trials using IGF-
1R inhibitors have been designed and performed but have had
limited success.29,30 This may be due in part to dose limiting
side effects noted in the use of IGF-1R inhibitors including
hyperglycemia combined with thrombocytopenia resulting in
stroke or other cardiovascular complications.31,32 Our pub-
lished research implicates the IGF-1R/Akt pathway as impor-
tant in the cooperative cytotoxicity between RT and diet
modification in the primary tumor. In this study, we found that
CR alone appears to downregulate key signaling nodes in the
IGF/Akt/PI3K pathway in both primary tumor and metastases,
however the expression of IGF-1R was decreased by 6-fold in
the metastases suggesting the importance of this pathway in
metastases. Our initial findings related to IGF-1R downregula-
tion as well as the significant downregulation of the IGF-1R
molecule in metastatic tissue, prompted us to investigate the
effects of an IGF-1R inhibitor in addition to radiation.6,28. We
attempted to modulate this pathway directly by adding a con-
current IGF-1R/INSR inhibitor with radiation. We found that
mice receiving IGF-1R inhibitor with IR took a significantly
longer amount of time to develop lung metastases when com-
pared with AL controls (30 d on average for IGF-1RCIR com-
pared with 19 d for AL). This delay in metastatic initiation was
similar to the delay note in mice treated with CRCIR suggest-
ing CR acts in part via harnessing IGF-1R to affect its meta-
static change when combined with radiation.

Clinically, the use of CR in the metastatic setting may not be
ideal in all patients due to their potentially altered metabolic
state, more specifically those patients who experience
cachexia.33 Therefore, we suggest that alternatives to the
administration of a dietary intervention like CR that have less
potential for significant weight loss, warrant further study to
determine if a similar benefit can be achieved using a ketogenic
diet or time restricted/intermittent diet.34 Since we did note a
similar benefit of CRCIR to IGF-1R inhibitorCIR, further use
of IGF-1R inhibitors should be investigated in combination
with cytotoxic therapy such as radiation therapy. However, for
some patients, such as those with brain metastases, it becomes

Figure 5. Tissue lysates were processed for analysis of expression of key signaling nodes in the IGF-1R pathway including: IGF-1R, GSK-3b, Akt1, pAkt and PI3kCa. Expres-
sion was normalized to tubulin across treatment groups as shown from left to right as: CRCIR, CR, AL and ALCIR. Expression of these molecules was significantly altered
across treatment groups in both primary tumor tissue (A) and metastases (B) as quantified using ImageJ Software. The blots were cropped from a 10-well frame in which
8 samples were run and 2 wells were reserved for ladder. Each of the samples that appear juxtaposed was run simultaneously on the same gel.
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difficult to deliver effective therapy across the blood-brain bar-
rier.35-37 A dietary intervention may prove the most efficient
way to achieve an added benefit to IR since most IGF-1R inhib-
itors do not cross the blood-brain barrier.

In summary, the combination of CR and IR showed promis-
ing results in the decreased growth and invasion of metastases.
Therapeutic options for TNBC are limited and future research
should explore dietary alternatives suitable to augment cyto-
toxic therapy in metastatic disease. Investigations should be
done to determine the population of patients who may benefit
the most from this combination in the clinic.

Materials and methods

Mice and diets

To determine the effect of caloric restriction, radiation, or a
combination of both treatments on metastases, 40 female 12

week-old BALB/c mice were acquired from Charles River Labo-
ratories under an Institutional Animal Care and Use Commit-
tee approved protocol at Thomas Jefferson University. Every
effort was made to decrease suffering and minimize pain for
the animals utilized in this study. Mice were randomly assigned
to one of 4 treatment groups in cohorts of 10: they were fed ad
libitum (AL), received local radiation of 8 Gy to their primary
tumor (IR), were placed on a 30% reduction of their total calo-
ric intake (after being singly housed and measuring their base-
line intake for 2 weeks - calorie restriction (CR)), or were
treated with both CR and IR. The treatments have been previ-
ously described in detail12 but briefly, at 13 weeks, all mice
received orthotopic injections of 50,000 4T1 luciferase-tagged
cells (a gift from Patricia Steeg) into the #4 mammary fat pad.
Cells were verified prior to use with isoenzymology using the
Authentikit system (ATCC). Once tumors reached a palpable
size, roughly 5 mm £ 5 mm, radiation was delivered to the pri-
mary tumor with shielding of the remainder of the body (Pan-
tak H-320 (320 kV) Precision X-Ray, N. Bradford, CT). Mice
treated with CR were stepped down to 90% of their baseline
chow intake for 5 days, followed by 2 successive 10% decreases
every 5 d until a 30% total reduction was achieved (LabDiet
5010).

Monitoring and tissue collection

Mice were monitored by weighing them and measuring their
primary tumor growth 3 times weekly. Tumors were measured
using calipers in the longest dimension (L) and at a right angle
to that axis (W). Tumor volume was calculated using the for-
mula L £ W £ W £ p/6. Mice were euthanized when the pri-
mary tumor reached 2500 mm3 in size or earlier if required by
humane endpoints. Mice were euthanized according to proto-
col, were grossly examined for metastases and primary tumors,
and their corresponding lung metastases were isolated and
divided such that equal pieces were fixed in formalin for histo-
logic evaluation, snap frozen for protein evaluation and pre-
served in RNAlater (Ambion, Life Technologies, Grand Island,
NY) to assess RNA.

Live bioluminescent imaging

Since the tumors were generated from luciferase tagged cells,
the primary tumors and metastases were able to be visualized
in real time, 3 times a week throughout the experiment. Images
were obtained using the IVIS Lumina XR System and Live
Imaging Software (PerkinElmer, Waltham, MA) and were
acquired 15 minutes after mice were injected with 100 ml of D-
luciferin at a concentration of 5 ng/ml. Mice were imaged in
supine and prone positions. Focal point was set to 12.5 cm and
filter parameters were set to auto-detect appropriate exposure
times depending on achieving a minimum photon flux thresh-
old. In order to correlate images with proliferative activity with
the tumors, fluorescent intensities for both primary tumor and
metastases were measured. Primary tumor intensity was mea-
sured as average photon counts within the tumor volume that
reached at least a 30% fluorescence threshold. Metastatic inten-
sity within the lungs was measured as average photon counts
within the volume reaching at least a 15% fluorescence

Figure 6. In an attempt to modify the IGF-1R pathway directly, an IGF-1R/INSR
inhibitor was used in combination with CR and IR. To directly compare the effects
of IGF-1R/INSR inhibitor combined with ionizing radiation, IGF-1RCIR group is
plotted along with the original treatment groups. Treatment groups were followed
over time similar to the 4 original cohorts and tumor volume was measured
throughout disease progression (A). At a reference point of 1000 mm3, the ALCIR
group demonstrated a 31% regression in tumor growth rate as compared with AL,
CR alone had a 59% regression and CRCIR had a 71% regression. Similarly, IGF-1R
inhibitor alone demonstrated 85% regression as compared with AL controls. Com-
pared with IGF-1R inhibitor alone, adding IR to this induced further regression at
36%, inhibitor with CR regression was 42% and CR with IR and the inhibitor was
52%. Visible metastases were measured and were smaller on average across treat-
ment groups receiving either CR, CRCIR or IGF-1RCIR inhibitor as compared with
the original treatment groups (B).

CELL CYCLE 2271



threshold. This threshold level was chosen because lung metas-
tases demonstrated on average less intense signal than primary
tumors. This is presumably due to the superficial nature of the
primary tumors in comparison with the lung nodules which
appear deeper and more embedded within normal surrounding
tissue. Each lung lesion was singly measured in pixels and con-
verted to millimeters using a conversion factor provided by the
image analysis software. These measurements were used in the
previously described formula (L £ W £ W £ p/6) to calculate
the volume of each nodule. Additionally, the total volume of all
visible metastases was calculated.

Western blotting

To determine if increased apoptosis was induced in the tissues
after the treatments, western blots were performed for caspase-
3. Previously, CR has been shown to augment radiation by
increasing apoptosis in vivo.12 Since prior studies revealed that
the members of the IGF-1R pathway were affected in primary
tumors treated with CR and IR, we wanted to evaluate the role
of this pathway in metastases. Briefly, tissue lysates were pre-
pared from the primary tumor and lung metastases using RIPA
buffer (50 mm Tris-Cl, 150 mm NaCl, 1% NP40, 0.25% Sodium
deoxycholate, 1 mm PMSF) with proteinase inhibitor cocktail
(Genentech, San Francisco, CA) until homogenized. Protein
concentration was quantified using a BSA assay, diluted in 6x
SDS buffer, and run on a NuPAGE 4–12% Bis-Tris gels (Life
Technologies, Philadelphia, PA). Westerns were performed to
assess for the concentration of primary antibodies including
anti-b-tubulin (Sigma Aldrich, St. Louis, MO), anti-IGF-1R,
anti-Akt1, anti-GSK3b, anti-pAkt, anti-PI3KCa (Upstate Bio-
technology, Lake Placid, NY), anti-caspase-3 and anti-cleaved
caspase-3 ( all antibodies from Cell Signaling Technology, Dan-
vers, MA, unless otherwise noted) according to the manufac-
turer’s instructions and quantified using ImageJ software (NIH,
Bethesda, MD).38

Tissue evaluation and immunohistochemistry

Tissue samples from both the primary and lung metastases were
fixed in formalin, paraffin-embedded and cut into 5 mm sections.
To evaluate both the primary tumor and metastases for histo-
logic changes, tissues were stained with hematoxylin and eosin
(Sigma Aldrich, St. Louis, MO) as previously described. Sections
were studied microscopically with an Olympus BX 41 micro-
scope and representative images were acquired with an Olympus
DP25 camera. The microscopic exam focused on the search for
metastases using the Aperio ImageScope software (Aperio, Vista,
CA)39; a pathologist (JP) also evaluated them separately.

To determine the effect of treatments on proliferation,
immunohistochemistry was performed for Ki-67. Antigen
retrieval was performed by heating the sections in 10 mmol/L
citrate buffer pH 6.0 for 50 minutes with the use of a pressure
cooker. The primary antibody for Ki-67 was used at a 1:600
dilution (Cell Signaling Technology, Cat#9027, Danvers, MA)
for 60 minutes. The immune complexes were visualized with
Mouse ABC (Vector Laboratories, Inc., Burlingame, CA) and
the chromogenic substrate Dako Liquid DAB_Substrate-Chro-
mogen Solution (Dako North America, Inc., Carpinteria, CA;

catalog no. K3468; diaminobenzidine tetrahydrochloride) for
3 minutes. Ki-67 labeling index was determined by counting
�500 nuclei in areas of the section with the highest labeling
rates and was considered high when �10 % of tumor cells were
stained. The scoring was performed by an experienced staff
pathologist (JP) and was also counted on the automated system
(Aperio). IGF-1R/INSR Inhibitor Intervention

As the results will indicate, the IGF-1R pathway was globally
downregulated by CR. To determine the actual effect of IGF-1R
on the interaction of CR with IR on the metastases, we sought to
modulate the response with an IGF-1R inhibitor in vivo. In this
manner, 10 mice per cohort were again randomized to either
control, the IGF-1R/INSR inhibitor (BMS-754807, Active Bio-
chem, Maplewood, NJ), or IRCBMS-754807 to determine if the
inhibitorC IR would mimic the results seen with CRC IR. Mice
were treated as per prior description for the control and IR con-
ditions, and the BMS-754807 was first dissolved in PEG 1:400 at
concentration of 100 mg/ml and injected subcutaneously twice
daily for 14 d.40 All of the endpoints previously described includ-
ing tumor measurements, bioluminescent imaging and molecu-
lar evaluation were reevaluated for this cohort.

Statistics

Statistical significance between tumor growth curves was calcu-
lated as previously described.41 Standard deviations were
derived and used in a Student’s t-test to obtain p values for
comparison of experimental cohorts to the AL group. Results
for tumor growth curves, size and number of metastases and
relative protein expression are expressed as mean plus or minus
standard error of the mean (SEM) unless otherwise stated. Sig-
nificance for data regarding size and number of metastases and
relative protein expression data was determined by compari-
sons using a 2-tailed Student’s T-test with p � .05 considered
significant.

The study was designed to have 80% power for the log-rank
test to detect an improvement in overall survival with a HR of
0.80 for CR as a treatment. The planned sample size was 10
mice per cohort for a total of 60 mice, with 36 deaths required
for final analysis. Overall survival data was determined using
the Mantel-Cox test to generate a Kaplan-Meier curve and cen-
soring those mice that were euthanized for serum analyses as
opposed to those mice that died of disease. The median survival
for each of the 4 treatment groups was compared and signifi-
cance was determined using a pre-specified a=0.025 (.05/2).
Time to metastases was determined in a similar manner using
time of first visible metastasis as an event. Statistical analyses
were done using the commercially available software GraphPad
Prism (GraphPad Software, La Jolla, CA) and SPSS Statistics
(IBM Software, Armonk, NY).
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