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Abstract
Purposes To utilize non-invasive MRI imaging for real-
time testing the synergistic eVects of HSP90 inhibitor and
glycolysis inhibitor for pancreatic cancer therapy in sponta-
neous pancreatic cancer mouse model.
Material and methods Transgenic RIP1-Tag2 spontane-
ous pancreatic cancer mice were treated with geldanamycin
(GA, 5 mg/kg) and /or 3-Bromo-pyruvate (3-BrPA, 5 mg/kg)
from 8 to 12 weeks of age. Non-invasive MRI imaging
measured and calculated the total tumor mass and volumes
in real-time and compared to ex vivo tumors size. Serum
VEGF levels were measured by ELISA. HSP 90 client
protein levels (AKT and VEGF) were measured by western
blots.
Results RIP-Tag2 transgenic mice developed pancreatic
tumors from 8 to 12 weeks of age. Non-invasive MRI
imaging detected primary tumors in pancreas and metasta-
sis in intestine and mesenterium with minimal resolution of
20 mm3. VEGF, AKT, hexokinase II, and Hsp90 were

expressed in the pancreatic cancer tissues from RIP1-Tag2
transgenic mice. Combination of GA and 3-BrPA
decreased serum VEGF levels by 70% compared to control
group. Non-invasive MRI imaging showed that combina-
tion of GA and 3-BrPA inhibited pancreatic tumor and
metastasis by more than 90% and signiWcantly prolonged
life span of RIP1-Tag2 transgenic pancreatic cancer mice.
The synergistic eVect of geldanamycin and 3-BrPA is
through inhibition of two diVerent pathways on HSP90 for
its client protein degradation and on HK II for energy
metabolism.
Conclusion Non-invasive MRI imaging revealed syner-
gistic eVects of Hsp90 inhibitors and glycolysis inhibitors,
which may provide a new therapeutic option for pancreatic
cancer therapy.

Keywords MRI imaging · Synergistic eVect · 
HSP90 inhibitor · Glycolysis inhibitor · 
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Introduction

Pancreatic cancer contributes the fourth leading cause of
cancer death in the United States with approximately
30,200 newly diagnosed cases and nearly as many fatalities
[1]. The underlying mechanism for the malignance of pan-
creatic tumor and its high resistance to common therapies
are extremely complex. Recently, a number of biochemical
and genetic abnormalities have been identiWed in pancreatic
cancer, which include expression of oncogenes (such as
K-RAS, AKT) and mutation in tumor-suppressor genes (such
as P53), overexpression of growth factors (such as VEGF,
EGF) and their receptor (such as EGFR) [2–7]. Due to the
complex of the disease, a single molecule which inhibits
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one speciWc target is unlikely to be eVective for pancreatic
cancer therapy. In such case, HSP90 inhibitors provide a
new hope for pancreatic cancer therapy by inhibiting the
function of chaperone HSP90 and simultaneously down
regulating many oncogenic proteins.

In addition, a vast majority of tumors display a high rate
glycolysis, a phenomenon known as the Warburg eVect [8,
9]. Cancer cells often switch glucose metabolism from tri-
caboxylic acid (TCA) cycle to anaerobic glycolysis for
ATP production [10, 11]. However, anaerobic glycolysis
only produces two molecules of ATP, while TCA produces
38 molecules of ATP from each glucose molecule. Thus,
complete loss of TCA cycle for ATP production would
result in a 19-fold increase in glucose consumption in
cancer cell for the energy needs. High rate glycolysis is
associated with high level of glucose transporters [12],
hexokinase, and lactate dehydrgenase A [13].

Indeed, high rate glycolysis is validated by clinical used
tumor imaging technique—positron emission tomography
(PET). PET utilizes high rate of glycolysis in tumors to pro-
duce cancer images using 2-[18F] Xuoro-2-deoxy-D-glucose
(FDG) as a tracer. Since a fundamental characteristic of
malignant tumors is increased glucose uptake and glycoly-
sis [8, 14, 15], much more FDG is transported into the
tumor cells by high levels of glucose transporters [16–21].
Subsequently, FDG is phosphorylated inside the cells by
hexokinases at C-6 position to form FDG-6-phosphate.
FDG-6-phosphate can neither be further metabolized nor
exported outside of the cells, and thus is trapped inside of
cells for tumor imaging [22, 23]. These data indicate that
high rate glycolysis is the survival mechanism for cancer
cells. Therefore inhibition of glycolysis in cancer may pro-
vide a therapeutic regimen for solid tumor.

In this report, the Wrst aim is to determine the synergistic
in vivo antitumor eVects of HSP90 inhibitor (galdanamy-
cin, GA) in combination with glycolysis inhibitor in RIP1-
Tag2 transgenic pancreatic cancer mice model. HSP90
inhibitor will inhibit the function of chaperone HSP90 to
downregulate many oncogenic proteins simultaneously.
Due to the dependency on high glycolysis rate in pancreatic
tumor, we hypothesize that glycolysis inhibitor (3-Bromo-
pyruvate, 3-BrPA) will selectively sensitize the anticancer
eVect of HSP90 inhibitor in RIP1-Tag2 pancreatic cancer
model.

In RIP1-Tag2 transgenic pancreatic cancer model, the
rat insulin promoter 1 (RIP1) directs the expression of the
simian virus 40 large T antigen 2 (Tag2) in pancreatic beta
cells and induces multistage carcinogenesis [24]. From 4 to
7 weeks of age, a VEGF involved angiogenic switch acti-
vates the quiescent vasculature and promotes angiogenesis
in hyperproliferative lesions in the positive transgenic mice,
characterized by endothelial cell proliferation, dilated blood
vessels, and microhemorrhage [25–27]. Solid tumors and

metastasis emerge at about 8–12 weeks in pancreas and
mesenterium. This model has provided a good preclinical
spontaneous pancreatic tumor model for testing experimen-
tal therapeutics.

The wide spread use of new orthotopic models with deep
seated tumors require the use of in vivo imaging methods to
serially monitor treatment regimens. Therefore, the second
aim of this research is to establish a non-invasive dynamic
magnetic resonance imaging (MRI) imaging method to
monitor the tumor growth and synergistic anticancer eVect
of HSP90 inhibitor and glycolysis inhibitor in RIP1-Tag2
pancreatic cancer model.

The non-invasive small-animal imaging has become an
area of interests in order to eVectively and dynamically
image and monitor the disease process and therapeutic regi-
men in real time. Various imaging methods have been eval-
uated in animal model. Magnetic resonance imaging [28]
and positron emission tomography with radioactive tracer
[29] were implemented to evaluate the tumors in pancreatic
cancer xenograft model. Optical near infrared imaging [30]
and red Xuorescent protein imaging [31], were used for
orthotopic model of pancreatic cancer. Pinhole SPECT/CT
with a ligand for glucagons-like peptide-1 receptor were
evaluated to detect the tumors in RIP1-Tag2 mice [32].
This study investigated the possibility of a novel MRI
imaging method to assess pancreatic tumor development in
real-time from 8 to 12 weeks in RIP1-Tag2 transgenic
pancreatic cancer mice model.

Materials and methods

Cell culture, reagents, and antibodies

Human pancreatic cancer cell lines BxPC3 were used in the
in vitro mechanism study and cultured by 10% FBS RPMI-
1640 at 37°C and 5% CO2. All the antibodies for immuno-
histochemistry or western blots analysis were bought from
Cell Signaling Technology except hexokinase II antibody
from Chemicon International. VEGF Elisa kit was bought
from R and D systems. The glycolysis inhibitor 3-BrPA
was bought from Sigma-Aldrich.

Transgenic mice

RIP1-Tag2 transgenic mice of a C3/Cg background con-
tains the insulin promoter-driven SV40 Large T antigen and
produce spontaneous multifocal and multistage pancreatic
islet solid tumors [24]. RIP1-Tag2 positive mice were
selected with genotyping from tail-tip DNA by PCR. The
primer sequences has been previously reported as GGACA
AACCACAACTAGAATGCAGTG/CAGAGCAGAATTG
TGGA-GTGG [33]. Positive RIP1-Tag2 transgenic mice
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between 7 and 12 weeks of age were used in these studies.
Mice were housed under barrier conditions at the animal
care facility at the Ohio State University, Columbus, Ohio.
The Institutional Animal Care and Use Committee
(IACUC) at The Ohio State University approved all experi-
mental procedures.

In vivo antitumor treatment and tumor monitoring

Positive RIP1-Tag2 transgenic littermates were randomized
into diVerent groups for single treatment or combination
treatment of 5 mg/kg geldanamycin (GA) and 5 mg/kg
3-BrPA. All compounds were freshly prepared and injected
intraperitoneally twice per week for 5 weeks from the
8 weeks of age. At 12 weeks of age all animals underwent
careful and extensive autopsies of the pancreas and abdom-
inal cavities. The total tumor mass were weighed and total
volumes were added up with each single tumor volume
measured with a caliper and calculated as: single tumor
volume = 0.5 £ (length £ width2). The serum was col-
lected and stored at ¡80°C for VEGF Elisa analysis.
Tumor tissues were either subjected to immunohistochem-
istry analysis.

Immunohistochemistry (IHC)

The methods for immunohistochemistry have been
described previously [34]. BrieXy, tissues were Wxed by 4%
paraformaldehyde for 6–12 h and paraYn-embeded. Slides
were counterstained in Richard Allen hematoxylin, dehy-
drated through graded ethanol solutions and cover-slipped.
VEGF primary antibody was used at a dilution of 1:50,
HSP90 antibody at a dilution of 1:250, hexokinase II at a
dilution of 1:500, and p-AKT(Ser473) antibody at a dilu-
tion of 1:100. Primary antibodies were incubated for one
hour for VEGF and hexokinase II and overnight for HSP90
and p-AKT. The detection system used was a Labeled
Streptavidin-Biotin Complex. This method is based on the
consecutive application of (1) A primary antibody against
the antigen to be localized; (2) biotinylated linking second-
ary antibody against primary antibody; (3) peroxidase con-
jugated streptavidin to bind to biotin; and (4) enzyme
substrate chromogen (DAB) for detection. The positive and
negative controls stained appropriately.

Western blot analysis

Tumor Tissues were washed twice with phosphate-buVered
saline (PBS), homogenized in lysis buVer (50 mM PH 7.6
Tris–HCl, 250 mM NaCl, 5 mM EDTA, 2 mM Na3VO4,
50 mM NaF) with 1% protease inhibitor cocktail (P8340,
Sigma) on ice, and then sonicated three times for 20 sec.
Supernatants were collected after 10 min centrifuge

(15,000 rpm) at 4°C. Protein concentration was determined
using BCA protein assay method (PIERCE). The samples
were incubated with 2 £ SDS loading buVer and boiled for
5 min. Then 30 �g of total protein was subjected to electro-
phoresis and separated in 10% SDS-polyacrylamide gels
(Bio-Rad), transferred to nitrocellulose Wlters, probed with
the antibodies of interest, and developed by enhanced
chemiluminescence system ECL (Amersham).

Non-invasive in vivo tumor image by MRI

From 8 weeks of age, all mice were monitored by a 3 Tesla
clinical MRI system (Achieva, Philips Medical Systems)
for tumor growth and therapeutic eVect of geldanamycin
and 3-BrPA. BrieXy, 200 �l of 0.01 M extracellular
contrast agent contrast agent gadobutrol (Gd-BT-DO3A,
Gadovist; Schering AG, Berlin, Germany) was orally
administrated 5 min before anesthesia. The animals were
scanned in a prone position, using a dedicated mouse coil
(Philips Research laboratory). T2-weighted coronal images
were obtained using a Turbo Spin Echo (TSE) sequence
(TR/TE = 8,708/77 ms, Weld of view = 60 £ 60 mm2,
matrix = 512 £ 512 with in plane resolution 0.12 £
0.12 mm2, number of excitations = 1, 26 slices, 1 mm slice
thickness, contiguous slices without gap). From the images,
the stomach and gut in the mice were found with rounded
shape due to the Wlling of the contrast agent, which eVec-
tively suppressed the motion artifacts aVecting the imaging
results. No further motion correction was implemented
in the image post-processing. The image post-processing
including tumor segmentation and 3-dimensional visualiza-
tion was carried out using the MIPAV (Medical Image
Processing, Analysis, and Visualization) software from NIH
(http://mipav.cit.nih.gov/). The calculated tumor sizes
from MRI were correlated to those measured tumor volumes
ex vivo.

Data analysis

Data are mean § SD. Student’s t test or ANOVA test were
used for statistical analyses.

Results

Pancreatic tumor development in RIP1-Tag2 
transgenic mice

In order to select the positive transgenic mice for combina-
tion treatment of HSP90 inhibitor and glycolysis inhibitor,
the mice were genotyped for detection of RIP1-Tag2 trans-
gene at 2–3 weeks of age. Figure 1 (up panel) shows the
PCR results of the genotyping. Positive transgenic mice
123
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have a band at 450 bp while normal mice show clear back-
ground in the 2% Agarose gel. To further conWrm the pan-
creatic tumor in RIP1-Tag2 transgenic mice, the in situ
pancreas tissue and intestine were intensively explored
after the mice were sacriWce at the age of 12 weeks. As
shown in Fig. 1 (middle and low panel), solid tumors
appeared in the pancreas and metastasis was found in both
intestine wall and mensenterium in RIP1-Tag2 transgenic
mice.

Expression of HSP90, VEGF, PiAKT, and Hexokinase II 
(HKII) in pancreatic tumors of RIP1-Tag2
transgenic mice

Histology and immunohistochemistry were further con-
ducted to identify the characteristics of pancreatic tumor in
RIP1-Tag2 transgenic mice. Figure 2 shows the high
expression level of HSP90, VEGF, PiAKT and HK II
expression level in solid tumors at age of 12 weeks. VEGF
is the critical factor involved in the angiogenesis during
tumor progression, AKT plays an important role in the
tumor survival regulation, HKII is one of the most impor-
tant energy metabolism enzymes in solid tumors. These
proteins are directly related to tumor development and
metastasis stage. Thus simultaneously targeting multiple
proteins and inhibiting the tumor energy sources at the
same time provide a potential therapeutic regimen for pan-
creatic tumor.

Synergistic antitumor eVect of HSP90 inhibitor 
and glycolysis inhibitor in RIP1-Tag2 transgenic 
pancreatic tumor mice

Geldanamycin inhibited the function of molecular chaper-
one of HSP90 to simultaneously down-regulate many
oncogenic proteins including VEGF and AKT. Our previ-
ous studies have proven that a hexokinase II inhibitor
(3-Bromo-pyruvate, 3-BrPA) inhibited the glycolysis rate
in cancer cells (Cao X et al. unpublished data). In order to
test the synergistic eVect of HSP90 inhibitor and glycoly-
sis inhibitor in RIP1-Tag2 transgenic pancreatic cancer
mice, 3-BrPA (5 mg/kg, twice/week) and GA (5 mg/kg,
twice/week) were combined to treat positive RIP1-Tag2
transgenic mice from 8 to 12 weeks of age. The total
tumor mass and volume, in situ tumor metastasis and
VEGF amount in serum were compared to either non-
treatment mice or single treatment mice with GA or 3-BrPA
alone.

As shown in Fig. 3a, without any treatment, the RIP1-
Tag2 transgenic mice had over 250 mm3 total tumor vol-
ume and 300 mg total tumor mass at the 12 weeks of age.
Single treatment with either GA (5 mg/kg) or 3-BrPA
(3 mg/kg) had no eVects or minimal eVects on tumor
growth compared with the control groups. However,
combination treatments with GA (5 mg/kg) and 3-BrPA
(5 mg/kg) in these transgenic mice showed 90% inhibi-
tion on the tumor development, with only 20 mm3 total

Fig. 1 Spontaneous pancreatic 
tumor and metastasis in 
RIP-Tag2 transgenic mice at 
12 weeks [transgenic expression 
of SV40 large T antigen (TAg) 
under rat insulin promoter]
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tumor volume and 20 mg total tumor mass at the
12 weeks of age.

The analysis of in situ tumor and ex vivo tumors were
further conWrmed in Fig. 3b for the synergistic antitumor
eVect of GA and 3-BrPA. The metastasis were developed in
both the intestine or mensenterium in the single treatment
and control groups, while much smaller tumors were
detected only on pancreas in the combination treatment
group with GA and 3-BrPA (Fig 3b). This suggests that
simultaneously inhibiting HSP90 and glycolysis signiW-
cantly inhibit the metastasis and tumor growth in RIP1-
Tag2 transgenic pancreatic cancer mice.

Previous study reported that VEGF was elevated in
RIP1-Tag2 transgenic pancreatic cancer mice [35, 36].
Therefore, we tested the in vivo eVects of HSP90
inhibitor GA and glycolysis inhibitor 3-BrPA for the
serum VEGF concentration in either single treatment or
combination treatment groups. As illustrated in Fig. 3c,
control mice (RIP1-Tag2 transgenic mice without
treatment) showed signiWcant higher level (3-fold) of
serum VEGF compared to the littermate normal mice (no
RIP1-Tag2 transgene). Combinational treatment of GA
and 3-BrPA completely inhibited the VEGF production
by 70% in RIP1-Tag2 transgenic mice to the normal level
similar to normal littermate mice (without RIP1-Tag2
transgene) while single treatment with GA or 3-BrPA

exhibited minimum inhibition of VEGF production by
20–40%.

MRI non-invasive imaging pancreatic tumors 
in RIP1-Tag2 transgenic mice

In order to monitor the tumor development rate and con-
Wrm the synergistic anticancer activity of combination
treatment of GA and 3-BrPA in vivo, we developed a non-
invasive MRI imaging method for the pancreatic tumor in
the transgenic RIP1-Tag2 mice. Figure 4 showed the non-
invasive MRI images of the positive transgenic mice at
end of the experiments. This non-invasive MRI imaging
detected not only the pancreatic tumors (lower panel in
Fig. 4) but also the metastatic tumors (up panel in Fig. 4).
The predicted tumor volume and status by non-invasive
MRI correlated with the measured tumor size ex vivo (left
columns in Fig. 4). This non-invasive MRI imaging
detected the small tumor lesions at 20 mm3. These data
indicate that the non-invasive MRI imaging method is
able to detect the pancreatic tumor development rate in
real time in RIP1-Tag2 transgenic mice from week 8 to
week 12. The non-invasive tumor imaging provides a
feasible way to quantify the therapeutic eYcacy of the
combination treatment of Hsp90 inhibitor and glycolysis
inhibitor.

Fig. 2 High expression of 
HSP90, VEGF, Pi-AKT, and 
Hexokinase II (HKII) in pancre-
atic tumor tissues of RIP1-Tag2 
transgenic mice. The tumor tis-
sues are Wxed in formalin and 
then paraYn embedded for sec-
tion. VEGF primary antibody 
was used at a dilution of 1:50, 
HSP90 antibody at a dilution of 
1:250, hexokinase II at a dilution 
of 1:500, and p-AKT(Ser473) 
antibody at a dilution of 1:100
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Non-invasive MRI imaging showed that combination 
of Hsp90 inhibitor and glycolysis inhibitor signiWcant 
inhibited pancreatic tumor growth from week 8 
to week 12 in RIP1-Tag2 transgenic mice

In vivo pancreatic tumor growth rate from week 8 to
week 12 of RIP-Tag2 was measured in real-time by the

non-invasive MRI tumor imaging during the combination
treatment of Hsp90 inhibitor and glycolysis inhibitor. The
various treatment regimen was blind to MRI specialist for
MRI imaging. The tumor size was calculated by the
non-invasive MRI images and the total tumor volumes
were normalized to the tumor volumes at 8 weeks of age
before treatment. Figure 5a shows the 2-dimensional and

Fig. 3 a Total tumor volume and tumor mass in both pancreas and
metastasis in mesenterium. Mice were treated with GA   (5 mg/kg) or
3-BrPA (5 mg/kg) alone or in combination from week 7 to week 11.
The mice were sacriWced at week 12 to measure the tumor volume and
tumor mass. n = 5. b Representative image of spontaneous pancreatic
tumor and metastasis in intestine and mesenterium in RIP1-Tag2

transgenic mice at 12 weeks of age after drug treatment with geldana-
mycin (GA, 5 mg/kg) or/and 3-BrPA (5 mg/kg). c Serum VEGF levels
in RIP1-Tag2 transgenic pancreatic cancer mouse model (with drug
treatment of GA 5 mg/kg, or/and 3-BrPA 5 mg/kg) and littermate nor-
mal mice (Normal). n = 5
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3-dimensional non-invasive MRI images in both control
group and combination treatment group from week 8 to week
12. The 3-dimensional MRI images indicated that the tumor
growth rate was signiWcantly inhibited in the combination
treatment by more than 90% when compared to the non-treat-
ment group. As shown in Fig. 5b, the average of total tumor
volumes in the control group were grown 2-fold bigger at the
12 weeks of age than the initial volumes at 8 weeks of age.
SigniWcantly, the combination of geldanamycin (GA) and
3-BrPA in transgenic mice showed more than 90% inhibition
on the tumor growth at the 12 weeks of age, with only 1.1–1.2
fold of the initial tumor volumes at 8 weeks of age.

Combination treatment of geldanamycin (GA) 
and 3-BrPA enhanced mouse survival in RIP1-Tag2 
transgenic pancreatic tumor mice

RIP1-Tag2 transgenic pancreatic cancer mice have a very
short life span of 10–12 weeks due to the pancreatic tumor
burden. In order to verify whether the synergistic inhibition
of tumor growth by combination treatment of GA and
3-BrPA can prolong the life span in RIP1-Tag2 transgenic
mice, the survival rates were further analyzed during vari-
ous treatments. As illustrated in Fig. 6, the median survival
time in combination treatment group (GA and 3-BrPA) was
signiWcantly delayed to over 95 days (P < 0.05 vs. control),
while the median survival time in control group was
»83 days. In contrast, neither single 3-BrPA treatment group
nor single GA treatment group showed signiWcant survival
beneWts with the median survival time of 83.5 days (P = 0.87
vs. control) and 88 days (P = 0.67 vs. control), respectively.

Combination of GA and 3-BrPA exhibited better 
anticancer eVect in pancreatic cancer cells through 
induction of Hsp90 client protein degradation

To further explore the mechanism of synergistic antitumor
eVect of the combination treatment of GA and PA, We
evaluated the mechanism for the combination of geldana-
mycin and 3-BrPA in pancreatic cancer cells (BxPC-3) in
vitro. MTS assay was used to measure the cell viability.
Western blot was used to measure the HSP90 client pro-
teins levels after drug treatment. The results showed that
the combination of GA and 3-BrPA increased cytotoxicity
by more than 3-fold (Cao X et al. unpublished data). As
shown in Fig. 7, GA alone induced multiple client proteins
degradation (AKT, VEGF, HKII) by 40 to 50% in pancre-
atic cancer cells (BxPc-3). Combination treatment by GA
and 3-BrPA enhanced the degradation of AKT to 60%.
HSP90 level was not altered by the drug treatment. These
data suggest that synergistic eVect of GA and 3-BrPA is
through inhibition of two pathways on Hsp90 for its client
protein degradation and on HK II for energy metabolism.

Discussion

Many clinical trials failed to demonstrate therapeutic beneWts
using single agent to target single oncogenic protein or

Fig. 5 a Representative Non-invasive MRI imaging to detect tumor
development and therapeutic eYcacy of combination of GA (5 mg/kg)
and 3-BrPA (5 mg/kg) in real time in RIP1-Tag2 transgenic pancreatic
cancer mouse model from 8 to 12 weeks of age. b Non-invasive MRI
imaging calculated tumor volume in RIP1-Tag2 transgenic pancreatic
cancer model to measure the tumor development and therapeutic eY-
cacy of GA (5 mg/kg) and 3-BrPA (5 mg/kg) in real time from 8 to
12 weeks of age. n = 5
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angiogenesis in pancreatic tumors [37–39). This may due to
the fact that pancreatic cancer cells have a large number of
biochemical and genetic abnormalities including over-
expression of HIF-1�, HSP90, AKT, Erb2, VEGF, and
EGFR in addition to the mutation of many oncogenes or
tumor suppressor genes such as K-Ras, P16, P53, and
BRAC2 [6, 7, 40–44]. All these abnormally triggered-sig-
naling cascade alterations have made pancreatic cancer
highly resistant to therapies. HSP90 inhibitors provide a
hope for therapy of pancreatic cancer by inhibiting molecu-
lar chaperone Hsp90 and simultaneously down-regulate
many oncogenic proteins. Our previous studies have proven
that inhibiting ATP-dependent chaperone activity of
HSP90 by GA in combination with glycolysis inhibitor
have higher anticancer eYcacy and more potent induction
of HSP90 client proteins in both in vitro and in vivo pancre-
atic tumor xenograft models (Cao X et al. unpublished
data). In this study, we report the synergistic antitumor

eVects of HSP90 inhibitor and glycolysis inhibitor in RIP1-
Tag2 transgenic pancreatic tumor mice.

Angiogenesis plays an important role during carcinogen-
esis of solid tumors and invasive carcinoma in RIP1-Tag2
transgenic pancreatic tumor mouse model. VEGF is one of
the important pro-angiogenic factors that mediated the
angiogenic switch during tumor progress in these mice
[25, 36]. Conditional inhibiting the VEGF expression has
been reported to block the tumor angiogenesis eYciently
and tumor outgrowth [36]. HSP90 inhibitors modulate mul-
tiple functions required for tumor angiogenesis [45]. Our
combination study with GA decreased the VEGF levels both
in vitro and in vivo. Combination of GA and glycolysis
inhibitor 3-BrPA shows signiWcant ablation of VEGF in
RIP1-Tag2 transgenic mice (Fig. 3c) and has the synergistic
inhibition of the tumor progression (Fig. 3a, b).

The mechanism studies in cancer cells in vitro further
conWrmed the synergistic anticancer eVects by exploring
the degradation of HSP90 client proteins during combina-
tion treatment of GA and 3-BrPA (Fig. 7). Through the
inhibition of molecular chaperon function of HSP90 by gel-
danamycin, not only VEGF was degraded but also other
oncogenic proteins such as AKT. In addition, pancreatic
cancer highly depends on the high rate of glycolysis to pro-
vide the energy sources to maintain the proliferation rate of
the cancer cells [46, 47]. Further inhibition of the hexoki-
nase II function for energy metabolism in pancreatic cancer
cells by 3-BrPA cause more VEGF and AKT degradation.
Thus, combination treatment with HSP90 inhibitor and gly-
colysis inhibitor may provide a more eYcacious therapeutic
option than the classic angiogenesis inhibitor alone in anti-
cancer therapy.

Xenograft mouse model is widely used to assess thera-
peutic regimen for anticancer therapy for its easily con-
trolled tumor growth monitoring. However, orthotopic
tumor models are taking their advantages with closer imita-
tion to clinical tumor characteristics. These new orthotopic
models with deep seated tumors require the use of in vivo
imaging methods to assess therapeutic regimen in stead of
sacriWcing the animals. In our study, we utilized a sponta-
neous pancreatic tumor model (RIP1-Tag2) to evaluate
combination therapy of HSP90 inhibitor and glycolysis
inhibitor. To overcome the shortcomings of the monitoring
of tumor growth in pancreas and its metastasis in this spon-
taneous pancreatic cancer model, we developed a non-inva-
sive MRI imaging method to detect the tumorgenesis and
monitor the tumor development rate in real-time from week
8 to week 12. In RIP1-Tag2 transgenic pancreatic cancer
mouse model, the pancreatic cancer arises from normal
beta-cells in their natural tissue microenvironments and
progresses through multiple stages to invasive carcinoma.
Metastasis is detected in the nearby intestine and mesente-
rium in the late stage of positive transgenic mice, which is

Fig. 6 Survival rate of Rip1-Tag2 transgenic pancreatic cancer mice
after drug treatment with GA (5 mg/kg, n = 12), 3-BrPA (5 mg/kg,
n = 11), and combination of GA and 3-BrPA (n = 13) compared to
control (n = 10)
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similar to human pancreatic tumor. Using non-invasive
MRI imaging, the pancreatic tumors mass and volume and
the real-time tumor development can be easily detected. In
our method, the contrast agent was orally given and distrib-
uted in the stomach and intestine, which provided dark sig-
nal in the T2-weighted images. The border of the stomach
and intestine was then delineated, and pancreatic tumor and
metastasis were clearly detected. The tumor progression
rate in diVerent treatment strategies is monitored in real
time to directly reXect the therapeutic eYcacy. Our non-
invasive MRI images during the combination treatment of
GA and 3-BrPA showed more than 90% inhibition, which
is correlated to the ex vivo tumor measurement (Figs. 5, 3).
The limitation of the study is lack of tumor analysis using
RECIST criteria [48] due to low image resolution. In addi-
tion, the mice in week 8 mainly had nonmeasurable small
lesions, making it diYcult to use RECIST criteria. Further
studies with improved image resolution will include
RECIST criteria for tumor measurement.

In summary, combinational treatment of HSP90 inhibi-
tor and glycolysis inhibitor showed synergistic antitumor
eYcacy in RIP1-Tag2 transgenic pancreatic tumor mice
from 8 to 12 weeks of ages. The synergistic eVect of this
combination therapy is through inhibition of two pathways
on HSP90 for its client protein degradations (VEGF, AKT,
and HKII) and on HK II for energy metabolism. Non-inva-
sive MRI imaging was developed to monitor the tumor
growth and therapeutic eYcacy in real time in RIP1-Tag2
transgenic pancreatic model. The non-invasive MRI imag-
ing conWrmed that GA and 3-BrPA inhibit more than 90%
tumor growth rate. The combination of geldanamycin and
3-BrPA also signiWcantly prolonged the life span of RIP1-
Tag2 transgenic pancreatic cancer mice. Therefore, HSP90
inhibitors in combination with glycolysis inhibitors may
provide a new therapeutic option for pancreatic cancer
therapy.
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