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ABSTRACT

Bortezomib, a novel proteasome inhibitor, has been approved for treating
multiple myeloma and mantle cell lymphoma and studied pre-clinically and clinically
for solid tumors. Preferential cytotoxicity of bortezomib was found toward hypoxic
tumor cells and endothelial cells in vitro. The purpose of this study is to investigate the
role of a pretreatment hypoxic tumor microenvironment on the effects of bortezomib
in vitro and ex vivo, and explore the feasibility of dynamic contrast enhanced magnetic
resonance imaging (DCE MRI) to noninvasively evaluate the biological effects of
bortezomib. It was shown in vitro by Western blot, flow cytometry, and ELISA that
bortezomib accumulated HIF-1' in non-functional forms and blocks its hypoxia
response in human colorectal cancer cell lines. Ex vivo experiments were performed
with fluorescent immunohistochemical staining techniques using multiple endogenous
and exogenous markers to identify hypoxia (pimonidazole, HRE-TKeGFP), blood flow/
permeability (Hoechst 33342), micro-vessels (CD31 and SMA), apoptosis (cleaved
caspase 3) and hypoxia response (CA9). After bortezomib administration, overall
apoptosis index was significantly increased and blood perfusion was dramatically
decreased in tumor xenografts. More importantly, apoptosis signals were found
preferentially located in moderate and severe pretreatment hypoxic regions in
both tumor and endothelial cells. Meanwhile, DCE MRI examinations showed that
the tumor blood flow and permeability decreased significantly after bortezomib
administration. The present study revealed that bortezomib reduces tumor hypoxia
response and blood perfusion, thus, presenting antivascular properties. It will be
important to determine the hypoxic/perfusion status pre- and during treatment at
further translational studies.

INTRODUCTION The Takeda Oncology Co, Boston, MA) is the first
proteasome inhibitor approved by the US Food and

Targeting the ubiquitin-proteasome pathway Drug Administration (FDA) for the treatment of newly-

has emerged as a rational approach in the treatment of diagnosed or relapsed/refractory multiple myeloma and
human cancer [1, 2]. Bortezomib (Velcade, Millennium- mantle cell lymphoma [3, 4]. It represented a significant

www.impactjournals.com/oncotarget 34732 Oncotarget



milestone in the treatment of multiple myeloma, which
is second most common hematologic cancer in the
United States (after Non-Hodgkin Lymphoma); an
estimated 24,050 new cases and 11,090 deaths in the USA
in 2014 [5].

There are multiple tumor types that exhibit
characteristics associated with a dysregulated ubiquitin-
proteasome system, including non-small cell lung cancer,
colorectal cancer, and others, which could potentially
benefit from proteasome inhibitor therapy [6-8].
Phase I-II trails for solid tumors were conducted with
either bortezomib alone or combined with radiotherapy
or chemotherapy for colorectal cancer, head and neck
cancer and non-small cell lung cancer [9-11]. However,
expansion of bortezomib in the treatment of the more
complex solid tumors has been less successful [8].
Therefore, it is important to clarify the critical biological
mechanism, recognize the early response, and select the
patient responsive to bortezomib and other proteasome
inhibitors for a successful therapy.

Both clinical and preclinical data suggested that
therapeutic advantage of bortezomib in patients with solid
tumors could be from the strong inhibition of hypoxia-
inducible factor-1 (HIF-1) response [9, 12]. Hypoxia
response is an important protection mechanism for survival
of hypoxic tumor cells [13]. HIF-1, a heterodimeric
complex composed of an O_-labile a-subunit (HIF-1a),
which is degraded by the proteasome under aerobic
conditions, and a stable B-subunit (HIF-1f), mediates the
primary transcriptional response to hypoxic stress in tumor
cells [14]. Although bortezomib blocks the degradation of
HIF-1a in the proteasome, the accumulating HIF-1a
is unable to activate an effective hypoxia response,
rendering tumor cells vulnerable to a hostile hypoxic
microenvironment [12]. Importantly, the cytotoxicity of
bortezomib was found preferential toward not only tumor
cells but also endothelial cells under the hypoxic condition
in vitro [15, 16]. Since hypoxia is one of the fundamental
characteristics of solid tumors [17], it might be feasible to
improve the efficacy of bortezomib taking advantage of its
inhibition effect on hypoxia response.

In this study, we aimed to 1) investigate the role
of pretreatment tumor hypoxic status on the effect of
bortezomib treatment and the effects of bortezomib on
tumor microcirculation; 2) explore the feasibility of using
DCE MRI to noninvasively evaluate the biological effects
of bortezomib.

RESULTS

Bortezomib effectively inhibits HIF-1 hypoxia
response in vitro

In untreated cells, the expression of HIF-la and
its downstream proteins, CA9 and VEGF (extracellular),

in HT29 and LoVo cells were significantly higher under
hypoxia (0.2% O,) than under normoxia (20% O,)
(Fig. 1A and 1B). Similarly, the expression of hypoxia
response reporter gene eGFP was increased (Fig. 1D), and
the function of reporter gene TK was also enhanced under
hypoxia (Fig. 1C) in HT29 cells carrying HRE-TK/eGFP.

With bortezomib treatments at indicated doses
(1 uM and 5 uM), HIF-1a subunits in HT29 and LoVo
cells were protected from proteasomal degradation
under both normoxic and hypoxic conditions (Fig. 1A).
Cellular protein levels of CA9 were strongly inhibited
by bortezomib, in both under normoxia and hypoxia
(Fig. 1A). Excreted VEGF levels decreased significantly
in response to bortezomib treatment (Fig. 1B). The
hypoxia-induced expression of eGFP reporter gene was
significantly decreased after bortezomib treatments
(Fig. 1D), and the TK function at 0.2% O, condition was
also suppressed more than 100 folds (Fig. 1C). These data
validated that bortezomib could effectively interfere with
the HIF-1 hypoxia response.

Bortezomib induces apoptosis and decreases
tumor blood flow in xenografts

Significant apoptosis was induced in HT29-9HRE
xenografts at 24 h after the bortezomib treatment, with
a higher CCP3 positive percentage (5.26% + 0.98%)
in the bortezomib group (n = 8) than in the control
group (0.58% =+ 0.13%, n = 8), p < 0.001. As shown in
Fig. 2A-b, intense positive CCP3 signals were found
not only in tumor cells (1.98% =+ 0.41%) but also in
endothelial cells (3.28% + 0.63%), p < 0.01. However, the
CCP3 positive signal was barely detectable in the control
tumor (Fig. 2A-a).

The overall tumor blood perfusion was dramatically
decreased after the bortezomib treatment, as Hoechst
33342 positive percentage decreased from 18.72% + 2.59%
in the control group to 3.57% =+ 0.83% in the bortezomib
group, p <0.001. The microenvironment of the tumor after
bortezomib treatments was demonstrated by a representative
section shown in Fig. 2B, with multiple images of IHC
staining of blood flow, blood vessel and apoptosis. Within
the well perfused area (strong positive Hoechst 33342
signals, the rectangular frame, 2B-a) and the poorly perfused
area (no Hoechst 33342 signal, the round circle, 2B-a), the
micro-vessels were all lined with endothelial cells (CD31+,
2B-c) surrounded by pericytes (SMA+, 2B-b). However,
strong apoptosis signals (CCP3+) were only found in the
non-perfused endothelial cells (arrows, 2B-d).

The effect of bortezomib was dependent on the
pretreatment tumor hypoxia status

Changes in the tumor hypoxia status, the hypoxia
response of cells, and the blood flow within a 22 h interval
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Figure 1: HIF-10 mediated hypoxia response inhibited by bortezomib. Cells were exposed to bortezomib for 24 h under 20%
0,) or 0.2% O,, and the following assays were performed. A. Western Blot (HIF-1a and CA9). B. ELISA (VEGF concentration in tumor
cell-conditioned medium). D. Flow cytometry analyses (¢GFP). C. Liquid scintigraphy counter (uptake of '*C-FIAU for TK function). The
experiments were performed at least thrice and representative results are shown. Arrow: p < 0.05
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Figure 2: Effects of bortezomib on HT29-9HRE tumors assessed ex vivo by immunohistochemistry (IHC). Nude mice
bearing HT29-9HRE flank tumors were given bortezomib (2 mg/kg) or 1x PBS. Tumors were dissected and stained using IHC. A. Apoptosis
marker CCP3 (arrows) IHC images for the PBS (control)- (a) and bortezomib-treated tumors (b). B. Multiple markers IHC images. a: blood
flow: Hoechst 33342 (Hoe, blue). b: pericyte: SMA (red). c: endothelial cell: CD31 (green). d: CCP3 (red). Rectangular regions: mature
microvessels (SMA positive), resistant to bortezomib. Round circles and arrows: immature microvessels, sensitive to bortezomib.

was firstly been characterized with the rigid protocol (Fig. 3).
The results from a representative control tumor are shown in
Fig. 4. It was found that the original hypoxic tumor cells,
labeled by the first hypoxia marker pimonidazole (green),
were located near the necrotic zone (identified by adjacent
H&E staining, data not shown), and the newly developed
hypoxic tumor cells, labeled by the second hypoxia marker
EF5 (red) given 22 h later, emerged near the perfused blood
vessel (blue Hoechst 33342 signal, Fig. 4A-a). Almost all
newly developed hypoxic tumor areas labeled by EF5 (red,
Fig. 4A-a) showed the apparent expression of hypoxia
response protein CA9 (red, Fig. 4A-b).

To investigate the correlation between hypoxia
status and response to bortezomib treatment, the entire
tumor microscopic images from eight tumors in each
group were divided into a batch of 1 x 1 mm? regions
in which the hypoxia level were classified into three
grades based on the percentage area staining positive
for pimonidazole: mild (<10%), moderate (>10%),
and severe (>20%), respectively. It was demonstrated
as representative areas shown as solid squares 1, 2 and

3 in Fig. 4A, respectively. As magnified images shown
in Fig. 4B, while baseline hypoxia extent increased
(pimonidazole positive percentages: 8%, 12%, and 38%.
a, ¢ and 1), the local tumor blood flow gradually decreased
(Hoechst 33342 positive percentages: 25%, 8%, and 0%.
d, h and 1). Meanwhile, the ratio of newly developed
hypoxic cells gradually increased (only EF5 positive
percentages: 3%, 11%, and 32%. b, f and j). However, the
hypoxia response did not increase correspondingly (CA9
positive percentages: 11%, 13%, and 8%. c, g and k).

In contrast, after bortezomib treatments, the
relationships between tumor hypoxia and hypoxia
response does not exist any more (Fig. 5). There was
almost no apparent blood perfusion in the central regions,
with only few Hoechst 33342 positive signals in the
peripheral regions (Fig. 5A). The total tumor blood
perfusion significantly decreased in treated tumors, with
Hoechst 33342 positive percentage of 3.57% + 0.83%
in comparison to 18.72% =+ 2.59% in the control group,
p <0.001. Two major patterns of the relationship between
hypoxia status and hypoxia response were found. At
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Figure 3: Experiment flowchart for bortezomib administration, multiple marker injection and IHC staining.

region with mild pretreatment hypoxia (pimonidazole+,
green, dashed square 1 in Fig. 5A and Fig. 5B-a~¢), there
was no de novo hypoxic populations (EF5+, red) but
apparent CA9 expression (red). However, at regions with
moderate (dashed square 2 in Fig. SA and 5B-f~j) and
severe pretreatment hypoxia (dashed square 3 in Fig. 5A
and 5B-k~0), there were de novo hypoxic cells (EF5+)
around original hypoxic cells (pimonidazole+), but no
CA09 expression.

In addition, it was also found that the differences
in the microvasculature structures and the heterogeneous
distribution of pretreatment hypoxia led to the significant
diverse effect of bortezomib (Fig. 5B). In the mild hypoxia
regions, the majority of the micro-vessels (CD31+)
were relative large and formed with discernible lumen
(Fig. 5B-e). In the contrary, the microvasculature was
mainly in dot or short line shape without discernible lumen
formation in the moderate (Fig. 5B-j) and severe hypoxic
regions (Fig. 5B-0). The apoptosis signals were found
preferentially located in moderate and severe pretreatment
hypoxic regions. The CCP-3 positive percentage in
these regions was 7.54% + 1.31% and 7.92% + 1.12%,
respectively, higher than that in mild hypoxic regions
(1.08% + 0.32%), p < 0.001. The apoptosis was found both
in tumor cells (2.57% + 0.64% and 2.63% =+ 0.59%, solid
circles) and endothelial cells (4.97% + 1.53% and 5.29% +
1.48%, arrows) in moderate and severe hypoxic regions,
respectively. However, there were only CCP3 positive
signal in endothelial cells (1.08% + 0.32%, arrows), but not
in tumor cells (dashed circle) in the mild hypoxia region.

DCE MRI can effectively monitor effects of
bortezomib in vivo

Serial DCE MRI scans were performed with
the protocol depicted in Fig. 6A. Representative 'H
weighted MR images and corresponding Akep maps in

pseudo color were shown for each treatment arm in
Fig. 6B. The Ak, maps show that vascular perfusion
can be evaluated and is spatially heterogeneous at the
baseline DCE MRI. There was no discernible change
in vascular flow/perfusion in the control tumor group
over the time interval (n = 6). In the single-dose group
(n = 8), the tumor vascularity was dramatically reduced
in both center and peripheral tumor regions at 24 h, and
slightly recovered from the periphery to the center at
48 h. However, in the two-dose group (n = 8), the tumor
blood flow and permeability was continuously decreased
in both peripheral and central regions at 24 h and 48 h
after the bortezomib administration. Representative
buildup time-signal intensity curves from single tumor
voxels at the baseline, 24 h, and 48 h after treatments for
each group are displayed in Fig. 6C. In the control group
(n = 6), there were no significant changes in the initial
slopes (Ak_) of the curves at 24 h and 48 h compared
to the baseline curve, suggesting no significant change
in local blood flow and permeability. However, in the
single- and two-dose groups, Akcp of the 24 h and 48 h
curves were lower than those at baseline, suggesting that
the local blood flow and permeability decreased post-
treatment.

The dynamic changes in average tumor blood flow
and permeability (whole-tumor median Ak_ values)
were shown in Fig. 6D. To eliminate the bias from inter-
tumoral heterogeneous baseline vascular blood flow and
permeability, baseline whole-tumor Ak = values were
pooled from all three groups to evaluate vascular changes
in response to bortezomib treatment. It was found that
the average whole-tumor median Ak = values were
significantly reduced from 0.072 + 0.018/min at baseline
(n =22) to 0.018 = 0.010/min at 24 h and recovered at
48 h (0.068 £+ 0.017/min) after single-dose bortezomib
treatments (gray bars, n = 8), and continuously decreased
at 24 h (0.037 + 0.014/min) and 48 h (0.022 + 0.010/min)
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Figure 4: Changes in the hypoxia microenvironment in a representative control HT29-9HRE tumor. A. Composite
image of pimonidazole (green), EF5 (red) and Hoechst 33342 (blue) (a), and pimonidazole (green), CA9 (red) and Hoechst 33342 (blue)
(b). Solid squares 1, 2, and 3 represent the mild (<10% pimonidazole positive), moderate (<20% pimonidazole positive), and severe (>20%
pimonidazole positive) hypoxic regions, respectively. B. Enlarged images of square 1 (a~d), 2 (e~h) and 3 (i~1). Pimo: pimonidazole, Hoe:
Hoechst 33342
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Figure 5: Changes in the hypoxia microenvironment in a representative bortezomib-treated HT29-9HRE
tumor. A. Composite image of pimonidazole (green), EF5 (red) and Hoechst 33342 (blue) (a), and pimonidazole (green), CA9 (red) and
Hoechst 33342 (blue) (b). Dashed squares 1, 2, and 3 represent the mild (<10% pimonidazole positive), moderate (<20% pimonidazole
positive), and severe (>20% pimonidazole positive) hypoxic regions, respectively. B. Enlarged images of square 1 (a~d), 2 (e~h) and 3
(i~1). Dotted-line circles: region without apoptosis (bortezomib resistant). Solid-line circles and arrows: region with apparent apoptosis
(bortezomib sensitive). Pimo: pimonidazole, Hoe: Hoechst 33342, CCP3: cleaved caspase 3, N: Necrosis

www.impactjournals.com/oncotarget 34738 Oncotarget



A
Control —> PBS —> PBS
(n=6)
Baseline 1-dose 5 20mg/kg __, 24h 5> PBS s 48h
DCE-MRI (n=8) Bortezomib DCE-MRI DCE-MRI
{n=22)
2-dose e 1.5 mg/kg —_ 1.5 mg/kg
{n=8) Bortezomib Bortezomib
B Untreated 1-dose Bortezomib 2-dose Bortezomib

'H MRI Akep map H MRI Akep map H MRI Akep map

=1 mm =1 mm =1 mm

Control 1-dose Bortezomib 2-dose Bortezomib
1.7 17 17
E 16 g 16 g 16
15 15 2,15
E3 E3 ET
ET‘_"‘A §§1_4 §§1A ——BL
ag' ag13 5913 ——24h
$a12 S22 $a12 48h
5 5 2™'G =
3 1 3 / 3 1 N
10 M 1.0 10 & b
09 1 09 0.9
0 10 20 0 10 20 0 10 20 30
Time [min] Time [min] Time [min]
D E 25
0.10 [ Control L
- *
= BL 1-Dose — —L|
£ 1 2 ¥ *
§ 24h W 2-Dose — —_
= 0.08 =48 h ]
5 ! E
£ 315
S gm
= 0.06 )
LX7] H
O+ £ +
H § * PE 1
s 0.04 3 L
o
22 * l g2
8 s
g ¢ 05
& 0.02
T
@
= 0
0.00
BL 24h 48 h
1-Dose 2-Dose

Figure 6: In vivo DCE MRI of subcutaneous HT29—9HRE xenografts. A. Experiment flowchart. B. Representative 'H MR single-
slice images and corresponding Akcp pseudocolor images at baseline, 24 h and 48 h for the control, 1-dose and 2-dose groups. C. Representative
buildup time-signal intensity curves of a single representative tumor voxel at baseline, 24 h and 48 h for the control, 1-dose and 2-dose groups.
D. Whole-tumor median Ak_ values. The baseline values were averaged for all tumors and plotted beside those at 24 h and 48 h after 1-dose
or 2-dose of bortezomib administration. E. Tumor volumes normalized to baseline at 24 h and 48 h for untreated and treated tumors. *p <0.05
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Figure 7: Ex vivo microscopic images. After the last DCE MRI, nude mice were i.v. injected with Hoechst 33342 and sacrificed 1 min
later. Hoechst 33342 (A, B, C) and CA9 (D, E, F) were shown for representative tumors from control, 1-dose and 2-dose groups.

after two consecutive treatments (black bars, n = 8),
p <0.05. During the 3-day time frame, the control tumors
grew rapidly. In contrast, a significant growth delay was
observed in both, the one-dose and two-dose groups
(Fig. 6E).

DCE MRI could indirectly reflect the biological
effect of bortezomib

Ex vivo data validated that the effects of bortezomib
on tumor vascularity paralleled its effect on the tumor
hypoxia response (Fig. 7). The effect of bortezomib on
tumor perfusion (Hoechst 33342) was similar to the
effects on in vivo tumor blood flow and permeability as
assessed by DCE MRI. Similar results were obtained
when evaluating the extent of hypoxic areas in the tumor
at two time points ex vivo by immunohistochemistry of
pimonidazole and imaging of eGFP (data not shown). The
distribution of Hoechst 33342 at 50 h after single-dose
bortezomib treatments was observed in both central and
peripheral tumor regions (Fig. 7B), which suggested that
the effect of bortezomib on tumor perfusion has vanished
or decreased. In the two-dose group, tumor perfusion was
significantly decreased with only Hoechst 33342 detected
in the peripheral regions (Fig. 7C). In addition, the effect
of bortezomib on tumor hypoxia response (CA9) was
similar as its effects on tumor blood flow and permeability.

The expression of CA9 was recovered approximately to
the level of the control group at 50 h after single-dose
bortezomib (Fig. 7E), but dramatically suppressed with
two-dose treatments (Fig. 7F).

DISCUSSIONS

As bortezomib is still in early phase of clinical trail
for treating solid tumors, it is key to clarify its critical
biological effects and mechanism and select the patients
responsive to the treatment. In the present study, we found
that the pretreatment tumor hypoxia microenvironment
plays a critical role in the effects of bortezomib. Higher
apoptotic indexes were found in the endothelial cells and
tumor cells in severe hypoxic regions, which were closely
related to the inhibition/reduction of tumor hypoxia
response. Noninvasive DCE MRI could effectively monitor
the changes in tumor vascularity, linked to tumor hypoxia
[18], reflecting the biological effects of bortezomib. Our
data thus support, that the an early response to bortezomib
treatment may have the potential to select patients who
would most benefit from bortezomib treatment and
establish a rational scheme for successful targeted therapy.

The hypoxia pathway targeting effect of bortezomib
has been studied previously in different models [12, 15,
19-21]. In vitro and in vivo data showed that bortezomib
protected HIF-la from proteasome degradation and
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impaired its function in cervical cancer [12]. Biphasic
effects of proteasome inhibitors on the stability of
HIF-1o have been also found [20]. Fels et al. found
that bortezomib exhibited significantly higher cytotoxicity
toward hypoxic than normoxic tumor cells, which was
accompanied by enhanced activation of an unfolded
protein response [15]. In present study, it was found that
the effect of bortezomib was dependent on the status of
pretreatment tumor hypoxia, as assessed by the analysis of
multiparametric ex vivo images (Fig. 4). The cytotoxicity
of bortezomib toward tumor cells only occurred in areas
that were, at pretreatment, moderately to severely hypoxic.
It could be closely related to bortezomib’s inhibitory
effect on the tumor hypoxia response. Apoptosis was
only activated in hypoxic tumor areas without associated
expression of CA9, a protein expressed downstream of
the primary hypoxia response characterized by HIF-1
stabilization. In addition, it was also found that spatial
microvascular heterogeneity and the heterogeneous
distribution of pretreatment hypoxia were associated with
a significant and equal spatially diverse inhibitory effect of
bortezomib on the hypoxia response (Fig. 5). Therefore, it
is worth to further explore the dual antitumor mechanism
of bortezomib in solid tumor, although clinical data
showed that solid tumors of various histological origins
were resistant to either bortezomib as single treatment
or in combination with radiotherapy or chemotherapy
[6-9]. Our data suggest that preexisting hypoxia plays
an important role in antitumor efficacy of bortezomib,
and that the inhibition or reduction of the HIF-1 hypoxia
response pathway promotes apoptosis in hypoxic
tumor cells.

More importantly, our study demonstrated that
pretreatment hypoxia also plays a critical role in the effects
of bortezomib on the tumor vasculature. Tumor endothelial
cells within poorly developed microvasculature were more
sensitive to bortezomib than tumor cells, accounting for
~62.35% of the apoptotic population (Figs. 2 and 5).
Previous in vitro experiments found that endothelial cells
exposed to bortezomib undergo death to an extent that
depends strictly on their activation state [22]. Endothelial
cells under hypoxic condition or actively proliferating
are sensitive to bortezomib, which activates autophagy
or apoptosis [16, 22]. Preexposing endothelial cells to
hypoxia to induce the expression of HIF-1a protein, will
greatly enhance the proapoptotic effect of bortezomib
[16, 22, 23]. Bone marrow angiogenesis is emerging as
a critical component of multiple myeloma development
and progression, and hence, provides an attractive
therapeutic target for the disease [24]. Bortezomib has
shown antiangiogenic properties in multiple myeloma
via direct and indirect effects on endothelia cells [25].
When HUVECs were induced to express HIF-1a prior
to bortezomib treatment in vitro, proliferative and
angiogenic responses were abolished, and a greatly

enhanced proapoptotic effect was promoted [23]. These
results indicate that HIF-1o up-regulation may sensitize
endothelial cells to the antiangiogenic and proapoptotic
effects of bortezomib and explain the histological findings
in the current study.

As bortezomib induced apoptosis in tumor
endothelial cells, it led to the collapse of corresponding
vessel functionality, and significantly decreased localized
and overall tumor vascularity. This was demonstrated by
both ex vivo imaging of tumor sections (Figs. 5 and 7) and
in vivo DCE MRI (Fig. 6). It was found that the inhibition
of tumor microcirculation by bortezomib was synchronized
with its inhibitory effect on hypoxia response (as assessed
by decreased expression of eGFP and CA9). When tumor
vascularity was decreased by bortezomib, the hypoxia
response was also reduced, and vice versa. Therefore,
using DCE MRI to monitor the effect of bortezomib on
tumor vascularity could effectively reflect its biological
effects on the histological level. It provides thus a potent
clinical tool to early and noninvasively select patients
responsive to bortezomib treatment and establish a rational
scheme for combining bortezomib with other therapeutic
approaches. Preclinicallyy, DCE MRI has been used
extensively as a noninvasive tool to assess tumor blood
perfusion and predict treatment response [26, 27]. Using
DCE MRI and high-resolution computed tomographic
imaging of vascular casts, the vasculature of xenograft
tumors has been characterized and prominent differences
in vessel perfusion, permeability, and architechture have
been identified and ultimately resulted in optimizing
bortezomib exposure to improve treatment efficacy [28].
Clinically, DCE MRI has been used in early clinical
development of vascular directed anticancer therapies over
the last decade and has been proven helpful in assessing
whether mechanistic goals are achieved, in assisting
dose selection, in selecting subpopulations enriched for
response and in predicting patient benefit [29].

In summary, the present study revealed that
bortezomib significantly inhibited the hypoxia response
pathway in tumors and reduced tumor vascular blood flow
and permeability. Our results emphasize the importance
of determining the spatial extent and heterogeneity of
hypoxia and tumor vascularity pre- and during treatment
for translational studies. Although limited by small
sample size, (12 of 91 patients were observed), DCE
MRI has already been employed in a recently reported
phase I study, treating advanced, refractory malignancies
with a combination of bortezomib plus anti-angiogenic
therapy (bevacizumab) [30]. Additionally, a phase I/II
study to evaluate efficacy and safety of using bortezomib
in combination with chemotherapy and bevacizumab as
the first-line treatment in advanced non-small cell lung
cancer has also been conducted recently in patients [31].
Our results, together with other clinical and preclinical
studies together, demonstrate the significant advantages
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of conducting translational studies including treatments
targeting the proteasome in human solid tumors
accompanied by ex vivo and in vivo imaging.

MATERIALS AND METHODS

Reagents and antibodies

Bortezomib was purchased from Millenium
Pharmaceuticals (Cambridge, MA). Pimonidazole HCI
(Hypoxyprobe-1) and its antibody were purchased from
Natural Pharmacia International, Inc. (Burlington, MA).
2-(2-nitro-1H-imidazole-1- yl)-N-(2,2,3,3,3-penta-
fluoropropyl) acetamide (EF5) and its antibody were
kindly provided by Dr. Cameron J. Koch (University
of Pennsylvania, Philadelphia, PA). Hoechst 33342
trihydrochloride was purchased from Sigma-Aldrich
(St Louis, MI). [“C] 2" -Deoxy-2' -fluoro-p-D-
arabinofuranosyl-5-iodouracil (“*C-FIAU, 0.025uCi/mL,
chemical purity of 97.7%) was purchased from Moravek
Biochemicals (Lane Brea, CA). The antibodies used were
against HIF-1a (Chemicon, Billerica, MA), cleaved caspase
3 (CCP3, Cell Signaling Technology, Danvers, MA), CD31
(BD Biosciences, San Jose, CA) and a-smooth muscle actin
(a-SMA, Sigma-Aldrich). The antibody against carbonic
anhydrase 9 (CA9, cG250) was kindly provided by Dr. Gerd
Ritter (Ludwig Institute for Cancer Research, New York,
NY). The secondary antibodies for immunofluorescence
staining were matched Alexa Fluor fluorescent dye-
conjugated antibodies (Cell Signaling Technology). VEGF
ELISA kit was purchased from TSZ ELISA (Waltham, MA).

Cell culture

Human colorectal carcinoma HT29 and LoVo cells
were maintained in McCoy’s 5A medium or Dulbecco’s
Modified Essential Medium (DMEM), respectively,
supplemented with 10% fetal bovine serum and antibiotics
at 37°C and 5% CO, in humidified air. Previously
developed HT29 cells, carrying a 9 hypoxia-response
elements (9HRE) driven HSV1-TK/eGFP (designated as
HT29-9HRE), were maintained as described previously
[32]. Stable hypoxia-inducible gene expression in
HT29-9HRE cells was periodically tested by PCR and
flow cytometry. Cells for experiments were obtained from
recently thawed vials and used below passage 10.

In vitro response to bortezomib

HT29-9HRE cells were treated at 37°C with
bortezomib at indicated concentrations and exposed to
0.2% O,, 5% CO,, 94.8% N, (hypoxia) in an /n vivo 2-400
Hypoxia Workstation (Biotrace, Bridgend, UK) or
maintained in humidified air containing 5% CO, for 24 h.
Cell lysates were prepared for western blot (HIF-1a and
CA9), which was performed using a Sally Simple Western

instrument (ProteinSimple) [33]. VEGF concentrations in
tumor cell-conditioned media were determined by ELISA
(Bio-rad). The expression of eGFP in live HT29-9HRE
cells was examined by flow cytometry, and TK function
by measuring '“C-FIAU uptake, as described by us
previously [32].

Animal experimental procedure

All animal protocols were approved by the Institutional
Animal Care and Use Committee. HT29-9HRE xenografts
were formed by injecting 5 x 10° cells s.c. into the hind limbs
or the right flank (for DCE MRI) of 6-8 weeks old female
nude mice (NCr athymic nu/nu, National Cancer Institute
Frederick Cancer Research Institute). Unless indicated
otherwise, nude mice, bearing HT29-9HRE xenografts,
were injected 7.v. with the first hypoxia marker pimonidazole
(80 mg/kg), 2 h later injected i.p. with bortezomib (2 mg/kg)
or PBS, 20 h later injected i.v. with the second hypoxia
marker EF5 (24 mg/kg), and 4 h later injected i.v. with
perfusion marker Hoechst 33342 (25 mg/kg), followed
1 min later by animal sacrifice. Immediately after sacrifice,
tumor tissue was excised, frozen, and embedded in optimal-
cutting-temperature medium (OCT). Contiguous frozen
tissue sections were cut at a thickness of 8 um and stored
at —80°C. The experimental flowchart was shown in Fig. 3.

Immunohistochemical staining, fluorescence
microscopy, and image analysis

Whole tumor sections were scanned using an
Axiovert 200M Inverted fluorescence microscope
(Carl Zeiss, Oberkochen, Germany), equipped with a
computer-controlled motorized stage, a digital camera,
and Metamorph software. All images were acquired at
50x magnification, unless indicated otherwise. Composite
images were generated from individual microscope images
using the software. Sections were first imaged for eGFP and
Hoechst 33342. Then the same or adjacent sections were
stained for HIF-1a, pimonidazole, EF5, CA9, CD31, SMA
and CCP3 according to the manufacturer’s instructions,
and imaged at the appropriate wavelength for green and red
fluorescence, respectively. Lastly, the sections were stained
with H&E according to standard protocol.

The analysis included the entire viable tumor area
identified on the H&E slide. The images were carefully
adjusted and analyzed by Adobe Photoshop 7.0. For each
image, the threshold was set individually at a brightness
level that best separated the signal from the background.
Based on the threshold images, the percentages of positive
stained area were measured for each marker.

Dynamic contrast enhanced '"H MRI (DCE MRI)

DCE MRI was performed on a Bruker 7T BioSpin
MR spectrometer (Bruker, Germany) with a home-built,
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solenoid 'H MR coil. Sagittal slices of interest were
identified from a pilot MR scan. The mouse tail vein
was catheterized to facilitate administration of the MR
contrast agent Gd-DTPA (0.1 mM Gd/kg, Magnevist®,
Berlex Laboratories, Wayne, NJ). The mice were
anesthetized with isoflurane (0.8%—-1.5%) in oxygen
(1.5 ml/min) with respiration monitored. T -weighted
DCE MRI (Fast Low Angle Shot (FLASH) MRI, 4 slices,
1 mm slice thickness, 1 average (number of averages,
NA), 312 repetitions (number of repetitions, NR),
3.2 ms echo time (TE), 34 ms repetition interval (TR),
128 x 128 matrix, 15 mm x 15 mm field of view (FOV),
~45° flip angle, 22 min acquisition time) was performed
at 4.3 s temporal resolution and 117 pum % 117 pm
in-plane resolution.

After the baseline DCE MRI, the animals were
randomly assigned into three groups: 1) control (PBS), 2)
1-dose bortezomib (2.0 mg/kg), or 3) 2-dose bortezomib
(1.5 mg/kg administered 24 h apart). Each animal
underwent three sequential DCE MRI experiments
(day 0, 1, and 2) with spin density MR images facilitating
the tumor slice alignment of the baseline DCE MRI and
with the subsequent DCE MRI performed at 24 h and 48 h
later. The time-signal curves, obtained by DCE MRI, were
normalized with respect to the data without contrast agent
and fitted voxel-by-voxel using the Hoffman model
[18, 34]. Akcp maps were generated for the corresponding
tumor slices for all 3 time points. To quantify the
perfusion (tumor blood flow and permeability) changes
due to bortezomib treatments, the median Akcp value
of each tumor was calculated from whole-tumor Ak
histograms.

Each tumor was measured daily with a digital
caliper in three orthogonal dimensions (a, b and c).
Tumor volume was calculated as wabc/6 and compared
between groups. For ex vivo evaluation of hypoxia and
perfusion changes in response to treatment, mice were
injected i.v. with pimonidazole after the last DCE MRI,
2 h later injected i.v. with Hoechst 33342, and 1 min
later sacrificed. Histological analysis was performed
as described above and compared with the DCE MRI
results.

Statistical analysis

Statistical analysis was performed using SPSS
16.0. Data were shown as mean + SE. Differences in the
markers ex vivo among treatment groups were assessed
using 2-tailed Student’s ¢ test, ANOVA or the Mann-
Whitney rank-sum test. A P value less than 0.05 was
considered statistically significant.

ACKNOWLEDGMENTS AND FUNDING

This work was supported in part by grants from
National Institutes of Health , USA (P01 CA115675, RO1

CA56909, and R33 CA109772), and the grants from
National Natural Science Foundation of China (81001004,
81572970 and 81272502). We thank Jing Liu and Yang
Yu for technical assistance with western blot and ELISA
experiments.

CONFLICTS OF INTEREST
None.
REFERENCES

1. Adams J, Palombella VJ, Sausville EA, Johnson J,
Destree A, Lazarus DD, Maas J, Pien CS, Prakash S,
Elliott PJ. Proteasome inhibitors: a novel class of potent and
effective antitumor agents. Cancer Res. 1999; 59:2615-22.

2. Adams J, Kauffman M. Development of the proteasome
inhibitor Velcade (Bortezomib). Cancer Invest. 2004;
22:304-11.

3. Richardson PG, Barlogie B, Berenson J, Singhal S,
Jagannath S, Irwin D, Rajkumar SV, Srkalovic G,
Alsina M, Alexanian R, Siegel D, Orlowski RZ, Kuter D,
et al. A phase 2 study of bortezomib in relapsed, refractory
myeloma. N Engl J Med. 2003; 348:2609—17.

4. Belch A, Kouroukis CT, Crump M, Sehn L, Gascoyne RD,
Klasa R, Powers J, Wright J, Eisenhauer EA. A phase 11
study of bortezomib in mantle cell lymphoma: the National
Cancer Institute of Canada Clinical Trials Group trial
IND.150. Ann Oncol. 2007; 18:116-21.

5. Siegel R, Mal, Zou Z, Jemal A. Cancer statistics. 2014; CA
Cancer J Clin. 64:9-29.

6. Escobar M, Velez M, Belalcazar A, Santos ES, Raez LE.
The role of proteasome inhibition in nonsmall cell lung
cancer. J Biomed Biotechnol. 2011; 2011:806506.

7. Conrad C, Podolsky MJ, Cusack JC. Antiproteasomal
agents in rectal cancer. Anticancer Drugs. 2011; 22:341-50.

8. James J, Driscoll E, Steve Woodle. Targeting the Ubiquitin
Proteasome System in Solid Tumors. Semin Hematol. 2012;
49:277-83.

9. Mackay H, Hedley D, Major P, Townsley C, Mackenzie M,
Vincent M, Degendorfer P, Tsao M-S, Nicklee T, Birle D,
Wright J, Siu L, Moore M, et al. A phase II trial with phar-
macodynamic endpoints of the proteasome inhibitor bort-
ezomib in patients with metastatic colorectal cancer. Clin
Cancer Res. 2005; 11:5526-33.

10. Chung CH, Aulino J, Muldowney NJ, Hatakeyama H,
Baumann J, Burkey B, Netterville J, Sinard R,
Yarbrough WG, Cmelak AJ, Slebos RJ, Shyr Y, Parker J, et
al. Nuclear factor-kappa B pathway and response in a phase
11 trial of bortezomib and docetaxel in patients with recurrent
and/or metastatic head and neck squamous cell carcinoma.
Ann Oncol. 2010; 21:864—70.

11. Piperdi B, Walsh WV, Bradley K, Zhou Z, Bathini V,
Hanrahan-Boshes M, Hutchinson L, Perez-Soler R. Phase-1/
1I study of bortezomib in combination with carboplatin and

www.impactjournals.com/oncotarget

Oncotarget



12.

13.

15.

16.

18.

19.

20.

21.

22.

23.

24.

bevacizumab as first-line therapy in patients with advanced
non-small-cell lung cancer. J Thorac Oncol. 2012; 7:1032—40.

Birle DC, Hedley DW. Suppression of the hypoxia-
inducible factor-1 response in cervical carcinoma xenografts
by proteasome inhibitors. Cancer Res. 2007; 67:1735-43.
Wilson WR, Hay MP. Targeting hypoxia in cancer therapy.
Nat Rev Cancer. 2011; 11:393-410.

Keith B, Johnson RS, Simon MC. HIFlalpha and
HIF2alpha: sibling rivalry in hypoxic tumour growth and
progression. Nat Rev Cancer. 2012; 12:9-22.

Fels DR, Ye J, Segan AT, Kridel SJ, Spiotto M, Olson M,
Koong AC, Koumenis C. Preferential cytotoxicity of bort-
ezomib toward hypoxic tumor cells via overactivation of
endoplasmic reticulum stress pathways. Cancer Res. 2008;
68:9323-30.

Veschini L, Belloni D, Foglieni C, Cangi MG, Ferrarini M,
Caligaris-Cappio F, Ferrero E. Hypoxia-inducible
transcription factor-1 alpha determines sensitivity of
endothelial cells to the proteosome inhibitor bortezomib.
Blood. 2007; 109:2565-70.

. Vaupel P. Tumor oxygenation: an appraisal of past and

present concepts and a look into the future: Arisztid G.B
Kovach Lecture. Adv Exp Med Biol. 2013; 789:229-36.

Cho H, Ackerstaff E, Carlin S, Lupu ME, Wang Y,
Rizwan A, O’Donoghue J, Ling CC, Humm JL,
Zanzonico PB, Koutcher JA. Noninvasive multimodality
imaging of the tumor microenvironment: registered
dynamic magnetic resonance imaging and positron emis-
sion tomography studies of a preclinical tumor model of
tumor hypoxia. Neoplasia. 2009; 11:247-59.

Befani CD, Vlachostergios PJ, Hatzidaki E, Patrikidou A,
Bonanou S, Simos G, Papandreou CN, Liakos P.
Bortezomib represses HIF-1alpha protein expression and
nuclear accumulation by inhibiting both PI3K/Akt/TOR
and MAPK pathways in prostate cancer cells. J] Mol Med
(Berl). 2012; 90:45-54.

Zhu K, Chan W, Heymach J, Wilkinson M, McConkey DJ.
Control of HIF-lalpha expression by elF2 alpha
phosphorylation-mediated translational repression. Cancer
Res. 2009; 69:1836—43.

Shin DH, Chun Y-S, Lee DS, Huang LE, Park J-W.
Bortezomib inhibits tumor adaptation to hypoxia by
stimulating the FIH-mediated repression of hypoxia-inducible
factor-1. Blood. 2008; 111:3131-6.

Drexler HCA, Risau W, Konerding MA. Inhibition of
proteasome function induces programmed cell death in
proliferating endothelial cells. FASEB J. 2000; 14:65-77.
Belloni D, Veschini L, Foglieni C, Dell’Antonio G,
Caligaris-Cappio F, Ferrarini M, Ferrero E. Bortezomib
induces autophagic death in proliferating human endothelial
cells. Exp Cell Res. 2010; 316:1010-8.

Ria R, Catacchio I, Berardi S, De Luisi A, Caivano A,
Piccoli C, Ruggieri V, Frassanito MA, Ribatti D, Nico B,

25.

26.

217.

28.

29.

30.

3L

32.

33.

34.

Annese T, Ruggieri S, Guarini A, et al. HIF-1alpha of
bone marrow endothelial cells implies relapse and drug
resistance in patients with multiple myeloma and may act
as a therapeutic target. Clin Cancer Res. 2014; 20:847-58.

Ferrarini M, Ferrero E. Proteasome
modulators of angiogenesis in multiple myeloma. Curr Med
Chem. 2011; 18:5185-95.

Benjaminsen IC, Graff BA, Brurberg KG, Rofstad EK.
Assessment of tumor blood perfusion by high-resolution

inhibitors and

dynamic contrast-enhanced MRI: a preclinical study of human
melanoma xenografts. Magn Reson Med. 2004; 52:269-76.
Bradley DP, Tessier JJ, Lacey T, Scott M, Jurgensmeier JM,
Odedra R, Mills J, Kilburn L, Wedge SR. Examining the
acute effects of cediranib (RECENTIN, AZD2171) treatment
in tumor models: a dynamic contrast-enhanced MRI study
using gadopentate. Magn Reson Ima. 2009; 27:377-84.

Williamson MJ, Silva MD, Terkelsen J, Robertson R,
Yu L, Xia C, Hatsis P, Bannerman B, Babcock T, Cao Y,
Kupperman E. The relationship among tumor architecture,
pharmacokinetics, pharmacodynamics, and efficacy of
bortezomib in mouse xenograft models. Mol Cancer Ther.
2009; 8:3234-43.

Zweifel M, Padhani AR. Perfusion MRI in the early clini-
cal development of antivascular drugs: decorations or
decision making tools?. Eur J Nucl Med Mol Imaging.
2010;Suppl 1:S164-82.

Falchook GS, Wheler JJ, Naing A, Jackson EF, Janku F,
Hong D, Ng CS, Tannir NM, Lawhorn KN, Huang M,
Angelo LS, Vishwamitra D, Hess K, et al. Targeting hypoxia-
inducible factor-lalpha (HIF-1lalpha) in combination with
antiangiogenic therapy: A phase I trial of bortezomib plus
bevacizumab. Oncotarget. 2014; 5:10280-92.

Piperdi B, Walsh WV, Bradley K, Zhou Z, Bathini V,
Hanrahan-Boshes M, Hutchinson L, Perez-Soler R.
Phase-I/II study of bortezomib in combination with carbo-
platin and bevacizumab as first-line therapy in patients with
advanced non-small-cell lung cancer. J Thoracic Oncol. 2012;
7:1032-40.

He F, Deng X, Wen B, Liu Y, Sun X, Xing L, Minami A,
Huang Y, Chen Q, Zanzonico PB, Ling CC, Li GC.
Noninvasive molecular imaging of hypoxia in human
xenografts: comparing hypoxia-induced gene expression
with endogenous and exogenous hypoxia markers. Cancer
Res. 2008; 68:8597-606.

Pedersen MW, Jacobsen HJ, Koefoed K, Dahlman A,
Kjeer 1, Poulsen TT, Meijer PJ, Nielsen LS., Horak ID,
Lantto J, Kragh M. Targeting Three Distinct HER2
Antibody Mixture
Overcomes Trastuzumab Resistance. Mol Cancer Ther.
2015; 14:669-80.

Hoffmann U, Brix G, Knopp MV, Hess T, Lorenz WJ.
Pharmacokinetic mapping of the breast: a new method for

dynamic MR mammography. Magn Reson Med. 1995;
33:506-14.

Domains with a Recombinant

WWw

.impactjournals.com/oncotarget

34744

Oncotarget



