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Targeting of Glucose Transport Proteins for Tumor

Imaging: Is It Feasible?

Carol Anne Nelson, Qian Jennifer Wang, Jeffrey Paul Bourque and Paul David Crane
DuPont Merck Pharmaceutical Company, North Billerica, Massachusetts

If glucose transport proteins (Glut) are elevated in tumors they may
be good targets for tumor imaging. For targeting, the overexpression
of Glut should be a general characteristic of tumors. Moreover
agents which bind to Glut should accumulate selectively in tumors.
Methods: To test this, we quantitated Glut in isolated membranes
from three human tumor xenografts, two murine tumor models and
normal murine tissues using direct binding studies. Additionally, the
biodistribution of two compounds which bind to Glut, 7-[(2-(3-('*I-
p-hydroxyphenyf)propionyllaminoethyljaminojcarbonyl]-7-desacetyl-
forskolin ([*25JHPP forskolin) and [°H]cytochalasin B, were studied in
a tumor model which overexpressed Glut. Results: There were
multiple classes of binding sites for [PHlcytochalasin B and a
percentage of these sites were competitive with D-glucose but not
L-glucose. The rank potency and IC,, values for [PHlcytochalasin B
binding were: 2-deoxy-D-glucose (4.5 mM) = D-glucose (7 mM) >
mannose (25 mM) > galactose (35 mM) > rhamnose (1-3 mM) >
sorbitol (1-3 mM) and were similar to reported values for transport.
The average density of Glut in four tumor models and normal tissues
was between 0.7 and 4 pmole/mg protein, but K, values were not
significantly different (69 nM). In LX-1 human lung tumor xenograft
(LX-1) Glut were 10-to-20-fold higher than other tissues (21.6 + 0.6
pmole/mg protein, p < 0.01). Immunostaining of Glut-1 was more
prominent in LX-1 than other xenograft tumors, consistent with the
binding data. Glut density was highest in poorly vascularized regions
suggesting that Glut upregulation was related to a biofeedback
mediated event. lodine-125 HPP-forskolin and [PH]cytochalasin B
did not localize in LX-1 tumors. Conclusion: Glut overexpression
was not a common characteristic of the five tumors tested. lodine-
125 HPP-forskolin and [PHjcytochalasin B did not localize in LX-1
tumors, indicating that these agents did not target tumors with
upregulated Glut. Results suggest that Glut are not a promising
target for tumor imaging.

Key Words: glucose transport proteins; tumor imaging; PET
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High glucose metabolism has long been recognized as a
distinguishing characteristic of tumors. Historically, tumors
placed in solution were found to take up large concentrations of
glucose relative to normal tissues (/). The accumulation of
2-DG analogs such as ['"®F]JFDG has been used to image tumors
with PET (2-4). The phosphorylated form of ['®F]FDG is
trapped intracellularly because it is not a good substrate for
cellular export or further metabolism (5). The high concentra-
tion of ['®F]JFDG in tumors has been attributed to increased
hexokinase activity (6), decreased phosphatase activity (5) or
high concentrations of Glut (7-/0). In situ hybridization studies
from several groups have shown overexpression of Glut mRNA
and transcript in a variety of human primary tumors (7,9-11).
In addition, several studies have linked the transformation of
cells to a direct upregulation of Glut (/2-15). From these
studies, it is generally accepted that the upregulation of Glut is
a common characteristic of tumor biology. It has been sug-
gested that agents which bind to Glut, such as labeled 3-radio-
iodo-phloretin, may serve as alternative tumor imaging agents
to '"8F-FDG (/6). Dlssocmtlon constants for the binding of
['#*IJHPP forskolin and [*H]cytochalasin B to Glut (100 nM)
are higher than dissociation constants for phloretin (1 uM)
(16-18), and thus chosen for this study. Two approaches were
taken to determine whether Glut could be targeted for tumor
imaging: (1) the concentrations of Glut were estimated in five
tumors, and six normal tissues; and (2) the biodistribution of
['#*IJHPP forskolin and [*H]cytochalasin B was measured in
tumor xenografts that overexpressed Glut.

MATERIALS AND METHODS
Tumor Xenografts

Female Crl:CD-1®-nuBr outbred isolator maintained nude mice
(10-12 wk old) were used for all human tumor xenografts. The
MX-1 human breast carcinoma xenograft and the LX-1 human
lung carcinoma xenograft were both established by B. Giovanella
of the Stehlin Foundation of Houston, Texas. Xenografts were
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passaged many years in the NCI screening panel of experimental
tumors (/9). The DLD-2 colon xenograft was established by
Dexter et al. (20). All human tumor lines were passaged as
subcutaneous implants in nude mice; fragments of tumors 3 X 3
mm in size were placed either unilaterally or bilaterally in the
inguinal axillae of each animal.

Synthesis of Hpp-Forskolin

7-[[(2-Aminoethyl)amino]carbonyl]-7-desacetylforskolin ~ was
synthesized using a published procedure (/7). '"H NMR spectrum
was recorded on a 270-MHz spectrometer in CDCl;. Chemical
shifts are reported in parts per million with peak multiplicities
being indicated as follows: s = singlet; d = doublet; t = triplet;
m = multiplet; dd = double of doublets. The following peak
assignments were noted and correlated with the original published
synthesis of this compound: 5.95 (dd, 1 H), 5.22 (d, 1 H), 5.20 (d,
1 H), 4.96 (d, 1 H), 4.54 (m, 2 H), 3.22 (d, 2 H), 2.88 (t, 2 H), 2.42
(d, 1 H), 2.16 (d, 1 H), 1.70 (s, 3 H), 1.42 (s, 3 H), 1.35 (s, 3 H),
1.24 (s, 3 H) and 1.02 (s, 3 H). Analytical thin-layer chromotog-
raphy was performed on a silica gel plate. Visualization of the final
amine was by trinitrobenzenesulfonic acid spray. Ry = 0.33
(EtOAc/HOACc/H20 8/1/1) Iodination of 7-[[(2-Aminoethyl)ami-
no]carbonyl]-7-desacetylforskolin was carried out using the
Bolton-Hunter reagent as described (/7).

Membrane Preparation

Mice were killed by decapitation. The organs or tumors were
minced and homogenized in 10 ml of 20 mM Tris-HCI, pH 7.5
containing 10 mM EDTA (4°C). A Brinkman Polytron with a small
probe of a P10/35 (4.5 for 30 sec) was used for homogenization.
The suspension was centrifuged at 48,000 X g for 10 min (4°C).
The pellet was resuspended in 40 ml of assay buffer (Tris-HCI, pH
7.5) with the homogenizer (4 sec) and filtered through three layers
of cheesecloth. Membranes were washed two times and the final
pellet was resuspended in assay buffer (1 ml/100 mg of original
organ or tumor weight). Protein was determined using procedure
P 5656 (Sigma, St. Louis, MO).

Filtration Assay for Tritiated Cytochalasin B Binding

Membrane protein was incubated at 20°C with [*H]cytochalasin
B in 20 mM Tris-HCI, pH 7.5. Nonspecific binding was determined
in the presence of 0.5 M 2-DG. Specific binding was determined in
the presence of 0.5 M sorbitol. Cytochalasin E (10 uM) was
included in the assay to decrease nonspecific binding. After a 30
min incubation the membrane protein was filtered through What-
man GF/C filter paper under reduced pressure and washed with 8
ml buffer (4°C) using a 24-probe Brandell Cell Harvester. The
filters were assayed for tritium activity in a Packard liquid
scintillation counter for 3 min in 10 ml Cytoscint (Fisher, Pitts-
burgh, PA).

Centrifugation Assay for Tritiated Cytochalasin B Binding

Filtration and centrifugation techniques for separating bound
from free [*H]cytochalasin B were run in parallel using the same
membrane preparation. Prior to centrifugation or filtration, proce-
dures were identical. Tubes were then centrifuged in a microfuge
for 3 min and inverted over 20 ml scintillation vials. The pellet was
dispersed with 100 ul sodium dodecyl sulfate (10% v/v in water),
incubated at room temperature for 30 min and inverted over a fresh
scintillation vial. Supernatants and solubilized pellets were assayed
for tritium activity in 10 ml of Aquasol.
Biodistribution Studies

Mice were intravenously injected with 100 ul of saline contain-
ing 10 uCi labeled compound. At various times, animals were
decapitated. Trunk blood was collected, and the organs were rinsed
in saline and weighed. Muscle was from the quadriceps femoris.
Gamma emitters were counted in a gamma counter. For tritium

labeled compounds organs were minced in a 20-ml glass scintilla-
tion vial and Solvable (Sigma) was used as directed. Samples were
assayed for *H activity in 15 ml of acidified Aquasol (7.5 ml of
glacial acetic acid/l).

Immunostaining

Tumors were embedded in Histoprep and frozen at —30°C.
Embedded tumors were sliced in five micron sections using a
Bright cryostat. Tumor sections were removed from the freezer and
air dried for 20 min. Tumor sections were fixed in saline containing
4% paraformaldehyde for 5 min at 4°C. The slides were then
placed in phosphate buffered saline (PBS) for 10 min, 0.3% H,0,
for 30 min, and PBS for 20 min. Tris buffered saline (TBS)
containing 0.1% avidin was dropped onto the slices and incubated
20 min in humidified chambers. After a 10 min wash in TBS, a
solution of TBS containing 0.01% biotin was dropped onto tumor
slices and incubated for 20 min. After another 10 min wash in TBS,
normal blocking serum was added dropwise onto tumor slices and
incubated 20 min following the directions from the Vector Elite
ABC kit (Burlingham, CA) to the peroxidase step. Peroxidase
substrate from ABC kit was incubated 2 min.

In some experiments, tumors were fixed in 10% buffered
formalin for 24 hr and embedded in paraffin before slicing. Positive
controls for Glut-1, Glut-3 and Glut-5 were caco cell smears.
Positive controls for Glut-2 and Glut-4 were murine liver smears.
Red blood cells contain only Glut-1 and were used to assess the
degree of cross reactivity of antibodies against Glut-2 through
Glut-5 with Glut-1. The purity of the red cell preparation was
confirmed by microscopy. Similar controls are not available for
antibodies directed against Glut-2 through Glut-S, since most
tissues contain some Glut-1 (27). Excess antigen for Glut-1 (5 ng)
was used in some experiments to block the immunostaining of
Glut-1 in LX-1, and MX-1 tumor slices and demonstrate specific-
ity.

Cellular Necrosis and

Tumors were fixed in 10% buffered formalin and sectioned (5
microns). Tumors with similar weights (0.3 g) were compared.
Hematoxylin and eosin (H&E) staining were carried out as de-
scribed previously (22). Photographs of H&E stained sections were
taken of the top and bottom of a slice every 25 microns into the
tumor at a 40x magnification. Thirty-eight photographs of each
tumor were analyzed. The area of necrotic tissue, viable tumor
tissue and nontumor cells in each photograph was assessed. All
areas for the 38 photographs were then averaged.

Statistical Methods

Data are expressed as mean * s.e.m. Least squares analysis of
Scatchard plots were computed and graphed using KaleidaGraph
version 2.0. B, and K, values were calculated from Scatchard
plots (23). Curve fitting analysis of multiphasic binding isotherms
were done using LIGAND. Multiple comparisons were done using
ANOVA followed by Kneuman Kuels test and the comparison of
large and small tumors were done using a Student’s t-test.

RESULTS

Homogenization, Filtration and Incubation

The stability of the Glut binding sites during assay proce-
dures was measured. Tritium cytochalasin B binding reached
equilibrium by 5 min at 20°C, and more rapidly at 30°C in the
presence of 0.5 M sorbitol. Binding was stable to 90 min at both
temperatures (data not shown). The effect of prolonged homog-
enization on Glut site density in membranes from LX-1 was
also tested. Membranes from LX-1 were homogenized for 15
sec intervals and then assayed for Glut. The number of binding
sites for [*H]cytochalasin B was constant over 70 sec (data not
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FIGURE 1. Scatchard plots of PHjcytochalasin B binding in membrane
preparations. Tritiated cytochalasin B was incubated in a Tris-HCI, pH 7.5,
with and without excess cytochalasin B (10 uM ) for the times indicated. Data
are mean values of triplicate determinations representative of 3-to-8 exper-
iments.

shown). Only 30 sec were required for membrane preparation.
Centrifugation has been commonly used to separate bound from
free [*H]cytochalasin B in whole cell and membrane systems
(18). The centrifugation and filtration methods of separating
membrane-bound from free [*H]cytochalasin B were compared
at different concentrations of [*H]cytochalasin B in murine liver
membranes. The nonspecific binding was decreased more than
50% in the filtration assay with no change in the number of
specific binding sites at any of the concentrations tested (data
not shown).

Cytochalasin B Displaceable Binding

Specific binding sites for [*H]cytochalasin B were measured
by subtracting nonspecific binding in the presence of excess
cytochalasin B from total binding in the absence of cytochalasin
B (Fig. 1). The curves were multiphasic, indicating multiple
classes of binding sites. Tritium cytochalasin B has been
reported to bind to multiple classes of high affinity binding sites
including Glut (/8). B, values were estimated by extrapola-
tion and summarized in Table 1 and the range of B,,,,, values for
[*H]cytochalasin B was between 9 and 25 pmole/mg protein.

GLucoSE TRANSPORT PROTEINS IN TUuMORS AND NORMAL TissuE « Nelson et al.

TABLE 1
Cytochalasin B Binding Parameters in Membranes from Tumors
and Normal Tissues

Brao CB B ax Glut
(pmole/mg (pmole/mg Kd, Glut
protein) protein) (m)*
LX-1 lung, human 247 216+06" 138x16
xenograft
MX-1 breast, human 11.65 114+18 139+25
xenograft
DLD-2 colon, human nd 275+*08 12925
xenograﬂ
B16 murine melanoma nd 255+ 8 7724
c-neu OncoMouse™, 9.9 0.78 = 0.6 26 =19
breast tumor
Murine brain 11.6 2,66 + 0.6 60 + 17
Murine liver 184 122 +0.8 13+25
Murine heart 8.6 24 +07 49 + 22
Murine lung 253 301 17+ 30
Murine kidney 9.1 35+05 38+ 16
Murine skeletal muscle 135 27*08 74 + 25

*Kq values were not significantly different from each other.

p < 0.01 compared to other B, using ANOVA and Kneuman Kuels.
Data are mean + s.em.,n = 3t0 8.

Glut = glucose transport proteins; CB = cytochalasin B; nd = not done.

D-Glucose Displaceable Binding

Glut have been measured directly using d-glucose to inhibit
specific binding (/8,24). In this way the non-Glut binding sites
for cytochalasin B can be subtracted from the total. A percent-
age of the specific binding sites for [*H]cytochalasin B were
competitive with d-glucose (Fig. 2, Table 1). L-glucose had no
effect. Cytochalasin E decreased the nonspecific binding, pos-
sibly due to the inhibition of cytoskeletal interactions (/8) with
no change in the specific binding (data not shown). The
inhibition of [*H]cytochalasin B binding by d-glucose was
maximal at 0.5 M. Representative Scatchard plots of the glucose
displaceable [*H]cytochalasin B binding sites in different mem-
brane preparations are shown in Figure 2. Scatchard plots were
linear indicating a single class of binding sites.

K values were not significantly different from one another in
any group. The average K, value for [*H]cytochalasin B
binding to Glut was not significantly different from values in
membranes from human red blood cells (data not shown) and
Erlich ascites tumor cells in which direct binding studies with
[*H]cytochalasin B are most commonly done (/8,24). Normal
tissues including murine brain, heart, lung, liver, kidney and
skeletal muscle had site densities that ranged from 1.2-to-3.5
pmole/mg protein. The Glut site densities in other tumor models
including LX-1, MX-1, DLD-2, B-16 and breast tumors from
the c-neu OncoMouse™ are also shown. Membranes from the
LX-1 tumor had B,,,, values for Glut 10-to-20-fold higher than
all others (p < 0.01). Only LX-1 had Glut concentrations
significantly higher than normal tissues.

In LX-1 membranes, 87% of the cytochalasin B displaceable
binding sites were glucose displaceable. In other tissues, the
percentage of glucose displaceable binding ranged from 10% to
30% of the cytochalasin B displaceable binding sites (Table 1).
To characterize the inhibition of cytochalasin B by d-glucose,
saturation isotherms were carried out at two concentrations of
glucose (0.5 M and 0.02 M) using membranes from LX-1
tumors (Fig. 3). Increasing the concentration of glucose in-
creased the apparent K4 with no change in the B, value. This
is characteristic of competitive inhibition.
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FIGURE 2. Scatchard plots of [PH]cytochalasin B binding to glucose trans-
port proteins in membrane preparations. Tritium cytochalasin B was incu-
bated in a Tris-HCI buffer solution at pH 7.5 containing cytochalasin E (10
uM) and either sorbitol (0.5 M), or 2-deoxy-D-glucose (0.5 M) for 20 min.
Assays were filttered through GF/C filter paper under reduced pressure and
counted. Data are mean values of triplicate determinations (n = 3 to 8).
Parameters for pooled data are given in Table 1.

Rank Potency of Sugar Trans?ort Compared to Binding

The percent inhibition of [*H]cytochalasin B binding by
different sugars was assessed to determine whether binding
occurred in the same concentration range as transport (Fig. 4).
The rank potency of competition for [*H]cytochalasin B bind-
ing sites in LX-1 membranes was d-glucose = 2- deoxyglucose
> mannose > galactose > rhamnose > sorbitol. This is the
same rank potency reported for the inhibition of [*H]cytocha-
lasin B binding to Glut in human erythrocytes (24) and
erythrocyte membranes (25). The IC, values calculated from
the inhibition curves are given in Table 2. Reported values for
the inhibition of sugar transport in human red blood cells (26)
are shown. ICs, values for sugar transport across the blood
brain barrier in rat are similar to those shown in Table 2 (27).
Thus, different sugars compete for binding of [*H]cytochalasin
B in LX-1 membranes over similar concentration ranges as they
compete for transport in other systems (Table 2).

Effect of Tumor Size on Glut Density

To determine the effect of tumor size on Glut site density,
large and small LX-1 tumors were compared (Table 3). Small
tumors (<0.3 g) had 24 pmole Glut per mg protein compared to
large tumors (>1.0 g) which had 15 pmole Glut per milligram
protein. K values were not significantly different, and the yield
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FIGURE 3. Competitive inhibition of [PH]cytochalasin B by D-glucose.
Scatchard plots of the glucose displaceabile binding of [*H]cytochalasin B to
membranes from LX-1 tumor. Membrane protein was incubated with differ-
ent concentrations of [PHjcytochalasin B. The binding was
measured in the presence of 10 uM cytochalasin E and 0.02 M (circles) or 0.5
M (squares) D-glucose as shown. The total binding was measure with 10 M
cytochalasin E and 0.5 or 0.02 M sorbitol. Specific binding was calculated by
subtracting the nonspecific from the total binding.

of membrane protein was the same in all tumors (4% of the
original weight). Thus, small tumors had 29% higher Glut per
milligram protein than large tumors (p < 0.01). Even the largest
LX-1 tumors, however, had site densities of Glut at least 5-fold
higher than membrane preparations from other tumor types.
The biodistribution of [3H]c¥tochalasm B, ['2’IJHPP-forsko-

lin, [*H]2-deoxyglucose and ['*’I]IUDR was tested in the LX-1
tumor model. Optlmal time points are shown in Table 4. The
concentration of [*H]cytochalasin B and ['>*IJHPP-forskolin in
the tumors was below blood levels at 30, 60 and 120 min
postinjection The percent id/g of 2-deoxyglucose in tumor was
§her than blood values at all time points tested. Similarly,

['“IJIUDR (known to target dividing cells) was markedly
elevated in the LX-1 tumor compared to blood and other organs
24 hr after injection.
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FIGURE 4. Rank potency competition of [*Hlcytochalasin B binding. LX-1
membranes were incubated with [PHjcytochalasin B (50 nmole/l), cytochala-
sin E (10 uM), and concentrations of the sugars indicated for 30 min at 20°C.
The values are the average of two separate experiments done in triplicate.
The ICs, values are given in Table 3.
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Immunostaining Experiments

The expression of Glut isoforms 1-5 in LX-1 and MX-1 was
measured using immunostaining techniques. Antibodies di-
rected against human Glut-1, Glut-2, Glut-3, Glut 4 and Glut §
were used. Initial studies showed some nonspecific staining in
the MX-1 tumor slices without antibody. This nonspecific
staining was not observed after preincubation of tumor slices
with avidin and biotin. Strong staining of positive controls
verified that each antibody was able to react with a tissue
known to contain the transport protein against which it was
directed. This staining was associated with the cell membranes
in tumor slices. No detectable staining was seen in either tumor
or red blood cell membranes using an antibody directed against
Glut 3. Some weak staining was seen in both tumors using
antibodies directed against Glut-2. Faint staining was apparent
in both tumors using antibodies directed against Glut-4 and
Glut-S. Staining in red blood cell membranes using antibodies
directed against Glut-2, Glut-4 and Glut-5 was similar to that
seen in the tumor slices (data not shown).

The immunostaining of Glut-1 was much higher in the LX-1
tumor compared to MX-1, and DLD-2 (Fig. 5 A-D). In all three
tumors excess unlabeled antigen (Glut-1 peptide) was able to
inhibit staining (data not shown). Strong positive staining was
also observed in poorly vascularized regions (Fig. 5). In some
experiments, 1:50 dilution of antibody was used to stain MX-1
and DLD-2 tumors. The same pattern of high staining was seen
in poorly vascularized regions of MX-1 and DLD-2 (data not
shown).

Hi

Tumors fixed in 10% buffered formalin before slicing had
more distinct histological structures than tumor that had been
sliced frozen and then fixed. Consequently, the regions of
necrosis and cellular heterogeneity were performed on forma-
lin-fixed tumors. The percentage of connective tissue, fat and
red blood cells was less than 5% of the total cell population in
LX-1, MX-1 and DLD-2 tumors. The percentage of necrotic
regions was assessed microscopically after H&E staining. The
percentage of necrotic regions was 16% in LX-1 and MX-1 and
37% in DLD-2.

DISCUSSION

Purpose

Evidence that Glut are overexpressed in tumors includes
reports of elevated transcript and mRNA for Glut in fixed tumor
slices and transformed cell lines. Tumors from liver (/7), brain
(9), the digestive system (/0) and head and neck (28) have
been reported to have high levels of Glut mRNA compared to
normal tissues. Elevated Glut transcript in human tumors of the
breast (7), brain (9) and head and neck (28) has been shown by
immunohistochemical staining. Transformation of some cells
with src, ras (13) and fps (12) have been linked to the increased
synthesis and expression of Glut. Transformation with rous
sarcoma virus has been linked to the upregulation of Glut before
enhanced growth (29). 2-DG analogs such as ['®F]FDG are
transported into cells by Glut and are retained in tumors at high
concentrations. These data imply that Glut overexpression is a
general characteristic of tumor biology. Thus, it has been
suggested that agents which bind to Glut may serve as alterna-
tive tumor imaging agents to ['*F]JFDG (/6). To test the
feasability of this hypothesis, we quantitated Glut in tumors and
normal tissues.

Quantification of Glut
Glut were measured by direct binding and immunostaining
techniques. [*H]cytochalasin B binds directly to Glut and has

GLucoSE TRANSPORT PROTEINS IN TuMORs AND NORMAL TissUE « Nelson et al.

been used to quantitate Glut in red blood cells (30), Erlich
Ascites tumor cells (/8), adipose cells (37), rat liver mem-
branes (32) and membranes from cerebral microvessels (33).
The binding of [*H]cytochalasin B to membrane preparations
was measured in the presence and absence of excess 2-DG. Two
observations confirmed that specific binding sites were Glut:
(1) D-glucose but not L-glucose competitively inhibited the
binding of cytochalasin B (Figs. 2, 3); and (2) The inhibition of
cytochalasin B binding by different sugars occurred in the same
concentration range as their transport (Fig. 4). The concentra-
tion of Glut in normal tissues ranged from 2-to-4 pmole/mg
protein. The concentration of Glut in four tumors ranged from
0.8-to-3 pmole/mg protein and was not different from normal
tissues. In LX-1, Glut were 10-to-20-fold higher than normal
tissues and other tumors (Table 1). Since LX-1 tumors stained
intensely compared to MX-1 and DLD-2, immunostaining
results were consistent with the binding data. Thus, only one of
five tumors had concentrations of Glut significantly higher than
normal tissues, a trend which appeared to contradict published
reports of Glut density in human primary tumors (7,9,10,13,28).

Xenograft passage, tissue preparation, cellular heterogeneity
and tumor necrosis are potential explanations for the apparent
low expression of Glut in four out of five tumors. For example,
Glut expression in a population of passaged tumors may not
represent expression in primary tumors. Tumors from the c-neu
OncoMouse™, however, were also studied. These transgenic
animals develop tumors spontaneously (34), and were found to
have low Glut (Table 1). Thus, a mutational artifact of xe-
nograft passage was not a likely explanation. It was also
unlikely that Glut degradation was occurring during filtration,
homogenization or incubation procedures since Glut were
found to be stable under these conditions. The percentage of
necrotic zones were calculated in all xenografts and were found
to be identical in LX-1 and MX-1 tumors (16%). In DLD-2
tumors 38% of the tumor was necrotic. The percentage of
nontumor cells was found to be less than 5% in all three
xenografts (Table 5). Correction for necrosis or cellular heter-
ogeneity did not indicate Glut overexpression in DLD-2 or
MX-1 relative to normal tissues. Thus, low Glut expression in
four out of five tumors did not appear to be due to artifacts of
cellular heterogeneity, necrosis, tissue preparation or xenograft
passage.

Regional upregulation of Glut might lead to higher estimates
of Glut when tumor slices are compared to homogenates of
whole tumors. Immunostaining is the technique most often used
to demonstrate overexpression of Glut in tumors (7,9,10,13,28).
Tumors have hypoxic zones of low blood flow and these zones
often become necrotic (35,36). Lower concentrations of Glut
per milligram protein were found in large compared to small
LX-1 tumors (Table 3). While large tumors have more necrotic
zones (35,36) and may have similar protein concentrations they
have less Glut per milligram of protein. We also observed that
overexpression of Glut was most extensive in poorly vascular-
ized regions (Fig. 5). It could be that cells near necrotic zones
have high concentrations of Glut and zones of coagulation
necrosis have lost their Glut. It is also possible that cells in
necrotic zones may still retain epitopes of Glut which are no
longer functional. Thus, immunostaining and binding could
appear to give different results due to regional variations of Glut
expression.

Glut concentration can be regulated by biofeedback and
transformation-related events. Low levels of glucose and ATP
can lead to the upregulation of Glut in cultured cells (37,38).
Thus, conditions of low glucose and ATP occur in tumors (39).
As stated previously, we observed that the upregulation of Glut
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TABLE 2
Inhibition of Transport and Tritiated Cytochalasin B Binding by

Different Sugars
Sugar ICs, transport* ICso[*HICB binding®
2-deoxyglucose 4.5 mM 12.0 mM
d-glucose 7mM 6.5 mM
d-mannose 25 mM 54.0 mM
d-galactose 35mM 162.0 mM
d-rhamnose >1M >1M

*IC5, values for binding were calculated from inhibition curves (Fig. 5).
TPublished values for the inhibition of glucose transport in red blood cells
@6).

was most extensive in regions of low vascularization. A similar
pattern of Glut expression has been observed in brain tumors
(9), and human mammary tumors (7). In this study, immuno-
staining techniques revealed that tumor cells adjacent to blood
vessels in LX-1, DLD-2 and MX-1 all had similar staining
intensity for Glut-1. LX-1, MX-1 and DLD-2 all had higher
expression of Glut-1 in poorly vascularized regions. The stain-
ing of LX-1 was the most intense (Fig. 5 A-D). It is possible
that LX-1 tumor cells express more Glut under stress than cells
in the other tumors. A transformation-specific upregulation of
Glut should occur uniformly throughout the tumor and be
apparent on cells adjacent to blood vessels. Biofeedback medi-
ated upregulation of Glut would be expected to occur in poorly
vascularized regions. Thus, it appeared that Glut were upregu-
lated in a biofeedback mediated response in all tumor xenograft
models and that this response was more extensive in LX-1.

There are five isoforms of Glut which have been sequenced
and characterized. Isoforms 1 and 3 are most commonly
upregulated in tumors (7,9,//). With antibodies directed against
isoforms 1-5 we found that only Glut-1 were significantly
expressed in LX-1 and MX-1 tumors. DLD-2 also expressed
Glut-1. Only human xenograft tissues were tested because the
antibodies available were directed against human Glut. Excess
antigen was able to inhibit staining, indicating the Glut-1
antibody had a specific interaction with Glut-1.

Tumor Targeting
LX-1 appeared to be an excellent model to determine whether

targeting Glut in tumors would lead to high retention of agents
which bind to Glut. Thus, the biodistribution of agents which
bind to Glut such as ['2*[JHPP-forskolin and [*H]cytochalasin
B was measured in LX-1. Agents known to target tumors such
as [*H]2-DG and ['**I)iododeoxyuridine (IUDR) were studied
for comparison. The concentration of [*H]-2-DG in LX-1 was
well above blood values at all time points. Tumor-to-blood
ratios in ['2*I]JIUDR treated animals were high indicating that

TABLE 3
Glucose Transport Protein Site Density in Large
and Small LX-1 Tumors

B nax Glut
Tumor weight (pmole/mg Ky, Glut  Membrane protein
@) No. protein) (M) (mg/100 mg tissue)
1.39 = 0.13 5 146 18" 105+ 11 43 +0.18
0.27 * 0.12 6 238=16" 101 =10 4.0 *0.16

*Significantly different from *, p < 0.01.
Data are mean *+ s.e.m.
Glut = glucose transport proteins.

TABLE 4
Biodistribution of Tritiated Cytochalasin B, lodine-125-HPP-
forskolin, lodine-125-UDR and Tritiated FDG in
LX-1 Tumor Xenograft

% ID/g

Organ CB@h) FSK(1hy 2-DG(05h) IUDR (24 h
Blood 051+0.03 049+004 052*006 0058 +0.04
Brain 021+003 005+002 297+029 007003
Heart 153+ 029 098+038 21.68+1.78 0061+ .03
Lung 046 +005 045+004 169+009 0.14*005
Liver 175+ 038 088+0.16 074+0.09 0.33+0.08
Galbladder ~ 59.9 * 65.3 4949 + 3085 091 = 0.05 nd
Kidney 064+ 001 059+005 161+011 018005
Muscle 258 +127 048+041 097 +023 0072 +0.03
Fat 07+009 036=005 038016 nd
Small intestine 8.23 + 646 029 +0.04 1.75= 0.07 nd
(X-1tumor 041005 048+001 241+012 1.06+0.11

Data are mean + s.em., n = 3.

nd = not done; CB = cytochalasin B; IUDR = iododeoxyuridine; HPP-
FSK = 7-[2-{3-(1125-p-hydroxyphenyljpropionyllaminoethyflaminojcarbonyl}-
7-desacetyfforskolin; 2-DG = 2-deoxy-D-glucose.

LX-1 retained compounds known to localize in tumors. Tumor-
to-blood ratios for [*H]cytochalasin B were low. Since [*H]cy-
tochalasin B may have interacted with other high affinity sites
besides Glut (Table 1) it was possible that a more specific agent
was needed for selective targeting of tumors. lodine-125-HPP-
forskolin has higher specificity for Glut (17) than [*H]cytocha-
lasin B. Thus, we measured the biodistribution of ['**I] HPP-
forskolin in LX-1. ['2*IJHPP-forskolin and [*H]cytochalasin B
had similar percent id/g in the tumors when blood values were
0.5% id/g (Table 4). Tumor-to-muscle ratios were higher in
animals injected with ['>*IJHPP-forskolin, reflecting the higher
specificity of this agent. The blood-to-tumor, ratios however,
were low in both groups (Table 4). It is possible that agents with
higher affinity for Glut are necessary for targeting the glucose
binding sites. Clearly, intracellular trapping of agents like
[>H]-2-DG and ['**I]IUDR is an advantage for tumor targeting.
Iodine-125 HPP-Forskolin and [*H]cytochalasin B bind to Glut

FIGURE 5. The expression of Glut-1 in tumor slices from LX-1, MX-1 and
DLD-2 human tumor xenografts. Sections were immunostained with a 1:500
dilution of antibody as described in methods (X40). (A) Glut-1 positive staining
of LX-1 tumor section (B) LX-1 incubated with rabbit antiserum
instead of Glut-1 antibody (C) Glut-1 positive staining in DLD-2 (D) Glut-1
positive staining in MX-1. Armows show examples of blood vessels.
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TABLE 5
Necrotic Zones and Nontumor Cells in Tumor Xenograft Models

Tumor xenograft % Necrosis % Nontumor cells
LX-1 lung, human 16+3 5+3
MX-1 breast, human 16 x5 1+1
DLD-2 colon, human 38=*5 1+1

Data are mean * s.e.m. of 38 regions from each tumor.

but are not trapped mtracellularly The targeting of tumors
['**IJHPP-forskolin and [*H]cytochalasin B agents relies pri-
marily on their dissociation constant (about 100 nM) and the
accessibility of Glut. It is not clear that the all of the Glut in
tumors were accessible to these compounds, since most Glut
were in zones of low blood flow. Additionally, it is possible that
epitopes of Glut in necrotic zones recognised by Glut antibodies
may have nonfunctional binding sites. Although agents with
higher affinity for Glut might enhance the success of Glut
targeting, this study suggests that targeting Glut in tumors may
not be a good method for diagnostic imaging.

CONCLUSION
Glut were measured in normal tissues and tumors by direct
binding and immunostaining techniques. We found that:

1. Glut were overexpressed in only one of five tumors.

2. Overexpression of Glut in LX-1 was 10-20-fold higher
than other tumors and normal tissues.

3. Glut expression was highest in poorly vascularized re-
gions.

4. Cells adjacent to blood vessels in all three xenograft
models had similar Glut expression.

5. Iodine-125-HPP-Forskolin and [*H]cytochalasin B were
unable to target Glut in LX-1 tumors.
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