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Abstract Tetraiodothyroacetic acid (tetrac) and its nanoparticle
formulation (Tetrac NP) act at an integrin cell surface receptor to
inhibit tumor cell proliferation and tumor-related angiogenesis.
Human pancreatic cancer cell (PANC-1 and MPanc96) xeno-
grafts were established in nude mice, and the effects of tetrac
versus Tetrac NP on tumor growth and tumor angiogenesis were
determined. The in vitro effects of tetrac and Tetrac NP were also
determined by reverse transcription polymerase chain reaction or
immunoblot on gene expression or gene products relevant to cell
cycle arrest, apoptosis, or angiogenesis. Tetrac and Tetrac NP
reduced both PANC-1 tumor mass by 45-55 % and PANC-1
tumor hemoglobin content, a marker of angiogenesis, by 50—
60 % (*P<0.05) in treated groups vs. controls by treatment day
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15. Comparable results were obtained with tetrac and Tetrac NP
in suppressing tumor growth and tumor angiogenesis in
MPanc96 xenografts. In vitro studies showed that tetrac and
Tetrac NP caused accumulation of pro-apoptotic protein BcLx-
s. Tetrac NP was more effective than tetrac in increasing cellular
abundance of mRNAs of pro-apoptotic p53 and p2/ and anti-
angiogenesis thrombospondin 1 protein in PANC-1 and
MPanc96 cancer cell lines. Tetrac NP noticeably decreased
expression of EGFR and of anti-apoptosis gene XIAP; tetrac
did not affect EGFR and increased XI4P mRNA in both
MPanc96 and PANC-1. In conclusion, tetrac or Tetrac NP
effectively inhibited human pancreatic xenograft growth and
tumor angiogenesis via a plasma membrane receptor that down-
stream modulated cellular abundance of proteins or mRNAs
relevant to apoptosis and angiogenesis.

Abbreviations

NP Nanoparticle

Tetrac  Tetraiodothyroacetic acid

Ts 3,5,3'-triiodo-L-thyronine

T, L-thyroxine

THBS1 Thrombospondin 1

XIAP X-linked inhibitor of apoptosis protein
Introduction

Human pancreatic carcinoma is an aggressive tumor with
generally unsatisfactory 5-year survival responses to surgery,
where feasible, or to chemotherapy or chemoradiotherapy
[1-3]. There is general agreement that novel chemotherapeu-
tic strategies are needed for this tumor [4, 5], preferably
targeting multiple tumor cell survival pathways [6].

Integrin ov33 is a structural protein of the plasma mem-
brane that is expressed in increased amounts by cancer cells
[7] and rapidly dividing blood vessel cells [8, 9]. Thus, this
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heterodimer is an attractive target in cancer strategy
[10-12], particularly if there is refinement of targeting to
discrete domains of the protein that do not involve desirable
functions of the ocv[33 that is present on osteoclasts [13] or that
is expressed in small quantities on non-malignant cells and
platelets [14]. We have described a cell surface receptor for
thyroid hormone (L-thyroxine, Ty4; 3,5,3'-triiodo-L-thyronine,
Ts) on integrin ov33 [15] that mediates actions of the hormone
on tumor [16-18] and blood vessel [19-21] cell proliferation.
The hormone receptor domain is complex and can differential-
ly transduce cell surface signals via extracellular signal-
regulated kinase 1/2 (ERK1/2) or by phosphatidylinositol 3-
kinase [22] pathways. Tetraiodothyroacetic acid (tetrac) is a
naturally occurring thyroid hormone analogue that blocks
binding of T4 and T; to their receptor on av33 [15] and
inhibits the proliferative actions of these agonist thyroid hor-
mones [19, 23].

In the absence of thyroid hormone, however, tetrac can
block the pro-angiogenic activities of VEGF and basic fi-
broblast growth factor (bFGF) [24]. Thus, tetrac has discrete
effects of its own at the integrin receptor that transcend
inhibition of actions of agonist thyroid hormone analogues.
In addition, tetrac has distinctive actions on gene transcrip-
tion in tumor cells that are initiated nongenomically at the
cell surface and do not require the presence of T, or T3 [25].

Unmodified tetrac gains access to the cell interior, how-
ever, where it has low-grade thyromimetic activity [26].
This is undesirable in the setting of any clinical uses of the
molecule that may be long-term and may require high doses
of the agent. We have reformulated tetrac as a poly[lactic-
co-glycolic acid] (PLGA) nanoparticle (NP) that we have
shown does not gain access to the interior of the cell [27, 28]
and whose biologic activity is thus restricted to the receptor
on integrin av33 for thyroid hormone and its analogues.
Administered systemically, nanoparticle tetrac (Tetrac NP)
has recently been shown to be effective against xenografts
of human medullary thyroid carcinoma [27] and renal car-
cinoma [28]. In the present studies, we have determined the
efficacy of Tetrac NP and tetrac against human pancreatic
carcinoma xenografts in the nude mouse. Previous in vitro
studies have shown that the NP formulation is up to tenfold
more potent than unmodified tetrac (Table 1 of [29]), and
this observation determined the dosing formula for the two
compounds in the present xenograft studies.

Materials and Methods
Materials
Unmodified tetrac, Drabkin's reagent, and hemoglobin stan-

dard were obtained from Sigma Aldrich (St. Louis, MO,
USA). Nanoparticulate tetrac (Tetrac NP) was synthesized at

Fig. 1 Effect of treatment with tetrac and Tetrac NP on PANC-1 tumor p»
xenograft size, weight, and hemoglobin content. a Effect of
unmodified tetrac (10 mg/kg daily, i.p.) or Tetrac NP (1 mg/kg daily,
i.p.) on PANC-1 cell xenograft volumes. Volumes were measured daily
or every other day. PANC-1 cells were implanted on day—15, and drug
treatment was started on day0. Significant diminution in xenograft
volumes was seen in both tetrac and Tetrac NP treatment groups by
days5—6 (both flanks, P<0.05), and by days7-15, both treatment
groups showed further size reductions significantly different from the
untreated xenografts (P<0.01). Xenograft volumes continued to in-
crease in the control group to day+15. b Effects of tetrac or Tetrac NP
on the weights of PANC-1 xenografts at the termination of the study
(day+15). Treatment was as shown in (a). A decrease in xenograft
weights in the animals exposed to either tetrac or Tetrac NP was
observed (*P<0.05). ¢ Actions of unmodified tetrac or Tetrac NP on
angiogenesis in PANC-1 cell xenografts, as measured by hemoglobin
content of the tumors at the time of animal sacrifice. Hemoglobin
content of the xenografts was reduced in the presence of both tetrac
and Tetrac NP (*P<0.05). Effect of treatment with tetrac and Tetrac NP
on MPanc96 tumor xenograft weight and hemoglobin content. d Ef-
fects of tetrac or Tetrac NP on the weights of MPanc96 xenografts at
the termination of the study (day+15). A decrease in xenograft weights
in the animals exposed to either tetrac or Tetrac NP was observed (*P<
0.05). e Actions of unmodified tetrac or Tetrac NP on angiogenesis in
MPanc96 cell xenografts, as measured by hemoglobin content of the
tumors at the time of animal sacrifice. Hemoglobin content of the
xenografts was reduced in the presence of both tetrac and Tetrac NP
(*P<0.05)

the Albany College of Pharmacy and Health Sciences by our
previously published methods [27] from epoxy-activated
tetrac and poly[lactic-co-glycolic acid] (PLGA) and scaled
up at Azopharma (Miramar, FL, USA). Monoclonal anti-
bodies to BcLx, X-linked inhibitor of apoptosis protein
(XIAP), thrombospondin 1 (THBS1), and {3-actin were
purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA, USA). Rabbit anti-mouse IgG was a product of Dako
Corp. (Carpinteria, CA, USA).

Cell Preparation for Xenografts

Two human pancreatic carcinoma cell lines (PANC-1 and
MPanc96) were purchased from the American Type Culture
Collection (ATCC, Manassas, VA, USA) and cultured as
recommended by the ATCC in DMEM (Invitrogen, Grand
Island, NY, USA) supplemented with 10 % FBS and
penicillin/streptomycin (1 %). Cells were grown to sub-
confluence in a 5 % COy/air atmosphere at 37 °C and then
released from the culture vessel by treatment with 0.25 %
(w/v) trypsin/EDTA. Cells were then washed with culture
medium, suspended in DMEM that was free of both phenol
red and FBS, and counted. These cells were then
xenografted as described below.

Cell Implantation in Nude Mice
Female NCr mice (Taconic Farms, Hudson, NY, USA) were

obtained at age 5—6 weeks (20 g body weight), maintained
under specific pathogen-free conditions, and allowed to
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acclimate for 5 days prior to experimental treatments. Mice
were housed four animals per cage under conditions of a 12-h
light/dark cycle, 20-24 °C, and 60-70 % humidity. Food and
water were provided ad libitum. Animals were supported and
xenograft experiments conducted in the animal facility of the
Veterans Affairs Medical Center (VAMC), Albany, NY, USA.

@ Springer

o

Left Side

—@- Control

~ Tetrac
4 - Tetrac NP

Tumaor volume (mm?)

Treatment

il v&g

Days
Left Side

0.05

0.04

0.03

k3

0.02

Tumor weight (gm)

0.01

0.00

Control Tetrac  Tetrac NP

Left Side

3.0
2.5

2.0

1.5 *
1.0 I *

Hemoglobin (mg/mL)

0.5 -'.-.'-'.-:-:_

0.0

Control Tetrac Tetrac NP

1.4

1.2

0.8
0.6
0.4

Hemoglobin (mg/mL)

0.2

Control ~ Tetrac Tetrac NP

The animal protocol was approved by the VAMC Institutional
Animal Care and Use Committee (IACUC).

For cell implantations, Matrigel® (BD Biosciences, San
Jose, CA, USA) was thawed at 4 °C overnight and then placed
on ice. Tumor cells in exponential growth phase were harvested
as described above with trypsin/EDTA and suspended in
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medium. Approximately 2x10°cells in 100 puL of medium
were mixed with the same volume of Matrigel® and injected
subcutaneously into the left and right flanks of each animal.

Treatment of Animals with Unmodified Tetrac or Tetrac NP

Tumors were measured daily or every other day with calipers
and tumor volumes estimated by a standard formula (Wx L*/2),
where W=width and L=length. The tumor volumes reached
250 mm® by 15 days, at which time, PANC-1 animals were
randomized into three groups (n=6 animals/group): control
(solvent only), unmodified tetrac (10 mg/kg body weight i.p.
daily) and Tetrac NP (1 mg/kg i.p. daily) and treatment initiat-
ed. The mice were weighed daily or every other day. Mice with
MPanc96 cancer cell xenografts were treated with tetrac or
Tetrac NP at 1 mg/kg/day, s.c.

Once tumors were established, tetrac, Tetrac NP, or a
control vehicle was administered daily for 15 days. Animals
were then sacrificed humanely in a CO, chamber, and tumor
masses were excised and weighed. Tumor mass hemoglobin
content was measured to estimate vascularity. For this pur-
pose, each tumor was placed in a 0.5-mL tube with double-
distilled H,O and homogenized for 5-10 min. Samples were
centrifuged (4,000xg)* 10 min and supernatants collected.
Fifty microliters of supernatant was mixed with 50 pL
Drabkin's reagent and incubated at room temperature for
15-30 min. The mixture was then placed in a 96-well plate
and absorbance measured at 540 nm with a Microplate
Manager ELISA reader. Hemoglobin concentration (milli-
grams per milliliter) was estimated from a standard curve.

Confocal Microscopy of Fluorescently Labeled Tetrac
and Tetrac NP in PANC-1 Cells

Approximately 50,000 cells in 500-uL medium were placed in
each well of a 4-well Chamber Slide System (Nalge Nunc
International, Naperville, IL, USA). The slides were incubated
for24 h at 37 °C in 5 % COy/air, as previously described [27].
Cells were then treated with 20 pL of either Cy3-tagged
unmodified tetrac or Cy3-tagged Tetrac NP for 2 h at 37 °C,
after which the plates were washed several times with PBS,
fixed in 1 % formaldehyde, and mounted (Vectashield, Vector
Laboratories, Inc., Burlingame, CA, USA). Confocal images
of slides were obtained with a Leica TCS SP5 confocal micro-
scope and a X63 objective (NA=1.3 glycerol immersion). For
excitation, a 405-nm laser was used, and emission was detected
between 565 and 688 nm.

Studies of Cultured Pancreatic Cell Growth In Vitro
PANC-1 and MPanc96 cancer cells were established as

recommended by ATCC in DMEM supplemented with 10 %
fetal calf serum. Cells were cultured as previously described

for other cell lines [23, 30], except that the medium contained
10 % FBS throughout the course of each study. Media were
replenished daily, including the addition of unmodified tetrac
or Tetrac NP. Aliquots of media were obtained at 3, 6, and
8 days for counts of viable cells (trypan blue exclusion) by a
Countess™ Automated Cell Counter (Invitrogen).

Immunoblotting

Extracts of cytosolic proteins were obtained from control
and treated cells, after which the total protein content was
quantitated and proteins resolved on discontinuous PAGE.
Proteins were then electroblotted to nitrocellulose mem-
branes (Millipore, Bedford, MA, USA), as previously de-
scribed [31-33]. The membranes were treated with 5 % milk
in Tris-buffered saline containing 0.1 % Tween, and incu-
bated overnight with monoclonal anti-BcLx, anti-XIAP, or
anti-THBS1. Primary antibody incubation was followed by
treatment with the secondary rabbit anti-mouse IgG anti-
body. Immunoblots of (3-actin were also prepared to control
for equalization of sample proteins. Results presented reflect
three similar western blot experiments.

RT-PCR

Total RNA was isolated as described previously [25, 27]. First-
strand cDNA templates were amplified for mRNAs
by polymerase chain reaction (PCR), using a hot start
(Ampliwax, Perkin Elmer, Waltham, MA, USA).
Primer sequences (Invitrogen) were GAPDH [5'-
AAGGTCATCCCTGAGCTGAACG-3' (forward)
and 5-GGGTGTCGCTGTTGAAGTCAGA-3' (reverse)],
pS53 [5'-TACAAGCAGTCACAGCAGATGACGGAGGTT-
3" (forward) and 5'-CTGAGACTAAGGCAGAAGAT-3'
(reverse)], p21 [5'-TACCACTCCAAACGCCGGCT-3'
(forward) and 5'-CTGAGACTAAGGCAGAAGAT-3’
(reverse)], and epidermal growth factor receptor (EGFR) [5'-
CTGCCAAGGCACAAGTAACA-3' (forward) and 5'-
ATTGGGACAGCTTGGATCAC-3' (reverse)].

Integrin av and P3: integrin av [5'-
TGGGATTGTGGAAGGAG-3' (forward) and 5'-
AAATCCCTGTCCATCAGCAT-3' (reverse)] and integrin [33
[S-TGCCTCAACAATGAGGTCATCCCT-3' (forward) and
5'-AGACACATTGACCACAGAGGCACT-3' (reverse)]. The
PCR cycle was an initial step at 95 °C for 3 min, followed by
94 °C for 1 min, 55 °C for 1 min, 72 °C for 1 min, then 25
cycles; the final cycle was 72 °C for 8 min. PCR products were
separated by electrophoresis on 2 % agarose gels that contained
0.2 pg ethidium bromide per milliliter. Gels were visualized
under UV light and photographed with Versadoc (Bio-Rad).
Photographs were scanned under direct light for quantitation
and documentation. Results from PCR products of specific
genes were normalized to the GAPDH signal.
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Statistical Analysis

Analysis of the in vivo study results was by one-way ANOVA using
StatView software (Adept Scientific, Acton, MA, USA). The mean
+SD from each experimental group was compared with its respec-
tive control, and statistical significance was defined as P<0.05. For
the in vitro studies, the unpaired # test was used for analysis.

Results

Cellular Distribution of Unmodified Tetrac and Tetrac NP
in PANC-1

Studied by confocal microscopy of PANC-1 cells in vitro,
Cy3-labeled unmodified tetrac was apparent in both
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Fig. 2 Actions of tetrac and two Tetrac NP preparations on prolifera-
tion of PANC-1 cells in cell culture, and effect of tetrac and Tetrac NP
on abundance of cell proteins and mRNAs relevant to apoptosis and
angiogenesis. a In vitro effects of tetrac or each of two Tetrac NP
preparations on the growth of PANC-1 cells and on elaboration of the
pro-apoptotic protein, BcLx-s. Tetrac NP is a scaled-up formulation
manufactured by Azopharma, and Tetrac NP1 is a small-scale formu-
lation of nanoparticulate tetrac synthesized at ACPHS. Cells were
cultured for 8 days in the presence of either control solvent, 10 °M
unmodified tetrac, or an equivalent amount of tetrac as Tetrac NP or
Tetrac NP1. After 3, 6, and 8 days of cell culture, representative
samples from each set were counted and the results compared. By
day8, the suppressive effects of tetrac on cell growth were significant
[P<0.04 vs. control (no tetrac, Tetrac NP, or T,)], as were the effects of
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both NP preparations (P<0.01). Experiment was performed three
times. b, ¢ In separate studies, immunoblots of cytosolic proteins
harvested from control, tetrac-treated, and Tetrac NP-treated PANC-1
cells in the presence or absence of 107M L-thyroxine (T4) were
prepared. BcLx isoform quantitation was performed after exposure of
cells to T4 and/or tetrac or Tetrac NP for 3 days. Unmodified tetrac or
Tetrac NP (10~"M) both caused accumulation of pro-apoptotic BeLx-s
(lanes 2 and 3). Abundance of anti-apoptotic BcLx-1 was estimated by
computer-assisted adjustment of blot background and was found to be
unaffected by unmodified tetrac and Tetrac NP (results not shown). Ty4
(10"7M), alone, did not significantly affect the cytosolic content of
these BCL2-related proteins, but did suppress the accumulation of
BceLx-s in response to Tetrac NP (lanes 5 and 6; *P<0.05 and **P<
0.01). Experiment was performed three times
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cytoplasm and nuclei of cells; in contrast, Cy3-labeled
Tetrac NP remained on the cell surface (Supplemental Fig-
ure 1), and no fluorescence clearly appeared in either cyto-
plasm or the nuclear compartment. Confocal microscopy
was carried out at x63 (Supplemental Figure 1, left panels)
and then magnified by %3 to x4 (Supplemental Figure 1,
right panels) to enhance cellular details.

Anti-cancer Efficacy of Tetrac and Tetrac NP on PANC-1
Xenograft Size, Weight, and Hemoglobin Content

Tumor cell inoculum/xenograft volume increased by 66 %
over 15 days prior to treatment. Daily i.p. administration of
unmodified tetrac (10 mg/kg body weight) or Tetrac NP
(1 mg/kg body weight, corrected for NP mass) resulted in a
progressive reduction in xenograft tumor volume that was
statistically significant by treatment days5—6 (Fig. la, P<
0.05). Both agents decreased tumor volume to that of the
original implant size (150 mm®) or to less than inoculum size
by day7 (P<0.01). Measured as xenograft weight (Fig. 1b), the
xenograft size reduction attributable to treatment for 15 days
with either agent ranged from 43.5 % to 55.1 %, compared to
the weight of tumors in control animals (*P<0.05).

Hemoglobin content of xenografts as an index of tumor
angiogenesis collectively decreased by 60 % in animals
treated daily for 15 days with unmodified tetrac or Tetrac
NP (*P<0.05 Fig. lc), compared with tumors in the
untreated control animals.

Body Weights in PANC-1 Xenograft-bearing Animals

Control animals and animals that received tetrac or Tetrac NP
gained weight comparably throughout the course of the study
(data not shown).

Anti-cancer Efficacy of Tetrac and Tetrac NP on MPanc96
Xenograft Weight, Hemoglobin Content

Tetrac and Tetrac NP resulted in 40—60 % inhibition of
MPanc96 tumor growth (Fig. 1d) and tumor angiogenesis
(Fig. le), comparable to results achieved in PANC-1 xeno-
grafts. The amount of hemoglobin in PANC-1 xenografts
(Fig. 1c) was substantially greater than in MPanc96 tumors
(Fig. le; see “Discussion” section). There was no effect of
tetrac or Tetrac NP treatment on animal body weight growth
rate as compared to vehicle-treated animals (data not shown).

Comparison of the Actions of Tetrac and Two Tetrac NP
Preparations on Proliferation of PANC-1 Cells in Cell
Culture

Cultured PANC-1 cell counts were reduced over 8 days by
unmodified tetrac (10 *M) and by two preparations of Tetrac

NP (10 °M; Fig. 2a). Tetrac NP is a scaled-up formulation
manufactured at Azopharma, and Tetrac NP1 is a small-scale
formulation of tetrac generated at Albany College of Pharma-
cy and Health Sciences (ACPHS). By day8, total cell counts
were reduced approximately 20 % by unmodified tetrac com-
pared with untreated cells (P<0.04) and by 3540 % in the
presence of each of the Tetrac NP formulations (P<0.01).
Thus, the two preparations of NPs, although from different
sources, were comparably effective. Tetrac NP was more
effective in vitro than tetrac, consistent with what we have
reported previously in other cell lines [29].

Effects of Tetrac and Tetrac NP on Abundance of Cell
Proteins and mRNAs Relevant to Apoptosis and
Angiogenesis

The response of pro-apoptotic protein BcLx-s to treatment
of cells with unmodified tetrac or Tetrac NP was studied.
PANC-1 pancreatic cancer cells were treated with T4 (1077
M) or hormone solvent in the presence or absence of tetrac
or Tetrac NP for 24 h. Studies of the harvested cytosolic
proteins indicated that both unmodified tetrac and Tetrac NP
in the absence of T, caused accumulation of the pro-
apoptotic BcLx-s protein in 3 days (Fig. 2b, lanes 2-3).
The effect of Tetrac NP was approximately 1.9-fold greater
than that of unmodified tetrac (Fig. 2c¢). In the presence of
T, (Fig. 2b, lanes 4-6), an inhibitory effect of the hormone
on the effect of Tetrac NP was noted (80 % reduction,
Fig. 2c). There was no discernible effect of Ty, alone, on
BcLx-s abundance in PANC-1 cells. Computer-assisted ad-
justment of background about BcLx-1 revealed no apparent
effect of T4, unmodified tetrac, or Tetrac NP on the cytosol
content of this protein (results not shown).

Previous RNA microarray studies conducted in human
breast cancer cells [25] or medullary thyroid carcinoma cells
[26] revealed that tetrac or Tetrac NP affected expression of
differentially regulated genes relevant to apoptosis, the cell
cycle, and to angiogenesis. In the current studies, we mea-
sured the effects of unmodified tetrac and Tetrac NP on
abundance of proteins relevant to apoptosis, cell cycle ar-
rest, or angiogenesis. In the current studies of PANC-1 cells,
Fig. 3a (upper and lower panels) reveals that cellular abun-
dance of p53 and p21 mRNAs was significantly increased in
tetrac-treated (1.5-fold, P<0.05) and Tetrac NP-treated
(twofold, P<0.05) cells and that EGFR mRNA was not
materially affected by either tetrac formulation. Concentra-
tions of agents were 107’ M unmodified tetrac and 10 M
tetrac-equivalent in Tetrac NP. THBSI1 is an endogenous
anti-angiogenesis protein, the expression of whose gene is
usually suppressed in cancer cells. The abundance of
THBSI1 protein was increased three- to fourfold by tetrac
(P=0.029) and Tetrac NP (P<0.022; Fig. 3b, upper and
lower panels). Figure 3b also shows that abundance of
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Fig. 3 Effects of unmodified tetrac and Tetrac NP on abundance of
tumor-relevant mRNAs or proteins in PANC-1 cells. a Cells were
cultured for 2 days in the presence of control solvent, tetrac (10”7 M),
or Tetrac NP (10 *M). Harvest of total RNA and PT-PCR was
performed as described in “Materials and Methods” section.
Unmodified tetrac and Tetrac NP both increased abundance of p2/
and p53 mRNAs (P<0.05). Neither agent significantly affected ex-
pression of EGFR. GAPDH was the internal control used to correct
10D in graphed data. b Cells were cultured for 3 days in the presence
of control solvent, unmodified tetrac, and Tetrac NP, as in (a). Immu-
noblots of total proteins harvested from the samples were prepared.
Increased accumulation of THBS1 protein was obtained with tetrac
(P=0.029) and Tetrac NP (P<0.022). Tetrac, but not Tetrac NP, in-
creased accumulation of XIAP (P=0.006). 3-Actin was the internal
control used to correct IOD in graphed data (*P<0.05 and **P<0.01).
Experiments in (a) and (b) were performed three times. Effects of

XIAP was significantly increased in cells exposed to tetrac
(P=0.0006), but not in PANC-1 cells treated with Tetrac NP.

Similar effects on MPanc96 cell lines were obtained with
tetrac and Tetrac NP (Fig. 3c, d). Figure 3c (upper and lower
panels) reveals that cellular abundance of p53 and p2/ mRNAs
was significantly increased in 10’ M tetrac-treated and 10 *M
Tetrac NP-treated (1.5-2-fold, P<0.05) cells, and that EGFR
mRNA was significantly decreased (P<0.01) by Tetrac NP but
not by tetrac. The abundance of THBS1 protein was increased
two to threefold by tetrac (P<0.05) and Tetrac NP (P<0.01;
Fig. 3d, upper and lower panels). Abundance of XIAP was
significantly increased in cells exposed to tetrac (P<0.05), but
not in cells treated with Tetrac NP (Fig. 3d).

The abundance of 33 and «v by PANC-1 and MPanc96 was
comparable to the expression of these monomers in the breast
cancer cell line MDA-MB 231 (Supplementary Figure 2).
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unmodified tetrac and Tetrac NP on abundance of tumor-relevant
mRNAs or proteins in MPanc96 cells. ¢ Cells were cultured for 2 days
in the presence of control solvent, tetrac (10~ M), or Tetrac NP (10~%
M). Harvest of total RNA and PT-PCR was performed as described in
“Materials and Methods” section. Unmodified tetrac and Tetrac NP
both increased expression of p2/ and p53 mRNAs (P<0.05). Tetrac
NP (P<0.01) but not tetrac significantly reduced the expression of
EGFR. GAPDH was the internal control. d Cells were cultured for
3 days in the presence of control solvent, unmodified tetrac, and Tetrac
NP, as in (a). Immunoblots of total proteins harvested from the samples
were prepared. Increased accumulation of THBSI protein was
obtained with tetrac (P<0.05) and Tetrac NP (P<0.01). Tetrac signif-
icantly increased accumulation of XIAP (P<0.05), while Tetrac NP
decreased accumulation of XIAP (P<0.01). 3-Actin was the internal
control for correction of IOD (¥*P<0.05 and **P<0.01). Experiments
in (¢) and (d) were carried out three times

Discussion

Human pancreatic carcinoma (PANC-1 and MPanc96) cell
xenografts are shown in this study to respond favorably in a
short-term, 15-day protocol to the parenteral administration
of nanoparticulate tetrac or unmodified tetrac. We have
previously shown tetrac to have anti-proliferative [27, 28,
34, 35] and anti-angiogenic [15, 19, 20, 36] activities that
are initiated at a plasma membrane receptor for iodothyronine
analogues on integrin av3 [15, 20, 36]. The integrin is
generously expressed on tumor cells and in tumor-
associated, rapidly proliferating vasculature. Tumor xenograft
hemoglobin content, an index of tumor vascularity in these
studies, was reduced by both tetrac formulations.

The anti-angiogenic properties of tetrac and Tetrac NP
are complex [21], but reflect in part the ability of these two
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formulations to inhibit the binding of endogenous pro-
angiogenic T4 and T; to the thyroid hormone receptor on
integrin ocv33 [15]. In addition, under thyroid hormone-free
conditions, tetrac has been shown to inhibit the pro-
angiogenic activities of VEGF and bFGF [24]. Epidermal
growth factor (EGF) and its receptor (EGFR) may also regu-
late angiogenesis [37], and we have shown that thyroid hor-
mone potentiates the actions of EGF at its receptor by several
mechanisms [38, 39]. Effects of tetrac formulations on gene
expression are also relevant to cancer-associated angiogenesis
(see below). It is interesting to note that the vascularity of
PANC-1 tumors was greater than that of MPanc96 xenografts
in the current studies. The clinical variability in pancreatic
cancer vascularity may contribute to the relative ineffective-
ness of anti-angiogenic agents directed at a single vascular
growth factor in this disease [40, 41]. In the present studies,
however, a frank difference in VEGF production by PANC-1
cells vs. MPanc96 (AsPC-1) cells [42] may explain the in-
creased vascularity of the PANC-1 xenografts.

The molecular basis of the anti-proliferative action of
tetrac formulations is also complex. Principal agonist thy-
roid hormones, such as T, are anti-apoptotic via an integrin
receptor-mediated mechanism [16, 17], and tetrac inhibits
this anti-apoptotic action. In addition, tetrac formulations
may act at integrin ocv33 in certain cancer cells to suppress
expression of anti-apoptotic genes and cause transcription of
pro-apoptotic genes [25, 27] in the absence or presence of
agonist thyroid hormone analogues (T4 and T3). A substan-
tial number of genes can be regulated via integrin ov33
[43—46], and thus, this integrin-mediated effect of tetrac is
not surprising.

In the mechanistic studies of PANC-1 cells that were
conducted here, Tetrac NP and unmodified tetrac induced
accumulation in cytosol of pro-apoptotic BcLx-s, but did not
appear to affect the amount of anti-apoptotic BcLx-1. This
observation confirms the effects of tetrac on these BCL2-
related proteins that were previously shown in glioma cells
[17]. RNA microarray studies that we have conducted in other
human cancer cell lines—breast cancer MDA-MB 231 [25]
and medullary thyroid carcinoma cells [27]—show that while
there is much concordance in the actions of Tetrac NP and
unmodified tetrac, there are important distinctions between the
agents. For example, in MDA-MB 231 cells, the expression of
EGFR is downregulated by the NP formulation, but not by
unmodified tetrac; further, expression of the pro-apoptotic
BCL2L14 gene, although unaffected by unmodified tetrac, is
upregulated by Tetrac NP [25]. Such distinctions confer a
therapeutic advantage on the NP formulation of tetrac.

The microarray results just described guided measure-
ments in the current studies of PANC-1 and MPanc96 cells
of proteins relevant to cell cycle arrest, apoptosis, and an-
giogenesis. For example, Tetrac NP and unmodified tetrac
increased the amount of the cyclin-dependent kinase

inhibitor protein, p21, in these human pancreatic cancer
cells. The oncogene suppressor protein and pro-apoptotic
protein, p53, was increased in abundance by Tetrac NP>
tetrac. The p21 gene is a target of pS3 [47], and thus, the p21
effect of tetrac formulations may not represent an effect
separate from that on p53 accumulation. We found that
Tetrac NP, but not unmodified tetrac, promoted tumor cell
accumulation of THBS1, an anti-angiogenesis factor almost
invariably unexpressed in cancer cells. Effects of tetrac
formulations on p53, p21, THBS1, and BcLx-s constitute
a coherent complex of anti-cancer effects that are postulated
to have contributed to the results of treatment with tetrac
formulations in pancreatic cancer xenografts. In contrast to
results we obtained previously in human breast cancer cells
[25], EGFR expression was not statistically affected in
PANC-1 and MPanc96 cells by tetrac, but was significantly
suppressed by Tetrac NP in both cell lines. Mutations in
KRAS occur in a large majority of clinical pancreatic tu-
mors [48], but effects of Tetrac NP on KRAS were not
measured in the current studies. Therapeutic modalities di-
rected at KRAS in pancreatic cancer have so far been
disappointing [49], and KRAS mutations do not satisfacto-
rily predict survival [48].

There were disparate effects of unmodified tetrac and
Tetrac NP on the anti-apoptotic protein, XIAP, in these
pancreatic cancer cells that may confer an advantage on
Tetrac NP in these cells. The accumulation of XIAP in
tetrac-exposed cells is undesirably anti-apoptotic and was
absent in Tetrac NP-treated cells. XIAP expression may be
mitogen-activated protein kinase (MAPK)-regulated [50],
and a number of actions of thyroid hormone initiated at
av33 are transduced by MAPK and result downstream in
expression of specific genes [46, 47, 51, 52]. In previously
studied breast cancer cells, neither Tetrac NP nor tetrac
affected XIAP [25]. Thus, the actions of the two formula-
tions of tetrac on differentially regulated genes such as
EGFR and XIAP indicate existence of some cell line-
specificity for the agents. A possible explanation for the
difference between actions of tetrac and Tetrac NP in
PANC-1 cells is the ability of unmodified tetrac to gain
access to the cell interior, where it is a thyroid hormone
agonist—in contrast to its function and that of Tetrac NP as
thyroid hormone antagonists at the iodothyronine receptor
on the cell surface integrin ocvf33.

Compared to unmodified tetrac, Tetrac NP also has an
advantage in potency that we have described elsewhere [29].
In the studies of PANC-1 xenografts reported here, Tetrac
NP was effective in reducing tumor volume, weight, and
vascularity when administered at a dose (1 mg tetrac
equivalent/’kg body weight) that was 10 % of a comparably
effective dose of unmodified tetrac (10 mg/kg); the latter
was intended to approximate a tissue concentration of 1077
M. Because formal dose—response studies were not a part of
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the studies conducted in intact animals, the xenograft experi-
ments do not expressly prove increased potency of the formu-
lation. However, the in vitro studies carried out here included
tetrac and Tetrac NP concentrations of 10™® to 10 °M (Figs. 2
and 3a, b) and showed increased potency of the nanoparticulate
analogue. An important attribute of Tetrac NP is its exclusion
from the intracellular space, particularly from the nucleus
where unmodified tetrac has been shown to be thyromimetic
[26]. This may contribute an undesirable side effect profile to
unmodified tetrac, particularly in the setting of in vivo studies
of more extended duration. The short-term studies conducted
here did not, however, reveal differences in weight gain be-
tween tetrac-treated and the control and Tetrac NP-exposed
animals that would suggest hypermetabolism. Confocal mi-
croscopy of cells exposed to fluorescently labeled tetrac or
Tetrac NP confirmed both the access of unmodified tetrac to
the cell interior and, in contrast, the restriction of Tetrac NP to
the plasma membrane of cells.

The NP used in the current studies of Tetrac NP was PLGA,
whose biocompatibility and biodegradability had led to its
approval by the US Food and Drug Administration for paren-
teral administration of drugs such as Lupron Depot® and use in
grafts, sutures, and prostheses. No effects of PLGA on cell
viability, proliferation, and mitochondrial activity have been
detected [53, 54]. We have conducted our own studies of void
PLGA on immortalized normal human cell lines and on human
cancer cell lines and have found no effects on viability, cell
proliferation, and morphology (S.A. Mousa, unpublished ob-
servations).

Future xenograft studies of pancreatic carcinoma that we
will conduct include orthotopic tumor cell implantations.
These will control for increase in tumor tissue interstitial
pressure that can be seen in fibrotic lesions. We will also
verify that the studies of molecular mechanism reported here
in cellular studies of the action of Tetrac NP are reproduced
in xenografts.
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