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Abstract

by inducing endogenous proteins through external means.

In an effort to devise schemes to site-specifically deliver drugs “on demand” we have leveraged the inducible
expression properties of the well-characterized class of stress-response factors, the heat shock proteins. We asked
whether a small molecule ligand selective for such proteins could be used as a potential theranostic platform. By
conjugating a fluorescent dye to a recently identified nucleoside analog with modest affinity for heat shock protein
70 (HSP70), we have found that cellular uptake can be enhanced following transient heat shock in vitro. The in
vivo performance of this compound was further evaluated in nude mice subjected to locoregional hyperthermia
which showed a modest level of accumulation in the treated muscle. This effect correlates with relative levels of
HSP70 over expression in the treated tissue, supporting the hypothesis that molecular targeting can be enhanced
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Introduction

The ability to control the site-specific delivery of drugs on demand
may circumvent many of the pharmacological dilemmas in achieving
desired cytotoxicity to malignant tumors or sites of diseased tissue
versus reducing systemic toxicity. Given the relatively nonselective
nature of most anticancer agents, the therapeutic index is often narrow
for otherwise highly potent drugs. We have approached this problem
by postulating that drug delivery may be better controlled if specific
targets could be reliably altered by external means. Ideally, such an
approach would require methods that were both noninvasive and
inconsequential in terms of locoregional or systemic adverse effects.
Capitalizing on known physical methods for inducing localized
hyperthermia, for example through the use of focused ultrasound
[1,2], we sought to identify suitable endogenous targets that could be
highly overexpressed. This notion prompted us to hypothesize that the
class of well-characterized heat shock proteins (HSP) may be used as
key targets to enhance intracellular drug delivery. Our approach was
to use a high affinity ligand for such inducible proteins as a targeting
moiety conjugated to another compound which may be an imaging
molecule (or radionuclide) or cytotoxic compound, to form a suitable
HSP-targeted drug complex. Ideally, the targeting moiety alone would
be nontoxic and amenable to further modifications that still permit
cellular permeability. Unfortunately, HSP-specific pharmacological
agents reported in the literature were both sparse and suboptimal
with regard to protein affinity, pharmacokinetics, and/or toxicity.
Among the few HSP-specific agents, a series of small molecules based
on a nucleoside backbone reported by Williamson et al. [3] offered a
potential starting point to test our hypothesis.

Leveraging HSPs for enhancing targeted drug delivery—Heat shock
proteins are phylogenetically conserved gene products that catalyze
the proper refolding of client proteins presumably altered during heat
denaturation or other physicochemical events, collectively described as
“stress” [4-8]. Proteins require the proper conformation and the action
of HSPs are essential for survival during environmental changes as well
as in maintaining the normal biochemical activities of the cell. However

these pro-survival functions of HSPs appear to have been usurped
by malignant cells which render these gene products as potentially
attractive pharmacologic targets [9-12]. HSPs have been implicated in
tumor cell proliferation, differentiation, invasion, and metastasis with
important clinical consequences for cancer therapy [10,12-14]. Among
the well-characterized HSPs, the 70 kDa group collectively termed
“HSP70,” has been shown to exert strong cytoprotective effects by
limiting aggregation of intracellular proteins and directly antagonizing
apoptosis pathways [13,15-17]. Concomitant with increased cellular
proliferation rate, high baseline levels of HSP70 expression have been
observed in a variety of human tumors [18-22]. Interestingly, levels
of HSP70 expression correlates with poor clinical prognosis in breast,
endometrial, cervical, and bladder carcinomas and is implicated in the
development of drug resistance [10].

Structural analysis of HSP70 has revealed that the N-terminus
ATPase domain is involved in substrate engagement and protein
refolding [23]. Using this domain as a potential pharmacologic target,
Williamson et al. [3] synthesized several adenosine analogs and found
a few derivatives to bind HSP70 in vitro in the low micromolar range.
Using these compounds as a starting point for producing HSP70-
selective ligands, we set out to test our hypothesis for enhancing the
intracellular targeting of an inducible protein on demand. In this report
we describe our findings using a selected adenosine analog conjugated
to the commonly used fluorophore, 6-carboxyfluorescein, that serve
both as an imaging moiety and a mock “drug” both in cultured cells
and in live mice.
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Materials and Methods
Synthesis of adenosine analogs

Adenosine-derived HSP70 inhibitor-12 (AD12) was synthesized
according to a previously published procedure with some modifications
to reaction conditions [3]. Briefly, the synthetic scheme for ADI12-
FAM is illustrated in Figure 1. Compound 1 was prepared by alkylation
with the corresponding halide in the presence of sodium hydride in
N,N-dimethylformamide (DMF) at room temperature. Compound
1 was purified by column chromatography and isolated in 85%
yield. The 6-ClI of the compound 1 was converted to compound 2 by
treatment with 5N ammonium hydroxide solution in ethanol through
microwaves at 115°C for 1hr. It was purified by silica gel column and
isolated in 76% yield. Compound 2, which selectively underwent
bromination at the 8-position upon treatment with bromine in dioxane
and 5% aqueous solution of Na,HPO, at room temperature to obtained
compound 3, which was purified by silica gel column and isolated in
79% yield. Compound 4 was prepared by reaction of the corresponding
amine, 3,4-dichlorobenzylamine in ethanolic solution at 130°C for
1.5h through microwaves. Purified yield in this step was 77%. The
deprotection of acetonide moiety of 4, was using trifluoroacetic acid
in water at room temperature and also heated at 50°C for 30 min. It
was purified by column chromatography and afforded 5 in 79% yields.
Conjugate 6, (AD12-FAM) was obtained by the reaction of 5 (AD12),
with 6-carboxyfluorescein N-hydroxysuccinimide ester (6-FAM-NHS)
in DMF in the presence of triethylamine (pH, 8.2-9.0). The reaction
mixture was stirred in the dark at ambient temperature for overnight
and quenched by 5% acetic acid in water to make neutralization. The

crude conjugate 6 was purified by semi preparative reversed-phase
HPLC and isolated in 65% yield. Samples were dissolved in phosphate
buffered saline solution, pH 7.4 (PBS) and 5% DMSO (volume/volume)
and filter sterilized using a 0.2 micron mini-syringe filter (Whatman)
prior to use.

Cultured cells heat shock procedures

M21 human melanoma cell cells (courtesy of Dr. D. Cheresh, U.C.
San Diego) were grown in a 24-well plate at a density of 400,000 cell/
well using RPMI-1640 media supplemented with 10% FBS and 50 U/
ml of penicillin and 50ug/ml streptomycin in a total of 2 ml. They were
allowed to attach for 24 hrs prior to heat shock. Cells were heated at
43°C for 1 hr in a humidified incubator with 5% CO, and allowed to
recover at 37°C for 5 hours. After the recovery period compounds at
various concentrations were added directly to the media and incubated
for 1hr at 37°C. Cells were then washed 3 times with prewarmed PBS
(37°C), followed by scrap harvesting, counted and diluted to 100,000
cells/ml. Approximately 10,000 cells per well were seeded in 96-well
black plates and measured in a fluorometric plate reader (FLUOstar
OPTIMA, Durham, NC) with a 485/520 nm filter set. For each sample
tested a total of 6 runs were assayed.

Western blotting and immunohistochemistry

Control and heat-shock treated cells were washed twice with PBS
and lysed in lysis buffer (Cell signaling, Cat. #9803S) on ice for 1 hr.
Total protein concentrations were measured with Advanced Protein
Assay Reagent (Cytoskeleton, Cat. #ADVO01). Cell lysates were boiled
in 5X sample buffer and loaded on the 4-20% Precise Protein Gels
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Figure 1: Synthetic scheme of AD12-FAM. Reagents and reaction conditions: (a) R,, DMF, NaH, r.t., 1 hr, 89%; (b) NH,OH, EtOH, 115° C, microwave, 1 hr, 76%; (c)
Br,, Na,HPO,(aq), dioxane, r.t., 1 hr, 79%; (d) R,, EtOH, 130° C, microwave, 1.5 hr, 77%; (e) H,O, TFA, r.t. (30 mim), 50° C (30 min), 79%; (f) FAM-NHS, DMF, Et,N,

r.t., overnight, HOAc, 65%.

J Mol Imag Dynamic
ISSN: 2155-9937 JMID, an open access journal

Volume 2 + Issue 1+ 1000106



Citation: Ghosh P, Lammel JAL, Lee TH, Wang X, Lee DY (2012) Controlled Molecular Targeting of Inducible Heat Shock Proteins. J Mol Imag

Dynamic 2:106. doi:10.4172/2155-9937.1000106

Page 3 of 5

(Thermo Scientific, Cat. 25204). All the samples were transferred onto
the PVDF membrane (BioRad, Cat. #162-0177) at 40 V for 2 hrs and
blocked with blocking buffer (5% non-fat milk in TBS(25 mM Tris,
pH 7.4; 130 mM NaCl; 2.7 mM KCl)) for 2 hrs at room temperature.
The membrane was incubated at 4°C overnight in blocking buffer
containing primary antibody against either HSP70 (R&D Systems,
Cat. MAB1663, 1:2500 dilution) or B-Actin (Sigma-Aldrich, Cat.
A1978, 1:3000 dilution). After each primary antibody binding, the
membrane was washed three times every 10 min in TBST (TBS with
0.1% Tween-20). The membrane was incubated with anti-mouse Ig,
horseradish peroxidase linked (GE Healthcare, Cat. NXA931, 1:5000
dilution) for 90 min in room temperature. After washing three times,
luminescence of the blot was captured using an ImageQuant LAS4000
(GE Healthcare). HSP70 detection was also performed in cell lines from
human and rat sources including HCT116 (human), Jurkat (human),
MDA-MB231 (human), and C6 (rat glioma). Harvested mouse muscle
samples were fixed in 10% buffered formalin solution and paraffin-
embedded for immunohistochemistry (IHC) using the same anti-
HSP70 monoclonal antibody and counterstaining with hematoxylin.
THC procedure was performed by the pathology core service facility of
The Methodist Hospital.

In vivo imaging in mice

Localized heating was performed in the right hind limb of
isoflurane (2%) anesthetized nude mice (female nu/nu, approximately
25 g in weight) using a water bath set at 47°C for 4.5 minutes. Following
5 hours of recovery, 130 uL AD12-FAM (10 mM) was administered by
tail vein injection followed by fluorescence imaging at multiple time
points up to 2 hours post injection using a CRi Maestro multispectral
imaging system (Caliper Life Sciences) and using an appropriate
filter set (excitation/emission = 445-490/515nm) and 2 x 2 binning.
Mice were anesthetized with 2% isoflurane during the live imaging
acquisitions. At 2 hours post injection, mice were sacrificed using
CO, gas and thereafter the skin was regionally removed and subjects
were re-imaged. Relative fluorescence signal was measured with
manually drawn region of interest (ROI) using the dedicated analysis
software. All animal experiments were performed in strict compliance
with a protocol approved by the Institutional Animal Care and Use
Committee of the Methodist Hospital Research Institute.

Results and Discussion

Heat shock increases the cellular uptake of AD12-FAM in cultured
cells— The specific adenosine derivative, AD12, as originally reported
by Williamson et al. [3] was conjugated to 6-carboxyfluorescein
yielding AD12-FAM (Figure 1) and tested for cellular uptake in a
human cell line of malignant melanoma (M21) subjected to transient
heat shock. The procedure was performed under aseptic conditions
in a tissue culture incubator. As shown in Figure 2, cellular uptake
of AD12-FAM is modestly increased following heat treatment only
at the highest concentration tested (20 uM). Lower concentrations
of this compound did not result in any significant increase relative to
the non-heat shocked control cells. This effect is not surprising given
the relatively low affinity since the K of the parent adenosine analog
compound was measured to be 0.3 uM [3]. Nonetheless these results
indicate that this fairly large compound (FW 985 Da) is capable of
intracellular translocation through a mechanism that remains to be
elucidated. Controls using 6-carboxyfluorescein (FAM) alone at the

same molar concentrations showed no significant cellular uptake
(data not shown). Western blot analysis of HSP70 expression showed
a relatively high level of baseline HSP70 expression in exponentially
growing M21 cells which mildly increased following heat shock (data
not shown). However this effect did not appear to directly correspond
with the observed levels of AD12-FAM uptake in heat-exposed M21
cells, suggesting that this compound may also target other HSP class
members that are likely to be over-expressed. This possibility is
plausible since the adenosine analog targets the ATPase domain which
are structurally similar for several HSP70 isoforms [24] .Interestingly,
we have found that other cell lines tested for baseline expression of
HSP70 was also variably high (data not shown), consistent with other
reports in the literature. These in vitro results prompted us to evaluate
the vivo uptake of this compound by testing for accumulation in
normal tissue subjected to localized hyperthermia.

Enhancement of AD12-FAM accumulation in normal tissue treated
by localized hyperthermia— Although the cell culture studies indicated
thatahigh concentration of AD12-FAM was needed to observe relatively
modest levels of increased uptake, this system may not accurately reflect
the physiological status of inducible HSP70 in normal tissues. Hence we
asked if hyperthermia directed to a specific site in a live organism may
result in a more robust heat shock response that could be detected by
noninvasive imaging. We approached this question by using a mouse
model that was treated with localized hyperthermia using a water
bath apparatus devised for this purpose. Similar to the experimental
conditions used in the cultured cell experiments we selected a time
point to optimize the detection of overexpressed HSP70. This was
empirically determined to be approximately 5 to 6 hours, consistent
with previously published results [25]. Following mild heat treatment
of the right posterior limb of a nude mouse, approximately 1.3 pug of
either 6-carboxyfluorescein (FAM) or AD12-FAM was intravenously
administered via the tail vein. Animals were imaged using a murine-
dedicated fluorescence imaging system at 30 minutes and 2 hours
post injection. As shown in the Figure 3, live animals injected with
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Figure 2: Enhanced uptake of AD12-FAM in cultured human cells
(melanoma) subjected to heat shock. Human melanoma cells were grown at
37° C (dark gray) or heat shocked at 43° C for 1 hr in a tissue culture incubator
(light gray) and allowed to recover for 5 hrs. AD12-FAM was added to the
culture media and allowed to incubate for 1 hr at 37° C, followed by cell harvest
and fluorescence measurements. Relative fluorescence values were plotted for
the vehicle (DMSO) and AD12-FAM at three final concentrations: 1, 10, and 20
UM. Error bars indicate standard error of the mean for 6 runs.
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the fluorescent dye alone and imaged at 2 hours demonstrated no
significant fluorescence signal in the heat-treated limb (indicated
with an arrow) (Figure 3A). However, administration of AD12-FAM
resulted in mild fluorescence signal in the treated limb (Figure 3C).
Observation of the contralateral sides for either mouse reveals no
significant amount of detectable signal. Since 6-carboxyfluorescein has
limited sensitivity in vivo due to soft tissue attenuation of the excitation
and emission light wavelengths, the mice were euthanized immediately
after the imaging at 2 hours, and the regional skin was removed to
expose the underlying muscle tissue followed by repeat imaging. For
the 6-carboxyfluorescein subject, no significant fluorescence signal
was detected; however the AD12-FAM signal was substantially higher
(compare Figure 3B and 3D). For both mice, the signal in the exposed
muscles on the contralateral (untreated) limbs demonstrated no
significant fluorescence signal (data not shown). Fluorescence signals
of the treated tissue were quantified using manually drawn regions of
interest and the intensities plotted in Figure 3E. Fluorescence signal
at 30 minutes post injection of either FAM or AD12-FAM was overall
higher however there is nearly complete “washout” of signal from
the FAM control at 2 hours. Signal from the contralateral, unheated
limbs, were similar to the FAM treated side at both time points (data
not shown). These initial findings indicate that the pharmacokinetic
properties of AD12-FAM result in detectable levels of accumulation
withinlocally heated tissue which correlates with HSP70 overexpression
(Figure 4). Repeat trials of localized hyperthermia treatment showed
considerable variability in observed AD12-FAM uptake; however this
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FAM (0.5 hr AD12-FAM  FAM (2 hr p.i.) AD12-FAM (2
p.i.) (0.5 hrp.i.) hrp.i.)

Figure 3: In vivo imaging of local hyperthermia treatment in nude mice.
Nude mice were locally treated with mild hyperthermia to the right posterior
limb and following a recovery period of 5 hours, 6-carboxyfluorescein (FAM)
(A, B) or AD12-FAM (C, D) were intravenously administered and imaged at 2
hrs using a fluorescence camera with appropriate excitation/emission filters.
Immediately after this imaging, mice were euthanized and the skin removed
to expose the underlying muscle (B and D). Arrow indicates the treated limbs.
Regions of interest were drawn around the heat-treated limb for each of the
6-carboxyflurescein and AD12-FAM mouse subjects and fluorescence signal
quantified at 30 minutes and 2 hrs post injection (p.i.) of live, intact, mice (E).

(B) harvested from the mouse treated with AD12-FAM. (20X optical).

Figure 4: HSP70 is overexpressed in heat-treated muscle. Muscle from
nude mice treated with mild hyperthermia were fixed and processed for
chromogenic immunohistochemistry using an anti-HSP monoclonal antibody
and counter stained with hematoxylin. Untreated (A) and heat-treated muscle

effect appeared to correlate with levels of HSP70 expression which also
was variable as determined by immunohistochemical analysis (data not
shown). Although the mechanism for this variability remains poorly
explained, changes in HSP70 expression have been implicated with
certain gas anesthetics including isoflurane which was also used in
the current work [26]. Furthermore, the relatively poor affinity of the
adenosine analog used in this study likely contributes to the variable
targeting despite the strong in vivo induction of HSP70. Molecular
imaging agents with intended pharmacological targeting properties
places stringent pharmacokinetics requirements which are not fulfilled
in the current study and future refinements to this approach awaits
identification of high affinity ligands for inducible targets. Nonetheless,
the experimental results presented in this work support the hypothesis
that site-directed localization of a composite small molecule may be
controllable by the induction of endogenous intracellular targets.
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