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Isothiocyanates (ITCs) derived from cruciferous vegetables induce apoptosis in cancer cells. We
demonstrate that certain naturally occurring ITCs selectively deplete mutant p53 but not the wild-type
and do so via a transcription-independent mechanism. Direct p53 binding followed by conformational
changes appears to be a mechanism by which mutant p53 is depleted. Structure-activity relationship
studies (SARs) using naturally occurring and synthetic ITCs show that depletion is influenced by the
ITC side-chain moiety. Furthermore, we show that cells with p53 mutations are more sensitive to
cytotoxicity induced by phenethyl isothiocyanate (PEITC) than those with the wild-type protein. 2,2-
Diphenylethyl ITC, a synthetic ITC, is one of the most potent depletors of mutant p53 studies and
induces apoptosis to the greatest extent in mutant p53 breast cancer cells. Collectively, this study shows
thatmutant p53 depletionmay be an important novel target for cancer chemoprevention and therapy by
natural and synthetic ITCs.

Introduction

Isothiocyanates (ITCs)a have been shown to induce apop-
tosis in cultured tumor cells and in tissues of treated animals.
Induction of apoptosis is believed to be an importantmechan-
ism for the chemopreventive activities of ITCs;1 however, the
early events in the induction of apoptosis by ITCs have not yet
been fully investigated. Our studies have shown that, once
inside the cell, ITCs bind to proteins and that protein binding
affinities are closely associated with the ability to induce
apoptosis.2 Recently, we identified tubulin as one of the
binding targets for ITCs and found that covalent binding to
the cysteine residues in tubulin causes conformation changes,
leading to its degradation.3

The tumor suppressor p53 plays a pivotal role in many
cellular processes, including DNA repair, cell cycle arrest and
apoptosis.4 About half of all human cancers carry p53
mutations.4 Most p53 mutations are within the central core
DNA-binding domain (DBD); this disrupts DNA binding to
p53 and severely abrogates the tumor suppressor function.
Mutant p53 impairs the DNA-damage response and renders
tumor cells more resistant to drug-induced apoptosis.5 Evi-
dence also shows that mutant p53 promotes tumorigenesis
through gain of function by transactivating growth-related
genes or by suppressing specific target genes.6 Mutant p53

overexpression in deficient cells causes enhanced plating
efficiency in soft agar and increased tumorigenicity in nude
mice.6 Also, mice harboring a p53 point mutation have a high
frequency of tumor formation and metastasis compared with
p53-deficient mice.7,8 Humans with germ-line p53 mutation
(Li-Fraumeni Syndrome) are at significantly increased risk
of cancer development.9 Therefore, abolishing mutant p53
may offer a promising approach for cancer prevention and
therapy. A previous study using p53 -/- mouse embryonic
fibroblasts demonstrated that apoptosis inducedbyphenethyl
ITC (PEITC) is p53-dependent.10 However, other studies
have shown that PEITC induces apoptosis in prostate and
colon cancer cells with different p53 statuses.11,12

In this study, we report an intriguing observation that
PEITC, which is abundant in watercress, can selectively
deplete mutant p53 protein but not the wild-type. This is a
potentially important finding because of the role of mutant
p53 protein in human cancers.We found that PEITC-induced
mutant p53 depletion occurs post-transcriptionally. To dis-
cover which ITCs most efficiently deplete mutant p53, we
conducted structure-activity relationship studies (SARs) of
both synthetic and naturally occurring ITCs by focusing on
the following structural characteristics of the ITC side-chain
moiety: (1) lipophilicity, (2) electronic factor, (3) steric factor,
and (4) alkyl chain length. We also studied aliphatic ITCs,
including sulforaphane (SFN) and allyl ITC (AITC), which
are abundant in broccoli and mustard, respectively. To ex-
plore the possible mechanisms by which ITCs deplete mutant
p53, we studied covalent modification of cysteine residues in
purified mutant p53DNA binding domain (DBD) protein by
ITCs and its sequential conformational changes. Induction of
apoptosis by ITCs was then compared in cells with either
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aAbbreviations: DMSO, dimethyl sulfoxide; ITC(s), isothiocyanate-
(s); PEITC, phenethyl isothiocyanate; BITC, benzyl isothiocyanate;
SFN, sulforaphane; AITC, allyl ITC; PITC, phenyl ITC; 3-PPITC,
3-phenylpropyl ITC; 4-PBITC, 4-phenylbutyl ITC; 5-PPeITC, 5-phe-
nylpentyl ITC; 6-PHITC, 6-phenylhexyl ITC; NMPEA, N-methylphe-
nethylamine; DBD, DNA-binding domain.
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mutant or wild-type p53, and the SARs for apoptosis induc-
tion in amutant p53breast cancer cell linewere also examined.

Results

PEITC Causes Rapid Depletion of Mutant p53 by a Post-

transcriptionalMechanism.Treatmentof humanH596 (G245C)
non-small-cell lung cancer cells with 15 μM PEITC caused a
rapid depletion of mutant p53 protein. Depletion occurred as
early as 2 h and peaked at 4 h; it was sustained during 24 h
treatment and was concentration-dependent (Figure 1A). The
expression of other proteins, including Bax, DR5, Hsp90, and
JNK, was not altered (not shown). To determine whether
depletion occurs at the post-transcriptional or transcriptional
level, reverse transcription polymerase chain reaction (PCR)
was performed on RNA derived from DMSO- and PEITC-
treated H596 cells. As shown in Figure 1A (lower panel), 2, 4,
and 6 h after PEITC treatment, the mutant p53 mRNA levels
remained unchanged. Therefore, PEITC depleted mutant p53
without causing changes in the p53 mRNA expression levels.
These results strongly suggest that PEITC depletes mutant p53
at the post-transcriptional level.Wenext examined the effects of
other widely studied naturally occurring ITCs, benzyl ITC
(BITC), SFN, and AITC, on mutant p53 protein levels. H596

cells were incubatedwith PEITC, BITC, SFN, orAITC for 2 h.
Figure 1C shows that BITC at 10 μM significantly reduced the
level of mutant p53, while at 20 μM, it showed a similar
potency to PEITC. However, neither SFN nor AITC
significantly affected mutant p53 protein levels, even at
40 μM; although at 60 μM SFN slightly reduced mutant p53
levels. To further investigate the structural requirement of ITCs
todepletemutantp53,N-methylphenethylamine (NMPEA), an
analog of PEITC lacking an ITC functional group, was used.
Figure 1D shows that NMPEA at 15 μM failed to alter the
mutant p53 protein level even up to 24 h or at 60 μM for 2 h.
Because the ITC functional group is highly electrophilic, these
results indicate that the ITC group is essential for the effect,
possibly through binding to target proteins. Moreover, the
structure of the side-chainmoiety appears to dictate the potency
of mutant p53 depletion by ITCs.

PEITC Depletes Mutant p53 in a Variety of Cancer Cells.

We next examined whether the depletion of mutant p53 by
PEITC is cell-type-specific. Various tumor cells with mutant
p53 were used, including MDA-MB-231 (breast cancer,
R280K), MDA-MB-468 (breast cancer, R273H), DU145
(prostate cancer, P274L/V223F), SW480 (colon cancer,
R273H), and SCC-4 (oral cancer, P151S). Notably, while
the types of mutations among the cell lines vary, all are

Figure 1. PEITC causes rapid depletion of mutant p53 in H596 cells. (A) PEITC decreased mutant p53 protein in a time- and dose-dependent
manner. H596 cells were treated with 15 μM PEITC for various times or incubated with various concentrations of PEITC for 2 h. p53 and
β-actin levels were determined by immunoblotting. Lower panel, H596 cells were treated with 15 μMPEITC for 2, 4, and 6 h, mRNAwas then
isolated, andRT-PCR for p53 and β-actinmRNAwas performed. (B) Structures of ITCs andNMPEA. (C) Effects of PEITC, BITC, SFN, and
AITC on mutant p53 protein in H596 cells. (D) NMPEA has no effect on p53 mutant protein in H596 cells.
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located in the core DNA-binding domain. The five cell lines
were treated with 10 or 15 μM PEITC, depending on the
observed cytotoxicity. Figure 2A shows that PEITCdepleted
mutant p53 in all five cell lines in a time-dependent manner,
and certain cells appeared more responsive than others.
These results clearly show that the effects of PEITC on
mutant p53 are not specific to a certain p53 mutation.

Wild-Type p53 Is Not a Target for Depletion by PEITC in

Cancer Cells.To determine whether wild-type p53 is affected
by PEITC treatment, we used A549 lung cancer cells,
HCT116 colon cancer cells, MCF-7 breast cancer cells, and
MCF-10A human normal mammary epithelial cells, all
expressing wild- type p53. Cell lines were treated with 15 or
20 μMPEITC for 2, 4, 8, and 24 h. Contrary to mutant p53,
wild-type p53 expression did not decrease over the treatment
period. In fact, it appeared marginally elevated at 24 h in
MCF-7 cells (Figure 2B), suggesting that PEITC may mod-
erately activate p53 in cells withwild-type p53. To investigate
whether the conformation of p53 contributes to the differ-
ential response to PEITC, we used H1299 lung cancer cells
(null p53) stably transfected with temperature-sensitive p53
mutant 143Ala (H1299-143A).13 The p53mutant 143Ala can
have two conformations: at 32.5 �C, it possesses a strong
DNA-binding ability and generates transcriptional activity,
thus functioning like wild-type p53, and at 37 �C, its ability
to bind DNA and activate transcription is severely dimin-
ished or lost, acting as mutant p53. After treatment of
H1299-143A cells with PEITC for 24 h, p53 mutant 143A

protein was depleted more robustly at 37 �C than at 32.5 �C
(Figure 2C). To rule out the possibility that lower tempera-
ture caused the effect, H1299 cells stably expressing non-
temperature-sensitive p53 mutant R175H (H1299-175H)
were treated with PEITC for 24 h; the same extent of deple-
tion was observed at both temperatures (Figure 2C). There-
fore, our data suggest that the differential response between
mutant and wild-type p53 to PEITC is likely due to the
difference in their conformation.

SARs for the Depletion of Mutant p53 by ITCs. BITC and
PEITC are arylalkyl ITCs of different alkyl chain lengthwith
relatively high lipophilicities, whereas SFN, an alkyl ITC, is
considerably more water-soluble. Previously, we showed
BITC, PEITC, and SFN exhibit differential activity toward
total protein binding and apoptosis induction, following an
order of BITC > PEITC > SFN.2 Moreover, BITC and
PEITC can modify proteins and tubulin to a greater extent
than SFN, and the degree of binding correlates with the
potency of the ITC to induce mitosis arrest and apoptosis.2,3

Importantly, the same order of potency was seen toward
mutant p53 depletion. NMPEA, an analog of PEITC with-
out the ITC functional group, is completely devoid of all of
these activities.Here, we studied the structural features of the
ITC side-chainmoietywith relation to the extent of depletion
of mutant p53. Compounds of more than one aromatic
ring with greater lipophilicity than BITC and PEITC were
used. These compounds are 2,2-diphenylethyl ITC and
4-phenoxybenzyl ITC. We also examined the effects of an

Figure 2. PEITC depletes p53 protein in human cancer cells with different p53 mutation but not in cells with wild-type p53. (A) Cell lines
harboring mutant p53 were treated with 15 μM PEITC (MDA-MB-231, MDA-MB-468, and SCC-4) or 10 μM PEITC (DU145 and SW480)
for the indicated times. (B) Cells with wild-type p53 were treated with 20 μM PEITC (HCT116, A549, and MCF-7) or 15 μM PEITC
(MCF-10A) for the indicated times. (C) H1299-143A cells with p53 mutant conformation (at 37 �C) are more sensitive to PEITC-induced
depletion than thosewithwild-type conformation (at 32.5 �C).H1299-175H cells are used as control. Both cells were treatedwith 20μMPEITC
for 24 h.
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electron-withdrawing and an electron-releasing substituent
at the para position of the aromatic ring by using 4-chlor-
obenzyl ITC and 4-methoxybenzyl ITC. To investigate
whether covalent binding by ITCs is a trigger of mutant
p53 depletion, we selected ITCs with bulky substituent(s)
adjacent to the;NdCdS to create steric hindrance, includ-
ing D-R-methylbenzyl ITC and trityl ITC. Aromatic ITCs
with varying alkyl chain length from phenyl ITC to 6-phe-
nylhexyl ITC (6-PHITC) were used. Structures of the ITCs
are shown in Figure 3A. The aliphatic compounds used
include cyclohexylmethyl ITC, SFN, erucin, and AITC.

As shown in Figure 3B-E, mutant p53 is depleted simi-
larly in H596 (Figure 3B,C) andMDA-MB-231 (Figure 3D,
E) cancer cells treated with 20 or 10 μM ITCs, respectively,
for 24 h. Also, at equimolar concentrations, BITC and PEITC
deplete mutant p53 to approximately the same extent, while
SFNdepletes p53 significantly less inH596 or no effect inMD-
MBA cells, compared with DMSO control. The presence of a
phenyl ring appears important because its electron-withdraw-
ing ability reduces the electron density around the carbon atom
of the ;NdCdS functional group rendering it more electro-
philic.14 The aliphatic ITCs, cyclohexylmethyl ITC, SFN,
erucin, and AITC, all have little to no mutant p53 depleting
activity, whereas 2,2-diphenylethyl ITC and 4-phenoxybenzyl

ITC deplete mutant p53 to an even greater extent than
BITC (Figure 3B,D). Thus, increasing the lipophilicity of the
side-chain moiety by the addition of aromatic groups increases
the activity of the ITC to deplete mutant p53. Introducing an
electron-withdrawing or -releasing substituent at the para posi-
tiondoesnot exertmuch effect, because no significant difference
was seen with 4-chlorobenzyl ITC and 4-methoxybenzyl ITC
when compared with BITC. In MDA-MB-231 cells, 4-chlor-
obenzyl ITC may deplete to a greater extent than BITC;
however, 4-methoxybenzyl ITC is just as efficient as BITC, if
not more. D-R-Methylbenzyl ITC and trityl ITC deplete little to
no mutant p53; these ITCs have bulky substituents at the R-
carbon adjacent to the ITC functional group. These differ from
2,2-diphenylethyl ITC, which does not have its bulky substitu-
ents on the R-carbon. Bulky substituents adjacent to the ;
NdCdSgroupcouldhinderbindingof the ITCtoproteins.The
alkyl chain length also seems to influence the activity
(Figure 3C,E). PITC does not deplete mutant p53, whereas
BITC, PEITC, 3-PPITC, 4-PBITC, 5-PPeITC, and 6-PHITC
all deplete mutant p53 to different degrees. Interestingly, deple-
tion is greatest when one, two, or four methylene groups
are inserted between the phenyl ring and the ;NdCdS func-
tional group (BITC, PEITC, and 4-PBITC, respectively), and
it is lowest when three methylene groups are present

Figure 3. Structure-activity relationships for the depletion of mutant p53 by ITCs. (A) Structures of the naturally occurring and synthetic
ITCs used. (B, C)Depletion ofmutant p53 protein by ITCs inH596 non-small-cell lung cancer cells treated with 20 μMITCs, as determined by
immunoblotting. (D, E) MDA-MB-231 breast cancer cells were treated with 10 μM ITCs.
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(3-PPITC). The large contrast of PPITC compared with PEITC
and PBITC is notable.

Covalent Modification of Mutant (G245C) p53 DBD by

ITCs and Subsequent Conformational Changes.As in the case
of tubulin degradation, it is possible that mutant p53 protein
is depleted by ITCs as a result of direct binding to its cysteine
residues and subsequent conformational changes. We used a
monochlorobimane fluorometric assay15 to study cysteine
modification of mutant (G245C) p53 DBD by ITCs and
compared intrinsic tryptophan fluorescence intensities as an
indicator of conformational changes.16 The G245C point
mutation is especially relevant because it is the p53 mutation
present in the H596 non-small-cell lung cancer cell line
studied here. Figure 4A shows the relative amount of free
thiols present, as indicated by relative fluorescence intensi-
ties, in the mutant (G245C) p53 DBD after 1 h incubation
with DMSO (negative control), ITCs, or iodoacetamide
(positive control). BITC, 2,2-diphenylethyl ITC, 4-methox-
ybenzyl ITC, 4-chlorobenzyl ITC, PEITC, and 3-PPITC
show greater binding affinities for mutant (G245C) p53
DBD than do trityl ITC, cyclohexylmethyl ITC, SFN,
AITC, and PITC (p < 0.05). These affinities correlate well

with their respective activity to deplete mutant p53. How-
ever, the binding affinities are not always in agreement with
the depleting potencies of ITCs. For example, 4-phenoxy-
benzyl ITC was one of the most effective depletors, but it
did not display stronger binding to mutant p53 than the
weaker depletors, such as D-R-methylbenzyl ITC. These
results suggest that binding affinity to mutant p53 can only
partially explain depleting activities and other factor(s) may
be involved.

Using intrinsic tryptophan fluorescence emission spec-
troscopy, we demonstrated that the conformation of mutant
p53 changes to different degrees after its reaction with BITC,
4-phenoxybenzyl ITC, D-R-methylbenzyl ITC, and SFN
(Figure 4B). These ITCs were chosen because their binding
affinities correlate either well or poorly with depletion.
4-Phenoxybenzyl ITC, a potent depletor, induces the great-
est conformational change, despite its lower binding affinity
for mutant p53 protein. BITC causes the second largest
conformational change, followed by D-R-methylbenzyl ITC,
and finally SFN. D-R-Methylbenzyl ITC shows a lower
binding affinity than BITC (p< 0.05), but a higher binding
affinity than 4-phenoxybenzyl ITC (p<0.05); however, D-R-
methylbenzyl ITC does not deplete mutant p53 to the same
degree as 4-phenoxybenzyl ITC. The fact that D-R-methyl-
benzyl ITC induces less mutant p53 protein conformational
change than 4-phenoxybenzyl ITC may explain why it does
not deplete as efficiently. Similarly, despite its binding to
mutant p53, SFN causes the least conformational change
among ITCs tested, which correlates with its lack of deplet-
ing activity.

Mutant p53 Cells Are More Sensitive to Apoptosis Induced

by PEITC than Wild-Type Cells. The role of p53 in the
induction of apoptosis by ITCs is not well established and
likely to be cell-specific. Mutant p53 renders cancer cells
resistance to chemotherapeutic drugs; if ITCs can deplete
mutant p53, then ITCs should bemore cytotoxic in cells with
mutant p53 protein. To examine this possibility, we assessed
the cytotoxicity induced by PEITC in cancer cells containing
either wild-type or mutant p53. Three sets of cell lines from
lung, breast, and colon were used: A549 (wild-type p53) and
H596 (mutant p53) lung cancer cells, MCF-7 (wild-type p53)
and MDA-MB-231 andMDA-MB-468 (mutant p53) breast
cancer cells, and HCT116 (wild-type p53) and SW480
(mutant p53) colon cancer cells. After treating with PEITC
for 24 h, apoptosis was determined by caspase-3 activity
assay. As shown in Figure 5A, all the mutant p53 cancer cells
appeared significantly more sensitive than the wild-type cells
to PEITC-induced apoptosis.

Induction of Apoptosis by Various ITCs in a Mutant p53

Cell Line. To examine the correlation between depletion of
mutant p53 and apoptosis by ITCs, FITC-annexin V stain-
ing assay was used to quantify apoptotic cells. We treated
MDA-MB-231 cancer cells with DMSO or 10 μMof various
ITCs for 24 h; Figure 5B shows that treatment with BITC,
2,2-diphenylethyl ITC, 3-PPITC, or 4-PBITC, which all
deplete mutant p53 (Figure 3B-E), results in a greater induc-
tion of apoptosis than treatment with DMSO (p < 0.05).
2,2-Diphenylethyl ITC, the most potent depletors of
mutant p53 studied, is the strongest inducer of apoptosis
(p< 0.05 compared with BITC). The percentage of apopto-
tic cells induced by trityl ITC, cyclohexylmethyl ITC, or
SFN, all of which deplete little to no mutant p53, does not
differ from control. However, the correlation is not con-
sistently evident. For example, 3-PPITC, which does not

Figure 4. Cysteine binding in mutant (G245C) p53 DNA-binding
domain by ITCs and subsequent conformational changes. (A)
Cysteine binding in the mutant (G245C) p53 DNA-binding domain
by DMSO (control), ITCs, or iodoacetamide, measured using a
monochlorobimane fluorometric assay (λex 380 nm; λem 485 nm).
(B) Intrinsic fluorescence emission spectra of mutant (G245C) p53
DNA-binding domain at 32 �C (black solid line) incubated with,
from highest intensity to lowest, DMSO (black large-dashed line),
SFN (black small-dashed line), D-R-methylbenzyl ITC (dark gray
line), BITC (medium gray line), or 4-phenoxybenzyl ITC (light gray
line).
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deplete mutant p53 to the same extent as BITC or 4-PBITC,
induces the same level of apoptosis as these ITCs.

Discussion and Conclusions

In this study, we demonstrate that, depending on the
structure, ITCs can robustly deplete mutant p53 protein in a
variety of cancer cells in a time- and dose-dependent manner.
The depletion appears to be specific to mutant p53, because
wild-type p53 is not affected by the same treatments. This is
the first report of mutant p53 as a potential novel target for
ITCs. Depletion of mutant p53 may be an important event
in cancer prevention because ITCs may suppress gain-
of-function properties through mutant p53 depletion.
Furthermore, depletion of mutant p53 may reduce drug
resistance and lead to new strategies for treating cancer in
the clinic.

Our data show that PEITC causes mutant p53 depletion at
the post-transcriptional level, since mutant p53 mRNA re-
mains unchanged byPEITC treatment. Togetherwith the fact
that NMPEA, an analog without ITC functional group, is
devoid of depleting activity, these results suggest a possible
mechanism involving protein modification via covalent bind-
ing by the ITC functional group. Previously, we showed that
the potency of inhibition of tumorigenesis by aromatic ITCs is
related to the lipophilicity and alkyl chain length of the side-
chain moiety.14,17 The present study also showed that deple-
tion is influenced by the structure of the side-chain moiety of
ITC compounds. The lipophilicity and the steric hindrance
appear to be the most important factors in determining the

activity of ITCs towardmutant p53depletion.Wedemonstrated
that increasing lipophilicity (by adding aromatic rings) and
creating spatial hindrance (by introducing bulky substituents)
at the R-carbon significantly enhances or decreases the p53
depleting activity, respectively. These results again support a
model for mutant p53 depletion in which ITCs bind to the
protein via ;NdCdS through hydrophobic interactions. The
role of the aromatic ring is further suggested by the observations
that aliphatic ITCs have little or no depleting activity. The alkyl
chain length in arylalkyl ITCs also affects their activity. The
sharp decline in depleting activity of PITC comparedwithBITC
and PPITC compared with PEITC and PBITC suggest that the
subtle changes of alkyl chain length in arylalkyl ITCs can
markedly influence activity, possibly due to specific spatial
requirements for interactions with the protein targets.

Studies have shown that inhibition of endogenous mutant
p53 with RNA interference (RNAi) sensitizes cancer cells to
chemotherapeutic agent-induced cell death in vitro and in
vivo.18 We found in human lung, breast, and colon cancer
cells thatmutant p53 confers cells with increased sensitivity to
PEITC-induced cytotoxicity. Xiao et al. also showed that
MDA-MB-231 breast cancer cells withmutant p53weremore
sensitive toBITC-induced apoptosis than thewild-typeMCF-
7 cells and the normal humanmammary epithelial MCF-10A
cells.19 The discovery of 2,2-diphenylethyl ITC, a synthetic
compound, as one of themost potent depletors ofmutant p53,
which induces apoptosis to a greater extent than BITC, is
potentially important. We are currently evaluating the effi-
cacy of this compound as a chemopreventive and therapeutic
agent in rodents with mutant p53.

Figure 5. Cells with mutant p53 are more sensitive to PEITC-induced apoptosis than wild-type cells, and induction of apoptosis by various
ITCs in a cell line withmutant p53. (A)A549 (wt p53) andH596 (mutant p53) non-small-cell lung cancer cells,MCF-7 (wt p53) andMDA-MB-
231 and MDA-MB-468 (mutant p53) breast cancer cells, and HCT116 (wt p53) and SW480 (mutant p53) colon cancer cells were treated with
DMSO and PEITC for 24 h. Caspase-3 activity was analyzed by a caspase-3 colorimetric assay kit. The data represents themean( SD of three
independent experiments (*P < 0.01). (B) Apoptosis in MDA-MB-231 breast cancer cells treated with 10 μM ITCs measured using
FITC-annexin V and propidium iodide. Shown are cells in early apoptosis (FITC-annexin Vþ/PI-); *p < 0.05 compared with DMSO
(control), ** p < 0.05 compared with BITC.
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We previously showed that BITC and PEITC have greater
binding affinities than SFN toward intracellular proteins and
that protein binding affinities of ITCs correlate well with their
potencies of apoptosis induction.2We also reported that ITCs
covalently bind in vitro and in vivo to the cysteine residues in
tubulin, causing its conformation change followed by aggre-
gate formation and degradation.3 The levels of modification
of tubulin by BITC, PEITC, and SFN correlate with their
potencies of apoptosis induction. Pretreatment of cells with
tubulin binding agents, for example, taxol, diminishes the
binding by ITCs and consequently the downstream effects.
The exact protein targets of ITCs formutant p53 depletion are
not yet identified; it is possible certain p53 chaperone or other
proteins, such as Hsp90, could serve as targets. It is well-
known that cysteines in p53 are potential sites of covalent
modification20 and that the modification could lead to a
change in p53 function. In this study,we explored the relation-
ships of mutant p53 depletion and direct covalent modifica-
tion of cysteine residues by ITCs in the mutant p53 DNA-
binding domain and the subsequent conformational changes.
We found the binding affinities to mutant p53 DBD of some,
but not all, ITCs appear to correlate with their ability to
deplete. Certain ITCs, such as 4-phenoxybenzyl ITC, exhibit
potent depletion yet low binding activity to mutant p53.
However, this disparity may be partially explained by protein
conformational changes as a result of the binding event.
Therefore, our studies support that binding to mutant p53
may constitute an important step for its depletion by ITCs.
Wild-type p53 is tightly regulated through MDM2-mediated
ubiquitination and 26S proteasome degradation process. We
had preliminary data showing that PEITC-induced depletion
of mutant p53 cannot be abrogated by MDM2 inhibitor
Nutlin-3 or 26S proteasome inhibitorMG132 and bortezomib
in H596 cells (see Supporting Information), suggesting that
PEITC induces the depletion likely through a novel mechan-
ism not by a MDM2-ubiquitin-mediated 26S proteasome-
dependent pathway. Additional in vivo studies are warranted
to fully understand the underlying mechanisms of mutant p53
depletion by ITCs and its functional consequences.

Experimental Section

Cell Culture and Materials. Human H596, A549, HCT116,
MDA-MB-231, MDA-MB-468, MCF-7, DU145, MCF-10A,
SW480, and SCC-4 cells were obtained fromATCC (Manassas,
VA). H1299-175H cells were kindly provided by Dr. Maria
Laura Avantaggiati (Georgetown University). Cells were main-
tained in DMEM or RPMI-1640 medium supplemented with
10% FBS (Hyclone). DMSO, PEITC, BITC, SFN, AITC,
NMPEA, and monochlorobimane were purchased from
Sigma-Aldrich (St. Louis, MO). 2,2-Diphenylethyl ITC, 4-phe-
noxybenzyl ITC, 4-methoxybenzyl ITC, 4-chlorobenzyl ITC, D-
R-methylbenzyl ITC, trityl ITC, and 3-phenylpropyl ITC were
purchased from Trans World Chemicals (Rockville, MD).
Erucin and 4-phenylbutyl ITC were from LKT Laboratories,
Inc. (St. Paul, MN). SFN was a generous gift from Dr. Stephen
Hecht (University ofMinnesota, MN), and 5-phenylpentyl ITC
and 6-phenlhexyl ITC were generous gifts from Dr. Arun K.
Sharma (Penn State Hershey College of Medicine, PA). All the
compounds are with purities g95% as determined by gas-
liquid chromatography or HPLC. The p53 DO-1 and β-actin
antibodies were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA), horseradish peroxidase-labeled goat anti-
mouse secondary antibodies were purchased from GE-Health-
care (Pittsburgh, PA), and Bio-Rad Protein Assay was from
Bio-Rad (Hercules, CA).

Immunoblot Analysis.Whole cell lysates were prepared in lysis
buffer (20mMHEPES, pH 7.4, 2mMEGTA, 50mM β-glycerol
phosphate, 1% Triton X-100, 10% glycerol, 1 mMDTT, 1 mM
PMSF, 10 mg/mL leupeptin, 10 mg/mL aprotinin, 1 mM Na3-
VO4, and 5mMNaF). For immunoblot analysis, equal amounts
of protein were resolved on 4-12% NuPAGE BisTris gels
(Invitrogen) and transferred to PVDF membranes (Millipore).
The membranes were blocked with 5% milk in TBST and were
then probed with p53 (DO-1) or β-actin antibody. Proteins were
detected using enhanced chemiluminescence (ECL) reagents
(GE Healthcare).

RT-PCR. Total RNA was extracted from the cells using the
RNeasy kit (Qiagen). Reverse transcription PCR was per-
formed using SuperScript One-Step RT-PCR kit (Invitrogen)
according to the manufacturer’s instructions. Primers for p53
were 50-TTCTTGCATTCTGGGACAGCC-30 (sense) and 30-
GGCCTCATTCAGCTCTCGGAAC-50 (antisense). Primers
for β-actin were 50-TGGGCATGGGTCAGAAGGAT-30 (sense)
and 30-GAGGCGTACAGGGATAGCAC-50 (antisense). β-Actin
was used as an internal standard for RNA normalization.

Expression and Purification of Wild-Type and Mutant p53

DNA-Binding Domain. BL21 (DE2) Escherichia coli were trans-
formed with pET29b wild-type or mutant (G245C) p53 DNA-
binding domain (DBD) plasmids. TheE. coliwere then cultured
in LB media supplemented with 100 μM ZnCl2 and 25 μg/mL
kanamycin at 37 �C until OD600 = 0.6-0.8. Protein expression
was induced by 0.1 mM isopropyl β-D-1-thiogalactopyranoside
for 16 h at 37 �C for wild-type and 16 �C for mutant p53. Bac-
terial pellets were then harvested by centrifugation at 5000 � g,
10 min, 4 �C, and lysed via sonication in 50 mM Tris, 50 mM
KCl, 5 mM dithiothreitol, 1 mM PMSF, pH 7 buffer. The
soluble fraction was passed through a Capto S cation exchange
column (GE Healthcare) and eluted with 50 mM Tris, 200 mM
KCl, 5 mM DTT, pH 7. Eluted protein was dialyzed overnight
against a non-salt dialysis buffer (50 mM Tris, 5 mM DTT,
pH 7) and loaded onto a HiTrap Heparin HP column (GE
Healthcare). The p53 DBDwas purified via a AKTApurifier-10
protein liquid chromatography system (GEHealthcare) with an
increasing KCl salt gradient, and purity was tested by SDS-
PAGE and Coomassie blue staining. Purified protein was
dialyzed in PBS, and protein concentrations were determined
prior to performing fluorescence experiments.

Monochlorobimane Fluorometric Assay. In a white 96-well
plate, 100 μL of purified mutant (G245C) p53 DNA-binding
domain protein in PBSwas treatedwithDMSO, 100μMITCs in
DMSO, or 500 μM iodoacetamide (positive binding control).
An additional well containing 100 μL of PBS was used
to determine background. Samples were incubated with com-
pounds in the dark for 1 h at 32 �C, after which 5 μL of 10 mM
monochlorobimane was added (in the dark), and samples were
further incubated in the dark at 32 �C for 30 min. Fluorescence
readings were then obtained using a BIO-TEK Synergy HT
plate reader (λex 380 nm; λem 485 nm). Data shown are the
average of three experiments with standard deviation. A two-
sample t test was performed, assuming unequal variances, in
Microsoft Excel, and * indicates p < 0.05.

Fluorescence Emission Spectroscopy. A SPEX FluoroMax-2
spectrofluorometer was used to collect emission spectra: λex
280 nm; λem 285-400 nm; integration time 0.5 s nm-1; three
scans averaged; slit width 5 nm.Datawas collected after 6 μMof
mutant (G245C) p53 DBD (250 μL) was incubated for 1 h at
32 �C alone or with DMSO or 60 μM ITCs.

Caspase-3 Activity Assay. Caspase-3 activity was measured
by detection of the cleavage of a colorimetric caspase-3 sub-
strate, N-acetyl-Asp-Glu-Val-Asp (DEVD)-p-nitroaniline,
using an assay kit (R&D Systems, Inc., Minneapolis, MN).
The assay was performed according to the instructions of the
manufacturer. In brief, cells were treated with drugs for 24 h.
The cells were collected and lysed in ice-cold lysis buffer
provided by the manufacturer. The same amount of protein
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extracts (100-200 μg) were incubated in a reaction buffer
containing N-acetyl-DEVD-p-nitroaniline at 37 �C for 2-4 h.
The levels of the resulting proteolytic fragment p-nitroanilide
were measured as optical density at 405 nm with a plate reader.
The data represent the mean( SD of three independent experi-
ments.

Annexin V Apoptosis Assay. MDA-MB-231 breast cancer
cells were treated at 40-50% confluency with DMSO or 10
μM BITC, 2,2-diphenylethyl ITC, 4-methoxybenzyl ITC, trityl
ITC, cyclohexylmethyl ITC, SFN, 3-PPITC, or 4-PBITC in
DMSO for 24 h, after which time cells were collected, washed
twice with cold PBS, and resuspended in 1� binding buffer from
FITC-annexinV apoptosis kit (BDPharmingen). Then, 100μL
of each sample was added to a 5 mm tube, and the annexin V
apoptosis kit protocol was followed. Samples were immediately
analyzed with flow cytometry. Data shown are the average of
three experiments with standard deviation. A two-sample t test
was performed, assuming unequal variances, in Microsoft
Excel, and * indicates p < 0.05.
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