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Abstract: Certain anti-cancer prodrugs are subject to cytochrome P450 (CYP)-mediated metabolism and become more
active. Because CYP activity may be regulated by phosphorylation via adenylyl cyclase/protein kinase A, selective
adenylyl cyclase subtype activators may be utilized in future chemotherapy to regulate CYP activity as a switch in a tumor

tissue-specific manper.
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CYP ENZYMES AND DRUG METABOLISM

A variety of metabolizing enzymes present in the liver
and other organs can catalyze the reactions. that can convert
various xenobiotics, which are’ ingested into the body, to
harmless or less harmless compounds [1, 2]. Such reactions
are mostly performed by the mixed function oxygenase sys-
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(2

feadfiy revéfsiﬁ[e, which is a major advantage of regulating'j
the enzyme activity via phosphorylation. . ;

. [
‘Indeed, it'is well known that CYPs-are subject to-regirla-;
tion via phosphorylation [11]. The phosphorylation of essen-§
tial components of CYP monooxygenase system, i.6.; CYP{
and CYP reductase, was originally demonstrated using the:

‘tem, which is called cytochrome P450 (CYP), a key meta-

bolic enzyme family [3]. In human; the™ CYI_?Tsﬁper_fmnily—demonslIaa&&}a&%s—wege—phosphqwlmd_nmw

catalytic subunit of protein-kinase~A- (PKA):Later-studies; -

comprises 57 genes arranged in 18 families and 47 subfami-
lies as well as 46 pseudogenes [3]. These genes encode for
enzymes involved in the metabolism of drugs, foreign
chemicals, fatty acids, and cholesterol. Additionally, they

play jmportant roles in steroid synthesis. and metabolism,

bile ‘acid as well ‘as vitamin D synthesis and metabolism.

‘Similatly, many ingredients in foods, as well as.a number of

toxicants, allergens, and carcinogens also serve as substrates
for CYP. Mutations in many CYP genes cause inborn errors

. of metabolism, which may lead to increased risk of cancer or

other diseases. It is also important to note that certain
xenobiotics, which themselves are not carcinogenic, may be
transformed by endogenous CYP into ultimate carcinogens,
suggesting that CYP can generate more harmful compounds,

which can be used forunticcancer—therapy—under—speeifie ——sues-in-chemotherapy.

condiFions.
REGULATION OF CYP BY cAMP/PKA

The enzymatic activity of CYP may change in response
to various external stimuli, and the mechanisms for such
changes are not specific to CYP, but rather similar to those
for other enzymes [4-10]. The total amount of CYP may be
increased, usually via induction at the level of gene tran-
scription, or the enzyme catalytic activity per se may be
changed via post-translational modifications, such as phos-
phorylation. While the former regulation may require several
hours to days, the latter takes only seconds to minutes and is
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—vitro-(using purified kinases-and CYPs);but in-inta

. contains the consensus amino acid sequence for PKA:
ated serine/threonine ph sphorylation. Because the’

115, -asf
well as in whole animals. Importantly, CYP phosphorylation{
is highly isoénzyme-selective [12]. An example is cyr2}l
family [13], such as CYPB1/2B2 and CYP2E1 [14], which}!
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phorylation 'of CYPs is a very fast progess that,occurs
ally in séconds to minutes, and the phosphorylated. pr !
are inactivated immediately, it was suggested that the phos-3.
phorylation mechanism acts as a rapid switch to regulate]
CYP activity without changing the total amount of this en
zyme, leading to dynamic changes in the control of the toxic’
metabolites of carcinogens as well as for the control of effec-}
tivéness of anti-cancer drugs [12], which are important is-;

CYP-GENE TRANSFER AND ANTICANCER THER-
APY :

CYPs, most notably 1A, 1B, 2C, 3A, 2D subfamily mem-’
bers, are expressed not only in the liver, but in many tumor
cells. For example, CYP1B1 is readily detectable in tumors;
such as lung, breast, liver, gastrointestinal tract, prostate, and
bladder tumor cells. Certain, anti-cancer drugs, especially’
those in the form of prodrugs, are subject to CYP-mediated
metabolism, and include alkylating agents (cyclophosphamide.
(CPA), ifosphamide (IFA), dacarbazine, procarbazine) andj .
fluoropyrimjdine. Some may become more active through};
CYP-mediated metabolism, and this mechanism may -be used{..
to activate certain anti-cancer drugs in a tumor tissue specific
manner. For example, 2-(4-aminophenyl)benzothiazoles may1
be activated in CYP1A1 inducible tumors. CYP3A-mediated i
activation of AQ4N, an anticancer prodrug, into cytotoxic

©2007 Bentbam Science Publishers Ltd.




A MP-Mediated Regulation of CYP Enzymes

“Tumor- or.organ-
‘ selective activation” -

+

+

CYP

rnetabollte may occur in hypoxnc tumor cells [15] CYP2B1
rlS mduced by phenobarbrml a major mechanrsms of CYP

v

enzymes (2C9 201 8 2C1 9) exhrbrted srgmﬁcant oxazaphos-

q4¢ high ty
'@19] These findmgs indicate that the expressron of such
JCYPsare requrred for actlvatlng certam anti-cancer drugs.

L=Ifsuch-CYP” gene express1on is not expressed in a tumor
, tlssue _ 1t can.be mtroduced by gene transfer 1e an'n-cancer

ap b

] xycyclophos hamxde Wthh uitrmately degrades into acrolein
and’ phosphoramrde mustard, and. serves as active (DNA-
Jalkylating) metabolite. A recent study demonstrated that gene
transfer encoding CYP2B1 indeed made tumor cells sensi-
{tivé'to this’ agent [20]. Further, such effects are not limited to
tumor..cells. that -were subject to gene-transfer. D;ffumble
cytotoxic metabolites can also inhibit the proliferation of
surrounding tumor cells, in which the transgene was not in-
troduced, a phenomenon called “the bystander effect”. In-
deed, it was demonstrated in cultured cells that CPA-
sensitized, CYP-expressmg C6 glioma cells hansferred cyto-

toxicity to nonexpressing cells by releasing diffusible me-
tabolites ﬂlrough the culture medium. This bystander effect
océiired in the presence of CPA even when only a minor
portion (~10%) of cells were gene-transferred [20]. Because
the therapeutic efficacy and successful therapy with CPA is
‘often limited by the fact that several tumor cells are not able
fo acfivate CPA or IFA, the above novel tumor-killing gene
therapy with P450-based _prodrug activation may be an effec-
tive method to_improve the current anti-cancer ﬁlerapy [21,

;—.2] A very recent gene therapy trials using P450 provide
strong support for the therapeutic potential of such gene
therapy; treatment of inoperable pancreatic carcinoma pa-
tients with IFA in combination with encapsulated cells ex-

i] R Glucagon Receptors

Protein kinase A «—— cAR
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Forskolin

P «— Phosphodiesteras_e

Anti-cancer drug

Frg (l) _Aschematlc concept for the proposed noble anti-cancer therapy.

pressing CYP2BI1 led to a 3-fold increase in I-year survrval
[23].

~

(

REGULATION OF cAMP SIGNAL TO REGULATE _

It was recently demonstrated that the actlvatlon of PKA

-

;{phob ec ed__msect_eells_demon__llon_Qf_CXRIiAgene_expnessmn_nLcuItured_hepatacytesand
.",-strate(Lmat CYPs 2A6, 2B6, 3A4, 3A5, and. three.CYPZC__mcreased_ihe_strength_of PXR—coactlvatopprotem-protem

interaction ‘[24]. This-was ‘demonstrated by the usé of fors-

*kolin, a direct activator-of adenylyl cyclase (AC) ‘a ‘miem-

brane-bound enzyme that produces cAMP’ to actlvate “PKA
[25], suggestirig that the ‘indaction of CYP can'be’ achleved
by regulatmg this cAMP prodiicing, enzyme,’AC:In ‘hitirk ian,
it is known that SCAMP- dependent phosphorylatlo

CYPE]1 leads toits changes in actlvrty [14 26]

If activation of AC-is a strategy to activate of PKA ad-
ing to the regulation of CYPs, is it possible to activate. AC-in
a tumor tissue specific manner? Activation of AG may.be. -
made through the administration of glucagon; | for. example,
when heépatic CYPs need to be regulated. Because glucagon
receptors are expressed mostly, if not exclusively, in the
liver, glucagon can activate PKA in a liver-spécific-manrier.
Other cAMP-regulating hormonal receptors, unfortunately,
may not be expressed in a tissue-specific manner. Beta-
adrenergic receptors, for example that can potently stiniulate

‘the production of cCAMP via activation of AC, are expressed

in most organs, and thus the use of beta—adrenerglc recepior
agonist may activate PKA elsewhere. If a tumor tissue ex-.
presses a specrfic receptor subtype(s) agomst-medl-ated sti-
mulation of sich receptor can activate PKA in a turhdr trssue

> specrﬁc manner. Unfortunately, the tumor trssue-specrﬁc

expression of such a Gs-coupled receptor is. not well known

FORSKOLIN ANALOGUES AS TISSUE SPECIFIC
ACTIVATOR OF PKA -

If receptor activation may not be used the elevation -of
intracellular cAMP and thus activation of PKA can bé made
by either the activation of AC, the cAMP producer, or the
inhibition of phosphodiesterase (PDE), a key enzyme_in the
regulatlon of CAMP turnover. Because both AC and PDE
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have multiple subtypes that differ in tissue distribution, a
tumor cell may express a dominant subtype of either en-
zyme. Indeed, it is well known that AC and PDE subtype
expression occurs in a much more tissue specific manner

than receptor subtypes [27], and pharmacotherapy has al-
ready taken advantage of this property, and pharmacological :..".
compounds have been developed that can regulate AC and- ; .

PDE in a subtype —specific manner. Subtype-specific PDE
inhibitors, such as sildenafil citrate, a type 3 PDE inhibitor
[28], and milrinone, a type 3 inhibitor [29], are now widely
used in the freatment of erectile dysfunction and heart fail-

ure, respectively.

AC, which synthesizes CAMP, has at least 9 subtypes that
differ in tissue distribution. Forskolin, a natural plant extract,
was first identified as a general stimulator of AC, but a re-
cent study has shown that 6-[3-(dimethylamino)propionyl]
forskolin, a water-soluble forskolin derivative with high se-
fectivity for type 5 AC, which is dominantly expressed in the
heart, was developed and has been widely used in the treat-
ment of acute heart failure [27, 30]. Furthermore, AC sub-
‘type specific inhibitors have been developed [31]. Adenine
analogs or P-site inhibitors, which are classic, but not iso-
form-spécific AC inhibitors, are now utilized to develop iso-
form-specific inhibitors [31, 32]. A novel non-nucleoside
inhibitor, 2-amino-7-(2-furanyl)-7, 8-dihydro-5(6H)-quina-

..... _zolinone (NKY80), was identified after virtual screening of

- Ishikawa et al.
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FUTURE DIRECTIONS

CYP, a key metabolic enzyme family for detoxification,
is utilized in anti-canicer chemotherapy because it can
generate, instead of detoxifying, more harmful compounds
that can be used for anti-cancer therapy. Because.the activity
of some CYP can be regulated by AC/PKA, regulation of
AC/PKA by the use of selective AC subtype activator may

be utilized in future chemotherapy, which regulates CYPasa

switch in a tumor tissue specific manner. Alternatively, a
CYP member may be overexpressed by gene-transfer, and
the activity of CYP may be regulated thereafter via the regu-
lation of a AC subtype that is dominantly expressed in the
tumor tissue. Nevertheless, these strategies would enable
dynamic regulations in the control of the toxic metabolites
and effectiveness of anti-cancer drugs in chemotherapy.
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