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I
n their mechanistic examination of
the role of the aryl hydrocarbon re-
ceptor (AHR, also known as the
dioxin receptor) in genome shuf-

fling, Okudaira et al. (1) chose to use
6-formylindolo[3,2-b]carbazole (FICZ),
a candidate endogenous agonist of this
receptor, instead of the more commonly
used anthropogenic agonist 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD).
FICZ was discovered serendipitously
when the amino acid L-tryptophan was
used to absorb UV B radiation and
thereby act as a photosensitizer in exper-
iments designed to produce unique ago-
nists of AHR for quantitative structure–
activity relationship analyses (2). On the
basis of its formation by photolysis of
tryptophan with both visible and UV light,
its formation in cells exposed to UV light,
and its ability to activate the AHR tran-
siently at concentrations of a few pico-
molar, FICZ has been proposed to be an
endogenous signaling molecule that me-
diates biological responses to light (ref. 3
and references therein). In marked con-
trast to TCDD, FICZ is an ideal substrate
for the previously orphan cytochrome
P450 enzymes CYP1A1, CYP1A2, and
CYP1B1, thereby participating in auto-
regulatory feedback that maintains its
own steady-state concentrations at low
levels (3).
In PNAS, Okudaira et al. (1) document

the unexpected observation that FICZ
stimulates retrotransposition efficiently
without involvement of the AHR. Almost
one half of each mammalian genome is
now thought to consist of retrotrans-
posable elements that are silenced epige-
netically (reviewed in refs. 4, 5) and whose
amplification via reverse transcriptase
and insertion into coding genes causes
mutations that have contributed to evo-
lution. Currently ongoing retrotransposon
activity (RTP) involving the long inter-
spersed nuclear elements-1 (L1), the most
abundant retrotransposons in the human
genome, is strikingly high; moreover, the
DNA of tumor cells contains a larger
number of L1 insertions than does the
DNA in surrounding normal tissue (6–9).
As a consequence of observations such
as these, more and more effort is being
focused on elucidating the molecular
mechanisms by which L1s are amplified
in the human genome, and in their pres-
ent work, Okudaira et al. (1) propose
a previously undescribed mechanism for

the integration of L1 cDNA in connection
with L1-RTP. Their findings indicate that
the aryl hydrocarbon nuclear transloca-
tor (ARNT) [a basic helix-loop-helix
(bHLH-PAS) heterodimeric transcription
factor], MAPK, and FICZ are all important
and previously unidentified participants in
this process. Their data suggest that binding
of FICZ to an as yet unidentified bHLH-
PAS partner protein activates ARNT,
which, in turn, modulates L1-RTP.
L1s are ≈6 kb in length, harbor an in-

ternal polymerase II promoter, and encode
two ORFs: ORF1 coding for a 40-kDa
basic RNA-binding protein with RNA
chaperone activity and ORF2 coding for
a 150-kDa protein with endonuclease and
reverse transcriptase activities. Together
with L1 RNA, the ORF1 and ORF2 pro-
teins form a complex that is translocated to
the nucleus, where ORF2 cleaves DNA
and then uses the resulting nicked ends to
prime RT of the L1 RNA, leading ulti-
mately to the integration of L1 cDNA into
the genome. Recruitment of additional
transcription factors required may be reg-
ulated by, for example, epigenetic mod-
ifications of and damage to the DNA.

Although earlier investigations have
shown that DNA-damaging agents and
other environmental stressors, including
cisplatin, etoposide, benzo(a)pyrene,
and UV and γ-irradiation, can stimulate
L1-RTP, the mechanism(s) involved are
far from being understood. The fact
that a number of these environmental
agents generate reactive oxygen species
(ROS), together with redox-sensitive
regulation of L1 RNA transcription in-
volving antioxidant-responsive elements
suggests that L1 expression may be one
adaptive response to ROS (ref. 10 and
references therein). Rather than enhanc-
ing levels of L1 mRNA as oxidants do,
FICZ is described here as promoting in-
teraction of ORF1p with ARNT and sub-
sequent recruitment of ORF1p to chro-
matin in a manner dependent on the
activation of MAPK. Thus, a key finding
of this study is that FICZ induces L1-RTP
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Fig. 1. Biological processes known to be stimulated in an AHR-dependent and/or AHR-independent
manner by the tryptophan photoproduct FICZ. (A) FICZ acts as an agonist of AHR, thereby stimulating
the canonical AHR-ARNT signaling pathway that leads to rapid and transient enhancement of the
transcription of various sets of genes in different types of cells (2, 3, 12, 13, 17, 18). (B) In murine T cells
stimulated by IL-27, FICZ promotes the binding of AHR to c-Maf and, consequently, expression of IL-10
and IL-21 (16). (C) FICZ activates human LXRα and LXRβ with EC50 values similar to those of endogenous
activators of these same receptors, such as oxysterols (15). (D) FICZ activates L1-RTP, as described by
Okudaira et al. (1). (E) Human cytochrome P450 enzymes CYP1A1, CYP1A2, and CYP1B1 convert FICZ to
ring-hydroxylated metabolites that are further metabolized via sulfoconjugation (3).
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via a mechanism that differs from that
induced by DNA damage (1).
FICZ appears to exert a variety of

effects onmammalians cells, most of which
are mediated through its high-affinity
binding to the AHR, the highest of all
small molecules tested to date (reviewed in
ref. 11), and subsequent activation of the
transcription of numerous genes (Fig. 1).
For example, it is via this receptor that
FICZ coordinates several different path-
ways for the adaptation of human kerati-
nocytes and melanocytes to stress,
including internalization of epidermal
growth factor receptor and expression of
COX2 (12) and melanin production (13),

respectively. The current report by Oku-
daira et al. (1) identifies a role for this
photoproduct of tryptophan in the orga-
nization of the genome. The AHR has
been implicated previously in L1-RTP
(references in ref. 14), such that the lack of
dependence of this function of FICZ
on this receptor was totally unexpected.
An additional AHR-independent effect
recently shown to be caused by FICZ
is activation of the liver X-receptor
(15). FICZ also appears to influence
both pro- and antiinflammatory processes
(16–18) and, in general, may act as a phys-
iologically important hormone/vitamin-
like molecule.

The important mechanistic insight con-
cerning how FICZ activates ARNT- and
MAPK-mediated retrotransposition pro-
vided here by Okudaira et al. (1) raises
several key questions. Most importantly,
the protein that interacts with ARNT
needs to be identified and the proposal
that this protein is related to the circadian
bHLH-PAS protein PER, as indicated
by the toxicogenomic studies of Ramos
(14), needs to be examined.
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