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Long interspersed nucleotide element-1 (L1) is a retroelement
comprising about 17% of the human genome, of which 80-100 cop-
ies are competent as mobile elements (retrotransposition: L1-RTP).
Although the genetic structures modified during L1-RTP have been
clarified, little is known about the cellular signaling cascades in-
volved. Herein we found that 6-formylindolo[3,2-b]carbazole (FIC2),
a tryptophan photoproduct postulated as a candidate physiological
ligand of the aryl hydrocarbon receptor (AhR), induces L1-RTP. Nota-
bly, RNA-interference experiments combined with back-transfection
of siRNA-resistant cDNAs revealed that the induction of L1-RTP by
FICZ is dependent on AhR nuclear translocator-1 (ARNT1), a binding
partner of AhR, and the activation of cAMP-responsive element-
binding protein. However, our extensive analyses suggested that
AhR is not required for L1-RTP. FICZ stimulated the interaction of
the L1-encoded open reading frame-1 (ORF1) and ARNT1, and re-
cruited ORF1 to chromatin in a manner dependent on the activation
of mitogen-activated protein kinase. Along with our additional
observations that the cellular cascades for FICZ-induced L1-RTP were
different from those of L1-RTP triggered by DNA damage, we pro-
pose that the presence of the cellular machinery of ARNT1 mediates
L1-RTP. A possible role of ARNT1-mediated L1-RTP in the adaptation
of living organisms to environmental changes is discussed.

ARNT1 | ORF1 | cAMP-responsive element-binding protein | MAPK |
chromatin recruitment

bout 45% of the human genome is composed of transpos-

able elements (1, 2). Long interspersed nucleotide element-
1 (LINE-1; L1) is the most abundant component of retroele-
ments, comprising about 17% of the human genome (1, 3). Its
structural alignment is conserved from fish to human with two
encoded proteins, open reading frames 1 and 2 (ORF1 and 2),
the molecular weights of which are about 40 and 150 kDa, re-
spectively (3, 4). ORF1 is a basic protein that binds mRNA,
whereas ORF2 has dual functions of endonuclease and reverse-
transcriptase activities (3). ORF1 and 2 can complete the retro-
transposition of L1 (L1-RTP), which is processed by three steps:
transcription, reverse transcription, and the insertion of newly
synthesized L1-DNA into the host genome by target-primed re-
verse transcription (3). Among about 5 x 10° copies of human L1,
80-100 copies are competent as mobile elements (5), and ge-
nome shuffling by L1-RTP generates unique expression profiles
depending on the integration sites of newly synthesized L1 DNA
(6). DNA damage is a reported trigger of L1-RTP (7), but the
cellular cascades involved or other factors responsible for the
induction of L1-RTP are largely unknown.

The aryl hydrocarbon receptor (AhR), a basic helix-loop-
helix/Per—Arnt-Sim (bHLH/PAS) transcription factor, is con-
served in invertebrates to human (8, 9), and it recognizes various
polycyclic aromatic hydrocarbons (10). For example, 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD), a well-characterized AhR
ligand, induces heterodimer formation (AhR complex; AHRC)
of AhR and AhR nuclear translocator-1 (ARNT1). Depending

www.pnas.org/cgi/doi/10.1073/pnas.1001252107

on the nuclear localization signal (NLS) of ARNT1 (11), AHRC
is translocated to the nucleus, recognizes the xenobiotic response
element (XRE), and induces gene expression such as CYP1A1
mRNA (12). Sequence similarities among species and physio-
logical functions support the idea that AHRC was an innovation
in vertebrates that enabled them to metabolize xenobiotics in
their environments (8). However, its real function remains elu-
sive due to a lack of definite information about its authentic
ligands (8, 12).

As a candidate physiological AhR ligand, 6-formylindolo[3,2-
b]carbazole (FICZ) is of particular interest. FICZ is generated
from tryptophan by ultraviolet B irradiation (13, 14), and its
metabolite has been identified in human urine (15). FICZ has
a high affinity for AhR (13) and induces CYPIAI mRNA
depending on the AhR (14, 16). Intriguingly, studies have pro-
posed recently that FICZ and TCDD are differentially involved
in T-cell differentiation: FICZ generates proinflammatory T cells
(Tul7), whereas TCDD induces regulatory T cells (Tieg) (17,
18). These observations suggest that AhR ligands have novel,
uncharacterized biological functions.

In the current study, we found that FICZ induced L1-RTP and
that the induction of L1-RTP by FICZ depended on ARNT1, but
not on AhR. Biochemical analysis revealed that FICZ activated
mitogen-activated protein kinase (MAPK) and phosphorylated
cAMP-responsive element-binding protein (CREB) (19), both of
which were required for L1-RTP. Furthermore, FICZ induced the
association of ORF1 and ARNT1, and recruited ORF1 to chro-
matin. These data suggest the presence of ARNT1-mediated ge-
nome shuffling by L1-RTP, and we discuss its possible involvement
in the adaptation of living organisms to environmental changes.

Results

FICZ Induces L1-RTP. We first assessed FICZ-induced L1-RTP by
a colony assay using pCEP4/L1mneol/ColE1 (pL1-Neo®) (20); its
schematic representation is depicted in Fig. 14. pL1-Neo® con-
tains all the components of the L1 gene and an inverselg inserted
transcriptional unit encoding a neomycin-resistant (Neo™) gene as
a reporter. The Neo® gene had sequences of splicing donor (SD)
and splicing acceptor (SA) in a sense orientation (SI Methods).
The effects of FICZ on HuH-7 and HeLa cells were examined
according to the experimental protocol (Fig. 14 Lower). As shown
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Fig. 1.

in Fig. 1B, L1-RTP was induced in both cell lines by FICZ at
concentrations of 100, 10, and 1 nM (Fig. 1B, lanes 3-5 and 8-10;
P < 0.02). No cytotoxic effects of the compound were detected
even at 100 nM FICZ (Fig. S14).

The induction of L1-RTP by FICZ was confirmed by a PCR-
based assay with pEFO6R (SI Methods) (7). As shown in Fig. 1C,
PCR primers were designed in separate exons of EGFP cDNA,
such that a 140-bp fragment would be amplified when L1-RTP
was induced (Fig. 1C). By treating the sample DNAs with PstI
(the site is present in the intron), the 140-bp band was selectively
amplified (Fig. 1C Right, lane 2). According to the protocol shown
in Fig. 1D, we carried out a time-course analysis of FICZ-induced
L1-RTP. When 10 nM FICZ was applied, both HuH-7 cells and
HelL a cells showed the 140-bp band within 1-2 d (Fig. 1 E and F)
Addmonally, the frequency of FICZ-induced L1-RTP was 107
1075, when estimated by the PCR-based assay (Fig. S1B).

FICZ-Induced L1-RTP Under Down-Regulation of Endogenous AhR.
Because FICZ is an AhR ligand (14, 15), we examined whether
AhR is required for FICZ-induced L1-RTP. As an initial experi-
ment, we verified the effects of 3'-methoxy-4'-nitroflavone (MNF),
an inhibitor of AhR (16). Notably, MNF did not reduce the FICZ-
induced L1-RTP (Fig. S1C, lane 6), although it abolished the in-
duction of CYP1AI mRNA (Fig. S1D, lane 6). Data strongly sug-
gested that AhR is not required for the induction of L1-RTP by
FICZ. To prove this, we carried out RNA-interference experi-
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FICZ induces L1-RTP. (A) Schematic diagram of pL1-Neo® and the experimental protocol for the colony assay. Cells were transfected with pL1- -Neo®,
selected for 2 d using Hygro, and exposed for 2 d to FICZ. Selection with G418 started on day 5. In some experiments, siRNAs of target genes were transfected
on day 3 (arrowhead) followed by exposure to FICZ on the next day (S/ Methods). (B) Colony assay results. Cells were treated with no reagents (U, lanes 1 and
6), 0.01% dimethyl sulfoxide (DMSO; D, lanes 2 and 7), or FICZ at 100, 10, and 1 nM (F, lanes 3-5 and 8-10). The numbers of colonies were normalized by
viability (Fig. S1A). The mean numbers of colonies + standard deviation (SD) are shown. Asterisks indicate statistical significance (P < 0.02). Stained plates are
also shown. Plate numbers 2 and 4 are for HuH-7 cells and plate numbers 7 and 9 are for HeLa cells. The upper and lower plates revealed Neo® colonies formed
by 0.01% DMSO (2 and 7) or 10 nM FICZ (4 and 9), respectively. (C) Schematic dlagram of pEFO6R and the rationale for the PCR-based assay. pEFO6R has
a structure similar to that of pL1-Neo® except for EGFP cDNA instead of the Neo® gene. PCR primers targeting separate exons of EGFP cDNA (arrows) amplify
a 1,040-bp or 140-bp fragment, depending on the induction of L1-RTP. The dotted line indicates the presence of similar structure of pEF06R. To selectively
amplify the 140-bp band, DNA samples were treated with Pstl (whose site is present in the intron) (Right, lane 2). (D) Experimental protocols for the PCR-based
assays (5! Methods). After transfection of pEFO6R, HuH-7 cells were cultured for 2 d in the presence of Puro. After exposure for 1-6 d to 10 nM FICZ, genomic
DNAs were prepared and subjected to PCR-based analysis of L1-RTP. (€ and F) Results of the PCR-based assays. Both HuH-7 (E) and HeLa (F) cells showed the
amplified 140-bp band within 1 d after FICZ treatment (arrowheads). Relative intensities (RI) were calculated based on signal intensities of the 140-bp DNA
and a DNA fragment of g-actin amplified as an internal control. D, 0.001% DMSO; F, 10 nM FICZ; U, untreated.

ments using AhR siRNA. First, we confirmed that -all three AAR
siRNAs prepared, when used at 10 nM, could down-regulate the
endogenous AhR to a level less than 20% that of the control (Fig.
24; see also Fig. S24). Then, we examined the effects of AhR
siRNAs on the induction of L1-RTP by FICZ. Intriguingly, the
induction of L1-RTP was observed even in the presence of these
siRNAs (Fig. 2B; left and right panels depict the results with AR
siRNA-1 and -3, respectively). To gain further evidence, we carried
out experiments under more stringent conditions. When 50 nM
AhR siRNA was transfected into HuH-7 cells, the endogenous
AhR was strongly suppressed for at least 3 d (Fig. 2C, lane 6). We
next examined the effects of 2-d treatment of FICZ, and G418
selection was immediately started after FICZ exposure (Fig. 14).
Even under such conditions, FICZ induced L1-RTP (Fig. 2D, lane
6). Additionally, the activities of low doses of FICZ (1 and 0.1 nM)
were examined under similar conditions (50 nM AAR siRNA) and
again, the PCR-based assay detected L1-RTP (Fig. 2F, lanes 11
and 12). By transfecting 10 nM AAR siRNA, the induction of
CYPIAI mRNA expression by FICZ was completely abolished
(Fig. 2F, lane 9), indicating that endogenous AhR was functionally
eliminated by the siRNA, although the residual amount of AhR
was detectable.

Based on these data, we concluded that the induction of L1-
RTP by FICZ is independent of AhR.

Okudaira et al.
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Fig. 2. AhR is dispensable for FICZ-induced L1-RTP. (A) Functional evaluation
of AhR siRNAs. First, dose responses of AhR siRNAs for the suppression of
endogenous AhR were verified (Fig. S2A). Then, the activities of three dif-
ferent AAR siRNAs (1-3) at 10 nM were examined. Relative expression (RE) of
the AhR protein was calculated based on the expression levels of the proteins
in the presence of control and AhR siRNAs. The RE was 11%, 19%, and 14%
after transfection with AhR siRNA-1, -2, and -3, respectively. Arrows indicate
the siRNAs used for the following experiments. (B) AhR siRNAs did not sup-
press FICZ-induced L1-RTP. Results of the colony assay performed in the
presence of control siRNA (lanes 1-3 and 7-9) or AhR siRNAs (lanes 4-6 and
10-12 for siRNA-1 and -3, respectively) are shown. HuH-7 cells were treated
with no reagents (lanes 1, 4, 7, and 10), 0.001% DMSO (lanes 2, 5, 8, and 11),
or 10 nM FICZ (lanes 3, 6, 9, and 12). Mean numbers of colonies + SD are
shown. (C) Efficient suppression of endogenous AhR by siRNA. Western blot
analysis was performed on days 1, 3, and 6 following the transfection of 50
nM AhR siRNA-1. The RE of AhR protein was calculated and plotted, indicating
13%, 16%, and 40% observed on day 1, 3, and 6 after transfection with AhR
siRNA-1, respectively. Cont., control; U, untreated. (D) FICZ induced L1-RTP
under stringent conditions. A colony assay was performed following the in-
troduction of 50 nM control siRNA (lanes 1-3) or AhR siRNA-1 (lanes 4-6).
HuH-7 cells were treated with no reagents (lanes 1 and 4), 0.001% DMSO
(lanes 2 and 5), or 10 nM FICZ (lanes 3 and 6). G418 selection started imme-
diately after FICZ treatment. Mean numbers of colonies + SD are shown. (E)
Low doses of FICZ induced L1-RTP under stringent conditions. On day 2 fol-
lowing the introduction of 50 nM control siRNA (lanes 5-8) or AhR siRNA-1
(lanes 9-12), HuH-7 cells were treated for 2 d with FICZ at 10 nM (lanes 2, 6,
and 10), 1 nM (lanes 3, 7, and 11), or 0.1 nM (lanes 4, 8, and 12). Results of the
PCR-based assay performed on the second day of FICZ treatment are shown.
The arrowhead indicates L1-RTP. The RI of the 140-bp band was also calcu-
lated. (F) AhR siRNA suppressed CYPTAT mRNA expression. RT-PCR done on
day 2 after introduction of 10 nM control siRNA (lanes 4-6) or AhR siRNA-1
(lanes 7-9) is shown. Cells were treated for 6 h with 10 nM FICZ and subjected
to analysis. The Rl was calculated based on the signal intensities of the tran-
script by the control and AhR siRNAs.

FICZ-Induced L1-RTP Is Dependent on ARNT1. Next, we examined the
involvement of ARNT1 and observed that two different ARNTI
siRNAs (1 and 2) efficiently suppressed the expression of endog-
enous ARNT1 (Fig. 34; data with siRNA-1 and -2 are shown; see
also Fig. S2B), and both siRNAs completely abolished FICZ-in-
duced L1-RTP (Fig. 3B). The PCR-based assay also detected the
inhibitory effects of the siRNA (Fig. S34, lane 9), and the ex-
pression of CYP1AI mRNA was also inhibited by the siRNA (Fig.
3C, lane 9). Data suggested that the siRNA abrogated the function
of endogenous ARNT1 and inhibited L1-RTP. To confirm this, we
carried out a back-transfection experiment using siRNA-resistant
ARNT1 cDNA (21). First, we confirmed that the introduction of
a plasmid DNA expressing an siRNA-resistant Flag-tagged ARNTI
mRNA (pSi®-ARNTI; SI Methods) could restore the protein ex-
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pression that had been reduced by the siRNA (Fig. 3D, lane 4).
Then we observed that pSiR-ARNTT recovered the formatlon of
Neo® colonies, which had been suppressed by the siRNA (Fig. 3E,
compare lanes 6 and 9; SI Methods). These data indicated that
ARNT1 is involved in FICZ-induced L1-RTP.

To exclude the possibility that other cellular proteins related
to the activity of AHRC are involved in FICZ-induced L1-RTP,
we examined the effects of 10 nM siRNAs of A2ZRR (22) and
ARNT?2 (23) on L1-RTP (Fig. S2 C and D). The results revealed
that these molecules are not required for FICZ-induced L1-RTP
(Fig. S3B, lanes 9 and 12).

Involvement of MAPK and CREB in the Induction of L1-RTP by FICZ. As
TCDD activates MAPK (24), we tested the phosphorylation of
MAPK substrates possibly related to the induction of L1-RTP.
Among the three MAPK substrates examined, CREB was phos-
phorylated by FICZ (Fig. 44, lane 3), whereas C/EBP-f and c-Jun
were not (Fig. 44). Notably, the FICZ-induced phosphorylation
of CREB was abolished by the down-regulation of ARNT1 by
siRNA (Fig. 4B, lane 6). We then examined the effects of MAPK
inhibitors on FICZ-induced L1-RTP. As shown in Fig. 4C, the
MAPK inhibitors, SB202190 for p38 (25) and SP600125 for INK
(26), efficiently suppressed L1-RTP (compare lanes 3, 6, and 7).
The PCR-based assay revealed similar results, indicating the in-
volvement of MAPK in FICZ-induced L1-RTP (Fig. S3C, lanes 6,
8, and 10).

To obtain direct evidence of the requirement of CREB for L1-
RTP, the effects of CREB siRNAs were examined. Two different
CREB siRNAs, which efficiently suppressed the expression of
endogenous CREB protein (Fig. 3D, lanes 1 and 2), blocked L1-
RTP (Fig. 4E; data with siRNA-1 and -2 are shown; see also Fig.
S2C). Again, the PCR-based assay gave similar results (Fig. S3D,
lane 9). Moreover, a plasmid DNA expressing an siRNA-resistant
Flag-tagged CREB mRNA (pSi®-CREB) successfully restored
both CREB expression (Fig. 4F, lane 4) and L1-RTP (Fig. 4G,
compare lanes 6 and 9). These data indicated that in response to
FICZ, ARNT1 modulates the activity of MAPK, phosphorylates
CREB, and induces L1-RTP.

Interestingly, SP600125 abrogated the induction of L1-RTP by
FICZ, but we did not observe that FICZ induced the phosphor-
ylation of c-Jun. Although SP600125 was originally proposed as
a specific inhibitor of JNK (26), it was ascertained by subsequent
studies that the compound could inhibit activities of several other
protein kinases such as SGK, p70 ribosomal protein S6 kinase,
AMPK, CDK2, and CK18 (27). Data suggest the presence of an
uncharacterized substrate(s), the activation of which is critical for
L1-RTP by FICZ and sensitive to SP600125.

Chromatin Recruitment of ORF1 by FICZ-Dependent Activation of
MAPK. Recently, Goodier et al. reported that ORF1, originally
localized in cytoplasmic stress granules, is translocated to chro-
matin in response to stress stimuli (28). This led us to hypothesize
that FICZ induces the nuclear trafficking of ORF1. To demon-
strate this, we introduced a plasmid DNA encoding a chimeric
protein composed of a codon-optimized ORF1 (29) tagged with
a motif for tandem affinity purification (TAP) (30) into HuH-7
cells (SI Methods) and examined the FICZ-induced chromatin
recruitment of ORF1. Western blot analysis revealed that FICZ
increased ORF1 in the chromatin fraction (Fig. 5B, lane 2), al-
though a slight amount of ORF1 was originally present in the
chromatin fraction (Fig. 54, lane 3). FICZ induced no increase in
cellular ORF1 (Fig. S4 A and B) or ORF2 (Fig. S4 C and D).
Immunoprecipitation followed by Western blot analysis revealed
that FICZ triggered the complex formation of ORF1 and ARNT1
(Fig. 5C, compare lanes 4 and 8). Moreover, the MAPK inhibitor
attenuated the FICZ-induced chromatin recruitment of ORF1
(Fig. 5D, compare lanes 3 and 6). Along with observations that the
level of endogenous ARNT1 was not changed by FICZ (Fig. S4E),
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Fig. 3. ARNT1 is required for FICZ-induced L1-RTP. (A) Func-
tional evaluation of ARNTT siRNAs. First, dose responses of
ARNTT1 siRNAs for the suppression of endogenous ARNT1 were
verified (Fig. S2B). Then, the activities of two different ARNT1
siRNAs (1 and 2) at 10 nM were examined. The RE of endog-
enous ARNT1 protein was 12% and 4% when ARNTT siRNA-1
and -2 were introduced, respectively. (B) ARNTT siRNAs abro-
gated L1-RTP. A colony assay was performed on HuH-7 cells
following the introduction of control siRNA (lanes 1-3 and
7-9) or ARNT1 siRNA-1 and -2 (lanes 4-6 and 10-12). Cells were C
treated with no reagents (lanes 1, 4, 7, and 10), 0.001% DMSO
(lanes 2, 5, 8, and 11), or 10 nM FICZ (lanes 3, 6, 9, and 12).
Mean numbers of colonies + SD are shown. The effects of
ARNT1 siRNAs were significant (P < 0.02). (C) Inhibitory effects
of ARNT1 siRNA on the expression of CYPTAT mRNA. Results
of RT-PCR analysis with 10 nM control siRNA (lanes 4-6) or
ARNT siRNA-1 (lanes 7-9) are shown. The Rl of ARNTT mRNA is
also given. (D) pSi*-ARNTT restored protein expression. HuH-7
cells were introduced with control siRNA (lanes 1 and 2) or
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ARNT1 siRNA-1 (lanes 3 and 4). On the next day, a control vector (C, lanes 1 and 3) or pSi®-ARNT1 (R, lanes 2 and 4) was transfected. Protein expression was

pSi"-ARNT1 recovered the L1-RTP suppressed by the siRNA. HuH-7 cells were

transfected with ARNT7 siRNA, followed by the introduction of a control vector (lanes 4-6) or pSi*-ARNTT (lanes 7-9) on the following day. Then, cells were
treated with 10 nM FICZ for 2 d followed by G418 selection. Mean numbers of colonies + SD are shown. The difference between the number of Neo® colonies
obtained by pSiR-ARNT1 and by a control vector was significant (P < 0.02; compare lanes 6 and 9). C, control vector; D, 0.001% DMSO; F, 10 nM FICZ; R, pSiR-

ARNT1; U, untreated.

data indicated that FICZ mobilizes the L1 component to chro-
matin in a manner dependent on the activation of MAPK
and ARNT1.

Discussion

In this study, we found that FICZ, a candidate physiological AhR
ligand of a tryptophan photoproduct, induced L1-RTP. RNA-
interference experiments conducted under strongly repressed
expression of endogenous AhR suggested that AhR was not re-
quired for L1-RTP. In contrast, ARNT1, MAPK, and CREB were
all involved in FICZ-induced L1-RTP. FICZ induced the asso-
ciation of ARNT1 and ORF1, and promoted the chromatin re-
cruitment of ORF1 depending on the activation of MAPK. As the

Fig. 4. MAPK and CREB are involved in L1-RTP. (A) Phos-
phorylation of CREB by FICZ. HuH-7 cells were treated with
no reagents (U, lane 1), 0.001% DMSO (D, lane 2), 10 nM
FICZ (F, lane 3), and 1 mM H;0, (H, lane 4) as a positive
control. Antibodies to nonphosphorylated or phosphory-
lated forms of CREB, CVEBP-B, and c-Jun were used. As
a loading control, p-tubulin was detected. (B) FICZ-induced
CREB phosphorylation depended on ARNT1. The FICZ-
induced CREB phosphorylation was examined after in-
troducing control siRNA (lanes 1-3) or ARNTT siRNA-1 (lanes
4-6). U, untreated (lanes 1 and 4); D, 0.001% DMSO (lanes 2
and 5); F, 10 nM FICZ (lanes 3 and 6). (C) Effects of MAPK

m

target of MAPK, CREB was pivotal for FICZ-induced L1-RTP,
but our additional experiments revealed that the simple over-
expression of a constitutively active form of CREB cDNA
(pCREBY'*¥F) (31) did not induce L1-RTP (Fig. S5). Additional
functions of ARNT1 or MAPK are likely required for FICZ-
induced L1-RTP.

We found that FICZ-induced L1-RTP was regulated in a fash-
ion different from that induced by DNA double-strand breaks
(DSB) (7). First, we observed that the time points of L1-RTP
induced by FICZ and X-ray irradiation were different. In contrast,
FICZ-induced L1-RTP was observed within 1-2 d (Fig. 1 E and
F), but L1-RTP induced by DNA damage was observed only after
12 d of X-ray irradiation (Fig. S64). Moreover, MAPK inhibitors

inhibitors on L1-RTP. SB202190 (1 pM) and SP600125 (100 1
uM), which inhibit p38 and JNK, respectively, were added 30 <
min before the addition of 10 nM FICZ. Mean numbers of
colonies + SD are shown. The reductions in the numbers of
Neo® colonies by inhibitors were significant (P < 0.02;
compare lanes 3, 6, and 7). (D) Functional evaluation of
CREB siRNAs. First, dose responses of CREB siRNAs for the
suppression of endogenous CREB were verified (Fig. 52C).
Then, the activities of three different siRNAs (1-3) at 10 nM
were examined. The RE of endogenous CREB protein was
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48% and 28% when CREB siRNA-1 and -2 were introduced. CREB siRNA-3 was not effective. Arrows indicate the siRNAs used for the next experiments. (E)
CREB siRNAs abrogated the L1-RTP. HuH-7 cells were transfected with 10 nM CREB siRNA-1 or -2, and treated with no reagents (lanes 1, 4, 7, and 10), 0.001%
DMSO (lanes 2, 5, 8, and 11), or 10 nM FICZ (lanes 3, 6, 9, and 12). Then, a colony assay was carried out. Mean numbers of colonies + SD are shown. CREB siRNA-1
(Left) and -2 (Right) significantly suppressed L1-RTP (P < 0.02). (F) pSi*-CREB restored protein expression. HuH-7 cells were introduced with control siRNA (lanes 1
and 2) or CREB siRNA-1 (lanes 3 and 4) followed by transfection of a control vector (C) or pSi*-CREB (R). CREB expression was checked on day 2 after transfection.
Note that the band with a lower molecular weight is an endogenous CREB protein (lanes 1 and 2, arrowhead), which was abolished by CREB siRNA-1. (G) pSit-
CREB recovered the L1-RTP suppressed by the siRNA. Experiments were performed as described (Fig. 3E). Mean numbers of colonies + SD are shown. The

difference between the number of Neo® colonies recovered by pSif-CREB and
vector; D, 0.001% DMSO; F, 10 nM FICZ; R, pSiR-CREB; U, untreated.
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a control vector was significant (P < 0.02; compare lanes 6 and 9). C, control
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Fig. 5. The FICZ-induced chromatin recruitment of ORF1 depends on MAPK
activity. (A) ORF1 present in the chromatin fraction. HuH-7 cells were
transfected with plasmid DNAs encoding ORF1-TAP (lanes 1-3) or EGFP-TAP
(lanes 4-6). On day 2 after transfection, cytoplasmic (Cyt, lanes 1 and 3),
nuclear soluble (Sol, lanes 2 and 5), and chromatin (Chr, lanes 3 and 6)
fractions were prepared and analyzed (S Methods). H2AX and GAPDH were
also detected to specify the subcellular localizations of the proteins. The
arrow indicates the position of ORF1 in the chromatin fraction detected in
lane 3. (B) Chromatin recruitment of ORF1 by FICZ. Similar experiments were
done as described in A, and a chromatin fraction was prepared and analyzed
24 h after the addition of FICZ; 0.001% DMSO (D, lanes and 3); 10 nM FICZ (F,
lanes 2 and 4). (C) FICZ stimulated the interaction of ARNT1 and ORF1. HuH-7
cells were transfected with pFS-EGFP (FS) (lanes 1-4) or pORF1-EGFP (ORF1)
(lanes 5-8). At 24 h after the addition of 0.001% DMSO (D, lanes 1, 2, 5, and
6) or 10 nM FICZ (F, lanes 3, 4, 7, and 8), cellular extracts were prepared and
subjected to reciprocal experiments of immunoprecipitation (IP) followed by
Western blot analysis (WB) (IPAWB). Upper row, IP with «ARNT1 (aA) fol-
lowed by WB using oE (aA/aE); lower row, IP with aEGFP (aE) followed by WB
using aA (aE/0A). Both input sample (IN) (lanes 1, 3, 5, and 7) and protein
recovered by protein G beads (Be) (lanes 2, 4, 6, and 8) were analyzed. As an
IN sample, about one-tenth of the cell extract used for the IP was loaded. (D)
MAPK inhibitor attenuated the chromatin recruitment of ORF1. SB202190
(1 pM) (lanes 4-6) was added 30 min before the addition of FICZ. U, un-
treated (lanes 1 and 4); D, 0.001% DMSO (lanes 2 and 5); F, 10 nM FICZ (lanes
3 and 6). ORF1 present in the chromatin fraction (Chr-ORF1 in top row) and
cytoplasmic fraction (Cyt-ORF1 in bottom row) is shown. H2AX was also
detected to specify the chromatin fraction (middle row). A similar result was
obtained by an independent experiment.

completely blocked FICZ-induced L1-RTP (Fig. 4C), but not
DSB-induced L1-RTP (Fig. S6B, lanes 7-9). Additionally, we
found that TCDD was genotoxic, as judged by the increase of
y-H2AX (H2AX phosphorylated at serine 139), which is a sensi-
tive cellular marker of DSB (32) (Fig. S6C, lanes 4 and 5), but it
did not induce L1-RTP in HuH-7 cells (Fig. S6D), even though
the same dose of TCDD induced the expression of CYP1Al
mRNA (Fig. S6E).

We carefully evaluated whether ARNT1 is a primary target
involved in the rate-limiting process of FICZ-induced L1-RTP.
Because XRE is present in the region of the 5’ UTR of human L1
(33) and mouse retroposons (34), we first excluded the possibility
that FICZ induces L1-RTP by up-regulating the expression level
of L1 mRNA. Quantitative RT-PCR analysis revealed that FICZ
did not increase the expression of CMV-driven L1 mRNA (Fig. S7
A and B). Furthermore, MAPK inhibitors or siRNAs of ARNTI
and CREB did not change the level of CMV-driven L1 mRNA
(Fig. S7B, lanes 5-9). Additionally, FICZ did not increase the
splicing efficiency of the immature L1 transcript (Fig. S7 C and D),
ORF2 mRNA (Fig. STE), or the expression levels of ORF1/ORF2
proteins (Fig. S4 B and D). These findings strongly suggest that
ARNT1 functions as the mediator for FICZ-induced L1-RTP.

ARNT1, as a central molecule of the class II bHLH/PAS pro-
teins, either homodimerizes or promiscuously heterodimerizes
with various bHLH/PAS members (9). As the best-characterized
function, the NLS of ARNT]1 contributes to nuclear trafficking of
the ligand-bound AhR (11). Because ARNT1 has not been
reported to function as a receptor to ligands, ARNT1 would likely
associate with a novel molecule that binds FICZ. Interestingly,
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FICZ increases the mRNA expression of Cryl and Cry2 genes,
members of the bHLH/PAS family that are involved in the regu-
lation of circadian rhythm (35). Furthermore, FICZ has been
shown to change the electric activities of cells in the supra-
chiasmatic nucleus, where the master clock of circadian rhythm is
maintained and controlled in response to light stimuli (36). These
observations make it tempting to speculate that certain gene
products involved in circadian rhythm can recognize FICZ, func-
tion as its receptor, and cooperate with ARNT'1 for the induction
of L1-RTP.

Our PCR-based assay revealed that picomolar levels of FICZ
(3 pM) can induce L1-RTP (Fig. S8). About 8 pM FICZ was
reported to be generated after a 24-h exposure of tissue-culture
medium to ordinary laboratory light (14). Given that the concen-
tration of tryptophan in human blood (about 70 pM) (37) is
comparable to that present in tissue-culture medium (about
80 tM), FICZ may be generated in vivo and triggers L1-RTP. L11is
conserved in organisms from zebrafish to human (4), and a human
L1 homolog of Candida albicans is competent for retrotrans-
position in Saccharomyces cerevisiae (38). Furthermore, cellular
responses to FICZ have been reported in both a Xenopus laevis cell
line (39) and zebrafish embryos (40), implying that FICZ can in-
duce L1-RTP in various living organisms. Although further study is
required, our current observations suggest the possibility that
amember(s) of the bHLH/PAS family is involved in the epigenetic
mode of L1-RTP. One possibility is that the genome shuffling
by ARNT1-mediated L1-RTP provides living organisms the op-
portunity to acquire novel characteristics in response to environ-
mental changes such as daylight.

Methods

Cells. HuH-7 cells (a human hepatocellular carcinoma cell line) and HelLa cells
(a cervical carcinoma cell line) were used. The transfection efficiency of these
cell lines, when judged by EGFP-positive cells after transfection of an EGFP
expression vector, was about 70% and 30%, respectively.

L1-RTP Assays. Two different systems were used: a colony assay using pL1-
Neo® and a PCR-based assay using pEFO6R. Each assay was performed at least
twice, and representative results are presented. FICZ was used at 10 nM,
unless stated otherwise.

RNA-Interference and Back-Transfection Experiments Using siRNA-Resistant
Clones. Knockdown experiments were conducted using two different siRNAs
for each gene. Each siRNA was used at 10 nM. To generate stringent con-
ditions for down-regulated AhR expression, 50 nM AhAR siRNA was used.
Nucleotide sequences of used siRNAs were summarized in Table S1. The
expression vectors for siRNA-resistant ARNT1 and CREB cDNAs (pSiR-ARNT?
and pSi®-CREB) and constitutively active CREB (pCREBY'34F) were constructed
based on pcDNA3.1 Zeo (+) (Invitrogen). Their quality was verified by re-
striction mapping and nucleotide sequencing.

Chromatin Recruitment of ORF1. Plasmid DNAs encoding ORF1-TAP (pORF1-
TAP) and EGFP-TAP (pEGFP-TAP) were generated using pcDNA3.1 Zeo. To
prepare the DNA fragments, pBudORF1,,, expressing a codon-optimized
ORF1 cDNA (29), pZome-1-C vector for TAP-tag cDNA (30), and pBOSH2BGFP-
N1 for EGFP cDNA (41) were used.

Association of ORF1 and ARNT1. Plasmid DNAs encoding ORF1-EGFP (pORF1-
EGFP) and Flag-streptag EGFP (pFS-EGFP) were produced based on pcDNA3.1
Zeo. cDNA fragments were prepared from pBudORF1s,, and pBOSH2BGFP-
N1. pFS-EGFP was prepared by inserting an oligonucleotide cassette en-
coding -WSHPQFEK-WSHPQFEK-M- (amino acid sequence for 2xstreptag
peptide is depicted by single letters, with spacers indicated by “-”) into 5’ to
EGFP cDNA that had been inserted in pFlag-CMV2 (Sigma).

Statistics. Statistical significance was evaluated using the Mann-Whitney
U test. A P value of <0.05 was considered to be statistically significant.

Experimental procedures and construction of the plasmid DNAs are de-
scribed in detail in S/ Methods.
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