






with 2 mmol/L ethoxyresorufin in buffer (50 mmol/L Tris,
0.1 mol/L NaCl, 6.25 mmol/L MgCl2, pH 7.8, warmed to
37�C). A 100 mL aliquot of the assay supernatant was
transferred to a black-wall clear bottom 96-well plate, and
fluorescence was read in a BioTek fluorescence plate reader at
excitationl(530 nm)/emissionl (590 nm).When necessary,
fluorescent counts were normalized to total cell number.

Statistical analysis
All experiments were reproducible and carried out at least

in triplicate. Statistical significance (P values) was calculated
using 2-tailed Student t test. Equality of variance was
determined by F test.

Results
CYP1A1 knockdown impairs cell proliferation and
survival
The purpose of this study was to understand the biologic

roles of CYP1A1 inMCF7 andMDA-MB-231 breast cancer
lines.We chose ERþ and triple-negative breast cancer because
there is a significant unmet need for new treatments for

metastatic hormone therapy refractory and triple-negative
breast cancer. To achieve the goal of defining the role of
CYP1A1 in breast cancer growth, pooled siRNA was used to
knock down CYP1A1 mRNA and protein. To validate the
knockdown efficiency, CYP1A1 mRNA and protein levels
were measured by quantitative RT-PCR and byWestern blot
analysis, respectively. Significant reductions of CYP1A1
mRNA and protein levels were observed between 48 and
120 hours.CYP1A1mRNA levels were reduced by 53% (P¼
0.002) in the MCF7 line and by 70% (P ¼ 6 � 10�6) in
MDA-MB-231 line (Fig. 1A, top). CYP1A1 protein levels
were reduced by 64% (P ¼ 0.02) in the MCF7 line and by
52% (P¼ 0.04) in theMDA-MB-231 line (Fig. 1B). Because
CYP1A1 shares 73% identity with CYP1A2 and 41% iden-
tity with CYP1B1, we also evaluated by semiquantitative RT-
PCRwhetherCYP1A1siRNA alters themRNA levels of these
CYP1 family members. No change was observed in the levels
of these CYPs indicating that the biologic effects observed are
specifically due to reduction of CYP1A1 (Fig. 1A, bottom).
To investigate the functional roles of CYP1A1 in breast

cancer, we determined the effects of CYP1A1 knockdown

Figure 1. CYP1A1 knockdown
impairs breast cancer cell
proliferation and survival. The
efficiency of CYP1A1siRNA
knockdown in MCF7 and MDA-MB-
231 cells was evaluated by
quantitative RT-PCR (A, top)
and by Western blot analysis (B).
To evaluate siRNA specificity
semiquantitative RT-PCR was
conductedwith the indicatedprimers
and the products were run in 1.5%
agarose gel (representative samples
shown in A, bottom). C, proliferation
experiments for lines MCF7 and
MDA-MB-231 after transfection with
CYP1A1siRNA for the indicated
times. D, clonogenicity was
evaluated by transfection for
48 hours followed by seeding
of 200 transfected cells onto
fibronectin-coated 6-well plates.
Visible colonies were stained and
counted after 14 days of culture.
(n ¼ 3; �, P < 0.05; ��, P < 0.001)
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on 2 "hallmarks of cancer:" uncontrolled cell proliferation
and loss of inhibition of cell death. First, we examined the
effects of CYP1A1 knockdown on the ability of MCF7 and
MDA-MB-231 cells to proliferate. After transfection for 48,
72, and 96 hours, viable cells were measured byMTT assay.
CYP1A1siRNA reduces the proliferation of both lines. At 96
hours of transfection with CYP1A1siRNA, proliferation was
reduced by approximately 40% for the MCF7 and MDA-
MB-231 lines (Fig. 1C; P < 0.001).
To determine the effects of CYP1A1 knockdown on cell

survival, we conducted a clonogenic assay to count the
cells able to survive and proliferate to form visible colonies.
MCF7 and MDA-MB-231 cells were transfected for 48
hours, seeded at low density onto fibronectin-coated
plates, and colonies were counted after 2 weeks of culture.
Compared with NTsiRNA control, CYP1A1siRNA
inhibited colony formation of MCF7 line by 82% (P
¼ 4 � 10�6) and of MDA-MB-231 line by 56% (P ¼
0.03; Fig. 1D). Together these results indicate that
CYP1A1 silencing impairs proliferation and survival of
breast cancer cells.
The AhR localizes to the cytosol of MCF7 cells and

translocates to the nucleus upon ligand activation. In con-
trast, MDA-MB-231 cells display primarily nuclear AhR
expression. In both lines, nuclear AhR is responsible for the
inducible transcriptional regulation of CYP1A1. Given the
important role of AhR in the regulation of CYP1A1, it is
possible that the biologic functions of CYP1A1 may be
affected by or be dependent on the AhR status. To determine
whether AhR is required for the roles of CYP1A1 on cell

proliferation, we investigated the impact of siRNA-mediated
knockdown of AhR on basal CYP1A1 expression and cell
proliferation. Although AhRsiRNA reduces AhR levels by at
least 70% (P < 0.05) in both lines, the levels of CYP1A1
remain unaffected (Supplementary Fig. S1A). Therefore,
this system allows us to distinguish AhR-specific effects. As
assessed by MTT assay, the proliferation of these lines is not
impaired by AhR knockdown (Supplementary Fig. S1B),
suggesting that the effects of CYP1A1 knockdown on cell
proliferation and survival (Fig. 1) may be independent of the
AhR expression status of these lines.

CYP1A1 knockdown blocks the cell cycle
The ability of cells to proliferate depends on the balance

between cell growth, division, and death. For this reason, we
investigated the effect of CYP1A1 knockdown on the ability
of MCF7 and MDA-MB-231 lines to progress through the
cell cycle. To achieve this goal, cells were transfected for 48
hours, permeabilized, stained with propidium iodide, and
cell-cycle distribution was analyzed by flow cytometry. The
G0–G1 populations of MCF7 and MDA-MB-231 lines
increased by 37% (P ¼ 0.001) and 20% (P ¼ 0.003)
respectively, consistent with a block in the cell cycle at
G0–G1 (Fig. 2A).
Because the cyclin D1/CDK4 complex regulates the G1–S

transition of the cell cycle (16), we investigated the effects of
CYP1A1 knock down on these regulatory proteins. Cyclin
D1 levels were reduced by 74% (P ¼ 0.001) in MCF7 line
and by 36% (P ¼ 0.001) in MDA-MB-231 line (Fig. 2B).
CDK4 levels were not significantly reduced in both lines,
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Figure 2. CYP1A1 knockdown
blocks the cell cycle. A, cell-cycle
distribution was assessed by flow
cytometry of MDA-MB-231 and
MCF7 cells transfected for 48
hours and stained with propidium
iodide. B, cyclin D1 and CDK4
proteins were visualized by
Western blot analysis. Fold
changes are expressed relative to
CYP1A1siRNA knockdown (n ¼ 3;
P values shown; �, statistical
significance).
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although a trend toward reduction is observed. These results
suggest that CYP1A1 knockdownmay block the cell cycle, at
least in part, through downregulation of cyclin D1.

CYP1A1 knockdown increases cell death
To further understand the antiproliferative effects of

CYP1A1 silencing, apoptosis was measured by flow cyto-
metry. In this assay, cells were transfected for 48 hours,
stained with propidium iodide and Annexin-V/FITC, and
analyzed by flow cytometry. CYP1A1 silencing of theMCF7
line correlated with a 50% increase in the early (bottom
right) and late (top right quadrant) apoptotic populations
(Fig. 3A;P< 0.05). CYP1A1 silencing of theMDA-MB-231
line correlated with a 50% increase in the late apoptotic
population (Fig. 3A; P ¼ 0.006).
Survivin is an antiapoptotic protein of the inhibitor of

apoptosis family whose importance in breast cancer, includ-
ing MCF7 and MDA-MB-231 lines, has been established
(17, 18). Therefore, to further understand the role of
CYP1A1 in apoptosis, we measured the effects of CYP1A1
knockdown on the levels of survivin. Consistent with
increased apoptosis, we observed that CYP1A1 knockdown

was associated with an 80% reduction of survivin (P ¼
0.003) in MCF7 line and a 56% reduction (P ¼ 0.04) in
MDA-MB-231 line (Fig. 3B).

CYP1A1 knockdown inhibits the ERK1/2 and AKT
pathways
Because the MAP–ERK kinase (MEK)/ERK and phos-

phoinositide 3-kinase (PI3K)/AKT signaling pathways pro-
mote the growth of breast cancer (19–22), we determined
whether CYP1A1 knockdown inhibits ERK1/2 and/or AKT
phosphorylation in these lines (Fig. 4). CYP1A1 knockdown
reduced phosphorylation of ERK in both lines, most notably
by 45% (P ¼ 0.001) in the MCF7 line (Fig. 4). CYP1A1-
knockdown resulted in reduction of AKT phosphorylation
by 45% (P¼ 0.02) inMCF7 line and by 65% inMDA-MB-
231 line (P ¼ 0.004; Fig. 4). These reductions in phos-
phorylation correlate with downstream inhibition of the
protein synthesis regulator P70S6K (23, 24). Phosphoryla-
tion of P70S6K was reduced by 53% (P ¼ 0.001) in the
MCF7 line and by 37% (P ¼ 0.03) in the MDA-MB-231
line (Fig. 4). These results implicate CYP1A1 upstream of
the ERK and PI3K/AKT pathways.
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Figure 3. CYP1A1 knockdown increases cell death. A, apoptosis was assessed by flow cytometry of MDA-MB-231 or MCF7 cells transfected for 48 hours
and stained with propidium iodide and Annexin V-FITC. B, survivin protein was visualized by Western blot analysis. Fold changes are expressed
relative to CYP1A1siRNA knockdown (n ¼ 3; P values shown; �, statistical significance). Legend: Early, early apoptotic population in the bottom right
quadrant; Late, late apoptotic population in the top right quadrant; Necrotic, necrotic population in the top left quadrant; Viable, alive population in the bottom
left quadrant.
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CYP1A1 knockdown induces the AMPK pathway
Although reduction of P70S6K phosphorylation caused

by CYP1A1 silencing could be related to loss of ERK1/2 and
PI3K/AKT signaling, this inhibition could also be due to
activation of AMPK, a major regulator of cellular bioener-
getics and metabolic tumor suppressor (25). CYP1A1
knockdown increases phosphorylation of AMPK 5.6-fold
(P ¼ 0.01) in the MCF7 line and 2.4-fold (P ¼ 0.02) in
MDA-MB-231 line (Fig. 4). The activation of AMPK
phosphorylation by CYP1A1 silencing in conjunction with
concomitant downregulation of ERK1/2 and AKT phos-
phorylation is consistent with known cross-talk with AMPK
(26–28) and potentially places CYP1A1 as a candidate
upstream regulator of these kinases. The levels of LKB1, a
known regulator of AMPK (29), were determined by West-
ern blot analysis in the MCF7 line. Although an initial
marginal reduction of LKB1 by CYP1A1siRNA was
observed (48 hours transfection fold change ¼ 0.70, P ¼
0.047), this reduction was not sustained at longer time
points (72–96 hours; 96 hours transfection fold change ¼
1.01, P ¼ 0.98). This suggests that LKB1-dependent and
LKB1-independent mechanisms of AMPK activation may
be involved. A possible model summarizing these mechan-
isms is presented in Fig. 7.

AMPK inhibition partially abrogates CYP1A1siRNA-
mediated apoptosis
We hypothesized that if AMPK signaling is necessary for

the biologic effects of CYP1A1 knockdown, then blocking
AMPK activation should abrogate these effects. To test this
hypothesis, MCF7 cells were transfected for 24 hours with

CYP1A1siRNA, followed by treatment for 24 hours with
either vehicle (DMSO) or theAMPK inhibitor compoundC
(6-[4-(2-Piperidin-1-yl-ethoxy)-phenyl)]-3-pyridin-4-yl-
pyyrazolo[1,5-a] pyrimidine; from now on abbreviated as
CC). The reverse order of treatment (i.e., 24 hours treatment
with DMSO or CC followed by NT/CYP1A1siRNA trans-
fection) was also conducted, leading to similar results.
Following treatment, apoptosis was measured by flow cyto-
metry, and the percentage of overall cell death was calculated
as follows: SDead ¼ % early apoptotic þ% late apoptotic
þ% necrotic populations. It should be noted that because
compound C induces cell death in MCF7 line (ref. 30; and
confirmed in Fig. 5), the results are interpreted only within
the context of treatment (i.e., DMSOorCC) as shown in the
diagram on Fig. 5. Therefore, within the context of vehicle
treatment CYP1A1siRNA increases cell death [Fig. 5;
SDead (NTsiþDMSO) ¼ 27% vs. SDead
(1A1siþDMSO) ¼ 44%; P ¼ 0.01)]. This proapoptotic
effect of CYP1A1siRNA in the presence of vehicle is con-
sistent with our results in Fig. 3 and confirms that these
effects are due to CYP1A1siRNA and not vehicle treatment.
Within the context of CC treatment, 2 potential out-

comes could be expected depending on whether AMPK is
necessary for the proapoptotic effects of CYP1A1siRNA
(Fig. 5, Diagram): (i) if AMPK is necessary, then inhibition
of AMPKwould prevent CYP1A1siRNA-induced apoptosis
and thus less cell death would be observed with "1A1si þ
CC" treatment compared with "NTsiþCC" treatment, (ii)
on the other hand, if AMPK in not necessary, then inhibition
of AMPK would not abrogate the proapoptotic effects of
CYP1A1siRNA but would instead add to the proapoptotic
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Figure 4. CYP1A1 knockdown
inhibits ERK1/2 and AKT and
activates AMPK. The effects of
CYP1A1siRNA on downstream
signaling were evaluated by
Western blot analysis of cells
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effects of CYP1A1siRNA, thus resulting in an increase in cell
death when treated with "1A1si þ CC" compared with
"NTsiþCC". Our results agree with the first scenario, 72%
total cell death is observed with "NTsiþCC," whereas 46%
total cell death is observed in "1A1si þ CC" (Fig. 5; P ¼
0.003). This reduction of cell death observed for CYP1A1
knockdown cells treated with the AMPK inhibitor (CC)
indicates that AMPK is necessary for the effects of CYP1A1-
siRNA and agrees with our findings showing that CYP1A1-
siRNA induces AMPK signaling (Fig. 4). Together, these
results suggest that AMPK phosphorylation may be
repressed by CYP1A1 and reduction of CYP1A1 levels
promotes AMPK phosphorylation. In this manner, AMPK
may be required for the effects of CYP1A1siRNA on cell
death (Fig. 7).

Carnosol impairs proliferation, in part, via reduction of
CYP1A1 and activation of AMPK
To further test whether CYP1A1 signals, in part, through

AMPK, we sought a pharmacologic approach to reduce
CYP1A1 levels (31). Carnosol inhibits the AhR, a transcrip-
tion factor that regulates the inducible and basal expression
of CYP1 family members including CYP1A1 (31). Carnosol
has been shown to reduce basal CYP1A1 expression in
premalignant tongue and bronchial lines and in prostate

cancer lines (31–33). Treatment with carnosol inhibits the
proliferation of the MCF7 and MDA-MB-231 lines exhi-
biting IC50 values of approximately 40 mmol/L for both lines
(Fig 6A;P< 0.001).We carried out time-course experiments
to investigate early effects (i.e., 2–12 hours) of carnosol
treatment on CYP1A1 expression and determined that the
optimal time for CYP1A1 reduction is 8 hours (Fig. 6B; P <
0.05). Carnosol treatment reduces AhR levels in both lines
by more than 50% (Fig. 6B; P < 0.05). In agreement with
CYP1A1siRNA results (Fig. 4), treatment of the MCF7 and
MDA-MB-231 lines with 40 mmol/L carnosol for 8 hours
results in the activation of AMPK (Fig. 6B; P < 0.01). This
suggests that CYP1A1 reduction, whether by siRNA or
carnosol, is associated with inhibition of proliferation medi-
ated, in part, through activation of AMPK signaling.
Because carnosol inhibits both AhR and CYP1A1 levels,

we tested whether the antiproliferative effects of carnosol
were mediated through AhR-dependent mechanisms. As
previously shown, knockdown of AhR does not reduce basal
CYP1A1 levels (Supplementary Fig. S1A), suggesting that
carnosol inhibits basal CYP1A1 through an AhR-indepen-
dent mechanism. Therefore, to better understand these
mechanisms, we tested whether AhR is required for the
therapeutic effects of carnosol. If so, we would expect AhR
knockdown to shift the dose–response curve of carnosol.
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Figure 5. AMPK inhibition partially abrogates CYP1A1siRNA-mediated apoptosis. To support the hypothesis that the proapoptotic effects of CYP1A1
siRNA require AMPK, MCF7 cells were transfected for 24 hours and then treated with 10 mmol/L of the AMPK inhibitor compound C for 24 hours.
Cells were collected, stained with propidium iodide, and Annexin V-FITC, and analyzed by flow cytometry. A diagram of expected outcomes is included,
outcome 1 was observed in our experiments. (n ¼ 3; �, P < 0.01; ��, P < 0.001; comparison between DMSO and compound C treatment).
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Treatment of AhR knockdown cells with carnosol does not
result in a shift of the dose–response curve (Supplementary
Fig. S1C), further supporting that carnosol's effects may be
independent of AhR. Therefore, together these results sug-
gest that carnosol's antiproliferative effects are primarily due
to CYP1A1 reduction, AMPK activation, and potentially
other yet unidentified mechanisms.

CYP1A1 targeting: expression versus activity
To this point, we have focused on the impact of CYP1A1

levels in the biology of breast cancer cells. Nonetheless, for
therapeutic development purposes, we should distinguish
between the expression levels and the enzymatic activity of
CYP1A1. To address this issue, we tested whether inhibition
and/or induction of CYP1A1 activity affects breast cancer
cell proliferation.
First, the effects of inhibiting CYP1A1 activity on cell

proliferation were determined. To achieve this we first
evaluated whether CYP1A1siRNA affects the activity of
CYP1A1. To test this, cells were transfected with CYP1A1-
siRNA for 48 hours, and TCDD-induced CYP1A1 activity
was measured by EROD assay. CYP1A1 knockdown
reduces CYP1A1 EROD activity by 38% (P ¼ 0.04) in
MCF7 line, but it is unaffected (P ¼ 0.52) in MDA-MB-
231 line (Supplementary Fig. S2A). These results led us to
hypothesize that, although reduction of CYP1A1 levels is
necessary for impaired proliferation (Fig. 1), this effect on
proliferation may not be dependent on the inhibition of
CYP1A1 activity. To further test this hypothesis, we mea-

sured the effects of inhibiting CYP1A10s activity on cell
proliferation. Cells were treated with 1 mmol/L of
a-naphthoflavone, an inhibitor of CYP1A1 activity that
does not affect CYP1A1 levels (Supplementary Fig. S2B and
data not shown). Inhibition of CYP1A1 activity by
a-naphthoflavone does not affect cell proliferation (Supple-
mentary Fig. S2C), supporting the hypothesis that reduction
of CYP1A1 levels, but not its activity, is required for
impairment of proliferation and survival (Fig. 1).
Second, the effects of inducing CYP1A1 activity on cell

proliferation were determined. Cells were treated with the
CYP1A1 inducer TCDD, which results in increased
CYP1A1 levels and activity. Treatment with 5 to
20 nmol/L TCDD induces CYP1A1 activity, but does
not stimulate cell proliferation (10 nmol/L shown in
Supplementary Fig. S2D–S2E). It is noteworthy that the
induction of CYP1A1 activity is the greatest in the MCF7
line, when compared with MDA-MB-231, which is likely
attributable to differences in AhR status in these lines
(Supplementary Fig. S2D). These results suggest that
breast cancer lines, MCF7 and MDA-MB-231, have an
optimal amount of CYP1A1 protein and further increas-
ing its level or activity may not enhance the proliferative
capability of these lines.
Together, our findings suggest that the development of

therapeutic strategies to target CYP1A1 should consider
the expression levels of the protein and not just its
activity. Nonetheless, it remains to be determined whether
CYP1A10s enzymatic activity or a yet unidentified function
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t-AMPK 0.78 0.10 0.77 0.56   

Figure 6. The AhR inhibitor carnosol
impairs proliferation, in part, via
reduction of CYP1A1 and
activation of AMPK. Carnosol
treatment was used as an
independent method to reduce
CYP1A1 levels and evaluate
downstream signaling. A, the IC50

of carnosol was determined by
MTT assay. B, cell extracts were
collected after treatment with 40
mmol/L carnosol for 8 hours, the
indicated proteins were evaluated
by Western blot analysis. Fold
changes are expressed relative to
CYP1A1siRNA knockdown (n ¼ 3;
�, P < 0.05; ��, P < 0.001).
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(s) is mechanistically responsible for the proliferative and
survival cell signaling identified in the present studies.

Discussion
CYP1A1 in breast cancer biology
Recent studies showing that CYP1A1 is expressed in

breast tumors (7, 8) led us to investigate the functional
roles of CYP1A1 in the proliferation, survival, and signal
transduction of breast cancer cells. Although CYP1A1 has
been extensively studied in context of extrahepatic drug
metabolism, little is known about its roles in cancer
progression and cancer cell signal transduction in the
absence of xenobiotics. In this study, we provide evidence
that CYP1A1 silencing impairs proliferation and survival,
in part, through activation of AMPK phosphorylation and
reduction of AKT, ERK, and P70S6K signaling. These
results mean that CYP1A1 is not only involved in the

metabolism of xenobiotics, but also has its own role in
breast cancer progression.
The PI3K/AKT and the MEK/ERK pathways are critical

for breast cancer progression (19–22). Knockdown of
CYP1A1 correlates with decreased phosphorylation of AKT
(Ser473) andERK1/2 (Thr202/Tyr204). CYP1A1 silencing
also correlates with induction of AMPK tumor suppressor
via phosphorylation of Thr172 in the catalytic subunit a.
The AKT oncogene promotes proliferation via inhibition of
the TSC1/TSC2 complex upstream of the mTOR/P70S6K
pathway (34). In contrast, AMPK activates the TSC1/TSC2
complex thereby inhibiting protein synthesis and growth
(35, 36). In this manner, AKT and AMPK signaling con-
verge on P70S6K to regulate cell proliferation (24, 37).
The effects of CYP1A1 knockdown on cell proliferation

correlate with cell-cycle arrest and increased apoptosis. Our
results indicate that cyclin D1 is suppressed by CYP1A1

Figure 7. Possible mechanisms of
action of CYP1A1 knockdown.
CYP1A1 knockdown by siRNA
results in the dual inactivation ERK
andAKT (1). Inactivation of ERK could
presumably remove the suppressive
pressure that this exerts on LKB1(2),
thereby allowing activation of
AMPK(3). LKB1-independent
mechanismsmay alsobepossible. In
addition, inhibition of AKT could
result in the release of its suppressive
effect on AMPK(4). Alternatively,
inhibition of AKT by CYP1A1siRNA
could result in the release of the
TSC1/2 complex from suppression(5)

, followed by release of Ras homolog
enriched in brain (RHEB)(6), and
subsequent inhibition of mTOR
signaling(7). Alternatively, AMPK
could directly activate TSC2 (5) and
inhibit RAPTOR (7), thereby inhibiting
mTOR signaling(8). In this manner
CYP1A1siRNA treatment results in
cell-cycle arrest and increased
apoptosis(9). In summary, we
propose that CYP1A1siRNA-
mediated inhibition of ERK1/2
and/or AKT results in AMPK
activation, thereby inhibiting the
mTOR/P70S6K pathway and thus
resulting in cellular death.
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knockdown and correlates with a decrease in G1–S cell-cycle
progression. In contrast, in the absence of TCDD induction,
AhR knockdown does not seem to significantly affect basal
CYP1A1 expression (Supplementary Fig. S1A), cyclinD1, or
cell-cycle profile (38). AKT and ERK1/2 promote G1–S
transition of the cell cycle by stabilizing cyclin D1, whereas
AMPKactivation inhibits this transition by decreasing cyclin
D1 levels, (39–42). In addition, AKT and ERK1/2 regulate
apoptosis through the antiapoptotic protein survivin (43,
44). Other feedback regulations between AKT, ERK1/2,
andAMPKhave also been described (26–28, 45). Therefore,
based on these previous findings, the effects of CYP1A1
silencing on proliferation, cell cycle, and apoptosis are
consistent with inhibition of AKT, ERK1/2, and P70S6K
and activation of AMPK signaling. Moreover, our results
showing that AMPK inhibition by compound C abrogates
CYP1A1siRNA-mediated apoptosis further suggest that
CYP1A1 signals through AMPK.
In light of previous findings and the evidence presented in

this study, we propose a model where CYP1A1 silencing
inhibits AKT and ERK phosphorylation, thereby activating
AMPK signaling (Fig. 7; steps 1–4). AMPK activation and
concurrent loss of AKT signaling result in the inhibition of
mTOR/P70S6K signaling (Fig. 7; steps 5–8), which con-
sequently decreases synthesis of proliferative and prosurvival
proteins such as cyclinD1 and survivin (Fig. 7; step 9). These
findings differ from other cytochrome P450 enzymes, such
as CYP3A4, which may act primarily through activation of
STAT3 and regulation of the G2–M checkpoint (46). Our
model, however, has limitations because it remains to be
determined whether CYP1A1 affects these signaling path-
ways through its enzymatic activity or by other as yet
unidentified functions. The results presented suggest that
CYP1A1 expression is critical for these biologic functions
and the roles of CYP1A1 in cancer cell growth may not be
abrogated by inhibition of its measurable (EROD) enzy-
matic activity alone. Moreover, it is possible that CYP1A1
may be carrying functions distinct from its canonical met-
abolic functions. Novel hypotheses about nonenzymatic
and enzymatic functions of CYP1A1 in cancer cell growth
remain to be investigated.

Clinical impact
Inhibition of the PI3K/AKT and MEK/ERK pathways

correlating with CYP1A1 silencing is important because
cross-talk between these pathways displays synergistic effects
when combined inhibition is used for cancer therapeutics
(23). The involvement of CYP1A1 in both pathways sug-
gests that CYP1A1 may be a promising target for cancer
therapeutics. Furthermore, because CYP1A1 silencing sig-
nificantly inhibits proliferation and survival of ERþ and
triple-negative breast cancer lines, the results presented in
this study may have therapeutic implications for breast
cancer independent of ER status. The effect of CYP1A1
knockdown on cell death appears to be greater in ERþ

MCF7 line than in triple-negative MDA-MB-231 line,
whereas both lines appear to be strongly inhibited at the
G1–S checkpoint. Whether strategies to inhibit CYP1A1

would be more effective in ERþ compared with triple-
negative breast cancer or effective in both remain to be
determined.
The widespread expression of CYP1A1 in breast cancer has

been exploited as a strategy to activate prodrug compounds to
cytotoxic intratumoral metabolites. For example, drugs of the
2-(4-aminophenyl)benzothiazole class such as 5F 203 (Phor-
tress; ref. 47) and aminoflavone drugs (48) exhibit potent
antitumor properties in xenograft models and have been
moved forward to clinical trials (9, 12, 47, 49). The proposed
mechanism of action is that these agents induce and are
activated by CYP1A1 into electrophilic metabolites that
bind to and damage DNA, thus resulting in tumor growth
arrest. Of considerable interest, the benzothiazoles and
aminoflavone seem to be active in ERþ but not triple-
negative breast cancer (10, 47). Our results suggest that an
alternative approach to exploit CYP1A1 expression in breast
cancer through reduction of basal levels may extend the range
of CYP1A1-targeted approaches to triple-negative breast
cancer.
Consistent with observations in other cell types (31,

32, 50), our results indicate that carnosol treatment inhibits
breast cancer cell proliferation. This inhibition of prolifer-
ation in breast cancer lines is associated with reduced
CYP1A1 expression and activation of AMPK, which has
not been previously described in breast cancer. Although the
activation of AMPK phosphorylation by carnosol may be
part of a generalized stress response, these results provide new
mechanistic information that carnosol is likely to affect
bioenergetics in breast cancer in addition to exhibiting
antioxidant properties. Our results suggest that the relevant
target of carnosol in breast cancer may be reduction of
CYP1A1 levels, resulting in AMPK phosphorylation, rather
thanmodulation of AhR. The studies presented here suggest
that reduction of CYP1A1 levels is a potential therapeutic
strategy for breast cancer and that carnosol may be an
approach to actualize this strategy.
In summary, we show that the basal level of CYP1A1,

independent of measurable enzymatic (EROD) activity and
AhR status, is important for breast cancer proliferation and
survival. The identification of widespread expression of
CYP1A1 in breast cancer suggests that its therapeutic poten-
tial could be exploited either by induction followed by
metabolism of prodrugs to DNA-damaging agents (9, 11,
47) or by a new approach of CYP1A1 reduction. Our study
suggests that strategies that directly lower CYP1A1 levels
using RNA silencing or carnosol may be a potential new
approach for breast cancer therapeutics.
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