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Abstract: Cytochrome P450 3A5 (CYP3A5) maintains primary roles in toxic metabolism, catalyzes redox reaction,
and contributes to chemotherapeutic resistance. However, the mechanism of CYP3A5 in carcinogenesis remains
largely undefined. Here, we investigated a novel role of CYP3A5 inhibiting the metastasis in lung adenocarcinoma
(LUAD) via ATOH8/Smad1 axis. We found that CYP3A5 was generally down-regulated in LUAD by RT-PCR, western
blot and immunohistochmeistry (IHC) in tissues and cell lines. Low expression of CYP3A5 was significantly associ-
ated with poor prognosis of LUAD patients. Functionally, ectopic expression of CYP3A5 could substantially inhibit
the migration and invasion in vitro. Consistently, up-regulation of CYP3A5 dramatically suppressed metastatic ability
in vivo. Mechanistically, high-throughput phosphorylation chip indicated that CYP3A5 significantly decreased the
phosphorylation of Smad1, resulting in suppression of metastasis. Furthermore, bioinformatics analysis and co-im-
munoprecipitation (Co-IP) experiments uncovered that CYP3A5 interacted with ATOH8, and the interaction, in turn,
mediated in-activation in the Smad1 pathway. The combined IHC panel, including CYP3A5 and phosphorylation of
Smad1, exhibited a better prognostic value for LUAD patients than any of these components individually. Taken
together, CYP3A5 repressed activation of Smad1 to inhibit LUAD metastasis via interacting with ATOHS, indicating a
novel potential mechanism of CYP3A5 in LUAD progression.
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Introduction LUAD [4]. Therefore, we hypothesized that CY-
P3A5 is involved in the progression of LUAD.

Lung cancer is now the leading cause of mortal-

ity and morbidity due to cancer. Over the past
decades, the pathological constitution of lung
cancer has gradually changed, and lung adeno-
carcinoma (LUAD) has become the most preva-
lent subtype, accounting for approximately 70%
of total lung cancers [1, 2]. However, the role of
cytochrome P450 3A5 (CYP3AD5) in the devel-
opment and progression of LUAD is largely un-
known. An epidemiological study demonstrated
that the rs776746 polymorphism of CYP3A5
and smoking may play roles in the survival of
lung cancer patients undergoing therapy [3]. In
addition, polymorphisms of CYP3A5 influence
the efficiency of targeted drug metabolism in

CYP3A5 is an enzyme belonging to the cyto-
chrome P450 family involved in the metabolism
of many substances, including endogenous hor-
mone synthesis and degradation and the
metabolism of potentially toxic compounds [5].
Increasing evidence has shown that CYP3A5 is
deregulated in multiple cancers, such as pros-
tate, lung, gastric, and kidney cancers [6].
Previous works have shown that CYP3A5 plays
a crucial role in regulating various aspects of
cancer via metabolism, such as chemotherapy
and drug metabolism. Biological findings have
indicated that the function of CYP3A5 in cancer
is mainly dependent on metabolism.
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In this study, we identified novel biological func-
tions of CYP3A5 in the progression of LUAD and
show that CYP3A5 could suppress the Smadil
signaling pathway by interacting with ATOHS8.

Materials and methods
Data analysis & patient samples

Expression data (GSE19804 and GSE10072)
were downloaded from the Gene Expression
Omnibus (GEO) database [9, 10]. RNA-seq data
from LUAD were downloaded from The Cancer
Genome Atlas (TCGA; http://cancergenome.
nih.gov). The differential expression of CYP3A5
between paired tumor tissues and normal tis-
sues was assessed with data from TCGA,
GSE19804, and GSE10072 and analyzed by
Student’s t-test. Kaplan-Meier (KM) plotter
(http://kmplot.com/analysis/) was used for
survival analysis. Weighted correlation network
analysis (WGCNA) was carried out as described
previously to identify the clinical significance of
differential CYP3A5 expression [11].

Forty-two paired tumor and adjacent normal
tissues with clinical records were collected
from Nanjing Medical University Affiliated Can-
cer Hospital. This study was approved by the
Nanjing Medical University Affiliated Cancer
Hospital Research Ethics Committee. Immuno-
histochemistry of lung tissue slides was per-
formed using the appropriate antibodies as
described in the section below.

Cell culture and lentivirus system

LUAD cell lines (A549, NCI-H1975, NCI-H1299,
NCI-H358, SPCA1, PC9) were purchased from
the Shanghai Institutes for Biological Scien-
ce (China). All cell lines were maintained in
Dulbecco’s modified Eagle’s medium (DMEM)
(KeyGene, Nanjing, China) or RPMI 1640 medi-
um (KeyGene, China) supplemented with 10%
fetal bovine serum (Gibco, Thermo Fisher).
Cells were cultured at 37°C with 5% CO, and
confirmed to be negative for mycoplasma infec-
tion. DNA fingerprinting was conducted to verify
cell authenticity within six months of use for the
current study.

The lentivirus vector system used in this ex-
periment was constructed with the vector pGC-
SIL-GFP for the stable expression of CYP3A5
mRNA and a marker (a GFP fusion protein). This
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recombinant lentivirus to express CYP3A5-GFP
was designed and cloned by GeneChem
Corporation (Shanghai, China). The recombi-
nant lentivirus, enhanced infection solution
(ENi.S.) and polybrene were mixed and trans-
fected into cells at the optimal multiplicity of
infection (MOI) following the manufacturer’s
instructions. Virus-infected cells were detected
by their GFP fluorescence signal within 72 h.

RNA isolation and quantitative real-time PCR
(QRT-PCR)

RNA was extracted from tissues and cells with
TRIzol (Invitrogen, MA, USA) following the manu-
facturer’s instructions. Prime ScriptTM RT
Master Mix (Takara, Shiga Prefecture, Japan)
was used to perform reverse transcription to
obtain cDNA. Quantitative real-time PCR was
carried out to analyze CYP3A5 mRNA expres-
sion using SYBR Master Mix (Takara, Shiga
Prefecture, Japan) on a Q6 RT-PCR machine.
The primers used were synthesized by Ge-
neChem Corporation (Shanghai, China). Rela-
tive expression was normalized to an internal
control (GAPDH) and assessed by the 2-AACt
method. The PCR primer sequences are listed
in Table S2.

Immunohistochemistry (IHC)

Paraffin-embedded tissues were sectioned,
mounted on positively charged glass slides,
baked, deparaffinized, and rehydrated. Antigen
retrieval was performed by heating slides in
ethylenediaminetetraacetic acid (EDTA, pH 8.0)
for 10 min. Sections were incubated in anti-
body overnight at 4°C and then incubated with
secondary antibodies at 37°C for 45 min. The
sections were then stained with diaminobenzi-
dine (DAB) and visualized. Immunostaining
assays were independently and blindly per-
formed by two pathologists, and the results
were determined according to both the intensi-
ty of the staining and the proportion of the
stained area.

Western blot assay

Cultured cells were washed with phosphate-
buffered saline (PBS) and harvested by scrap-
ing into lysis buffer (Pierce) containing a cock-
tail of protease inhibitors and a phosphatase
inhibitor (Invitrogen). The protein concentration
was assessed with a BCA protein kit (Beyotime).
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Western blot analyses were performed accord-
ing to traditional methods. In brief, samples
containing a similar amount of protein were
loaded onto an SDS-PAGE gel and electropho-
resed, after which the separated proteins were
blotted onto a PVDF membrane (Millipore). The
membrane was blocked with TBST (0.05%
Tween-20 in TBS) containing 5% skim milk.
Then, the membrane was incubated with pri-
mary antibodies at 4°C overnight (anti-p-Sm-
adl, Cell Signaling Technology, #13820; anti-
Smadl, Cell Signaling Technology, #12430;
anti-GAPDH, Cell Signaling Technology, #5174,
anti-p-AKT, Cell Signaling Technology, #4060;
anti-AKT, Cell Signaling Technology, #9272,
anti-p-AMPK, Cell Signaling Technology, #50-
081; anti-AMPK, Cell Signaling Technology,
#5832; anti-p-p38 MAPK, Cell Signaling Tech-
nology, #4511; anti-p38 MAPK, Cell Signal-
ing Technology, #8690; anti-ATOH8, Abcam, #
ab106377; anti-Flag, Cell Signaling Technology,
#14793; and anti-GFP, Cell Signaling Tech-
nology, #2956). After washing three times in
TBST, the membrane was incubated with fluo-
rescence-conjugated secondary antibody for 2
hours at room temperature. Western blot bands
were visualized by Odyssey infrared imaging.
GAPDH was detected as an internal control.

Coimmunoprecipitation (co-IP) assays

Co-IP assays were performed as described pre-
viously [12]. After washing with PBS, cells were
lysed and coimmunoprecipitated using the
Co-IP Kit (Pierce) according to the manufactur-
er’'s instructions. Then, the lysate was centri-
fuged at 12,000 x g for 15 min at 4°C. The
supernatant was incubated with IgG or the suit-
able antibody for IP. After washing with buffer
containing NP-40 three times, the immunocom-
plexes were then detected with a targeted pro-
tein antibody by western blot analysis.

Immunofluorescence staining and confocal
microscopy

A549 cells were grown on glass slides and
washed in PBS three times. Cells were fixed
with 4% paraformaldehyde on slides for 30 min
at room temperature. Subsequently, the cells
were treated with 0.03% Triton X-100 for 10
min to allow permeabilization and then incu-
bated with the appropriate primary antibodies
overnight at 4°C. Cells were covered with sec-
ondary antibody. A confocal laser scanning
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microscope (LSM 780; Carl Zeiss, Jena, Ge-
rmany) was then used to analyze the fluores-
cence signal.

Migration and invasion assays

Transwell assays were performed to assess the
ability of cells to migrate and invade. A total of
5 x 10* cells were seeded in the wells of a
Transwell unit (5.0-um pores; Corning Costar,
Corning, NY, USA). Serum-free medium was
added to the upper part of each Transwell well,
and medium containing 10% fetal calf serum
(FBS) used to fill the lower part. After incuba-
tion for 24 h, the upper part of each Transwell
well was removed, and the nonmigrated cells
were removed with a cotton swab. Migrated
cells on the membrane were fixed and stained
with crystal violet. The cells in five random
views were counted to determine the number of
migrated cells. In addition, Falcon® inserts
with a 5 um pore size coated with Matrigel (BD
Biosciences, USA) were used to assess the
invasive ability of the cells. All assays were per-
formed in triplicate.

Real-time cell analysis

A real-time cell analyzer (RTCA) system was
also used to monitor cell migration with cell
migration plates, which provided label-free,
real-time biosensor measurements, and kinetic
imaging of the same live cell populations, inde-
pendently, or simultaneously. It monitors cell
health, adhesion, morphology, proliferation,
and cytolysis in primary or native cells alone,
providing unprecedented insight into cellular
mechanisms and functionality. Roswell Park
Memorial Institute (RPMI) medium containing
10% FBS was placed in the bottom chamber.
The upper chamber was mounted, and 30 uL of
serum-free medium was added to each well,
after which cells were maintained at 37°C and
5% CO,. Readings were recorded at 30-minute
intervals until the end of the experiment (up to
36 hours).

Measurements of reactive oxygen species
(ROS) and cellular metabolism

Flow cytometry was used to measure mito-
chondrial ROS in living cells. ROS were stained
with a CellROX Deep Red Reagent Kit (Life
Technologies Corporation). The difference in
ROS levels between the two groups at each
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time point was calculated by the mean fluores-
cence intensity (MFI).

The extracellular acidification rate (ECAR) and
oxygen consumption rate (OCR) were used with
a Seahorse XF96 analyzer (Seahorse Biosci-
ence Inc., North Billerica, MA, USA) to measure
cellular metabolism. A549 cells were plated
into XF96 (V3) polystyrene cell culture plates at
10000 cells per well and incubated for 24
hours in a 37°C incubator with 5% CO,. Cell
numbers were detected after trypsin digestion
and used to normalize when determining the
OCR/ECAR. Assays were performed according
to the manufacturer’s instructions. Assay medi-
um containing all compounds at the appropri-
ate concentration was prepared.

Xenograft experiments and immunohistochem-
istry

Twelve female BALB/c nude mice (4-5 weeks of
age, 18-22 g) purchased from Beijing Weitong
Lihua Co., Ltd. were housed and fed in the ani-
mal center of Nanjing Medical University. After
one week, the mice were divided into two
groups and treated with A549 cells (1 x 107)
transfected with lentivirus-CYP3A5 or lentivi-
rus-scramble (NC) by intravenous injection. The
nude mice were subjected to dynamic imag-
ing of GFP biofluorescence, and the weights
of the mice were measured. After one month,
the nude mice were sacrificed, and their lungs
were dissected for immunohistochemistry.
After deparaffinization, rehydration and antigen
retrieval, serial section slides were blocked
with 3% H,0, for 10 min and incubated with
anti-p-Smadl and anti-CYP3A5 antibodies
(Abcam, Cambridge, MA, USA) at 4°C overnight.
The immunoreactive cells in several visual
fields of each slide were observed under a
microscope. Care of the laboratory animals and
animal experimentation were carried out in
accordance with the animal ethics guidelines of
Nanjing Medical University Affiliated Cancer
Hospital via approved protocols.

Statistical analysis

Student’s t-test was performed to compare
means between two groups. One-way ANOVA
was used to assess differences between the
means of more than two groups. P<0.05 indi-
cated statistical significance. All statistical
analyses were carried out using SPSS 22.0
(IBM, Armonk, NY).
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Results
CYP3A5 is markedly decreased in LUAD

Based on TCGA dataset, we identified that
CYP3A5 was remarkably down-regulated in
LUAD tumor tissues compared with normal tis-
sues by the web-based tool Oncomine (Figure
1A). Survival analysis indicated that patients
with low expression of CYP3A5 had shorter
overall survival and progression free survival
than those with high expression (Figure 1B,
1C), which revealed that CYP3A5 was downreg-
ulated and correlated with progression in LUAD
and might be be a prognostic biomarker of
LUAD. In addition, we found that CYP3A5 was
generally decreased in all cancers, including
lung cancer (Figure S1A). Compared with other
adenocarcinomas, LUAD showed extremely
decreased expression (Figure S1B), which was
further validated in several datasets (Figure
S1C, S1D). WGCNA was performed in TCGA
LUAD datasets. Several gene modules were
identified, and the correlations between these
modules and clinical data were calculated
(Figure S1E, S1F). Notably, the brown module
tended to be significantly associated with can-
cer stage (Figure S1G), and we found that
CYP3A5 was a hub gene of the brown module,
indicating that CYP3A5 might be strongly cor-
related with the progression of LUAD.

Clinical validation was performed in 48 paired
LUAD samples from our biobank. The qRT-PCR
results indicated that among 32 cases, CYP3A5
expression was lower in tumor tissues (Figure
1D). In addition, YP3A5 was expressed at low-
er levels in cases with lymph node metas-
tasis than in cases without lymph node metas-
tasis, and the expression of CYP3A5 was ne-
gatively correlated with the clinical stage of
LUAD (Figure 1E, 1F). The IHC results further
confirmed a similar trend at the protein level
(Figure 1G).

Ectopic expression of CYP3A5 inhibited the
migration and invasion of LUAD cells in vitro

To further identify the function of CYP3A5 in
LUAD, we evaluated the influence of CYP3A5 on
the malignant phenotype in cell lines. We
assessed the endogenous expression of CY-
P3A5 in LUAD cell lines, which revealed that
CYP3A5 was aberrantly downregulated in A549
and H1975 cells (Figure S2A, S2B). Based on
their tumorigenic potential and CYP3A5 expres-
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Figure 1. A. Differential expression of CYP3A5 in TCGA-LUAD dataset. B, C. Overall survival and progression-free survival indicated that patients with low expression
of CYP3A5 showed poor prognosis compared to those with high expression. D. qPCR analysis identified that CYP3A5 was down-regulated in the major part of cases.
E, F. Low expression of CYP3A5 was correlated with lymph node metastasis and TNM stages. G. The expression of CYP3A5 was down-regulated in lung adenocarci-

noma by IHC analysis on tissue microarrays.
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sion level, we selected the A549 and H1975
cell lines to perform our further experiments.
We used lentivirus to construct cells lines sta-
bly expressing CYP3A5 and confirmed the effi-
ciency of transfection by gRT-PCR and western
blot analysis (Figure S2C, S2D).

Then, we performed Transwell, Matrigel, wound-
healing, and RTCA assays to assess the effect
of CYP3A5 on cell metastasis. As shown, over-
expression of CYP3A5 significantly inhibited
the metastasis of LUAD cells (Figure 2A, 2B).
A wound-healing assay showed that overex-
pression of CYP3A5 could impede the invasive
ability of the cells (Figure 2C). The RTCA as-
say further validated the suppressive effects
of CYP3A5 on the metastasis of LUAD cells
(Figure 2D). Moreover, epithelial-mesenchymal
transition markers were analyzed in CYP3A5-
overexpressing cells and negative control cells
using immunofluorescence. The results indicat-
ed that the E-cadherin expression level was
increased, while N-cadherin expression levels
were decreased in CYP3A5-overexpressing
A549 cells compared to control cells (Figure
2E). These findings suggest that overexpres-
sion of CYP3A5 could inhibit invasion and
migration in vitro. No obvious difference in
other malignant phenotypes (proliferation,
apoptosis, and the cell cycle) between LUAD
cells with and without CYP3A5 overexpression.

Ectopic expression of CYP3A5 inhibited the mi-
gration and invasion of lung adenocarcinoma
in vivo

We next validated the effect of CYP3A5 on
metastasis in a xenograft model. Mice were
randomized into two groups, and half of the
mice were injected with luciferase-expressing
A549-CYP3A5 cells through the tail vein.
Beginning on day 45, via bioluminescent imag-
ing, we observed significantly reduced fluores-
cence intensity in mice in the A549-CYP3A5
group compared with the scramble group, indi-
cating that metastasis was suppressed in the
A549-CYP3A5 group (Figure 3A, 3B). In addi-
tion, the weight of each mouse was detected
every ten days, and the weight of mice in the
scramble group was remarkably decreased
compared with that of mice in the A549-
CYP3A5 group (Figure 3C). The lungs of the
mice in each group were obtained after their
sacrifice on day 45 after injection. Significantly
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fewer visible surface nodules were observed in
the A549-CYP3A5 group than in the scramble
group (Figure 3D, 3E). Furthermore, hematoxy-
lin and eosin (H&E) staining confirmed that the
lung nodules were metastatic tumor nests and
demonstrated that overexpression of CYP3A5
decreased the diameter and volume of lung
metastatic nodules compared to those in the
scramble group (Figure 3F). IHC showed that
CYP3A5 was upregulated in lung metastatic
nodules in the A549-CYP3A5 group and down-
regulated in those in the scramble group, indi-
cating that CYP3A5 inhibited the metastasis of
LUAD in vivo.

Overexpression of CYP3A5 suppressed the p-
Smadl signaling pathway

We investigated the underlying mechanism of
CYP3A5-mediated inhibition of LUAD metasta-
sis. Based on the biological function of CYP3A5
and a literature review, CYP3A5 might affect
the intracellular ROS level and cellular metabo-
lism, in turn manipulating the progression of
malignant tumors [8, 13]. However, a flow
cytometry experiment showed no significant
difference in the intracellular ROS level with
and without CYP3A5 overexpression (Figure
S3A, S3B). In addition, assays to detect the
OCR and ECAR revealed that overexpression of
CYP3A5 did not alter cellular glycolysis or oxida-
tion in the respiratory chain (Figure S3C, S3D).
These findings indicated that changes in nei-
ther intracellular ROS levels nor cellular glycoly-
sis and oxidation are responsible for the
CYP3A5-mediated suppression of metastasis
in LUAD.

A comprehensive approach using a phospho-
antibody microarray provided a high-through-
put platform to efficiently profile protein phos-
phorylation status (Full Moon BioSystems Inc.),
avoiding inefficiency and incorrect results.
Using this approach, we detected and analyzed
phosphorylation events at 1318 specific sites
using the PEX100 array to explore the potential
downstream effectors of CYP3A5 (Figure 4A).
Performing the array with cell lysates from
A549-CYP3A5 and A549-GFP cells, we identi-
fied a spectrum of key molecules whose phos-
phorylation levels were remarkably decreased
by more than 50% compared to those in the
negative control cells; these molecules includ-
ed AKT1, MAPK p38, AMPK, and Smad1 (Table
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RTCA assay was used to assess the invasion and migration of LUAD cells in different manners. (E) A, Epithelial-mes-
enchymal transition (EMT) markers were analyzed in cells overexpression circCRIM1 using immunofluorescence.

S1). Subsequently, dramatic variation in the and H1975 cells) were validated by western
phosphorylated sites in the two cell lines (A549 blotting (Figure 4B), which indicated remark-
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Figure 3. CYP3A5 inhibited metastasis of lung adenocarcinoma in vivo. A. Lung metastasis model in nude mice was
injected with Iv-CYP3A5 cells or control cells in the tail vein. Representative image of luciferase signals derived from
lung metastatic nodules. B. The intensity of luciferase was statistically analyzed. C. The weight of mice was weighted
per 10 days. D. Representative images of lung metastatic nodules. E. The number of metastatic nodules was quanti-
fied. F. HE-stained sections and IHC sections were shown.

able and consistent alteration in the phosphor-
ylation of Smadl with and without ectopic
expression of CYP3AD.

A specific inhibitor (LDN193189) and activator
(recombinant bone morphogenetic protein 2,
BMP2) of p-Smadl were used to further con-
firm whether CYP3Ab5-induced inhibition of
LUAD metastasis depends on the Smadl sig-
naling pathway. LDN193189 considerably in-
hibited the phosphorylation level of Smadl in
the scramble group, but this decrease in phos-
phorylated Smadl was rescued by recombi-
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nant BMP2 in the group in which CYP3A5 was
overexpressed (Figure 4C, 4D). RTCA, Transwell
and Matrigel assays demonstrated that the
activation of smadl in A549 cells remarkably
reversed inhibition of invasion and migration by
the overexpression of CYP3A5 (Figure 4E, 4G,
4H). Furthermore, inhibition of Smadl phos-
phorylation decreased the ability of cells to
metastasize and abolished the difference in
metastasis between the group in which CYP3A5
was overexpressed and the scramble group.
The H1975 cell line showed a similar tendency,
confirming these results (Figure 4F, 41, 4J).
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The interaction of CYP3A5 and ATOHS8 results
in inactivation of the Smad1 signaling pathway

To explore the mechanism of CYP3A5-mediated
regulation of the Smad1 pathway, we first exam-
ined the potential regulatory roles of the Smadl
pathway. Published research noted that ATOH8
could specifically regulate the phosphorylation
of Smad1 [14, 15]. In addition, we found that
ATOHS8 could interact with CYP3A5 in liver tis-
sue, which was demonstrated by high-through-
put two-hybrid system techniques [16] (Figure
5A). Therefore, we hypothesized that CYP3A5
interacts with ATOHS8 in the lung, resulting in
inhibition of the Smadl signaling pathway. We
separately detected the phosphorylation of
Smadl in ATOH8-knockdown and ATOHS8-
knockin LUAD cells, the results of which indi-
cated that ATOH8 could regulate the phos-
phorylation of Smadl (Eigure S3E). Immunofl-
uorescence confocal experiments revealed
the colocalization of CYP3A5 and ATOHS, indi-
cating the probability of their physical interac-
tion (Figure 5B). Then, co-IP experiments re-
vealed that the CYP3A5-GFP protein can inter-
act with endogenous ATOHS8, while no obvious
binding was observed in the GFP-expressing
cell line (Figure 5C). To further confirm this
result, we transfected flag-tagged ATOHS8 into
the A549 cell line. As shown, a co-IP assay
showed that ATOHS8-Flag could bind CYP3A5,
confirming their interaction (Figure 5D). More-
over, interference with the expression of ATOH8
in ectopic CYP3A5 LUAD cells did not decrease
the phosphorylation of Smad1 compared with
that in control ectopic CYP3A5 LUAD cells
(Figure BE). A rescue assay illustrated that
ATOHS8 knockdown in ectopic CYP3A5 cells did
not further inhibit the metastatic ability of LUAD
cells (Figure 5F).

Prognostic value of the combination of
CYP3A5 and p-Smad1 in LUAD

Based on the mechanism above, we proceeded
to explore the clinical relevance of CYP3A5 and
p-Smad1 in our study. An IHC assay to detect
CYP3A5 and p-Smadl1 was performed using a
LUAD microarray and indicated a positive cor-
relation between the expression of CYP3A5
and the activity of Smadl (Figure 6A). We
aimed to generate a novel IHC panel to test the
ability of CYP3A5 and p-Smadl combined to
predict the prognosis of LUAD. The patient
demographic information was listed in Table
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S3. Kaplan-Meier survival analysis and the log-
rank test suggested that patients with high
CYP3A5 expression and low Smad1 activity had
better overall survival (0S) and disease-free
survival (DFS) (Figure 6B). Moreover, the combi-
nation indexes of CYP3At and p-Smadl deter-
mined through receiver operating characteris-
tic (ROC) curve analysis showed an additive
predictive value for overall survival compared
with that for either of the individual markers
(combination ROC area: 0.753 for OS, 0.695 for
DFS) (Figure 6C). This provided us with a reli-
able IHC panel with which to evaluate the prog-
nosis of LUAD patients.

Discussion

LUAD is a heterogenetic disease and complex
process in which multiple cellular factors and
genes in turn influence the malignant pheno-
type [1, 2, 17, 18]. Thus, it is of great theoretical
and practical importance to clarify aberrant
gene expression patterns in lung cancer carci-
nogenesis, which might provide novel insight
into translational medicine. P450 family pro-
teins are primarily known as key enzymes relat-
ed to metabolic processes, including the
metabolism of endogenous and exogenous
substrates [8]. However, several genes of the
P450 family were found to be aberrantly
expressed in tumors and involved in various
oncogenic processes. CYP2C9 plays a direct
protective role against non-small cell lung can-
cer (NSCLC) development by decreasing EET
biosynthesis [19]. Another investigation showed
that cytochrome P450 2E1 mediates trichloro-
ethylene (TCE) metabolism to promote y-H2AX
generation via ROS production [20]. The clinical
impact of CYP3A5 was first reported in liver
cancer, in which low expression of CYP3A5 at
the transcript and protein levels was shown to
contribute to worse overall survival and the
metastasis of liver cancer [8, 21]. Upregulation
of CYP3A5 in prostate cancer was found to be
associated with prostate cancer cell growth by
facilitating the nuclear translocation of andro-
gen receptor (AR) [7]. In this study, we evaluat-
ed the expression of CYP3A5 in multiple can-
cers and found that CYP3A5 was aberrantly
expressed at low levels in lung cancer. WGCNA
showed that CYP3A5 is correlated with TNM
stage in LUAD. Overexpression of CYP3A5
inhibited the migration and invasion of LUAD in
vitro and in vivo. A mechanistic investigation
found that overexpression of CYP3A5 sup-
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Figure 4. CYP3A5 suppresses the Smadl pathway in lung adenocarcinoma. A. PEX100 antibody-based microarray.
B. The level of phospho-Smad1, phospho-p38, phosphor-AMPK, and phosphor-AKT with corresponding total protein
in negative control cells versus CYP3A5 over-expression cells. C, D. Two cell lines A549 and H1975, transfected with
Iv-CYP3A5 and Iv-NC, were treated with Smad1 inhibitors and activator, LDN193189 (200 nM) and recombinant
BMP2 (20 ng/ul). Phosphorylation of Smadl protein was examined by western blot analysis. E-J. The cells were
subjected to the RTCA transwell assay and migration assay in order to measure the capacity of cell metastasis.
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Figure 5. Over-expression of CYP3A5 could interact with ATOH8. A. Website prediction of the interaction between
CYP3A5 and ATOHS8. B. A549-CYP3A5 Cells were fixed for the immunofluorescence analysis. CYP3A5-GFP fusion
protein was detected using an anti-GFP primary antibody and Alexa Fluor 488 goat anti-mouse antibody, and ATOH8
was detected using an anti-ATOH8 primary antibody and Alexa Fluor 594 goat anti-rabbit antibody. Representative
cells from the same field for each experimental group are shown. C. Co-IP showed that CYP3A5 interacted with
ATOHS8 in A549-CYP3A5 cells, but not in A549-GFP cells. D. A549-CYP3A5 was transfected with Flag-tagged ATOHS,
and the interaction between ATOH8 and CYP3A5 was determined by IP and immunoblotting. E. Phosphorylation of
Smad1 was assessed after knock down ATOH8 in ectopic CYP3A5 and control cells. F. Transwell and matrigel assays
were utilized to assess the metastasis ability after knock down ATOHS8 in ectopic CYP3A5 and control cells.
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Figure 6. Prognostic value of combining CYP3A5 and p-Smadl in lung adenocarcinoma. A. Representative im-
ages showing high or low expression of CYP3A5 and p-Smad1 in 87 LUAD tumor specimens. Correlation between
CYP3A5 and p-Smad1 in LUAD microarray specimens (right panel). B. Kaplan-Meier analysis of overall survival (OS)
based on the molecular markers (Kaplan-Meier analysis with log-rank test). CYP3A5 expression and the activity of
p-Smad1 were stratified by the individual medians by IHC analysis, and the patients were divided into three groups
as indicated. C. ROC curve analysis for OS for combined panel [AUC = 0.753, (95% Cl, 0.721-0.769)], CYP3A5 [AUC
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= 0.643, (95% Cl, 0.617-0.671)], and p-Smad1 [AUC = 0.532, (95% Cl, 0.505-0.579)] as individual biomarkers,
AUC, area under the curve, P<0.05; ROC curve analysis for DFS for combined panel [AUC = 0.695, (95% Cl, 0.664-
0.725)], CYP3A5 [AUC = 0.559, (95% ClI, 0.525-0.593)], and p-Smad1 [AUC = 0.505, (95% Cl, 0.478-0.569)] as
individual biomarkers.

BMPs
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® Smad1 |—> Transcription

mad:

Figure 7. Schematic diagram of how CYP3A5 inhibits metastasis of lung adenocarcinoma.

pressed phosphorylation of the Smadl pro-
tein, mediating the inhibition of metastasis.
Furthermore, a literature review and co-IP
experiment confirmed that CYP3A5 could inter-
act with ATOHS, inhibiting the Smadl pathway
(Figure 7). These findings suggest that CYP3A5
is involved in the metastasis of LUAD.

CYP3A5 is a metabolic enzyme responsible for
the metabolism of endogenous steroids and
exogenous drugs [5]. A published article re-
vealed that CYP3A5 could produce reactive
oxygen species (ROS), which serve as cellular
second messengers to activate or inhibit sig-
naling pathways, as side products when it me-
tabolized its substrates [8]. Thus, we assessed
whether CYP3A5 has the same function in
LUAD. Flow cytometry identified no significant
difference in ROS levels between the group in
which CYP3A5 was overexpressed and the neg-
ative control group. In addition, several drug-
metabolizing enzymes are involved in mito-
chondrial energy metabolism [22, 23]. However,
assays revealed no obvious difference in the
ECAR or OCR when CYP3A5 was upregulated,
which indicated that CYP3A5 does not play a
role in cellular glycolysis or the oxidative respi-
ratory chain. To uncover the potential effect of
CYP3A5 on metastasis in LUAD, we identified
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multiple prometastatic proteins whose phos-
phorylation levels are downregulated by
CYP3A5 in LUAD cells by a microarray-based
proteomics method to efficiently screen poten-
tial mechanisms. In this study, a phospho-anti-
body microarray-based method revealed that
the phosphorylation levels of AKT, p38, AMPK,
and Smadl/5/8 were remarkably decreased
upon the overexpression of CYP3A5 in A549
cells. BMP/Smad1 signaling is controlled by the
TGFB pathway, which is activated in multiple
cancer types and plays significant roles in a
diverse range of oncogenic phenotypes. A liter-
ature review found that activation of the Smad1
protein exerts its oncogenic function through
binding DNA and modulating its transcription
with other transcription factors in the cellular
nucleus [24]. In the current study, we observed
that overexpression of CYP3A5 resulted in
decreased Smadl phosphorylation and Smadi1
inactivation. Reciprocal rescue experiments
confirmed that CYP3A5-mediated regulation
of LUAD metastasis depends on decreased
Smad1 phosphorylation. Therefore, the results
of our phospho-antibody microarray-based ex-
periments pave the way to develop a novel
mechanism to mediate CYP3A5-dependent
prometastatic signals.
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Activation of the BMP/Smad1 signaling path-
way depends on the binding of BMP ligands to
specific serine/threonine kinase transmem-
brane receptors, activating intracellular Smadi1
proteins [25]. The stability of phosphorylated
Smad1 was found to be modified by Smurf pro-
teins via the ubiquitination pathway or dephos-
phorylation by phosphatases [26]. Phosphory-
lation of Smadl at Ser463/465 dictates its
ability to translocate into the cellular nucleus,
mediating its functional contact with the basal
transcriptional machinery. However, our prelim-
inary experiment showed that the overexpres-
sion of CYP3A5 did not affect the expression of
the ligand BMP or the smurf protein. In addi-
tion, no specific Smadl phosphatases are
described in the published literature.

ATOHS8, a transcription factor that binds the
E-box element, has been implicated in inducing
stem cell features [27], inhibiting tumor pheno-
types [28], and stimulating myogenesis [29].
Song et al found that ATOH8 served as a tumor
suppressor that induced stem cell features and
chemoresistance in hepatocellular carcinoma
(HCC) cells. In HEK293 cells, ATOH8 appear-
ed to increase phosphorylated Smadl/5/8
levels [14]. Another study also showed that
ATOHS8 could increase the phosphorylation of
Smad1/5/8 [15]. Furthermore, Wang et al
found that ATOHS8 could interact with CYP3A5
with a two-hybrid system [16]. Our experiment
confirmed that CYP3A5 could interact with
ATOHS8 to mediate the inhibition of metastasis
of LUAD, providing a novel mechanism for the
involvement of CYP3A5 with metastasis in
LUAD. This mechanism is shown in Figure 7.

The phenotype and mechanism of CYP3A5 in
LUAD were thoroughly investigated, but the lim-
itations of this study should be noted. For
example, the effects of ATOH8 on the migration
and invasion of LUAD cells need to be further
investigated. The mechanism by which ATOH8
regulates the phosphorylation of Smad1 is still
unknown. Clinical analysis could be carried out
to evaluate the correlation between the expres-
sion of CYP3A5 and ATOHS.

In summary, herein, we demonstrated that
overexpression of CYP3A5 effectively inhibited
the metastasis of LUAD cells. These data pro-
vide proof that not only suggests the thera-
peutic potential of CYP3A5 in LUAD but also
demonstrates the novel mechanism of CYP3A5
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in cancer metastasis. Furthermore, we found
that CYP3A5 was likely involved in LUAD tumor
metastasis in a xenograft mouse model.
Together, our results not only suggest a novel
target to inhibit metastasis in LUAD but also
provide novel insight into CYP3A5 in carci-
nogenesis.
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Table S1. The remarkable results of phosphorylation array

GFP-Phos/ CYP-Phos/

Name Unphos Unphos CYP/GFP
Smad1 (Phospho-Ser465) 1.57 0.63 0.40
AMPK betal (Phospho-Ser182) 0.35 0.16 0.45
p38 MAPK (Phospho-Tyr322) 1.10 0.51 0.46
AKT1 (Phospho-Ser473) 1.38 0.66 0.48
ATF1 (Phospho-Ser63) 0.52 0.27 0.51
CDKY (Phospho-Thr170) 1.69 0.87 0.52
P70S6K (Phospho-Ser424) 0.90 0.46 0.52
BAD (Phospho-Ser91/128) 1.06 0.55 0.52
Rel (Phospho-Ser503) 1.86 1.03 0.56
Rafl (Phospho-Ser338) 1.22 0.68 0.56
PDGFR alpha (Phospho-Tyr849) 1.27 0.72 0.56
Caspase 6 (Phospho-Ser257) 0.82 0.47 0.57
Kv1.3/KCNA3 (Phospho-Tyr135) 6.84 3.90 0.57
IL-:13R/CD213al (Phospho-Tyr405) 9.34 5.53 0.59
Caspase 3 (Phospho-Ser150) 2.05 1.22 0.59
BCR (Phospho-Tyr177) 0.99 0.60 0.60
EGFR (Phospho-Tyr1172) 0.60 0.36 0.60
Shc (Phospho-Tyr349) 0.29 0.18 0.60
Cortactin (Phospho-Tyr421) 2.32 1.42 0.61
PKC zeta (Phospho-Thr410) 1.39 0.85 0.61
CDK2 (Phospho-Thr160) 1.58 0.97 0.61
Abl1 (Phospho-Thr754/735) 1.00 0.62 0.62
XIAP (Phospho-Ser87) 0.73 0.46 0.64
Src (Phospho-Tyr529) 1.17 0.75 0.64
Chk1 (Phospho-Ser286) 0.34 0.22 0.65
IL-10R-alpha (Phospho-Tyr496) 2.88 1.88 0.65
Tau (Phospho-Thr205) 0.50 0.33 0.66
p53 (Phospho-Ser46) 2.81 1.86 0.66
Ezrin (Phospho-Tyr478) 1.63 1.08 0.66
Pyk2 (Phospho-Tyr881) 0.95 0.63 0.67
Tau (Phospho-Thr212) 0.21 0.14 0.67
Smad3 (Phospho-Ser425) 1.01 0.70 0.69
Caspase 9 (Phospho-Tyr153) 0.69 0.48 0.69
STAT2 (Phospho-Tyr690) 1.41 0.98 0.69
FAK (Phospho-Tyr861) 0.74 1.11 1.50
Synapsin (Phospho-Ser62) 0.95 1.44 1.51
PECAM-1 (Phospho-Tyr713) 0.09 0.13 1.52
FAK (Phospho-Tyr407) 1.51 2.29 1.52
HDAC1 (Phospho-Ser421) 0.05 0.08 1.52
AKT1 (Phospho-Thr450) 0.45 0.69 1.53
P70S6K-beta (Phospho-Ser423) 0.90 1.38 1.54
FosB (Phospho-Ser27) 1.44 2.23 1.55
LCK (Phospho-Tyr192) 0.90 1.42 1.58
Paxillin (Phospho-Tyr118) 1.17 1.86 1.58
CD19 (Phospho-Tyr531) 0.80 1.27 1.58
Merlin (Phospho-Ser10) 0.27 0.43 1.59
SLP-76 (Phospho-Tyr128) 0.79 1.25 1.59
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Smad1 (Phospho-Serl187)

JAK2 (Phospho-Tyr221)

p53 (Phospho-Ser378)

PDGFR beta (Phospho-Tyr740)
NFkB-p105/p50 (Phospho-Ser893)
Dok-1 (Phospho-Tyr398)

WASP (Phospho-Tyr290)

ASK1 (Phospho-Ser966)
NMDAR2B (Phospho-Tyr1472)
AKT1S1 (Phospho-Thr246)
P70S6K (Phospho-Ser418)
PI13-kinase p85-subunit alpha/gamma (Phospho-Tyr467/Tyr199)
Smad2 (Phospho-Thr220)

Cyclin D1 (Phospho-Thr286)
Synaptotagmin (Phospho-Ser309)
GRK2 (Phospho-Ser29)

PPAR-BP (Phospho-Thr1457)

FER (Phospho-Tyr402)
CaMK1-alpha (Phospho-Thrl77)
4E-BP1 (Phospho-Thr70)

1.18
0.99
1.34
1.84
0.66
0.89
0.60
1.05
0.08
0.22
1.00
0.73
0.70
0.32
0.78
0.38
0.44
2.64
0.73
0.59

1.89
1.59
214
2.97
1.07
1.46
0.97
1.73
0.14
0.36
1.67
1.23
1.18
0.55
1.35
0.66
0.77
4.61
1.28
1.07

1.60
1.60
1.61
1.61
1.62
1.63
1.64
1.64
1.66
1.66
1.66
1.68
1.68
1.69
1.74
1.74
1.74
1.75
1.76
1.82

Table S2. Primers sequences used in this work

Reverse Primer

Gene Forward Primer
CYP3A5 5-GGTGGTGATTCCAACTTATGCT-3’
GAPDH 5’-GAAATCGTGCGTGACATTAA-3’

5’-GCGTGTCTAATTTCAAGGGGA-3’
5-AAGGAAGGCTGGAAGAGGTG-3’
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Figure S1. Clinical validation of CYP3A5 in published datasets. A. CYP3A5 was generally down-regulated in several cancers and especially in lung cancer, analyzed
by the Oncomine database. Filter criteria were showed in the right panel. The color intensity of cells was determined by the gene rank percentile for a specific analy-
sis. B. Expression landscape of CYP3A5 in multi-adenocarcinomas. C, D. Expression of CYP3A5 in Landi’'s and Selamat’s cohort. E, F. WGCNA was performed in
TCGA-LUAD dataset. G. Cluster dendrogram identified 4 distinct modules of co-expression genes by average linkage hierarchical clustering.
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Figure S2. The atlas of CYP3A5 expression in lung adenocarcinoma cell lines. A, B. qPCR and western blot revealed
that CYP3A5 was down-regulated in H1975 and A549 cell lines. C, D. gPCR and western blot validated the efficient
of ectopic expression of CYP3A5 in A549 and H1975 cell lines.
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Figure S3. A. The cellular ROS level was detected by flow cytometer. B. No significant result was detected between
the ectopic expression of CYP3A5 and control. C, D. OCR and ECAR revealed no significant difference between the
ectopic expression of CYP3A5 and control by seahorse XF96. E. Phosphorylation of Smadl1 was separately assessed
in knock down ATOH8 and knock in ATOHS cells.

Table S3. Demographic and clinicopathological features of the 87 NSCLC patients

. . CYP3A5 P-Smad1
Characteristic Patients (n = 87, %) - -
Low High Low High

Age

> 60 47 (54.0%) 23 24 20 27

<60 40 (55.0%) 21 19 26 14
Gender

Male 21 (24.1%) 10 11 8 13

Female 66 (75.9%) 34 32 38 28
Diamter

<3cm 67 (77%) 36 31 40 27

>3cm 20 (23%) 8 12 6 14
Lymph node metastasis

Yes 48 (55.2%) 24 24 22 26

No 39 (44.8%) 20 19 24 15
Stage

I 34 (39.1%) 16 18 12 22

Il 24 (27.6%) 12 12 16 8

1 29 (33.3%) 16 13 18 11




