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ABSTRACT
◥

Invasive mucinous lung adenocarcinoma (IMA) is a subtype of
lung adenocarcinoma with a strong invasive ability. IMA frequently
carries "undruggable" KRAS mutations, highlighting the need for
new molecular targets and therapies. Nuclear receptor HNF4a is
abnormally enriched in IMA, but the potential of HNF4a to be a
therapeutic target for IMA remains unknown. Here, we report that
P2 promoter-driven HNF4a expression promotes IMA growth and
metastasis. Mechanistically, HNF4a transactivated lncRNABC200,
which acted as a scaffold for mRNA binding protein FMR1. BC200
promoted the ability of FMR1 to bind and regulate stability of
cancer-related mRNAs and HNF4a mRNA, forming a positive

feedback circuit. Mycophenolic acid, the active metabolite of
FDA-approved drug mycophenolate mofetil, was identified as an
HNF4a antagonist exhibiting anti-IMA activities in vitro and
in vivo. This study reveals the role of a HNF4a-BC200-FMR1–
positive feedback loop in promoting mRNA stability during IMA
progression and metastasis, providing a targeted therapeutic strat-
egy for IMA.

Significance: Growth and metastatic progression of invasive
mucinous lung adenocarcinoma can be restricted by targeting
HNF4a, a critical regulator of a BC200-FMR1-mRNA stability axis.

Introduction
Lung adenocarcinoma is the most common histologic type of lung

cancer, a malignancy with the second leading morbidity and the
highest mortality globally (1). Invasive mucinous lung adenocarcino-
ma (IMA), constituting approximately 5%–10% of lung adenocarci-
noma, is a unique subtype of lung adenocarcinoma with a strong
invasive ability (2). Because of its frequentmisdiagnosis as pneumonia,
tuberculosis, or other diffuse lung diseases, the delayed diagnosis at an
advanced stage, receiving nonoperative treatments such as radiother-
apy and chemotherapy, results in poor prognosis. In recent years,
molecular-targeted antineoplastic drugs, such as EGFR inhibitors
gefitinib and osimertinib, have achieved encouraging outcomes in the
treatment of lung adenocarcinoma owing to high efficiency and low
toxicity. However, IMA frequently carrying mutations in KRAS rather
than EGFR does not response to EGFR inhibitors, whilst KRAS
mutations remain undruggable except KRASG12C whose incidence is
low in lung cancer (3–5). Therefore, new molecular targets and their
drugs for IMA treatment urgently need to be developed.

Nuclear receptor superfamily, a group of ligand-dependent tran-
scription factors, plays a pivotal role in various physiologic and
pathologic processes such asmetabolism, reproduction, inflammation,
and cancer (6). As important molecular targets, nuclear receptors
are liganded by approximately 13% of FDA-approved drugs (7).
Hepatocyte nuclear factor 4a (HNF4a), a tissue-specific nuclear
receptor, predominantly distributes in liver, intestine, kidney and is
also expressed in pancreas, stomach and epididymis in adults (8).
HNF4a binds, solely as homodimer, to DNA and activates transcrip-
tion of genes involved in metabolism of fatty acids, lipoproteins,
glucose, amino acids, blood coagulation factors as well as xenobiotic
chemicals (9–12). To date, nine isoforms of HNF4a driven by P1
promoter (P1-HNF4a, including HNF4a1–a6) or P2 promotor
(P2-HNF4a, consisting of HNF4a7–a9) are identified in mammals,
which are speculated to play different roles via regulating the transcrip-
tion of diverse target genes (8, 13). P1-HNF4a is expressed in hepato-
cytes, intestine, kidney, and epididymis,while P2-HNF4a is expressed in
bile duct, intestine, pancreas, stomach, and epididymis (8).

Studies have shown that HNF4a is closely associated with tumor-
igenesis and development. HNF4a represses epithelial–mesenchymal
transition and formation of cancer stem cells in hepatocellular carci-
noma through suppressing the transcription of Snail, Slug, HMGA,
and the Wnt/b-catenin signaling pathway (14, 15). Transient inhibi-
tion ofHNF4a triggers anmiRNA-inflammatory feedback loop circuit
composed of miR-124, IL6R, STAT3, miR-24, and miR-629, which
leads to the occurrence of hepatocellular carcinoma (16). In colon
cancer, P1-HNF4a is degraded after phosphorylation by Src tyrosine
kinase and thus loses its anticancer function (17); on the contrary,
enhanced expression of P2-HNF4a initiates enteritis and enteritis-
related colon cancer by inducing the expression of RELMb, etc (13).
Upregulation of HNF4a in gastric cancer activates Wnt/b-catenin
signaling and sustains oncogenic metabolism through its target
genes WNT5A and IDH1, respectively (18, 19). Interestingly, recent
studies indicate that HNF4a, negative in normal lung tissues, is
abnormally expressed in approximately 90% of IMA and serves as a

1Cancer Research Center, School of Medicine, Xiamen University, Xiamen, P.R.
China. 2Department of Respiratory Medicine, Fujian Provincial Hospital, Fuzhou,
Fujian, P.R. China. 3Department of Pathology, Fujian Provincial Hospital, Fuzhou,
Fujian, P.R. China. 4Department of Basic Medical Science, School of Medicine,
Xiamen University, Xiamen, P.R. China.

Note: Supplementary data for this article are available at Cancer Research
Online (http://cancerres.aacrjournals.org/).

X. Chen, Y. Zhao and D. Wang contributed equally to this article.

Corresponding Author: Yan-yan Zhan, Cancer Research Center, School of
Medicine, Xiamen University, 4221 South Xiang’an Road, Xiamen 361102, P.R.
China. Phone: 86-592-2188223; E-mail: yyzhan@xmu.edu.cn

Cancer Res 2021;81:5904–18

doi: 10.1158/0008-5472.CAN-21-0980

�2021 American Association for Cancer Research

AACRJournals.org | 5904

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/81/23/5904/3014057/5904.pdf by guest on 19 M

ay 2023

http://crossmark.crossref.org/dialog/?doi=10.1158/0008-5472.CAN-21-0980&domain=pdf&date_stamp=2021-11-11
http://crossmark.crossref.org/dialog/?doi=10.1158/0008-5472.CAN-21-0980&domain=pdf&date_stamp=2021-11-11


diagnostic marker for IMA (5, 8). Transcription of HNF4a is
disinhibited by loss of NKX2–1, a key molecule in lung develop-
ment, and consequently endows IMA with mucinous morpholo-
gy (2). However, whether HNF4a could be a therapeutic target for
IMA awaits characterization.

Here we reported that IMA expressed P2-HNF4a, which facilitated
IMA growth and metastasis in vitro and in vivo. Mechanistically,
HNF4a transcriptionally increased the expression of lncRNA BC200,
which mediated the IMA-promoting function of HNF4a through
acting as a scaffold for FMR1 to bind and regulate the stability of
mRNAs for proteins involved in cancer development. BC200 in turn
upregulated HNF4a expression by facilitating the FMR1-bound state
and stabilization of HNF4a mRNA. Mycophenolic acid (MPA), the
active metabolite of FDA-approved drug mycophenolate mofetil
(MMF), was further identified as HNF4a antagonist with anti-
growth and anti-metastasis activities in IMA. Thus, our study delin-
eated role of HNF4a and the underlying mechanisms involved in the
regulation of IMA growth and metastasis, and also provided an FDA-
approved drug targeting HNF4a for IMA treatment.

Materials and Methods
Cell culture

Human lung cancer cell lines A549, NCI-H1437, and NCI-H1299,
human embryonic kidney cell line HEK293T, human hepatoma
carcinoma cell line HepG2 and human colon cancer cell line SW620
were obtained from Cell Bank, Type Culture Collection, Chinese
Academy of Sciences, Shanghai, P.R. China. Human lung cancer cell
line Calu-3 was obtained from Procell Life Science & Technology,
Wuhan, Hubei, P.R. China. HEK293T cells were maintained in
DMEM (Gibco). HepG2 and Calu-3 cells were maintained in Min-
imum Essential Media (Gibco). SW620 cells were maintained in
Leibovitz’s L-15 medium (Gibco). A549, NCI-H1437, and NCI-
H1299 cells were maintained in RPMI1640 medium (Gibco). All
media were supplemented with 10% FBS (HyClone), 100 U�mL�1

penicillin, and 100 mg�mL�1 streptomycin (Life Technologies). Cells
were cultured at 37�C in humidified incubator containing 5% CO2. All
cell lines were identified by STR profiling by the source. Cells were
expanded after being received and subsequently stored in liquid
nitrogen. The storage vials were thawed for experiments and used in
less than 2 months. All cell lines were confirmed negative for
Mycoplasma.

Clinical tissue analysis
Clinical sample study was approved by the Ethics Committee of

Fujian ProvincialHospital in accordancewith theHelsinkiDeclaration
and conducted with the informed consent of all patients. All paraffin-
embedded specimens of lung adenocarcinoma (including 11 cases of
IMA and 11 cases of non-IMA) were obtained from the tissue bank of
Fujian Provincial Hospital. These paraffin-embedded tissue samples
were sliced into 4-mm-thick serial sections and then subjected to IHC
staining.

Mouse models
All animal experiments were performed in accordance with pro-

tocol approved by the Animal Care and Use Committee of Xiamen
University (Xiamen, P.R. China). Female nudemice (BALB/c, 15–20 g,
5–6 weeks old) were obtained from the SLAC Laboratory Animal
Center (Shanghai, P.R. China) and maintained under specific path-
ogen-free conditions in the Laboratory Animal Centre of Xiamen
University (Xiamen, P.R. China).

For tumor xenograft assay, A549 cells (2� 106 permouse) or Calu-3
cells (1 � 107 per mouse) were suspended in 100 mL serum-free
RPMI1640 medium and injected subcutaneously into the right armpit
of each mice. Ten days later, tumor size was measured every 2 days or
each day as indicated, and tumor volume was calculated with the
formula: TV ¼ L(length) � W2(width)/2. At the end of observation,
mice were sacrificed and the tumors were weighed and photographed.

For tail-veinmetastasis assay, A549 cells stably expressing luciferase
(4 � 106 per mouse) were suspended in 100 mL serum-free 1640
medium and injected into the tail veins of mice. Six weeks later,
metastases expressing luciferase were imaged and measured using a
Caliper IVIS Lumina II Kinetic system (Caliper Life Science) or BLT
AniView 100 (BLT Photon technology) 5 minutes after 15 mg of
luciferin (catalog no. E1605, Promega, 15 mg�mL�1 in PBS) was
intraperitoneally injected.

To detect the effect of MMF on IMA xenograft tumor growth and
lung metastasis, A549 cells were injected into the nude mice as
described above and the mice were randomly divided into two groups,
given vehicle (0.9% NaCl) or MMF (40 mg�kg�1) once daily by oral
administration.

IHC and hematoxylin and eosin staining
Briefly, clinical tissue slideswere deparaffinized and rehydrated, and

then subjected to citrate antigen retrieval solution, followed by incu-
bation with primary antibodies at 4�C overnight. To neutralize
endogenous peroxidase, the UltraSensitive SP (Mouse/Rabbit) IHC
Kit (catalog no. Kit-9710, MXB Biotechnologies) was used. Secondary
antibody incubation and 3,30-diaminobenzidine (DAB) development
were carried out according to themanufacturer’s instructions. Sections
were then counterstained with hematoxylin, followed by dehydration
and clearing with xylene. After that, the slides were sealed under
coverslips and examined.

For mouse model, lung tissues were fixed with paraformaldehyde,
embed in paraffin, and sliced into 4-mm-thick sections. Slides were
deparaffinized and rehydrated, and then stained with hematoxylin and
eosin (H&E).

All slides were scanned using a Leica Aperio Versa 200 to obtain
high-content and high-resolution digital images.

Cell proliferation analysis
ForMTT assay, cells were seeded in 96-well plates at a density of 4�

103 per well. At indicated timepoints, 20 mL MTT (Sigma-Aldrich,
5 mg�mL�1) was added into each well and incubated for 4 hours. The
medium was then replaced with 200 mL DMSO to dissolve the
formazan crystals, and the number of viable cells was analyzed via
measuring the absorbance at 570 nm (Abs) with a spectrophotometer.

For colony formation assay, cells were seeded in 6-well plates at 333
cells per well (for A549 and NCI-H1437) or 1� 103 cells per well (for
Calu-3), and incubated for 15 days. After that, cells were fixed with
methanol for 10 minutes and stained with 0.1% crystal for 10 minutes.
Colonies with diameter larger than 1 mm were counted.

For EdU assay, cells were seeded at a density of 5 � 103 per well in
96-well plates, and then treated with BI6015 for 24 hours. The
remaining procedure was carried out with Cell-Light EdU Apollo567
In Vitro Kit (catalog no.C10310–1, Ribo Biotechnology) according to
the manufacture’s instruction, and the cells were examined under a
fluorescence microscope.

tRSA-based RNA pulldown
A tRNA scaffold to a streptavidin aptamer (tRSA) sequence was

synthesized and inserted into pCDNA3.1(�) vector as described
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Figure 1.

P2-HNF4a promotes growth of IMA cells. A, P2-HNF4a but not P1-HNF4a was expressed in IMA cell lines as assayed by Western blot analysis. P1/P2-HNF4a,
P1-HNF4a, and P2-HNF4awere detected using anti-HNF4a antibodies H1415, K9218, and H6939, respectively. B, P2-HNF4a rather than P1-HNF4awas expressed in
clinical IMA samples but not non-IMA specimens of lung adenocarcinoma, as assayed by IHC. Scale bar, 50 mm. C and D, Knocking down HNF4a suppressed the
growth of A549 and Calu-3 cells indicated byMTT assay (C) and colony formation assay (D). E and F,Overexpression of HNF4a7 promoted proliferation rate of NCI-
H1437 cells by MTT assay (E) and colony formation assay (F). G and H, Knockdown of HNF4a induced cell-cycle arrest in G0–G1-phase in A549 cells. I and J, BI6015
inhibited proliferation of A549 and Calu-3 cells by MTT assay (I) and EdU assay (treatment for 24 hours; J). Scale bar, 50 mm. K–M, Knocking down HNF4a
suppressed proliferation of A549 cells in vivo, indicated by tumor xenograft assay. Tumor size (K and L) andweight (M) in shCtrl and shHNF4a groupswere detected
and compared (n ¼ 8 per group). Data represented the mean � SEM. The difference significance was analyzed by one-way ANOVA (C, D–F, and I) or unpaired
two-tailed Student t test (K and M). � , P < 0.05; �� , P < 0.01; ��� , P < 0.001 versus control.
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previously (20, 21). BC200 cDNA was cloned into this modified
pCDNA3.1(-) vector with tRSA tag at its 50 end. A549 and HEK293T
cells were harvested, resuspended in 1 mL lysis buffer (10 mmol/L
HEPES, pH 7.0, 200 mmol/L NaCl, 0.5% NP-40, 10 mmol/L MgCl2,
1 mmol/L DTT and protease inhibitors) and lightly sonicated on ice.
Cell lysates were then centrifuged at 12,000 � g, 4�C for 30 minutes.

Supernatants were transferred to a new tube and yeast RNAwas added
to block endogenous nonspecific binding for 20 minutes at 4�C on a
rotation shaker. The mixture was then centrifuged for 10 minutes at
12,000� g, 4�C, and supernatants were transferred to a new tube as the
final precleared lysates. RNA for tRSA or tRSA-BC200 was in vitro
transcribed using the RiboMAX Large Scale RNA Production System-

Figure 2.

P2-HNF4a facilitates migration and invasion of IMA cells. A, Effect of HNF4a knockdown or overexpression on the migration and invasion of A549, Calu-3, and NCI-
H1437 cells by transwell assay. Representative images (top) and cell counts (bottom) are shown. Scale bar, 50 mm.B,HNF4a knockdown inhibited themigration and
invasion ability of A549 cells as indicated by 3D tumor spheroid migration and invasion assay. Scale bar, 50 mm. C, Single-cell trajectory tracking demonstrated the
decreased migration ability of A549 cells by HNF4a knockdown. D and E, BI6015 suppressed the migration and invasion of IMA cells as indicated by transwell assay
(A549 andCalu-3 cells; scale bar, 50mm;D) andwound-healing assay (A549 cells; scale bar, 100mm;E).F andG,KnockingdownHNF4a suppressed themetastasis of
A549 cells to the lung. A549 shCtrl and shHNF4a cell sublines were subjected to tail-vein injection into nudemice (6mice/group). F, Images (left) and quantification
(right) of luciferase expression within the lungs of nude mice in each group are shown. G, Histologic analysis of pulmonary metastases by H&E staining. Data are
presented as the mean � SEM. The difference significance was analyzed by one-way ANOVA (A) or Student t test (C, D, and F).
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Figure 3.

Promoting effects of HNF4a on IMA growth and metastasis depended on its transactivational activity. A and B, HNF4a was predominantly located in the nucleus
of A549 and Calu-3 cells analyzed by immunofluorescence (A) and nucleo-cytoplasmic separation with Western blot analysis (B). Scale bar, 10 mm. N, nucleus;
C, cytoplasm. C and D, Effects of HNF4a7 and its mutant HNF4a7(D69E/R76K) on the proliferation of NCI-H1437 cells were detected by MTT assay (C) and colony
formation assay (D). C, The expression levels of transfected HNF4a7 and its mutant were examined by Western blot analysis with anti-HNF4a (H1415) antibody
(right). E, Effects of HNF4a7 and HNF4a7(D69E/R76K) on the migration and invasion ability of NCI-H1437 cells were analyzed by transwell assay. Scale bar, 50 mm.
F–I,HNF4a7 rather than HNF4a7(D69E/R76K) promoted the proliferation, migration, and invasion of A549 cells as assayed by colony formation assay (G), transwell
assay (scale bar, 50 mm; H), and wound-healing assay (scale bar, 100 mm; I). shCtrl and shHNF4a cells were transfected with pLV-vector, pLV-HNF4a7(r), or its
mutant HNF4a7(r) (D69E/R76K). HNF4a7 silence mutation HNF4a7(r) that could not be recognized by shHNF4a-1 was used in the RNAi rescue experiments
(r, rescue). The expression level of HNF4a in each sample was examined by Western blot analysis (F). All data are shown as average �SEM, and the P value was
determined by one-way ANOVA. �� , P < 0.01; ��� , P < 0.001 versus control.
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Figure 4.

BC200was the downstream target for HNF4a to promote IMA growth andmetastasis.A,A heatmap showing the top genes upregulated or downregulated in A549
cellswith endogenousHNF4a knocked down.B,BC200expression levelwas downregulated inA549 andCalu-3 cells byHNF4a knockdownas analyzed by real-time
PCR. C, BI6015 treatment for 24 hours inhibited BC200 expression in A549 cells. D, Overexpression of HNF4a7 upregulated BC200 expression in NCI-H1437 cells.
E and F, BC200 knockdown attenuated the effects of HNF4a7 overexpression on growth, migration, and invasion of NCI-H1437 cells by MTT assay (E) and transwell
migration and invasion assay (F). Scale bar, 50 mm.G andH, Knocking down BC200 impaired the effects of HNF4a knockdown on growth, migration, and invasion of
A549 cells by colony formation analysis (G) and transwell migration and invasion assay (H). Scale bar, 50 mm. I–K, HNF4a regulated A549 cell xenograft growth
through BC200 mediation. I–K, Tumor size (I and J) and weight (K) were detected and compared (n ¼ 10 per group). L and M, HNF4a promoted metastasis of
A549 cells to the lung through BC200. L, Representative images (left) and quantification (right) of luciferase expression within the lungs of nude mice in each
group are shown.M, Histologic analysis of pulmonary metastases by H&E staining. Data are presented as themean� SEM. The difference significance was analyzed
by one-way ANOVA (B, C, E–I, K, and L) or Student t test (D).
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T7 (catalog no. P1300, Promega) and extracted using TRIzol reagent
(Takara), and then denatured at 65�C for 5 minutes in RNA structure
buffer (10 mmol/L HEPES, pH7.0, 10 mmol/L MgCl2) and slowly
cooled down to room temperature. RNA tethering reaction was done
in 300 mL lysis buffer (containing RNA inhibitor) by incubating
streptavidin beads (50 mL) and denatured tRSA-tag RNA (10 mg per
reaction) on a rotation shaker for 30 minutes at 4�C, and then washed
twice with lysis buffer. Beads were centrifuged and precipitated, then
incubated with the precleared lysates mentioned above supplemented
with RNA inhibitor at 4�C for 4 hours. After that, beads were washed
three times with lysis buffer, and then boiled in SDS loading buffer.
Captured proteins were analyzed by SDS-PAGE and silver staining or
immunoblot.

Statistical analysis
Data were presented as means � SEM. Statistical significance was

determined by two-tailed unpaired Student t test, one-way ANOVA or
two-way ANOVA using GraphPad Prism 8 (Graphpad Software).

Results
P2-HNF4a rather than P1-HNF4a was expressed in human IMA
cell lines and clinical samples

To comprehensively explore the role ofHNF4a during human IMA
progression, we first examined which subtype(s) (P1 and/or P2) of
HNF4a existed in immortalized cell lines and clinical specimens of
human IMA. Three human IMA cell lines were analyzed, including
A549 and Calu-3 cells with high HNF4a expression and NCI-H1437
with hardly detectable HNF4a expression (2). As showed in Fig. 1A,
no detectable HNF4a expression was observed in NCI-H1437 cells
and non-IMA lung adenocarcinoma NCI-H1299 cells, while hepato-
cellular carcinoma HepG2 cells and colon cancer SW620 cells, respec-
tively, expressed P1-HNF4a and P2-HNF4a, in accordance with
previous reports (8) and thus demonstrating the specificity and
effectiveness of these commercial antibodies. P2-HNF4a but not
P1-HNF4awas expressed inA549 andCalu-3 cells, and the expression
level of A549 cells was slightly higher than that of Calu-3 (Fig. 1A).
IHC analysis further indicated the expression of P2-HNF4a instead of
P1-HNF4a in all 11 cases of IMA (NKX2–1 negative) and almost
undetectable HNF4a expression in all 11 cases of non-IMA lung
adenocarcinoma (NKX2–1 positive; Fig. 1B; Supplementary Fig. S1A
and S1B). These results suggested that P2-HNF4a rather than P1-
HNF4a was expressed in human IMA.

HNF4a promoted growth and metastasis of IMA cells in vitro
and in vivo

We then determined the role of HNF4a in IMA growth and
metastasis—two major characteristics of malignant tumors. As indi-

cated by MTT and colony formation assays, knocking down endog-
enous HNF4a expression by two different short hairpin RNAs against
HNF4a (shHNF4a) greatly reduced proliferation and colony forma-
tion of A549 and Calu-3 cell lines; reversely, overexpression
of HNF4a7 (P2-HNF4a), but not HNF4a2 (P1-HNF4a), in H1437
cell line enhanced its proliferation and colony formation ability
(Fig. 1C–F; Supplementary Fig. S1C–S1F). Notably, HNF4a knock-
down manifested more pronounced growth inhibitory effect in A549
cells by MTT assay but in Calu-3 cells by colony formation assay
(Fig. 1C and D), which might attribute to a difference between MTT
assay (evaluating all alive cells) and colony formation assay (only
calculating visible colonies whose diameter bigger than 1 mm). As
Calu-3 cells grew slower and possessed much smaller colony than
A549 cells, dramatic suppression by shHNF4a could be observed
when calculating all visible colonies in Calu-3 cells or counting big
colonies (>2.5mm) in A549 cells (Fig. 1C andD). Flow cytometry was
further performed to examine cell cycle progression in HNF4a-
knockdown A549 cells. Knockdown of HNF4a led to arrested cell-
cycle progression at the G1-phase (Fig. 1G andH). Moreover, HNF4a
antagonist BI6015 significantly inhibited the proliferation rate of A549
and Calu-3 cells, as shown in MTT and EdU assays (Fig. 1I and J). A
subcutaneous xenograft tumormodel was further employed to validate
the effect of HNF4a knockdown on human IMA cell growth in vivo.
HNF4a-knockdown and control A549 (2� 106 per mouse) or Calu-3
(1� 107 permouse) cells were injected subcutaneously into the BALB/
C nude mice. From day 10 after cell injection, the tumor sizes were
monitored at indicated timepoints, and the tumors were harvested at
the end of observation. As shown in Fig. 1K–M and Supplementary
Fig. S1G–S1I, tumors from the HNF4a-knockdown groups grew
much more slowly and weighed much less than that from the control
groups, confirming the growth-promoting role of HNF4a on human
IMA xenograft in nude mice.

We then explored whether HNF4a could also facilitate human
IMA cell migration and invasion. With transwell assay and three-
dimensional (3D) tumor spheroid migration and invasion assay,
knocking down HNF4a in A549 and Calu-3 cells significantly
inhibited their migration and invasion ability, while overexpression
of HNF4a7 but not HNF4a2 increased the migration and invasion
of NCI-H1437 cells (Fig. 2A and B). Single-cell motility analysis
further indicated a dramatically reduced migration ability of A549
cells after knocking down HNF4a (Fig. 2C). In addition, BI6015
significantly inhibited the migration and invasion of A549 and
Calu-3 cells (Fig. 2D and E). We further study the effect of HNF4a
on IMA metastasis in nude mice. HNF4a-knockdown and control
A549 cells, were respectively injected into the tail vein of nude mice,
and the pulmonary metastasis was detected 6 weeks later using
bioluminescence analysis and H&E staining. As shown in Fig. 2F
and G, knocking down HNF4a significantly suppressed the

Figure 5.
BC200 interacted with FMR1 to modulate mRNA stability. A, BC200 mainly localized in the nucleus of A549, Calu-3, and NCI-H1437 cells as indicated by nucleo-
cytoplasmic separation and real-time PCR. 18S rRNA and U6 were respectively used as cytoplasmic (C) and nuclear (N) marker. B, Silver staining of tRSA-based
RNA pulldown proteins. tRSA-BC200 or tRSA plasmid was transfected into A549 cells using HieffTrans Liposomal Transfection Reagent and then subjected to
tRSA-based pulldown assay. C, Interactions of BC200 with FMR1, CPNE2, and HSP90AA1 were validated by tRSA-based pulldown assay. tRSA-BC200 was
cotransfected with Flag-FMR1, Flag-CPNE2, or Flag-HSP90AA1 plasmid in A549 cells and then subjected to tRSA-based pulldown assay and Western blot analysis
with anti-Flag antibody.D andE,FMR1was required for BC200 to regulate IMAgrowth,migration, and invasion in A549 cells analyzed byMTT assay (D) and transwell
assay (E). Scale bar, 50mm. F,Knocking downBC200decreased the binding affinity of FMR1withmRNAs inA549 andCalu-3 cells byRIP assay.G,BC200knockdown
led to the decreased stability of mRNA for Twist, EGFR, ERBB3, and STAT3. A549 cells expressing control or BC200 shRNA (shCtrl or shBC200) were treated with
ActD (10 mmol/L) and harvested at different timepoints as indicated, and then subjected to real-time PCR. 18S rRNAwas used as internal control. H, Knocking down
FMR1 weakened the regulatory effects of BC200 on themRNA stability of Twist and EGFR. I, BC200was essential for HNF4a to regulate themRNA stability of Twist
and EGFR. J, FMR1 was required for HNF4a to regulate themRNA stability of Twist and EGFR. All data are shown as themean� SEM. The difference significancewas
analyzed by two-way ANOVA (D, E, H, I, and J) or unpaired two-tailed Student t test (G). � , P < 0.05; �� , P < 0.01; ��� , P < 0.001 versus control.
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pulmonary metastasis of human IMA cells when compared with the
control group.

HNF4a induced BC200 expression to promote IMA growth and
metastasis

As a transcription factor, HNF4a is predominantly located in the
nucleus of clinical human IMA samples (5). The nuclear location of
HNF4a was confirmed in A549 and Calu-3 cell lines using immu-
nofluorescence and nuclear-cytoplasmic separation assays (Fig. 3A
and B). We further found that overexpression of HNF4a7, but not its

dominant-negative mutant HNF4a(D69E/R76K) failing to bind the
promoter of target genes (22, 23), significantly promoted the growth,
migration, and invasion of NCI-H1437 cells (Fig. 3C–E). Moreover,
knockdown of HNF4a significantly decreased the proliferation,
migration, and invasion of A549 cells, and this effect was rescued by
the reintroduction of HNF4a, but not HNF4a(D69E/R76K; Fig. 3F–
I). Hence, the transactivational activity of HNF4a is essential for this
protein to promote IMA growth and metastasis.

To identify the critical regulator(s) downstream of HNF4a to
advance IMA development and metastasis, we performed genome-

Figure 6.

BC200 was a downstream transcription target of HNF4a. A, Overexpression of HNF4a but not its mutant HNF4a7(D69E/R76K) elevated BC200 expression in
NCI-H1437 cells. B, Potential HRE in human BC200 promoter. C, HNF4a but not its mutant HNF4a7(D69E/R76K) promoted the transcription of BC200 promoter.
HEK293T transiently expressing or NCI-H1437 cells stably expressing pLV vector, pLV-HNF4a7 or pLV-HNF4a7(D69E/R76K) were cotransfected with pRL-TK and
pGL6 plasmids as indicated. Twenty-four hours later, cells were harvested and dual-luciferase reporter assay was carried out. D, Knocking down HNF4a decreased
the transcriptional activity ofBC200 promoter.E–G,Binding of HNF4a to the humanBC200 promoterwas detected by EMSA (E) and ChIP (F andG) assay. For EMSA
assay, recombinant GST-HNF4a7 or its mutation GST-HNF4a7(D69E/R76K) protein was incubated with biotin-labeled oligonucleotides containing HRE promoter.
For ChIP assay, A549 cells were harvested and then the ChIP assay was carried out. Fold enrichment was carried out by real-time PCR, and HNF4a binding to Exo70
promoter was used as a positive control. All data are shown as the mean � SEM. The difference significance was analyzed by two-way ANOVA (A, C, and D) or
unpaired two-tailed Student t test (G).
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wide transcriptional profiling on A549 cells stably expressing
shHNF4a or the control (shCtrl). As shown in Fig. 4A, lncRNA
BC200, one of the most robustly downregulated genes by HNF4a
knockdown in our RNA sequencing analysis, stood out as it was
previously reported to promote the proliferation, migration, and
invasion of a variety of cancer cells including A549 cells (24, 25). The
regulation of HNF4a on BC200 expression was validated by real-time
PCR. Knocking down HNF4a in A549 and Calu-3 cells or treating
A549 cells with HNF4a antagonist BI6015 significantly decreased the
expression of BC200 (Fig. 4B andC); conversely, stable overexpression
of HNF4a7 in NCI-H1437 cells enhanced BC200 expression
(Fig. 4D). We then analyzed whether HNF4a’s actions on IMA were
dependent on BC200. Two shRNAs targeting BC200 (shBC200–1 and
shBC200–2) were constructed, both of which dramatically suppressed
BC200 expression, cell growth, migration, and invasion in IMA cell
lines (Supplementary Fig. S2A–S2D); shBC200–2, whose interference
effects were a little better than that of shBC200–1, was used for further
study. Results from colony formation and transwell migration and
invasion assays showed that the abilities of HNF4a to promote
proliferation, migration, and invasion of IMA cell lines were impaired
after BC200 was knockdown (Fig. 4E–H). Moreover, we observed a
rescue phenotype when BC200 was overexpressed in A549 and Calu-3

cells with HNF4a knockdown using MTT and transwell assays
(Supplementary Fig. S2E–S2J). The mediation effect of BC200 on the
regulation of HNF4a on IMA growth and metastasis was further
verified in vivo with a subcutaneous xenograft tumor model and a tail
vein lung cancer metastasis mouse model (Fig. 4I–M). These results
thus indicated that HNF4a promoted IMA growth and metastasis
through inducing BC200 expression.

BC200 interacted with FMR1 to regulate IMA
Previous study indicated that BC200 exerts diverse cellular func-

tions through interacting with different proteins in a context-
dependent manner (26, 27); however, BC200-associated proteins in
lung cancer including IMA remain unclear. To address how BC200
facilitates the growth, migration, and invasion of IMA cells, we first
analyzed the subcellular location of BC200 in IMA cells by nucleo-
cytoplasmic separation and real-time PCR. As shown in Fig. 5A,
BC200 was predominantly localized in the cytoplasm of A549, Calu-3,
and NCI-H1437 cells. The tRSA-based RNA pulldown assay (20, 21)
with A549 cell lysates was then carried out. Candidate BC200-inter-
acting proteins coprecipitated with tRSA-BC200, but not or much less
in that of the tRSA control, were analyzed by mass spectrometry
(Fig. 5B). Most of the BC200-associated proteins were involved in

Figure 7.

BC200 increased the stability of HNF4a mRNA. A and B, Knocking down BC200 decreased the protein and mRNA levels of HNF4a in A549 and Calu-3 cells as
analyzed byWesternblot analysis (A) and real-timePCR (B).C,BC200 knockdowndecreased the stability of HNF4amRNA.A549 cells expressing shCtrl or shBC200
were treated with ActD (10 mmol/L) and then subjected to real-time PCR. 18S rRNA was used as internal control. D, BC200 knockdown weakened the interaction
between HNF4amRNA and FMR1 in A549 and Calu-3 cells by RIP assay. E, FMR1 was required for BC200 to regulate mRNA level of HNF4a in A549 cells. F, BC200
binding to HNF4a mRNA CDS and 30-UTR was detected by in vitro RNA–RNA interaction assay. All binding signals were normalized to that of BC200-antisense
(BC200-AS). All data are presented as the mean � SEM. The difference significance was analyzed by one-way ANOVA (B), unpaired two-tailed Student t test
(C and F), or two-way ANOVA (E). � , P < 0.01; ��� , P < 0.001.
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genetic information processing,metabolism, and signaling and cellular
processes using Kyoto Encyclopedia of Genes and Genomes pathway
analysis (Supplementary Fig. S3A).

To identify the critical interacting proteins for BC200 to drive IMA
growth andmetastasis, we sorted the list of BC200-associated proteins
mentioned above according to the number of peptide difference
between tRSA-BC200 and the tRSA control, and the interaction
between BC200 and the top 10 cytoplasmic protein in the list (Sup-
plementary Fig. S3B) was confirmed by tRSA-based RNA pulldown.
By comparing the input, we identified three proteins with the strongest
binding ability to BC200, including mRNA binding protein FMR1
(also known as FMRP), calcium-dependent phospholipid binding
protein CPNE2 (also known as copine II) and molecular chaperone
HSP90AA1 (Fig. 5C; Supplementary Fig. S3C). We further found that
FMR1knockdown dramatically suppressed the proliferation,migration,
and invasion of A549 cells, and also blocked the potential of BC200 to
facilitate those abilities (Fig. 5D and E). However, CPNE2 was mainly
located in the nucleus while HSP90AA1 did not take part in the
regulation of proliferation, migration, and invasion of A549 cells
(Supplementary Fig. S3D–S3F). These results thus indicated that FMR1
was essential for BC200 to promote growth andmetastasis of IMA cells.

It was previously shown that FMR1 binds mRNAs involved in
cancer progression and regulates their stability and translation in
breast cancer (28). In A549 and Calu-3 cells, BC200 knockdown
impaired the interaction of FMR1 with these mRNAs, such as Twist1,
EGFR, CDH1, TGFB1, ERBB3, and STAT3, and also altered their
degradation rate (Fig. 5F andG). The effect of BC200 on the turnover
of FMR1-targeted mRNAs such as Twist1 and EGFR was eliminated
when FMR1 was knocked down (Fig. 5H). Together, the above results
suggested that BC200 acted as a scaffold for FMR1 to bind and regulate
stability of cancer-related mRNAs, thereby enhancing growth and
metastasis of IMA.

HNF4a, the upstream regulator of BC200, was subsequently found
to modulate stability of Twist1 and EGFR via BC200-FMR1mediation
(Fig. 5I and J). The positive correlation between the expression levels
of Twist1 and HNF4a was validated in 11 IMA and 11 non-IMA
clinical samples of lung adenocarcinoma (Fig. 1B; Supplementary
Fig. S1A and S1B; Supplementary Fig. S4A and S4B). Furthermore,
overexpression of HNF4a7 promoted the growth, migration and
invasion of BC200-knockdown cells rescued with wild-type BC200,

but not those rescued with mutated BC200 unable to interact with
FMR1 (Supplementary Fig. S4C–S4E). Similarly, HNF4a overexpres-
sion promoted the growth, migration, and invasion of FMR1-knock-
down cells rescued with wild-type FMR1, but not those rescued with
mutated FMR1 incapable of binding BC200 (Supplementary Fig. S4F–
S4H). These results thus indicated the promoting role of HNF4a-
BC200/FMR1-Twist/EGFR axis in IMA growth and metastasis.

Oncogene protein c-Myc was previously reported to transcription-
ally promote BC200 expression in lung cancer cell lines including
A549 (25). Interestingly, our results also indicated the reverse positive
action of BC200 on the mRNA and protein expression of c-Myc in
A549 and Calu-3 cells (Supplementary Fig. S4I and S4J), which might
be a downstream effect of BC200/FMR1’s regulation on EGFR, a
regulator of Akt/c-Myc pathway.

BC200 is a transcriptional target of HNF4a
We then investigated how HNF4a increased BC200 expression.

Overexpression of HNF4a, instead of HNF4a(D69E/R76K), elevated
the expression level of BC200 in NCI-H1437 cells (Fig. 6A).
Through sequence analysis, two conserved HNF4a response ele-
ment (HRE) was predicted at �361 to �351 bp (named S1) and
�1,516 to�1,503 bp (named S2) within the human BC200 promoter
(Fig. 6B), suggesting that BC200 might be a target gene of HNF4a.
S1, S2 and their mutants unable to bind HNF4a were then con-
structed respectively into the luciferase reporter vector pGL6
(Fig. 6C). The transcriptional activity of S1 and S2, but not their
mutants, was elevated by overexpression of HNF4a rather than
HNF4a (D69E/R76K) in 293T and NCI-H1437 cells (Fig. 6C).
Conversely, the transcriptional activity of S1 and S2 was significantly
attenuated by knocking down HNF4a in A549 and Calu-3 cells
(Fig. 6D). Direct binding of HNF4a to BC200 promoter was verified
by electromobility shift assay (EMSA). The results showed that
biotin-labeled wild-type but not the mutated S1 and S2 probes
formed complex with recombinant HNF4a protein, and the spec-
ificity of their binding was confirmed by the addition of excess
unlabeled S1 and S2 probes (Fig. 6E; Supplementary Fig. S5).
Chromatin immunoprecipitation (ChIP) further confirmed the
interaction between HNF4a and the BC200 promoter in vivo
(Fig. 6F and G). These results thus identified BC200 as a novel
transcriptional target of HNF4a.

Figure 8.
MMF inhibited growth, migration, and invasion of IMA cells via antagonizing HNF4a. A, Screening potential HNF4a antagonists from FDA-approved drug library.
Drugs able to inhibit the transactivational activity of HNF4a are showed. pBind-HNF4aor pBind vectorwere cotransfectedwith pG5-Luc plasmid into 293T cells, and
then treatedwith FDA-approved drugs (10mmol/L, 24 hours). After treatment, cellswere harvested and dual-luciferase reporter assaywas performed. The luciferase
activity in each sample was calculated by normalizing its Firefly luciferase activity to Renilla luciferase activity, and the resulting value of pBind-HNF4a was
normalized to that of pBind vector for the same drug to eliminate its possible influence on the empty vector. B, Effects of the above drugs on the expression level of
BC200 by real-time PCR. C, Chemical structure of MMF (left) and MPA (right). D, Molecular docking showed MPA (green) in HNF4a/LBD (cyan). Key residues
involved in MPA binding are shown in sticks, with carbon atoms in cyan, oxygen atoms in red, and nitrogen atoms in blue. Potential hydrogenbonding interaction
betweenMPA andHNF4a/LBD residuesMet342 is shown as dashed red line. E,High performance liquid chromatography (HPLC) analysis of MPA binding to the LBD
of HNF4a7. Ni-NTA beads bound HNF4a7/LBD or Ni-NTA beads alone was incubated with MPA and subjected to high performance liquid chromatography analysis
as described in Materials and Methods. F,MMF andMPA downregulated BC200 expression in a HNF4a-dependent manner. G andH,A549 shCtrl and shHNF4a cells
were treated with vehicle, 0.125 mmol/L MMF, or MPA for 24 hours, and then BC200 level was detected by real-time PCR. MMF and MPA suppressed growth of A549
cells through HNF4a as detected by MTT assay (G) and transwell assay (H). Scale bar, 50 mm. MMF or MPA (3 mmol/L, 24 hours) was used in G. I, MPA treatment
altered the downstream signaling pathways of EGFR and Twist1 in A549 cells. A549 cells were treated with MPA for 24 hours and then subjected to Western blot
analysis. J–L,MMF treatment inhibited A549 xenograft growth in nude mice via HNF4amediation. Twelve days after A549 cells were injected, mice were randomly
divided into twogroups (10mice/group) and treatedwith vehicle orMMF (40mg�kg�1 per day). The tumor volumewasmeasured every 2 days andgrowth curvewas
plotted (J). Eighteendays later,micewere sacrificed and the tumorswere removed,weighted (K), and photographed (L).M andN,MMFsuppressed themetastasis of
A549 cells to the lung throughHNF4a. A549 cells stably-expressing luciferasewere intravenously injected into nudemice and 10 days later were treatedwith vehicle
or MMF (40mg�kg�1 per day) for 30 days (6mice/group). Images (M) and quantification (N) of luciferase expression within the lungs of nudemice in each group are
shown. O, A proposed action model for HNF4a-BC200-FMR1 feedback loop in the growth and metastasis of IMA, which was antagonized by MPA. N, nucleus;
C, cytoplasm. All data are presented as themean� SEM. The difference significance was analyzed by one-wayANOVA (A, B, F,H, J,K, andN) or unpaired two-tailed
Student t test (E and G). �, P < 0.05; �� , P < 0.01; ��� , P < 0.001 versus control.
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BC200 inversely upregulated HNF4a expression through FMR1
Weaccidentally found that knockdown of BC200 inA549 andCalu-

3 cells decreased the protein and mRNA levels of HNF4a, and the
changes of protein levels were comparable with that ofmRNA (Fig. 7A
andB), suggesting that BC200 in turn increased themRNA expression
of HNF4a. To determine this regulation occurred at transcriptional or
posttranscriptional level, �2,000 to þ1 bp region of the HNF4A
promoter was constructed into pGL3-basic. Results from dual-
luciferase reporter gene assay showed that BC200 knockdown did
not affect the transcription of the HNF4A promoter in A549 cells
(Supplementary Fig. S6A). Because our above results had proved that
BC200 acted as a scaffold for FMR1 to bind and regulate stability of
cancer-related mRNAs, we speculated BC200 might also stabilized
HNF4a mRNA via FMR1. With mRNA transcription inhibitor acti-
nomycin D (ActD), we found that knockdown of BC200 indeed
accelerated the degradation of HNF4a mRNA, and weakened the
binding of FMR1 to HNF4amRNA in A549 and Calu-3 cells (Fig. 7C
and D). Moreover, FMR1 knockdown could inhibit the regulation of
BC200 on the stability of HNF4amRNA (Fig. 7E). Sequence analysis
further predicted the partial pairing of BC200 with the coding
sequence (CDS) and 30 untranslated region (30UTR) ofHNF4amRNA
(Supplementary Fig. S6B), and their direct binding was confirmed by
biotin immunoprecipitation (Fig. 7F). These results suggested that
BC200 inversely elevated HNF4a expression through serving as a
mediator for FMR1 to interact with and stabilize HNF4a mRNA.

Mycophenolic acid antagonized HNF4a to inhibit IMA
BI6015, the sole antagonist of HNF4a so far, is still far away from

being implemented into clinical practice. We therefore carried out a
screen of an FDA-approved drug library containing 1,200 drugs and
identified 11 drugs capable of suppressing the transactivational activity
of HNF4a using dual-luciferase reporter system (Fig. 8A). Among
these drugs, MMF (CellCep, CAS#: 128794–94–5) manifested the
strongest inhibitory effect on BC200 expression (Fig. 8B and C).
Considering the importance of HNF4a-BC200 axis in IMA progres-
sion and the rapid hydrolyzation of MMF by esterase in serum-
containing cell cultures and in vivo (29, 30), MMF and its active
metaboliteMPA (CAS#: 24280–93–1; Fig. 8C) were chosen for further
study. Molecular docking analysis suggested that MPA have much
better binding conformation to the classic ligand-binding pocket (LBP,
pocket 1) than to the other two allosteric pockets at domain–domain
junctions of HNF4a (pocket 2 and pocket 3; ref. 31; Supplementary
Fig. S7A and S7B). The hydroxyl oxygen atom of the carboxylic acid
group on the tail of MPA formed a hydrogen bond (2 Å) with key
residue Met342 in HNF4a LBP, and the aromatic rings on the head of
MPA formed strong hydrophobic interaction with HNF4a residues
Val242, Leu249, Met252, Val255, Ile259, etc. (Fig. 8D). Results from
high performance liquid chromatography further confirmed the bind-
ing of MPA with HNF4a/LBD (Fig. 8E; Supplementary Fig. S7C).
Moreover, MPA suppressed the mRNA expression of some well-
known targets of HNF4a such as ALDOB, APOA1, and Exo70 in a
dose-dependent manner (Supplementary Fig. S7D).

We then estimated whether the function of HNF4a was antago-
nized by MMF and MPA in IMA cells. As showed in Supplementary
Fig. S7E–S7G, MMF andMPA induced a comparable dose-dependent
decrease in BC200 expression, proliferation, migration, and invasion
of A549 cells. These inhibitory effects of MMF and MPA were
substantially attenuatedwhen endogenousHNF4awas knocked down
(Fig. 8F–H). In addition, MPA suppressed the mRNA expression of
BC200/FRM1 targets including Twist1, EGFR and ERBB3 (Supple-
mentary Fig. S7H). The downstream signaling pathways of EGFR and

Twist1 to regulate IMA growth and metastasis under MPA treatment
were further examined. As shown in Fig. 8I, MPA effectively sup-
pressed EGFR/Akt signaling and decreased the expression of its
downstream effectors such as antiapoptotic protein Bcl-2 and pro-
cancerous protein c-Myc; similarly, the repression of Twist1 protein by
MPA led to the decrease of mesenchymal markers N-cadherin and
Vimentin and the increase of epithelial marker E-cadherin.

The anti-growth and anti-metastasis effects of MMF and MPA in
IMA were further verified in vivo. MMF treatment effectively sup-
pressed the subcutaneous xenograft growth and the pulmonarymetas-
tasis of A549 cells in nude mice, without affecting their body weight
(Supplementary Fig. S7I–S7O). Moreover, HNF4a knockdown
impaired the potential of MPA to inhibit the subcutaneous xenograft
growth and the pulmonary metastasis of A549 cells in nude mice
(Fig. 8J–N). Together, these results indicated that MPA, the active
metabolite of MMF, antagonized HNF4a to inhibit growth and
metastasis of IMA.

Discussion
As a unique subtype of lung adenocarcinoma, IMA carries undrug-

gable KRAS mutations rather than EGFR mutations with successful
targeted drugs. HNF4a was recently found abnormally enriched and
to be a diagnostic marker in IMA (5, 8); however, it remains unclear
whether HNF4a could be a therapeutic target for IMA. In this study,
we demonstrated that P2-HNF4a was expressed in IMA cell lines and
clinical samples and promoted the growth, migration and invasion of
IMA cells in vitro and in vivo (Figs. 1 and 2). Mechanistically, we have
identified lncRNA BC200 as a downstream transcriptional target for
HNF4a to exert its IMA-promoting role (Figs. 3 and 4 and Fig. 6).We
further found that BC200 played as a linker for FMR1 to bind and
regulate the stability of mRNAs involved in cancer growth and
metastasis (Fig. 5). Interestingly, BC200 in turn increased HNF4a
mRNA stability by mediating its interaction with FMR1 (Fig. 7),
thereby forming a positive feedback circuit to regulate IMA progres-
sion. With an FDA-approved drug library, we further identified
mycophenolic acid, the active metabolite of mycophenolate mofetil,
as aHNF4a antagonist, which inhibited growth andmetastasis of IMA
cells in vitro and in vivo through HNF4a (Fig. 8). Therefore, these
results demonstrated that HNF4a-BC200-FMR1–positive feedback
loop promotes IMA growth and metastasis, and the FDA-approved
drug mycophenolate mofetil, whose active metabolite antagonized
HNF4a, could be used for IMA treatment.

BC200, a 200 nucleotide lncRNA, is selectively expressed in human
neurons and abnormally overexpressed in Alzheimer disease and
various cancers of nonneural origins (32–34). Knockdown of BC200
suppresses proliferation, migration, invasion or induces apoptosis in
breast cancer, cervical cancer, ovarian cancer, and lung cancer cell
lines (24, 25, 35, 36). Mechanism study further indicated that BC200,
whose expression is induced by estrogen signaling, facilitates the
binding of hnRNP A2/B1 with Bcl-x precursor mRNA and conse-
quently prevents the latter from being spliced into pro-apoptotic Bcl-
xS isoform by Sam68, leading to suppression of cell apoptosis in breast
cancer (35). In cervical cancer and breast cancer cell lines, BC200
knockdown reduces cell migration and invasion through destabilizing
mRNA for calcium-binding protein S100A11 (36). Oncogene protein
c-Myc upregulates expression of BC200 via binding to its promoter,
thereby improving expressions of the critical metastasis-supporting
proteins MMP-9 and MMP-13 in lung cancer cell lines including
A549 (25); nevertheless, how BC200 regulates MMPs remains elusive.
In the current study, we fished and identified FMR1 as the BC200-
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associated protein essential for BC200 to promote growth and metas-
tasis of IMA cells; BC200 plays as a bridge for FMR1 to bind and
stabilize mRNAs for growth and metastasis-related genes, such as
TWIST1, EGFR, CDH1, TGFB1, ERBB3, and STAT3, some of which
were upstream regulators of MMPs (Fig. 5; ref. 37). Notably, previous
studies reported conflicting data on the interactions between FMR1
and BC200/BC1 (the mouse homolog of BC200; refs. 38–42). Some
proposed that FMR1 and BC200/BC1 formed complex to stabilize or
facilitate binding with FMR1-targeted mRNAs at synapses (38, 39),
while others could not find evidence of an interaction between BC200/
BC1 and FMR1 in vitro under physiological conditions or in the brain
of mouse but showed that FMR1 bound to its mRNA targets inde-
pendent of BC1 (40–42). In addition, FMR1was not included in the set
of BC200-binding proteins in several breast cancer cell lines (26). As
our data obtained in IMA cell lines strongly support the interaction
between BC200 and FMR1 and their cooperation in the regulation of
mRNA stability, we therefore consider that whether BC200 and FMR1
could form a complex depends on the context.

MMF, a prodrug of MPA, has been widely used in clinic for the
prevention of acute graft rejection through inhibiting inosine mono-
phosphate dehydrogenase (IMPDH), a rate-limiting enzyme in de
novo synthesis of guanosine nucleotides; MPA has a more potent
cytostatic effect on T and B lymphocytes due to their higher depen-
dency on this pathway, as compared with other cell types (30). Recent
study also indicated that MMF inhibits proliferation and/or migration
and invasion in colon, pancreas, lung, and gastric cancer cells
in vitro (43–46); but has only weak antitumor effects for CT-26,
B16, and TMK1 cells in nude mice even using a high concentration
of 80 mg�kg�1 per day intraperitoneally, which was conjectured by the
authors to be possibly associated to low bioavailability as the MPA
blood level reaches the peak 2 hours after MMF bolus dosing but
decreases dramatically thereafter (43). However, more thorough phar-
macokinetics study found that in addition to the first peak of plasma
MPA at 1–2 hours following MMF administration, a secondary peak
usually occurs at about 4–12 hours, attributed to enterohepatic
recirculation of MPA metabolite mycophenolic acid glucuronide
(MPAG), which is excreted from the liver into the small intestine
with bile and then deconjugated back to MPA through the action of
intestinal bacteria and reabsorbed in the colon, resulting in the mean
elimination half-life of MPA ranging from 9–17 hours (47). Another
point to be considered is that the immunosuppressive activity of MPA
may counteract its antitumor effect, if a particular tumor entity is
immunogenic (i.e., hot tumor), such as theCT-26–derived tumors (48).
As approximately 80% of lung tumors are cold tumors lacking
immunogenicity, it is unsurprising that we observed outstanding
anti-growth and anti-metastasis effects of MMF on HNF4a-abundant
IMA cells both in vitro and in nude mice at a concentration of

40mg�kg�1 daily by intragastrical administration (Fig. 8). In addition,
MMF, such immunosuppressive agent with antitumor effect, could
also help solve the problem of posttransplant malignancy with positive
HNF4a expression, including but not limited to IMA, because our
unpublished data indicated much higher efficacy of MMF on HNF4a-
positive gastric cancer cells than HNF4a-negative gastric cancer cells.

In conclusion, our finding provides a molecular and the underlying
mechanism that regulates IMA cell growth, migration, and invasion
and an FDA-approved drug targeting HNF4a to inhibit IMA, which
may potentially lead to the development of tools for prognosis and
treatment of IMA.
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