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Abstract

Epithelial tumor cells undergo epithelial-to-mesenchymal transition (EMT) to gain metastatic
activity. Competing endogenous RNAs (ceRNAs) have binding sites for a common set of
microRNAs (miRs) and regulate each other’s expression by sponging miRs. Here, we address
whether ceRNAs govern metastasis driven by the EMT—activating transcription factor ZEB1.
High miR-181b levels were correlated with an improved prognosis in human lung
adenocarcinomas, and metastatic tumor cell lines derived from a murine lung adenocarcinoma
model in which metastasis is ZEB1—-driven were enriched in miR-181b targets. ZEB1 relieved a
strong basal repression of integrin-a1 (ITGA1), which in turn upregulated adenylyl cyclase 9
(ADCY9) by sponging miR181b. Ectopic expression of the ITGA1 3’ untranslated region
reversed miR-181b—mediated metastasis suppression and increased the levels of ADCY9,
which promoted tumor cell migration and metastasis. In human lung adenocarcinomas, ITGA1
and ADCY9 levels were positively correlated, and an ADCY9-activated transcriptomic signature
had poor-prognostic value. Thus, ZEB1 initiates a miR-181b—regulated ceRNA network to drive

metastasis.

Introduction

Metastasis is the primary cause of cancer-related death (1) and is driven by tumor cells that are
uniquely capable of switching reversibly between epithelial and mesenchymal states in
response to extracellular cues (2). During epithelial-to-mesenchymal transition (EMT), tumor
cells switch their axis of polarity from apical-basal to front-rear, detach from neighboring cells,
and become more motile and invasive and more resistant to cytotoxic chemotherapy (3-6). EMT
is activated by several transcription factor families (e.g., ZEB, SNAIL, TWIST, FOXO, and

others) (7). In a pancreatic cancer model driven by PDX1-Cre-mediated activation of mutant



Kras and p53 alleles, multiple EMT-activating transcription factors (EMT-TFs) are upregulated,
and metastasis is ablated by inactivation of ZEB1 but not SNAIL or TWIST (8, 9), suggesting
variable pro-metastatic activities. In breast and lung adenocarcinomas, high ZEB1 expression
levels confer tumor-initiating and metastatic activities and are correlated with a poor prognosis
(10). ZEB1 downregulates the expression of epithelial polarity genes and microRNAs (e.g., miR-
34a, miR-148a, and miR-200 family members) that promote epithelial differentiation and inhibit
tumor initiation and metastasis by regulating actin cytoskeletal remodeling, Golgi compaction,
and polarized vesicle trafficking (4, 11, 12). Thus, miRs are critical downstream effectors of

EMT-TFs.

Competing endogenous RNAs (ceRNAs) have binding sites for a common set of microRNAs
(miRs) and regulate each other’s expression by functioning as miR sponges. For example, the
phosphatase and tensin homolog (PTEN) pseudogene PTENP1 was found to compete with
PTEN for binding to miR-19b and miR-20a; hence, in tumor cells with a wild-type (WT) PTEN
locus, loss of PTENP1 leads to miR-mediated depletion of PTEN (13). Other non-coding RNA
species that can function as ceRNAs include a long non-coding RNA activated by transforming
growth factor-g (TGFf), IncRNA-ATB, which competes with ZEB1 and ZEB2 for binding to miR-
200 to drive the invasion-metastasis cascade in hepatocellular carcinoma (14). High levels of
circular RNAs such as circRNA_100290 and circRNA_CCDC66 can promote oral cancer and
colon cancer, respectively, by functioning as miR sponges (15, 16). In addition, the MYCN
proto-oncogene drives neuroblastoma progression by sponging let-7 (17). Thus, non-coding
RNAs participate in ceRNA networks to drive tumorigenesis, but whether ceRNAs are

upregulated during EMT and mediate metastasis driven by EMT-TFs remains unclear.

To test the hypothesis that EMT-TFs initiate ceRNA networks to promote metastasis, we
used clinically annotated human lung adenocarcinomas and lung adenocarcinoma cell lines that

were derived from mice that express K-ras®'?® and p53R'72H (hereafter termed KP cells) and



differ in metastatic activity (18). Highly metastatic KP cell lines undergo a reversible EMT in
response to extracellular cues and demonstrate migratory and invasive activities that are driven
by high ZEB1 expression levels, whereas poorly metastatic KP cells do not exhibit such
differentiation plasticity and remain in an epithelial state (18). The findings presented here
support a model in which ZEB1 increases metastasis through a miR-181b-regulated ceRNA

network involving ITGA1 and ADCY9.

RESULTS

ZEB1 upregulates ITGA1 to inactivate the metastasis suppressor miR-181b. To identify
miRs that govern an EMT-regulated, pro-metastatic ceRNA network, we first screened for miRs
that are correlated with an improved prognosis in lung cancer, are not silenced during EMT,
have targets that are enriched in the ZEB1 transcriptome, and function as suppressors of
ZEB1-driven metastasis. By mining expression profiles of over 900 miRs in clinically annotated
human lung cancers (n=246) and a poorly metastatic KP cell line (393P) that undergoes EMT
and gains invasive and metastatic capabilities after ectopic ZEB1 expression (11), we identified
8 miRs that were correlated with an improved prognosis and were not suppressed by ectopic
ZEB1 expression (Supplemental Figure 1A). To validate these findings, we performed
quantitative RT-PCR (qPCR) analysis on KP cell lines that have been classified as
mesenchymal or epithelial (11) and on 393P_ZEB1 cells and 393P_vector cells, which
confirmed that 6 of the 8 miRs were not silenced during EMT (Figure 1A and Supplemental
Figure 1B). To determine whether the ZEB1 transcriptome is enriched in predicted targets of the

6 miRs, we used a prediction algorithm (www.targetscan.org) to query RNA-seq data from

393P_ZEBH1 cells and 393P_vector cells and found that the genes upregulated at least 2-fold by

ectopic ZEB1 expression were enriched in predicted targets of 5 miRs (Figure 1B).



Next, we performed gain- and loss-of-function studies on 3 miRs that demonstrated the
greatest target gene—enrichment in the ZEB1 transcriptome (miR-181b, let-7f-1-3p, miR-218-2-
3p). Compared to control transfectants, 393P cells transfected with antagomiR-181b or
antagomiR-let-7f-1 were more migratory and invasive in Boyden chambers (Figure 1, C and D),
but cell proliferation and EMT marker levels were not different (Figure 1E and Supplemental
Figure 1C). Conversely, compared to control transfectants, highly metastatic H1299 human lung
cancer cells transfected with miR-181b, let-7f-1, or miR-218-2-3p were less migratory in Boyden

chambers (Supplemental Figure 1, D and E).

Based on reports that miR-181b functions as a metastasis suppressor (19, 20), we
performed miR-181b gain-of-function studies on highly metastatic murine (344SQ) and human
(H1299) lung adenocarcinoma cells. Following subcutaneous injection into syngeneic,
immunocompetent mice, 344SQ_miR-181b cells and 344SQ_vector cells formed primary
tumors of similar size, but the 344SQ_miR-181b tumors generated fewer lung metastases
(Figure 1F and Supplemental Figure 2A). Compared to 344SQ_vector cells, 344SQ_miR-181b
cells formed fewer lung colonies following tail vein injection (Figure 1G and Supplemental Figure
2B). Compared to empty vector transfectants, miR-181b—transfected 344SQ cells and H1299
cells underwent more anoikis in suspension cultures (Figure 1,H and I) and formed fewer
colonies in soft agar (Figure 1J) but exhibited no differences in proliferation in monolayer culture
(Supplemental Figure 2C). Conversely, compared to scrambled control transfectants,
antagomiR-181b—transfected 393P cells formed more lung colonies following tail vein injection
(Figure 1K and Supplemental Figure 2D). Thus, miR-181b functioned as a metastasis

suppressor in the context of a ZEB1—driven lung adenocarcinoma model.

We reasoned that if ZEB1 increases metastasis by activating a miR-181b—regulated ceRNA
network, then high ZEB1 levels should antagonize the pro-metastatic activity of antagomiR-

181b. To test this idea, we compared the effects of antagomiR-181b on KP cells with high



(344SQ, 344P) and low (393P, 307P) ZEB1 levels. Although antagomiR-181b prominently
decreased miR-181b levels in both groups (Supplemental Figure 3A), pro-metastatic effects
were observed only in low—ZEB1 KP cells, which demonstrated enhanced cell migration (Figure
2A), reduced anoikis (Figure 2, B and C), increased colony formation in soft agar (Figure 2D),
and increased miR-181b target gene expression (Figure 2, E and F). Importantly, ectopic ZEB1
expression attenuated the sensitivity of low—ZEB1 tumor cells (393P, 307P, HCC827) to
antagomir-181b (Figure 2G and Supplemental Figure 3, B and C). These findings supported

further studies to determine whether ZEB1 activates a miR-181b-regulated ceRNA network.

To identify ZEB1-upregulated miR-181b targets that might function as ceRNAs, we queried
RNA-seq data from 393P_ZEB1 cells and 393P_vector cells using a prediction algorithm

(www.targetscan.org), which identified 62 genes that contained at least 1 predicted miR-181b

binding site and were increased at least 1.5-fold by ectopic ZEB1 expression (Figure 3A). gPCR
analysis of the most highly upregulated miR-181b targets in the KP cell line panel showed that
ITGA1 was the only miR-181b target that was differentially expressed between mesenchymal
and epithelial KP cells (Supplemental Figure 4A). In The Cancer Genome Atlas human lung
adenocarcinoma database (n=1,016 tumors), ZEB1 and ITGA1 mRNA levels were positively
correlated (Supplemental Figure 4B). In 344SQ cells, ITGA1 and miR-181b were approximately
equimolar (~300 copies per cell) (Figure 3B), an important determinant of ceRNA functionality
(21). ITGA1 contains 3 predicted miR-181b-binding sites in the coding sequence and 1 site in
the 3’ untranslated region (3’'UTR) (www.targetscan.org). Relative to empty vector transfectants,
miR-181b—transfected 344SQ cells had lower activities of reporters containing the ITGA1 3'UTR
but not reporters containing the ITGA1 coding sequence or a mutant ITGA1 3'UTR lacking the
predicted miR-181b site (Figure 3C). A negative control miR (miR-181c) did not suppress ITGA1
3'UTR activity (Figure 3C). To address whether miR-181b binds to the ITGA1 3’'UTR, we

performed MS2-based RNA immunoprecipitations (RIP) (22). Compared to MS2 RNA and a



negative control miR (miR-200b), a MS2-ITGA1 3'UTR fusion transcript was significantly
enriched in miR-181b (Figure 3D). A mutation in the predicted miR-181b—binding site in the

ITGA1 3’'UTR abrogated the enrichment (Figure 3D).

ITGA1 encodes integrin-a1, which is a component of a heterodimeric collagen receptor
(a1B1) that stimulates actin cytoskeletal remodeling and cell motility (23) but has no known role
in EMT-driven metastasis. To determine whether it promotes metastasis through a non-coding
RNA function, we used short hairpin RNAs (shRNAs) to generate ITGA1—deficient 344SQ cells,
reconstituted them with full-length ITGA1 or with ITGA1 constructs that lack 3’UTR or translation
start codon sequences, and injected the transfectants subcutaneously or intravenously into
syngeneic, immunocompetent mice. Compared to ITGA1-replete cells, ITGA1-deficient 344SQ
cells formed flank tumors that were less metastatic to the lungs following subcutaneous injection
(Supplemental Figure 4, C and D) and generated fewer lung colonies following tail vein injection
(Supplemental Figure 4, E and F). Lung colonization was partially restored by ITGA1 constructs
that lack 3’'UTR or start codon sequences and completely restored by full-length ITGA1 (Figure
3E and Supplemental Figure 5, A and B). Thus, ITGA1 was pro-metastatic in part through its

J'UTR.

To determine whether miR-181b—binding sites in the ITGA1 3'UTR are required for
metastasis, we introduced wild-type or mutant ITGA1 3’'UTR constructs lacking miR-181b—
binding sites into 393P cells, which have relatively low endogenous ITGA1 levels (Supplemental
Figure 4A). Compared to control transfectants, 393P cells transfected with the wild-type ITGA1
3'UTR had increased migratory activity in Boyden chambers (Figure 3F) and reduced anoikis in
suspension cultures (Figure 3G) and generated more lung colonies following tail vein injection
(Figure 3H), whereas a mutant ITGA1 3’'UTR that lacks the miR-181b binding site did not
increase these metastatic properties (Figure 3, F-H). Similarly, compared to ITGA1-replete

cells, ITGA1—-deficient H1299 cells had reduced migratory activity in Boyden chambers, and the



migratory activity of the ITGA1—-deficient H1299 cells was restored by vectors that express wild-
type ITGA1 3'UTR but not a mutant ITGA1 3’'UTR that lacks the miR-181b binding site (Figure
31). Furthermore, ectopic miR-181b expression diminished the ITGA1 3’UTR—induced increase
in 393P cell migratory activity (Figure 3J), and antagomiR-181b partially rescued the migratory
and invasive activities of ITGA1-deficient 344SQ cells (Figure 3K). Thus, the ITGA1 3’'UTR

promoted metastasis through its miR-181b—binding activity.

ZEB1 upregulates ITGA1 through multiple intermediates. On the basis of the above
evidence that ITGA1 is a pro-metastatic miR-181b target, we performed additional studies to
elucidate the way in which ZEB1 upregulates ITGA1 expression. Ectopic ZEB1 expression
increased RNA polymerase |l binding to the ITGA1 gene promoter (Supplemental Figure 6A),
indicating that ZEB1 increases ITGA1 gene transcription. However, ZEB1 functions primarily as
a transcriptional repressor (24), which led us to reason that ZEB1 increases ITGA1 transcription
through intermediates. To test this idea, we examined the kinetics of ITGA1 mRNA upregulation
in 393P cells that express ZEB1 under the control of a doxycycline-inducible promoter. ITGA1
MRNA levels increased 72 h after the initiation of doxycycline treatment, whereas the levels of
miR-200b, a ZEB1 target (25), decreased within 24 h (Supplemental Figure 6B). To determine
whether the delay was the result of ZEB1-induced epigenetic regulation of the ITGA1 genomic

locus, we used a prediction algorithm (http://www.urogene.org/methprimer/) and identified a

CpG island in the ITGA1 gene locus (+186 to +400: +1 refers to the first nucleotide of the
5'UTR) that bisulfite sequencing revealed to be more methylated in epithelial than in
mesenchymal KP cells and was demethylated in response to ectopic ZEB1 expression (Figure
4A). Treatment with the DNA methyltransferase inhibitor 5-azacytidine increased ITGA1 mRNA
levels in epithelial (393P, 307P, HCC827) but not mesenchymal (344SQ, 393P_ZEB1) lung
cancer cells (Figure 4B and Supplemental Figure 6C). Relative to empty vector transfectants,

ZEB1-transfected 393P cells had higher mRNA levels of ten-eleven translocation 2 gene TET2



and lower levels of the DNA methyltransferases DNMT1 and DNMT3B (Figure 4C). In the KP
cell line panel, mesenchymal differentiation status was positively correlated with TET2 levels
and negatively correlated with DNMT1 and DNMT3b levels (Supplemental Figure 6C). In TET2
and DNMT1/3B gain- and loss-of-function studies, ITGA1 levels were upregulated by TET2
(Figure 4, D and E) but not DNMT1 or DNMT3B (Supplemental Figure 6, D-F). Thus, ZEB1
upregulated TET2 to relieve an epigenetic repression of ITGA1.

Because CpG island demethylation facilitates transcription factor—binding to promoter
elements (26), we examined whether ITGA1 is a target of ZEB1—upregulated transcription
factors. Relative to empty vector transfectants, ZEB1—transfected 393P cells had higher ITGA1
promoter reporter activity (Supplemental Figure 6G), which was attenuated by mutation of an
ARNT-binding site but not predicted binding sites for other transcription factors (Figure 4F).
ARNT bound to the ITGA1 promoter in chromatin immunoprecipitation assays (Figure 4G).
ITGA1 mRNA levels (Figure 4H) and ITGA1 promoter reporter activity (Figure 41) were lower in
ARNT small interfering RNA (siRNA)-transfected cells than they were in scrambled controls.
ARNT mRNA and protein levels were higher in mesenchymal than in epithelial KP cell lines
(Supplemental Figure 6, H and I) and in 393P_ZEB1 cells than in 393P_vector cells
(Supplemental Figure 6J). Thus, ZEB1 upregulated ITGA1 through ARNT.

ZEB1 silences miRs that target key drivers of EMT and metastasis (5, 11, 12). To determine
whether ITGA1 is a target of ZEB1-silenced miRs, we used a prediction algorithm

(www.targetscan.org) to query the ITGA1 3'UTR. Binding sites for multiple miRs were identified,

including sites for miR-148a, which is silenced by ZEB1 (12). In reporter assays, ITGA1 3’'UTR
activity was suppressed by co-transfection of miR-148a or miR-181b (Figure 4J), and a mutation
in the miR-148a binding site reversed the suppression (Figure 4J). ITGA1 levels were lower in
miR-148a-transfected tumor cells than they were in control transfectants (Figure 4K and
Supplemental Figure 6K), and miR-148a levels were lower in 393_ZEB1 cells than they were in
393P_vector cells (Supplemental Figure 6L). Collectively, these findings suggest that ZEB1

9



upregulated ITGA1 through TET2, ARNT, and miR-148a (Figure 4L).

ITGA1 competes with ADCY9 for binding to miR-181b. To identify protein-coding genes that
compete with ITGA1 for binding to miR-181b, we mined the RNA-seq data from 393P_ZEB1
cells and 393P_vector cells and identified 32 predicted miR-181b targets that are approximately
equimolar with ITGA1 on the basis of having RPKM (Reads Per Kilobase of transcript per
Million mapped read) values that are greater than 0.5-fold and less than 2-fold that of ITGA1
(Figure 5A). Relative to their levels in scrambled controls, 4 of the 32 genes in antagomiR-
181b—transfected 393P cells were up-regulated more than 2-fold and were significantly higher
(Figure 5A, indicated in red). Two of the 4 genes (ADCY9 and ONECUT2) were expressed at
significantly higher levels in mesenchymal than in epithelial KP cell lines (Supplemental Figure
7A). Activities of reporters driven by the 3'UTRs of ADCY9 or ONECUT2 were lower in miR-
181b—transfected 344SQ cells than they were in negative control transfectants, and loss of the
miR-181b-binding sites in the ADCY9 and ONECUT2 3’'UTRs ablated the miR-181b—induced
suppression of both reporters (Figure 5B), which is consistent with a prior report on ADCY9
(27).

To determine whether predicted miR-181b targets identified from the above screen can
compete with ITGA1 for binding to miR-181b, we subjected ITGA1-deficient and —replete
344SQ cells to Argonaute 2 (AGOZ2) immunoprecipitation assays. ITGA1 depletion led to a
significant increase in the incorporation of ADCY9 but not TGFBR3, ONECUT2, or BHLHE41
into the RNA-induced silencing complex (Figure 5C). Incorporation of ADCY9 into the RNA—
induced silencing complex was reduced by ectopic expression of the ITGA1 3'UTR but not a
mutant ITGA1 3'UTR that lacks the miR-181b-binding site (Figure 5D).

On the basis of the above findings, we examined whether ITGA1 regulates ADCY9
expression through competition for binding to miR-181b. ADCY9 mRNA levels were higher in
ITGA1 3’'UTR—transfected 393P cells than they were in controls, whereas a mutant ITGA1
3'UTR that lacks the miR-181b—binding site did not increase ADCY?9 levels (Figure 5E).
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Conversely, ADCY9 levels were lower in ITGA1 3'UTR siRNA-transfected 344SQ cells than
they were in scrambled controls and were not rescued by co-transfection of ITGA1 coding
sequences (Supplemental Figure 7, B and C). ADCY9 3'UTR reporter activity was higher in
ITGA1 3’'UTR-transfected 393P cells than it was in controls and was reduced by loss of the
miR-181b-binding sites in either 3’UTR (Figure 5F). Conversely, relative to scrambled controls,
ITGA1 3'UTR siRNA—-transfected 344SQ cells had lower activity of a wild-type ADCY9 3'UTR
reporter but not a mutant ADCY9 3'UTR reporter lacking the miR-181b—binding sites
(Supplemental Figure 7D). To determine whether ZEB1—induced up-regulation of ADCY9 is
ITGA1-dependent, we depleted ITGA1 from 393P_ZEB1 cells and found that ITGA1 depletion
suppressed ZEB1-induced ADCY9 mRNA and protein levels (Supplemental Figure 7E and F).

On the basis of the above evidence that ITGA1 regulates ADCY?9 levels through competition
for miR-181b, we reasoned that ADCY9 and ITGA1 could interact bi-directionally through this
competition. To address this possibility, we first depleted ADCY9 from 344SQ cells and found
that, relative to control oligomer—transfected cells, ADCY9 siRNA-transfected cells had reduced
ITGA1 mRNA levels (Supplemental Figure 7G). To determine whether ADCY9 upregulates
ITGA1 levels through competition for miR-181b, we ectopically expressed the ADCY9 3'UTR in
393P cells and found that ITGA1 mRNA levels were higher in ADCY9 3'UTR-transfected cells
than they were in enhanced green fluorescence protein (EGFP)-transfected controls, whereas a
mutant ADCY9 3'UTR that lacks miR-181b binding sites did not have this effect (Supplemental
Figure 7H). Moreover, in the KP cell line panel, ITGA1 and ADCY9 levels were positively
correlated (Supplemental Figure 71). Thus, ITGA1 and ADCY9 are components of a miR-181b—
regulated ceRNA network.

To determine whether these findings are broadly applicable to human cancer, we mined
RNA-seq data from The Cancer Genome Atlas, the largest publically available cohort of human
cancer transcriptomes. Lung adenocarcinomas (n=541) were grouped on the basis of high— or
low—expression (defined as top and bottom quartiles, respectively) of ITGA1 and ADCY9.
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ADCY?9 levels were significantly higher in the ITGA1-high group than they were in the ITGA1-
low group (Figure 5G), and ITGA1 levels were significantly higher in the ACDY9-high group
than they were in the ACDY9-low group (Figure 5H). Moreover, by pair-wise comparisons,
ZEB1, ITGA1, and ADCY9 were positively correlated with each other in 16 of 32 different cancer
types examined (Figure 51 and Supplemental Table 1).

ADCY9 mediates ZEB1—driven metastasis. ADCY9 encodes 1 of 9 transmembrane adenylyl
cyclase (AC) protein isoforms (AC1-9) that catalyze the synthesis of cyclic AMP from ATP and
are regulated primarily by heterotrimeric G-protein-coupled receptors (28). As a second
messenger molecule, cyclic AMP binds and activates multiple effector proteins that have been
studied extensively in cancer (28), but whether AC proteins regulate metastasis remains
unclear.

To address this question, we first quantified cyclic AMP levels in the KP cell line panel.
Cyclic AMP levels were higher in mesenchymal KP cells than they were in epithelial KP cells
(Supplemental Figure 8A), and they were higher in 393P_ZEB1 cells than they were in
393P_vector cells (Supplemental Figure 8B). Next, we treated 393P cells with the membrane—
permeable cyclic AMP analog 8-bromo-cyclic AMP or the AC activator forskolin (Supplemental
Figure 8C). Both treatments increased 393P cell migration and invasion in Boyden chambers
(Figure 6A and Supplemental Figure 8D). These findings show that ZEB1 increased cyclic AMP
production, which enhanced the metastatic properties of tumor cells.

On the basis of the above findings, we examined whether ZEB1—driven metastasis requires
ADCY9. Relative to scrambled control transfectants, ADCY9 siRNA—transfected 344SQ cells
(Figure 6B) had lower cyclic AMP levels (Figure 6C), were less migratory and invasive in
Boyden chambers (Figure 6D), exhibited more anoikis in suspension cultures (Figure 6E),
formed fewer colonies in soft agar (Figure 6F), and generated fewer lung colonies after tail vein
injection (Figure 6G and Supplemental Figure 8E). Conversely, compared to empty vector
transfectants, 393P cells that ectopically express ADCY9 (Figure 6H) had higher cyclic AMP

12



levels (Figure 61) and were more migratory (Figure 6J). To determine whether ADCY9 is
sufficient to reverse miR-181b’s metastasis suppressor activity, we restored ADCY9 levels in
344SQ and H1299 cells that ectopically express miR-181b and showed that, in Boyden
chambers, migratory activity was higher in ADCY9-restored cells than it was in empty vector—
transfected cells (Supplemental Figure 8F). To confirm that ADCY9 mRNA promoted tumor cell
migration through its protein product rather than its 3’'UTR, we reconstituted ADCY9-deficient
344SQ cells with protein-coding or 3’'UTR sequences of ADCY9 (Supplementary Figure 8G) and
showed that, in Boyden chambers, the migratory activity of ADCY9—deficient cells was restored
to a greater extent by protein coding sequences than it was by 3'UTR sequences
(Supplementary Figure 8H).

To determine whether ADCY9 is the only AC isoform through which ZEB1 activates cyclic
AMP production, we quantified the mRNA levels of all 9 transmembrane ADCY isoforms.
Relative to 393P_vector cells, 393P_ZEB1 cells had higher mRNA levels of ADCY3, ADCY7,
and ADCY9 (Supplemental Figure 9A). Compared to scrambled control transfectants, ADCY7
siRNA-transfected 344SQ cells (Supplemental Figure 9B) had lower cyclic AMP levels
(Supplemental Figure 9J) and reduced migratory activity in Boyden chambers (Supplemental
Figure 9C) but exhibited no change in cell proliferation (Supplemental Figure 9D). In contrast,
ADCY3 siRNA-transfected 344SQ cells (Supplemental Figure 9B) had no detectable change in
cyclic AMP levels (Supplemental Figure 9C) or 344SQ cell migration (Supplemental Figure 9F)
or proliferation (Supplemental Figure 9G). Thus, ZEB1 activates cyclic AMP production and
promotes 344SQ cell migration through ADCY7 and ADCY9.

On the basis of the above evidence that ADCY9 promotes metastasis in a ZEB1-driven lung
adenocarcinoma model, we examined the prognostic value of ADCY9 in human lung
adenocarcinomas. For this purpose, we probed a compendium of clinically annotated human
lung adenocarcinomas (n=1,586) with a signature of 1,421 genes that were differentially
expressed (601 up, 820 down; P value < 0.01 by t-test, fold-change > 1.4) in ectopic ADCY9—
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expressing and empty vector—transfected 393P cells (Supplemental Table 2). gPCR analysis
confirmed that 19 of 20 genes sampled were differentially expressed in 393P_ADCY9 cells and
393P_vector cells (Supplemental Figure 10A). Enrichment analysis showed that the
differentially expressed genes have diverse gene functions (Supplemental Table 2) but none
related to EMT, which we confirmed by qPCR analysis of EMT markers (Supplemental Figure
10B and C). Using a “t-score” approach described previously (29), we identified a manifestation
of the 1,421—gene signature in human lung adenocarcinomas that was correlated with a

significantly shorter duration of survival (Log-rank P = 7.6E-08) (Supplemental Figure 10D).

DISCUSSION

We have identified a ceRNA network that plays a key role in ZEB1—driven lung adenocarcinoma
metastasis. ITGA1 and ADCY9 competed for binding to miR-181b, and ZEB1 upregulated
ITGA1 to activate a miR-181b-regulated ceRNA network that increased metastasis through
AC9 (Figure 7). Despite potently inhibiting metastasis, inactivation of the pro-metastatic ceRNA
network did not modulate the expression of EMT markers, suggesting that ZEB1 drives
metastasis and EMT through distinct signaling pathways. In human lung cancers, high levels of
miR-181b had good-prognostic value, ITGA1 and ADCY9 were positively correlated, and an
AC9-activated transcriptomic signature had poor-prognostic value. Thus, the ceRNA network

identified here may negatively influence clinical outcome in lung cancer patients.

Although it is well established that ZEB1 downregulates miRs by silencing the promoters of
the miRs themselves or the expression of transcription factors that drive miR expression (4, 11,
12), the results of the present study show that ZEB1 can inactivate miRs by upregulating
ceRNAs. Furthermore, they build on a growing body of evidence that miRs are key mediators of
EMT-TFs. For example, mutual antagonism between the transcription factors and miRs (e.qg.,

ZEB1 and miR-200, SNAIL and miR-34a) regulates tumor cells’ ability to shift reversibly
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between epithelial and mesenchymal states (3). Additionally, ZEB1 silences the expression of
miRs that suppress tumor cell stem-ness by targeting the stem cell factors SOX2 and KLF4
(e.g., miR-203 and miR-183); that inhibit tumor cell motility by targeting genes that promote the
remodeling of actin-based cytoskeletal structures (e.g., miR-34a); and that block vesicle
trafficking toward the leading edge of the cell by targeting a Golgi scaffolding protein that
promotes the formation of a compact, polarized Golgi organelle (e.g., miR-148a,miR-206 and
miR-200) (4, 11, 12). Additional studies are warranted to determine the degree to which ceRNA

networks extend the pro-metastatic activities of EMT—activating transcription factors.

Numerous types of non-coding RNAs (e.g., long non-coding RNAs, small non-coding RNAs,
pseudogenes, circular RNAs) are considered to be ideally suited for ceRNA activities (30).
Classic examples include the PTENP1 pseudogene, which competes with its cognate gene, the
tumor suppressor PTEN, for binding to multiple miRs in tumor cells with an intact PTEN locus,
and the HULC long non-coding RNA, which competes with the catalytic subunit of cyclic AMP-
dependent protein kinase (PKA) for binding to miR-372 in hepatocellular carcinoma (13, 31). In
addition, there is a growing list of protein-coding RNAs that have validated ceRNA activities,
including PTEN, which competes with other protein-coding mRNAs (CNOT6L, VAPA, ZEB2,
VCAN, and others) for binding to miRs and shares at least 2 miR binding sites with each of
these genes, which underlies its potency as a ceRNA (22, 32). However, a single miR binding
site can be sufficient for a protein-coding gene to have ceRNA functionality; for example,
COL1A1 and CD44 compete for binding to miR-328 (33), and the results of the present study
show that ITGA1 competes with ADCY9 for binding to miR-181b. Furthermore, it is conceivable
that PTEN and ZEB1, which share miR-200b binding sites, could function as ceRNAs and that

PTEN could thereby modulate the ZEB1-driven ceRNA network described here.

In many cases, the biologic effects that mRNAs exert through their protein coding and non-

coding functions are quite distinct and can be either complementary or antagonistic (30).
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Similarly, the biological function of integrin a1B1 (23) are distinct from the non-coding functions
of ITGA1 observed here. In the case of ITGA1, dual protein-coding and non-coding functionality
is likely given that metastasis-prone tumor cells had detectable levels of integrin a1 protein, and
reconstitution of ITGA1—deficient tumor cells with the ITGA1 3'UTR only partially reversed the
effects of ITGA1 depletion. The way in which cells regulate mRNA participation in protein-coding
and/or non-coding functions remains unclear and will be an important direction of future

research.

The findings presented here build on a growing body of evidence that EMT- and cyclic
AMP—dependent pathways are tightly interwoven. The regulatory (PRKAR1A) and catalytic
(PRKACB) subunits of PKA are targets of miR-200c, which is silenced by ZEB1, and depletion
of either PKA subunit recapitulates the migratory inhibition induced by miR-200c, indicating that
ZEB1 promotes tumor cell migration through a miR-200c/PKA—dependent pathway (34).
Conversely, activation of the cyclic AMP—dependent pathway can either promote or inhibit EMT.
For example, PKA potentiates hypoxia-induced EMT by phosphorylating SNAIL1 (35), whereas
treatment with forskolin or cholera toxin induces mesenchymal-to-epithelial transition and
decreases the tumor-initiating activity of breast cancer cells through the histone demethylase
PHF2, a PKA substrate (36). Similarly, cyclic AMP blunts EMT in fibrosis models through the
cyclic AMP effector proteins PKA and EPAC (exchange protein activated by cyclic AMP) (37).
Thus, cyclic AMP can either repress or promote EMT through pathways that are connected at

multiple levels and interact bi-directionally.

These findings provide a rationale for the development of novel therapeutic strategies to
inhibit AC9 in lung cancer. Isoform-selective AC antagonists that target the active site or
allosteric sites (e.g., the diterpine site) are under development (38). Given that certain AC
isoforms have metastasis suppressor activities in breast cancer (36), future preclinical and

clinical trials should take into consideration the isoform-selectivity of such inhibitors.
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Methods

Antibodies, plasmids, and oligomers. Antibodies against a1-integrin (Santa Cruz, sc-
271034), B-actin (Cell Signaling Technology, #4970), RNA polymerase Il (Millipore, 05-623,
clone CTD4H8), BCL2 (Cell Signaling Technology, #3498), MYC-tag (Cell Signaling
Technology, #2272), PARP-1 (Cell Signaling Technology, #9542), ARNT (Cell Signaling
Technology, #3414), EGFP (Sigma, G1544,) ADCY9 (Abcam, ab191423), and AGO2 (Abcam,
ab57113) were used. The following gene-specific shRNAs, siRNAs, and microRNA mimics were
purchased from Sigma: mouse shltga1 #1—#5 (TRCN0000254183, TRCN0000265481,
TRCN0000254182, TRCN0000254180, and TRCN0000254181); mouse shTET2 #1-#3
(TRCN0000250895, TRCN0000250892, and TRCN0000217530); mouse silTGA1 #1 and #2
(SASI_MmO01_00102775 and SASI_Mm02_00288356); human silTGA1 #1 and #2
(SASI_Hs01_00067020 and SASI_Hs01_00067021); mouse siDNMT1
(SASI_Mm01_00024007); mouse siDNMT3B (SASI_Mm02_00286413); mouse siADCY9
(SASI_MmO01_00074440 SASI_MmO01_00074441); mouse siADCY3 (SASI_MmO01_00139448
and SASI_MmO01_00139449); mouse siADCY7 (SASI_Mm02_00311533 and
SASI_MmO02_00311534); and miRNA mimics (HMI0237 and HMI0270) and inhibitors
(HSTUDOO16, HSTUDO0270 and HSTUDOQ387). The TET2 expression vector pcDNA3-Tet2 was
a gift from Yi Zhang (Addgene plasmid #60939) (39). pcDNA3/Myc-DNMT1 (Addgene plasmid
#36939) and pcDNA3/Myc-DNMT3B1 (Addgene plasmid #35522) were gifts from Arthur Riggs
(40). pMS2-GFP (Addgene plasmid #27121) (41) and pSL-MS2-12X (Addgene plasmid #27119)
(42) were gifts from Robert Singer. pSL-MS2-12X was double digested with EcoR | and Xho |,
and the MS2-12X fragment was subcloned downstream of the Itga1 3'UTR in the pEGFP-C3
vector. The ITGA1 and ADCY9 coding sequences and pre—miR-181b were amplified from a
cDNA isolated from 344SQ cells and cloned into the pLVX-puro vector (Clontech). ITGA1
promoter fragments were amplified from the genomic DNA of 344SQ cells and subcloned into
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the PGL3-Basic vector (Promega). Transcription binding site mutations were created with a
PCR-based site-directed mutagenesis method. The PCR primers are listed in Supplemental
Table 3.

RNA-seq. Total RNA samples from 393P_ZEB1 cells and 393P_vector cells (triplicate
samples of each) were subjected to RNA sequencing by MD Anderson SOLID Sequencing Core
with ABI SOLID whole transcriptome sequencing protocol. Paired-end short reads were
produced in the form of XSQ files. XSQ files were processed with LifeScope™ Genomic
Analysis Software v2.5.1. The reads were aligned to the mouse genome MM10 and then
counted by genes and exons using the GTF file downloaded from UCSC genome browser.
RPKM was also calculated. Raw data are available in Gene Expression Omnibus GSE102337.

miR expression profiling. Serial sections (10-20-um thick) of surgically resected human
lung cancer specimens (n=247) were obtained using a Leica cryostat and homogenized using
an Omni TH homogenizer (Omni International, Kennesaw, GA, USA). Clinical characteristics of
the patient cohort have been reported #3. Total RNA was isolated using TRIzol Reagent (Life
Technologies). miR expression profiling was conducted using the Agilent Human miRNA
microarray version 3 chips (Agilent Technologies) as described previously (43, 44).

mRNA expression profiling. Total RNA was isolated from 393P_ADCY?9 cells and
393P_vector cells (triplicate samples of each) by the RNeasy Mini Kit (Qiagen). RNA quality and
quantity were evaluated on a NanoDrop spectrophotometer. RNA fluorescent labeling reaction
and hybridization were performed (Affymetrix Clariom S WT Plus) according to the
manufacturer’s instructions and analyzed as we have described (18). Raw data are available in
Gene Expression Omnibus GSE102168.

Cell culture and functional assays. Murine lung cancer cell lines (713P, 307P, 344LN,
393LN, 393P, 412P, 344SQ, 344P, 531LN1, 531LN2, 531P1, and 531P2) were derived from KP
mice as described previously (18). Human lung cancer cells (HCC827 and H1299) were
purchased from the American Type Culture Collection and cultured in RPMI 1640 (Corning)
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supplemented with 10% fetal bovine serum (Gibco). 393P_Vector cells, 393P_ZEB1 cells,
307P_Vector cells, 307P_ZEB1 cells, HCC827_Vector cells, and HCC827_ZEB1 cells were
described previously (11, 12, 45). Cells were transfected using jetPRIME® Versatile DNA/siRNA
transfection reagent (Polyplus). Stable cell transfectants were selected with puromycin
(InvivoGene) or G418 (Corning). When indicated, 2 uM 5-Aza-2'-deoxycytidine (Sigma) or 1
Mg/ml doxycycline (Sigma) or 1 ug/ml forskolin (Sigma) or 200 uM 8-bromo-cyclic AMP (Sigma)
was added to the culture medium. Two thousand cells were plated in 96-well plates, and the
WST-1 reagent (Roche) was used according to the manufacturer’s instructions to measure
cellular proliferation. For anoikis assays, cells were plated in low-adhesion plates (Corning) and
counted each day for 2 days. For soft agarose colony formation assays, 5 x 10* cells
suspended in 0.4% agarose were seeded into 6-well plates layered with 0.8% agarose, and
colonies were stained with 0.005% crystal violet after 2—-3 weeks. For migration and invasion
assays, 2 x 10* cells were cultured in the upper wells of Transwell or Matrigel chambers (BD
Biosciences), respectively, and allowed to migrate towards 10% fetal bovine serum in the
bottom wells. After 8-10 h of incubation, migrating or invading cells were stained with 0.1%
crystal violet, photographed, and counted. For the cyclic AMP assay, 10,000 cells were seeded
into 96 well plates and intracellular cyclic AMP levels were detected using cAMP-Glo™ Max
Assay (Promega) according to the manufacturer’s instructions.

gPCR analysis. Total RNA was isolated from cells using TRIzol and subjected to reverse
transcription using the qScript cDNA superMix (Quanta Biosciences). mRNA levels were
determined using SYBR® Green Real-Time PCR Master Mixes (Thermo Fisher Scientific) and
normalized on the basis of ribosomal protein L32 (Rpl32) mRNA. MicroRNA levels were
quantified with stem-loop gPCR assays and normalized to U6 snRNA levels. The primer
sequences for gPCR are listed in Supplemental Table 3.

Luciferase reporter assays. For the promoter assays, cells were seeded onto 48-well plates
(5%10* cells/well) and transiently transfected 24 h later with 200 ng of luciferase reporter
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plasmids, 50 ng of pRL-TK control vector, and 250 ng of ZEB1 expression vector or empty
vector. For the 3'UTR assays, 3'UTR reporters (10 ng), pGL3 control (50 ng), and miRNA
mimics (10 nM) or miRNA expression vectors (250 ng) were co-transfected into cells. After 24 h,
luciferase activity was measured with the Dual-Luciferase Reporter Assay System (Promega).

In vitro transcription and transcript copy-number analysis. Fragments of ADCY9 and ITGA1
were amplified using primers with T7 promoters and transcribed in vitro using the HiScribe™ T7
High Yield RNA Synthesis Kit (New England BioLabs) according to the manufacturer’s
instructions. RNA was subsequently purified using the RNEasy cleanup kit (Qiagen) according
to the manufacturer’s instructions. To determine the transcript copy number, we prepared RNA
from 1x108 393P and 344SQ cells using the RNEasy cleanup kit. Total cell RNAs and in vitro—
transcribed RNAs were reverse-transcribed using M-MLV Reverse Transcriptase (Promega).
gPCR was performed for ITGA1 and miR-181b. Threshold cycle values were compared to a
twofold dilution series of either in vitro—transcribed ITGA1 or miR-181b mimics (Sigma). Moles
of transcript and copies of transcript per cell were then calculated using standard stoichiometric
methods.

Chromatin immunoprecipitation. As described previously (11), cell lysates were subjected to
cross-linking followed by sonication with a Cole-Parmer GEX-130 ultrasonic processor using
50% power (pulse on for 10 s, pulse off for 10 s; 20 cycles) and immunoprecipitation with anti-
RNA polymerase Il or anti-ARNT, or anti-rabbit IgG antibodies (Santa Cruz). DNA was eluted
and purified with the MinElute Reaction Cleanup kit (Qiagen) and subjected to quantitative PCR.
PCR primers are listed in Supplemental Table S3.

RNA immunoprecipitation (RIP). For the MS2-based RIP assay, 393P cells were co-
transfected with pEGFP-C3-MS2, pEGFP-C3-ITGA1 3'UTR-WT-MS2, or pEGFP-C3-ITGA1
3'UTR-MT-MS2 and with pMS2-GFP vectors. Cells were harvested in ice-cold phosphate
buffered saline (PBS) and subjected to RIP experiments using an anti-GFP antibody or control
anti-lgG antibody using the Magna RIP™ RNA-Binding Protein Immunoprecipitation Kit
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(Millipore, 17-700) according to the manufacturer’s instructions. For the AGO2 RIP assay, the
344SQ cells transfected with ITGA1 siRNA or control siRNA or 393P cells transfected with WT
or mutated ITGA1 3'UTR or empty vector were harvested and subjected to RIP assay using an
anti-AGO2 antibody.

Bisulfite sequencing. Genomic DNA was extracted from 393P, 344SQ, 393P_Vec, and
393P_ZEB1 cells with the QlAamp DNA Mini Kit (Qiagen) and treated with bisulfite using the
EpiTect® Bisulfite Kit (Qiagen). The ITGA1 promoter sequence was amplified from bisulfite-
converted genomic DNA, and the PCR products were cloned into T vector (Promega). Single
clones were selected and subjected to direct Sanger sequencing.

Animal husbandry. All mouse studies were approved by the Institutional Animal Care and
Use Committee at The University of Texas MD Anderson Cancer Center. Immunocompetent
129/Sv mice syngeneic to the KP cells were bred in-house and were injected subcutaneously in
the right flank with tumor cells (n = 8-10 mice per group) and necropsied after 5 weeks or
injected intravenously with tumor cells (n=5-8 mice per group) and necropsied after 7 to 10
days. Primary tumors were weighed, and lung metastases on the pleural surfaces were
counted. Mice received standard care and were euthanized according to the standards set forth
by the Institutional Animal Care and Use Committee.

Statistical analysis. The results are representative of replicated experiments and are the
means * standard deviations from triplicate samples or randomly chosen cells within a field
unless otherwise indicated. Statistical evaluations were carried out with Prism 6 (GraphPad
Software, Inc.). Unpaired 2-tailed Student ¢ tests were used to compare the means of 2 groups.
Analysis of variance with Dunnett tests was used to compare multiple treatments to a control.

The database of biological targets of miRNAs downloaded from TargetScan

(www.targetscan.org/) was used to predict biological targets of miRNAs (46). For miR target

enrichment analysis, we performed data bioinformatics analyses using the R and Bioconductor
package (https://www.r-project.org/; https://www.bioconductor.org/), a publically available
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statistical computing tool that is widely used for high-throughput “omics” data analysis. To
determine whether ZEB1-regulated genes are enriched in specific miR targets, we first utilized
an R package, DESeq2, to identify genes that were differentially expressed between groups
(393P_Vec versus 393P_ZEB1). Benjamini-Hochberg method (47) was then applied to adjust
for multiple hypothesis testing and to estimate false discovery rate (FDR). Genes with an FDR
(g-value) < 0.001 were considered to be differentially expressed between 393P_Vec and
393P_ZEB1. We then used the hypergeometric test to test for enrichment of differentially
expressed genes in predicted miRNA targets that were identified using a prediction algorithm
(www.targetscan.org).

To determine whether ZEB1, ITGA1, and ADCY9 levels were correlated in human cancers,
we used RNA-seq data from The Cancer Genome Atlas that included acute myeloid leukemia
(LAML, n=173); adrenocortical carcinoma (ACC, n=79); bladder urothelial carcinoma (BLCA,
n=408); brain lower grade glioma (LGG, n=516); breast invasive carcinoma (BRCA, n=1095);
cervical squamous cell carcinoma and endocervical adenocarcinoma (CESC, n=304);
cholangiocarcinoma (CHOL, n=36); colorectal adenocarcinoma (CRC, combining COAD and
READ projects, n=623); esophageal carcinoma (ESCA, n=184); glioblastoma multiforme (GBM,
n=161); head and neck squamous cell carcinoma (HNSC, n=520); kidney chromophobe (KICH,
n=66); kidney renal clear cell carcinoma (KIRC, n=533); kidney renal papillary cell carcinoma
(KIRP, n=290); liver hepatocellular carcinoma (LIHC, n=371); lung adenocarcinoma (LUAD,
n=515); lung squamous cell carcinoma (LUSC, n=501); lymphoid neoplasm diffuse large B-cell
lymphoma (DLBC, n=48); mesothelioma (MESO, n=87); ovarian serous cystadenocarcinoma
(QV, n=262); pancreatic adenocarcinoma (PAAD, n=178); pheochromocytoma and
paraganglioma (PCPG, n=179); prostate adenocarcinoma (PRAD, n=497); sarcoma (SARC,
n=259); skin cutaneous melanoma (SKCM, n=469); stomach adenocarcinoma (STAD, n=415);
testicular germ cell tumors (TGCT, n=150); thymoma (THYM, n=120); thyroid carcinoma
(THCA, n=503); uterine carcinosarcoma (UCS, n=57); and uterine corpus endometrial
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carcinoma (UCEC, n=545). P values <0.05 were considered statistically significant.
To analyze a compendium of human lung adenocarcinoma cohorts (48) for the presence or
absence of the ADCY9-derived expression signature, we used a t-score described elsewhere

(29).
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Figure 1. miRs not repressed by ZEB1 have metastasis suppressor activity. (A) Quantitative RT-PCR (qPCR) analysis of miRs in 393P_ZEB1 cells
(ZEB1) and 393P_Vector cells (Vec). Results expressed relative to 393P_Vector cells. miR-200b included as positive control. (B) Enrichment of ZEB1-
upregulated genes in miR targets as assessed by a hypergeometric test. N.S., not significant. (C) gqPCR assays quantify antagomir—mediated depletion of
miRs in 393P cells. Results expressed relative to control antagomirs (anti-NC). (D) Boyden chamber assays on antagomir— and control-transfected cells.
Migratory and invasive cells photographed (images) and counted (bar graphs).Scale bar: 200 uym. (E) Relative densities of transfectants on plastic. (F)
Primary tumor weights (left) and numbers of lung metastases (right) in mice injected subcutaneously with 344SQ cells that express ectopic miR-181b or
vector (vec). (G) Fluorescence microscopic images of lung metastases in mice injected by tail vein with red fluorescent protein (RFP)-labeled 344SQ cells
transfected with miR-181b or control mimics. Scatter plots, numbers of lung metastases per mouse (dots). (H) Numbers of viable 344SQ and H1299
transfectants on low-adhesion plates. n=4. (I) Western analysis detects cleaved PARP as a marker of apoptosis in transfectants on adhesive or low-
adhesion (suspension) plates. B-actin is loading control. (J) Soft agar colony formation by miR-181b and vector control (vec) transfectants. Colonies
photographed (images) and counted (bar graph). Scale bar: 100 ym. Results expressed relative to vector controls. (K) Fluorescence microscopic images of
lung metastases in mice injected by tail vein with green fluorescence protein (GFP)-labeled 393P cells transfected with anti-181b or anti-NC. Scatter plots,
numbers of lung metastases per mouse (dots). Values are Mean + SD. n=3, unless otherwise indicated. P values, 2-tailed Student’s t-test and Dunnett's
test for 2-group and > 2 group comparisons, respectively. Results were replicated (n = 2 experiments).
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Figure 2. ZEB1 suppresses the pro-metastatic activity of antagomiR-181b. (A) Boyden chamber assays on KP cells with low endogenous ZEB1 levels
(393P and 307P) or high endogenous ZEB1 levels (344SQ and 344P) after transfection with antagomiR-181b or control antagomirs (anti-NC). Migratory
cells were photographed (images) and counted (bar graphs). Results expressed relative to controls (anti-NC). Scale bar: 200 um. (B) Numbers of viable
antagomiR-181b— and anti-NC—transfected cells seeded on low-adhesion plates and counted 24-48 h later. n=4. (C) Western analysis to detect cleaved
PARP in transfectants seeded on adhesive or low-adhesion (suspension) plates. B-actin included as loading control. (D) Soft agar colony formation by
antagomiR-181b- and anti-NC—-transfected cells. Colonies were photographed (images) and counted (bar graph). Results expressed relative to controls.
Scale bar: 100 um. (E) 3' UTR activity assays of a known miR-181b target, BCL2. 393P and 344SQ cells were transfected with a BCL2 3’ UTR luciferase
reporter and antagomiR-181b or anti-NC. Luciferase activity was normalized and expressed as a ratio (antagomiR-181b/anti-NC). ZEB1 3’ UTR included as
a negative control. n=4. (F) Western analysis of BCL2 levels in 393P and 344SQ cells transfected with antagomiR-181b or anti-NC. The numbers indicate
the normalized expression levels of BCL2 protein. (G) Boyden chamber assays on antagomir-181b— and anti-NC—transfected cells. Migratory and invasive
cells were photographed (images) and counted (bar graphs). Results expressed relative to anti-NC. Scale bar: 200 pm. Values are Mean = SD. n=3,
unless otherwise indicated. P values, 2-tailed Student’s t test. Results were replicated (n = 2 experiments).
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Figure 3. ITGA1 3'UTR promotes metastasis through its miR-181b binding site. (A) RNA-seq analysis of predicted miR-181b targets in 393P_ZEB1 cells
and 393P_vector cells expressed as a ratio (ZEB1/Vec). (B) miR-181b and ITGA1 mRNA copy numbers. (C) EGFP reporters fused to ITGA1 coding
sequence (CDS) or 3'UTR containing wild-type (WT) or mutated (MT) miR-181b binding sites. Western analysis (bottom) of EGFP in 344SQ cells co-
transfected with EGFP reporters and miR-181b or miR-181c or vector (vec). (D) Constructs containing MS2 binding sites (12X) fused downstream of a wild-
type (UTR-MS2) or mutated (UTR-MT-MS2) ITGA1 3'UTR. MS2-based RIP (bottom). MS2-UTR-associated miR-181b and miR-200b (negative control)
quantified as fold-enrichment relative to MS2. (E) Fluorescence microscopic images of lung metastases in mice injected with the 344SQ_RFP transfectants
(see Supplementary Figure 5a, b). Scatter plot, numbers of lung metastases per mouse (dots). (F) Boyden chamber migration assays. 393P cells transfected
with ITGA1 3'UTR (WT or MT) or EGFP. Migratory cells photographed (images) and counted (bar graphs). Scale bar: 200 um. (G) Numbers of viable 393P
transfectants on low-adhesion plates (bar graph). Western blotting (gels) to detect cleaved PARP in transfectants on adhesive or low-adhesion (suspension)
plates. (H) Numbers of lung metastases in mice injected by tail vein with mCherry—labeled 393P cells transfected with ITGA1 3’'UTR (WT or MT) or control
(EGFP). (I) Boyden chamber assays to quantify migratory H1299 cells co-transfected with a shRNA (shCTL or shITGA1) and a vector that expresses EGFP or
ITGA1 3UTR (WT or MT). (J) Boyden chamber assays. 393P cells co-transfected with ITGA1 3'UTR or EGFP and miR-181b or vector (LVX). (K) Boyden
chamber assays. 344SQ cells co-transfected with ITGA1 siRNA or control (siCTL) and antagomiR-181b or anti-NC. Values are Mean + SD. n=3, unless
otherwise indicated. P values, Dunnett’s test. Results were replicated (n = 2 experiments).
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Figure 4. ZEB1 upregulates ITGA1 expression through intermediates. (A) Top, Locations of GC repeats (red hash marks) and CpG island (blue
shading). Middle, ITGA1 promoter. First nucleotide in 5’UTR (+1) and CpG island (CpG). Bottom, Bisulfite sequencing. Methylated (black circles) and
unmethylated (white circles) CpG repeats (rows) in replicate reactions (columns). (B) gPCR of mRNAs after vehicle (CTL) or 5-azacytidine (5-Aza)
treatment. (C) qPCR of mRNAs in 393P_ZEBH1 cells (ZEB1) and 393P_vector cells (Vec). (D) gPCR of mRNAs in 393P transfectants. Empty vector (Vec).
(E) gPCR of mRNAs in 344SQ transfectants (scrambled [shCTL] or TET2 [shTET2] shRNAs). (F) Schema, ITGA1 promoter constructs. SP1, ARNT, and
RUNX1 binding sites (squares, ovals, and diamonds, respectively). Wild-type (solid) or mutated (open). Bar graph, luciferase activity in 393P cells co-
transfected with ZEB1 or empty (Vec) expression vectors and empty (PGL3) or ITGA1 promoter reporter. (G) ITGA1 chromatin immunoprecipitation assays
before (input) or after immunoprecipitation with anti-ARNT (ARNT) or IgG. Gel, PCR of ARNT-binding site (+200) or control ITGA1 promoter locus (-1k) or
water. Arrows, PCR primer locations. (H) gPCR of mRNAs in 344SQ transfectants (siCTL or ARNT siRNAs). (I) Luciferase activity in 393P cells co-
transfected with ZEB1 or empty (Vec) expression vectors, siARNT or siCTL, and an ITGA1 promoter reporter (wild-type [WT] or mutant [MT] ARNT-binding
sites). (J) Top, ITGA1 3'-UTR reporter. Bottom left, luciferase activity in 344SQ co-transfectants (reporter and miRs or negative control miR-NC). Bottom
right, luciferase activity in 344SQ co-transfectants (miR-148a or miR-NC and ITGA1 3-UTR reporter containing miR-148a-binding sites [WT or MT]). (K)
qPCR of mRNAs in 344SQ cells transfected with miRs or empty vector (Vec). (L) Working model. Values are Mean £+ SD. n=3. P values, 2-tailed Student’s
t-test and Dunnett’s test for 2-group and > 2 group comparisons). Results were replicated (n = 2 experiments).
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Figure 5. ITGA1 and ADCY9 are miR-181b-regulated ceRNAs. (A) gPCR of mMRNAs in 393P transfectants (antagomiR-181b [anti-181b] or control [anti-
NC]). Levels of 32 predicted miR-181b targets that were approximately equimolar with ITGA1 in 393P_ZEB1 cells expressed as a ratio (anti-181b/anti-NC).
Significantly upregulated > 2-fold (red). (B) Schema, 3'UTRs of ADCY9, ONECUT2, TGFBR3 and BHLHE41 with locations of predicted miR-181b binding
sites. Bar graph, luciferase activity in 344SQ cells co-transfected with miR-181b or control (miR-NC) and a 3'UTR reporter with wild-type (WT) or mutant (MT)
miR-181b-binding sites. ONECUT2 reporters with 3’'UTR portions (ONECUT2-1, -2, and -3). (C) AGO2 RIP performed on lysates from 344SQ transfectants
(ITGA1 siRNA [silITGA1] or control [siCTL]). AGO2-associated ITGA1, TGFBR3, ONECUT2 and ADCY9 mRNAs normalized on the basis of IgG control and
expressed as fold-enrichment relative to siCTL. (D) AGO2 RIP on 393P cells transfected with WT or mutant MT ITGA1 3'UTR or EGFP. AGO2-associated
ITGA1 3'UTR and ADCY9 mRNA normalized on the basis of IgG control and expressed as fold-enrichment relative to EGFP transfectants. (E) gPCR of
ADCY9 mRNA in 393P cells transfected with ITGA1 3‘UTR (WT or MT) or EGFP. (F) Luciferase activities in 393P cells co-transfected with ADCY9 3'UTR
reporters and ITGA1 3'UTR (WT or MT) or EGFP. ZEB1 3'UTR reporter included as negative control. (G and H) ITGA1 and ADCY?9 levels in human lung
adenocarcinomas (n=541) in The Cancer Genome Atlas (TCGA) as groups (top and bottom quartiles). (I) Pan-cancer analysis examining correlations between
ZEB1, ITGA1, and ADCY9 mRNA levels for each of 32 different cancer types in TCGA. See Methods (Statistical section) for list of tumor types and sample
sizes. Values are Mean + SD. n=3, unless otherwise indicated. P values, 2-tailed Student’s t-test, Dunnett’s test for 2-group and > 2-group comparisons.
Results were replicated (n = 2 experiments).
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Figure 6. AC9 is essential for EMT-driven metastasis. (A) Boyden chamber assays of 393P cells treated 8-bromo-cyclic AMP or vehicle (CTL). Migratory
cells photographed (images) and counted (bar graphs). Scale bar: 200 ym. (B) gPCR (bar graph) and Western analyses (gels) of AC9 expression in 344SQ
cells stably transfected with scrambled (siCTL) or 1 of 2 AC9 siRNAs. (C) Cyclic AMP levels in 344SQ cells transfected with siCTL or siAC9. (D) Boyden
chamber assays of 344SQ cells transfected with siAC9 or siCTL. Scale bar: 200 ym. (E) Bar graph, Numbers of viable 344SQ transfectants seeded on low-
adhesion plates and counted 24 h later. n=4 samples per condition. Gels, Western analysis to detect cleaved PARP as a marker of apoptosis in transfectants
seeded on adhesive or low-adhesion (suspension) plates. 3-actin included as loading control. (F) Soft agar colony formation by 344SQ cells transfected with
siAC9 or siCTL. Colonies photographed (images) and counted (bar graph). Scale bar: 100 um. (G) Fluorescence microscopic images of lung metastases in
mice injected with RFP—labeled 344SQ cells transfected with siAC9 or siCTL. Scatter plot, numbers of lung metastasis per mouse (dots). (H) gPCR and
Western analyses of AC9 expression in 393P_AC9 cells (AC9) and 393P_Vector cells (Vec). (I) Cyclic AMP levels in 393P_AC9 cells 393P_Vector cells. (J)
Boyden chamber assays of 393P_AC9 cells and 393P_Vector cells. Scale bar: 200 um. Values are Mean + SD. n=3, unless otherwise indicated. P values, 2-
tailed Student’s t-test and Dunnett’s test for 2-group and > 2-group comparisons. Results were replicated (n = 2 experiments).
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Figure 7. Working model of a ZEB1-driven ceRNA network. In tumor cells with low ZEB1, equal copy numbers of ITGA1 and ADCY9 mRNA are
targeted by miR-181b. Following ZEB1 upregulation, ITGA1 mRNA levels increase, leading to miR-181b sponging, relief of ADCY9 mRNA targeting,
and increased adenylyl cyclase 9 protein (AC9) levels. AC9 increases the production of cyclic AMP (cAMP), which promotes metastasis. Symbols for
miR-181b (wavy black lines) and miR-181b binding sites (black ovals) in 3' UTRs of ITGA1 and ADCY9 mRNAs are indicated.
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