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Pre-B-cell leukemia homeobox (Pbx)-regulating protein-1 (Prep1)
is a ubiquitous homeoprotein involved in early development, ge-
nomic stability, insulin sensitivity, and hematopoiesis. Previously
we have shown that Prep1 is a haploinsufficient tumor suppressor
that inhibits neoplastic transformation by competing with myeloid
ecotropic integration site 1 for binding to the common heterodi-
meric partner Pbx1. Epithelial-mesenchymal transition (EMT) is
controlled by complex networks of proinvasive transcription fac-
tors responsive to paracrine factors such as TGF-p. Here we show
that, in addition to inhibiting primary tumor growth, PREP1 is a
novel EMT inducer and prometastatic transcription factor. In hu-
man non-small cell lung cancer (NSCLC) cells, PREP1 overexpression
is sufficient to trigger EMT, whereas PREP1 down-regulation inhib-
its the induction of EMT in response to TGF-p. PREP1 modulates
the cellular sensitivity to TGF-§ by inducing the small mothers
against decapentaplegic homolog 3 (SMAD3) nuclear translocation
through mechanisms dependent, at least in part, on PREP1-medi-
ated transactivation of a regulatory element in the SMAD3 first
intron. Along with the stabilization and accumulation of PBX1,
PREP1 induces the expression of multiple activator protein 1 com-
ponents including the proinvasive Fos-related antigen 1 (FRA-1)
oncoprotein. Both FRA-1 and PBX1 are required for the mesen-
chymal changes triggered by PREP1 in lung tumor cells. Finally,
we show that the PREP1-induced mesenchymal transformation
correlates with significantly increased lung colonization by cells
overexpressing PREP1. Accordingly, we have detected PREP1 accu-
mulation in a large number of human brain metastases of various
solid tumors, including NSCLC. These findings point to a novel role
of the PREP1 homeoprotein in the control of the TGF-§ pathway,
EMT, and metastasis in NSCLC.

TALE proteins | PTGFp

REP1 [pre-B-cell leukemia homeobox (Pbx)-regulating

protein-1], also known as “PKNOX1” (PBX/knotted ho-
meobox 1), belongs to the TALE (three-amino acid-loop-exten-
sion) family of homeodomain transcription factors, along with
myeloid ecotropic integration site (MEIS) and PBX proteins. As
indicated by its name, PREP1 retains PBX1 in the nucleus and
induces its binding to DNA (1).

PREPI is essential in embryonic development. Although Prepi-
null embryos die before gastrulation from apoptosis of the epiblast
(2), hypomorphic PrepI-mutant mice (Prep™), expressing se-
verely decreased Prepl levels (3-10% of wild-type) exhibit incom-
pletely penetrant embryonic phenotypes, mainly characterized by
alterations in hematopoiesis and angiogenesis (3).

Prepl deficiency affects cell proliferation and survival in var-
ious biological contexts. Decreased Prepl expression results
in increased apoptosis in Prepl”" embryos and mouse embry-
onic fibroblasts (MEFs) (4). In Prepl~'~ embryos, early pre-
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implantation lethality is consequent to increased apoptosis in
mouse pluripotent epiblast cells. Genetic analysis suggests that
the lack of Prepl confers increased sensitivity to DNA damage
by Atm- and p53-mediated mechanisms (2).

TALE homeoproteins are strongly implicated in leukemia-
and lymphomagenesis. The ¢ (1, 19) translocation forming the
PBX1-E2A chimeric transcription factor is a cause of pediatric
acute pre-B-lymphoblastic leukemia (5, 6), and in myeloid leu-
kemias MEIS] is a relevant oncogene, acting in tight cooperation
with HOXA9 (7).

Unlike PBX1 and MEIS1, PREP1 is able to inhibit neoplastic
transformation. Indeed, Ep-myc—induced lymphomagenesis is
accelerated by Prepl haploinsufficiency. In addition, surviving
Prep” mice develop spontaneous pretumoral lesions and eventu-
ally lymphomas and carcinomas. Accordingly, we have detected
very low PREP1 expression in a majority of specimens representing
a wide range of human tumors (8).

In both Prep”™ MEFs and human PREPI down-regulated fibro-
blasts, decreased Prep1 expression causes increased susceptibility
to RAS transformation by mechanisms mediated by the Prepl-
dependent inhibition of oncogene-induced senescence (OIS). The
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increased resistance to OIS is associated with the accumulation of
DNA damage and chromosomal instability (9).

TGF-f and the tumor microenvironment exert both positive
and negative influences on cancer development. In premalignant
stages, TGF-p represents a major tumor suppressor cytokine.
During tumor progression, loss of the TGF-p-dependent in-
hibition of cell growth is associated with the gain of TGF-
p—dependent control of the invasive phenotype (10).

TGF- is a master regulator of epithelial-mesenchymal tran-
sition (EMT), which, in addition to its roles in embryonic mor-
phogenetic programs, is responsible for the transformation of
polarized epithelial cancer cells into highly motile mesenchymal
derivatives responsible for tumor invasion, intravasation, ex-
travasation, and metastatic dissemination (11). EMT recently
has been implicated in the acquisition of cancer stem cell prop-
erties (12) and resistance to conventional therapies (13). TGF-p
inhibits the expression of epithelial genes, such as E-cadherin, and
induces the expression of mesenchymal genes such as vimentin
and extracellular matrix-degrading proteases (14), including
the urokinase-type plasminogen activator (uPA) (15) and various
matrix metallopeptidases (MMPs) (16).

Transcription factors of the SMAD (small mothers against
decapentaplegic) family, SMAD2 and SMAD3, forming het-
eromeric complexes with SMADA4, represent key regulators of
EMT in response to TGF-f. Increased expression of SMAD2
or SMAD3, along with SMAD4, enhances the EMT induction
by the activated form of type-1 TGF-f receptor (TGFBR1).
SMADs, in turn, control their transcriptional targets by coop-
erating with a variety of nuclear factors, including E-cadherin
repressors [snail family zinc finger 1 and 2 (SNAI1/2), zinc finger
E-box binding homeobox 1 and 2 (ZEB-1/2), and others], acti-
vator protein 1 (AP-1) components, c-MYC, and HMGA2 (17).
In contrast with the broad knowledge of posttranscriptional
mechanisms (heterodimerization, nucleo—cytoplasmic shut-
tling, phosphorylation, ubiquitylation) controlling SMAD’s
activity, very little is known about the transcriptional regula-
tion of SMAD genes.

Lung cancer is the greatest cause of cancer-related death in
Western countries, and metastasis is the most common cause of
death in lung cancer patients. Eighty-five percent of lung cancers
are non-small cell lung cancers (NSCLC). Only 20-30% of
treated NSCLC patients exhibit clinically significant therapeutic
responses. No certain criteria are available to distinguish a good
prognosis from a bad prognosis in patients with stage I NSCLC.

Here, we characterize the role of PREP1 as a novel regulator
of EMT. Despite its inhibitory action on primary tumor growth,
PREP1 triggers EMT, invasion, and metastasis in lung adeno-
carcinoma cells. Accordingly, we show that PREP1 represents a
strong negative prognostic factor in patients with stage 1 NSCLC
and is overexpressed in brain metastasis of lung adenocarcinoma.

Results

PREP1 Triggers the Inhibition of Tumor Growth Associated with EMT
Induction in Lung Adenocarcinoma Cells. We recently have shown
that PREP1 is a haploinsufficient tumor suppressor and that
PREP1 expression is absent or down-regulated in a large variety
of solid tumors (8). Having observed that PREP1 was very low
or absent in a large fraction (313/445) of lung cancer specimens
(8), we decided to investigate the consequence of PREP1 re-
expression in a non-small cell lung adenocarcinoma line express-
ing PREP1 at very low level. As compared with control cells
(AS549PBABEY - A54QFPREPL cells displayed slightly decreased pro-
liferation, correlating with signs of increased apoptosis (i.e.,
increased Caspase-3/7 activity) (SI Appendix, Fig. S1 A-C).
However, after injection into immunocompromised mice, the
A549PREPL cells formed fewer tumors, and these tumors were
significantly smaller than the xenografts formed by the control
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AS549PBABE cell line (ST Appendix, Fig. S1 D and E). These
data suggested that PREP1 is able to suppress neoplastic
growth in lung cancer cells.

However, the A549"REP! cells exhibited striking morphologi-
cal modifications. The ectopic PREP1 triggered the transition
from a cobblestone-like morphology to an elongated shape as-
sociated with increased cell scattering. Fibroblast-like stress
fibers were increased, and cortical actin was decreased (Fig. 1 4
and B). Loss of intercellular adhesion and cytoskeletal remod-
eling suggested that PREP1 could induce EMT. Accordingly, we
observed nearly complete loss of E-cadherin immunostaining
in A549PREP1 cells as compared with control cells. Vimentin
staining revealed changes in protein distribution from a localized
perinuclear signal to a diffuse filamentous distribution (Fig. 1C).
In addition, the E-cadherin protein level was down-regulated,
and vimentin expression was increased significantly in response
to PREPI1. These modifications reflected consistent changes
in transcript levels in A549"REP! as compared with A549PBABE cells
(Fig. 1 D and E).

PREP1-Induced Cell Motility and Invasion Are Associated with the
Accumulation of Proinvasive AP-1 Components. According to the
EMT, A549PREPL cells exhibited increased motility in wound-
healing (Fig. 24) and Transwell (Fig. 2B) assays. In addition,
PREP1 was able to stimulate the invasion of an artificial base-
ment membrane, as shown by the increased migration of A549PREF!
cells through Matrigel-coated Transwell inserts (Fig. 2C). Be-
cause Matrigel invasion requires proteolytic degradation of ex-
tracellular matrix components, we analyzed the expression of two
secreted proteases strongly implicated in proinvasive extracel-
lular proteolysis. Both uPA and matrix metallopeptidase 2
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Fig. 1. PREP 1 induces EMT in A549 cells. (A—C) Cell morphology under bright-
field (A) and immunofluorescence (B and C) microscopy. Actin microfilaments
were stained by rhodamine-conjugated phalloidin. E-cadherin and vimentin
were visualized by FITC immunostaining. Cell nuclei were visualized by DAPI. (D)
Western blotting analysis of E-cadherin and vimentin in total extracts from
AS5497REP1 and A549PBABE cells. Anti-actin was used to normalize for protein
loading. (E) Quantitative RT-PCR (qQRT-PCR) analysis of the PREP1 (PKNOXT),
E-cadherin (CDH1), and vimentin (VIM) transcripts. GAPDH was used as an
internal control. Expression levels in A549°REP! cells are shown relative to the
levels in A549PBABE cells. Error bars represent the mean + SD of three in-
dependent experiments.

Risolino et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1407074111/-/DCSupplemental/pnas.1407074111.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1407074111/-/DCSupplemental/pnas.1407074111.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1407074111/-/DCSupplemental/pnas.1407074111.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1407074111/-/DCSupplemental/pnas.1407074111.sapp.pdf
www.pnas.org/cgi/doi/10.1073/pnas.1407074111

A AS549PBABE  ABAQPREP1

e oh 200 a m A54QPBASE
'E‘ - " O A549PREP1
z
g 100
16h H
e 50
o
0
24h 16 24 Hours
C D. mA54gpBasE
g‘ 25 23 CIA54QPREP1
H g
o 2 225
3 s
815 - 2
5 % LA
& E 1
E 05 Eu,s
g o 3 o
AN N &
f” 4 éegq@“ PLAU  MMP2
& L
E F & & &
z ¥ & o &
£ 2 o o G
g, * ¥ Ll
855 prept  [EE] perki2
8-
S% 4 B e ERK1/2
-2
g os R e
o 0 -
& o g L
r‘;‘d’ \3,:?@ Actin

Fig. 2. PREP1 induces cell migration, invasion, and accumulation of AP-1
components. (A) Wound-healing assay. (Left) Three different fields were
taken. (Right) The graph shows the width (in millimeters) of the wound 16
and 24 h after the scratch. Error bars represent the mean + SD of three in-
dependent experiments. *P < 0.01. (B and C) Equal numbers of viable cells
were seeded on the top of Transwell inserts and incubated for 5 h in serum-
containing medium. Cells that migrated through filters were stained with
crystal violet and then were examined under a microscope. The graph shows
the cell count in five different fields. Error bars represent the mean + SD of
three independent experiments. (C) Invasion was measured by coating the
Transwell inserts with a layer of Matrigel (50 pg/mL). (D) PLAU and MMP2
transcript levels were quantitated by real-time RT-PCR analysis using GAPDH
as internal control. Error bars represent the mean + SD of three independent
experiments. (E) Luciferase activity of an AP-1 reporter construct (pAP-1-luc)
transfected in A549PBABE and A549PREP! cells. Firefly luciferase activity was
normalized by cotransfecting a Renilla luciferase reporter. Error bars rep-
resent the mean + SD of three independent experiments. (F) Western blot
analysis of AP-1 components and phosph-ERK1/2 in A5497REP! cells and
A549PBABE cells. §-Actin or GAPDH was used to normalize for equal loading.

(MMP-2; 72-kDa type IV collagenase) mRNA levels were in-
creased significantly (more than twofold) in AS49PREP! cells as
compared with control cells (Fig. 2D). Both uPA- and MMP-2-
coding genes (PLAU and MMP2, respectively) represent pro-
totype targets of the AP-1 complex, a master transcriptional
regulator of tumor cell migration and invasion (18, 19). There-
fore we analyzed the AP-1 activity and composition in the A549
cells overexpressing PREP1. The activity of an AP-1-luciferase
reporter was increased significantly in AS49"REF! cells as com-
pared with control cells (Fig. 2E), and the expression of multiple
AP-1 components was up-regulated. Specifically, jun proto-
oncogene (c-JUN), jun B proto-oncogene (JUNB), and Fos-related
antigen 1 (FRA-1) were strongly up-regulated (Fig. 2F). The
MAPK pathway is one of the major positive regulators of AP-1
activity and composition. Accordingly, we observed that the ac-
cumulation of FRA-1 and JUN family members correlated with
increased phospho-ERK1/2 levels in the AS49°REF! cells as
compared with A549PBABE cells. These results (Fig. 2F) suggest
that PREP1 can induce the AP-1 activity and target genes
through the activation of the mitogen-activated protein kinase
kinase (MEK)/ERK pathway.

Risolino et al.

PREP1 Accumulation Is Required for the TGF-g-Induced EMT. TGF-f
induces EMT in various systems, including A549 cells (20).
Therefore we decided to investigate the role of PREP1 in re-
sponse to TGF-B. Indeed, in unmodified A549 cells PREP1 ex-
pression was induced almost threefold by TGF-p, with a peak
between 24 and 48 h, intriguingly coinciding with the loss of
E-cadherin (Fig. 34).

We therefore tested the reverse correlation between PREP1
and E-cadherin in the TGF-p-induced EMT by downregulating
PREP1 with two distinct siRNAs, siRNA-A and siRNA-B.
The TGF-p-induced A549 cell scattering, elongation, and cyto-
skeletal remodeling were inhibited partially by siRNA-A knock-
down of PREP1 and were inhibited completely by siRNA-B
knockdown of PREP1. The extent of the effects reflected the
degree of PREP1 down-regulation by the two distinct sSiRNAs
(siPREP1-B > siPREP1-A) (Fig. 3 B-D).

Then we tested the effect of PREP1 down-regulation on the
TGF-p-induced changes of E-cadherin and vimentin. TGF-p-
induced down-regulation of E-cadherin was partially antago-
nized, whereas the accumulation of vimentin was abrogated
completely by the knockdown of PREP1 (Fig. 3E).

Finally, cell-wounding and Transwell assays showed that the
TGF-p-induced motility was inhibited significantly by PREP1
knockdown, with a fold-decrease reflecting the relative efficacy
of the two distinct siRNAs (Fig. 3 F).

When propagated in presence of low serum (0.1%), A54
cells lost the mesenchymal appearance, reverting to the aspect of
AS49PBABE control cells (ST Appendix, Fig. S2 A and B). We pos-
tulated that low concentrations of TGF-B in serum-supplemented
medium might be sufficient to trigger the EMT phenotype in
AS49PREFL cells but not in control cells. To test if PREP1 ac-
tually is able to enhance the TGF-p responsiveness of A549
cells, we treated the A549"R""" and A549PBABF cells with in-
creasing concentrations of TGF-f in serum-free medium. A
TGF-p concentration as low as 0.1 ng/mL was sufficient to in-
duce the scattering of AS49"REP! cells, whereas a fivefold-higher
cytokine concentration was required to induce similar changes in
AS49PBABE cells (ST Appendix, Fig. S2A4). Correspondingly,
only the maximal cytokine concentration caused a partial
down-regulation of E-cadherin in A549PBABE cells, whereas
a 10x lower concentration almost completely inhibited E-
cadherin expression in AS49°REF! cells (ST Appendix, Fig. S2C).
In summary, these results show that PREP1 is required for the
responses to TGF-f and that it acts by modulating the threshold of
sensitivity to the cytokine.

PREP1
9

PREP1 Transcriptionally Induces SMAD3 by Interacting with an
Intronic Enhancer Element. Next, we tested the effects of PREP1
on the key components of the TGF-p pathway. By analyzing
multiple SMADs, we found that the SMAD3 mRNA was increased
significantly in A549PREP! cells as compared with A549PBABE cels,
but smaller changes in SMADI, SMAD2, SMAD4, SMADS, and
SMAD?7 transcripts did not reach statistical significance (Fig. 44).
The increased SMAD3 mRNA level actually resulted in the in-
creased accumulation of the protein, whereas SMAD2 expres-
sion was essentially unchanged in A549PREP! cells as compared
with A549PBABE cells (Fig. 4B).

These findings suggested that SMAD3 might be controlled by
PREP1 in A549 cells. Indeed, SMAD3 was decreased signifi-
cantly in response to PREP1 down-regulation by the two distinct
siRNAs, whereas SMAD?2 was unaffected. Accordingly, the
SMAD3, but not the SMAD?2, transcript was down-regulated
by PREP1 knockdown (Fig. 4 C and D).

Is SMAD3 a transcriptional target of PREP1 in lung adenocar-
cinoma cells? SMAD3 contains a conserved decameric PREP1
target sequence in the first intron (SI Appendix, Fig. S3 4 and
B). Semiquantitative PCR of anti-PREP1-immunoprecipitated
chromatin in AS49"RFF! cells enriched the +1002/4+1150 amplicon
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Fig. 3. PREP1 accumulation is required for the induction of EMT and cell motility in response to TGF-. (A) Western blot analysis of E-cadherin and PREP1
expression in response to TGF- (5 ng/mL) induction in A549 cells at different time points, as indicated. GAPDH was used to normalize for equal loading. The
histograms represent the PREP1 expression level quantified by densitometry and normalized for GAPDH. (B) Two distinct PREP1-targeting siRNAs (si-PREP1-A
and si-PREP1-B) were evaluated by immunoblot analysis of PREP1 72 h after transfection in A549 cells. p-Actin was used to normalize for equal loading. (C
and D) Twenty-four hours after transfection of the two PREP1-targeting siRNAs, A549 cells were treated with TGF- for 48 h and analyzed by bright-field
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encompassing the putative PREP1 element, but no amplifi- and TGF-p-induced PREP1 cells overexpressing A549. Unlike
cation product was detected by using primers complementary  the homogeneous staining in the control cell line, A549"REP L cells
to adjacent regions (Fig. 4 E and F). These results were con-  exhibited predominantly nuclear SMAD3 localization. Strik-
firmed by real-time PCR, which also showed that both an up- ingly, the intensity of the nuclear SMAD3 signal in uninduced
stream (—1074/-916) and a far downstream (+28456/428565)  AS49PREF! cells was comparable to that of nuclear SMAD3
amplicon exhibited near-background levels, comparable to the  after induction with TGF-p in control cells (Fig. 54). The effect
signals generated by control antibodies (Fig. 4G). These findings  was specific for SMAD3, because the SMAD?2 signal remained
were confirmed in HeLa cells that express high PREP1 levels.  uniformly distributed in the cytoplasm of both A549PBABE and
The SMAD3 transcript was affected by the knockdown of PREP1  A549PREPL cells. As expected, TGF-p treatment induced the
(8I Appendix, Fig. S44), and the highest fold-enrichment ob- nuclear localization of SMAD2 in both control and PREP1-
served in ChIP with the +1002/+1150 amplicon was reconfirmed  overexpressing cell lines (Fig. 5B).
with a distinct overlapping (+996/+1133) amplicon (SI Appendix, Immunoblotting analysis confirmed that the nuclear fraction of
Fig. S4B). unstimulated A549°RFF! cells contained phospho-SMAD3, which
To test if the binding site identified by ChIP could be trans-  was proportionally increased in the nuclei of TGF-p-induced
activated by PREP1, we subcloned a 247-bp fragment encompassing ~ A549PREP! cells as compared with control cells. The antibody
the putative regulatory element upstream of an enhancerless  against total SMAD3 gave similar results, showing that SMAD3
luciferase reporter. When coexpressed with a PREP1 expression ~ was more abundant in nuclei from cells overexpressing PREP1
vector, the SMAD3 reporter exhibited a twofold increase of lu-  (Fig. 5C), in agreement with the increase observed in unfrac-
ciferase activity, which was abrogated when the PREP1 sequence  tionated cell extracts (Fig. 4B).
was mutated by double nucleotide substitution (SI Appendix, Next, we tested whether inhibition of PREP1 could affect the
Fig. S5). These data indicate that PREP1 binding to a regu- nuclear accumulation of SMAD3 in response to the cytokine.
latory element in the first SMAD3 intron results in the trans- Immunostaining showed a strong decrease in the TGF-f-
activation of the SMAD3 promoter. induced SMAD3 nuclear signal in cells treated with the PREP1-
targeting siRNA as compared with the nontargeting control siRNA
PREP1 Is Required for the Nuclear Accumulation of SMAD3 in Response  (Fig. 5D). Finally, we investigated whether the PREP1-dependent
to TGF-p. Nuclear localization of regulatory SMADs (R-SMADs)  control of SMAD3 could affect the induction of known SMAD-
requires TGFBR1-mediated C-terminal phosphorylation and  regulated transcripts, such as plasminogen activator inhibitor 1
formation of heteromeric complexes with SMAD4. We analyzed  (PAI-1) (encoded by SERPINEI), representing a well-charac-
the subcellular localization of SMAD2 and SMAD3 in untreated  terized target of the TGF-3—-SMAD pathway (21). Both basal
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Fig. 4. PREP1 induces the expression of SMAD3. (A) SMAD family transcripts
were quantitated by real-time RT-PCR analysis of RNA from A549PBABE and
A549PREPT stable transfectants. GAPDH was used as internal control. Error
bars represent the mean + SD of three independent experiments; *P < 0.05.
(B and C) Western blotting analysis of Smad2 and Smad3 in total extracts
from A549°REPT and A549PBABE cells (B) and in A549 cells transfected with
two PREP1-specific siRNAs, siPREP1(A) and siPREP1(B) (C). p-Actin was used
to normalize for equal loading. (D) gRT-PCR analysis of SMAD3 and SMAD2
in A549 cells transfected with the two PREP1-specific siRNAs. GAPDH was
used as an internal control. Error bars represent the mean + SD of three
independent experiments. (E) Diagram of amplicons used for ChIP analysis.
TSS, the major SMAD3 transcription start site on human chromosome 15. The
Inset shows the PREP1 site in the first intron of the gene. The endpoints of
amplicons (a, b, ¢, d, and e) are relative to the position of TSS, according to
the coordinates on University of California, Santa Cruz Genome Browser
(hg19, February 2009) (F) Representative semiquantitative PCR analysis of
PREP1 binding to fragments a, ¢, and e, in A549°%EP1 cells. (G) Real-time qPCR
analysis in A549°REP! cells of PREP1 binding to the amplicons shown in S/
Appendix, Fig. S2C. Fold enrichment represents the percent of the signal
detected as compared with the input chromatin. Error bars represent the
mean + SD of three independent experiments.

and TGF-p-induced PAI-1 mRNA levels were increased about
2.5-fold in AS49"REP! cells as compared with control A549PBABE
cells. On the other hand, the PREP1-specific siRNA-B, but not
the control siRNA, decreased (from eightfold to 2.5-fold) the
induction of PAI-1 mRNA in A549 cells treated with TGF-f (S
Appendix, Fig. S6). Therefore the level of PREP1 expression
affects the TGF-p—-dependent transactivation of SMAD-responsive
genes in A549 cells. The increase in PAI-1 agrees with the in-
duction of uPA and increased motility, because the uPA-PAI-1
complex is required for cell migration (22).

Both SMAD3 and FRA-1 Are Required for PREP1-Dependent EMT, Cell
Motility, and Induction of ECM-Degrading Proteases. After nuclear
translocation, complexes formed by R-SMADs (SMAD?2 and
SMAD3) and the common mediator SMAD (SMAD4) interact
with their target promoters in cooperation with a variety of
transcription factors, including members of the AP-1 complex.
The results shown in Fig. 2F suggest that FRA-1 might represent
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a major heterodimeric partner of c-JUN and JUNB in cells
overexpressing PREP1. In addition, SMAD2/3-FRA-1 com-
plexes have been strongly implicated in the TGF-p-induced
invasion program (23). Therefore, we investigated the cooperation
between SMAD3 and FRA-1 in A549"%""" cells.

Down-regulation of either SMAD3 or FRA-1 resulted in a
similar restoration of intercellular adhesions and actin cytoskele-
ton in A549"REF! cells (SI Appendix, Fig. S7 A and B). However,
SMAD3 and FRA-1 did not affect each other’s expression at either
the RNA or protein level (SI Appendix, Fig. S7 C and D). PLAU
and MMP?2 transcripts were decreased significantly in response
to both SMAD3 and FRA-1 knockdown, whereas E-cadherin
mRNA and protein expression was up-regulated in response to
SMAD3 down-regulation but was slightly down-regulated by
FRA-1 inhibition in A549"REF! cells (SI Appendix, Fig. S7 C-E).

Motility of AS549REP! cells was decreased in response to
SMAD3 or FRA-1 inhibition, whereas the SMAD3 and FRA-1
double knockdown resulted in a significantly stronger inhibition
of cell migration (SI Appendix, Fig. STF). Interestingly, we also
observed that the SMAD3/FRA-1 double knockdown resulted in
a further decrease in the expression of MMP2 and PLAU as
compared with the individual down-regulation of the two tran-
scription factors (SI Appendix, Fig. STG).

Therefore, both SMAD3 and FRA-1 are implicated in the
changes in cell morphology and motility triggered by PREP1 in
A549 cells. Although SMAD3 and FRA-1 cooperate for tran-
scriptional induction of PLAU and MMP2 in response to PREP]I,
SMAD3, but not FRA-1, is involved in the PREP1-dependent
down-regulation of E-cadherin in A549 cells.

PBX1 Cooperates with PREP1 for the Induction of EMT in A549 Cells.
Because Prepl interaction stabilizes both Pbx2 (24) and Pbx1
(25), we asked if the ectopic PREP1 affected the PBX proteins
in A549 cells. Both PBX family members, along with another
previously reported PREP1 interactor, Myb-binding-protein la
(MBP1a) (26), were accumulated in A549"RFP! cells as com-
pared with A549PBABE control cells (Fig. 64). Because of the
strong accumulation of PBX1 in response to the ectopic PREP1,
we decided to analyze the effect of PBX1 inhibition in A549PREF!
cells. We observed that, after PBX1 expression was knocked down,
AS49PREPL cells reverted toward the epithelioid morphology
(Fig. 6B). Restoration of E-cadherin pericellular staining and
intercellular contacts, along with modifications of vimentin micro-
filaments, rendered the PBX1-knockdown A549FREF! cells more
similar to the parental A549 cell line (Fig. 6 C and D). Ac-
cordingly, the increased E-cadherin and strongly decreased
vimentin at both the protein and mRNA levels (Fig. 6 E and F)
indicated that the decrease in PBX1 induced mesenchymal-
to-epithelial transition in AS49PREF! cells.

To understand whether, like PREP1, PBX1 affects the activity
of SMAD3, we then analyzed the effect of PBX1 knockdown
on SMAD3 intracellular distribution. Western blot analysis
of SMAD3 in fractionated cell extracts showed that nuclear
SMAD3 accumulation in response to PREP1 overexpression
and/or TGF-p treatment was decreased when PBX1 expression
was silenced (compare lanes 3 vs. 4, 5 vs. 6, and 7 vs. 8 in Fig.
6G). As expected, the levels of phospho-SMAD3 paralleled the
levels of SMAD3 accumulation in the nuclear fraction. Although
PREP1 expression was undetectable in the cytoplasm in both
AS549PBABE and AS49PREPL olls  nuclear PREP1 accumula-
tion was inhibited by PBX1 knockdown, thus suggesting that
the effect on SMAD3 resulted from the down-regulation of both
PREP1 and PBXI1. As suggested by the effect also detected
on the ectopically expressed PREP1, PBX1 controlled PREP1 at
the posttranslational level. Immunoblotting results (Fig. 6G)
were confirmed by immunofluorescence microscopy, showing that
the nuclear signal of both basal and TGF-f-induced SMAD3
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Fig. 5. PREP1 induces the nuclear accumulation of SMAD3. (A and B) Immunofluorescence analysis of SMAD3 (A) and SMAD2 (B) in A549PREP! and A549PBABE
cells. SMAD3 was stained with FITC-conjugated antibodies. Cell nuclei were visualized by DAPI staining. TGF-p (5 ng/mL) induction was for 1 h. (C) Western
blotting analysis of PREP1, phospho-Smad3 (pSMAD3; Ser423/425), and total Smad3 in nuclear (Left) and cytoplasmic (Right) extracts of A549°RP1 and
A549PBABE ce||s treated with TGF-B (5 ng/mL for 1 h) or not treated. Equal loading and nucleo—cytoplasmic fractionation were monitored by anti-nucleolin and
anti-tubulin antibodies. (D) Immunofluorescence analysis of Smad3 in A549 cells transfected with the negative control (Scramble) or PREP1-specific siRNA

[si-PREP1(B)] and treated for 1 h with TGF-p (5 ng/mL).

was reduced when PBX1 was silenced in AS49PREF! cells (S1
Appendix, Fig. S8).

In summary, the data presented here show that PBX1 coop-
erates with PREP1 in inducing EMT by supporting the nuclear
accumulation of SMAD3 in response to TGF-p.

Aberrant expression of embryonic EMT-inducing transcrip-
tion factors frequently is associated with EMT and metastasis.
Therefore, we investigated the expression of multiple EMT
inducers (SNAII, SNAI2, ZEBI, and ZEB2) in response to TGF-p
induction or ectopic PREP1. Although SNAIL (encoded by SNAII)
was strongly up-regulated in parental A549 cells in response
to the cytokine treatment (SI Appendix, Fig. S94), we did not
detect significant up-regulation for any of the EMT inducers
in A549PREP! cells as compared with AS49PBABE cells (ST Appendix,
Fig. S9B). These results indicated that the PREP1-mediated
EMT does not require the transcriptional induction of E-cadherin
TEepIessors.

PREP1 Overexpression Promotes Lung Metastases in Mice. The mesen-
chymal transformation, along with the increased motility and
invasiveness of A549PREF! cells, prompted us to analyze the
effects of PREP1 overexpression in an in vivo metastasis assay.
Starting at 6 wk after tail-vein injection, metastatic nodules could
be detected in the lungs of 10 of the 15 mice injected with
AS549PREPL cells, whereas no nodules were found in any of the 15
control mice injected with the AS49PPABE cells (Fig. 7 4 and B).
Therefore, we conclude that PREP1 is able to increase the
metastatic potential of lung adenocarcinoma cells.
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PREP1 Negatively Correlates with Survival in NSCLC Patients and Is
Overexpressed in Brain Metastases. The discrepancy between the
PREPI1-dependent inhibition of primary tumor growth (SI Ap-
pendix, Fig. S1) and the PREP1-dependent increase of metas-
tases (Fig. 7) in immunocompromised mice called our attention
to the possible prognostic correlations of PREP1.

In the previously analyzed cohort of 445 patients representing
all four stages of NSCLC, the presence or absence of PREP1 did
not correlate with increased/decreased survival (8). However,
when the analysis was focused on the patients with stage 1
NSCLC (n = 196), Kaplan—-Meier curves showed that nuclear
PREPI1 expression clearly correlated with survival rates. Patients
were divided in two groups on the basis of the PREP1 immuno-
histochemistry (IHC) score (Fig. 84). The high-PREP1 group was
associated with a statistically significant (P = 0.0002) decrease in
overall survival time, with a 3.5-fold higher risk of death. Other
parameters (such as sex, tumor stage and grade, p53 expression,
and Ki67-positivity) did not change the risk or odds ratios ap-
preciably or were of minimal statistical significance (Fig. 8B). When
patients were grouped on the basis of tumor histology, the negative
prognostic correlation was retained, with higher statistical signifi-
cance in lung adenocarcinomas than in squamous cell carcinomas
(Fig. 8 C and D). Next, we asked if the negative prognostic corre-
lation corresponded with the expression of Prepl in metastatic
lesions. We analyzed 104 brain metastases from different kinds
of human cancers, including 33 NSCLC. Among the analyzed
metastases, only three of the 104 specimens were PREP1™. The
box plot in Fig. 8E shows that essentially all metastases expressed
PREP1; overall expression was strongest in small cell lung car-
cinoma, lowest in breast cancer, and intermediate in NSCLC and
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Fig. 6. PBX1 expression is required for the PREP1-mediated induction of
EMT. (A) Western blotting analysis of PREP1, PBX1, PBX2, p160M&" and
vinculin in A549PREP1 and A549PBABE cells. (B) Bright-field (Left and Center)
and immunofluorescence (Right) microscopy of A549°REPT transfected with
the PBX1 or control (Scramble) siRNAs. The actin cytoskeleton was visualized
by rhodamine-conjugated phalloidin. Cell nuclei were visualized by DAPI
staining. (C and D) Immunofluorescence analysis of E-cadherin (C) and
vimentin (D) in A5497°REP! cells transfected with PBX1-specific or control
(Scramble) siRNAs and in A549P5ABE cells. Both proteins were detected by
indirect FITC staining. Cell nuclei were visualized by DAPI. (E) Immunoblot-
ting analysis of PBX1, E-cadherin, and vimentin in A549°REP" cells transfected
with PBX1-specific or control (Scramble) siRNA. p-Actin was used to nor-
malize for equal loading. (F) qRT-PCR analysis of PBX1, E-cadherin (CDH1),
and vimentin (VIM) mRNAs, in the same samples of shown in S/ Appendix,
Fig. S6E. Gapdh was used as internal control. Error bars represent the mean +
SD of three independent experiments. (G) Western blotting analysis of PBX1,
PREP1, phospho-Smad3 (pSMAD3; Ser423/425), and total Smad3 in nuclear
(Left) and. cytoplasmic (Right) extracts of A549°REP! and AS549PBABE cells
treated with TGF-B (5 ng/mL for 1 h) after the PBX1-specific or control-siRNA
transfection. Equal loading and nucleo-cytoplasmic fractionation were
monitored by anti-nucleolin and anti-tubulin antibodies.

others. Interestingly, several NSCLC brain metastases stained
strongly positive at the tumor—stroma interface, whereas the fi-
brovascular stroma stained negative, except for the strongly
PREP™ leukocytes (Fig. 8F). In the cohort of 196 patients with
stage I NSCLC (Fig. 84), about 50% of the specimens had no or
very low PREP1 expression; in the overall cohort of patients with
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lung cancer (n = 454) this frequency reached 70% (8). On this
basis, the presence of PREP1 in all metastatic lesions indicates
a very significant enrichment despite the relatively small num-
ber of available specimens.

Discussion

In this study we show that the tumor suppressor PREP1 also has
properties that favor tumor malignancy.

Although the effect of PREP1 on the growth of primary
tumors (SI Appendix, Fig. S1) agrees with our previous find-
ings (8, 27, 28), the proinvasive and prometastatic functions of
PREP1 are novel. PREP1 induces the EMT hallmarks—down-
regulation of E-cadherin and up-regulation of vimentin—
along with cytoskeleton remodeling, increased motility, and in-
vasiveness in lung adenocarcinoma cells. Mesenchymal changes
are associated with the increased lung colonization by cells
overexpressing PREP1. The high frequency of PREP1" brain
metastases of NSCLC, as opposed to the high level of PREP1™
primary NSCLC, agrees with this overall interpretation. Indeed,
PREPI1 represents a negative prognostic factor in patients who
have stage 1 NSCLC.

Mechanistically, our data indicate that PREPI represents a
novel modulator of cell responsiveness to TGF-p: PREP1 is
necessary for the induction of the EMT in response to TGF-p,
which, in turn, positively controls PREP1 accumulation.

The effects of PREP1 on EMT and motility require the
PREP1-mediated induction of three transcription factors: PBX1,
SMAD3, and FRA-1 (diagrammed in Fig. 9). The PREP1 and
PBX1 proteins are mutually required for their nuclear localiza-
tion. Because of the lack of a nuclear localization signal, PREP1
is unable to enter the nucleus and bind DNA in absence of its
PBX-family heteromeric partners. Dimerization with PREP1, in
turn, protects PBX from nuclear export (29) and increases the
half-life of both PBX1 and PBX2 (24, 25). Recent genome-wide
analysis of mouse Prepl- and Pbx1-binding sites shows that most
Prepl-binding sites are also occupied by Pbxl or Pbx2 (30).

A No. of Metastases
Day | Mice with
metastasis| <0.5mm |0.5mm -1 mm Total

14 0/5 0 0 0

A549P5ABE 22 0/5 0 0 0

81 0/5 0 0 0

112 0/5 0 0 0

4 1 05 0 0 | ©

— 42 2/5 0 1 | 1

A549 81 4/5 21 31 52

112 4/5 9 15 24

Fig. 7. PREP1 overexpression promotes the formation of lung metastases in
immunocompromised mice. Lungs were harvested at various time points
after the injection of A549PREPT or A5A9PBABE in the dorsal caudal vein of two
groups of immunocompromised mice. (A) Counts of visible lesions present
on the external surface of the lungs from mice (n = 20 mice per group)
harvested at the four indicated time points after tail-vein injection. (B)
Representative image of lung nodules formed by A549°R€P! cells on day 112
after tail-vein injection. Several white circles (arrows) with an elevated ap-
pearance typical of early metastases were found on all lobes of the lungs.
Two necrotic areas are visible on the lower part of left lobe and on the right
middle lobe.
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Therefore PREP1 up-regulation might be functionally irrelevant
in the absence of a concomitant increase of PBX.

PBX1 is likely to assist PREP1 in modulating the responses to
TGF-p in lung adenocarcinoma cells. Remarkably, analysis of
PbxI~'~ long-term hematopoictic stem cells showed that a sig-
nificant fraction of Pbx1-regulated genes was associated with the
TGF-p pathway (31).

Although preventing PBX1 accumulation in A549 cells over-
expressing PREP1inhibits EMT induction (Fig. 6), we cannot
rule out the possibility that other PBX proteins also collaborate
with PREP1 in lung tumor progression. Interestingly, based on
the IHC analysis of a large number of patients with NSCLC, a
negative prognostic role has been proposed for PBX2 (32).

SMAD3, an important metastasis-related gene and a key
transducer of TGF-p signaling, is a direct target of PREP1 (Fig. 4
and SI Appendix, Figs. S3-S5). PREP1-PBX dimers can bind the
promoter-proximal (+1 kb) (30) decanucleotide (TGATTGACAG)
in a region exhibiting histone marks of transcriptional enhancers
and identified by ChIP-seq in A549 cells as a PBX3 DNA-binding
site (33) within the highly conserved, large (~100 kb) SMAD3 first
intron (SI Appendix, Fig. S3). Although the down-regulation of
PBX1 in AS49"REP! cells has a mild effect on the SMAD?3 protein
level, the amount of phosphorylated SMAD3 is strongly decreased
under those conditions. Therefore, rather than having a direct
transcriptional effect, a signaling mechanism seems operative in
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immunoreactivity, from low-level staining in a few
tumor cells to high uniform expression across the
entire metastasis or a salt-and-pepper pattern of
high- and low-expressing tumor cells.

the PBX1-down-regulated cells. Indeed, the activity of SMAD
proteins is modulated by multiple mechanisms, including nucleo—
cytoplasmic shuttling, phosphorylation by nonreceptor kinases,
ubiquitylation, and feedback control by inhibitory SMADs (re-
viewed in ref. (17), in addition to the transcriptional regulation.

Our results show that PREP1-PBX dimers modulate the cel-
lular responses to TGF-f. The effect of PREP1 appears specific
for SMAD3, because SMAD2 expression was not affected. In-
terestingly, SMAD?3, but not SMAD?2, expression is required for
the induction of EMT in A549 cells (34).

Another possible link between PREP1 and SMAD:s is based
on the DNA-independent interactions between PREP1 and
PBX1 with both SMAD2 and SMAD?3 (35). However, because
we observe the PREP1-dependent nuclear accumulation of
SMAD3, but not SMAD?2, these interactions do not appear to
be implicated in the PREP1-dependent control of SMADs in
A549 cells.

In addition to PBX1/2 (Fig. 6) and SMAD3 (Fig. 4), PREP1
controls the expression of several AP-1 family transcription factors,
including FRA-1, c-JUN, and JUNB, which are strongly in-
creased in response to ectopic PREP1, possibly as a consequence
of the PREP1-induced ERK1/2 activity (Fig. 2). Although the
exact link between PREP1 and the induction of AP-1 compo-
nents needs to be elucidated, a relationship between PREP/PBX
transcription factors and AP-1-dependent transactivation was
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Fig. 9. Scheme of the regulatory interactions connecting PREP1 and PBX1
expression with the TGF-p-SMAD3 pathway, cellular invasion, and EMT.

established previously. Indeed, the PREP1-binding element was
shown to be required for the FRA-1/AP-1-dependent induction of
uPA transcription (36). The cooperation between PREP1 and AP-
1 might involve their functional interaction at regulatory elements
of other proinvasive genes, in addition to uPA (37).

FRA-1 represents a key regulator of tumor cell proliferation,
motility, and invasion (38). In A549 cells, FRA-1 overexpression
induces in vitro invasion and anchorage-independent growth, along
with in vivo metastasis (39). More recently, FRA-1 has been im-
plicated in the control of EMT in response to the RAS-MEK-ERK
pathway in multiple tumor cell systems (40-43). Interactions be-
tween SMAD3/4 and AP-1 components are well-characterized
examples of cooperation between transcription factors (44). Indeed,
interactions between SMAD3, FRA-1, c-JUN, and JUNB are es-
sential for the TGF-p-induced binding of SMAD?3 to several AP-1-
regulated genes critically involved in breast cancer cell invasion (23).
Our data show that the FRA-1-SMAD3 cooperation triggers
mesenchymal changes and activation of proinvasive genes in re-
sponse to PREP1, whereas FRA-1 seems to be dispensable for the
PREPI1-dependent inhibition of E-cadherin in A549 cells.

In contrast with the transcriptional induction of SMAD3, PREP1
did not affect the expression of any of the EMT-inducing tran-
scription factors (SI Appendix, Fig. S9), thus suggesting possible
posttranscriptional mechanisms. Given the previously demonstrated
role of the SNAIL1-SMAD?3/4 corepressor complex in down-
regulating multiple epithelial promoters (E-cadherin, occludin, and
claudin-3) (45), we envisage that the accumulation and nuclear
translocation of SMAD3/4 results in biochemical and functional
interaction with promoter-bound SNAIL1 and consequent in-
hibition of epithelial hallmarks in response to the ectopic PREP1.

Cancer-associated EMT results from the hijacking of embry-
onic programs involved in gastrulation and critical steps of
morphogenesis, including cardiac formation and secondary pal-
ate fusion in response to TGF-p signaling (46, 47). Although
Prepl-dependent roles in mouse embryonic craniofacial de-
velopment have not been characterized, Pbx1 has been shown to
regulate fusion of the frontonasal processes in the mouse embryo
(48). In addition, given the role of TGF-p-induced EMT in in-
flammatory diseases resulting in organ (such as lung and kidney)
fibrosis (49), it will be important to understand the possible roles
of Prepl and Pbx1 in mouse models of fibrosis.

The invasive and metastatic phenotype triggered by PREP1
overexpression in lung adenocarcinoma cells is at odds with the
tumor-suppressive role of PREPI (8, 28). However, the novel

1. Berthelsen J, Zappavigna V, Ferretti E, Mavilio F, Blasi F (1998) The novel homeo-
protein Prep1 modulates Pbx-Hox protein cooperativity. EMBO J 17(5):1434-1445.

2. Fernandez-Diaz LC, et al. (2010) The absence of Prep1 causes p53-dependent apo-
ptosis of mouse pluripotent epiblast cells. Development 137(20):3393-3403.

3. Ferretti E, et al. (2006) Hypomorphic mutation of the TALE gene Prep1 (pKnox1)
causes a major reduction of Pbx and Meis proteins and a pleiotropic embryonic
phenotype. Mol Cell Biol 26(15):5650-5662.
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function of PREP1 as regulator of the TGF-p pathway can
explain the apparent discrepancy. In line with its tumor-suppressor
activity, PREP1 overexpression induces a decrease in A549
cell viability associated with increased apoptosis. The stronger
growth inhibition observed in tumor xenografts as compared with
cultured cells suggests that paracrine factors might contribute to
the effect of PREP1 on A549 cell viability (SI Appendix, Fig. S1).
These data indicate that the oncosuppressor activity of PREP1 is
exerted also in lung tumor cells, in agreement with our previous
data in a system of MYC-induced lymphomagenesis (8, 28).

Because the EMT at the invasive front of carcinomas depends
on tumor-stroma paracrine interactions involving TGF-p se-
cretion by tumor-infiltrating inflammatory cells, PREP1 over-
expression might be induced by TGF-p at the tumor—stroma
interface (Fig. 8F).

The significant enrichment of PREP1 expression in brain
metastases (which are all PREP1*, whereas 50% or more of all
primary lung tumors are PREP17) supports a causal role for
PREPI in the metastatic spread of human lung cancer. These
findings harbor important prognostic relevance in a cancer in
which prognostic markers are badly needed. The positive stain-
ing of PREP1 in brain metastasis derived from several kinds of
human cancer suggests that PREP1 might be an EMT inducer in
different cellular contexts.

In this respect, a recently reported 10-gene prognostic signa-
ture resulting from microarray-based expression profiling of
noninvolved tissue in 282 patients with NSCLC includes PREP1/
PKNOX]1 as a negative prognosticator (with a hazard ratio of 6.5;
P value 1.5E-04) (50). This finding might be evidence of a PREP1-
dependent (perhaps TGF-p-mediated) stroma—tumor interaction,
which would be important to investigate in further detail.

We speculate that the worse prognosis associated with PREP1
expression in patients with stage 1 NSCLC (Fig. 8) might result
from the increased metastatic potential of PREP1" lung tumors,
despite the inhibitory effect of PREP1 on primary tumor growth
suggested by our present (SI Appendix, Fig. S1) and previous
(8, 27, 28) findings.

Materials and Methods

Detailed information on in vitro experimental procedures and reagents is
provided in S/ Appendix, Experimental Procedures.

Human Samples and IHC. General tissue microarrays were specifically designed
with normal and malignant tumor tissues and prepared as described with minor
modifications (8). IHC analysis was performed on NSCLC cases having undergone
surgical resection at the European Institute of Oncology (IEO) from June, 1998 to
December, 2002. Written informed consent was obtained from all patients, and
ethical approval was given by the IEO Institutional Review Board.

Statistical Analysis. Kaplan—Meier survival curves and univariate-multivariate
analyses were done using JMP-IN 5.1 software (SAS). For Kaplan-Meier
curves, P values were computed using a log-rank test. For univariate and mul-
tivariate analyses, nominal logistic regression and Wald y? tests were used.
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