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Abstract Transforming growth factor beta (TGF-[3) induces
epithelial-mesenchymal transition (EMT) accompanied by
cellular differentiation and migration. Despite extensive
transcriptomic profiling, identification of TGF-f-inducible,
EMT-specific genes during metastatic progression of lung
cancer remains elusive. Here, we functionally validate a pre-
viously described post-transcriptional pathway by which
TGF-f3 modulates expression of interleukin-like EMT inducer
(ILEI), and EMT itself. We show that poly r(C)-binding
protein 1 (PCBP1) binds /LEI transcript and repress its trans-
lation. TGF-f3 activation leads to phosphorylation at serine-43
of PCBPI1 by protein kinase Bf3/Akt2, inducing its release
from the /LEI transcript and translational activation. Modula-
tion of hnRNP E1 expression modification altered TGF-[3-
mediated reversal of translational silencing of /LET transcripts
and EMT. Furthermore, ILEI could induce, as well as main-
tain, CD24'°“CD44"¢" subpopulation in A549 cells treated
with TGF-f3, which might explain its capability to induce
metastatic progression. These results thus validate the exis-
tence of an evolutionary conserved TGF-f3-inducible post-
transcriptional regulon that controls EMT and subsequent
metastatic progression of lung cancer.
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Introduction

Despite rapid advances in drug development and surgical
procedures, lung cancer is the leading cause of cancer death
worldwide in both men and women [1], with an estimated 1.4
million deaths each year [2]. The alarming nature of these
numbers is further highlighted by the fact that lung cancer
death is greater than the next three most common cancers
combined inclusive of colon, breast, and prostate cancer.
Surgery is still considered the best option for non-small cell
lung cancer (NSCLC) treatment. However, lung cancer is not
usually diagnosed until advanced stage, and fewer than 25 %
of NSCLC patients are considered as candidates for surgical
therapy [3]. Chemotherapy is also not a viable option because
whereas a large proportion of lung cancer patients are intrin-
sically resistant to chemotherapy referred as intrinsic resis-
tance, other patients eventually develop acquired resistance
even after combination therapy, although they are initially
sensitive to chemotherapy [4]. Indeed, metastasis and thera-
peutic resistance are the major causes of failure in cancer
treatment.

Epithelial-mesenchymal transition (EMT) is a core mech-
anism underlying tumor metastasis [4, 5], and it is postulated
that epithelial cancer cells revert to an embryonic state during
the invasive phase of this process, recapitulating the develop-
mental switch from a polarized, epithelial phenotype to a
highly motile mesenchymal phenotype [5]. The molecular
mechanisms that induce and drive the cellular conversions
of EMT have long been the focus of intense investigation.
The vast majority of these studies have primarily focused on
transcriptional regulation associated with EMT, revealing im-
portant roles for the Snail, Twist, and Zeb family of
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transcription factors and the signaling pathways that activate
them [5, 6]. However, recent findings have revealed that vast,
coordinated changes in post-transcriptional regulatory net-
works occur during EMT and that they profoundly alter cel-
lular phenotypes and behaviors [7-9]. The impact of post-
transcriptional control in the process of EMT, both by
microRNAs (miRNAs) and RNA-binding proteins, is slowly
evolving [7, 8, 10—15]; however, not much is known about
post-transcriptional regulation of EMT and metastasis during
lung cancer progression. Post-transcriptional regulation of
gene expression during lung cancer pathogenesis and progres-
sion has been elucidated at the level of different miRNAs [16],
but nothing is known about the RNA-binding proteins or the
signaling mechanisms that dictate such regulation.

Previous work [7, 10, 12, 17] has shown that regulation of
gene expression at the post-transcriptional level plays an in-
dispensable role in transforming growth factor beta (TGFf3)-
induced EMT. A transcript-selective translational regulatory
pathway in which a ribonucleoprotein [messenger ribonucleo-
protein particle (mRNP)] complex, consisting of poly r(C)-
binding protein 1 (PCBP 1), binds to a 3'-UTR regulatory BAT
(TGEF-f3 activated translation) element and silences translation
of Dab2 and ILEI messenger RNAs (mRNAs), which are
involved in mediating EMT [7]. ILEI has been indicated
initially in autosomal recessive nonsyndromic hearing loss
locus 17 (DFNB17) and belongs to the FAM3A4-D gene family
[7]. It was shown that TGFf3 activates a kinase cascade termi-
nating in the phosphorylation of hnRNP E1 by isoform-
specific stimulation of protein kinase B3/Akt2, inducing the
release of the mRNP complex from the 3'-UTR element, in
turn, resulting in the reversal of translational silencing and
increased expression of transcripts that mediates EMT [7, 10,
17]. However, most of these experiments were conducted in
normal mouse mammary epithelial cells, and no evidence exist
that this pathway is actually functional during metastatic pro-
gression of human solid cancers. Hence, the objective of the
current study was to functionally validate this pathway in an
in vitro model using human lung cancer cell line.

Methods
Reagents

Primers and oligos were purchased from Integrated DNA
Technologies (USA). Mouse «-hnRNP E1 was from Novus
Biologicals (Oakville, ON, Canada), rabbit x-hnRNP E1 was
from Lifespan Biosciences (Seattle, WA, USA). Antibodies
against E-cadherin, vimentin, and Hsp90 were purchased
from Cell Signaling Technology (Danvers, MA, USA). o-
FAM3C antibody was obtained from Abcam (Cambridge,
MA, USA), and x-phospho-serine (clone PSR-45) antibody
from Sigma-Aldrich (India). Normal mouse and rabbit IgG
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were purchased from Santa Cruz Biotechnology (Shanghai,
China).

Cell culture and treatments

A549 cells were maintained in Dulbecco’s modified Eagle’s
medium (Life Technologies, Carlsbad, CA, USA) supplemented
with 10 % fetal bovine serum (FBS; Lonza, Heidelberg, Ger-
many) and antibiotics/antimycotics (Life Technologies). A549
cells were cultured in Dulbecco's modified Eagle's medium
medium (DMEM), containing 10 % FBS, 100 U/mL penicillin,
and 0.1 mg/mL streptomycin. Cells were kept at 37 °C, under a
humidified atmosphere of 5 % CO, in air. Where indicated,
A549 cells were treated with TGF-31 (R&D Systems, Minne-
apolis, MN, USA) at a final concentration of 5 ng/ml for the
indicated time frame. Where indicated, #TGF-3-treated cells
were treated with MG-132 (10 pg/ml; Sigma-Aldrich) for up
to 4 h.

Plasmids construction, transfection and stable clone
generation

The human interleukin-like EMT inducer (ILEI) and
overexpressing construct and poly r(C)-binding protein 1
(PCBP1) short hairpin RNA (shRNA), a pool of four target-
specific 29mer, was brought from Thermo Fisher Scientific
(Waltham, MA, USA). The human ILEI siRNA, a pool of
three target-specific 19-25 nt. siRNAs, and control sSiRNA-A,
a non-targeting 20-25 nt. siRNA, were brought from Santa
Cruz Biotechnology. A549 cells (4x10*) were transfected
with Lipofectamine LTX (Life Technologies) with separate
plasmids as indicated. Forty-eight hours after transfection,
cells were split 1:10 and subsequently selected with G418
(1,000 pg/ml; Life Technologies) until distinct colonies were
observed (approximately 2 weeks). The clones were pooled
and used for subsequent analyses. Indicated PCBP1 shRNA
and ILIE siRNA were transfected at 30 nM concentration.

Isolation of RNA and Northern blot

Isolation of total RNA and northern blot and RT-PCR was
done as described previously [18]. The ILEI probe for the
Northern blot was generated by PCR using forward primer 5'-
ACACAGCTGCACGTTCTACA-3'" and reverse primer 5'-
TCCAGGCAGATTTTGGGTCC-3". The control cyclophilin
(I1B15) probe was generated through in vitro transcription of
template obtained from Life Technologies.

Preparation of whole cell lysates, immunoblot analysis,
and immunoprecipitation

For immunoblot analysis, cells were lysed in buffer containing
25 mM Tris—HCIl pH 7.4, 150 mM NaCl, 1 mM
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ethylenediaminetetraacetic acid (EDTA), 1 % NP-40, and 5 %
glycerol containing complete, Mini protease inhibitor cocktail
(Roche Diagnostics, Indianapolis, IN, USA). Whole cell lysates
(10 pg) were resolved on a NuPAGE 4-20 % gel (Life Technol-
ogies), transferred to an Immobilon PVDF membrane (Millipore,
Billerica, MA, USA), and probed with indicated antibodies. The
blots were imaged using ECL Plus Western blotting substrate
(Pierce, Rockford, IL, USA) and HyBlot CL autoradiography
film (Denville Scientific, Metuchen, NJ, USA). Immunoprecip-
itation was performed as described previously [19].

Phenotypic analyses

Cells were washed once with phosphate-buffered saline (PBS)
and then harvested with 0.05 % trypsin/0.025 % EDTA. De-
tached cells were washed with PBS containing 1 % FCS and
1 % bovine serum albumin (BSA;wash buffer) and
resuspended in the wash buffer (10° cells/100 ul). Combina-
tions of fluorochrome-conjugated monoclonal antibodies
obtained from BD Biosciences (San Diego, CA, USA) against
human CD44 (FITC cat. #555478) and CD24 (PE cat.
#555428) or their respective isotype controls were added to
the cell suspension at concentrations recommended by the
manufacturer and incubated at 4 °C in the dark for 30 to
40 min. The labeled cells were washed in the wash buffer, then
expressions of CD24 and CD44 were determined by flow
cytometry using a FACSCalibur system (BD Biosciences),
equipped with the filter set for quadruple fluorescence signals.
All experiments were repeated at least three times and one
representative result is represented. Data was analyzed using
FlowlJo version 9 (Tree Star, Ashland, OR). Analyses logic and
coincidence decisions for identifying the CD24°¥CD44eh
events were chosen for highest purity.

In vitro mammosphere formation assay

In vitro mammosphere formation was assessed in parental A549
cells or A549 cell line variants in which ILEI was being stably
overexpressed or stably silenced. The aforementioned A549 cell
types were plated at 20,000 cells/ml in serum-free, growth factor
enriched conditions in 6-well ultra-low attachment plates in
serum-free MEM supplemented with 20 ng/ml bFGF, 20 ng/
ml EGF and B27 (Life Technologies). Suspension cultures were
incubated for 10 days before colonies were counted with an
automated colony counter (Oxford Optronix, Oxford, UK).

Results
TGF-3 induces EMT of A549 cells

We initially wanted to determine if TGF-f treatment induces
EMT in A549 cells. A549 cells showed distinct morphological

changes associated with EMT 24 h after treated with TGF-f3
(data not shown). This was accompanied with a concomitant
downregulation of the epithelial cell marker, E-cadherin and
upregulation of the mesenchymal cell marker, vimentin
(Fig. 1). This further suggested that TGF-f3 treatment could
effectively induce EMT of A549 cells.

ILEI protein expression is induced post-transcriptionally
in A549 cells after TGF-f3 treatment

We next wanted to investigate if TGF-3-mediated induction
of EMT in A549 cells is accompanied by a post-
transcriptional induction of ILEI protein synthesis, as previ-
ously elucidated in murine mammary epithelial cells [7].
Northern blot was performed to explore the temporal relation-
ship between steady state expression levels of /LE] mRNA
and protein in TGF-B-treated A549 cells. A significant in-
crease was observed in expression of ILEI protein (Fig. 2B)
without a concomitant increase in its mRNA (Fig. 2A). How-
ever, unstimulated cells, despite having abundant /LE/
mRNA, had low levels of ILEI protein (Fig. 2B). Since the
steady-state levels of /LEI transcript was similar in A549
cells, irrespective of TGF-[3 treatment, we next determined if
the difference in ILEI protein expression levels was attribut-
able to differential proteasomal degradation in the two condi-
tions. As shown in Fig. 2C, treatment with the proteasomal
inhibitor MG-132, did not result in an induction of ILEI
protein levels in TGF3-untreated A549 cells.

TGF-f induces serine-43 phosphorylation of PCBP1

Cell lysate from TGF-{3 treated A549 cells was harvested and
phosphorylation of PCBP1 and serine was determined by
immunoprecipitation. As shown in Fig. 3A, in the absence
of TGF-f3 treatment, only baseline phosphorylation of serine-
43 was observed. However, significant increase in PCBP1
phosphorylation was observed after TGF-3 treatment, with
peak of phosphorylation at 6 h after TGF-3 treatment

0 24 TGFp (hr)

SR
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Fig. 1 TGF-f induces EMT in A549 cells. Immunoblot (blot) analysis
examining E-cadherin and vimentin protein levels in A549 cells treated
with TGF-f3 for 24 h. The blot was stripped and reprobed with Hsp90 to
confirm equal loading
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Fig. 2 TGF-{ translationally upregulates /LEI expression. A Northern
blot analysis examining /LEI expression levels in A549 cells treated with
TGF- for 24 h. The blot was stripped and reprobed with cyclophilin
(1B15) to confirm equal loading. B Immunoblot (blot) analysis examin-
ing ILEI protein levels in A549 cells treated with TGF-3 for 24 h. The
blot was stripped and reprobed with Hsp90 to confirm equal loading. C
MG-132 treatment for indicated time points of A549 cells + TGF-f3 (24 h)
analyzing the de novo rate of ILEI degradation

(Fig. 3A). We next made two variants of the parental A549
cell line:— one overexpressing PCBP1 (4549/PCBPI) and
one where PCBP1 was knocked down (4549/PCBP1™");
Fig. 3B). The two variant cell lines along with the parental
cell line were treated with TGF-{3 for up to 24 h, at which time
the cells were harvested to prepare whole cell lysates.
Overexpression of PCBP1 in A549 cells completely inhibited
ILEI translation, as evident from lack of ILEI protein even
after 24 h of stimulation with TGF-§ (Fig. 3C). The role of
PCBPI in ILEI expression was further proved by the fact that
in the A549/PCBP1"" cells there was constitutive expression
of ILEI, even without TGFp stimulation.

ILEI could induce as well as maintain CD24'°¥CD44"¢h
subpopulation in A549 cells treated with TGF-3

It has been previously established that EMT is associated with
enrichment of cell types with characteristic of stem cells
(CD24°¥CD44" €M) [20]. To further investigate whether ILEI
played a potential role in induction or maintenance of
CD24°VCD44"€" subpopulation of A549 cells treated with
TGF-f3, FACS analysis was carried out (Fig. 4). CD44 ex-
pression was significantly induced in A549 cells treated with
TGF-{3; median fluorescent intensity (MFI) was 129+6 folds
higher in the TGF-f3 treated A549 cells (Fig. 4A, left panel).
To determine if ILEI expression can mimic the TGF-[3-
mediated induction of CD44 in the CD24"™ subpopulation
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of cells, we overexpressed ILEI (4549/ILEI) in A549 cells
(data not shown). ILEI overexpression induced CD44 expres-
sion in untreated A549 cells in much the same way as TGF-f3
(Fig. 4A, middle panel); median fluorescent intensity (MFI)
was 113+17 folds higher in the ILEI overexpressing A549
cells. Conversely, stable knockdown of ILEI in A549 cells
(data not shown) made them refractory to TGF-(3-mediated
induction of CD44 expression in the CD24'°" subpopulation
of cells (Fig. 4A, right panel); MFI was 83+9 folds lower in
the ILEI knockdown A549 cells. In order to investigate if ILEI
expression was required for enrichment of CD24'°¥CD44""
subpopulation in A549 cells, we performed in vitro
mammosphere assays with the parental A549 cells and both
the ILEI overexpressing and ILEI silenced A549 cells. As
shown in Fig. 4B, TGF-{3 treatment induced ability to form
mammosphere in A549 cells. Just ILEI overexpression,
without TGF-f treatment, induced more number of
mammosphere compared to TGF-3 treated parental
A549 cells. Conversely, stable knockdown of ILEI
completely inhibited mammosphere formation in A549 cells
after TGF-f3 treatment (Fig. 4B). Taken together, these results
showed that ILEI has a central role in both the induction and
perhaps the maintenance of CD24'°¥CD44"€" subpopulation
of TGF-f3-mediated EMT in A549 cells.

Discussion

It has been previously shown that A549 cells treated with
TGF-f3 undergo EMT in a period of 3 days [21, 22], which
is significantly more rapid than cell models transduced with
transcription factors such as Snail, Slug, Twist, or Goosecoid
[5]. However, in our study, distinct morphological changes
associated with EMT was observed 24 h after TGF-f3 treat-
ment in A549 cells. Downregulation of E-cadherin and
upregulation of vimentin further demonstrated that 24 h of
treatment with TGF-f3 could induce EMT of A549 cells.

ILEI, which was initially identified as a candidate gene for
autosomal recessive nonsyndromic hearing loss locus 17
(DFNB17), was shown to be translationally upregulated dur-
ing EMT in murine EpRas cells [12]. ILEI protein showed an
increase after TGF-f3 treatment. However, when treated with
the proteasomal inhibitor MG-132, ILEI protein levels did not
show an induction in TGF-f-untreated A549 cells. This was
consistent with the hypothesis that ILEI is translationally
repressed in these cells. Hence, we successfully showed that
ILEI expression is regulated at the post-transcriptional phase
in human lung cancer cell line in much the same way as
reported earlier in normal murine mammary gland and EpRas
cells [7, 10, 12, 17].

Previous studies have shown that PCBP1 could bind to a
structural, 33-nucleotide element in the 3’-UTR of ILEI that
represses its translation in murine epithelial cells [7, 10, 17]. It
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Fig. 3 A IB analysis of
immunoprecipitates derived from
A549 whole cell lysates with
«-phospho-serine (p-ser)
antibody (top left panel) and
«-PCBP1 antibody (bottom

lefi panel) to examine
TGF-B-dependent hnRNP E1
phosphorylation. The right panel
depicts the quantification of band
intensities analyzed by NIH
Image J software. P-ser band
intensity was normalized to the
unstimulated 0 h condition. B 1B
analysis to confirm stable PCBP1
overexpression (PCBP1/0X) and
silencing (PCBP177) in A549
cells. C Role of PCBP1 on EMT
is mediated by ILEI IB analysis
to analyze ILEI expression
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was further shown that TGF-f3 activates Akt2, which in turn
phosphorylates PCBP1 at serine-43. Phosphorylation of
PCBP1 subsequently induced its release from the /LEI tran-
script and loss of translational silencing in TGF-(3-treated cells

[7, 10, 17]. In our study, a significant increase of PCBP1
phosphorylation was induced by TGF-f3 treatment. Moreover,
overexpression of PCBP1 in A549 cells inhibited /LEI trans-
lation while constitutive expression of ILEI was shown in the

Fig. 4 ILEI induces and a A549 cells A549 cells  A549 cells/ILEI  AS549 cells/ILEI-  AS549 cells
L low, high —
maintains the CD24 ™" CD44 -TGFB  +TGFB (24 hr) - TGFp TGFB +TGFB (24hr)  +TGFB (24 hr)
subpopulation in A549 cells.
A Shown are representative \ / \ \
histograms of CD44 expression 100 ¥ ¥ 100{ ¥ g 100 ¥ 2
patterns in CD44"£"C D24 oo | LA N A '\
subpopulations of AA549 sorted 80 ﬂ ."lll | 801 || & [\ 01 N / H
f \ | (| | \
by flow cytometry. At least @l s H 82 \ 60l sol——t—
50,000 events were collected = | ! | { \
from each experiment. B The 3l 4o N a0d a0 [ |
number of mammosphere ) [ Y | | | I\
formed in parental A549 cells 21 / 2 v 2 :j < _L.' \ k
or A549 cells, overexpressing 0 il I— I - A S o it e 0 o [, S i, VA |
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b 100 4
80 4
g
248
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15
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0 = ——
AS49 - TOF-B AS40 « TGF-§ AS4DILEI- TGF-§ ASAQILEN- + TOF-§
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A549/PCBP17" cells, even without TGF-f stimulation. Our
result was supported by previous findings in murine cell line
variants [7, 10, 17].

It has been widely proposed that both tumorigenesis and
metastatic progression is contingent on transformation of a
subpopulation of normal stem or progenitor cells, character-
ized by low expression of CD24 and high expression of CD44
[22-24].The inherent properties of stem/progenitor cells may
impart their transformed counterparts with the ability to evade
traditional antitumor therapies and to establish metastasis
[23-25]. In the current study, TGF-3-treatment of A549 cells
significantly induced CD44 expression. Overexpression of
ILEI induced CD44 expression in much the same way as
TGF-f3. Nevertheless, stable knockdown of ILEI in A549
cells achieved a refractory result in the CD24'°™ subpopula-
tion of cells.

Cumulatively, these results clearly support our hypothesis
that the role of PCBP1 in EMT and metastasis in lung cancer is
mediated through induction of ILEI and that they are critical
mediators of the aforementioned processes. Hence, we have
functionally validated the existence of an evolutionary con-
served transcript-selective translational regulation pathway by
which TGF-3 modulates expression of mRNA(s) required for
EMT. However, it remains to be determined if this pathway is
functioning to regulate other cognate transcripts required for
EMT and whether it can be modulated to aid therapeutic
intervention during metastatic lung cancer progression.
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