Cancer Letters 447 (2019) 56-65

Contents lists available at ScienceDirect

Cancer Letters

journal homepage: www.elsevier.com/locate/canlet

Original Articles

Check for
updates

miR-193a-3p inhibition of the Slug activator PAK4 suppresses non-small cell
lung cancer aggressiveness via the p53/Slug/L.1CAM pathway

Xincheng Liu™', Shengping Min™', Nan Wu", Hongli Liu", Tao Wang", Wei Li*, Yuanbing Shen?,

Chengling Zhao®, Hongtao Wang®, Zhongqing Qian®, Huanbai Xu®, Yuqing Chen™"",
Xiaojing Wang™"

@ Anhui Clinical and Preclinical Key Laboratory of Respiratory Disease, Department of Respiration, First Affiliated Hospital, Bengbu Medical College, Bengbu, Anhui
Province, China

b Department of Gynecological Oncology, First Affiliated Hospital, Bengbu Medical College, Bengbu, Anhui Province, China

¢ Department of Immunology, Bengbu Medical College, Bengbu, Anhui Province, China

4 Department of Endocrinology and Metabolism, Shanghai Jiaotong University Affiliated First People's Hospital, Shanghai, China

ARTICLE INFO ABSTRACT

Keywords: L1 cell adhesion molecule (L1CAM) promotes invasiveness and metastasis in non-small cell lung cancer (NSCLC)
Lung cancer cells and is upregulated by the p53-regulated transcription factor Slug. p21-activated kinase 4 (PAK4) directly
NSCLC phosphorylates Slug, resulting in pro-malignant Slug stabilization. We hypothesized that microRNA-based ne-
LICAM gative regulation of PAK4 would reduce L1CAM-induced NSCLC aggressiveness via destabilizing Slug. We found
1831:54 that elevated L1ICAM expression was tightly correlated with p53 loss-of-function and reduced NSCLC patient

survival. LICAM suppression reduced NSCLC cell migration and invasiveness in vitro as well as tumor formation
and distal metastasis in vivo. Mechanistically, p53 restricts LICAM expression through the B-catenin/Slug
pathway, with levels of B-catenin and Slug positively correlating with L1CAM expression in NSCLC tumors. The
microRNA miR-193a-3p directly targets PAK4 and suppresses downstream p-Slug and L1CAM expression.
Silencing PAK4, Slug, and L1CAM mirrored miR-193a-3p's effects upon the migration and invasiveness of NSCLC
cells in vitro. Decreased miR-193a-3p levels correlated with elevated PAK4, p-Slug, and L1CAM levels in NSCLC
tumors. Our findings support a model of miR-193a-3p as a suppressor of metastatic disease progression in NSCLC
via modulation of the p53/Slug/L1CAM pathway.

1. Introduction underlying NSCLC cell invasiveness and metastasis in order to support

novel therapeutic development.

Lung cancer is the leading etiology of cancer-linked deaths in the
Western world [1-3]. The mortality rates associated with lung cancer
have remained stable over the last 30 years, indicating the pressing
need for better treatment strategies for this devastating disease [1-3].
Of the different variants of lung cancer, non-small cell lung cancer
(NSCLC) is the most common type and accounts for over 80% of all lung
cancer cases [1]. The majority of NSCLC cases are diagnosed at later
stages following local invasion or distal metastases, when surgical or
radiotherapeutic interventions are less effective [4]. Therefore, there is
a pressing need for a better understanding of the mechanism(s)

Proteins that regulate cell adhesion and migration are critically
involved in promoting NSCLC cell invasiveness and metastasis [4]. One
such protein, L1 cell adhesion molecule (LICAM), is a 220-kilodalton
transmembrane protein that plays a key role in cell adhesion and mi-
gration [5]. The extracellular domain of L1CAM has numerous im-
munoglobulin (IgG)-like domains and fibronectin type III repeats,
which function in extracellular adhesion, while the cytoplasmic tail
mediates intracellular signaling [6]. Notably, L1CAM overexpression
has been observed in numerous cancer types and is an independent
prognostic indicator in NSCLC patients [7]. On a cellular level, LICAM
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is involved in the epithelial-mesenchymal transition (EMT) in NSCLC
cells, and suppressing L1CAM expression has been shown to inhibit
lung NSCLC cell invasiveness in vitro and in vivo [8,9]. Therefore,
elucidating the molecular pathway(s) that regulate LICAM expression
in NSCLC cells can improve our understanding of EMT in NSCLC cells
and can be beneficial in developing targeted therapies to combat NSCLC
aggressiveness.

To that end, Gavert and colleagues discovered that the pro-malig-
nant -catenin/TCF pathway [10] promotes L1CAM expression [11].
More specifically, the [-catenin/TCF signaling-induced transcription
factor Slug [12] has been shown to upregulate L1CAM transcriptional
activity [13-16]. Interestingly, the tumor suppressor p53 [17,18] ne-
gatively regulates Slug through mouse double minute 2 homolog
(MDM2)-mediated degradation of Slug in NSCLC cells [19,20]. More-
over, recent research has revealed that p21-activated kinase 4 (PAK4)
directly phosphorylates Slug, resulting in pro-malignant Slug stabili-
zation [21].

These combined findings suggest that microRNA-based negative
regulation of PAK4 would reduce L1CAM-induced NSCLC aggressive-
ness via destabilizing Slug and that targeting Slug via inhibiting PAK4
may be a suitable strategy to combat L1CAM-induced NSCLC aggres-
siveness. Notably, one microRNA — miR-193a-3p - has been shown to
play a tumor-suppressive role in multiple solid tumor types [22-24],
including NSCLC [25]. More specifically, miR-193a-3p functions as a
tumor suppressor in NSCLC cells via targeting key oncogenes, including
KRAS [26,27] and ERBB4 [28,29]. This evidence suggests that miR-
193a-3p, and other tumor-suppressive microRNAs, may be valuable
targets of investigation for NSCLC researchers.

Here, we hypothesized that miR-193a-3p-based inhibition of PAK4
expression would reduce L1CAM-induced NSCLC aggressiveness via
destabilizing Slug. We first confirmed L1CAM's role in NSCLC metas-
tasis, with L1CAM suppression reducing NSCLC cell migration and in-
vasiveness in vitro as well as tumor formation and distal metastasis in
vivo. We further demonstrate that elevated L1CAM expression is tightly
correlated with p53 loss-of-function and decreased NSCLC patient sur-
vival. We also demonstrated that p53 restricts L1CAM expression
through the B-catenin/Slug pathway, with levels of B-catenin and Slug
positively correlating with L1CAM expression in NSCLC tumors. We
discovered miR-193a-3p directly targets PAK4 and suppresses down-
stream p-Slug and L1CAM expression. We also demonstrated that si-
lencing PAK4, Slug, and L1CAM mirrored miR-193a-3p's effects upon
the migration and invasiveness of NSCLC cells in vitro. Moreover, we
correlated decreased miR-193a-3p levels with elevated PAK4, p-Slug,
and L1CAM levels in NSCLC tumors. Our findings support a model of
miR-193a-3p as a suppressor of metastatic NSCLC progression via
modulation of the p53/Slug/L1CAM pathway.

2. Materials and methods

The methods used in this study are fully detailed in the
Supplementary Information file.

3. Results

3.1. Strong correlation between L1CAM and p53 loss of function and poor
prognosis in NSCLC

Primary lung tumor samples and matching normal lung tissue
samples were collected from 88 NSCLC patients (Supplementary
Table 1) and subjected to quantitative real-time PCR (qPCR) and im-
munohistochemical analysis. There was a significant increase in L1CAM
mRNA expression in NSCLC tumors with p53 loss (n = 28) compared to
those with WT p53 (n = 60) (Supp. Fig. 1a). Immunohistochemistry
confirmed the association of high L1ICAM expression and loss of p53
(Supp. Fig. 1b). Of the 60 cases of p53 WT tumors, only five tumors
showed high L1CAM expression (Supp. Fig. 1c). Conversely, the
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majority of NSCLC cases (23/28) with p53 loss displayed high LICAM
expression. Analysis using Fisher's exact test indicated a significant
association between p53 status and L1CAM expression (Supp. Fig. 1c).
Survival analysis of NSCLC patients with L1CAM™8" tumors was sig-
nificantly lower than the patients with L1CAM"" tumors (Supp.
Fig. 1d).

3.2. L1CAM stimulates the migration and invasiveness of NSCLC cells in
yitro

To assess LICAM's influence on cell migration and invasiveness,
wound healing assays as well as Transwell migration and invasion as-
says were performed on L1CAM-silenced and L1CAM-overexpressing
NSCLC cells. Initially, LICAM levels were stably modulated in A549
(p53 wild-type), NCI-H1299 (p53 null), and NCI-H1770 (p53 mutant,
R248W) cells (Supp. Fig. 2). Wound healing assays indicated that si-
lencing of L1CAM expression significantly suppressed migratory ac-
tivity, while L1ICAM overexpression significantly enhanced migratory
activity in all three cell lines (Fig. 1e-g). Collagen IV-coated Transwell
assays demonstrated that silencing of LICAM expression significantly
suppressed migration, while LICAM overexpression significantly en-
hanced migratory activity in all three cell lines (Fig. 1h). Matrigel-
coated Transwell assays showed that silencing of L1CAM expression
significantly suppressed invasiveness, while L1CAM overexpression
significantly enhanced invasiveness in all three cell lines (Fig. 1i). No-
tably, no significant effect of L1CAM was observed on NSCLC cell
proliferation in vitro (Supp. Fig. 3).

3.3. L1CAM promotes lung tumor initiation, growth, and metastasis in vivo

To assess the effects of LICAM expression on primary lung tumor-
igenesis in vivo, a three-vector Sleeping Beauty transposon system
(consisting of an inducible, tumorigenic Kras®'2° transposon vector, a
constitutive shp53 suppression vector, and a constitutive shL1CAM (or
ShCtrl) suppression vector) was injected into mice subjects to promote
Kras®'?“’* shp53 shL1CAM or Kras®'?“/* shp53 shCtrl lung tumor-
igenesis in vivo (Supp. Fig. 4). Six weeks following injection, GFP and
dsRed signaling from the lung tissue of infected rats validated successful
infection of both Kras®'?¢ and shL1CAM (or shCtrl) vectors, respec-
tively (Fig. 1j). Primary tumorigenesis was quantified in the lung
samples. Silencing L1CAM expression significantly suppressed primary
tumor initiation in vivo (Fig. 1k).

To assess the effects of L1CAM expression on lung tumor growth and
metastasis in vivo, we constructed an endotracheal orthotopic tumor
model in nude rats using L1CAM-silenced, L1CAM-overexpressing, and
control H460SM cells. Interestingly, altering L1CAM expression had no
significant impact on endotracheal orthotopic tumor volumes (Fig. 11).
However, L1CAM knockdown significantly suppressed metastasis to the
contralateral (left) lung, bone, gingiva, and kidney (Fig. 1m).

3.4. p53 regulates L1CAM expression in NSCLC cells through an indirect
mechanism

To test the effects of exogenous p53 expression on L1CAM expres-
sion in p53 null (NCI-H1299) and mutant p53 (NCI-H1770) cells, these
cell lines were forced to express functional WT p53, which was con-
firmed by immunoblotting for p53 and p21 (Fig. 2a). The elevated le-
vels of L1CAM in these cell lines were dramatically reduced following
infection with WT p53 compared to control empty vectors (Fig. 2a). To
further validate these findings, p53-expressing A549 cancer cells were
stably infected with a shRNA to knockdown p53 levels using MLP and
PRS retroviral vectors (Fig. 2b). Following knockdown of p53 in WT
p53-expressing A549 cells, an increase in L1CAM expression was ob-
served (Fig. 2b). However, neither artificial expression of the two dif-
ferent p53 mutants in p53-null cells nor silencing of mutant p53 ex-
pression in p53-mutant cells altered L1CAM expression (Fig. 2c).
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Fig. 1. LICAM associated with p53 loss-of-function and inferior prognosis in NSCLC; stimulates migration and invasiveness of NSCLC cells in vitro and in
vivo. (a—c) Cell front migration assessed by time-lapse wound-healing assays in A549 (p53 wild-type) (a), NCI-H1299 (p53 null) (b), and (c) NCI-H1770 (p53 mutant,
R248W) cells. (d) Cell migration assessed by collagen IV-coated Transwell assays in A549 (p53 wild-type), NCI-H1299 (p53 null), and NCI-H1770 (p53 mutant,
R248W) cells. (e) Cell invasion assessed by Matrigel-coated Transwell assays in A549 (p53 wild-type), NCI-H1299 (p53 null), and NCI-H1770 (p53 mutant, R248W)
cells. (f, g) Results from the murine Sleeping Beauty transposon-based Kras®'?>“/* shp53 lung tumorigenesis model. (f) Representative GFP and dsRed fluorescence
images and (g) quantification of tumor counts in lung tissue from transposon-injected mice six weeks following injection (n = 10 mice per group). (h, i) Results from
the rat endotracheal orthotopic tumor model. (h) Tumor volumes of primary tumors and (i) quantification of metastatic tumor numbers in nude rats following
endobronchial implantation of NSCLC cells (n = 10 rats per group). Data are reported as means = SEMs. *p < 0.05, **p < 0.01 vs. shCtrl, {p < 0.05, {ip < 0.01
vs. shL1ICAM.1, ¥p < 0.05, #%p < 0.01 vs. shL1CAM.2.

Moreover, knocking-down the expression of the two key downstream both L1CAM promoters (Fig. 2j). Similarly, the addition of pS3WT ex-
targets of p53 — p21 and E2F7 - had no effect on the L1CAM-suppres- pression suppressed [(-catenin binding to the two binding sites on
sive effects of p53 (Fig. 2d). L1CAM promoter 1 but did not affect binding to the LLCAM promoter 2
binding site (Fig. 2k). Silencing of B-catenin or Slug expression sup-
pressed L1CAM protein expression but did not affect p53 expression
(Fig. 21) and combined silencing of B-catenin and Slug expression
suppressed L1CAM protein expression but did not affect p53 expression
(Fig. 2m). Co-immunoprecipitation demonstrated that Slug (but not [3-
catenin) strongly bound to p53 (Fig. 2n). The addition of p5S3WT sup-
pressed B-catenin and Slug protein expression across all time points
(Fig. 20). To clinically correlate the foregoing in vitro evidence, we
found that LICAM mRNA expression significantly and positively cor-
related with B-catenin and Slug mRNA levels in human NSCLC tumor
samples (Fig. 2p). This combined evidence indicates that p53's negative
regulation of L1CAM expression occurs through the [-catenin/Slug
pathway.

3.5. Negative regulation of L1CAM by p53 occurs through a f-catenin/Slug
pathway-dependent mechanism

Previous research has shown that WT p53 forms a complex with
Slug and MDM2 to promote Slug degradation in NSCLC cells, whereas
mutant p53 variants do not promote Slug degradation [19,20]. How-
ever, the effect of this p53/Slug pathway on L1CAM expression in
NSCLC cells has not been thoroughly investigated.

We ascertained that the promoter region of the L1CAM gene contain
Snail/Slug and B-catenin binding sites (Fig. 2e). The presence of Slug
and (-catenin enhanced L1CAM promoter 1 activity, while the addition
of WT p53 expression suppressed Slug-induced and p-catenin-induced
L1CAM promoter 1 activity (Fig. 2f). Moreover, the presence of Slug
enhanced L1CAM promoter 2 activity, while the addition of p53WT 3.6. miR-193a-3p negatively regulates the Slug/L1CAM pathway via PAK4

expression suppressed Slug-induced L1CAM promoter 2 activity suppression

(Fig. 2g). Additionally, higher Snail/Slug ratios suppressed L1CAM

promoter 1 and 2 activity, while the addition of p5S3WT expression only Having demonstrated that the p53/Slug pathway regulates L1CAM
suppressed Slug-induced L1CAM promoter 1 and 2 activity at low expression in NSCLC cells, we aimed at identifying a negative regulator
Snail/Slug ratios (Fig. 2h and i). ChIP analysis demonstrated that the of Slug that may be of clinical relevance in combating L1CAM-induced
addition of p53WT suppressed Slug binding to several E-box sites on NSCLC aggressiveness. To that end, microRNAs regulate numerous
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Fig. 2. Regulation of L1CAM expression by p53 in NSCLC cells is -catenin/Slug-dependent. (a) L1CAM protein expression in NCI-H1299 (p53 null) and NCI-
H1770 (p53 mutant, R248W) cells infected with wild-type p53 (p53WT)-expressing vector or a null vector. (b) L1CAM protein expression in A549 (p5S3WT) cells after
shRNA-mediated p53 knockdown via MLP or pRS vectors. (¢) L1CAM protein expression in NCI-H1299 (p53 null) cells expressing mutant p53 (R175H, R248W) and
NCI-H1770 (p53 mutant, R248W) cells with mutant p53 knockdown. (d) L1ICAM protein expression after p53WT re-expression in NCI-H1770 (p53 mutant, R248W)
cells with shCtrl, shp21, or shE2F7. (e) Diagram of the two promoter regions of the human L1CAM gene. Snail/Slug-binding sites (termed 'E-boxes') are indicated in
light grey, while LEF/TCF/B-catenin binding sites are indicated in dark grey. (f, g) Luciferase assays of the (f) LICAM promoter 1 construct and (g) L1CAM promoter
2 construct in the presence or absence of wild-type p53 (p53WT) in NCI-H1299 (p53 null) cells. *p < 0.05, **p < 0.01 vs. pGI3-SV40, fp < 0.05, ifp < 0.01 vs.
pcDNA3, ip < 0.05,#Fp < 0.01 vs. Snail, Jp < 0.05, 19p < 0.01 vs. Slug, §p < 0.05, §§p < 0.01 vs. matching vector group. (h, i) Luciferase assays of (h) LICAM
promoter 1 construct and (i) LICAM promoter 2 construct in the presence or absence of wild-type p53 (p53WT) were co-transfected with various Snail/Slug ratios in
NCI-H1299 (p53 null) cells. *p < 0.05, **p < 0.01 vs. pGI3-SV40, ip < 0.05, {ip < 0.01 vs. pcDNA3, ip < 0.05, &#p < 0.01 vs. Snail, Ip < 0.05, 9p < 0.01
vs. Slug, #p < 0.05, ##p < 0.01 vs. Snail/Slug (1:3), & < 0.05, &&p < 0.01 vs. Snail/Slug (1:1), §p < 0.05, §§p < 0.01 vs. matching vector group. (j) ChIP
analysis of Slug binding to E-box sites on the two L1CAM promoters in the presence or absence of wild-type p53 (p53WT) in NCI-H1770 (p53 mutant, R248W) cells.
*p < 0.05, **p < 0.01 vs. matching vector group, fp < 0.05, fp < 0.01 vs. matching Slug group. (k) ChIP analysis of -catenin binding to LEF/TCF/f-catenin
binding sites on the two LICAM promoters in the presence or absence of wild-type p53 (p53WT) in NCI-H1770 (p53 mutant, R248W) cells. *p < 0.05, **p < 0.01
vs. matching vector group, fp < 0.05, {ip < 0.01 vs. matching B-catenin group. (1) LICAM protein expression after addition of siRNAs targeting B-catenin or Slug
in NCI-H1770 (p53 mutant, R248W) cells. (m) L1CAM protein expression after combined siRNA targeting 3-catenin and Slug in NCI-H1770 (p53 mutant, R248W)
cells. (n) Co-immunoprecipitation analysis of p53 and P-catenin or Slug after wild-type p53 (p53WT) re-expression or null vector infection in NCI-H1770 (p53
mutant, R248W) cells. (0) L1CAM, B-catenin, and Slug protein expression at various time points after wild-type p53 (p53WT) re-expression or null vector infection in
NCI-H1770 (p53 mutant, R248W) cells. (p) Pearson correlation of L1ICAM mRNA expression with B-catenin and Slug mRNA expression in NSCLC tumors (L1CAM-f-
catenin r = 0.6898, LICAM-Slug r = 0.6522). Data are reported as means = SEMs.

NSCLC cells.

Through bioinformatics analysis, we first identified a highly-con-
served putative miR-193a-3p binding location on the 3’-untranslated
region (3’-UTR) of the Slug activator PAK4 [21] (Fig. 3a). Next, we
generated firefly luciferase reporter plasmids by inserting the 3’-UTR
sequence of PAK4 (PAK4-3’-UTR), which contained the miR-193a-3p

signaling pathways that play key roles in tumorigenesis and metastasis
[30]. More specifically, previous bioinformatics analysis on the mi-
croRNA miR-193a-3p has revealed that miR-193a-3p negatively reg-
ulates several gene targets implicated in promoting invasiveness and
metastasis in NSCLC cells [29]. Therefore, we chose to focus on putative
miR-193a-3p targets that may influence Slug expression or activation in
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Fig. 3. miR-193a-3p suppresses PAK4/p-Slug/L1CAM signaling via directly targeting the PAK4 3’-UTR. (a) hsa-miR-193a-3p's putative binding location on the
human PAK4 3’-UTR (top) and strong conservation of the miR-193a-3p/PAK4 binding sequence among mammalian species (bottom). (b) Relative signal of WT versus
mutant PAK4 3’-UTR luciferase reporters in HEK293T cells with co-transfection of miR-193a-3p mimic or scrambled control. The Renilla luciferase signal was used as
an internal standardization reference. (c—e) qPCR (mRNA) and (f) WB (protein) analysis of PAK4, p-SLUG, and L1CAM of SPC-A-1sci cells with stable transfection of
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matching Ctrl group.

binding location just downstream of the luciferase gene (Fig. 3b). The transfection of the luciferase reporter plasmids into HEK293T cultures
corresponding mutant plasmids containing mutant 3’-UTR sequences was achieved with either miR-193a-3p mimic or scrambled control, and
lacking the putative miR-193a-3p site were also constructed. Co- with Renilla vector to serve an internal standardization control.
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Overexpression of miR-193a-3p decreased the luminescence signal in
HEK293T cells co-transfected with PAK4-3’-UTR, but not in cells co-
transfected with mutant 3’-UTR (Fig. 3b).

We then employed a lentiviral infection method to generate SPC-A-
1sci cells stably infected with miR-193a-3p mimic (Supp. Fig. 5a) and
SPC-A-1 cells stably transfected with a miR-193a-3p inhibitor (anti-
193a-3p; Supp. Fig. 5b). We found that overexpression of miR-193a-3p
mimic within SPC-A-1sci cells led to a decrease in PAK4 and L1CAM
mRNA levels as well as decreases in PAK4, p-Slug, and L1CAM protein
levels, while overexpression of anti-193a-3p within SPC-A-1 cells in-
duced the opposite effects (Fig. 3c—f). We also assessed endogenous
levels of PAK4, p-Slug, and L1CAM in native SPC-A-1sci and SPC-A-
1 cells and found them to be greater in SPC-A-1sci cells, which ex-
hibited higher metastatic potential and lower endogenous miR-193a-3p
levels (Fig. 3g and h). Moreover, transient overexpression of miR-193a-
3p mimic within A549 cells and H1299 cells induced a decrease in
PAK4, p-Slug, and L1CAM protein levels (Fig. 3i). Cumulatively, these
experiments demonstrate that miR-193a-3p negatively regulates PAK4,
p-Slug, and L1CAM levels in NSCLC cells by directly interacting with
the PAK4 3’-UTR.

3.7. miR-193a-3p lowered in NSCLC tumors; correlates with later stage and
greater extent of metastasis in NSCLC patients

We measured the levels of miR-193a-3p in 88 patient-derived paired
NSCLC tumor and healthy lung specimens, which were assessed in
correlation to the diagnosed stage and extent of metastasis in NSCLC
patients (Supplementary Table 1). We found that miR-193a-3p was
underexpressed in 72% of NSCLC tumor biopsies versus paired healthy
lung tissue (Supp. Fig. 6a). We also established that miR-193a-3p ex-
pression was approximately halved in NSCLC tumors versus their paired
healthy lung tissue (Supp. Fig. 6b). A correlation also emerged between
miR-193a-3p levels and the diagnosed stage of NSCLC (Supp. Fig. 6¢),
with lower miR-193a-3p levels present in later stages of the disease
(NSCLC stage III and IV) versus earlier ones (NSCLC stage I and II). An
association likewise occurred between miR-193a-3p levels and the ex-
tent of metastasis at diagnosis (Supp. Fig. 6d), with miR-193a-3p levels
being more downregulated in metastatic disease (NSCLC with lymph
node and/or metastasis to distant sites) relative to non-metastatic dis-
ease. No significant associations were found between miR-193a-3p le-
vels and NSCLC patient gender and age, or across variations in tumor
size, differentiation, and extent of local tumor invasion. Overall, the
findings from patient-derived biopsies implicate miR-193a-3p down-
regulation in the aggressiveness of NSCLC, in terms of both tumor stage
and metastasis.

3.8. miR-193a-3p inhibits migration/invasiveness and EMT of NSCLC cells
in vitro

Acting on the correlations we observed in NSCLC tumor biopsies, we
sought to determine endogenous miR-193a-3p levels and their influ-
ence on migration in a panel of human NSCLC cancer cell lines, in-
cluding A549, SPC-A-1, SPC-A-1sci, LC-21, H358, and H1299.
Migration and invasiveness were assessed by Transwell assays (Fig. 4a)
and correlated to miR-193a-3p levels (Fig. 4b). We observed that cell
lines possessing the lowest levels of endogenous miR-193a-3p also
displayed the greatest levels of invasiveness (i.e., A549, SPC-A-1sci, and
H1299). Conversely, cell lines with the greatest levels of endogenous
miR-193a-3p exhibited the least invasiveness (i.e., SPC-A-1, LC-21, and
H358).

We sought to confirm these findings by transiently transfecting cells
with a miR-193a-3p mimic or LNA-193a-3p. We performed transfection
of SPC-A-1sci with the miR-193a-3p mimic, which resulted in a de-
crease of migration and invasiveness (Fig. 4c and d). Conversely, the
SPC-A-1 cell line, with higher endogenous miR-193a-3p levels, was
transfected with LNA-193a-3p, which elicited a rise in migration and
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invasiveness (Fig. 4c, e). We also performed miR-193a-3p mimic
transfection of the cell lines that exhibited the lowest endogenous miR-
193a-3p levels (i.e., A549 and H1299), which resulted in a decrease of
migration and invasiveness (Supp. Fig. 7).

Stable expression of the miR-193a-3p mimic attenuated the inva-
siveness of SPC-A-1sci cells as determined by a scratch assay (Fig. 4f
and g). On the other hand, stable expression of anti-193a-3p within
SPC-A-1 cultures boosted invasiveness of SPC-A-1 cells (Fig. 4f, h).
Moreover, stable infection of the miR-193a-3p mimic into SPC-A-1sci
cells induced an alteration from the aggressive spindle-like or star-like
phenotype to the more stable round cobblestone-shaped phenotype
(Supp. Fig. 8a). On the other hand, stable infection of anti-193a-3p into
SPC-A-1 cells elicited the opposite effect (Supp. Fig. 8a). These scratch
assays and morphological analyses imply that miR-193a-3p suppresses
EMT progression in NSCLC cells.

To corroborate these findings, we conducted an analysis of E-cad-
herin (an epithelial characteristic marker) and vimentin (a mesench-
ymal characteristic marker) expression by qPCR and Western blot (WB)
assays. Stable infection of the miR-193a-3p mimic into SPC-A-1sci cells
boosted E-cadherin protein (Fig. 4i and j) and mRNA (Supp. Fig. 8b)
levels, while it reduced vimentin protein (Fig. 4i and j) and mRNA
(Supp. Fig. 8c) levels, implying miR-193a-3p's inhibition of EMT in
NSCLC cells. Conversely, stable infection of anti-193a-3p into SPC-A-
1 cells reduced E-cadherin protein (Fig. 4i, k) and mRNA (Supp. Fig. 8d)
levels, while it boosted vimentin protein (Fig. 4i, k) and mRNA (Supp.
Fig. 8e) levels. Overall, this evidence demonstrates that miR-193a-3p
impedes migration/invasiveness and EMT in NSCLC cells.

3.9. miR-193a-3p attenuates metastasis of murine xenograft NSCLC tumors

EMT is believed to initiate metastasis during in vivo cancer pro-
gression [31]. Therefore, following our in vitro findings that miR-193a-
3p inhibits EMT, we sought to determine whether it impacts metastasis
of NSCLC cells in vivo. We performed lateral tail vein injection of
stably-transfected SPC-A-1sci cells (with miR-193a-3p-mimic or
scrambled control) or stably-transfected SPC-A-1 cells (with anti-193a-
3p or scrambled control) in nude mice (n = 12 per cohort). As antici-
pated, there was a lower count of metastatic tumor nodules in the lungs
of miR-193a-3p-mimic mice and a higher count in the lungs of anti-
193a-3p mice versus their respective controls (Fig. 41 and m). The
frequency of lung metastases was lesser in the miR-193a-3p-mimic
cohort and greater in the anti-193a-3p cohort versus their respective
controls (Fig. 4n). In accordance with the in vitro findings, these studies
in mice implicate miR-193a-3p as an inhibitor of metastasis in NSCLC.

3.10. miR-193a-3p mediates its influence on migration/invasiveness of
NSCLC cells through PAK4, p-Slug, and L1CAM

To determine their role in migration and invasion, we transiently
knocked-down (KD) expression of endogenous PAK4, Slug, and L1CAM
in SPC-A-1sci cells by utilizing small interfering RNAs (siRNAs). All
siRNAs were effective and induced a marked decrease in mRNA and
protein levels for PAK4, Slug, and L1CAM in SPC-A-1sci cells (Supp.
Fig. 9).

KD of PAK4, Slug, or L1CAM induced a decrease in migration and
invasion as assessed by Transwell assays (Fig. 5a and b). To determine
whether the impact of PAK4, Slug, and L1CAM KD on migration and
invasion was mediated via miR-193a-3p, we devised a co-transfection
experiment within SPC-A-1cells of siRNAs and LNA-193a-3p
(Fig. 5¢—f). In all instances, we saw robust decrease in PAK4, p-Slug,
and L1CAM protein levels (Fig. 5c—f). The promotion of migration and
invasion by LNA-193a-3p was partly reversed in siPAK4, siSlug, and
siL1CAM SPC-A-1sci cultures (Fig. 5g and h). This dependence implies
that PAK4, Slug, and L1CAM mediate, to some extent, the impact of
miR-193a-3p on the invasiveness of NSCLC cells.
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Fig. 4. miR-193a-3p inhibits migration/invasiveness and EMT of NSCLC cells in vitro and in vivo. (a) Migration and invasion were measured by a Transwell
assay for the panel of human NCSLC cancer cell lines (A549, SPC-A-1sci, SPC-A-1, LC-21, H1299, and H358). (b) Endogenous miR-193a-3p transcript levels in the
NSCLC panel were assessed by qPCR and normalized to U6 RNA transcripts. (c) Migration and invasion were measured by a Transwell assay (scale bars = 100 um)
for (d) SPC-A-1sci cells transiently transfected with miR-193a-3p mimic or scrambled control, and (e) SPC-A-1 cells transiently transfected with miR-193a-3p LNA
inhibitor or negative control LNA. (f) Scratch assay (scale bars = 100 um) for (g) SPC-A-1sci cells with stable transfection of lentiviral miR-193a-3p mimic or
scrambled control and (h) SPC-A-1 cells with stable transfection of lentiviral miR-193a-3p inhibitor or scrambled control. (i) Western blot (WB) of E-cadherin and
vimentin protein levels normalized to f-actin for (j) SPC-A-1sci cells with stable transfection of lentiviral miR-193a-3p mimic or scrambled control and (k) SPC-A-
1 cells with stable transfection of lentiviral miR-193a-3p inhibitor or scrambled control. (1) Typical images of murine lung tumors and histological sections (scale
bars = 200 um) therefrom seven weeks after injection of SPC-A-1sci cells transiently transfected with miR-193a-3p mimic or scrambled control, and SPC-A-1 cells
transiently transfected with miR-193a-3p LNA inhibitor or negative control LNA. (m) Quantitative analysis of microscopic metastatic tumor nodules in the lungs of
mice (n = 12 per cohort). (n) Frequency of metastasis post tail vein injection in the lungs of mice (n = 12 per cohort) is tabulated. Data are reported as
means *= SEMs. *p < 0.05, **p < 0.01 vs. matching Ctrl group.

3.11. miR-193a-3p inversely associated with PAK4/p-Slug/L1CAM
pathway expression in NSCLC

Earlier, we established a correlation between lower miR-193a-3p
levels with more advanced and metastatic NSCLC in patient-derived
tumor biopsies. Since we correlated increased miR-193a-3p levels with

lowered PAK4, p-Slug, and L1CAM levels in vitro, we sought to validate
this relationship in patient-derived NSCLC tumor biopsy samples. As
anticipated, PAK4, p-Slug, and L1CAM protein levels were higher in
tumor biopsy versus matching healthy lung samples (Fig. 5i-k). Fur-
thermore, PAK4, p-Slug, and L1CAM protein levels were greater in
tumor biopsies from NSCLC patients with metastatic disease (either to
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Fig. 5. miR-193a-3p mediates its influence on migration and invasion through PAK4/p-Slug/L1CAM signaling. (a) Migration and (b) invasion were measured
by a Transwell assay in siPAK4, siSlug, and siL1CAM SPC-A-1sci cells versus negative controls. (c) WB analysis, normalized to B-actin, of (d) PAK4, (e) p-Slug, and (f)
L1CAM levels in siPAK4, siSlug, and siL1CAM SPC-A-1 cultures with miR-193a-3p mimic or inhibitor versus scrambled controls. (g) Migration and (h) invasion were
measured by a Transwell assay in siPAK4, siSlug, and siL1CAM SPC-A-1 cultures with miR-193a-3p mimic or inhibitor versus scrambled controls. *p < 0.05,
**p < 0.01 vs. matching Ctrl group. fp < 0.05, ¥fp < 0.01 vs. matching LNA-193a-3p group. (i-k) WB (protein) analysis of endogenous (i) PAK4, (j) p-Slug, and
(k) L1CAM levels in patient-derived biopsies stratified by tumor status, metastasis status, and miR-193a-3p levels. *p < 0.05, **p < 0.01. Data are reported as
means *+ SEMs.
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lymph nodes or distal sites) than from NSCLC patients with non-meta-
static disease (Fig. 5i-k). Moreover, increased PAK4, p-Slug, and
L1CAM protein levels were linked to decreased miR-193a-3p levels
(Fig. 5i-k).

4. Discussion

Metastasis is one of the key hallmarks of aggressive malignancies
and is the leading cause of NSCLC-related mortality, with roughly 90%
of NSCLC patients succumbing to metastasis as opposed to their pri-
mary tumors [32,33]. Thus, cancer researchers need to better elucidate
the molecular mechanism(s) underlying NSCLC metastasis. Previous
work has shed light on L1CAM's role in NSCLC metastasis, with L1ICAM
suppression reducing NSCLC cell motility and invasiveness in vitro as
well as tumor formation and distal metastasis in vivo [34]. Our current
findings corroborate these previous findings and further demonstrate
that elevated L1CAM expression is tightly correlated with p53 loss-of-
function and reduced NSCLC patient survival. We also found that
shRNA-mediated L1CAM suppression significantly reduced tumor in-
itiation in a murine Kras®?>“/* shp53-driven lung tumorigenesis model.
Interestingly, a recently published orthotopic shRNA screening study
performed on Kras®*?™ *;Trp537/~ cells revealed that LICAM ex-
pression is required for NSCLC cell proliferation under inflammatory
conditions, and L1CAM overexpression increases the metastatic po-
tential of Kras®'?® *;Trp53~/~ tumors in vivo [35]. These previous
findings indicate that L1CAM is a key oncogene driving Kras®'*>
*:Trp53~/~ tumor progression and concord with the results from our
murine Kras®'?>“* shp53-driven lung tumorigenesis model.

We further demonstrated that p53 restricts L1CAM expression
through the B-catenin/Slug pathway, with levels of B-catenin and Slug
positively correlating with L1CAM expression in NSCLC tumors. Our
findings concord with other studies showing that p53 promotes Slug
degradation in NSCLC cells through the p53/MDM2 complex [19,20].
These initial findings revealed that the p53/Slug pathway is responsible
for regulating L1CAM expression in NSCLC cells, so we aimed at
identifying a negative regulator of Slug that may be of clinical relevance
in combating L1CAM-induced NSCLC aggressiveness. To that end, we
focused on the mature miRNA miR-193a, which has already been
shown to be negatively correlated with NSCLC tumor metastasis and to
inhibit the migration/invasiveness of NSCLC cells in vitro and metas-
tasis in vivo [29]. We also found that miR-193a-3p significantly di-
minished NSCLC cell migration/invasiveness and EMT in vitro and re-
duced tumor metastasis in vivo; moreover, we associated lower miR-
193a-3p levels with NSCLC tumor aggressiveness, in terms of both
tumor stage and metastasis.

That being said, miR-193a-3p's target genes and their roles in
NSCLC metastasis remain largely unknown. Applying bioinformatics
analysis and in vitro experiments, we identified miR-193a-3p as a direct
negative regulator of the Slug activator PAK4 [21], whereby miR-193a-
3p suppresses downstream p-Slug and L1CAM expression. Importantly,
we also demonstrated that silencing PAK4, Slug, and L1CAM mirrored
miR-193a-3p's effects upon the migration and invasiveness of NSCLC
cells in vitro. Moreover, we correlated decreased miR-193a-3p levels
with elevated PAK4, p-Slug, and L1CAM levels in NSCLC tumors. PAK4,
as a key effector of the Rho family of GTPases, is upregulated in several
Ras-driven cancers [36] and regulates several cellular functions related
to tumorigenesis and metastasis [37]. Consistent with our current
findings showing miR-193a-3p's suppression of EMT marker expression,
PAK4 inhibition by PAK4 allosteric modulators (PAMs) has been shown
to suppress EMT marker expression (EpCAM, vimentin, and Snail) and
xenograft tumor growth [38]. A thorough PAK4 interactome analysis
has revealed that PAK4 directly interacts with 313 proteins primarily
associated with the actin cytoskeleton, the replication fork, 14-3-3, and
the proteasome [39]; most notably, PAK4's regulation of actin cytos-
keleton proteins has been shown to affect cell morphology, adhesion,
and migration [37]. Therefore, the observed effects of miR-193a-3p's
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repression of PAK4 expression may be partly due to limiting PAK4's
effects on pro-malignant signaling pathways other than p53/Slug/
L1CAM.

These combined findings support our proposed model of miR-193a-
3p as a suppressor of metastatic disease progression in NSCLC via
modulation of the p53/Slug/L1CAM pathway (Supp. Fig. 10). In normal
cells, WT p53 promotes ubiquitin/proteasome-mediated Slug degrada-
tion [19], thereby suppressing L1CAM expression as well as down-
stream invasiveness and metastatic activity. However, in p53-null
NSCLC cells, p53 loss-of-function enables Slug stabilization while miR-
193a-3p underexpression promotes PAK4-mediated Slug activation,
thereby promoting L1CAM expression as well as downstream inva-
siveness and metastatic activity. Moreover, as there is evidence sug-
gesting that PAK4 phosphorylation of Slug protects Slug from ubi-
quitin/proteasome-mediated degradation [21], PAK4 upregulation
from miR-193a-3p underexpression may also promote Slug stabilization
in p53*/* NSCLC cells.

In conclusion, our results support miR-193a-3p's role in decreasing
the metastatic potential of NSCLC cells via regulation of p53/Slug/
L1CAM signaling. As miR-193a-3p appears to function as an anti-me-
tastatic miRNA in NSCLC, miR-193a-3p agomiR therapies (and other
PAK4-targeting therapies) could show promise in suppressing the in-
vasiveness and metastasis of NSCLC tumor cells.
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