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Abstract: Squamous cell carcinoma (SCC) is a lethal malignancy with a high propensity for metastasis. Follistatin-
like 1 (FSTL1), a pro-metastatic glycoprotein, is absent from healthy epithelia and aberrantly upregulated in SCC.
The FSTL1 transcript encodes two alternative gene products whose dominance is post-transcriptionally regulated
via a bistable switch. In healthy epithelia, FSTL1 mRNA is destabilized by binding of KH-type splicing regulatory
protein (KSRP), and processed as a primary microRNA encoding miR-198. In SCC, KSRP downregulation terminates
miR-198 processing, enabling FSTL1 translation. Here, we identify HUR (Human Antigen R) as an upstream regula-
tor of FSTL1 and describe how downregulation of KSRP is permissive, but not sufficient, to promote sustained FSTL1
expression. Moreover, we demonstrate how the interplay between two RNA-binding proteins controls the translation
of pro-oncogenic FSTL1. Increased expression of HUR in SCC outcompetes KSRP and enhances FSTL1 transcript
stability, enabling persistent FSTL1 expression and activation of downstream metastatic pathways.
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Introduction

Squamous cell carcinomas (SCCs) manipulate
several aspects of the wound healing program
to promote metastasis. We have previously
shown that a dual-state molecular switch acti-
vates keratinocyte migration during wound clo-
sure [1], and that the same switch is hijacked
by SCC cells to drive metastasis [2]. A single
transcript - FSTL1 - lies at the heart of this swit-
ch. FSTL1 belongs to a unique class of mes-
senger RNAs (mRNAs) which can also encode
exonic microRNA (miRNA). The transcript can
generate two alternate gene products. It may
either be processed to produce the miR-198
miRNA or translated to express FSTL1 protein.
Follistatin-like 1 (FSTL1), a secreted glycopro-
tein with pro-migratory roles in SCC, is aber-
rantly expressed in many cancers including
SCC [3-7]. In contrast, miR-198 suppresses
keratinocyte migration [1].

FSTL1 and miR-198 show context-specific al-
ternative expression that is instrumental to

timely repair of epithelial damage. The domi-
nant product in healthy epithelia is miR-198.
Upon wounding, miR-198 processing is down-
regulated in favour of FSTL1 translation. This
enhances temporal cell migration and wound
re-epithelialization [1]. This mechanism is
hijacked in SCC. EGF signalling and blocks miR-
198 expression and enables sustained FSTL1
translation [2]. Aberrantly overexpressed FS-
TL1 coordinates a suite of pro-metastatic pro-
cesses ranging from immune evasion to direct
stimulation of tumour cell migration and inva-
sion [2, 8]. Mitigating FSTL1 expression in SCC
would reduce the activation of such pathways
and has been proposed to be of clinical bene-
fit as anticancer therapy [8]. However, before
pursuing FSTL1 as an anticancer target, we will
need a detailed picture of the molecular path-
ways underlying its dysregulation in SCC.

At the core of the FSTL1 regulatory network is
the FSTL1 transcript itself. FSTL1 transcript
stability is modulated by RNA-binding proteins.
In healthy epithelia, the FSTL1 transcript is
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destabilized by the binding of KH-type splicing
regulatory protein (KSRP), which activates miR-
198 processing [1]. In SCC, epidermal growth
factor (EGF) signalling stops miR-198 produc-
tion by downregulating KSRP [2]. It is currently
unclear whether blocking miR-198 processing
alone is sufficient to enable FSTL1 mRNA sta-
bilization, export, and translation, or whether
additional molecular regulation is required for
these processes to occur. Here, we present evi-
dence that HuR acts as an upstream regulator
of the molecular switch and binds to FSTL1
mRNA through a uridylate-rich element (URE)
motif. We investigate the effect of increasing
HuR abundance relative to KSRP and demon-
strate how high levels of HuR displace KSRP
from binding to FSTL1. Competitive binding of
HuR displaces KSRP, prevents expression of
miR-198, stabilizes the FSTL1 transcript, and
enables sustained FSTL1 protein expression.

Materials and methods
Cell culture and SCC tissue arrays

SCC cell lines (A253, SCC12, SCC13) were cul-
tured in RM* media (3:1 DMEM; F12 HAMS
media supplemented with 10% FBS, 0.5 ug/ml
hydrocortisone, 5 ug/ml of insulin and transfer-
rin, 13 ng/ml liothyronin, 1% glutamine, 10 ng/
ml epidermal growth factor and penicillin/stre-
ptomycin). A tissue array (SK802a) containing
cutaneous squamous cell carcinoma sections
(76 cutaneous SCC tissue sections, 2 normal
sections adjacent to tumour and 2 normal skin
sections) was obtained from US Biomax. Three
cSCC sections were negative for KRT14 and
therefore omitted for further study. Human
foreskin dermal fibroblasts and lenti-X 293T
(Clontech) were cultured in DMEM supplement-
ed with 10% FCS and penicillin/streptomycin.

Antibodies

Antibodies used in this study are as follows.
Goat anti-FSTL1 antibody (#ab11805, Abcam),
Rabbit anti-DIAPH1 antibody (#5486, Cell Sig-
nalling), Mouse anti-LAMC2 antibody (#sc25-
341, Santacruz biotechnologies), Rabbit anti-
PLAU (#ab24121, Abcam), Rabbit anti-KSRP
antibody (#A302-22A, Bethyl laboratories),
Rabbit anti-HuR antibody (#ab85539), mouse
anti-KRT14 (clone LLOO1). Chicken anti-goat
Alexa Fluor 488, Donkey anti-rabbit and anti-
mouse Alexa Fluor 488 and Alexa Fluor 555
secondary antibodies (Molecular Probes) were
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used as secondary antibodies in immunohisto-
chemistry.

Boyden chamber invasion assays

In vitro invasion assays were performed in BD
BioCoat Matrigel invasion assay chambers. Two
days post transduction, cells were harvested
and seeded onto the upper chamber in RM*
media without serum. Complete RM* medium
was used as a chemo-attractant in the lower
chambers. 20 h post-seeding, cells on the
upper membrane surface were removed with a
cotton swab and the invaded cells were fixed in
methanol and stained with Giemsa solution.
Cell invasion was expressed as the percentage
of cells invaded in six microscopic fields per
chamber in three biological replicates. Invaded
cell numbers in control cells were considered
as 100%.

Organotypic invasion assay and quantification

Organotypic assays were set up as described
by Gaggioli et al, (2007) with minor modifica-
tions. Briefly, in ice cold conditions, equal
amount of matrigel (#354234 BD Biosciences)
and Rat tail collagen type | (#354236 BD
Biosciences) with one tenth volume of FCS and
10 x DMEM were mixed and pH adjusted to
neutral by addition of 0.1 N NaOH. About 800
pl of this solution was added to millicell hang-
ing cell culture inserts and placed in 12 well
plates (Nunc) for 1 hr at 37°C for solidification.
Complete fibroblast medium was added to
both top and bottom of the insert and left
overnight at 37°C. Human dermal fibroblasts
(1 x 10%) was mixed with SCC12 or SCC13 cell
line (2.5 x 10%) and seeded onto the gel and
allowed to grow submerged in RM* medium for
24 hrs. Inserts were lifted to air liquid interface
the very next day and cultures were maintained
in RM~ media (RM* media without epidermal
growth factor) for two weeks after which the
organotypic gels were processed for histology.
FFPE Sections were stained using anti-KRT14
antibodies by immunohistochemistry to locate
SCC cells. The depth of invasion and total num-
ber of Keratin-14 positive cells were quantified
using Image J software.

Immunohistochemistry
Five micron tissue sections were mounted

on poly L-lysine-coated glass slides (Thermo
Scientific). Sections were de-paraffinized in
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xylene 3 times followed by 3 washes in abso-
lute ethanol and rehydrated using descending
ethanol concentrations and finally in phosph-
ate buffered saline (PBS). Endogenous peroxi-
dase was quenched by immersing the slides in
3% hydrogen peroxide and methanol for 30
minutes. Antigen retrieval (dependant on the
antibody), was performed using programmable
pressure cooker with “target retrieval solu-
tion”, pH 6.0 (Dako). Non-specific reactivity in
the tissues was blocked by incubation in 10%
goat serum in PBS before incubating with the
primary antibody at room temperature for 2 hr.
Unbound primary antibodies were removed by
washing in running tap water for 10 min before
incubation with species matched secondary
HRP-labelled polymer antibodies (Dako). Chro-
mogen 3,3’-diaminobenzidine (Dako) was used
as substrate for colour development. Slides
were counterstained with hematoxylin before
dehydration and mounted with DPX (Sigma).
For fluorescent immunodetection, species spe-
cific secondary antibodies conjugated to Alexa
488/555 were used instead of HRP-labeled
polymer antibodies. Sections were washed
with running tap water, counterstained with
DAPI (100 ng/ml) and mounted using Florsave
(Calbiochem) mounting medium. For experi-
ments where goat primary antibodies were
used, 5% BSA in PBS was substituted for 10%
goat serum. Images were acquired on a Zeiss
Axioimager microscope (for bright field imag-
ing) or on Olympus FluoView FV1000 (for fluo-
rescent antibody detection). Quantification of
staining intensities in tissue arrays was per-
formed visually by two independent observers.
Intensities were classified as negative, week,
moderate and strong by averaging the inde-
pendent observations.

mIiRNA in situ hybridization

5 u sections were deparaffinized and rehydrat-
ed as above and boiled in pre-treatment solu-
tion for 5 min (Panomics), washed in PBS, fol-
lowed by protease (Panomics) treatment at
37°C for 30 min. Sections were incubated with
LNA probes [5-DIG labelled LNA probes specif-
ic for miR-198 or scrambled probe with no
homology to known vertebrate miRNAs (Exi-
gon)] in hybridization buffer containing 50%
Formamide (Sigma), 5 x SSC (Firstbase), 5 x
Denhardts solution (Sigma), 0.25 mg/ml of
denatured solman sperm DNA (Invitrogen),
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0.25 mg/ml Yeast tRNA (Invitrogen), 20 ul per
ml of Poly A solution (Roche DIG tailing kit) and
1% blocking solution (Roche) at 51°C for 4
hours. Following stringent wash with series of
buffers containing 5 x SSC, 1 x SSC, 0.3 x
SSC, sections were blocked with 10% Goat
serum and further incubated with anti-DIG al-
kaline phosphatase (Roche) overnight at 4°C.
Sections were washed in PBS-T (0.1%) and
miRNA bound LNA probes were detected by
Fast red substrate (Panomics). After counter-
staining with DAPI, slides were mounted using
FluorSave (Merck). Image acquisition was per-
formed with Olympus FluoView FV1000 using
TRITC filter.

Gel retardation assay

The pre-miR-198 substrate for gel retardation
assays was prepared as described earlier [1].
The U-rich element present within pre-miR-198
sequence was replaced with a string of five C
residues using the QuikChange Site-Directed
Mutagenesis Kit (Agilent). Pre-miR-7 was ampli-
fied from genomic DNA using primers with a
flanking T7 promoter sequence (sequences are
listed in Table S1). Increasing concentration of
recombinant HuUR protein (0.5, 2 and 5 uM) was
incubated with the wild-type or mutant pre-
miR-198 transcripts in 20 pl of reaction buffer
containing 30 mM Tris-HCI (pH 7.4), 5 mM
MgCl,, 50 mM KCI, 0.5 mM DTT, 40 U/ml of
RNaseOUT, 250 pg/ml of yeast tRNA and 10%
glycerol. After 30 min at room temperature,
reaction products were resolved through 6%
native polyacrylamide gel electrophoresis. For
the competitive binding assay, 0.5 uM of KSRP
was co-incubated with the indicated concentra-
tions of HuR in the presence of pre-miR-198
transcript. Gels were dried and the protein-RNA
complex and unbound RNA were visualized by
phosphor imaging.

In vitro transcription and translation

Generation of pMIRGLO dual luciferase con-
taining FSTL1 3-untranslated region (UTR)
downstream of firefly luciferase open reading
frame has been described earlier [1]. Primers
with T7 RNA polymerase promoter linkers
(Table S1) were used to amplify the entire lucif-
erase-FSTL1 3-UTR fragment along with the
Kozak sequence. A PCR fragment containing
copGFP ORF was amplified from pCDH vector
(System Biosciences) using primers listed in
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Table S1. PCR products were purified and sub-
jected to in vitro transcription with Ambion
mMessage mMachine kit. Mutation of U-rich
sequences to C residues was carried out using
the QuickChange |l site directed mutagenesis
kit (Agilent Technologies) as per manufacturers
protocol. For in vitro translation, 500 ng of puri-
fied Luc-FSTL1 chimeric RNA or URE mutant
RNA and 200 ng of GFP RNA was added to 30
ul of rabbit reticulocyte lysate, 20 uM of methi-
onine free amino acid mixture, 50 uCi of Easy
tag Express 35S protein labelling mix and 10 ug
of cell extract in a total volume of 50 pl for 1 h
at 30°C. 10 pl aliquot of the reaction mix was
separated on 10% SDS-PAGE, fixed in 10% ace-
tic acid/40% methanol, dried and subjected to
autoradiography.

Luciferase reporter assays

PMIRGLO Luciferase reporter containing wild
type FSTL1 3'UTR or URE mutant were co-
transfected along with 30 nM of non-targeting
siRNA or siRNA specific for HUR in 293T cells
using lipofectamine 2000 (Invitrogen) as per
manufacturer’'s protocol. Firefly and Renilla
luciferase activities were measured 24 h post
transfection using Dual Luciferase reporter
assay system (Promega). The firefly lumines-
cence was normalized to Renilla luminescence
values as an internal control for transfection
efficiency.

RNA immunoprecipitation (RIP)

SCC12 or SCC13 or A253 cells were lysed in
RIPA buffer (Pierce), by mild sonication and
clarified by centrifugation at 13,000 x g for 10
min. Total cell extracts were incubated with 4
ug rabbit anti-KSRP antibody (Abcam) or 4 ug
of mouse anti-HuR antibody or control rabbit
IgG for 3 h at 4°C. The antigen-antibody com-
plex was retrieved using 40 pl (resin volume) of
protein A Sepharose pre-blocked with yeast
tRNA (50 pg/ml) and BSA (100 pg/ml) equili-
brated with RIPA buffer at 4°C for 1 hr. After
washing the beads with 1 ml of RIPA buffer for
3 times, immunoprecipitated RNA bound to the
resin was solubilized with the lysis buffer pro-
vided in Exigon miRcury RNA isolation kit. Total
RNA was extracted. Reverse transcription of
the immunoprecipitated RNA (10 pl) as well as
the input extract RNA (10%) was carried out
with Superscript Il reverse transcriptase kit
(Invitrogen). 4 ul of the cDNA was used in qRT-
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PCR using primers spanning Pre-miR-198 in
primary transcript. Results were normalized to
input RNA levels and plotted as fold enrich-
ment compared to 1gG control RIP.

Results

Aberrant expression of pro-metastatic FSTL1
correlates with increased expression of human
antigen R (HuR) in SCC

The FSTL1/miR-198 wound healing switch is
hijacked in head and neck SCC (HNSCC) to
enhance metastasis [2]. We observed a similar
scenario in cutaneous SCC (cSCC)-miR-198
was abundant in healthy epithelia but virtually
absent in ¢SCC, with an inverse correlation to
FSTL1 expression (Figure 1A, 1B). In SCC, EGF
downregulates KH-type splicing regulatory pro-
tein (KSRP), which is essential for processing
miR-198 [1]. Although KSRP downregulation is
permissive for FSTL1 translation, it is unclear
whether this is sufficient to enable sustained
expression of pro-metastatic FSTL1 in SCC. To
determine the underlying mechanism which
facilitates transcript stabilization enabling sus-
tained translation, we analysed FSTL1 tran-
script for the presence of U-rich elements, a
subclass of adenylate/uridylate-rich elements
(AREs/UREs). These sequences are common
in labile RNAs, where they mediate transcript
stability by binding to various RNA-binding pro-
teins (RBPs) [9]. We identified a URE (5-UUU-
UU-3’) within the stem-loop structure of the
3'UTR that corresponds to pre-miR-198. This
site is in very close proximity to the KSRP bind-
ing site, strongly suggesting that a URE-binding
protein might interact competitively with KSRP
to bind to FSTL1 (Figure 1C).

ELAV/Hu (embryonic lethal abnormal vision-like
1/Human antigen) is a family of RNA-binding
proteins with well-documented affinity for AREs
and UREs [9-11]. The most ubiquitously-ex-
pressed of these proteins is Human Antigen R
(HuR), known for its role in mRNA stabilization.
HuR contains three highly conserved RNA rec-
ognition motifs (RRMs), one of which (RRM3)
binds to pentamer U-rich sequences [9, 12].
HuR is highly expressed in many cancers [13-
17], including squamous cell carcinomas [18-
20], where a number of HuR-stabilized tran-
scripts have been found to promote the acqui-
sition of oncogenic traits [21-23]. We hypothe-
size that HuR could stabilize the FSTL1 tran-
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Figure 1. Aberrant expression of pro-metastatic FSTL1 correlates with increased expression of Human Antigen R (HuR) in SCC. A. In situ hybridization for miR-198
(upper panel) and immunohistochemical staining (lower panel) for FSTL1 in normal skin (n=5) and ¢SCC (n=73) tissue sections. Scale bar =100 ym. B. Bar graph
showing the correlation between miR-198 and FSTL1 expression in ¢SCC tissue sections. P<0.05 (Chi-squared test). C. Schematic representation of the positions
of KSRP and HuR binding motifs within the pre-miR-198 stem loop in the FSTL1 3’ UTR. D. Bar graph showing the correlation between FSTL1 and HuR expression
in SCC tissue sections. P<0.05 (Chi-squared test). E. Immunohistochemical staining for KSRP (upper panel) and HuR (lower panel) in normal skin (n=5) and SCC
(n=86) tissue sections. Scale bar =100 um. F. Bar graph showing the correlation between KSRP and HuR expression in SCC tissue sections. P<0.05 (Chi-squared

test).
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script by binding to the URE in its 3’'UTR. The
close proximity of the URE to the KSRP binding
site further suggests that competitive binding
could occur between the two proteins, which
have opposing functions. If this were the case,
the relative abundance of KSRP and HuR would
be critical in deciding the fate of the transcript,
and the consequent downstream effects on
cell migratory behaviour.

In line with our hypothesis, we observed a clear
positive correlation in the expression of HuR
and FSTL1 in SCC sections (Figure 1D). We
observed an obvious inverse correlation in the
expression of HuR versus KSRP (Figure 1E,
1F), and confirmed enhanced expression of
HuR in SCC (Figure 1E, lower panel). Taken
together, these observations suggest that
upregulation of HUR and downregulation of
KSRP in SCC would favour HuR binding, FSTL1
translation, and its consequent downstream
effects on metastasis.

HuR is pro-invasive and knockdown of HUR
phenocopies FSTL1 knockdown

To confirm that HUR enhances metastasis [19,
21] we studied the effects of HUR knockdown
on invasion in SCC cells. Short hairpin RNAs
(shRNAs) targeting either FSTL1 or HuR were
stably expressed in SCC cell lines (Figure S1A).
In a 2-dimensional scratch wound assay, we
observed that cell migration was significantly
impeded in the presence of shHuUR, relative to
the same cells expressing a control shRNA
(Figure 2A). Using Boyden chamber invasion
assays, we showed that knockdown of either
FSTL1 or HuR significantly reduced the total
number of successfully invading cells relative
to the control shRNA (Figure 2B, 2C). A three-
dimensional organotypic assay mimicking in
vivo stromal invasion [24], further confirmed
that HuUR is pro-invasive, and that knockdown
of HuR phenocopies FSTL1 knockdown (Fi-
gures 2D, S1B). These observations suggest
that HuR is an upstream regulator of FSTL1
and HUR may exert its pro-metastatic effects
through FSTL1. Analysis of ‘The Cancer Ge-
nome Atlas’ (TCGA) database clearly indicates
increased expression of HuR in SCC patient
samples compared to normal tissue (Figure
2E). A significant increase in HuR transcript
abundance with nodal metastasis in HNSCC
support a pro-invasive role for HuR (Figure 2F);
all emphasize the clinical significance of HuR-
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mediated modulation of the molecular switch
leading to enhanced metastasis.

Thus, it is evident that HuR promotes the
migration and invasion of SCC cells without
affecting their proliferation (Figure S2). This is
akin to the function of FSTL1 which promotes
cell migration and invasion without an overt
effect on proliferation [1, 2]. Due to the pleio-
tropic effects of HuR, these properties might
be conferred through one or more parallel
pathways, such as those already described in
the literature [21]. The similar effects of HuR
and FSTL1 knockdown suggest that HUR may
exert its pro-metastatic effects through FSTL1.
In order to test this hypothesis, we looked at
the interaction between HuR and the FSTL1
transcript.

The interplay between two RNA-binding pro-
teins controls the fate of FSTL1 transcript

We examined the interaction between HuR and
FSTL1 by performing RNA immunoprecipitation
(RIP) followed by quantitative RT-PCR (qRT-PCR)
on cell lysates from SCC12 cells (Figure 3A). A
significant enrichment of the FSTL1 transcript
with an anti-HuUR antibody, but not with the con-
trol IgG, confirmed that HuR binds to FSTL1
mRNA and directly interacts with FSTL1.
Enrichment of KRT6A was not observed, con-
firming the specificity of this interaction (Figure
3A). Identical results were also obtained in
SCC13 and A253 cells (Figure S3). The specific-
ity of both the anti-HuR and anti-KSRP antibod-
ies were validated for pull-down prior to use in
our experiments (Figure S4). Thus, the success-
ful pulldown of FSTL1 using anti-HuR is likely to
represent a specific interaction between this
transcript and the HuR protein. Confirming the
interaction between HuR and FSTL1, we set out
to address the possibility that the U-rich motif
(URE) in the 3’UTR of FSTL1 is essential for this
interaction (Figure 3B). To confirm that the URE
sequence is required for this interaction, we
performed RNA gel retardation assays using
radiolabelled probes corresponding to the
stem-loop precursor for miR-198 (pre-miR-198)
or a mutant with five cytidine (C) residues re-
placing the URE and recombinant HUR (Figure
3B). Pre-miR-7, a known HuR target, was used
as a positive control. Formation of RNA-protein
complexes with pre-miR-7 and wild-type pre-
miR-198 probes, but not with mutant probes
confirmed the specificity of HUR binding to the

Am J Cancer Res 2021;11(10):4981-4993



HuR enhances FSTL1 transcript stability to promotes metastasis of SCC

b

120 4 B

~+-shControl - shControl shHuR shFSTLA
100 | s-shHuR e P : P L

80 1

60

40

% wound closure

20 A

0 o= . . . 1 —
0o 2 4 6 8 10 12
Time in hours

o
o

Control shRNA

400 *

500 HuR

100

# of invading cellls
(3

shControl shHuR shFSTL1 FSTL1

m
m

.
e
40 e

T

304

i T
o m-
204 "_ 1 —_— . i
— { 1 4

— ——

Transcript per million
1
Transcript per million

0
Normal Primary Normal  NO N1 N2 N3
Tumour Nodal metastasis
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URE (Figure 3C). This inability of HUR to bind to to bind simultaneously. If this were the case,
the pre-miR-198 stem-loop in the absence of then KSRP and HuR could plausibly compete
the U-rich motif confirms that the URE is essen- with each other to determine the fate of the
tial for HUR-FSTL1 interaction. FSTL1 transcript. Competitive binding of pro-

teins with alternative effects on RNA transcript
Given the close proximity between the URE stability has been documented in the regula-
(required for HUR binding) and the KSRP bind- tion of unstable transcripts [25-27], with pub-
ing site (GUG) on pre-miR-198, we suspected lished effects on tumour progression. As HuR
that it might not be possible for both proteins is overexpressed in squamous cell carcinoma,
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we were interested in studying the effects of
increased HUR concentration on KSRP binding.
Wild-type pre-miR-198 was incubated with 0.5
UM recombinant KSRP, followed by the addition
of HuR at different concentrations (0.5 uM, 2
UM, and 5 uM). RNA gel retardation revealed
that increasing the concentration of HuR in-
creases pre-miR-198-HuR complex formation
as expected, and simultaneously reduces the
formation of pre-miR-198-KSRP complexes (Fi-
gure 3D). This observation strongly indicates a
competitive binding and HuR’s ability to out-
compete KSRP in SCC, where KSRP expression
is significantly downregulated.
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Having established that HuR binds to FSTLZ1,
we determined the functional consequences
of this interaction in stabilising FSTL1 tran-
script. A luciferase open reading frame (ORF)
was cloned upstream of a wild-type or mutant
FSTL1 3'UTR. In vitro translation of this cap-
ped, chimeric transcript was performed in a
rabbit reticulocyte system in the presence
of lysate from SCC12 cells transfected with
siRNA against HUR or control siRNA. Both HuR
and wild-type URE are essential for luciferase
expression-luciferase translation failed with
the mutant UTR and was significantly reduced
in response to HUR knockdown. No significant
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expression differences were seen in co-trans-
lated GFP mRNA, which was used as a loading
control and a control for target specificity
(Figure 3E). From these observations, we infer
that both HuR and the URE sequence are
essential for FSTL1 translation.

Further evidence in support of this model
comes from a luciferase assay on 293T cells
co-transfected with either the wild-type or
mutant constructs, and either siHuUR or siCon-
trol. Firefly luciferase readings for each sample
were normalised to those of Renilla luciferase
(@an endogenous control present in the same
construct). We observed that, with the wild-
type URE, downregulation of normalized lucifer-
ase activity was significantly greater in respon-
se to siHUR relative to siControl. Similarly,
decreased luciferase activity was apparent
with the mutant URE compared to the wild-type
URE. HuR knockdown had no effect relative to
the control in the presence of the mutant URE
(Figure 3F), suggesting that HuR-mediated
FSTL1 stabilization requires an intact URE.

HuR enhances stability of FSTL1 transcript
and enables sustained FSTL1 protein expres-
sion in SCC

In SCC12 cells, upon transfection with siHuR, a
significant reduction in both HuR and FSTL1
transcript abundance relative to siControl was
observed (Figure 4A). To provide direct evi-
dence that the HUR-URE interaction stabilizes
FSTL1, we assessed FSTL1 degradation in
SCC12 cells treated with Actinomycin D (ActD),
a global transcription inhibitor. In the absence
of de novo transcription a significant decrease
in FSTL1 transcript abundance was apparent
in cells transfected with siHuUR relative to the
control confirming the role of HUR in maintain-
ing FSTL1 transcript stability (Figure 4B).
HuR’s stabilizing effect on FSTL1 mRNA is
reflected in FSTL1 protein abundance. HuR
knockdown substantially reduces FSTL1 pro-
tein expression (Figure 4C). In contrast, upon
knockdown of KSRP we observed an increase
in FSTL1 protein abundance (Figure 4C), all
confirming the role of HuR in the stabilization
of FSTL1.

These observations are congruent with the
hypothesis that HUR and KSRP modulate the
molecular switch through FSTL1 stabilization
and destabilization, respectively. In healthy
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epithelia, KSRP destabilizes FSTL1 and pre-
vents its translation. In SCC, HuR-mediated
FSTL1 stabilization enables sustained FSTL1
protein production. These effects on FSTL1
transcript stability also directly affect the alter-
native switch product-the tumour suppressor
miRNA miR-198. Knocking down HuR signifi-
cantly increases miR-198 expression (Figure
4D). Thus, by piecing these observations
together, we propose a model whereby abnor-
mal HuR expression in tumours, coupled with
EGF-mediated downregulation of KSRP, ena-
bles HUR to outcompete KSRP for binding to
the FSTL1 transcript. This stabilizes FSTL1,
favouring FSTL1 translation and downregulat-
ing miR-198. The loss of miR-198 enables
abnormal expression of its pro-migratory tar-
gets including DIAPH1, LAMC2 and PLAU
(Figure 4E). These pro-invasive proteins act in
synergy with FSTL1 to enhance invasion and
metastasis in SCC (Figure 4F).

Discussion

The RNA-binding protein HUR (Human antigen
R) is aberrantly expressed in a variety of malig-
nancies, where it drives oncogenic progression
and metastasis. HUR confers a wide array of
functions in cancer cells, including enhanced
cell proliferation [28, 29], hypoxia resistance
[30, 31] and improved migratory capacity [32-
34]. As metastasis is the leading cause of
death in the majority of patients with epithelial
cancer, we are particularly interested in the
pro-metastatic effects of HuR. The targets of
HuR, which are implicated in metastasis inclu-
de matrix metalloproteinases [32, 34], regula-
tors of epithelial-to-mesenchymal transition
such as Snail [33], and genes with pleiotropic
roles in carcinogenesis. Cyclooxygenase-2
(COX-2) is an example of a well-characterised
pro-tumourigenic factor upregulated by HuR.
Oncogenic roles of the HUR/COX-2 axis have
been described in cancers of the larynx [35],
lung [36], uterine cervix [37], thyroid [38],
colon [39], as well as in mesothelioma [40]. In
this study, we add to the growing body of data
on HuR in metastasis by demonstrating how
HuR acts as an upstream regulator of FSTLZ;
controls the fate of the FSTL1 transcript, en-
abling sustained expression of the pro-migra-
tory and pro-metastatic glycoprotein, FSTL1.

FSTL1 is multifunctional, with a variety of roles
in carcinogenesis. FSTL1 promotes immune
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evasion by cancer cells [41]. In squamous cell
carcinoma (SCC), FSTL1 drives metastasis
by upregulating matrix metalloproteinase 9
(MMP9) via the ERK (extracellular signal-regu-
lated kinase) signalling pathway [2]. Notably,
HuUR has also been reported to enhance me-
tastasis by acting through MMP9 [32, 42].
Although these studies focused on HuR’s sta-
bilization of MMP9 itself, it is possible that
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HuR-mediated FSTL1 stabilization acting up-
stream of MMP9 may have a direct impact on
metastasis. FSTL1's pro-metastatic effects in
SCC occur in synergy with the loss of the anti-
migratory microRNA miR-198 [2]. The mutually
exclusive production of either miR-198 or FS-
TL1 from the same parental transcript allows
for the existence of a bistable on/off molecular
switch for keratinocyte migration [1]. We have
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previously shown that KSRP-mediated destabi-
lization of this transcript is essential for miR-
198 production at steady state in the healthy
epithelium, and that the loss of KSRP in the
context of both SCC [2] and normal wound
healing [1] cause keratinocytes to adopt a pro-
migratory phenotype. Our study highlights the
role of HuR in this process and addresses the
outstanding question on whether KSRP down-
regulation alone is sufficient for the sustained
FSTL1 expression in SCC. KSRP functions as a
miRNA processing factor to ensure miR-198
production in healthy epithelia; its loss is per-
missive, but not sufficient, for persistent
enhanced expression of FSTL1 in SCC. The
antagonistic roles played by HUR and KSRP in
determining transcript fate is not unique to
FSTL1 - both proteins also perform similar
roles in determining IL-8 transcript stability in
breast cancer cells [27]. In this case, IL-8 sta-
bility increases following stimulation with IL-13
or TNF-a due to greater association of HuR to
IL-8 transcript relative to KSRP.

Our observation that HuR contributes to regu-
lating keratinocyte migration via the miR-198/
FSTL1 switch raises the possibility that HuR
may also regulate another linked biological
process - wound healing. The cell behaviours
that enable epithelial repair following injury are
remarkably similar to those that enable tu-
mour cell dissemination, as are the molecular
pathways that regulate such behaviours [2].
The miR-198/FSTL1 switch and its reliance on
KSRP were originally identified in the context
of epithelial wound repair [1]. Despite these
similarities, wound healing and metastasis dif-
fer fundamentally in their outcomes - the for-
mer is self-limiting and essential to the mainte-
nance of homeostasis, whilst the latter is the
pathological result of failure to regulate cell
migration. Regulatory differences exist bet-
ween both processes, and the involvement of
HuUR may be one such discrepancy.

From a clinical perspective, the possibility of
using HUR as a target for anticancer therapy
has been broached by several authors [16,
43] due to its central role in enabling multiple
cancer phenotypes. Our findings concur with
these perspectives. However, as HuR is a
multifunctional RNA-binding protein with pleio-
tropic roles in multiple pathways and hence,
targeting HUR may have unforeseen detrimen-
tal effects. In the context of the model we have
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presented, targeting FSTL1 as a downstream
effector of HUR in SCC would reduce the risk
of metastasis whilst providing a more refined
approach that minimises risks associated with
HuR inhibition. Thus, we propose that a suit-
able FSTL1 inhibitor, coupled with a compound
that simultaneously restores the expression of
tumour suppressor-miR-198, may be of signifi-
cant clinical benefit in limiting metastatic dis-
semination. As the majority of cancer-related
deaths arise from complications due to me-
tastasis, we envisage that this therapeutic
strategy would substantially reduce morbidity
and mortality attributable to squamous cell
carcinoma.
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Table S1. List of oligonucleotides used in this study

Primer Sequence Target

Luciferase T7 forward TAATACGACTCACTATAGGG AAA GCC ACC ATG GAA GAT GCC  Binds 9 bp upstream of Luciferase AUG in
PMIRGLO. Includes the Kozak sequence

FSTL1 3’UTR reverse  CCG AAA AGG AAG AAT CAG GAG Binds to position 2617 in FSTL1 3'UTR
CopGFP start T7F TAATACGACTCACTATAGGG cta gac gcc acc atg gag age
CopGFP stop R GTCGACTTAGCGAGATCCGGTG
T7 pre-miR-7 F TAATACGACTCACTATAGGG ttggatgttg gectagttct
Pre-miR-7 R CTGTAGAGGCATGGCCTGTG
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Figure S1. Validation of shHuUR. A. Bar graph shows transcript abundance of HuUR in SCC12 cells transduced with
sh1 HuR and sh2 HuR. B. SCC invasion in an organotypic skin model in the presence of sh1 HuR, sh2 HuR or control
shRNA (n=3), Scale bar =100 pm.
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Figure S2. HUR knock down does not affect the proliferation of SCC cells. SCC cells transfected with control shRNA

or shHuUR were seeded on 96 well plates at low density and cell proliferation was measured post seeding by Cell Titer
Glo assay. No significant difference in proliferation was observed between control and shHuR cells.
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Figure S3. Bar graph showing fold enrichment of the FSTL1 transcript resulting from RIP with control IgG, anti-KSRP,
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Figure S4. Validation of immunoprecipitation using anti-HUR and anti-KSRP antibodies. Total cell extracts from SCC
cell lines were subjected to co-immunoprecipitation using anti-HuR, anti-KSRP and control IgG antibodies. After the
immunoprecipitation of antibody bound complexes, a fraction of samples were subjected to western blot using anti-
HuR (rabbit) and anti-KSRP (rabbit) antibodies. Left panel shows the specific immunoprecipitation of HuR and KSRP
with its respective antibodies while control IgG did not pull down these proteins. Total cell extracts were evaluated
for HUR, KSRP and GAPDH.



