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Research in the area of hallmarks of cancer has opened the pos-
sibility of designing new therapies based on modulating these
cancer properties. We present here a screen designed to find
chemicals that modulate epithelial-mesenchymal transitions
(EMTs) in prostate cancer. For screening, we used a repurpos-
ing library and, as a readout, an FGFR2-based splicing re-
porter, which has been shown previously to be a sensor for
EMTs. Various properties of cancer cells were assessed,
signaling pathways investigated, and in vivo experiments in
nude mice xenografts performed. The screen yielded three hit
compounds (a T-type Ca channel inhibitor, an L-type Ca chan-
nel inhibitor, and an opioid antagonist) that switch FGFR2
splicing and induce an epithelial phenotype in prostate cancer
cells. The compounds affected differently various properties of
cancer cells, but all of them decreased cell migration, which is in
line with modulating EMTs. We further present mechanistic
insights into one of the compounds, nemadipine-A. The
administration of nemadipine-A intraperitoneally in a nude
mouse xenograft model of prostate cancer slowed tumor
growth. To conclude, we show that knowledge of the molecular
mechanisms that connect alternative splicing and various can-
cer properties may be used as a platform for drug development.

INTRODUCTION
In the last 20–30 years, there has been a revolution in anticancer treat-
ments involving the rational design of targeted therapies against
many molecular targets. While a complete cure of all cancers may
never be achieved, the availability of a wide range of targeted therapies
against multiple molecules, which may be used in both generalized
and personalized therapeutics, will give rise to the possibility of trans-
forming many cancers in chronic diseases, as they are managed more
effectively.

Prostate cancer (PCa) is the most commonly diagnosed non-skin can-
cer and the third most common cause of cancer death in men in the
Western world.1–4 While many men have indolent disease that can be
cured with localized therapies, a significant minority of men will
relapse and eventually progress to castration-resistant PCa. The
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majority of lethal PCa is due to spread through castration-resistant
metastasis.5,6 In spite of several novel treatments approved recently,
there is still an important need for novel therapeutic targets.

A process that has not yet been targeted therapeutically in PCa is the
epithelial-mesenchymal transition (EMT), which is the reversible in-
terchanges between an epithelial phenotype and a mesenchymal one.
The EMT occurs in embryonic development and is largely shut down
in adult life, with the exception of a few processes such as wound heal-
ing; cancer cells re-activate this program and use it to spread and
metastasize.7–10 As is the case with many cancers, there is a clear rela-
tionship between the EMT and the progression of PCa, which is
demonstrated by the association of EMT regulatory molecule expres-
sion with advanced PCa.11 Furthermore, experiments in mouse
models of PCa have shown that the manipulation of EMT regulators
results in slowed tumor growth and/or metastasis.12

The EMT is regulated at many levels, including alternative splicing
(AS); the splice factors ESRPs (epithelial splicing regulatory proteins)
and RBFOX1 (RNA binding Fox-1 homolog-1) are the most
frequently implicated.13 ESRPs have been shown to be master regula-
tors of the EMT by coordinating the splicing of more than 200 genes,
many of which are involved in the migration properties of cells.14 In
work published recently,12 we have investigated ESRPs in PCa,
showing that both ESRP1 and ESRP2 are overexpressed in PCa and
that ectopic expression in PC3 cells is able to slow tumor growth in
nude mice xenografts. This indicates that ESRPs do not have redun-
dant functions with other EMT regulators (e.g., transcription factors),
and therefore, may represent attractive therapeutic targets. Moreover,
ESRP2 is regulated by androgens and is suggested to drive an exten-
sive splicing network in PCa, which has been confirmed recently by
another group.15
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One of the targets of ESRPs is fibroblast growth factor receptor 2
(FGFR2). FGFR2 belongs to the family of tyrosine kinase receptors
and it is important in cell survival, proliferation, and differentiation.16

AS of two mutually exclusive exons (exon 8 or IIIb and exon 9 or IIIc)
in the third immunoglobulin-like domain of FGFR2 results in two
isoforms that have different ligand-binding specificities.17 The IIIb
isoform is specific to epithelial cells, while the IIIc isoform is
expressed in mesenchymal cells; therefore, there is a switching of iso-
forms during the EMT. An increasing body of literature has impli-
cated the aberrant expression of FGFR2 isoforms in carcinogenesis.16

A switch from the IIIb to the IIIc isoform has been shown to be
involved in the progression of PCa.17,18 In addition, decreased expres-
sion of the IIIb isoform and increased expression of IIIc has been re-
ported in prostate, urothelial, renal, pancreatic, salivary, and colon
carcinomas.19–23

Given both the presence of the EMT and aberrant AS in aggressive
PCa, treatments that are able to modulate EMT states and at the
same time correct aberrant AS may be beneficial in both metastatic
and non-metastatic, castration-resistant PCa.

We present here a repositioning screen designed to identify chemicals
that are able to switch FGFR2 splicing from exon 9 (also called IIIc) to
8 (also called IIIb). Since this splicing switch is also a sensor of the
EMT,24 we show that the hit chemicals modulate the EMT in PCa
cells. We also characterize in more detail the mechanism of how
one of the compounds works, and present proof-of-principle experi-
ments in nude mice xenografts showing that the administration of
such compounds are effective in slowing tumor growth in vivo.

RESULTS
A screen using a repositioning library and a splicing reporter

reveals three compounds that switch FGFR2 splicing

In a previous report,24 we described a bichromatic reporter, based on
FGFR2 exon IIIc splicing, that functions as a sensor of epithelial and
mesenchymal states and transitions. The reporter expresses GFP in
mesenchymal cell lines (where exon IIIc is included) and red fluores-
cent protein (RFP) in epithelial cells (where exon IIIc is skipped). We
aimed to use this reporter to screen for compounds that are able to
reverse mesenchymal states toward epithelial states.

For ease of translational therapeutic applications, we decided to use a
repositioning library, LOPAC from Sigma (St. Louis, MO, USA),
that contains 1,280 pharmacologically active drugs. It contains mar-
keted drugs and pharmaceutically relevant structures covering allmajor
target classes (https://www.sigmaaldrich.com/life-science/cell-biology/
bioactive-small-molecules/lopac1280-navigator.html).

For the screening cell line, we used HEK293, which has been
described previously to exclusively express FGFR2 IIIc inclusion.
This allows us to screen from inclusion of IIIc (high GFP/low RFP
and corresponding to mesenchymal phenotypes) toward skipping
of exon IIIc (low GFP/high RFP and corresponding to epithelial
phenotypes).
148 Molecular Therapy: Methods & Clinical Development Vol. 25 June 2
The design of the screen is shown in Figure 1. In the primary screen,
HEK293 cells stably transfected with the bichromatic reporter
(pRGIIIc) were plated in the 96-well format and treated with the
LOPAC library compounds at 10 mM for 48 h. The fluorescence of
each well was read in both RFP and GFP channels on a plate reader
and analyzed in comparison with DMSO-treated controls (Figure S1).
In this first step, 278 compounds were selected that either increased
RFP, decreased GFP, or both. A control screen was needed to
eliminate false positives, for example, compounds that fluoresce
themselves, compounds that directly affect the red and/or green fluo-
rescent proteins, or compounds that affect the reporter RNA or
protein stability and/or translation. For this purpose, control re-
porters have been designed that lack the intronic parts of the initial
reporter and mimic the two possible spliced transcripts of the initial
reporter (Figure 1, step 2, control screen). Two additional screens
were performed with these control reporters, which was used to elim-
inate false positives. For example, if in the primary screen a certain
compound would show a significant increase in RFP but this would
be shown in the secondary/elimination screen as well, then this com-
pound would be deemed a false positive (for more details and exam-
ples of the elimination procedure of false positives, see Figure S2).
After this step, 124 compounds remained that were validated for
the effect on FGFR2 splicing by RT-PCR and restriction digestion
analysis. While several compounds have been validated at the RT-
PCR level, we have chosen to pursue further three compounds that
induced the greatest increase in the inclusion of IIIb (Figure 2). These
compounds were called LLSOs (after the main authors’ initials):
LLSO01 (NNC-55-0396 dihydrochloride) is a structural analog of mi-
befradil, which is a highly selective T-type calcium channel blocker;
LLSO02 (nemadipine-A) is an analog of 1,4-dihydropyridine, which
is an L-type calcium channel a1-subunit antagonist; and LLSO03
(naltrexone hydrochloride) is an opioid antagonist, which is a syn-
thetic congener of oxymorphone with no opioid agonist properties.
While the initial validation was made in HEK293 cells, we have
also demonstrated by RT-PCR that the LLSO compounds are chang-
ing FGFR2 splicing in PC3 prostate cancer cells (Figure S3).

LLSOs induce the expression of E-cadherin in PC3 cells

The purpose of the screen was to find compounds that modulate the
EMT, since a switch in FGFR2 from exon IIIc to IIIb has been linked
previously to mesenchymal-to-epithelial transitions (METs). There-
fore, we wanted to determine whether LLSOs modulate the expres-
sion of EMT markers.

PC3 cells were treated with individual LLSOs for 48 h at 10 mM, and
the expression of E-cadherin was assessed. On western blot analysis, a
moderate increase in E-cadherin levels was observed (Figure 3A).
However, when analyzed by immunofluorescence, the induction of
E-cadherin expression is much more evident; it is not only increased
in expression but also shows an increase in its junctional localization
(Figure 3B).

Another established marker of the EMT, cytokeratin, has also shown
a change in expression in the expected direction forMET, albeit not as
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Figure 1. Schematics of the screen using the LOPAC

library and the FGFR2 splicing reporter

HEK293 cells transfected with the fluorescent FGFR2

splicing reporter were treated with the LOPAC compound

library and reporter splicing measured using a fluorescent

plate reader (primary screen, step 1). Selected compounds

were used to eliminate false positives by repeating the

screen with control reporter constructs that cannot be

spliced (control screen, step 2). Lead compounds were vali-

dated using RT-PCR and western blot (step 3).
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evident as E-cadherin (Figure S4). Finally, N-cadherin, a mesen-
chymal marker, decreases its expression in PC3 cells when treated
with LLSOs (Figure S5).
LLSOs affect growth, migration, and proliferation of PC3 cells

differently

To characterize the effect of LLSOs on PC3 cell properties, we per-
formed several assays in vitro. Cell counting showed very different re-
sponses. At 10 mM, LLSO01 was toxic and killed a majority of the
cells; LLSO02 had no effect on cell growth; and LLSO03 slowed the
growth rate (Figure 4A). Because of the toxicity, LLSO01 was used
at lower concentrations (5 mM) in later experiments. As expected
for compounds that modulate the EMT, all LLSOs inhibited the
migration of cells, as assessed in a Boyden chamber assay (Figure 4B).
Finally, the proliferation rate was assessed using the MTT assay;
LLSO01 significantly inhibited proliferation at 5 mM, while no effect
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was observed for LLSO02 and 03 at 10 mM (Fig-
ure 4C). Lethal concentration 50 (LC50) analysis
for all 3 compounds (concentration at which
they are lethal to 50% of cells) is presented in
Figures S11–S13.

LLSO02-modulated increase in E-cadherin

expression involves nuclear factor of acti-

vated T cells (NFAT) and cyclic AMP response

element-binding protein (CREB) transcription

factors

We further selected LLSO02 to determine the
mechanism through which it signals to increase
E-cadherin expression. Theoretically, when
investigating compounds that may be repur-
posed, their new effect can be through the well-es-
tablished canonical mechanism or a completely
new one. LLSO02, nemadipine-A, is an L-type
calcium channel inhibitor; L-type channels are
part of the voltage-gated calcium channels family
(VGCC). Ca channels have been reported to be
expressed both in the normal prostate and in
PCa cells, including PC3 cells.25–27 Indeed, west-
ern blot analysis shows that L-type Ca channels
are expressed in PC3 cells (Figure S6). Therefore,
we investigated whether the canonical signaling pathway of L-type Ca
channels was involved in the effect of LLSO02. Knowing the molecu-
lar heterogeneity of PCa, we probed this mechanism in several cell
lines: PC3, LNCaP, and DU145.

Activation of VGCCs results in an increase in the intracellular Ca
concentration and activation of calmodulin, calcineurin, and the tran-
scription factors NFAT and CREB (Figure 5A).27 Therefore, we tested
whether NFAT and/or CREB are involved by using INCA-6 as an
NFAT inhibitor28,29 and 666-15 as a CREB inhibitor.30 In PC3 cells
treated individually with these inhibitors, E-cadherin expression
was increased similar to LLSO02 treatment (Figure 5B), suggesting
that these pathways may be involved. This was reproduced in the
LNCaP cell line (Figure S7). However, in DU145, while the CREB in-
hibitor reproduced the E-cadherin activation, the NFAT inhibitor did
not (Figure 5C). Indeed, when DU145 cells were treated with both
LLSO02 and the NFAT inhibitor combined, the activation of
& Clinical Development Vol. 25 June 2022 149
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Figure 2. All 3 LLSO compounds switch FGFR2

splicing from complete inclusion of exon IIIc and no

IIIb to a mixture of IIIb and IIIc inclusion

(A) Schematics of the assay to assess presence of exons

IIIb or IIIc in FGFR2 transcripts. RT-PCR with flanking

primers in exons 7 and 10 gives a PCR of similar size,

regardless of IIIc or IIIb being present. To distinguish the

exons, PCR products are differentially digested with AvaI

(cuts only IIIb) and Hinc II (cuts only IIIc). (B) HEK293 cells

treated with DMSO, LLSO01 5 mM, LLSO02 10 mM, and

LLSO03 10 mM for 48 h. U, FGFR2 PCR products without

restriction enzyme treatment; A, FGFR2 PCR products with

restriction enzyme treatment by Ava I, which only cuts the

FGFR2 IIIb isoform; H, FGFR2 PCR products with restric-

tion enzyme treatment by Hinc II, which only cuts the

FGFR2 IIIc isoform. In the DMSO treatment, there is nothing

left undigested in the H column, since all of it is exon IIIc. In

the A columns of the LLSO treatments, one can clearly see

the expected digestion products for IIIb (yellow stars). The

band in the H columns of the LLSOs treatments that re-

mains undigested is the induced IIIb exon (red stars). The

gel shown is representative of a minimum of 3 repeats.
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E-cadherin by LLSO02 was abrogated, suggesting that in this cell line,
the signaling pathway of LLSO02 involves other mechanisms as well.
As expected, staining for N-cadherin in the same cells and with the
same treatments shows the opposite movement in expression as
compared to E-cadherin (see Figures S8 and S9).
Systemic administration of LLSO02 decreases tumor growth in

subcutaneous PC3 xenografts in nude mice

We wanted to further explore whether LLSOs also affect tumor
growth in vivo. Since the property we were investigating is the poten-
tial inhibition of the EMT, we decided to test LLSO2, which did not
have any effect on cell growth or proliferation (Figures 4A and 4C).
We designed a therapeutic proof-of-principle experiment in which
1 million PC3 cells were injected subcutaneously into the flank of
nude mice. Tumor sizes were measured twice weekly using a caliper;
when the tumors reached 3 � 3 mm in diameter, treatments were
started with either vehicle or LLSO02 at 2.936 mg/kg body weight
(corresponding to approximately 10 mM 3 times weekly. As seen in
Figure 6, there is a clear decrease in tumor growth in mice treated
with LLSO02.

Protein extracts prepared from the excised tumors were analyzed for
the expression of EMT markers. Indeed, as expected, there was an in-
crease in LLSO02-treated tumors in E-cadherin expression and a
decrease in N-cadherin expression, as expected for an MET
(Figure S10).
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DISCUSSION
The hallmarks of cancer provide a framework for identifying key mo-
lecular regulators that can be targeted to obtain new anticancer ther-
apeutics. We have focused on one such hallmark, the EMT. In a quest
to find the modulators of the EMT, we performed a repositioning
screen using an FGFR2-based splicing reporter and obtained three
compounds that are able to (1) induce the expression of epithelial
markers in PCa cells and (2) switch FGFR2 splicing from exon IIIc
(9) inclusion, which is associates with aggressive cancer behavior, to
exon IIIb (8), which is therapeutically beneficial. The three com-
pounds are described in detail below:

� LLSO01: NNC-55-0396 dihydrochloride is a structural analog of
mibefradil, an inhibitor of both T-type and L-type Ca channels,
which has been used for some time in the clinic to treat hyperten-
sion and chronic angina pectoris. LLSO01 has been developed as a
more selective inhibitor that acts mainly on T-type Ca chan-
nels.31,32

� LLSO02: Nemadipine A is an analog of 1,4-dihydropyridine
(DHP), which is an L-type Ca channel a1-subunit antagonist.
Drugs in this class are normally used to treat hypertension, angina,
and heart attacks.33

� LLSO03: Naltrexone hydrochloride is an opioid antagonist, a syn-
thetic congener of oxymorphone with no opioid agonist properties.
It inhibits the effect of narcotics on the central nervous system, and
is commonly used as an analgesic to treat moderate to severe
pain.34
022



A

B

Figure 3. LLSOs change both the expression and localization of E-cadherin in PC3 cells

(A) Western blot for E-cadherin expression was performed with proteins extracted following 48-h treatments with DMSO and LLSOs in PC3 cells. Quantification of the

E-cadherin blot is shown in the histogram on the right. All 3 chemicals showed an increase in the E-cadherin expression level. Normalization of the E-cadherin signal is

done with the GelEZ system (Bio-Rad), which quantifies total protein on the transfer membrane (left lower panel). The experiment was repeated 3 times. (B) Immunofluores-

cence analysis was performed following 48-h treatments with DMSO and LLSOs in PC3 cells. PC3 cells stained with mouse IgG were used as a negative control and LNCaP

cells were used as a positive control. All 3 chemicals induce an increase in E-cadherin expression levels as well as a more junctional localization. Representative examples

from at least 10 microscopic fields per experiment, and experiments repeated 3 times. Photomicrographs were taken at 1,000� magnification; scale bar is 15 mm.
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Ca channels have been previously implicated in cancer and ideas
have been described as to how to use them for novel therapeutic
development, although none of their inhibitors have yet made it
to the clinic.35,36 In particular, for PCa, epidemiological studies
have shown that voltage-gated Ca channels blockers (a class to
which L- and T-type Ca channels belong) reduce the associated
risk of PCa and reduce tumor aggression.37 In addition, some Ca
channels, including transient receptor potential (TRP)V2 and
TRPM7, have been implicated in regulating the migration and inva-
sion of PCa cells as well as the regulation of E-cadherin expres-
sion.38 There is also a connection between Ca channels and EMT
regulation. For instance, a recent paper described the relationship
between the transcription factor ZEB1, a master regulator of the
EMT, and Ca channels.39
Molecul
Opioid receptors and signaling have also been implicated in cancer
progression. In particular, for PCa, it has been shown that some
opioid receptors may stimulate cancer growth through the activation
of angiogenesis and that high receptor expression is associated with
decreased progression-free survival and overall survival.40

While the pharmaceutical classes to which the three LLSO com-
pounds belong have been previously implicated in cancer therapeu-
tics, to the best of our knowledge, none of the LLSOs have been
described as possible treatments for PCa. In line with our findings,
mibefradil, to which LLSO01 is structurally related, has been shown
to reduce the viability of PCa cells in culture.41 The only previously
reported connection to cancer for LLSO02 is a resultant increase in
apoptosis in lung cancer cells.42 LLSO03 has been reported to have
ar Therapy: Methods & Clinical Development Vol. 25 June 2022 151
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Figure 4. LLSOs affect PC3 cell properties in different ways

(A) The growth curve of LLSOs (all 10 mM) and DMSO-treated PC3 cells. LLSO01 is toxic to PC3 cells and LLSO02 shows no significantly effect on cell growth, while LLSO03

shows a significant decrease in cell growth. Medium with drugs was refreshed every 48 h after seeding. Cells were counted every 24 h after seeding in the plate. All of the

treatments had 12 repeats. n = 12, ***p＜0.001 by 2-way ANOVA. (B) The Boyden chamber assay was performed following a 48-h pre-treatment of PC3 cells with DMSO or

LLSOs. PC3 cells were cultured overnight in reduced medium with 2% FBS to starve the cells, and PC3 cells without starving were used as negative controls. The graph

shows a normalized migration rate in the Boyden chamber assay of LLSO01 5 mM, LLSO02 10 mM-treated, LLSO03 10 mM-treated PC3 cells, and DMSO (as control)-treated

PC3 cells. n = 3; the data were analyzed using 1-way ANOVA. (C) MTT assay was performed following 48 h pre-treatment of PC3 cells with DMSO and LLSOs. Left panel:

Absorbance rate on MTT assay of PC3 treated with 1 mM, 2 mM, and 5 mM LLSO01 and DMSO (as control) PC3 cells. Right panel: Absorbance rate on MTT assay of PC3

treated with LLSO02 10 mM, LLSO03 10 mM, and DMSO (as control) PC3 cells. n = 3; the data were analyzed by 1-way ANOVA. ns, not significant.
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antitumoral activity;43 interestingly, a recent report showed that
LLSO03 inhibits EMT in cervical cancer cells.44

Alternative splicing has been shown to be closely connected to cancer
development; there are many reports of aberrant splice isoforms ex-
pressed in cancers that maintain oncogenic properties, as well as on
splice factors that are oncogenes.45 Indeed, FGFR2 is such an
example. As mentioned above, the isoform containing exon IIIc (or
9) is associated with aggressive cancers and IIIb (or 8) with more
favorable outcomes. Moreover, in preclinical studies, it has been
shown that forced overexpression of the exon IIIb-containing isoform
in PCa cells that express IIIc is therapeutically beneficial,46,47 suggest-
ing the validity of a therapeutic approach to switch isoforms.

The connection between PCa and aberrant AS is not limited to
FGFR2; recent papers have clearly highlighted a major role played
by aberrant AS in PCa with many splice isoforms involved as well
as splice factors or components of the spliceosome.48–50
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Targeting the mesenchymal phenotype may be a way to eliminate the
existing metastatic cancer cells. Some studies have targeted classic
mesenchymal proteins such as vimentin to inhibit metastasis and
decrease resistance to chemotherapy, with some initial success.51

For example, withaferin-A is a bioactive compound extracted from
Withania somnifera that has been shown to promote the degradation
of vimentin. Studies in soft tissue sarcoma cells have shown that
withaferin-A induces apoptosis, while compared to cells expressing
normal levels of vimentin, malignant cell lines with higher levels of
vimentin are more sensitive to withaferin-A.52 A study from another
group showed that monoclonal antibodies targeting N-cadherin
inhibit prostate cancer growth and reduce invasion, metastasis, and
castration resistance.53

In conclusion, we have shown that LLSO compounds affect cell
growth and proliferation, although in different ways,. Furthermore,
all of them inhibit the migration of PCa cells, which is expected for
EMT inhibitors. We also provide proof-of-principle experiments
022
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Figure 5. LLSO02 uses NFAT and/or CREB to signal to increase E-cadherin expression in PC3 cells; in DU145 cells additional mechanisms may be in play

(A) Hypothetical signaling pathway for LLSO2. (B) Images of PC3 cells treated separately with 10 mMof LLSO2, 10 mMof INCA-6, and 10 mMof 666-15; scale bar, 250 mm. (C)

Images of DU145 cells treated separately with 10 mM of LLSO2, 10 mM of INCA-6, and 10 mM of 666-15; scale bar, 75 mm. (D) Images of DU145 cells treated separately with

10 mM of LLSO2, 10 mM of INCA-6, and the combination of LLSO2 and INCA-6; scale bar, 50 mm. All of the images were taken at 20�magnification. The images are repre-

sentative for replicates (3 individual experiments, 3 wells for each treatment, and a minimum of 3 microscopic fields surveyed in each well).
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showing that one of the compounds is able to inhibit tumor growth
in vivo, supporting the idea that they may be developed as anticancer
therapeutics. To note, for EMT inhibitors, off-target effects on normal
cells are less of a concern than with other treatments, as EMT is
largely shut down in adult life.
MATERIALS AND METHODS
Cell lines

HEK293 (embryonic kidney cells), PC3, and DU145 (human prostate
cancer) cells were obtained from Microvascular Research Labora-
tories (MVRL), University of Bristol. LNCaP human prostate cancer
cells were purchased from the American Type Culture Collection
(Manassas, VA, USA). HEK293 cells were grown and cultured in
DMEM medium (Sigma) supplemented with 10% fetal bovine serum
(Gibco, Waltham, MA, USA) and 1% penicillin-streptomycin
(10,000 U/mL penicillin, 10,000 mg/mL streptomycin). PC3 and
Molecul
LNCaP cells were grown and cultured in RPMI 1640medium (Sigma)
supplemented with 10% fetal bovine serum (Gibco) and 1% peni-
cillin-streptomycin (10,000 U/mL penicillin, 10,000 mg/mL strepto-
mycin). All of the cells were grown in a 5% CO2 atmosphere at 37�C.
Splicing reporter screen

HEK293 cells stably transfected with the splicing reporter pRGIIIc
(FGFR2 exon IIIc cloned into the RG6 minigene)24 were used as re-
porter cells. We seeded 10,000 cells/well in 96-well plates, which
were incubated at 37�C with 5% CO2. The next day, the cells were
treated with compounds from the LOPAC Library (Sigma) at
10 mM for 48 h. Fluorescence intensity was read with a VICTOR plate
reader. The data were analyzed using a one-way ANOVA with
GraphPad Prism (GraphPad, San Jose, CA, USA). Selected chemicals
from the primary screen underwent a control screen following the
same protocol but using reporters that do not splice—PC3 DSS
ar Therapy: Methods & Clinical Development Vol. 25 June 2022 153
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Figure 6. LLSO02 decreases tumor growth when administered systemically in nude mice with PC3 subcutaneous xenografts

(A) Quantitation of the tumor volumes in control and LLSO02-treated mice. (B) Examples of tumor growth in both mice groups. Left: Mice with tumors; tumors outlined in

black; right: dissected tumors.
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(pRG8ab distal splice site control reporter, GFP) cells and PC3 PSS
(pRG8ab proximal splice site control reporter, RFP) cells—to elimi-
nate false positives.
RT-PCR and restriction digestion

HEK293 cells pre-treated with DMSO, LLSO01 (5 mM), LLSO02
(10 mM), and LLSO03 (10 mM) for 48 h were harvested and total
RNA extracted using TRI-reagent (Invitrogen, Carlsbad, CA, USA),
according to the manufacturer’s instructions. RNA was treated with
RQ1 Rnase-Free DNase (Promega, Madison, WI, USA) to prevent
genomic DNA contamination and cDNA was generated by the
reverse transcription of 2 mg of total RNA using M-MLV Reverse
Transcriptase (Promega) in accordance with the manufacturer’s in-
structions. PCR was performed in triplicate on cDNA using PCR
Master Mix (Promega). PCR products were validated by gel electro-
phoresis (2% agarose gel) at 90 V for 90 min. Both cDNA and
RNA ([RT�] control) were subjected to PCR for FGFR2 IIIb/IIIc
expression with specific primers. PCR amplification was initiated at
95�C for 5 min, 36 cycles at 95�C for 30 s, 55�C for 30 s, and 72�C
for 30 s, followed by final extension at 65�C for 10 min. The PCR
products were digested with two restriction digestion enzymes,
AvaI and HincII, to distinguish the IIIb and IIIc isoforms. Each treat-
ment had three repeats.
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Immunoblot analysis

Cells were lysed with a RIPA lysis buffer containing 1% PMSF solu-
tion, 1% sodium orthovanadate solution, and 1%–2% protease inhib-
itor cocktail solution on ice. Proteins were separated by SDS-PAGE
on TGX stain-free gels (Bio-Rad, Hercules, CA, USA) and activated
with the ImageLab Software (Bio-Rad). Next, proteins underwent
electrophoretic transfer onto polyvinylidene difluoride membranes,
with the total protein on the membrane then able to be quantified
with the ImageLab software. Membranes were blocked with 5%
BSA in 50 mm Tris-HCl (pH 7.4), 150 mm NaCl, and 0.1% Tween
20. The following primary antibodies were used: anti-vimentin (BD
Biosciences, San Jose, CA, USA), anti-N-cadherin (Abcam, Cam-
bridge, UK), anti-cytokeratin (Sigma), and anti-E-cadherin (BD Bio-
sciences). The blots were incubated with the appropriate primary
antibody overnight at 4�C. After incubation with a fluorescent sec-
ondary antibody (Li-Cor) for 1 h, the proteins were visualized using
the Li-Cor Imager.

Immunofluorescence

Cells were seeded on 17 � 17-mm microscope coverslips in 12-well
plates at 300,000 cells per well, and treated with DMSO, LLSO01
(5 mM), LLSO02 (10 mM), and LLSO03 (10 mM) for 48 h. Cells
were then fixed in 4% paraformaldehyde for 10 min, and permea-
bilized for 10 min in 0.3% Triton X-100 in PBS. After blocking
022
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with 1% BSA and 5% normal goat serum in PBS for 15 min, cells
were incubated overnight at 4�C with anti-E-cadherin primary
monoclonal antibody (BD Biosciences) diluted in 1% BSA in
PBS. The cells were then incubated with Alexa Fluor 488-labeled
goat anti-mouse immunoglobulin G (IgG) as a secondary antibody
for 1 h and then with DAPI for 15 min at room temperature. Im-
ages were acquired with a Leica fluorescence microscope and
analyzed with Leica X imaging software. The cells treated with
inhibitors underwent immunofluorescence using the same
protocol.

Cell growth curve

PC3 cells were seeded at 100,000 cells per well in a 12-well plate.
The day following seeding, cells were treated with DMSO or
LLSOs. Cells were counted every 24 h after seeding. All of the
data were calculated and analyzed with GraphPad Prism and statis-
tical differences assessed with a two-way ANOVA. All of the treat-
ments had 12 repeats.

Cell migration assay: Boyden chamber assay

Cells were pre-treated with DMSO, LLSO01 (5 mM), LLSO02
(10 mM), and LLSO03 (10 mM) for 48 h, and then serum starved
overnight and seeded in 24-well 8.0-mm pore size culture inserts
(Millipore, Burlington, MA, USA) at 150,000 cells per well. Com-
plete medium with 10% fetal bovine serum (FBS) was placed in
the well outside the inserts. After incubating at 37�C for 24 h, cells
that had migrated through the membrane were stained with DAPI
and then counted from photomicrographs. The data were analyzed
by Prism using a one-way ANOVA. All of the treatments had four
repeats.

Proliferation assay: MTT assay

An MTT assay was performed using the Vybrant MTT Cell Prolifer-
ation Assay Kit (Invitrogen) per the manufacturer’s protocol. PC3
cells were seeded in a 96-well plate at 10,000 cells per well after
pre-treating with either DMSO or one of the three compounds at
different doses (LLSOs) for 48 h. Three repeats were applied for
each compound. Absorbance at 570 nm of each well was measured
with an absorbance microplate reader. The data were analyzed by
Prism using a one-way ANOVA.

Tumor xenografts

All of the experiments were conducted in accordance with UK legis-
lation and with local ethics committee approval (University of Exe-
ter AWERB). One million PC3 cells were injected subcutaneously
into the right flank of male CD-1 nude mice (Charles River Labora-
tories, Wilmington, MA, USA). Tumors were measured with a
caliper twice weekly and the tumor volume was calculated according
to the formula [(length + width)/2] � length � width. DMSO or
10 mM LLSO02 was injected intraperitoneally twice weekly once
the tumor size reached 3 � 3 mm. There were six mice per treat-
ment group. Mice were culled by cervical dislocation (Schedule 1)
when the control tumor sizes reached the allowed endpoint (one
diameter 12 mm) and tumors were dissected. Each tumor was
Molecul
imaged and weighed before flash freezing in liquid nitrogen for
further analysis.

Statistical analyses

All of the statistical analyses were performed using GraphPad Prism
7. A p value <0.05 was deemed statistically significant.
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