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The androgen receptor (AR) plays a critical role in the develop-
ment of prostate cancer (PCa) through the activation of
androgen-induced cellular proliferation genes. Thus, blocking
AR-mediated transcriptional activation is expected to inhibit
the growth and spread of PCa. Using tailor-made splice-switch-
ing locked nucleic acid (LNA) oligonucleotides (SSOs), we suc-
cessfully redirected splicing of the AR precursor (pre-)mRNA
and destabilized the transcripts via the introduction of prema-
ture stop codons. Furthermore, the SSOs simultaneously favored
production of the AR45 mRNA in lieu of the full-length AR.
AR45 is an AR isoform that can attenuate the activity of both
full-length and oncogenic forms of AR by binding to their com-
mon N-terminal domain (NTD), thereby blocking their transac-
tivation potential. A large screen was subsequently used to iden-
tify individual SSOs that could best perform this dual function.
The selected SSOs powerfully silence AR expression and modu-
late the expression of AR-responsive cellular genes. This bi-func-
tional strategy that uses a single therapeutic molecule can be the
basis for novel PCa treatments. It might also be customized to
other types of therapies that require the silencing of one gene
and the simultaneous expression of a different isoform.

INTRODUCTION
Prostate cancer (PCa) is the second most common cancer in men
worldwide.1 In the United States, approximately 190,000 new PCa
cases will be diagnosed in 2020.2 Of these, an estimated 30,000 cases
will end in death, making PCa the secondmost deadly cancer inmen.2

The most important molecular driver in PCa is the androgen receptor
(AR).3–5 The AR, found in the cytoplasm, responds to androgen
signaling by translocating to the cell nucleus where it acts as a regu-
lator of gene transcription.6 The AR is a key evolutionary gene that
plays a critical role in male sexual development and in the mainte-
nance of the male phenotype throughout life. Hence, it is to be ex-
pected that cells have evolved ways to maintain AR function.
Molecular T
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The full-length AR (AR-FL) precursor (pre-)mRNA generally con-
sists of eight exons (Exs). Exons 5–8 encode the ligand-binding
domain (LBD) (i.e., the testosterone/dihydrotestosterone [DHT]
binding site). Under selective pressure from some of the anti-andro-
genic drugs administered to patients, the AR can undergo mutations
that enable expression of shorter oncogenic forms. These oncogenic
AR isoforms, including those lacking the LBD, remain active and
can function in place of the AR-FL. A common strategy, blocking
the AR transactivation function in later stage PCa, is known as
androgen deprivation therapy (ADT). This form of treatment relies
on the use of drugs that block the binding of androgens to the LBD
of the AR protein, which inhibits its translocation from the cytoplasm
to the nucleus. At the outset, ADT generally results in tumor regres-
sion, but, as mentioned above, hormone-independent AR isoforms
can later surface and lead to castration-resistant PCa (CRPC).7–10

These CRPC-driving AR isoforms lack the LBD of the AR that is en-
coded by the C-terminal exons of the AR pre-mRNA.11 The most
common CRPC-related AR isoform is ARv7, present in 20%–40%
of patients who previously underwent ADT.12 In the ARv7 mRNA,
exons 4–8, which include the DNA-binding domain, are spliced
out.13 Therefore, those agents used for PCa therapy, e.g., enzaluta-
mide (Xtandi), which bind to the LBD, are ineffective.12 Newer
generations of non-steroidal anti-androgens such as apalutamide (Er-
leada)14 and darolutamide (Nubeqa),15 which were US Food and
Drug Administration (FDA) approved in 2018 and 2019,
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respectively,16,17 improve metastasis-free survival of CRPC patients.
However, they have significant toxicity and do not provide a long-
term, permanent solution.18

Although nearly all AR variants translocate to the nucleus and trans-
activate survival genes, one alternatively spliced isoform, AR45,19

does not exhibit this oncogenic activity. AR45 contains the DNA-
binding domain and LBD, but it lacks AF-1, the transactivating N-ter-
minal domain (NTD) encoded in the first exon of the AR transcript.
This is important because the AR activation function relies primarily
on this first activation domain within the N-terminal region (NTR),20

which contains transcriptional activation units 1 and 5 (TAU-1 and
TAU-5). TAU-1 makes up almost the entire transactivation domain
and is required to activate the AR-FL protein.21 TAU-5 is a smaller
region that is required and sufficient to activate AR isoforms that
lack the LBD.21 TAU-1 and TAU-5 are therefore necessary for AR
transcriptional activity.22,23 This explains why AR spliced isoforms
that lack the second transactivation domain (AF-2) and the LBD21

(e.g., ARv7) can maintain potent transactivation properties. The AR
NTD has little homology with other steroid receptors and is the least
conserved of all AR domains; consequently, the NTD is difficult to
target with small molecular therapeutic entities. As long as this
NTD region is present and functional, the AR and all of its isoforms
will continue to transactivate nuclear genes and promote tumor cell
survival.

In this study, we performed a splice-switching oligonucleotide (SSO)24

screen to identify sequences that best drove production of AR proteins
from the AR-FL and its derived isoforms toward AR45. To alter the
splicing pattern, we used 16- to 20-mer phosphorothioate (PS) SSOs,
each containing six to eight interspersed locked nucleic acid (LNA)
moieties,25 and targeted them either at, upstream, or downstream of
the 30 or 50 splice sites of the AR-FL. Binding sites for the SSOs on
the AR transcripts were chosen based on which SSO caused the most
effective re-direction of splicing to selected alternative cryptic splice
sites, and destabilized the resulting transcripts by triggering
nonsense-mediated decay (NMD).26 Preference was given to those
SSOs that could also favor the production of the AR45 mRNA in
lieu of the AR-FL mRNA. Using this strategy, we identified powerful
SSOs that silenced AR expression and modulated the expression of
AR-responsive genes. Our “multitask” design SSO could be the basis
for more effective PCa treatments, especially for patients with CRPC.

RESULTS
Suppression of AR Gene Expression via an NMD Pathway

When the selective pressure from anti-androgenic drugs given to pa-
tients leads to the expression of truncated AR isoforms, it is difficult to
specifically block their oncogenic activity with small molecules. This
is because these short isoforms do not include the LBD, the targeted
region of small molecule-based drugs. Therefore, we focused on
developing a strategy that would be unaffected by the absence of
the LBD. Strategies targeting the spliceosome have been used to alter
AR-FL alternative splicing and to block production of these short iso-
forms.27 However, the spliceosome is not specific to a single gene, so
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this approach may produce unacceptable cellular toxicity. Several
antisense oligonucleotides (ASOs) targeting the AR have also been
used with promising results, including one that is currently in a phase
I clinical trial.28,29 Nonetheless, the analysis of 914 samples from five
independent studies indicated that both RNaseH2A and RNaseH2B
are depleted in PCa.30 Downregulation of RNaseH2B, which is
required for ASO activity, could present a significant challenge to
the use of ASOs.

When fully chemically modified, SSOs are highly stable in vivo and
may in fact be preferred for therapeutic purposes. Indeed, such chem-
ical entities (e.g., eteplirsen) have demonstrated efficacy in clinical tri-
als and have been FDA approved and commercialized.24,31 We de-
signed the SSO-based strategy reported herein based on the
assumption that if silencing takes advantage of a natural cellular pro-
cess, it might be better tolerated by cells and more long-lasting. We
therefore targeted the SSOs to canonical splice sites in the AR pre-
mRNA transcript to block and/or redirect the splicing in a manner
that would result in the inclusion of premature termination codons
(PTCs). The introduction of PTCs upstream of an exon-exon
junction triggers NMD, which leads to translational repression and
degradation of the mRNA.32We performed proof-of-principle exper-
iments using sequences encompassing either the 50 splice site (ss), the
30 ss, or the polypyrimidine tract, an intronic splicing regulatory
sequence (Figure 1; Figure S1).We specifically targeted the first intron
of the AR with the goal of eliminating the NTD encoded by exon 1. As
mentioned above, the NTD domain can, in the absence of the
remainder of the protein, function as a transcription activator. There-
fore, any splicing alteration in the downstream introns/exons might
generate new, stable isoforms with transactivation activity. The
NTD is common to all AR variants (except for AR45), extending
the targeting potential of our SSOs.

The first SSO targeting the canonical 30 ss of intron 1 (SSO753, Fig-
ures 1A and 1B; Figures S1A and S1B) also spanned and blocked
an adjacent 30 ss. This latter site, if utilized as an alternative splice
site, would create a translatable open reading frame (ORF). SSO753
was also designed to base-pair almost entirely with exon 2 and to
block only a single nucleotide (G) of the 30 ss AG. Our intent here
was to generate an SSO with a dual function. These functions are
(1) to arrest the splicing at the canonical AG (the proximal SSO/
pre-mRNA duplex would likely obscure spliceosomal recognition of
that AG), and (2) to fully base-pair with any mRNA that might orig-
inate from escaped transcripts not bound by the SSO, thus blocking
and/or reducing mRNA translation. Coincidentally, the last nucleo-
tide of the first exon is also a G. Thus, the correctly spliced AR
mRNA generates the exact reverse complement of SSO753 (Fig-
ure S1B). Therefore, SSO753 can also target the AR transcripts in
both the nucleus, as an SSO, and the cytoplasm, where it would func-
tion as a non-RNaseH active ASO (a.k.a. a steric blocking ASO;
Figure S1B).

To determine the extent of gene silencing resulting from targeting
exclusively intronic sequences, we designed an SSO (SSO815,



Figure 1. SSO-Based Strategies to Silence AR Gene Expression

(A) Schematic diagram of different splice-switching strategies. SSO749 blocks recognition of the endogenous translation start codon; SSO748 blocks the 50 ss of intron 1;

SSO815 blocks the polypyrimidine sequence upstream of the 30 ss of intron 1; and SSO753 and SSO752 block the canonical 30 ss at the intron 1-exon 2 junction and a

second alternative 30 ss within exon 2, respectively. (B) Initial SSO sequences employed in this work. (C) Representative western blot analysis showing AR protein expression

in two prostate cancer cell lines (LAPC-4 and LNCaP) transfected with 20 nM of each SSO as indicated in the figure. SSO-CNTR is a non-targeting LNA PS oligonucleotide,

used as a control for non-specific AR silencing. ENZ4176 is a potent AON targeting the AR mRNA, which was used as comparative control; a-tubulin is the loading control.
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Figures 1A and 1B; Figure S1A) directed at the polypyrimidine tract, a
regulatory sequence that plays a key role in the recognition and selec-
tion of splice sites.33,34 The third SSO (SSO752, Figures 1A and 1B)
was designed to block a potential alternative downstream 30 ss, which,
if selected, could generate a translatable ORF. The fourth SSO
(SSO748, Figures 1A and 1B) was designed to base-pair and block
recognition of the 50 ss. The final SSO (SSO749, Figures 1A and 1B)
was designed to base-pair with and block the translation start codon
of the AR mRNA. SSO749 was included to compare the extent of
silencing induced by directly interfering with translation (using the
SSO as a steric blocker)35 to the extent of silencing resulting from
translational suppression due to SSO-mediated cellular NMD. The re-
sults of these experiments indicate that the latter is a significantly
more effective mechanism to silence AR gene expression (Figure 1C)
than is the former.
The bi-functional SSO753 exhibited the strongest silencing activity of
all SSOs (Figure 1C). In general, targeting the 30 ss (Figure 1C,
SSO815, SSO753, SSO752) proved to be more effective than targeting
the 50 ss (Figure 1C, SSO748). However, blocking the canonical 30 ss
could not prevent engagement of the 50 ss by the spliceosome and the
potential selection of an alternative intronic AG. This abnormal
splicing reaction would still result in the inclusion of PTCs (we
confirmed that no other ORF can form) and subsequent degradation
of the AR RNA, but it would diminish/eliminate the likelihood of
generating AR45 transcripts.

AR45 is the only known AR isoform that does not contain exon 113

and does not exhibit oncogenic activity.19 In place of exon 1, AR45
contains exon 1b, which encodes a 7-aa-long peptide sequence unique
to this isoform.19 AR45 appears to form heterodimers with the NTDs
Molecular Therapy: Nucleic Acids Vol. 23 March 2021 65
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of other AR isoforms, acting as an antagonist and blocking AR func-
tion.19 It is possible that preventing the splicing reaction from occur-
ring at the canonical 50 ss of the AR transcript could grant sufficient
time for the alternative 50 ss of exon 1b to splice and generate the
AR45 transcript. This presents an opportunity to design a second
bi-functional SSO that would degrade the AR RNA transcripts (due
to the partial intron retention), while at the same time favoring pro-
duction of the AR antagonist AR45. Ribosome binding to the canon-
ical translation start site would encouter premature stop codons,
hence triggering NMD. Whereas ribosome binding to the exon 1b in-
ternal start site (prior to any transcript degradation), would allow
translation to occur and AR45 expression. To test whether SSO748
possessed this dual function, we performed a series of qRT-PCR reac-
tions to analyze the AR pre-mRNA and mRNA transcripts resulting
from SSO treatment of LNCaP cells (Figures S2A and S2B). The PCR
primers were designed to specifically amplify the AR-FL or the AR45
transcripts. The data show that all SSO treatments resulted in a
decrease of AR gene expression (Figure S2B). SSO748, the only SSO
targeting the 50 ss, was shown, in fact, to be a bi-functional oligonu-
cleotide, as it could also generate AR45 transcripts (Figure S1B).

Optimization of SSO Function through Design Modeling and

Empirical Screens

After determining the feasibility of the strategy, we then optimized SSO
potency. The datawere consistent with the bi-functional SSOs being the
most potent. Therefore, we selected those two targeted regions (the 50 ss
[748 series of SSOs] and 30 ss [753 series of SSOs] of intron 1) to design a
screen of approximately 250 oligonucleotides. The sequence, length,
and location of the LNAmodifications were varied based on a proprie-
tary modeling prediction program (developed by Roche Innovation
Center, Copenhagen, Denmark). The resulting SSOs were used to treat
different PCa cell lines. Subsequently, their activity was assessed via
qRT-PCR and western analyses (examples of these screens are shown
in Figures S3A, S3B, S4A, and S4B). The leading SSOs from the 753 se-
rieswere chosenbasedon their ability to silenceARexpression (e.g., Fig-
ures S3A and S3B), as they were not expected to generate AR45. The
leading SSOs from the 748 series, however, were selected based not
only on their ability to silence AR expression, but also to generate
AR45 transcripts. We screened for SSOs that produced the strongest
AR silencing and the best simultaneous AR45 expression. The latter
was established forbothAR45absolute expression andAR45expression
as a percentage of the remaining AR. For example, SSO363 was prefer-
able to SSO362 (Figure S4B, left graph) because even though theydown-
regulated AR expression to the same extent, SSO363 generated a higher
expressionofAR45 (Figure S4B, left graph).However, SSO372was pref-
erable to SSO376 (Figure S4B, right graph), despite producing a lower
overall expression of AR45. This is because, when analyzed by the per-
centage of residual AR transcripts, cells treated with SSO372 still
demonstrated a greater AR45/AR-FL ratio. Moreover, AR silencing
was better achieved after SSO372 treatment (compare SSO372 to
SSO376; Figure S4B, right graph).

Based on the above results, we chose the eight most active SSOs (Fig-
ures S5; Figure 2). By combining the modeling program and the
66 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
empirical screen, we were able to identify 50 ss-targeting SSOs (748 se-
ries) that were as effective as the 753 series in silencing AR expression
(Figures 2A and 2B; compare SSO407, SSO390, SSO410, and SSO395
with SSO541, SSO480, SSO547, and SSO111) and as potent as an ASO
control (ENZ-4176, Figures 2A and 2B). SSOs belonging to the 748
series also increased expression of AR45 mRNA (Figure 2B,
SSO407, SSO390, SSO410, and SSO395). To determine whether the
reduction in AR gene expression was reflected in the regulation of
AR-responsive promoters, we delivered the selected SSOs to LNCaP
cells previously engineered to express an AR-responsive luciferase
gene (see Materials and Methods). All SSOs treatments reduced lucif-
erase expression, with SSO541 and SSO407 being the most effective
(Figure 2C). Under our experimental conditions, none of the SSOs
showed any significant treatment-related toxicity in the PCa cell lines
used for this work (Figures 3A and 3B and data not shown).

The potency of the eight most active SSOs was also assessed and
confirmed in LAPC-4 cells (Figures 4A [748 series] and 4B [753 series])
and 22RV1 cells (Figures 4C [748 series] and 4D [753 series]). The
22RV1 PCa line expresses ARv7,36 the most prominent AR mutation
found in later stage PCa patients. Notably, all selected SSOs were
able to diminish expression of the ARv7 isoform (Figures 4C and 4D).

Reduced AR Expression Is Reflected in the Downregulation of

AR-Responsive Cellular Genes

The most potent four (Figures 2A–2C and 4A–4D; SSO390, SSO407,
SSO457, and SSO541) out of the eight previously selected SSOs were
further tested in serial dilution experiments to identify the best overall
SSO for the 753 and 748 series (to be carried forward for in vivo
studies). SSO407 and SSO541 were effective at lower concentrations
(Figure 5A). Furthermore, serial dilutions of SSO407 appeared to
exhibit an inverse relationship between the expression of AR and
AR45 (Figures 5B and 5C). These results were consistent with the
appearance of an approximately 45-kDa molecular weight product,
which increased as the AR-FL detection decreased (Figure S6A).

Finally, we corroborated the potency of the SSOs by determining the
degree to which two AR-responsive endogenous cellular genes, pros-
tate-specific antigen (PSA) and transmembrane serine protease 2
(TMPRSS2), are affected by SSO-driven AR silencing. All SSOs
reduced expression of the AR-regulated PSA and TMPRSS2 genes,
with the best outcomes obtained using SSO541 and SSO407 (Fig-
ure 6). The reduced expression may reflect elimination of the AR-
gene transactivation and a return to a more canonical endogenous
expression. Importantly, even a modest, but simultaneous decrease
in gene expression of multiple AR-responsive genes could have a sig-
nificant impact on blocking PCa progression.

SSO541 and SSO407 were then evaluated in a small in vivo pilot
study, in which four groups of six NSG mice were subcutaneously
engrafted with LNCaP tumors of comparable sizes. The mice were
treated with either the delivery medium (1� PBS) for the injections
(vehicle), a non-targeting control oligonucleotide (SSO-control
[CNTR]), or either SSO541 or SSO407 (Figure S6B). The treatment



Figure 2. SSO-Mediated AR Regulation

(A) Representative western blot analyses of lysates harvested from

LNCaP cells treated for 2 days with 20 nM of each specific SSO (as

indicated in the figure). a-Tubulin was used as the loading control.

The experiment was repeated several times with comparable re-

sults. (B) LNCaP cells were transfected with the AR-responsive

luciferase gene and 20 nM of each SSO (as indicated in the graph)

for 48 h; total RNA was then harvested for AR and AR45 mRNA

qRT-PCR. The non-treated cells and the SSO-CNTR-treated cells

were used as reference groups. Values were normalized to

GAPDH mRNA expression and expressed as the mean ± SD; n =

3. p values for changes in AR expression were as follows: ENZ-

4176, p = 0.002; SSO541, p = 0.007; SSO480, p = 0.009;

SSO457, p = 0.002; SSO111, p = 0.002; SSO407, p = 0.002;

SSO390, p = 0.008; SSO410, p = 0.02; SSO395, p = 0.007. p

values for changes in AR-45 expression were as follows: ENZ-

4176, p = 0.005; SSO541, p = 0.006; SSO480, p = 0.003;

SSO457, p = 0.01; SSO111, p = 0.004; SSO407, p = 0.008;

SSO390, p = 0.004; SSO410, p = 0.007; SSO395, p = 0.006. (C)

An LNCaP cell line expressing an AR-responsive luciferase gene

was transfected with 20 nM of each SSO (as indicated in the

graph). Cells were harvested 48 h after treatment and analyzed

using a Dual-Luciferase assay system. Any decrease of luciferase

expression represents an equivalent loss of AR nuclear trans-

activation activity, which in turn is caused by SSO-mediated AR

silencing. Therefore, the extent of luciferase silencing reflects the

degree of SSO potency. Values are expressed as the mean ± SD;

n = 3. p values for changes in luciferase units were: ENZ-4176, p =

0.007; SSO541, p = 0.01; SSO480, p = 0.007; SSO457, p =

0.0002; SSO111, p = 0.009; SSO407, p = 0.0002; SSO390, p =

0.017; SSO410, p = 0.02; SSO395, p = 0.038. The non-targeting

SSO-CNTR was used as a negative control, and ENZ4176 served

as the positive control. Samples SSO541, SSO480, SSO457, and

SSO111 target the 30 ss of intron 1. Samples SSO407, SSO390,

SSO410, and SSO395 target the 50 ss of intron 1.
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Figure 3. Apoptosis and Cytotoxicity (MTT) Assays of SSO-Transfected LNCaP Cells

(A and B) Flow cytometry (A) andMTT (B) assays were performed to determine potential SSO-driven cytotoxicity. An untreated sample (CNTR) and the non-targeting SSO-CNTR

were included as negative controls. A sample (CNTR-ATO) treated with 2mM arsenic trioxide to induce cell apoptosis, was included as positive control. The profiles shown for the

SSOs are typical of three independent experiments and are comparable to the controls, indicating no significant toxicity under the conditions of these experiments.

Molecular Therapy: Nucleic Acids
regimen consisted of three injections of limited SSO amounts
(25 ng/g) during the first week. Mice were sacrificed after 3 weeks.
The tumors were dissected from the animals and weighed. The
average of the tumor weights for each group (Figure S6B) is indic-
ative of the extent to which SSO-mediated AR silencing was effec-
tive in vivo.

DISCUSSION
The AR is expressed early in PCa and continues to be expressed
throughout the course of the disease, driving the growth, metastatic
capability, and anti-apoptotic phenotype of PCa cells. One of the
mainstays of current clinical PCa therapy is, therefore, a reduction
in the levels of plasma and intra-tumoral androgen.37 This strategy,
known as ADT, is initially accomplished by drugs that act at the hy-
pothalamic-pituitary-gonadal axis. These agents lower plasma
testosterone to castrate levels but do not lower intra-tumoral levels
of testosterone.37 On disease recurrence, patients are then often
treated with oral hormonal agents such as abiraterone or enzaluta-
mide.38 The former is a potent inhibitor of CYP17, a key enzyme in
the biosynthesis of testosterone from steroid precursors. The latter is
a potent inhibitor of the binding of testosterone to the AR, and of
the translocation of the AR to the cell nucleus.38 However, all pa-
tients will eventually progress39 through these treatments. Patients
that progress to CRPC inevitably become refractory to PCa
therapies.
68 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
ASO gapmers have previously been used to successfully silence AR
expression.28,29,40 Some excellent work using a PCa mouse model has
beenperformedbyYamamotoet al.28 andDeVelascoet al.,29whodevel-
oped an effectiveARASO (IONIS-AR-2.5Rx). ThisASO is currently be-
ing tested in a phase I PCa clinical trial in combination with enzaluta-
mide. However, another gapmer (ENZ-4176) previously developed by
Enzon Pharmaceuticals, which had displayed strong efficacy in mouse
studies,40 did not prove to be beneficial in a human PCa clinical trial.40

Perhaps these discrepancies are in part due to the gapmers’ central re-
gion, which must allow recognition of the DNA/RNA duplex by RNa-
seH2B, and as a result, cannot be chemically protected by anything
more than PS linkages. Although new generations of gapmers have
increased stability, systemic longevity in human blood and tissues
may still be an issue. Furthermore, RNaseH2B, which is required for
gapmer function, is downregulated in several cancers, including PCa.30

In this work, we developed anti-AR SSOs that have nuclease-resistant
modifications spaced throughout the molecule.41–43 Currently, there
are three SSO treatments that are FDA approved: eteplirsen,31,44 nusi-
nersen,24,45,46 and golodirsen.47 Nuclease resistance was achieved with
morpholino48,49 (eteplirsen and golodirsen) and the 20-O-methoxyethyl
(20-MOE)46 (nusinersen) PS modifications. We chose to use LNA PS
modifications as they increase the melting temperature (Tm) of each
modified nucleotide/complement heterodimer by 2�C –8�C,25 stabiliz-
ing the oligonucleotide and its interaction with the target.50–52 In



Figure 4. SSO-Mediated AR Silencing in LAPC-4 and 22RV1 Cell Lines

(A–D) Representative western blot analyses of lysates harvested from LAPC-4 cells (A and B) and 22RV1 cells (C and D), which had been treated for 2 days with 20 nM of each

specific SSO (as indicated in the figure). The SSO target was either the canonical 50 ss (A and C) or the canonical 30 ss (B and D) of intron 1. The ARv7 isoform was expressed

and detected in the 22RV1 cell line only (C and D). a-Tubulin was used as the loading control.
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addition to significantly increased metabolic stability, LNA modifica-
tions impart improved pharmacokinetic properties to themolecule.53,54

Lastly, because the binding of LNA-modified oligonucleotides to their
targets is not particularly affected by point mutations, an LNA-PS-
SSO strategy is not expected to produce the same drug resistance that
currently employed chemotherapy treatments do.

Our strategy seeks to destabilize the AR RNA transcripts, while
enhancing production of the AR45 mRNA, using a single therapeutic
molecule. Our tailor-made SSOs successfully generated AR45 mRNA
(Figures 2 and 5; Figures S2 and S4). Although AR45 production is
not required to achieve strong AR silencing (e.g., SSO541, Figures
2, 4, 5, and 6), it could further improve suppression of AR transacti-
vation, extend the length of silencing time, and/or lower the SSO con-
centration required for therapy.

Mass spectrometry (MS) analysis of immune precipitates fromCNTR-,
SSO-CNTR-, and SSO407-treated cell lysates using an anti-AR anti-
body confirmed an overall AR reduction in the SSO407-treated cells
(data not shown), while detecting upregulated proteins also unique
to the SSO407 samples (Figure S7). Of particular interest is the overex-
pression of cornulin (CRNN), also known as C1orf10, which was only
detected in the AR-targeting, SSO-treated LNCaP cells. CRNN is a
stress response protein55 whose induction suppresses cell proliferation
and causes a G1 phase cell cycle arrest,

56,57 in part through the down-
regulation of cyclin D1 expression.56 The latter is an oncogene that has
been implicated in a variety of cancers, including PCa.58 Therefore,
CRNN plays an important role in carcinogenesis as a tumor suppres-
sor. It is not clear why SSO-mediated AR downregulation leads to
CRNN overexpression, but this is certainly a valuable outcome of
this SSO strategy. Another interesting observation is that silencing of
AR expression starts to reinstate RNaseH2B expression (Figure S7B).
RNaseH2B is generally downregulated in PCa,30 but it appears upregu-
lated in SSO407-treated cells when compared to the non-treated and
the non-targeting SSO-treated cells (Figure S7B).

The AR and its splicing variants (with the exception of AR45) all
contain the NTD encoded by exon 1 and translocate to the nucleus.
Survival genes, including PSA,59 FGF8,60 Cdk1 and Cdk2,61

PMEPA1,62 and TMPRSS263 are then transactivated, ultimately
leading to CRPC. The SSOs developed in this work target the first
intron, and thus can alter splicing of all AR alternative spliced iso-
forms. We also consistently show that the stability of ARv7 tran-
scripts can be reduced by SSO treatment (22RV1 cells, Figure 4B).
This particular splice variant continuously activates the expression
of cell survival genes and leads to poor patient outcomes.36 The
reduced expression of this variant is a much sought-after goal of
PCa therapy. Furthermore, AR45, which forms heterodimers with
the NTD, could also act as an antagonist against all CRPC-related
AR isoforms.
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Figure 5. SSO Concentration Dependence on AR

Gene Expression

(A and B) Representative western blot analysis of lysates

harvested from LNCaP cells treated for 2 days with 5, 10,

and 20 nM (A) and 2, 5, 10, and 20 nM (B) of each SSO, as

illustrated in the figure. Western blot analysis shows a

concentration-dependent SSO-mediated reduction of AR

protein expression, with SSO541 (targeting the 30 ss) and
SSO407 (targeting the 50 ss) being the most potent at the

lower concentrations (compare SSO541 [10 nM] with

SSO390 [10 nM] and SSO407 [5 nM] with SSO457 [5 nM]).

a-Tubulin serves as the loading control. (C) LNCaP cells

were transfected with decreasing concentrations (20, 10,

5, and 2 nM) of SSO407 for 48 h. Total RNA was then

harvested for AR and AR45 mRNA qRT-PCR. The data

show an SSO-mediated concentration-dependent reduc-

tion of AR mRNA expression, which is mirrored by an in-

crease in AR45 expression. The experiments were done in

triplicates and all values were normalized to the internal

control (GAPDH). Non-treated cells (CNTR) were used as

reference group for the treatments, and ENZ4176 was

used as positive control. Both controls were transfected at

the highest concentration (20 nM).
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Preliminary data suggest that SSO407, which can lead to the pro-
duction of AR45, performs slightly better than SSO541 in vivo (Fig-
ure S6B). In future experiments, a larger cohort of mice will be
treated with SSO407 and SSO541 to confirm these observations.
They will be evaluated alone or combined with As III and NH4

+,
two FDA-approved drugs that we previously demonstrated to in-
crease ASO and SSO potency.64,65 If proven effective in vivo, our
bi-functional AR SSO design could become the basis for a new
type of treatment of androgen-independent PCa. Importantly, this
strategy can potentially be customized to other types of therapies
that require the silencing of one gene and the simultaneous expres-
sion of another, as long as these genes share a common pre-mRNA
transcript.
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MATERIALS AND METHODS
Cells, Culture Conditions, and Reagents

The PCa cell lines LNCaP, 22Rv1, and LAPC-4
were cultured in RPMI 1640 (Media Tech/Cell-
gro) supplemented with 10% fetal bovine serum
(FBS) and 2 mM L-glutamine. LNCaP and
LAPC-4 cells were cultured on dishes or plates
coated with PBS containing 0.01% poly-lysine
(Sigma-Aldrich, St. Louis, MO, USA) to facili-
tate cell growth. All cell line cultures were main-
tained at 37�C in a humidified 5% CO2

incubator.

One day prior to transfection, cells were seeded at
60% confluence in RPMI 1640 containing 10%
FBS. The SSOs were delivered at a final concen-
tration of 5–20 nM using Lipofectamine 3000
(Thermo Fisher Scientific, Waltham, MA, USA)
following the manufacturer’s recommendations. Cells were harvested
48 h after SSO transfection for western blotting and qRT-PCR.

A list of all SSO sequences screened in this work is available upon
request.

The primary antibodies used in this work were as follows: AR anti-
body (441) from Santa Cruz Biotechnology, GAPDH antibody
(D16H11) from Cell Signaling Technology (Boston, MA, USA),
and anti-a-tubulin antibody from Sigma-Aldrich (St. Louis,
MO, USA). Secondary antibodies against rabbit (NA934) and
mouse (NA931) primary antibodies were purchased from GE
Healthcare.



Figure 6. Levels of Expression of mRNA for AR-Regulated Genes after SSO

Treatment

Levels of prostate-specific antigen (PSA) mRNA and TMPRSS2 (TM) mRNA were

measured by qRT-PCR. LNCaP cells were transfected with 20 nM SSO and har-

vested for RNA isolation 48 h later. qRT-PCR was performed using the SYBR Green

assay. All samples were first normalized to GAPDH as an internal control and then to

the untreated (UNTR) samples. The non-targeting ON, SSO-CNTR, was used as a

negative control. Samples SSO541, SSO480, SSO457, and SSO111 targeted the

canonical 30 ss of intron 1. Samples SSO407, SSO390, SSO410, and SSO395

targeted the canonical 50 ss of intron 1. The experiment was performed three times

in triplicate. Statistical analysis was performed using an unpaired t test (PSA-

SSO541, p = 0.0003; PSA-SSO407, p = 0.0005; TM-SSO541, p < 0.0001; TM-

SSO407, p < 0.0001).
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Western Analysis

Generally, cells were harvested 48 h after treatment by trypsin diges-
tion following a washing step with PBS. Cell pellets were lysed using
cold radioimmunoprecipitation assay (RIPA) buffer containing pro-
tease inhibitors followed by 2 s of sonication and a 5-min incubation
on ice. After removal of cell debris by centrifugation at 4�C, protein
concentrations were determined using the Pierce bicinchoninic acid
(BCA) protein assay kit (Thermo Fisher Scientific, Waltham, MA,
USA). Aliquots of cell extracts containing 25–50 mg of protein were
resolved by 4%–20% precast polyacrylamide gels purchased from
Bio-Rad (Hercules, CA, USA) and imaged using chemiluminescence.
The dilution of the various antibodies followed the manufacturers’ in-
structions. The monoclonal mouse anti-human a-tubulin antibody
(Sigma-Aldrich) was added at 4,000� dilution in Tris-buffered saline
with Tween 20 (TBST) containing 5% fat-free dry milk. Protein sig-
nals on the blot were quantified with the ImageJ program and protein
expression was normalized to the SSO control.

qRT-PCR

Total RNA from LN-CAP cells was extracted using RNA-STAT60
(Tel-Test, Friendswood, TX, USA, or AMS Biotechnology, Abingdon,
UK) according to the manufacturers’ recommendations. The RNA
was treated with Turbo DNase I (Ambion, Foster City, CA, USA)
or digested with Ambion DNase I (Thermo Fisher Scientific, Wal-
tham, MA, USA) to eliminate residual DNA according to the manu-
facturer’s instructions. First-strand cDNA was obtained by reverse
transcribing 2 mg of total RNA with iScript reverse transcriptase
(Bio-Rad, Hercules, CA, USA). Fifty nanograms of the resulting
cDNA was analyzed via qRT-PCR using Power SYBR Green PCR
master mix (Thermo Fisher Scientific, Waltham, MA, USA) or
SsoAdvanced SYBR Green supermix (Bio-Rad, Hercules, CA, USA)
with the corresponding specific primer sets. PCR was performed for
40 cycles at an annealing temperature of 60�C for 45 s, followed by
a melting curve analysis. mRNA levels were normalized to the level
of endogenous glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) mRNA, which served as an internal control. Values were
determined from the calculated threshold cycle using the CFX
Maestro software from Bio-Rad (Hercules, CA, USA). Each sample
was analyzed in triplicate.

The PCR primers were as follows: AR 45-56 (50-CCT
GGCTTCCGCAACTTACAC-30, 50-GGACTTGTGCATGCGGTAC
TCA-30 and 50-CGCACAGGTACTTCTGTTTCC-30, 50-GGACTT
GTGCATGCGGTACTCA-30), AR-V7 (50-CCATCTTGTCGTCTTC
GGAAATGTTA-30, 50-TTTGAATGAGGCAAGTCAGCCTTTCT-
30),12 AR45 P1 (50-CGAGCAGAGAGG GATTCCTCGGAGG-30,
50-CCTGGCAGTCTCCAAACTGTGAAGCC-30), AR45 P2 (50-AT
GATACTCTGGCTTCACAG-30, 50-GCGGCTCTTTTGAAGAAGA
C-30), PSA (50-TCTGCGGCGGTGTTCTG-30, 50-GCCGACCCAG
CAAGATCA-30), TSPRSS2 (50-GGACAGTGTGCACCTCAAAGA
C-30, 50-TCCCACGAGGAAGGTCCC-30), GAPDH (50-AGGTGA
AGGTCGGAGTCAAC-30, 50-ATCTCGCTCCTGGAAGATGG-30).
Dual-Luciferase Assay

LNCaP cells were transduced using the Cignal Lenti AR reporter
(Luc) kit (catalog no. CLS-2020L, product no. 336851; QIAGEN,
CA, USA) following the manufacturer’s recommendations. The
lentiviral reporter expresses an AR-responsive luciferase gene, which
reflects AR transactivation activity. Transduced cells were later trans-
fected with 20 nM selected SSOs and harvested 48 h after treatment.
Dual-Luciferase activities were determined by the Dual-Luciferase
assay systems as per the manufacturer’s protocol (Promega, Madison,
WI, USA).
Flow Cytometry Analysis and Cell Viability

LNCaP cells were treated for 2 days with the various SSOs as indicated
in Figure 3. Cell apoptosis assays were performed with Annexin V-
FITC Apoptosis Staining / Detection Kit (Abcam). Cells treated for
two days with 2 mM Arsenic trioxide served as a positive control
for apoptosis. Flow cytometry data were collected using a CyAn
flow cytometer (Beckman Coulter, Brea, CA, USA) and analyzed
with FlowJo software (Tree Star, Ashland, OR, USA) to determine
fluorescence intensity versus cell number. Cell growth and viability
assays were performed with CellTiter 96 AQueous One solution
(Promega, Madison, WI, USA) . For CellTiter 96 AQueous assays, cells
were seeded into 96-well plates and treated as indicated for 2 days.
20 mL of CellTiter 96 AQueous reagent was added to each well and
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incubated at 37�C for 1–2 h prior to recording the absorbance at
490 nm with a microplate reader.

Immunoprecipitation

LNCaP cell lines were seeded at about 50% confluency in 10-cm
dishes. Approximately 24 h later, 40 nM SSOs (final concentration)
were transfected using Lipofectamine 3000 (Thermo Fisher Scientific,
Waltham, MA, USA) as recommended by the manufacturer. After 48
h, the dishes were placed on ice, the media were removed, and the cells
were washed twice with 10 mL of cold PBS. Cells were lysed by adding
600 mL of cold RIPA buffer (Bio-Rad, Hercules, CA, USA) including
protease inhibitor (protease inhibitor tablets were purchased from
Thermo Fisher Scientific, Waltham, MA, USA) directly to the cells.
After about 10 min of incubation on ice, cells were scraped and
collected into tubes. Samples were frozen overnight to facilitate com-
plete lysis. The next day, cell debris was removed by centrifugation at
4�C and 13,000 rpm for 15 min (Eppendorf refrigerated centrifuge
5418 R). The supernatant/lysate was then transferred to cold, fresh
tubes. Protein concentrations were determined using the Pierce
BCA protein assay kit (Thermo Fisher Scientific, Waltham, MA,
USA). Immunoprecipitation was performed using the Dynabeads
co-immunoprecipitation (coIP) kit by Thermo Fisher Scientific (Wal-
tham, MA, USA) as recommended by the manufacturer, with the
following adjustments.

1.5 mg of beads per sample was weighed and transferred into a micro-
centrifuge tube. Beads were washed with 1 mL pf C1 buffer, the tube
was placed into a magnet, and the supernatant was removed once
clear. To covalently couple the antibody to the beads, 1 mL of C2
buffer, 969 mL of C1 buffer, and 31 mL of anti-AR antibody (C termi-
nus, EP670Y, Abcam, Cambridge, UK) were added to the beads (cor-
responds to 3 mg of antibody per 1 mg of beads). The beads-antibody
mix was incubated overnight at 37�C with rotation. The next day, the
beads were placed into the magnet and supernatant was removed
once clear. At room temperature, the beads were washed first with
800 mL of HB buffer and then 800 mL of LB buffer, both containing
0.05% Tween 20. After removal of the supernatant, two short washes
and one 15-min wash with 800 mL of SB buffer followed. The 15-min
wash was performed on a rotator at room temperature. Finally, the
beads were placed in the magnet, the supernatant was removed,
and the beads were resuspended in 100 mL of SB buffer per milligram
of beads.

No detergent was added to the extraction buffer. Cell lysate contain-
ing 1 mg of protein was used per sample and the final elution was per-
formed with 30 mL of EB buffer (Dynabeads kit, Thermo Fisher Sci-
entific, Waltham, MA, USA).

Proteomics Sample Preparation

Eluates of control, scrambled oligonucleotide, and AR immunopre-
cipitations were subjected to the single-pot, solid-phase-enhanced
sample preparation (SP3) method for proteomics analysis as previ-
ously described.66 Briefly, eluates were first denatured with 8 M
urea, then reduced with 5 mM dithiothreitol (DTT), and finally alky-
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lated using 20 mM iodoacetamide (IAA), all in 50 mM HEPES buffer
(pH 8). Unreacted IAA was quenched using 5 mM DTT. Samples
were then subjected to SP3 clean-up using an equal mixture of rinsed
Sera-Mag beads (GE Healthcare, catalog nos. 45152105050250 and
65152105050250) at a final concentration of 1 mg/mL. Following addi-
tion of ethanol (final concentration 50%), samples were briefly incu-
bated with shaking and then placed on a magnetic rack to remove the
supernatant. The beads were rinsed twice with 80% ethanol, and the
supernatant was discarded. Samples were then digested overnight
with trypsin (Trypsin Gold, MS grade, Promega) on a ThermoMixer
(Eppendorf), at 37�C and 1,000 rpm. On the following day, the sam-
ples were centrifuged at 20,000� g for 1 min. The peptide-containing
supernatant was transferred into fresh tubes and vacuum concen-
trated (Eppendorf Vacufuge plus) to dryness.

Liquid Chromatography-Tandem MS (LC-MS/MS)

Dried peptides were reconstituted in 2% acetonitrile, 0.1% formic acid
containing 25 fmol of Pierce peptide retention time calibration
(PRTC)mixture. MS data were acquired on an FAIMS Pro (high-field
asymmetric waveform ion mobility spectrometry) and advanced peak
detection (APD)-enabled Orbitrap Eclipse mass spectrometer
(Thermo Fisher Scientific) coupled to an Ultimate 3000 ultra high-
performance liquid chromatograph (UHPLC) system (Thermo
Fisher Scientific) running binary solvent system A (H2O, 0.1% formic
acid) and B (acetonitrile, 0.1% formic acid). Peptides were injected
directly (5 mL, 18.3 min loading time) on a C18 analytical column
(EasySpray ES801A, 50-mm inner diameter [ID] � 15 cm, 2-mm par-
ticle size, 100-Å pore size) kept at 45�C, and separated at a flow rate of
300 nL/min using a gradient of 75 min: 2% to 5% B in 5 min, 5% to
19% B in 37 min, 19% to 30% B in 6 min, 30% to 90% B in 0.5 min,
plateau at 90% B for 1 min, return to initial conditions in 11.5 min,
and re-equilibration for 15 min. All MS data were acquired in data-
dependent top speed mode with a 1-s duty cycle per FAIMS compen-
sation voltage (CV). The FAIMS device was operated in standard
mode with three CVs at �40, �60, and �80 V and the following pa-
rameters per FAIMS CV: spray voltage of 2,000 V, ion transfer tube
temperature of 305�C, survey scan in the Orbitrap Eclipse mass spec-
trometer at a resolution of 120,000, scan range of 375–1,575 m/z,
standard automatic gain control (AGC) target, and auto maximum
ion injection time. Every parent scan was followed by a daughter
scan using high-energy collisional dissociation (HCD) of top abun-
dant peaks and detection in the ion trap with the following settings:
quadrupole isolation mode enabled, isolation window at 1.6 m/z,
standard AGC target with auto maximum ion injection time, and
HCD collision energy of 32%. Dynamic exclusion was set to 60 s.

Peptide and Protein Identification

Mass spectra were queried against the human protein sequence data-
base (SwissProt/UniProtKB 2017, 42,150 entries) using the Mascot67

search engine (version 2.6) in Proteome Discoverer 2.2.0.388 with the
following parameters: 10 ppm precursor mass tolerance, 0.6 Da frag-
ment mass tolerance, tryptic peptide cleavage with up to two missed
internal cleavage sites, methionine oxidation as a dynamic modifica-
tion, and cysteine carbamidomethylation as a static modification.
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Peptide spectrum matches were filtered using Percolator (version
3.0)68 to a 1% target false discovery rate (FDR). Intensity-based pro-
tein abundance was calculated using the precursor ion quantifier
node, and abundances were normalized using the iterative rank order
normalization (IRON) approach.69 Potential contaminants listed in
the CRAPome database70 with an average spectral count greater
than 10 were not retained for differential analysis.

LNCaP Xenograft Mice

LNCaP cells were grown in the exponential phase and resuspended in
serum-free, antibiotic-free media. Ten-week-old NSGmale mice were
each injected with 5 million LNCaP cells mixed (1:1) with Matrigel
(Corning Life Sciences, Corning, NY, USA), in a total volume of
100 mL (Institutional Animal Care and Use Committee [IACUC]
#18068). Inoculations were performed into the mouse flank and cal-
ipers were used tomonitor tumor growth.Mice were divided into four
groups: a vehicle control, SSO-CNTR, SSO407, and SSO541 and
sorted at six per cage. Treatments started when tumors reached
100 mm3. Three injections of SSOs, at a concentration of 25 ng/g in
a saline solution, were given to the mice only during the first week.
Tumor measurements were taken every other day for 3 additional
weeks. Mice were euthanized, tumors were removed, and their
weights were used to determine SSO antitumor activity.

SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.
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