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Abstract

Neuroendocrine prostate cancer (NEPC) is the most virulent form of prostate cancer. Importantly, our recent work examining meta-
static biopsy samples demonstrates NEPC is increasing in frequency. In contrast to prostate adenocarcinomas that express a luminal
gene expression program, NEPC tumors express a neuronal gene expression program. Despite this distinction, the diagnosis of
NEPC is often challenging, demonstrating an urgent need to identify new biomarkers and therapeutic targets. Our prior work
demonstrated that the histone demethylase LSD1 (KDM1A) is important for survival of prostate adenocarcinomas, but little was
known about LSD1's role in NEPC. Recently, a neural-specific transcript variant of LSD1—LSD1+8a—was discovered and demon-
strated to activate neuronal gene expression in neural cells. The splicing factor SRRM4 was previously shown to promote LSD1+8a
splicing in neuronal cells, and SRRM4 promotes NEPC differentiation and cell survival. Therefore, we sought to determine if LSD1
+8a might play a role in NEPC and whether LSD1+8a splicing was linked to SRRM4. To investigate a potential role for LSD1+8a in
NEPC, we examined a panel of prostate adenocarcinoma and NEPC patient-derived xenografts and metastatic biopsies. LSD1+8a
was expressed exclusively in NEPC samples and correlated significantly with elevated expression of SRRM4. Using SRRM4-
overexpressing cell lines, we determined that SRRM4 mediates alternative splicing of LSD1+8a. Finally, using gain of function stud-
ies, we confirmed that LSD1+8a and SRRM4 co-regulate target genes distinct from canonical LSD1. Our findings suggest further
study of the interplay between SRRM4 and LSD1+8a and mechanisms by which LSD1+8a regulates gene expression in NEPC is
warranted.
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Introduction

Treatment options for men with prostate cancer are increasing; how-
ever, prostate cancer remains the second leading cause of cancer-related
deaths in the United States with over 33,000 men predicted to die from
this disease in 2020 [1]. Nearly all prostate cancers are adenocarcinomas
at diagnosis, while <1% are neuroendocrine prostate cancers (NEPC)—
an aggressive form of the disease with an alternate differentiation program
[2]. Importantly, the frequency of NEPC appears to be increasing in fre-
quency due to more widespread use of drugs that block the function of the
androgen receptor (AR)—a transcription factor that promotes a luminal
lineage program [3]. Thus, there is an urgent need to identify biomarkers
that indicate the presence of NEPC and to identify new therapeutic targets
in NEPC.

Our prior work demonstrates that lysine specific demethylase 1 (LSD1,
alternatively known as KDM1A) promotes growth of adenocarcinoma
prostate cancer cells—including those that are castration-resistant or AR
null—and that these effects are independent of LSD1's canonical
demethylase function [4]. Recently, it was determined that inclusion of
a 12 nucleotide microexon (exon 8a) between exons 8 and 9 of the canon-
ical LSD1 transcript results in an mRNA splice variant called LSD1+8a
[5]. This LSD1+8a transcript variant has distinct histone demethylation
substrate specificity and unique protein–protein interactions vs. the
canonical LSD1 [6]. Importantly, activity of the LSD1+8a isoform has
been linked to modulation of neuronal gene transcription in neuronal cells
[6,7]. Additionally, LSD1+8a has recently been shown to regulate expres-
sion of genes linked with neuroendocrine differentiation in small cell lung
cancer (SCLC) tumors that share many features with NEPC tumors
[8,9,10]. Given the role for LSD1 in castration-resistant prostate cancer
(CRPC) as well as the finding of LSD1+8a in neuronal cells and in SCLC,
we hypothesized that LSD1+8a might be linked to NEPC.

Multiple groups have recently identified an RNA splicing factor, Ser-
ine/Arginine Repetitive Matrix 4 (SRRM4, alternatively known as
nSR100), as a driver of NEPC progression [11–13]. SRRM4 was demon-
strated to induce an adenocarcinoma to NEPC transition, especially when
cells were deficient in TP53 and treated with the AR antagonist enzalu-
tamide [10]. Development of NEPC xenografts from adenocarcinoma cell
lines over sequential passaging also revealed SRRM4 was required for neu-
ral gene expression [12]. SRRM4 is known to splice a cryptic 62 bp exon
into mRNA of the neuronal gene silencing protein REST that leads to
Fig. 1. LSD1+8a mRNA expression is only observed in neuroendocrine pros
+8a and SRRM4 expression in (a) 11 CRPC PDX samples, including 5 ade
including 10 adenocarcinoma and 9 NEPC tumors. Absolute quantification
Error bars represent SD.
production of an inactive REST isoform and subsequent activation of neu-
ronal genes [13]. This REST splice variant has also recently been identified
in NEPC, demonstrating that SRRM4 promotes neuroendocrine gene
expression through alternative splicing of specific transcripts [11]. Finally,
SRRM4 has been demonstrated to mediate alternative splicing of LSD1
+8a in mouse models of epilepsy [14]. These observations led us to inves-
tigate the connection between SRRM4 and LSD1+8a in NEPC.

In this report, we determined that LSD1+8a expression was limited to
human NEPC tissue samples and patient-derived xenograft (PDX) sam-
ples but was not detectable in prostate adenocarcinoma samples. Impor-
tantly, LSD1+8a expression correlated with elevated SRRM4 expression
in these samples. Using SRRM4 gain of function experiments, we
confirmed that SRRM4 overexpression induced alternative splicing of
LSD1+8a. Furthermore, we determined that LSD1+8a and SRRM4 co-
regulate many genes whose expression was not induced by canonical
LSD1 overexpression, including genes previously implicated in cancer pro-
gression. Altogether, our results demonstrate that LSD1+8a may be a use-
ful biomarker of NEPC and targeting LSD1+8a may block expression of
genes linked to cancer progression.
Results

LSD1+8a expression is only detected in neuroendocrine prostate cancer
patient-derived xenografts and metastases and correlates with elevated
SRRM4 expression

LSD1+8a was previously demonstrated to promote neuronal differen-
tiation in neural cells [6]. Therefore, we sought to determine the role of
LSD1+8a in the prostate cancer subset linked with neuronal or neuroen-
docrine differentiation—NEPC. Using qRT-PCR and exon junction-
specific primers [6], we measured mRNA expression of LSD1+8a in 11
PDX samples (9 from the LuCaP series [15] and two from the LTL series
[16]) categorized as either adenocarcinoma or NEPC. We also measured
expression of SRRM4, which was previously implicated in NEPC
[11,12, 17] and was shown to influence splicing of LSD1+8a in neuronal
cells [14]. LSD1+8a was detectable in all of the NEPC PDX samples but
not in the adenocarcinoma PDXs, and SRRM4 was highly expressed in all
NEPC PDX samples compared to adenocarcinoma PDX samples
(Fig. 1a). Importantly, we determined that there was a significant positive
tate cancer PDXs and metastases. qRT-PCR was used to determine LSD1
nocarcinoma and 6 NEPC tumors, and in (b) 19 CRPC patient tumors,
of mRNA was determined using standard curve of known copy numbers.
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correlation between SRRM4 and LSD1+8a expression in these samples
(Supplementary Fig. S1a).

To corroborate these results, we next examined LSD1+8a and SRRM4
expression in CRPC tumors categorized as adenocarcinoma or NEPC
from 19 patients. LSD1+8a expression was only detected in NEPC tumors
and was not observed in any of the adenocarcinoma tumors (Fig. 1b).
Additionally, SRRM4 expression was observed in 100% of NEPC tumors.
Conversely, SRRM4 expression was only detectable in 30% of the adeno-
carcinoma tumors we tested, and SRRM4 was more highly expressed in the
NEPC tumors vs. the adenocarcinoma tumors (Fig. 1b). Again, we found
a significant positive correlation between SRRM4 and LSD1+8a expression
in these patient tumor samples (Supplementary Fig. S1b). It should be
noted that we examined a previously published human CRPC RNA-seq
dataset with both adenocarcinoma and NEPC tumors [3] but were unable
to detect the LSD1+8a transcript. This may be due to a small number of
reads containing the 12 base-pair LSD1+8a transcript, low expression in
the sample, or low NEPC tumor content in the biopsy samples.

Importantly, expression levels of canonical LSD1 (described hereafter
simply as LSD1) were similar between adenocarcinoma and NEPC PDXs
or patient tumor samples (Supplementary Fig. S1c-d). Altogether, these
data suggest that LSD1+8a expression was only detected in the NEPC
tumors we examined and that LSD1+8a expression correlates with
increased SRRM4 expression.
SRRM4 mediates splicing of LSD1+8a in prostate cancer cell line
models

Because we observed a correlation with SRRM4 upregulation and
LSD1+8a expression in NEPC PDX and patient samples, we sought to
determine if SRRM4 was responsible for LSD1+8a alternative splicing.
Thus, we examined expression of LSD1+8a in several cell line models with
stable overexpression of SRRM4 described previously [17]. These models
include prostate adenocarcinoma cancer cell lines (LNCaP, PC3, DU145,
22RV1), benign prostate epithelial cell lines (BPH1 and RWPE1), a pros-
tate stromal cell line (WPMY1), and a uterine smooth muscle cell line
(hTERT-Myo). LSD1+8a was detectable in 6 of 8 of SRRM4-
overexpressing cell lines but was undetectable in all control cell lines
(Fig. 2a). These data suggest that ectopic expression of SRRM4 causes
inclusion of the 8a exon in the LSD1 transcript, resulting in expression
of LSD1+8a.

Next, we sought to determine if SRRM4 directly mediates alternative
splicing of LSD1+8a in prostate cancer. To determine if SRRM4 directly
binds the LSD1 pre-mRNA transcript in the region of the 8a exon, we
used RNA immunoprecipitation (RNA-IP) using an anti-FLAG antibody
(Fig. 2b). Following immunoprecipitation, we performed qRT-PCR using
primers matching the putative UGC motif upstream of the splice acceptor
site (8a 50, previously shown to be important for SRRM4-dependent splic-
ing [18]), and the exon–intron junction of exon 8a and intron 9 (8a 30)
(Fig. 2c). SRRM4 has been shown previously to interact with and alterna-
tively splice REST [10]. Therefore, we included REST as a positive control
in addition to the GAPDH negative control to demonstrate specificity of
SRRM4 interactions. To control for genomic DNA contamination, qPCR
was performed on input samples treated with or without reverse transcrip-
tase. Compared to a control IgG antibody immunoprecipitation, eluates
from the SRRM4 immunoprecipitation were enriched for RNA corre-
sponding to the 8a 50 and 8a 30 regions. No immunoprecipitation of
RNA from the 1st intron of LSD1 was observed, demonstrating that
SRRM4 binds specifically to LSD1 pre-mRNA proximal to exon 8a.

To further confirm that SRRM4 mediates splicing of LSD1+8a in
prostate cancer cells, we next designed an LSD1 minigene splicing reporter
to quantify the amount of exon 8a inclusion in two prostate cancer cell
lines stably overexpressing SRRM4 vs their corresponding control cell
lines. Importantly, this minigene was designed to constitutively express
mRNA from human LSD1 exons 8, 8a, and 9, along with 300 base pairs
of intronic nucleotides directly flanking each exon (Fig. 2d, see also Sup-
plementary Fig. S2). The flanking intronic nucleotides upstream of exon
8a included the aforementioned putative UGC motif upstream of the
splice acceptor site. The LSD1 minigene was transiently transfected into
22RV1-SRRM4 and LNCaP-SRRM4 cells, as well as corresponding con-
trol cells (22RV1-CTL and parental LNCaP, respectively) [17]. qRT-PCR
using exon junction-specific primers were used to quantify LSD1 vs LSD1
+8a splicing of the minigene [6]. In cells transfected with the minigene,
LSD1+8a transcripts were increased in both SRRM4-overexpressing cell
lines compared to their corresponding control cell lines lacking SRRM4
overexpression (right panels, Fig. 2e & f). Additionally, SRRM4 overex-
pression did not increase levels of the canonical LSD1 transcript; in fact,
levels of the canonical isoform were decreased in LNCaP-SRRM4 cells
compared to control LNCaP cells (left panels, Fig. 2e & f). This, in com-
bination with the RNA-IP data shown in Fig. 2c showing a specific
SRRM4-exon 8a interaction, indicates that SRRM4 specifically promotes
splicing of the LSD1+8a transcript rather than splicing of the canonical
LSD1, generally. Altogether, these data demonstrate that the alternative
splicing of the LSD1+8a isoform is indeed directly mediated by SRRM4
in these prostate cancer cell line models.
LSD1+8a regulates a unique transcriptional program from LSD1 in
prostate cancer cell lines

Having established that LSD1+8a is expressed specifically in a subset of
NEPC PDXs and patient tumors and that SRRM4 is capable of inducing
LSD1+8a splicing, we next sought to determine the functional relevance of
LSD1+8a expression in prostate cancer. To test whether LSD1+8a can
recapitulate effects of SRRM4 or LSD1, we performed a series of
gain-of-function experiments. First, we transiently overexpressed FLAG-
tagged LSD1+8a, LSD1, or SRRM4 in LNCaP cells (Fig. 3a). We then
performed qRT-PCR analysis to measure expression of several markers
of NEPC differentiation (CHGA, SCG3, CHGB, SYP) [19,20] previously
shown to be up-regulated by SRRM4 [10]. As expected, SRRM4 overex-
pression strongly activated expression of these neuroendocrine marker
genes. However, only minor changes in expression of these genes were
seen with overexpression of either LSD1 isoform, demonstrating that
LSD1+8a or LSD1 overexpression alone was not sufficient to activate
these genes' expression (Fig. 3b).

To understand gene expression changes induced by SRRM4, LSD1
+8a, or LSD1, we overexpressed SRRM4, LSD1+8a, LSD1, or empty vec-
tor in LNCaP cells and performed RNA-seq (Fig. 4a, Supplementary
Table 1). To identify differentially-expressed genes, we used a significance
cutoff of p = 0.05 and a fold change cutoff of þ1.5. Interestingly, LSD1+8a
overexpression modulated the expression of a larger set of genes (142
genes) when compared to the canonical LSD1 (88 genes). SRRM4 over-
expression modulated expression of the largest number of genes—424—of
which 84.9% (360/424) were upregulated. The majority of differentially-
expressed genes with either LSD1 (67.0%, 59/88) or LSD1+8a, (69.7%,
99/142) overexpression were also upregulated. LSD1 overexpression
caused fewer gene expression changes, and the magnitude of the gene
expression changes was lower vs. either SRRM4 or LSD1+8a overexpres-
sion (Fig. 4a).

Because we determined that SRRM4 induces LSD1+8a splicing, we
were particularly interested in gene expression changes induced by both
SRRM4 and LSD1+8a overexpression that might represent target genes
induced by SRRM4-splicing of LSD1+8a (Fig. 4b, Supplementary
Table 1). Importantly, most gene expression changes (83.1%, 118/142)
induced by overexpression of LSD1+8a were not shared by LSD1 overex-
pression. There was much greater overlap of genes altered by both SRRM4
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Fig. 3. LSD1+8a alone is not sufficient to activate expression of markers
of NEPC differentiation (a) Western blot to confirm overexpression of
FLAG-tagged proteins LSD1+8a, LSD1, or SRRM4 in LNCaP cells. (b)
qRT-PCR was used to measure the expression of several markers of
neuroendocrine differentiation in cells over-expressing LSD1, LSD1+8a,
or SRRM4. Error bars represent SD.
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and LSD1+8a overexpression in both the up (n = 44, p = 2.0264 � 10�58)
and down (n = 7, p = 4.0476 � 10�12) directions than those altered by
both SRRM4 and LSD1 overexpression (up: n = 26,
p = 9.7702 � 10�35; down: n = 1, p = 0.059482).
Fig. 2. SRRM4 directly mediates alternative splicing of LSD1+8a. (a) Absolu
standard curve of know copy numbers. Error bars represent SD. (b) Schemati
RNA immunoprecipitation assay was performed from LNCaP cells stably
antibody. IgG was used as a negative control. Immunoprecipitated and input
indicated primers. The input RNA without reverse transcription was used to
reverse transcribed input sample. Error bars represent SD. (d) An LSD1 min
human LSD1 exons 8, 8a, and 9, along with 300 base pairs of intronic nucleo
for exon junction-specific primers used to assay mRNA splicing from the repor
transiently transfected into control LNCaP cells (Control) or LNCaP cells sta
assayed at 72 hours post-transfection by qRT-PCR using exon junction-spec
condition was determined using standard curves of known copy numbers. (f)
(Control) or 22RV1 cells stably overexpressing SRRM4 (+SRRM4) were used
by qRT-PCR.
Next, we focused on the shared genes upregulated by both SRRM4
and LSD1+8a overexpression. Interestingly, a Gene Ontology (GO) anal-
ysis of genes in the LSD1+8a/SRRM4 overlap was not enriched for neu-
ronal or neuroendocrine-related biological processes. Rather, we observed
a strong enrichment for biological processes related to interferon signaling
and immune response among the overlapping genes (Supplementary
Table 3). Importantly, several of the most upregulated genes in both
SRRM4 and LSD1+8a overexpression conditions have been previously
implicated in promoting cancer progression and/or therapeutic resistance.
These genes include: Interferon Induced Protein with Tetratricopeptide
Repeats 3 (IFIT3), Bone Marrow Stromal Cell Antigen 2 (BST2), Tripar-
tite Motif Containing 22 (TRIM22), HECT and RLD Domain Contain-
ing E3 Ubiquitin Protein Ligase 5 (HERC5), and Sterile Alpha Motif
Domain Containing 9 (SAMD9) [21–29]. We used qRT-PCR to verify
that these genes were uniquely and significantly upregulated in SRRM4
or LSD1+8a overexpressing cells but not LSD1 overexpressing cells
(Fig. 4c). To further validate the relevance of the 31 genes co-
upregulated by SRRM4 and LSD1+8a (Fig. 4b) in human NEPC tumors,
we determined if this 31 gene signature was activated in NEPC vs. adeno-
carcinoma patient tumors in the Aggarwal, et al. dataset [3]. The LSD1
+8a/SRRM4 co-upregulated gene signature was significantly activated in
NEPC patient tumors (Fig. 4d). Furthermore, we confirmed that this sig-
nature was also activated in NEPC PDXs (Supplementary Fig. S3) that we
confirmed to co-express LSD1+8a and SRRM4 (Fig. 1a). Altogether, these
results demonstrate a functional role for SRRM4 and LSD1+8a in co-
regulating expression of important prostate cancer genes linked to cancer
aggressiveness in NEPC—genes that are distinct from those regulated by
canonical LSD1.
Discussion

NEPC appears to be increasing in frequency clinically, and NEPC
tumors are associated with much worse outcomes than adenocarcinoma
tumors [3]. Thus, there is an urgent need to identify targetable mecha-
nisms involved in progression to NEPC as well as biomarkers of this
aggressive form of prostate cancer. Previously, we identified LSD1 as a
key driver of adenocarcinoma CRPC growth [4]. Here, we determined
that a transcript variant of LSD1—LSD1+8a—is expressed specifically
in NEPC PDXs and in NEPC patient tumors but not in
adenocarcinomas.

Not all of the NEPC patient tumor biopsies we examined expressed
LSD1+8a by qRT-PCR (Fig. 1b). We hypothesize that NEPC tumor
biopsies that did not have appreciable LSD1+8a expression may have
had low tumor-cell content relative to other cell types. We were also
not able to detect 8a-containing LSD1 transcripts in NEPC patient biop-
sies by RNA-seq analysis of a published dataset [3]. Importantly, we did
determine that target genes activated by LSD1+8a overexpression in our
te quantification of LSD1+8a and SRRM4 mRNA was determined using a
c of the LSD1 transcript focused on the region around the 8a exon. (c) An
overexpressing FLAG-SRRM4 (LNCaP-SRRM4) using an anti-FLAG
RNA were reverse transcribed to cDNA. qRT-PCR was performed using
control for DNA contamination. Data is expressed as the percentage of

igene splicing reporter was designed to constitutively express mRNA from
tides directly flanking each exon. Horizontal arrows indicate annealing sites
ter. (e) An empty control vector or the LSD1minigene depicted in (D) was
bly overexpressing SRRM4 (+SRRM4). Splicing of LSD1+8a or LSD1 was
ific primers at the regions indicated in (d). mRNA copy number for each
Splicing assay experiment was performed as in (E) except control 22RV1
. Splicing of LSD1+8a or LSD1 was assayed at 96 hours post-transfection



Fig. 4. LSD1+8a regulates a unique transcriptional program from LSD1 in prostate cancer cell lines. LSD1+8a, LSD1, or SRRM4 were transiently
overexpressed in LNCaP cells as in Fig. 3. RNA was harvested 96 hours post-transfection, and RNA-seq was performed. (a) Volcano plots of fold change
vs significance of differentially expressed genes in each condition. All comparisons were made between overexpression and empty vector conditions. (b)
Venn diagram of up-(left) and down-(right) regulated genes show the overlap of common significant, differentially expressed genes identified in LSD1
+8a, LSD1, or SRRM4 overexpressing LNCaP cells. (c) qRT-PCR was performed to measure the mRNA expression of select differentially expressed
genes identified by RNA-seq in the LSD1+8a/SRRM4 overlap shown in (b). n = 3, error bars represent SD. *p � 0.05, **p � 0.01 (two-tailed t-test). (d)
Gene set enrichment analysis of LSD1+8a/SRRM4-specific up-regulated genes in NEPC vs adenocarcinoma patient tumor samples. Normalized
Enrichment Score = 1.466, nominal p = 0.043, FDR q = 0.027.
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cell line experiments (Fig. 4b) were highly expressed in NEPC tumors
from that same dataset (Fig. 4d). This strongly suggests that LSD1+8a
may have been important for activation of those genes in those NEPC
tumors and that our inability to detect LSD1+8a expression by RNA-
seq may have been due to the limited number of RNA-seq reads contain-
ing the 12 base-pair cryptic 8a exon. Additional studies with greater num-
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bers of NEPC patient tumors—ideally with single cell sequencing analy-
sis—and the generation of LSD1+8a-specific commercial antibodies—that
are not currently available—will also help to determine the prevalence of
LSD1+8a expression in NEPC tumors. Nonetheless, our results demon-
strate that expression of LSD1+8a is associated with the NEPC phenotype.
Importantly, LSD1+8a expression can be quickly and specifically detected
using exon junction-specific primers. Thus, if our results are validated on a
larger number of samples, it is possible that measuring LSD1+8a expres-
sion could help confirm the diagnosis of NEPC in cases where the histol-
ogy is not definitive using tumor biopsies or circulating nucleic acids in the
blood [30].

SRRM4 is an RNA-splicing factor known to mediate inclusion of short
''microexons'' [31]. SRRM4 has been previously shown to promote alter-
native splicing of transcripts commonly found in human NEPC patient
tumors, including the REST gene; SRRM4 has also been shown to regu-
late the expression of genes linked with neuroendocrine differentiation
[10]. In this report, we demonstrated that SRRM4 expression is higher
in both NEPC vs. adenocarcinoma PDXs and patient tumors (Fig. 1).
Using SRRM4-overexpressing cell lines, RNA-immunoprecipitation, and
minigene splicing experiments (Fig. 2), we demonstrate that SRRM4 is
responsible for the inclusion of the 8a exon into a mature LSD1+8a
mRNA. It should be noted that while we demonstrate that SRRM4 is suf-
ficient to induce LSD1+8a splicing, there may be other splicing factors
that contribute to LSD1+8a splicing or stabilization. Future studies will
be necessary to answer that question.

LSD1+8a was not sufficient to activate expression of genes linked to
NEPC differentiation induced by SRRM4 (Fig. 3). However, our RNA-
seq results demonstrate that LSD1+8a does indeed activate expression of
multiple genes previously implicated in driving cancer progression and/
or treatment resistance that are regulated by SRRM4 but not LSD1.
Our results demonstrating that many of the LSD1+8a-induced gene
expression changes were shared by SRRM4 overexpression suggests that
these two factors may co-regulate similar genes. Importantly, we con-
firmed that the shared genes co-upregulated by LSD1+8a and SRRM4
(Fig. 4b) were activated in human NEPC tumors (Fig. 4d) and PDXs
(Supplementary Fig. S3), suggesting that SRRM4-induced splicing of
LSD1+8a may contribute to activation of these genes. Among these genes
are IFIT3, whose overexpression has been linked to pancreatic cancer pro-
gression via induction of inflammatory cytokines [21]; SAMD9, whose
upregulation is associated with increased lymphatic invasion and metasta-
sis in esophageal squamous cell carcinoma [28]; TRIM22, whose overex-
pression has been associated with poor prognosis in non-small cell lung
cancer (NSCLC) patients [27]; HERC5, linked to poor outcomes in
NSCLC patients [26]; and BST2, which is upregulated in bone metastases
[24] and whose overexpression is correlated with poor survival in esopha-
geal, gastric, and colorectal cancers [25], resistance to cisplatin in nasopha-
ryngeal cancer [22], and tamoxifen resistance in breast cancers [23].
Further studies are necessary to determine mechanisms by which LSD1
+8a and SRRM4 induce these genes' expression and to determine whether
LSD1+8a regulates important cancer hallmarks. Completion of those
studies may provide the rationale for targeting LSD1+8a in NEPC and
other cancers in which this transcript variant is expressed.
Methods

Prostate cancer clinical specimens and patient-derived xenografts

Adenocarcinoma patient tumors or NEPC patient tumors—the latter
defined as those expressing chromogranin A and synaptophysin—were
obtained from the UW Rapid Autopsy Program [32]. Biospecimens were
obtained within eight hours of death from patients who died of metastatic
CRPC. Visceral metastases were identified at the gross level; bone biopsies
were obtained according to a previously described template from 16 to 20
different sites and metastases identified at a histological level [32]. Prostate
adenocarcinoma or NEPC LuCaP PDX lines were established from spec-
imens acquired at either radical prostatectomy or at rapid autopsy,
implanted, and maintained by serial passage in immune compromised
male mice [15]. All rapid autopsy tissues were collected from patients
who signed written informed consent under the aegis of the Prostate Can-
cer Donor Program at the University of Washington. The Institutional
Review Board of the University of Washington approved this study.
LTL NEPC patient-derived xenograft lines have been described previously
[16]. All patients signed an informed consent form approved by the Insti-
tutional Review Board of the University of British Columbia. All methods
were performed in accordance with relevant guidelines and regulations.

Cell culture

Parental LNCaP cells (clone FGC) were obtained from the American
Type Culture Collection (ATCC). All SRRM4-overexpressing cell lines
and their corresponding controls have been described previously
[10,17]. PC3, DU145, and hTERT-Myo cell models were cultured in
Dulbecco Modified Eagle Medium/High Glucose (DMEM; Gibco; Wal-
tham, MA, USA; Cat# 11995-065) with 10% fetal bovine serum (FBS)
whereas LNCaP, BPH1, and 22RV1 cells were cultured in RPMI-1640
medium with 10% FBS. WPMY1 cells were maintained in DMEM med-
ium containing 10% FBS and 1% penicillin–streptomycin (Hyclone;
Cat# SV30010). RWPE1 cells were grown in Keratinocyte-SFM (1X)
media with human recombinant epidermal growth factor 1–53 and bovine
pituitary extract supplements (Gibco; Cat# 17005042). Transduced cells
were selected by and cultured under blasticidin (Gibco; Cat# A11139-
03) with the respective concentrations for the following cells: RWPE1,
2 lg/ml; BPH1, 2.5 lg/ml; LNCaP, 22RV1, and DU145, 5 lg/ml;
PC3, WPMY1, and hTERT-Myo, 10 lg/ml. Mycoplasma testing was
performed on all cell lines and found to be negative.

For cell line experiments involving the minigene and those involving
FLAG overexpression constructs, cells were cultured as above but supple-
mented with 6 mg/mL blasticidin (Sigma-Aldrich #15205) to maintain
overexpression constructs for the course of the experiments.

RNA extraction

Total RNA was extracted from 19 CRPC metastases frozen in Optimal
Cutting Temperature compound (OCT; Tissue-Tek) with RNA STAT-
60 (Tel-Test). Using an H&E stained slide for each metastatic site for ori-
entation, one millimeter core punches of tumor were obtained, or where
appropriate multiple sections enriched for tumor were cut using a Leica
CM3050S cryostat. The purity and yield of the RNA were determined
on a NanoDrop 2000 (Thermo Scientific). RNA integrity was assessed
on a 2100 Bioanalyzer (Agilent). Total RNA was extracted from all
PDX tissue and cell lines using Trizol (Thermo Fisher Scientific) accord-
ing to manufacturer's protocol. Purity and yield were determined using a
NanoDrop instrument.

qRT-PCR

For data in Fig. 2a, 2 mg of total RNA extracted from stable SRRM4-
overexpressing cell lines and corresponding controls was reverse-
transcribed using random hexamers and SuperScript IITM Reverse Tran-
scriptase (Invitrogen) according to manufacturer's instructions. For all
other samples, 1 mg of total RNA was reverse-transcribed using random
hexamers and a High-Capacity cDNA Reverse Transcription Kit (Thermo
Fisher Scientific) according to manufacturer's instructions. PCR for LSD1
+8a and canonical LSD1 transcripts was performed using SYBR Green ER
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qPCR SuperMix (Thermo Fisher Scientific) with 100 nmol of previously-
described exon junction-specific LSD1 primers [6] (sequences in Supple-
mentary Table 4). All other PCRs were performed with TaqMan reagents
(Thermo Fisher Scientific) as previously described [33], using probes for
Human SRRM4 (Product No. Hs00916552_m1), CHGA
(Hs00900370_m1), CHGB (Hs01084631_m1), SCG3
(Hs00203076_m1), SYP (Hs00300531_m1), BST2 (Hs00171632_m1),
CLU (Hs00156548_m1), HERC5 (Hs00180943_m1), IFIT3
(Hs01922752_s1), SAMD9 (Hs00539471_s1), and TRIM22
(Hs01001179_m1). For absolute quantitation of expression, serial dilu-
tions of LSD1+8a, LSD1, or SRRM4 plasmids (described in detail below)
were performed to generate standard curves of log copy number vs. Ct
value for each gene. Ct values of unknown samples were then fitted to
the curves' linear regression equations to determine copy number. Human
ACTB TaqMan probe (Hs99999903_m1) was used as an endogenous
control for all relative expression experiments. cDNA equivalent of
10 ng of RNA was used for each PCR. All qRT-PCR experiments were
performed using a QuantStudio3 thermocycler (Thermo Fisher
Scientific).

RNA immunoprecipitation

The RNA immunoprecipitation assay was performed as described pre-
viously [10]. Briefly, LNCaP-SRRM4 cells were treated with 1%
formaldehyde for 10 minutes to cross-link RNA-protein complex. Lysates
prepared from cross-linked cells were sonicated using Diagenode Biorup-
tor sonicator to fragment RNA. FLAG-SRRM4 was immunoprecipitated
from the sonicated lysates using monoclonal anti-FLAG antibody in
mouse (Sigma-Aldrich F4042). IgG was used as a negative control for
immunoprecipitation. RNA fragments immunoprecipitated with FLAG-
SRRM4 were used as templates for one step real-time qPCR using
One-Step SYBR GreenER kit (Thermo Fisher Scientific). We designed
primers to amplify a region covering a UGC motif predicted to be an
SRRM4 recognition site in intron 8 (8a 50), a region at the junction of
the LSD1 exon 8-intron 9 (8a 30), and a negative control region lacking
an SRRM4 binding site in intron 1 (Intron 1). Data were calculated as
a percentage of input. Primer sequences are listed in Supplementary
Table 4.

LSD1 minigene design and assay

A detailed description of the minigene construction, including com-
plete sequence, is included in Supplementary Fig. S2. Briefly, the mini-
gene was designed to constitutively express mRNA (as driven by CMV
promoter) from human LSD1 exons 8, 8a, and 9, along with 300 base
pairs of intronic nucleotides directly flanking each exon. Human LSD1
exon and intron sequences were obtained from Ensembl [34]. After
design, the minigene sequence was synthesized and cloned into the
pcDNA3.1(+) vector (GenScript). For the assay, the minigene construct
or pcDNA3.1 empty vector control was transiently transfected into cells
using Lipofectamine 2000 reagent as previously described [35]. LNCaP
and LNCaP-SRRM4 cells were harvested 96 hours post-transfection,
22RV1-CTL and 22RV1-SRRM4 were harvested 72 h post-
transfection. RNA was extracted and then converted into cDNA as
described above. qRT-PCR was then performed using exon junction-
specific LSD1 primers [6] as described above to quantify alternative splic-
ing of 8a+ or canonical LSD1 conformations.

Transient overexpression

Plasmid overexpressing FLAG-tagged canonical LSD1 cDNA (pTP6-
LSD1) was described previously [36]. To generate a FLAG-tagged LSD1
+8a overexpressing plasmid, we inserted 12 nucleotides corresponding
to exon 8a (50-gacactgtcaag-30) into pTP6-LSD1 between exons 8 and 9
(Mutagenex). A constitutively overexpressing FLAG-SRRM4 plasmid
(pCMV6-SRRM4) was obtained from Origene (Cat No. RC219268).
LNCaP cells were transiently transfected with the aforementioned plas-
mids, or an empty pTP6 control vector, using Lipofectamine 2000 reagent
as previously described [35]. After 96 h, RNA was extracted as described
above, and protein lysates were extracted from samples transfected in par-
allel using RIPA buffer. qRT-PCR and Western blotting were used to con-
firm transfection.

Western blotting

Protein lysates were run on NuPAGE 4–12% Bis-Tris protein gels
(Thermo Fisher Scientific) and transferred to PVDF membranes per man-
ufacturer's instructions. Primary FLAG-M5 antibody was used to probe
tagged overexpressed proteins. Appropriate fluorescent secondary antibod-
ies (Licor) were used to detect proteins, and images were captured using a
Licor Odyssey CLx instrument.

RNA-seq

RNA was extracted using Trizol as described above, and integrity was
assessed on a TapeStation 2200 (Agilent Technologies) with Analysis Soft-
ware A.02.02. Library preparation was performed using a TruSeq library
preparation kit (Illumina) with poly(A)+ stranded selection. Libraries were
sequenced on a HiSeq 2500 (Illumina) as paired-end 100 base pair reads
by the OHSU Massively Parallel Sequencing Shared Resource.

RNA-seq reads were mapped to hg19 reference transcripts in RSEM
[37] using the STAR aligner. All genes with read counts in at least one
of case were kept for subsequent differential expression gene (DEG) anal-
yses. DEG analyses were performed using DESeq2 according to the corre-
sponding phenotypes [38]. Gene expression changes as a result of
overexpression of LSD1+8a, LSD1, and SRRM4 were determined in com-
parison to cells transfected with an empty control vector. DEGs were
called with Wald test p-values less than 0.05 and absolute fold-change cut-
off larger than 1.5. Due to the limited number of DEGs, we did not use
false discovery rate corrections for further filtration. Gene Ontology (GO)
enrichment analyses [39,40] of DEGs for each overexpression condition
and LSD1+8a/SRRM4 shared DEGs (Supplementary Table 3) were per-
formed using an online tool (http://software.broadinstitute.org/gsea/
msigdb/annotate.jsp).

Gene set enrichment analysis (GSEA)

In this study, GSEA version 3.0 [41] was used to validate the relevance
of human NEPC with the shared 31 genes co-upregulated by SRRM4 and
LSD1+8a. The Aggarwal, et al. [3] expression data normalized by variance
stabilizing transformation in DESeq2 [38] was used as the input of GSEA,
and the default metric Signal2Noise in GSEA was applied to calculate the
differential expression with respect to the adenocarcinoma tumors and
NEPC tumors. LuCaP PDX RNA-seq analysis has been described previ-
ously [42]. Differential expression analysis was performed using transcript
abundances as inputs to the limma [43] bioinformatic package and using
the Benjamin-Hochberg false discovery rate (FDR) adjustment. Gene
expression results were ranked by their limma statistics and used to con-
duct GSEA.
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