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Abstract
The lncRNA Second Chromosome Locus Associated with Prostate 1 (SChLAP1)
was previously identified as a predictive biomarker and driver of aggressive prostate
cancer. Recent work suggests that SChLAP1 may bind the SWI/SNF chromatin
remodeling complex to promote prostate cancer metastasis, though the exact role of
SWI/SNF recognition is debated. To date, there are no detailed biochemical studies of
apo SChLAP1 or the SChLAP1:SWI/SNF complex. Herein, we report the first secondary
structure model of SChLAP1 utilizing SHAPE-MaP both in vitro and in cellulo.
Comparison of the in vitro and in cellulo data via ΔSHAPE identified putative protein
binding sites within SChLAP1, specifically to evolutionarily conserved exons of the
transcript. We also demonstrate that global SChLAP1 secondary structure is sensitive to
both purification method and magnesium concentration. Further, we identified a 3′–
fragment of SChLAP1 (SChLAP1Frag) that harbors multiple potential protein binding sites
and presents a robustly folded secondary structure, supporting a functional role for this
region. This work lays the foundation for future efforts in selective targeting and
disruption of the SChLAP1:protein interface and the development of new therapeutic
avenues in prostate cancer treatment.
Introduction
Prostate cancer is one of the most commonly occurring cancers (one in five new
cancer cases) and is the second leading cause of cancer death in American men. One in
nine American men will be diagnosed with prostate cancer in their lifetime and Black
men are 60% more likely to develop prostate cancer than White men. The main
treatments for prostate cancer include: surveillance, surgery such as prostatectomy, and
non-specific treatments such as radiation, chemotherapy, cryotherapy, and hormone
deprivation therapies. None of these treatments provides a cure for prostate cancer,
however, and aggressive prostate cancer rapidly becomes treatment resistant. While
more than 99% of patients with primary prostate cancer enter remission, the remission
rate drops to less than 30% after metastasis.1 There is thus an urgent unmet need for
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specific therapeutic strategies that target molecular drivers of aggressive prostate
cancer.
While the majority of the human genome is transcribed, less than 2% of the
human genome encodes for proteins.2 The remaining RNA, the non-coding
transcriptome, is thus an underexplored realm for potential therapeutics. Long noncoding
RNAs (lncRNAs), generally defined as non-translated transcripts >200 nucleotides (n.t.)
in length, are often differentially expressed throughout developmental stages, tissue
types, and disease states.3-7 Following the ENCODE project2 and the identification of
thousands of new lncRNAs, the FANTOM consortium8 (RIKEN, Japan) began annotating
these transcripts and found biochemical indices of function historically ascribed solely to
proteins. Although there are over 170,000 identified lncRNA, approximately 20,000 of
these are functionally annotated transcripts and an even smaller portion of these have
been biochemically characterized.
The lncRNA Second Chromosome Locus Associated with Prostate-1 (SChLAP1)
is a prime example of the incongruity between the identification of cancer-associated
lncRNAs and their biochemical characterization. In 2011, Prensner et al. identified
PCAT-114 (later renamed SChLAP1) as a transcript over-expressed in tumor prostate
tissue as compared to benign prostate tissue.9 In other work, Gerashchenko et al.
determined that tumors with a high SChLAP1 levels correlated with a Gleason score of 9
and also correlated with high levels epithelial-to-mesenchymal transition (EMT) markers
such as vimentin (VIM), fibronectin (FN1), and matrix metalloproteinase 2 (MMP2),
supporting the correlation between SChLAP1 overexpression and prostate cancer
metastasis found in other clinical studies.10-13 Mehra et al. determined that approximately
16% of clinically localized prostate cancers in American men exhibit high levels of
SChLAP1 expression, suggesting use of SChLAP1 as an early detection biomarker.14
In model systems, knockdown of SChLAP1 reduced migration in multiple
prostate cancer cell lines and reduced the formation of distal metastases in SCID mice.15
Using Gene Set Enrichment Analysis (GSEA) in two different prostate cancer cell lines,
Prensner et al. found that SChLAP1 inversely regulated genes that were regulated by
the Switching/Sucrose non-fermenting (SWI/SNF) chromatin remodeling complex. The
11-15-mer SWI/SNF complex is dysregulated and/or houses mutations in its respective
subunit genes in 20% of all cancers.16,17 SWI/SNF specifically catalyzes ATP-dependent
chromatin remodeling through sliding or ejection of nucleosomes from the DNA.18
Prensner et al. observed direct binding between SWI/SNF and SChLAP1 via RNA
immunoprecipitation (RIP), specifically with the SMARCB1 subunit (also known as SNF5
and INI1), resulting in genome-wide depletion of SWI/SNF from the chromatin. While
follow up work from Raab et al. did not recapitulate this global loss in SMARCB1
genomic occupancy, SChLAP1 still bound to SMARCB1 and altered chromatin
accessibility at a subset of genomic sites, with motifs at these sites being enriched for
known SWI/SNF interactors or pathways.19-21 Raab et al. proposed that SChLAP1 may
function in a SWI/SNF-independent manner, yet additional studies in lncRNA:SWI/SNF
recognition observed crucial interactions in both healthy and disease states.22-30
Elucidating the sequence- and/or structure-function relationships in SChLAP1
lncRNA relative to aggressive prostate cancer is critical to both our understanding of
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prostate cancer metastasis and of the potential of SChLAP1 as a therapeutic target.
Toward this goal, preliminary unpublished work from Sahu et al. revealed that a deletion
of 250 nucleotides (n.t.), from position 1001-1250 of SChLAP1 isoform 1 (1,436 n.t.),
inhibited SChLAP1-driven invasion and the formation of a SWI/SNF complex.31 These
results suggested that inhibition of SChLAP1:SWI/SNF complexation by removing a
sequence and/or structure specific to this region (termed D5) reduced the invasive
cancer phenotype.
We herein report first insights into the role of sequence and structure in
SChLAP1. First, we found that specific exons within SChLAP1 are highly conserved
across non-human primates. We then completed in vitro secondary structural analysis of
SChLAP1 isoform 1 WT and D5 via selective 2′-hydroxyl acylation analyzed by primer
extension and mutational profiling (SHAPE-MaP)32,33 to identify an evolutionarily
conserved putative independent folding domain, SChLAP1Frag, which exhibits changes in
chemical reactivities via ΔSHAPE consistent with protein association. We show that
while global SChLAP1 secondary structure may change in response to purification
method and magnesium concentration, SCHLAP1Frag secondary structure is unperturbed
in these varying conditions, supporting the presence of a functionally critical structure.
As the first detailed biochemical and structural analysis of SCHLAP1, this work proposes
an important functional role of SChLAP1Frag in SChLAP1:protein recognition and the
metastatic phenotype.
Results
Sequence alignments reveal potentially functional regions of SChLAP1
Highly structured RNA motifs within viruses, bacteria, and human endogenous
transcripts are indicative of critical functional motifs and are well conserved across
evolution.34-37 We ran nBLAST on the entire SChLAP1 WT isoform 1 sequence to look
for critical sequences of SChLAP1 across other species. This returned 14 non-human
primate sequences with >85% sequence conservation (Fig. 1), all of which are predicted
to be non-coding RNA but have no documented functional annotation to date. In gorilla
and chimpanzee, our two closest primate relatives with a putative SChLAP1 homologue,
these sequences are also located on chromosome 2. Alignments of these sequences
with all seven human SChLAP1 isoforms indicated higher conservation for some exons
over others. In particular, exons 1, 2, and 7 show the strongest conservation across all
species and isoforms, supporting their functional importance. The D5 region found
critical to metastasis by Sahu et al. is housed within exon 7.31 Covariation analyses
performed using R-scape showed no significant differences among all 14 sequences, in
line with the high level of sequence conservation (Fig. S1). Although the temporal
proximity in evolution limits our ability to perform covariation analyses, these data
support the claim that certain exons may be crucial to SChLAP1’s function in healthy
cells and in disease.
The nBLAST search further identified an interesting sequence alignment
between SChLAP1 exon 1 and ERV-9 LTR U5 in orangutan: the 3′–end of ERV-9 LTR
U5 (~320 n.t.) overlaps with SChLAP1 exon 1 with >90% sequence identity, suggesting
this exon was acquired by retroviral inclusion. Liu and Eiden found that this LTR was
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inserted into the primate genome during evolution between gibbons and orangutans
(~15-18 million years ago) and persisted across evolution through to humans.38 ERV-9
LTRs are currently only found in the primate genome and could explain why SChLAP1
homologs are not found in lower, non-primate species in our search. This hypothesis is
further supported by the fact that a greater number of lncRNAs are observed in higherorder species.39
We then mined existing data sets for evidence that the lncRNA SChLAP1
regulates gene expression via scaffolding chromatin modifying protein complexes.
Evidence for differential SNF5 chromatin binding between RWPE cells overexpressing
SChLAP1 or LacZ is supported by chromatin immunoprecipitation (ChIP) experiments
reported by the Prensner et al.15 We filtered through the corresponding SChLAP1
depletion microarray dataset for genes that overlap with the ERV-9-derived exon 1 on
chromosome 2 – the SChLAP1 gene locus location – to identify potential cis-regulatory
roles and then focused on the top 100 genes with >95% sequence alignment. This
analysis returned eight protein-coding genes on Chromosome 2 (Fig. S2). The
microarray data deposited by Prensner revealed that lower levels of SChLAP1 caused
dysregulation of both PTPRN (downregulated) and NPHP1 (upregulated) proteins.15
Likewise, Raab et al.’s ChIP-seq data found SWI/SNF subunits SMARCB1, SMARCA4,
and SMARCA2 cross-linked to regions adjacent to PTPRN and NPHP1 genes.19
NPHP1, or nephrocystin 1, plays a regulatory role in cell polarity and maintains epithelial
cell-cell junctions.40 PTPRN, or protein tyrosine phosphatase receptor type N (also
known as IA-2), is a member of the PTP family of proteins involved in cell growth,
differentiation, and oncogenic transformation.41 According to The Protein Atlas
(www.proteinatlas.org), PTPRN is dysregulated in glioma, a cancer where SChLAP1
over-expression was previously reported.42 The normal functions of these proteins, and
their potential dysregulation by SChLAP1, would be supportive of the metastatic
phenotype seen with SChLAP1 over-expression in a clinical setting.
SChLAP1-mediated regulation of transcription via chromatin binding is also
supported by a recent study by Huang and Tang, which found that SChLAP1 promoted
the binding of EZH2 and DNMT3a to the promoters of several tumor-suppressing
miRNAs, reducing their expression.43 Interestingly, Huang and Tang found that miR-145
had reduced chromatin accessibility upon SChLAP1 overexpression in the RWPE-1 cell
line, although SWI/SNF binding was still observed at this site.19, 43 Overall, these
analyses support chromatin recognition as a potential mechanism for SChLAP1 function
in both a normal and disease state.
Identification of in vitro structure and protein-binding sites within SChLAP1 by SHAPEMaP
We next set out to elucidate the in vitro structure of SChLAP1 and to identify
important structures in the transcript. We performed in vitro SHAPE-MaP of SCHLAP1
isoform 1 (SChLAP1 WT; Fig. 2A) to produce the first experimentally informed
secondary structure model of SChLAP1. We chose the SHAPE reagent 5NIA for
consistency with downstream in cellulo work as it has enhanced cell permeability
compared to other SHAPE reagents and precedence for use in prostate cancer cells.44
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We used a semi-native purification in vitro protocol, where heat denaturing or harsh
buffer exchanges are avoided, as this approach was previously found to maintain a
homogenously-folded RNA compared to denaturing protocols.45
The resulting structure models were generated using the SHAPEMapper
(v.2.1.5)46 and SuperFold47 pipelines. A varied combination of secondary structures and
single stranded regions are observed across the length of the transcript. For example, at
the 5’-end of SCHLAP1 WT (1-155 n.t.) we see a four-way junction (4WJ), a structural
motif known to function as a protein scaffold in other RNA classes.48 We also observe a
large central loop structure (828-871 n.t.) and a highly extended stem loop structure
towards the 3′–end (935-1137 n.t.). SHAPEMapper analysis did not identify any
pseudoknots. The program G4Hunter predicted G-Quadruplexes (GQs) within
SCHLAP1, including the D5 region (Fig. S3), which may play a functional role in protein
recognition.49 We also observed a lack of chemical reactivity in a poly(A) stretch of
SChLAP1 WT (1088-1104 n.t.), consistent with work from Kladwang et al., where
chemical modifications in poly(A) regions are bypassed by reverse transcriptases.50 We
accounted for this in our structural models for full-length and SChLAP1Frag (reported
below) by manually setting these nucleotides as undefined in the input .map file for
Superfold and ΔSHAPE.
RNA structural elements that are 1) highly structured (low SHAPE reactivity) and
2) well-determined (low Shannon entropy), i.e. low shape/shannon (lowSS) regions,
were initially characterized in HIV-1 genomic RNA for significant enrichment in
previously unknown functional roles.33 This metric has since been used to identify
functional regions, including in the Dengue virus RNA genome51 and XIST lncRNA.52 In
our SChLAP1 model, we identified two major lowSS regions: the 5′–end of the transcript
(approximately 1-480 n.t.) and between approximately 1000-1050 n.t at the 3′–end (Fig.
2A). The 5′–end region corresponds to exons 1 and 2, and the 3′–end region
corresponds to exon 7 within the D5 region. Thus, the most robustly conserved exons
within SChLAP1 all contain lowSS regions, further supporting their functional
significance.
We next performed in cellulo probing to identify putative protein binding sites
within SChLAP1 by comparing the reactivity data to the structure model generated
above, a method that has yielded insights into protein binding for multiple other lncRNAs
to date (Fig. 2B).52-57 This was performed in the LNCaP prostate cancer cell line, which is
derived from supraclavicular lymph nodes,58 has high SChLAP1 expression,15 and a
known metastatic phenotype. Multiple aspects of the minimum free energy (MFE)
structure are consistent in cellulo as in vitro, namely the 4WJ, large loop structure, and
extended stem loop structure. These results supported the assumption that changes in
in cellulo SChLAP1 structure due to protein binding would be reflected by localized
changes in nucleotide reactivity as opposed to global changes in RNA structure.44 In
cellulo reactivity profiles were quantitatively compared to in vitro reactivity profiles using
ΔSHAPE, and nucleotides that showed significant reductions in in cellulo reactivity as
compared to in vitro were considered candidate protein binding sites.
The majority of in-cell protections (111/114 instances) identified by ΔSHAPE
were within exons 1, 2, and 7 (Fig. 3A), further supporting the functional significance
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inferred from phylogenetic analysis (Fig. 1) and the presence of lowSS regions. Within
exon 1, many in-cell protections are localized to the aforementioned 4WJ immediately
adjacent to the 5′–end of the transcript (Fig. 3B). This finding is consistent with the
potential role for exon 1 in chromatin recognition, which may induce similar protections
as protein binding. In-cell protections in SChLAP1 exon 2 are consistent with recent
work from Ji et al., wherein they observed binding between SChLAP1 exon 2 and
HNRNPL, which facilitated activation of the NF-κB pathway in glioblastoma.42 Within
exon 7, the D5 region shows particularly abundant in-cell protections (Fig. 3B), further
supporting its role in protein binding and potentially the metastatic phenotype as
proposed by Sahu et al.31
SChLAP1 is sensitive to preparation and magnesium concentration
We proposed that the in vitro structure model presented above is a
physiologically relevant structure through the use of native RNA folding and
physiological magnesium concentrations. To evaluate this assumption, we performed
parallel analyses of in vitro SChLAP1 under different purification methods and
magnesium concentrations.45 Comparison of the SChLAP1 WT Native versus heat
denatured and reannealed (Annealed) samples across the three different magnesium
concentrations revealed varying structural landscapes (Fig. 4A and Fig S4). Correlation
coefficients were calculated between all conditions, i.e. Native and Annealed SChLAP1
WT at 0, 5, and 20 mM magnesium (Fig. S4A). For Native SChLAP1, altering the
magnesium concentration did not globally impact the structure, as the correlation
coefficients between each natively-folded condition are high (over 0.7). However,
reannealing results in significant perturbation of the structure, as demonstrated by
significant reduction in correlation coefficients between Native and Annealed SChLAP1.
This result is also reflected through significant changes in the arc diagrams in the
Annealed samples (Fig. 4A), as well as alterations in the MFE structures from these
experiments. Interestingly, incubation in 20 mM magnesium after reannealing shows
higher correlation coefficients to natively folded SChLAP1, though alterations in the arc
diagrams are again observed.
Surprisingly, four of these six WT structures did not meet the chemical probing
reactivity threshold (8%). This threshold is documented in the SHAPEMapper workflow
as empirically established, and failure to meet this threshold is presumed to mean that
the RNA is highly structured.59 Both of the two passing structures were from nativelypurified SChLAP1, suggesting that the annealing process forms an RNA that is less
prone to chemical probing as compared to the native preparation. This result is
consistent with observations from the Weeks group, where reannealing of Dengue virus
genomic RNA resulted in a higher proportion of nucleotides with low SHAPE reactivity.51
Indeed, ΔSHAPE analysis of Native versus Annealed for all three magnesium
concentrations revealed localized differences in chemical reactivities and supports that
the reannealing process introduced structures not present in the native-purified samples
(Fig. 4B)..
We then explored the role of magnesium concentration on transcript structure
using ΔSHAPE. We identified regions of SChLAP1 that had significant changes in
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SHAPE reactivity between 0 and 5 mM magnesium, suggesting that magnesiumdependent structures occur in physiologically-relevant concentrations (Fig. S5). Of note,
a region at the 3′–end of the transcript (1,235-1,285 n.t), shows significant protection in
the presence of 5 mM magnesium. While these changes in reactivity do not distinguish
between direct magnesium binding or through-space base pairing induced by
magnesium, these findings support that magnesium plays crucial roles in particular
SChLAP1 regions.
Altogether, our findings from ΔSHAPE comparison of the different preparations
and magnesium concentrations support that the SChLAP1 WT Native preparation is the
most relevant for our studies, and that magnesium plays an important role in local
secondary structures. Moving forward in our analyses, we thus decided to focus on
comparison of WT and D5, as well as eventual in cellulo analyses, with only nativelyfolded RNA.
Removal of the D5 Region does not globally perturb SChLAP1 folding
With evidence for structure in the D5 region, we investigated if removal of this
region i.e. Deletion 5 construct (D5), results in global changes in chemical probing
reactivity. A global change in chemical reactivities as compared to WT would suggest
that this region impacts the global folding of SChLAP1, whereas similar reactivities
would suggest that the observed change in phenotype can be localized to a D5 region
structure. We thus performed SHAPE-MaP on the SChLAP1 D5 transcript. The
transcript was natively purified in an identical manner to SChLAP1 WT and also
incubated in several magnesium concentrations before probing to evaluate magnesium
responsiveness. Notably, the 4WJ and large loop structure identified in the WT construct
persist in the D5 construct. The sequence of the 3’-extended stem loop structure is
deleted in the D5 mutant. We completed ΔSHAPE analysis of the first two amplicons (1903 n.t.) for Native versions of WT and D5 at all three magnesium concentrations, with
the hypothesis that we would see a large change in the first two amplicons if removal of
the D5 region caused significant structural perturbation across the transcript. For 0 and 5
mM magnesium conditions, we observed minor alterations in reactivity for respective WT
versus D5 mutants and most alterations were located at open loops or did not
significantly impact the predicted structure, e.g. a reactivity change on one side of a
stem not reciprocated on the other side of a stem structure. Significant differences,
however, were observed at 20 mM magnesium. We calculated correlation coefficients
for the first two amplicons of WT and D5: In 0 mM and 5 mM magnesium, the correlation
coefficients were 0.69 and 0.65, supporting the similarities in these structures (Fig. S6).
For comparison, a study by Frank et al. considered a correlation coefficient of
approximately 0.70 to be robustly similar when comparing several probing experiments
of the lncRNA GAS5.57 In support of our ΔSHAPE analysis, correlations dropped to 0.43
in the presence of 20 mM magnesium (Fig. S6).
Collectively, these data indicate that structural rearrangements at the 3′–end of
the transcript due to the 250 n.t. deletion do not induce long-range secondary structure
rearrangement, and, more broadly, that the phenotypic change seen with the D5 mutant
as compared to the WT can be localized to the absence of specific RNA structures at the
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3′–end. While this work does not rule out the possibility of long-range tertiary structures
or structural rearrangement within SChLAP1, it supports the requirement of D5–localized
secondary structures for protein recognition and metastasis.
SChLAP1Frag forms a stable structure insensitive to preparation or magnesium
concentration
We investigated the exon 7/D5 region for specific structural features that might
be responsible for protein recognition based on the data above, namely that: 1) exon 7 is
highly conserved across human and non-human primates (Fig. 1); 2) ΔSHAPE data
support protein binding within exon 7 (Fig. 3); and 3) the previous deletion study
supported the role of exon 7 in SWI/SNF recognition. In the arc diagrams for full-length,
natively purified SChLAP1 (Fig. 2A), we observed that the D5 region (1000-1250 n.t.)
appears to be participating in a longer-range structure encompassing the last
approximately 500 nucleotides of SChLAP1. Using RNAStructure,60 we observed a
robustly predicted structure within exon 7 ranging from 949-1428 n.t. This region, termed
SChLAP1Frag, was independently transcribed and subjected to chemical probing in the
same manner as in vitro SChLAP1 WT.
The overall architecture for natively-prepared 5 mM magnesium SChLAP1Frag is
consistent with the structure of this region within the full-length transcript prepared in the
same conditions (Fig. 5A). We note that the predicted probabilities of the base-pair arcs
are higher in SChLAP1Frag than in these nucleotides for full-length SChLAP1 WT and
hypothesize that this might be due to the disruption of several poorly predicted, longrange base pairing interactions, thereby allowing localized base pairs to more stably
form in the context of the fragment.
We next compared the raw reactivities between SChLAP1Frag and these
nucleotide coordinates in SChLAP1 WT as a way to evaluate nucleotide environment
similarity. Across all preparations and magnesium concentrations, the Spearman
correlation between the fragment and Native WT transcript was consistently ~0.7,
suggesting a strong correlation between these chemical reactivities (Fig. 5B). This
finding suggests that the structure of SChLAP1Frag is highly similar to the same sequence
found within the context of the natively purified, full-length SChLAP1. These correlations
drop precipitously when SChLAP1Frag is compared to reactivities in Annealed WT,
suggesting that thermal denaturation of the full-length transcript disrupts the folding of
this region.
We next evaluated whether varying magnesium and preparation conditions
impacted the structure of SChLAP1Frag as a means to interpret the stability of the
structure and thus its functional importance. We generated a correlation matrix to make
all possible pairwise comparisons between conditions. We observed high correlation
coefficients (Spearman’s ρ>0.9) across all conditions (Fig. 5B), indicating that the
secondary structure of SChLAP1Frag is not significantly impacted by magnesium
concentration or RNA preparation. Overall, SChLAP1Frag is proposed to be a critical
structure module within SChLAP1 that mediates protein binding previously linked to
aggressive cancer.
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Discussion
The study of lncRNA structure-function relationships is of great interest to the
scientific community from both a basic science perspective as well as therapeutic one.
While three-dimensional analysis of lncRNA structure by methods such as x-ray
diffraction (XRD), nuclear magnetic resonance (NMR), and cryo-electron microscopy
(cryo-EM) are limited, in large part due to lncRNA size and conformational dynamics,61
chemical probing methods such as SHAPE-MaP combined with phylogenetic analyses
have provided insight into these large biomolecules.62-64 Importantly, these chemical
probing methods have often informed and/or reproduced three-dimensional structure
findings and even expanded upon them as seen in with rRNA65 and XIST.66 Our
phylogenetic analyses and chemical probing studies have produced the first secondary
structure model of the lncRNA SChLAP1, which serves as a foundation for further
biochemical and biophysical analyses.
Comparison of SChLAP1 human and non-human primates sequences revealed a
high degree of sequence conservation, particularly among exons 1, 2, and 7. These
regions exhibited well-conserved secondary structures in SChLAP1 WT indicating their
importance in SChLAP1 function, although the normal function of SChLAP1 remains
unknown. Analysis of SChLAP1 exon 1 indicates this sequence was recently
incorporated into the human genome via endogenous retrovirus 9 (ERV-9) insertion,
specifically to lncRNA genes, prior to humans splitting off from orangutans.67 This
insertion was recently shown to be important for lncRNA activity as Alfeghaly et al.
reported the ERV-dependent trans activity of ANRIL.68 Comparative analysis of
SChLAP1 via chemical probing indicated reduced reactivity in exon 1 in prostate cancer
cells versus in vitro. While it is generally accepted that lower chemical reactivity in cellulo
as compared to in vitro indicates an RNA:protein interface, this could also indicate an
RNA:DNA interface as lncRNA:DNA hybridization is a known lncRNA function. While
follow up experiments are needed, we hypothesize that ERV-derived exon 1 may serve
as a chromatin recognition element for SChLAP1 to localize to specific chromosome 2
genes, perhaps through RNA:DNA sequence-specific hybridization.
Comparative analysis of SChLAP1 in prostate cancer cells also supported
protein binding in evolutionarily conserved exon 7. The recognition sites identified here
are in agreement with previous studies that have characterized SChLAP1-protein
interactions. In particular, our work aligns with the Sahu et al. deletion studies31 as well
as other work that has uncovered functional roles for RNA:SWI/SNF recognition22-30 in
spite of noted promiscuous binding for SWI/SNF.22, 28, 30 Additionally, we found that a
structured fragment within exon 7 (SChLAP1Frag), which contains multiple putative
protein bindings sites, forms a remarkably stable and context-independent structure.
Furthermore, structures within SChLAP1Frag were similar to predicted structures
identified by Wu et al. to be important in recognition of SNF5 by another lncRNA, StemCell Derived Angiogenic lncRNA (SCDAL).69 The structure-dependent recognition yet
modestly promiscuous binding of RNA by SWI/SNF warrants further investigation and
would be consistent with other chromatin remodeling complexes such as PRC2.70
While we considered the structure of natively folded SChLAP1 in 5 mM
magnesium as the most physiologically relevant structure based on literature
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precedence,45 we explored denaturing preparations and other magnesium
concentrations to observe how methods commonly used in the field could impact
SChLAP1 structure. Significant changes in SHAPE reactivity were observed between 0
and 5 mM magnesium, supporting the formation of magnesium-dependent structures at
physiologically relevant concentrations. Additional alterations in chemical reactivity are
observed at 20 mM magnesium as compared to 5 mM magnesium. While 20 mM is
significantly higher than physiological concentrations, these results suggest that
magnesium concentration plays important roles in chemical probing experiments and
that a magnesium screen should be completed for all in vitro chemical probing
experiments, as has been previously suggested by the Pyle lab.45
In previous work, native purification was found to be necessary for homogenous
isolation of the lncRNA HOTAIR.63 In our work, we found that reannealing full-length
SChLAP1 also results in structural rearrangement of the RNA (Fig. 4). In contrast, the
structure of SChLAP1Frag appears unaffected/unperturbed by denaturing preparation.
This method allowed us to identify a structurally robust element of SChLAP1 that is likely
important for protein recognition and will be more amenable to downstream biophysical
analyses, including X-ray crystallography or cryo-electron microscopy.
In conclusion, we observe that SChLAP1 has a complex secondary structure
around which multiple lines of evidence support relationships between structured regions
and functional roles, including evolutionary conservation, deletion studies, chemical
probing, and fragment folding analysis. Additionally, our work identifies SChLAP1Frag as
a tractable proxy for screening inhibitors of RNA:protein complexation. We believe that
the insights developed here will facilitate both fundamental understanding of prostate
cancer progression and the development of specific therapeutic strategies against
SChLAP1.
Methods
Cell culture. LNCaP cells were obtained from the Duke University Cell Culture Facility
and were strain and mycoplasma tested. Cells were grown in RPMI 1640 media (Gibco)
with 10% fetal bovine serum (FBS, Gibco) at 37°C in a humidified atmosphere with 5%
CO2. All experiments were performed on cells less than 20 passages before retrieving a
fresh vial from cryopreservation.
DNA Template and Primers. All oligos were purchased from Integrated DNA
Technologies (IDT). The full-length sequence for the SChLAP1 isoform 1 wild-type (WT)
and Deletion #5 (D5) sequences were inserted downstream of a bacteriophage T7
polymerase promoter and upstream of the BAMHI restriction site. We scaled up plasmid
growth and purification via transformation into NEB5α competent cells (New England
Biolabs, USA) following manufacturer’s instructions and selection LB agar plates with
ampicillin (100 µg/mL final) for overnight growth at 37˚C. A single colony was propagated
in LB broth with ampicillin selection and plasmids were isolated using the Qiagen
Plasmid Kit. Successful insertion of the remaining adenosine was confirmed via Sanger
Sequencing (Eton Biosciences) using the T7 promoter for primer binding. The plasmid
was linearized using BAMHI-HF (New England Biolabs, USA) following manufacturer
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protocol. Linearized plasmid was purified using Qiagen DNA Mini Kit. For SChLAP1Frag,
primers were designed for to create a transcription-suitable template from the full-length
SChLAP1 template, where the forward primer contained a T7 polymerase promoter
overhang. See SI Table 1 for sequence information. PCR reactions were performed
using Q5 High-Fidelity DNA polymerase (New England Biolabs, USA). The following
thermocycler settings were used: 1 cycle, 98 ˚C for 45 seconds; 30 cycles of: 98 ˚C for
10 seconds, Tann ˚C for 30 seconds, 72 ˚C for 15 seconds; 1 cycle of 72 ˚C for 5
minutes; hold at 4-10 ˚C (see SI Table 1 for Tann temperature for individual sequences).
DNA was purified using Zymo DNA Clean and Concentrator (5).
In Vitro Transcription. In vitro transcription for SChLAP1 Isoform 1 WT, SChLAP1 D5,
and SChLAP1Frag were completed following the procedure from Adams et al. with some
modifications.45 T7 RNA polymerase was a generous gift from Blanton Tolbert’s lab
(Case Western). No RNase inhibitor was used in any of the steps. IVT of these
constructs was performed by mixing: 200 µL 10X Transcription buffer (400 mM Tris HCl
pH 8.0, 100 mM NaCl, 120 mM MgCl2, 20 mM spermidine, 0.1% Triton X-100), 200 µL
rNTPs (25 mM equimolar mix), 25 µL T7 RNA polymerase, 25 µL Yeast Inorganic
Pyrophosphatase (YIPP, 2 kU/mL, New England Biolabs, USA), 50 µg PCR-amplified
DNA template; 100 µL molecular biology grade DMSO (5% final for SChLAP1 WT and
SChLAP1 D5), and nuclease-free water up to 2 mL. This mixture was aliquoted into 1.5
mL Eppendorf tubes at 500 µL each and incubated at 37 ˚C for 2-4 hours. DNase I,
Proteinase K treatments, and RNA concentration were followed as outlined in Adams et
al. Following concentration with 100 kDa MWCO Amicon filter to a final volume of 1 mL,
size exclusion chromatography was performed at room temperature using Bio-Rad NGC
FPLC. A Cytiva (formerly GE Healthcare) HiPrep Sephacryl 16/60 S-500 column was
used for SChLAP1 WT and SChLAP1 D5, and Bio-Rad ENrich™ SEC 650 24
mL column was used for SChLAP1Frag. An isocratic method was employed using 1X
filtration buffer (FB; 50 mM K-HEPES, pH 7.5, 150 mM KCl, 100 µM EDTA pH 8.0). Prior
to use, columns were washed with 3 column volumes (CV) of 1:1 RNase ZAP (Ambion)
followed by 3 CV nuclease-free water (DEPC-treated MilliQ water), and finally
equilibrated with 3 CV 1X FB. Flow rates were between 0.5–0.75 mL/min and 0.5 mL
fractions were collected. RNA peaks were monitored using UV255 absorbance. For WT
and D5, the largest absorbance of the product peak and two surrounding fractions were
used for downstream experiments. For SChLAP1Frag, one fraction gave sufficient RNA
quantities for probing. Nanodrop and/or Qubit confirmed RNA concentration and the
RNA sample, and purity was verified using agarose gel electrophoresis before
proceeding.
SHAPE Chemical Probing. For the semi-native purification (“Native”), RNA from the
FPLC was maintained at room temperature prior to magnesium addition. For
denaturing/re-annealing (“Annealed”), RNA from the FPLC was incubated at 95 ˚C for 3
minutes and placed on ice for 10 minutes before addition of magnesium. 5NIA
(Astatech) was dissolved into anhydrous DMSO and were prepared immediately prior to
use to limit oxidation.
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SChLAP1 WT and SChLAP1 D5 were typically purified by SEC at approximately
at ~90 ng/µL for all probing reactions and were diluted with 1X FB if necessary to
achieve this concentration. Following either prep, 2.5 µL of 10X magnesium
concentration was added to 20 µL of ~90 ng/µL RNA for a total of 22.5 µL. These
reactions were then incubated at 37 ˚C for 30 minutes. Following this incubation, 5NIA in
DMSO was added to each reaction, flicked to mix, and incubated at 37 ˚C for 10
minutes. At 10 minutes, each reaction was quenched by adding 33% final volume BME
(Sigma-Aldrich) and placed on an ice block pre-chilled to -20 ˚C. Prior to ethanol
precipitation, Sephadex G-50 columns (GE Healthcare) were used to remove the
hydrolyzed 5NAI reagent following the manufacturer instructions.
RNA Reverse Transcription. To facilitate sequencing of full-length SChLAP1, reverse
transcription was performed using four unique primer sets, which generated four
overlapping amplicons. Specifically, each amplicon was no more than 600 base-pairs in
length and had a 100 base-pair overlapping window with the neighboring fragments.
Sequences for all primers can be found in SI Table 2. For reverse transcription of
SChLAP1 WT or SChLAP1 D5, 1 µg of RNA was diluted into 16 µL of nuclease-free
water, such that 250 µg RNA went into each RT reaction. To each reaction, 1 µL 1 µM
respective primer was added and incubated at 65 ˚C for 5 minutes before the reaction
was placed on ice. Then, 8 µL of 2.5X MaP Buffer was added and incubated at 42 ˚C for
2 minutes before addition of 1 µL SuperScript II Reverse Transcriptase (ThermoFisher)
and incubation at 42 ˚C for 3 hours. Samples were heat inactivated at 70 ˚C for 15
minutes.
Library Preparations
Self-made Libraries. These separate reactions were then processed using the Smola et
al two-step PCR reaction to add on Illumina primers following the amplicon workflow
(see Appendix A for primer information). Samples were individually quantified and
diluted to 2 nM each using the High Sensitivity (HS) DNA kit for the Qubit
(ThermoFisher) before submitting to the Duke University School of Medicine Sequencing
and Genomic Technologies Shared Resource. Samples were pooled on a MiSeq
Reagent Kit v2 Nano (2 x 150 bp), and loaded on a MiSeq Illumina sequence per
manufacturer’s instructions.
In Cellulo Chemical Probing. Probing was performed as previously published.
Specifically, LNCaP cells were plated at 5 x 105 cells per well in a 6-well plate and grown
for approximately 2 days. The day of the experiment, cells were washed with 1 mL PBS
(Geneclone), and 900 uL complete media was added to each well. To control wells, 100
uL anhydrous DMSO (Invitrogen) was added to the well. For treatment wells, 100 uL of
freshly-prepared 250 mM 5NIA was added. Gentle swirling was used to evenly distribute
the SHAPE reagent. The reactions were incubated in an incubator at 37 ˚C for 15
minutes. Media was removed, and cells were washed with 1 mL warm PBS. Total RNA
from each reaction was extracted with TRIzol reagent and resuspended in 88 µL
nuclease-free water. The solutions were treated with TURBO DNAse for 30 minutes at
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37C and thereafter purified using RNA Clean/Concentrator 25 columns (Zymo). Reverse
transcriptions contained at least 0.75 µg of cellular RNA and were performed in the
presence of 2M betaine. cDNA were purified with Agencourt RNAClean XP beads
(Beckman Coulter). Some samples were further purified by ethanol precipitation. dsDNA
was generated via PCR using Q5 high-fidelity polymerase using with 12-18 amplification
cycles. PCR products were gel-purified using 1% or 2% agarose E-gels (Invitrogen) and
Zymoclean Gel DNA Recovery Kit (Zymo). Eluted product was quantified with Qubit
dsDNS HS assay. Samples were individually diluted and quantified to 2 nM each using
the High Sensitivity (HS) DNA kit for the Qubit (ThermoFisher) before submitting to the
Duke University School of Medicine Sequencing and Genomic Technologies Shared
Resource. Samples were pooled using the MiSeq Reagent Kit v3 (2 x 300 bp) and
loaded on a MiSeq Illumina sequencer per manufacturer’s instructions.
Bioinformatics Pipeline. SHAPE reactivity profiles, error estimates, mutation counts, and
sequencing depths were obtained using the ShapeMapper pipeline (v 2.1.5) developed
by the Weeks lab (UNC-Chapel Hill). All default parameters were used. Samples were
filtered at ≥1,000 nucleotide read depth. Amplicons for a single transcript, i.e. SChLAP1
WT or D5, were manually concatenated, where overlapping chemical reactivity regions
were averaged within a single treatment condition to produce a final .map file. This final
.map file was then submitted to SuperFold for secondary structure prediction, basepairing probability, and Shannon entropies. These final .map files were also used in
ΔSHAPE calculations using default parameters to produce ΔSHAPE plots.
Correlation Analyses. Correlation coefficients were calculated in Graphpad Prism
Version 9. Before comparison, nucleotides within primer binding sites or undefined
reactivities were removed. If a nucleotide had an undefined reactivity in one SHAPE
profile, it was removed from all reactivity profiles for comparison.
Phylogeny Analysis. Identified or predicted sequences of SChLAP1 in all primates were
aligned using Clustal Omega. All sequences are aligned to hsSChLAP1 isoform 4 as this
contains all available exons. Accession numbers for these sequences can be found in SI
Table 4. Phylogenetic tree was made through Clustal Omega with the following
parameters: guidetreeout: true; dismatout: false; dealign: true; mbed: true;
mbediteration: true; iterations: 0 gtiterations: -1; hmmiterations: -1; outfmt: clustal_num;
order: aligned; stype: rna
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Figure 1. Sequence alignment (Clustal Omega) of all primate genes aligned to human
SChLAP1 isoform 4. Sequences were aligned to human SChLAP1 (hsSChLAP1)
isoform 4 (iso 4) as this isoform contains all exons (top). Brown is overlapping sequence
and red is mutations/deletions. Exons in rainbow order on top correspond to exons in
bottom table. All accession codes can be found in SI Table 4. Bottom shows simplified
exon arrangement.
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A

B

Figure 2. Secondary structure analysis and comparison of SChLAP1 in vitro and in
cellulo. Secondary structure models of (A) SChLAP1 isoform 1 in vitro and (B) SChLAP1
in cellulo. Arc map representing linear secondary structure model with pairing
probabilities. Black plots are chemical probing reactivities and red plots are Shannon
entropy. Purple bars indicate regions of low Shannon entropy.
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20 mM Mg2+
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Figure 3. Influence of preparation (Native versus Annealed) and magnesium concentration on SChLAP1 isoform 1 WT in vitro secondary structure.
Figure
4. Influence of preparation (Native versus Annealed) and magnesium
A) Shows linear secondary structure probabilities for SChLAP1 isoform 1 WT across two different preparations (Native and Annealed) as well as at three
different magnesium concentrations
(0, 5, and 20 isoform
mM). P and F refer
to empirically
derived secondary
threshold for passingstructure.
reactivities in SHAPEMapper
(8%). linear
concentration
on SChLAP1
1 WT
in vitro
A) Shows
B) deltaSHAPE comparison of Native versus Annealed for all three magnesium concentrations, where green bars indicate higher reactivity in Native versus
secondary
structure
probabilities
for
SChLAP1
isoform
1
WT
across
two
different
Annealed and purple bars indicate higher reactivity in Annealed versus Native.
preparations (Native and Annealed) as well as at three different magnesium
concentrations (0, 5, and 20 mM). P and F refer to empirically derived threshold for
passing reactivities in SHAPEMapper (8%). B) ΔSHAPE comparison of Native versus
Annealed for all three magnesium concentrations, where blue bars indicate higher
reactivity in Native versus Annealed and yellow bars indicate higher reactivity in
Annealed versus Native.
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Figure 5. SChLAP1Frag forms a stable structure that mimics natively folded in vitro
SChLAP1. A) Arc diagram of natively folded SChLAP1Frag in 5 mM magnesium (top)
compared to arc diagram of natively folded SChLAP1 WT in 5 mM magnesium. B)
Spearman correlation coefficients for SChLAP1Frag and respective nucleotides in
SChLAP1 WT. Green triangles denote magnesium concentration (0, 5, or 20 mM). N =
native. D = denatured and reannealed.
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