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Abstract

RNA−protein interactions are integral to the regulation of gene expression. RNAs have diverse 
functions and the protein interactomes of individual RNAs vary temporally, spatially, and with 
physiological context. These factors make the global acquisition of individual RNA−protein 
interactomes an essential endeavor. Although techniques have been reported for discovery of the 
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protein interactomes of specific RNAs they are largely laborious, costly, and accomplished singly 
in individual experiments. We developed HyPR-MS for the discovery and analysis of the protein 
interactomes of multiple RNAs in a single experiment while also reducing design time and 
improving efficiencies. Presented here is the application of HyPR-MS to simultaneously and 
selectively isolate the interactomes of lncRNAs MALAT1, NEAT1, and NORAD. Our analysis 
features the proteins that potentially contribute to both known and previously undiscovered roles 
of each lncRNA. This platform provides a powerful new multiplexing tool for the efficient and 
cost-effective elucidation of specific RNA−protein interactomes.

Graphical Abstract
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INTRODUCTION

RNA−protein interactions are crucial to a wide variety of biological processes involved in 
gene expression including transcription, nuclear organization, splicing, and translation.1 The 
highly coordinated interplay between RNAs and proteins is vital to proper cell physiology, 
and its dysregulation causes many human diseases. Knowledge of the RNA-binding 
proteome in normal and diseased states is thus essential to the understanding of RNA 
biology and for the development of efficient therapies.2

Several experimental strategies have been developed for the study of RNA−protein 
interactions.3 Among these are RNA-centric methods, which aim to reveal proteins 
associated with a specific RNA. In vivo RNA-centric approaches, like ChIRP-MS 
(comprehensive identification of RNA binding proteins by mass spectrometry),4 CHART-
MS (capture hybridization analysis of RNA targets and mass spectrometry),5 and RAP-MS 
(RNA antisense purification and mass spectrometry)6 have become gold standards in the 
field because of their ability to reveal RNA-interacting proteins under specific 
spatiotemporal and biological contexts. The commonalities among these in vivo strategies 
include the exposure of cells to a protein−RNA cross-linker, capture of the target RNA by 
specific biotinylated capture oligonucleotides and, after elution, identification of the RNA-
associated proteome by mass spectrometry.7 These technologies have been used to identify 
the interacting proteomes of MALAT1, NEAT1, and Xist lncRNAs in various cell types.4–6 
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However, several unaddressed challenges with these technologies reduce their widespread 
application, including (a) capture oligonucleotide design limitations and (b) costly and labor-
intensive procedures.2

Long noncoding RNAs (lncRNAs) are transcripts compris-ing 200 or more nucleotides that 
do not encode a protein product. Over the last two decades, lncRNAs have increasingly been 
studied for their role in cancer development and progression.8 In particular, the 
dysregulation of lncRNAs MALAT1 and NEAT1 has been observed in a large spectrum of 
cancers, including prostate cancer.9–12 Both MALAT1 and NEAT1 are abundant, 
ubiquitously expressed, and nuclear-localized.5, 13,14 MALAT1 (metastasis-associated lung 
adenocarcinoma transcript 1) is 8.7 kilobases (kb) in length and is an active regulator of 
alternative splicing through association with protein factors such as SRSF1, SC35, and 
SRSF3.13 It also interacts in a tissue-specific manner with other nucleic acids and proteins 
such as TDP-43 and AGO2 to control various aspects of gene expression, cell growth, 
synapse formation, and the cell cycle.13,15 NEAT1 (nuclear enriched abundant transcript 1; 
3.7 kb in length) is a necessary component of paraspeckles, and its removal results in the 
disintegration of this nuclear body.16 It is essential for paraspeckle biogenesis, interacting 
with known paraspeckle components such as NONO, SFPQ, and PSPC1, among other 
proteins.10,14 While the function of paraspeckles is unclear, they have been shown to be 
involved in cell differentiation, alternative splicing, and the cellular response to stress 
through sequestration of transcripts and proteins.17–20 NEAT1 also acts independently of 
paraspeckles, regulating microRNA levels and epigenetic gene expression by sequestering 
RNAs using sponge-like activity, and through direct interaction with the chromatin.10

NORAD (noncoding RNA activated by DNA damage), or LINC00657, is 5.3 kb in length 
and is a highly expressed lncRNA in many cancers and ubiquitously present in normal 
tissue, suggesting a relevant cellular function.21,22 NORAD has been called the “defender of 
the genome” due to its role in the preservation of chromosomal stability; therefore, its 
dysregulation may implicate it in tumorigenesis.23 Several manuscripts also discuss the 
molecular mechanism of NORAD regarding the induction of hypoxia in endothelial cells 
and other stress pathways.24,25 Considering this, elucidation of the NORAD in vivo 
interacting proteome has high potential to be biologically important.23 Currently, the 
documented primary NORAD interactors are the translational regulators Pumilio 1 and 
Pumilio 2 (PUM1 and PUM2).22,24,26 NORAD can act as a molecular decoy for PUM1 and 
PUM2 via several repetitive binding motifs within its sequence allowing the binding of at 
least 15 Pumilio proteins per molecule. Several other NORAD interactors, such as XRN2, 
IGF2BP1/2/3, and PABPN1, have been hypothesized to interact with NORAD based on in 
vitro RNA pulldowns in a human osteosarcoma cell line (U2OS).22 Elucidation of the in 
vivo interactome can be used to confirm these hypothesized NORAD interactors and expand 
the breadth of knowledge regarding its biological function.

In the present work we describe HyPR-MS (hybridization purification of RNA−protein 
complexes followed by mass spectrometry)27 as a multiplexed in vivo RNA-centric method 
and apply it to discover, concurrently, the RNA−protein interactomes of three lncRNAs in 
the human prostate cancer cell line, PC3.28 Briefly, HyPR-MS utilizes biotinylated capture 
oligonucleotides specifically complementary to RNAs of interest to capture the target RNA
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−protein complexes from formaldehyde-cross-linked PC3 cell lysate. Following isolation of 
the capture oligonucleotide-target RNA hybrid using streptavidin-coated magnetic-beads, 
the RNA−protein complex is released from the beads using a sequence-specific release 
oligonucleotide strategy that permits selective release and isolation of multiple RNA targets 
from a single lysate sample. The proteins associated with the RNA target are purified, 
trypsin digested, and analyzed using mass spectrometry (Figure 1). Here, HyPR-MS is 
applied to identify the protein interactomes of three lncRNAs, MALAT1–001 (specifically, 
the full-length variant), NEAT1, and NORAD in PC3 cells. The functions and interacting 
proteins of MALAT1 and NEAT1 have been the subjects of several studies using various cell 
lines and therefore serve here, in part, as controls for evaluating the performance of the 
HyPR-MS technology. However, while many RNA−protein interactions may be common 
between different cell and tissue types, many may also be different due to variations in 
cellular contexts or in lncRNA, protein, and proteoform expression.13,29–31 An additional 
feature of HyPR-MS is the ability to capture specific RNA splice variants. Only one splice 
variant of the 17 known variants of MALAT132 is targeted here, allowing for the assignment 
of the protein interactome to only the full length MALAT1–001 transcript (hence forward 
referred to as only MALAT1). Using HyPR-MS, 127, 94, and 415 interacting proteins were 
identified for MALAT1, NEAT1, and NORAD, respectively. Of these proteins, several have 
been previously identified; these include SRSF and PRPF proteins for MALAT1,9,33 NONO 
and SFPQ for NEAT1,34 and PUM1 for NORAD.22,24 The efficacy of HyPR-MS is further 
demonstrated by the discovery of many novel interactors with functions relating to 
documented features of their associated lncRNAs, including several histone modifiers and 
transcriptional regulators found to interact with MALAT1 and regulators of gene expression 
associated with NORAD. The novel design workflow of HyPR-MS achieves high efficiency, 
specificity, and multiplexing capability, and the results shown here demonstrate the ability of 
HyPR-MS to discern the unique protein interactomes of multiple RNA species, 
simultaneously, from one lysate sample.

EXPERIMENTAL SECTION

Special Considerations for HyPR-MS

All solutions used for cell lysis, hybridization, capture, release, and RT-qPCR were prepared 
using certified RNase free components. The amount of lysate, the concentration of capture 
oligonucleotides, and the volume of streptavidin coated magnetic beads needed in each 
capture experiment for identification of proteins interacting with each lncRNA is conditional 
on the number of copies of the target RNA present in the cell culture. The capture 
oligonucleotide concentration and volume of streptavidin coated magnetic beads needed for 
optimal capture efficiency and specificity for each biological replicate were empirically 
determined. To do this, small-scale capture experiments using 5 × 105 cells were performed 
using increasing amounts of capture oligonucleotides and streptavidin coated beads. The 
amount of target RNA captured was then measured using RT-qPCR (as described below and 
in the SI) and the oligonucleotide concentration and bead volume producing the highest 
capture efficiency while maintaining a desirable capture specificity was scaled up for the 
large-scale capture experiments. The number of cells needed for a capture experiment for 
protein identification was then estimated and empirically confirmed by mass spectrometry 
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(Figure S1B). For the data presented here, 1 × 108 PC3 cells and 2.8 mL of streptavidin 
coated beads were used for each biological replicate with the capture oligonucleotide and 
release oligonucleotide concentrations as indicated in Table S2.

Capture Oligonucleotide Design

HyPR-MS uses Mfold software35 to predict RNA secondary structure and inform capture 
oligonucleotide design. The folding temperature was set at 37 °C, the same temperature used 
for HyPR-MS hybridization, and nucleotide regions with the highest probability to be single 
stranded in the most thermodynamically favorable structures were considered. Capture 
oligonucleotides complementary to these potentially accessible regions were then filtered 
based on their likelihood to form hairpins, to self-dimerize, and to form heterodimers as 
determined by publicly available software (https://www.idtdna.com/calc/analyzer). Two to 
three capture oligonucleo-tides were chosen for each target (Table S2).

Cell Culture

PC3 prostate cancer cells (ATTC CRL-1435, RRID: CVCL_0035) were cultured in DMEM 
medium containing 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin at 37 °C 
and 5% CO2. Cells were washed twice with phosphate buffered saline (PBS) then incubated 
in 1% formaldehyde for 10 min at room temperature. The formaldehyde was then quenched 
by incubation with 250 mM Tris-HCl buffer (pH 8.0) for 10 min at room temperature. Cells 
were then rinsed with cold PBS twice, pelleted by centrifugation at 1200 rpm for 5 min, and 
flash frozen in liquid nitrogen and stored at −80 °C. PC3 cells originated in a human male 
and were collected from a bone metastatic site. The cell line identity was authenticated by 
the supplier using short tandem repeats.

Cell Lysis

Cells were resuspended on ice in lysis buffer (469 mM LiCl, 62.5 mM Tris HCl, pH 7.5, 
1.25% LiDS, 1.25% Triton X-100, 12.5 mM Ribonucleoside Vanadyl Complex (RVC), 12.5 
mM DTT, 125U/mL RNasin Plus, 1.25× Halt Protease Inhibitors) to a final cell 
concentration of 5 × 106 cells/mL. Cells were lysed by frequent vortexing for 10 min, 
keeping the cells on ice between vortexes. The cell lysate was then sonicated on ice for 24 s, 
with 4 s of rest between each 4 s sonication interval, using a full probe on a Fisher Scientific 
Model 550 Sonic Dismembrator. The median chromatin fragmentation size was verified by 
gel electrophoresis to be approximately 6 kilobases.

Hybridization and Capture

The lysate was diluted with nuclease free water so that the final component concentrations 
for hybridization are as follows: 375 mM LiCl, 50 mM Tris, 1% LiDS, 1% Triton X-100, 10 
mM RVC, 10 mM DTT, 100 U/mL RNasin Plus, 1X Halt Protease Inhibitors. In addition, all 
the lncRNA capture oligonucleotides and the scrambled oligonucleotide (Table S2) were 
added to the diluted lysate and the sample was incubated while nutating at 37 °C for 3 h. The 
predetermined volume of streptavidin coated magnetic Speedbeads (Thermo Fisher 
Scientific, 09981140) was washed 3 times with and resuspended in three volumes of wash 
buffer (375 mM LiCl, 50 mM Tris, 0.2% LiDS, 0.2% Triton X-100) prior to addition to each 
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hybridization mixture. The bead capture mixture was then nutated at 37 °C for 1 h. 
Following incubation, the beads were collected to the side of the tube using a magnet, and 
the remaining lysate was removed. A volume of prewarmed wash buffer that was 5× the 
volume of beads used for capture in the sample was used to resuspend the beads, and the 
beads were washed at 37 °C for 15 min. The beads were then washed with a 5× volume of 
release buffer (375 mM LiCL, 50 mM Tris, 0.1% LiDS, 0.1% Triton X-100) at room 
temperature for 5 min.

Release from Beads

The beads were resuspended in release buffer (a volume 3× that of the beads used for 
capture), and the release oligonucleotides for one lncRNA target were added at an amount 
100× that of their complementary respective capture oligonucleotides (Table S2). The 
mixture was nutated at room temperature for 30 min followed by magnetic separation of the 
beads from the supernatant containing the released RNA−protein complexes. This 
supernatant was transferred to a new tube and divided into aliquots for RT-qPCR and mass 
spectrometric protein analysis. This process was repeated for the release of each lncRNA 
target so that each was released into a separate solution.

RT-qPCR

RT-qPCR was used to estimate transcript copy numbers, capture efficiencies and 
specificities, release efficiencies, and fold enrichments. In general, 40 μL of cell lysate and 
2% of captured and released target RNA−protein complexes were used to make these 
measurements and calculations. Samples were incubated at 37 °C with 1 mg/mL proteinase 
K, 4 mM CaCl2, and 0.2% LiDS. The RNA was extracted with TriReagent (Sigma, T9424) 
per manufacturer’s protocol and was then precipitated in 75% ethanol at −20 °C overnight. 
The tube was then centrifuged at 20,800g to pellet the RNA, and the RNA was then washed 
with 75% ethanol. The RNA pellet was resuspended in 15 μL of nuclease free water, and 1 
μg (up to 10 μL) was used for reverse transcription (High Capacity cDNA Reverse 
Transcription Kit, Applied Biosystems) per the manufacturer’s protocol. The resulting 
cDNA sample was analyzed with sequence-specific qPCR assays (Tables S3 and S4). For 
quantitation, standard curves were prepared using genomic DNA (G3041, Promega) (Table 
S5).

eFASP

The protocol for protein preparation was adapted as follows from that described by Erde et 
al.36 Each release sample was brought to 0.1% deoxycholic acid (DCA) and 8 M urea. The 
sample was passed through the filter in 500 μL increments by centrifugation for 10 min at 
14,000g, and the eluant was discarded. Exchange buffer (400 μL; 8 M urea, 0.1% DCA) was 
added to the filter, and the tube was centrifuged at 14,000g for 10 min. This was repeated for 
a total of three exchanges. Reducing buffer (200 μL; 8 M urea, 20 mM DTT) was added to 
the filter, and the sample was incubated for 30 min at room temperature followed by 
centrifugation at 14,000g for 10 min. Alkylation buffer (200 μL; 8 M urea, 50 mM 
iodoacetamide, 50 mM ammonium bicarbonate) was then added to the sample, followed by 
incubation for 30 min at room temperature in the dark, and centrifugation at 14,000g for 10 
min. Finally, the sample was exchanged with three aliquots of 400 μL of digestion buffer (1 
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M urea, 50 mM ammonium bicarbonate, 0.1% DCA) and resuspended in a final volume of 
100 μL of digestion buffer. Trypsin was added to the sample, the filter was transferred to a 
fresh, passivated collection tube, and the cap was sealed with parafilm followed by 
incubation overnight at 37 °C for protein digestion. The filter-collection tube was 
centrifuged for 10 min at 14,000g. Fifty microliters of 50 mM ammonium bicarbonate was 
added to the filter and centrifuged at 14,000g for 10 min. This step was repeated once to 
ensure the collection of the entire peptide sample. The 200 μL peptide sample was then 
brought to 0.5% TFA followed by addition of 200 μL of ethyl acetate. The sample was 
vortexed for 1 min then centrifuged at 15,700g for 2 min. The top layer was aspirated and 
discarded, and extraction with ethyl acetate was repeated two times. The aqueous layer was 
then dried using a Savant SVC-100H SpeedVac Concentrator, and the sample was 
resuspended in 150 μL 0.1% TFA. For removal of salts from the sample, a C18 solid-phase 
extraction pipet tip (OMIX C18, 100uL, Agilent Technologies) was first conditioned with 
70% ACN, 0.1% TFA, and then equilibrated with 0.1% TFA. The peptide sample was then 
loaded onto the C18 solid phase by repeated passing of the 150 μL sample over the 
cartridge. The OMIX pipet tip was then rinsed with 0.1% TFA 10 times followed by peptide 
elution in 150 μL of 70% ACN, 0.1% TFA. The samples were then dried using the SpeedVac 
Concentrator and reconstituted in 27 μL of 95:5 H2O/ACN, 0.2% formic acid and analyzed 
in triplicate (9 μL for each injection) as described below.

Mass Spectrometry of Peptides

The samples were analyzed using an HPLC-ESI-MS/MS system consisting of a high 
performance liquid chromatograph (nanoAcquity, Waters) set in line with an electrospray 
ionization (ESI) Orbitrap mass spectrometer (QE HF, ThermoFisher Scientific). A 100 μm id 
× 365 μm od fused silica capillary microcolumn packed with 20 cm of 1.7 μm diameter, 130 
Å pore size, C18 beads (Waters BEH), and an emitter tip pulled to approximately 1 μm using 
a laser puller (Sutter Instruments) was used for HPLC separation of peptides. Peptides were 
loaded on-column with 2% acetonitrile in 0.1% formic acid at a flow rate of 400 nL/min for 
30 min. Peptides were then eluted at a flow-rate of 400 nL/min over 120 min with a gradient 
from 5% to 35% acetonitrile, in 0.1% formic acid. Full-mass profile scans (375−1500 m/z) 
were performed in the FT orbitrap at a resolution of 120,000 followed by 20 MS/MS HCD 
scans of the 20 highest intensity parent ions at 30% relative collision energy and 15,000 
resolution with a mass range starting at 100 m/z. Dynamic exclusion was enabled with a 
repeat count of one over a duration of 30 s.

Mass Spectrometry Data Processing

The Orbitrap raw files were analyzed using MaxQuant (version 1.5.3.30)37 and searched 
with Andromeda using the Uniprot canonical human protein database supplemented with 
common contaminants. Samples were searched allowing for a fragment ion mass tolerance 
of 20 ppm and cysteine carbamidomethylation (static) and methionine oxidation (variable). 
A 1% false discovery rate for both peptides and proteins was applied. Up to two missed 
cleavages per peptide were allowed, and at least four peptides were required for protein 
identification and quantitation. Protein quantitation was achieved using the resulting label-
free quantitation (LFQ) intensities from the MaxQuant output. A procedure for calculating 
fold enrichment of proteins was modified from West et al.5 For proteins quantified in the 
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lncRNA capture samples but without quantifiable intensities in the input or scrambled 
oligonucleotide capture samples, the zero value was replaced with the intensity value of the 
lowest expressed protein in that input or scrambled capture sample to assist in calculating 
conservative fold-enrichments for that protein in the capture sample. A protein was 
considered to be enriched in a capture sample if its intensity was at least 5-fold greater for 
MALAT1 and NEAT1 or at least 8-fold greater for NORAD than that in the scrambled 
capture sample or input sample. Only proteins meeting this criterion in at least two of the 
three biological replicates were considered enriched for a particular lncRNA capture type. 
Proteins that were related to keratin or biotin were eliminated due to being likely 
contaminants.

Interactome Data Analysis

Gene Ontology (GO) Enrichment Analysis was performed using the publicly available Gene 
Ontology Consortium (http://www.geneontology.org/), the Protein Analysis Through 
Evolutionary Relationships (PANTHER) Classifica-tion System38 and STRING.39 These 
databases describe proteins using GO annotations related to their biological processes, 
molecular functions, and cellular components. The interactome of each lncRNA, as 
determined above, was evaluated using these software for annotations statistically 
overrepresented in the interactome relative to a random selection of the same number of 
proteins from the human proteome. The resulting overrepresented annotations are listed in 
Tables 2 and S7.

Hierarchical Clustering and Heat Map Generation

The proteins determined to be enriched in the NORAD, NEAT1, and/or MALAT1 lncRNA 
captures were included in the hierarchical clustering analysis. A matrix was constructed of 
log2-transformed protein intensities for each protein in the nine samples (three biological 
replicates of each of the three lncRNA targets). Missing values were imputed, using Perseus 
software,40 with random numbers near the limit of detection so that the mean of the imputed 
values was 1.5 standard deviations from the mean of all protein intensities in the sample. 
The resulting matrix was then imported into Cluster 3.0,41 the intensities of each protein for 
all nine samples were adjusted to center around the mean intensity of that protein, and then 
the uncentered-correlation similarity metric and a centroid linkage clustering method were 
applied. The hierarchically clustered results were then imported into TreeView42 for 
visualization and for construction of the heatmaps shown in Figure 4.

RNA-Binding Protein Immunoprecipitation Validation

Immunoprecipitaion of IGF2BP2 and NAP1L4 from cross-linked PC3 cell lysate was 
performed using an EZ-Magna Nuclear RIP (Cross-linked) Kit (EMD Millipore, 17–10521). 
Antibodies specific to each target protein (Abcam; Anti-IGF2BP2, AB128175, and Anti-
NAP1L4, AB21631) and negative control antibodies, normal rabbit IgG (EMD Millipore, 
12–370) and normal mouse IgG (included in the EZ-Magna Kit), were used. PC3 cells were 
prepared as they were for the HyPR-MS experiments, and the immunoprecipitation, elution, 
and RNA purification were performed as indicated by the EZ-Magna Kit protocol. RT-qPCR 
was performed as described above, and the ΔΔCt calculation method was used for 
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determination of enrichment of MALAT1, NEAT1, and NORAD lncRNAs in each immuno-
precipitation. Fold enrichments >2 were considered significant.

Validation of lncRNA-Binding Proteins Using eCLIP Data

The binding proteins for NORAD, NEAT1, and MALAT1 were validated using eCLIP43 

immunoprecipitation data from the ENCODE project in either K562 or HepG2.44 The RNAs 
captured in these pulldowns were quantified using the integrated software program Spritz 
(unpublished, https://github.com/smith-chem-wisc/Spritz) using the “quantify” command, 
which quantifies genes and transcripts using RSEM.45 First, Spritz prepares reference 
indices for the STAR46 alignment software and for RSEM quantification software using the 
human reference genome (GRCh38.81). Then, it downloads FASTQ files from Sequence 
Read Archive accessions if available and calculates gene abundances using RSEM. The 
parameters used for the “rsem-calculate-expression” program within RSEM were “--time --
calc-ci --star --num-threads 24 --output-genome-bam --paired-end”. This analysis was 
performed on an Intel Xeon CPU with 24 cores and 128 GB of RAM.

RESULTS

HyPR-MS Provides Efficient and Simultaneous Isolation of Multiple RNA Targets

While sharing the basic structure of previously developed RNA-centric strategies, HyPR-MS 
addresses their limitations through key differences in (a) cross-linking and solubilization, (b) 
capture oligonucleotide design, and (c) specific, multiplexed release of RNA−protein 
complexes from the beads (Tables 1 and S1). These modifications reduce the cost and labor 
of elucidating specific RNA-associated proteomes by improving efficiency and permitting 
multiplexing.

Many intertwined factors contribute to achieving the desired efficiency of purifying specific 
RNAs from a complex lysate while preserving in vivo RNA−protein interactions. Not least 
among them is the balance of cross-linking conditions and lysate solubilization. While in 
vivo formaldehyde cross-linking preserves a snapshot of RNA−protein and protein−protein 
interactions, the parameters used for cross-linking can have great effect on the number of 
proteins cross-linked to the RNA of interest. This in turn affects the solubility of the cross-
linked molecules as well as the accessibility of the RNA to hybridization with the capture 
oligonucleotide. Furthermore, the extent of cross-linking influences the optimal sonication 
parameters that allow for the solubilization of chromatin and other large biomolecules while 
still maintaining low fragmentation of the target RNA−protein complexes. These parameters 
can ultimately affect the overall cost of the experiment; an increase in efficiency reduces the 
total amount of materials needed to capture sufficient protein for MS analysis. Another 
major contributor to the cost effectiveness of HyPR-MS is the design and implementation of 
the capture oligonucleotides. Methods such as RNase H assays or SHAPE (selective 2′-
hydroxyl acylation analyzed by primer extension) have been shown to be effective 
experimental techniques for determining accessible RNA regions.5,47 HyPR-MS, however, 
avoids the time and cost of such methods and employs instead a publicly available program, 
M-fold,35 to predict the secondary structure of the target RNA and identify the regions most 
likely available for hybridization. Employing theoretical assessments of RNA secondary 
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structure is likely less reliable than the aforementioned experimentally determined 
hybridization regions. Designing several oligonucleotides for each target and determining 
empirically the capture efficiencies for each, however, has been shown here to be an 
effective strategy for capture oligonucleotide design. Compared to RNA tiling strategies4,48 

that can require more than 40 capture oligonucleotides to capture a single RNA target, this 
strategy provides sufficient efficiency of capture so that only 2−3 capture oligonucleotides 
are needed (Figure S1A), thus reducing costs and allowing for the purification of specific 
isoforms of an RNA target. Finally, a significant design attribute of HyPR-MS is the use of a 
toehold-mediated release strategy,49,50 which allows for the capture and purification of 
multiple RNA species from a single cell lysate. This provides not only the experimental 
advantage of maintaining the same background for all RNA species captured but also greatly 
reduces cost and time requirements. This strategy is highlighted in Figure 1B and Table S1. 
Each of these steps was designed to reduce the time and financial barriers of RNA-centric 
strategies for identification of RNA−protein interactomes; the capture oligonucleotide design 
limitations, high cost of experiments, and lengthy experiment time requirements. Details on 
reasoning for each of these parameters are provided in Table S1 and summarized in Table 1.

HyPR-MS Provides Efficient and Specific Purification of Multiple lncRNAs

The HyPR-MS strategy was utilized to identify the protein interactomes of MALAT1, 
NEAT1, and NORAD in three biological replicates of PC3 cells. Each capture experiment 
used 1 × 108 cells and two to three capture oligonucleotides (Figure 2A and Table S2) to 
meet the minimum capture efficiency threshold. This threshold was calculated so that, 
assuming one protein molecule per lncRNA molecule, a sufficient number of copies of a 
given protein would be present for mass spectrometric detection (Figure S1). For each 
replicate, small aliquots of the purified capture samples as well as lysate and post-release 
bead samples were analyzed using RT-qPCR to determine capture and release efficiencies, 
capture specificity, and fold enrichment of each lncRNA target.

Capture Efficiency.—The capture efficiency of each lncRNA target was measured using 
three to four target-specific RT-qPCR assays that amplify regions dispersed along the length 
of the RNA target (Figure 2A and Table S3). The average percent capture efficiencies for 
MALAT1, NEAT1, and NORAD from the large-scale proteomics experiments were 
approximately 8, 20, and 28, respectively (Figure 2B). The percent capture efficiencies for 
all qPCR-measured regions ranged from 1 to 12 for MALAT1, 3 to 40 for NEAT1, and 17 to 
35 for NORAD (Figure S2A). All of these capture efficiencies, with the exception of the 5′-
NEAT1 region, are several-fold higher than their respective thresholds. This result suggests 
that even proteins with low-occupancy on the lncRNA could be detected by MS. Similarly, 
this suggests that HyPR-MS can be applied to study less abundant RNAs while still using an 
experimentally feasible number of cells. However, it should also be noted that the capture 
efficiencies measured using the different RT-qPCR assays and for the different lncRNAs are 
highly variable. This is attributable to several causes, as described below, though the precise 
contribution of each cause was not determined.

First, the variable capture efficiency observed is in part an artifact of experimental design. To 
achieve simultaneous capture of multiple lncRNAs while also using multiple capture 
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oligonucleotides for each RNA target, hybridization parameters (i.e., salt concentrations and 
hybridization temperature) were necessarily suboptimal for some of the designed capture 
oligonucleotides. This will in turn negatively impact capture efficiency for the affected 
capture oligonucleotides. Further-more, the amount of capture oligonucleotides used for 
capture was adjusted to minimize the cost of each experiment while still obtaining sufficient 
protein for mass spectrometric analysis of the different lncRNA−protein targets. While 
increasing the amount of capture oligonucleotides increases the capture efficiency, it also 
increases the amount of streptavidin-coated beads required to complete the capture, thus 
increasing the experimental cost. This increase in capture oligonucleotide amounts 
oftentimes also has a negative impact on capture specificity. For this reason, the 
concentration of each capture oligonucleotide added to the capture experiment was 
determined to ensure that the capture efficiency (CE) would surpass the calculated CE 
threshold, but not necessarily to maximize the CE (see Table S2 for concentrations used).

The capture efficiency measurement for the different RT-qPCR assays within the same 
lncRNA target is also variable. This is likely, in part, to be caused by the lysate sonication 
step conducted prior to hybridization. Lysate sonication is used to solubilize the cell 
contents; however, it also could fragment long RNA transcripts. The sonication parameters 
for HyPR-MS were established to minimize this fragmentation while still achieving 
solubility. Residual RNase activity in the lysate may also contribute to RNA fragmentation. 
The use of multiple capture oligonucleotides to hybridize to various regions of the RNA 
allows for the capture of the resulting fragments, though potentially at different efficiencies.

Capture efficiency for a given capture oligonucleotide will also be affected by inherent 
differences in secondary structure or protein occupancy at each hybridization site. The local 
secondary structures of a given RNA could also affect the efficiency of reverse transcription 
and ultimately qPCR amplification.

Finally, the RT-qPCR measurements made for calculating capture efficiency are affected by 
each sample composition. For example, the aliquot of lysate used to determine the amount of 
each lncRNA transcript present in the lysate and available for capture (i.e., the denominator 
in the capture efficiency calculation) is a complex sample containing all the RNA transcripts 
present in the cell, with relatively low concentrations of the lncRNA targets. In contrast, the 
capture sample (i.e., the numerator in the capture efficiency calculation) is a simplified 
sample consisting of primarily the target lncRNA and very low levels of the various other 
cellular RNAs. Both the complexity of the sample and the concentration of the RNA in the 
sample affect the efficiency of reverse transcription. Furthermore, this effect can be different 
for different regions of the RNA. This complication is likely a contributor to the variable 
capture efficiency calculations for the different RT-qPCR assays within a given lncRNA 
target. All of the above-mentioned factors should be considered while assessing the capture 
efficiencies presented here.

Ultimately, HyPR-MS is a technology designed for cost- and time-efficient discovery of 
novel RNA interactors. Many complex factors affect the figures-of-merit for RNA-centric 
technologies, including HyPR-MS. Thus, future implementers of HyPR-MS may need to 
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adjust parameters to meet their experimental needs. The protocol described here provides a 
baseline for establishing such parameters.

Capture Specificity.—The capture specificity of HyPR-MS is a measure of the capacity 
to capture the target lncRNA while avoiding the capture of nontarget RNA and DNA 
molecules. Optimization of this parameter is crucial to the accurate identification of an 
RNA’s interacting proteome. Capture specificity depends not only on the unique 
complementarity of the capture oligonucleotide (CO) to the target RNA but also on various 
other HyPR-MS conditions. These conditions were optimized in concert to provide 
selectivity of lncRNA capture relative to nontarget RNA and DNA. Capture specificity for 
each target was calculated using RT-qPCR to compare the amount of the target RNA in its 
corresponding capture sample to that in the capture sample of a different RNA target. The 
capture oligonucleotide specific to each lncRNA target captures at least 10-fold more of that 
lncRNA than does the CO specific to a different lncRNA (Figure 2C). Capture specificity 
was also demonstrated by conducting a capture experiment using a scrambled capture 
oligonucleotide. The scrambled CO was designed so that it is not complementary to any 
sequence in the PC3 transcriptome or genome and has a melting temperature similar to those 
of the targeted COs (Table S2). The amount of each lncRNA target in its corresponding 
capture sample relative to that in the scrambled capture sample is at least 10-fold higher for 
MALAT1, NEAT1, and NORAD (Figure 2D). These results confirm the specificity of 
HyPR-MS and the use of the scrambled oligonucleotide capture sample as a negative control 
for evaluation of the lncRNA protein interactomes. As a broad measure of the quality and 
power of the HyPR-MS method, fold enrichment for each target is calculated compared to 
GAPDH mRNA (an abundant housekeeping gene). To do this, the ratio of target-to-GAPDH 
RNA in the captured sample over target-to-GAPDH in lysate is found using RT-qPCR. The 
fold enrichment of each target is greater than 100-fold relative to GAPDH for all three target 
lncRNAs (Figure 2E). Finally, we ensured that the lncRNA capture samples were devoid of 
any DNA with the same sequence. Data in Figure S2B show that all capture samples contain 
insignificant amounts of the analogous DNA sequences, and thus, the levels of any DNA-
associated proteins are inconsequential. Taken together, these data demonstrate the 
specificity of each capture, ensuring the uniqueness of the associated interacting proteomes, 
and meet or surpass the metrics of other RNA capture strategies.5

Release Efficiency.—Capture efficiency and capture specificity rely in part on the 
specific and complete release of each individual lncRNA target from its hybrid interaction 
with the capture oligonucleotide−bead complex. This is accomplished by using a sequence-
specific toehold release oligonucleotide to displace the capture oligonucleotide, thus 
selectively releasing only the target RNA into solution. The release efficiency is measured 
using RT-qPCR analysis of the RNA released from the beads and of the RNA remaining on 
the beads following release of all targets. The percent release efficiencies from each capture 
oligonucleotide range from 40 to 80% (Figure 2F). The effect of release order on capture 
specificity and efficiency was previously evaluated and shown to not substantially impact 
these measurements.49
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HyPR-MS Reveals the Protein Interactomes of MALAT1, NEAT1 and NORAD lncRNAs

The proteins isolated from the capture samples, as well as an aliquot of lysate used as the 
input material for each capture, were analyzed by mass spectrometry. The resulting spectra 
for three biological replicates were searched and quantified using the MaxQuant platform.51 

Statistical analysis as described in the Experimental Section determined the proteins 
enriched in each capture sample relative to the scrambled oligonucleotide control and input 
samples. This analysis yielded 127, 94, and 415 proteins in the MALAT1, NEAT1, and 
NORAD interactomes, respectively (Table S6). The interactome proteins for each lncRNA 
target were evaluated using STRING,39 open-source software for identifying protein−protein 
interactions and calculating GO (gene ontology) term enrichment, and the PANTHER 
(Protein Analysis Through Evolutionary Relationships) classification system.38 The 
enriched GO terms for each of the three interactomes are summarized in Tables 2 and S7.

Each lncRNA-Protein Interactome is Enriched for Distinct Gene Ontology Terms

Each lncRNA interactome is highly enriched for RNA-binding proteins (p-values between 2 
× 10−19 and 6 × 10−49) giving evidence that HyPR-MS identifies proteins interacting with 
RNAs (Figure 3 and Table 2). Also significant is that the enriched proteins in each 
interactome are known to have cellular localizations associated with the known locations of 
the lncRNAs themselves. Both MALAT1 and NEAT1 lncRNAs have been shown to localize 
to the nucleus,33,52 and here, both have interactomes significantly enriched for proteins with 
nuclear localization but not for proteins with cytoplasmic localization (Figure 3 and Table 
2). Conversely, NORAD has been shown to localize primarily to the cytoplasm, and the 
NORAD interactome shown here is significantly enriched for cytoplasmic proteins; 
however, they are also enriched for proteins with nuclear localization (Figure 3 and Table 2). 
These nuclear proteins could be indicative of a novel nuclear function for NORAD or could 
represent general RNA processing functions required by all RNAs.

The MALAT1 interactome is enriched for components of the spliceosomal complex, while 
both MALAT1 and NEAT1 are enriched for proteins associated with nuclear bodies called 
nuclear speckles and paraspeckles (Table 2). These nuclear bodies are not sites of active 
transcription but are thought to be locations for the assembly and storage of splicing 
machinery.53 Since NEAT1 and MALAT1 have been shown to have a role in the regulation 
of alternative splicing in different cell lines13,17,33 and NEAT1 is a primary structural 
component of paraspeckles, these enrichments provide further support for the ability of 
HyPR-MS to correctly reveal specific RNA-interacting proteins.

The MALAT1 and NORAD interactomes are both enriched for proteins associated with 
nuclear export of RNA, although the proteins that fall into this category differ for each 
lncRNA. For example, the NORAD interactome is enriched for several proteins of the 
nuclear pore complex (NPC), which is the conduit for RNA export through the nuclear 
membrane. This is not surprising as NORAD is localized to the cytoplasm and therefore 
must exit the nucleus. Interestingly, XPO1 (or CRM1) was also enriched in the NORAD 
capture samples. This protein is required for the nucleocytoplasmic export of only a subset 
of proteins and RNAs, and its overexpression has been implicated in poor prognosis of many 
cancer types.54 In contrast, the annotated nuclear export proteins enriched in the MALAT1 
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interactome include proteins of the TREX complex and its associated proteins including 
SRSFs. The TREX complex links mRNA processing steps from transcription, to splicing, to 
nuclear export, and its depletion in cells can cause genome instability leading to cancer.55 

These TREX and SRSF proteins may be functioning to cotranscriptionally splice and export 
MALAT1 into the cytoplasm or could be sequestered with MALAT1 in the nucleus in a 
nuclear body.

All three lncRNA interactomes in the PC3 cell line are enriched for extracellular vesicle 
proteins (Table 2). Extracellular vesicles are involved in cell-to-cell communication, and it 
has been shown that their lncRNA content can be altered by the tumor microenvironment.56 

Both MALAT1 and NEAT1 have previously been discovered in extracellular vesicles 
produced by PC3 cells.57 In addition, MALAT1 is known to be enriched in extracellular 
vesicles originating from cervical carcinoma and breast cancer cells,58 and NEAT1 is 
associated with extracellular vesicles in human liver cancer (HepG2) and 
cholangiocarcinoma (Mz-ChA-1) cell lines.59 These data are in accordance with the 
enrichment of extracellular vesicle proteins in the MALAT1 and NEAT1 interactomes. 
Interestingly, the NORAD interactome is more enriched for extracellular vesicles (p-value 2 
× 10−19) than are the interactomes for MALAT1 or NEAT1 (p-values: 8 × 10−6 and 3 × 10−7, 
respectively). To our knowledge, NORAD has not been detected in extracellular vesicles 
produced by PC3 cells, and this finding suggests that it could be a significant component of 
such vesicles.

Heatmap Generation of Hierarchically Clustered Interactomes Shows Protein Enrichment 

Differences in lncRNA Captures

A clustering algorithm and heatmap visualization strategy was employed to interpret the 
lncRNA protein interactomes. A matrix of log2-transformed, mean-centered protein 
intensities for each lncRNA biological replicate was compiled for all proteins enriched in at 
least one species of lncRNA capture. A hierarchical clustering algorithm41 grouped the 
proteins based on the similarities between each protein’s intensity profile across the three 
lncRNA capture species, and TreeView software42 was used to visualize these similarities 
and differences (see Experimental Section). Figure 4A is the resulting heatmap; the nine 
columns represent the biological replicates for the three lncRNA captures, and each row 
shows how the intensity of a protein compares to the mean intensity for all capture samples 
and biological replicates; a brighter red or yellow data-point indicates a greater difference 
from the mean intensity value. This strategy allows us to not only use the scrambled capture 
and input samples to determine which proteins are enriched in the lncRNA captures but also 
provides an additional layer of analysis that compares the lncRNA interactomes to one 
another.

HyPR-MS Identifies Known and Novel lncRNA Interactors

The clustering algorithm subdivides the heatmap in Figure 4A into sections consisting of the 
proteins that are elevated in an individual lncRNA capture sample relative to the other 
capture samples. For example, the heatmap shows the clustering of over 40 proteins that are 
more abundant in the MALAT1 and NEAT1 captures than in the NORAD captures, over 70 
proteins and 250 proteins that are more abundant in the MALAT1 and NORAD captures, 
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respectively, relative to the opposing lncRNA captures, and over 50 proteins that are 
approximately equally abundant in all three lncRNA interactomes. Examples of annotated 
clusters demonstrating these trends are shown in Figure 4B−E.

NEAT1 is a core component of paraspeckles; satisfyingly, the GO term enrichment analysis 
for NEAT1 shows enrichment for paraspeckle protein components. Figure 4B shows a 
cluster of proteins with abundances elevated in NEAT1 and MALAT1 captures that includes 
six paraspeckle components. This cluster also includes seven additional proteins that share a 
similar intensity profile with the paraspeckle components. STRING analysis of the proteins 
in this cluster shows that nine of the 13 proteins in the cluster are known to interact (Figure 
4F). The remaining proteins in the cluster are transcriptional regulators or have known direct 
interaction with transcriptional regulators thereby making them potential candidates for 
further analysis for their role in lncRNA mechanisms.

Figure 4C shows clusters containing proteins with greater abundance in the MALAT1 
capture relative to the NEAT1 and NORAD captures, and Figure 4G shows the known 
interactions of the proteins in these clusters according to STRING analysis. Twenty proteins 
enriched in the MALAT1 capture samples have been previously shown to interact with 
MALAT15,13 with 15 of those grouped into the clusters shown in Figure 4C. Also among 
these clusters and enriched in the MALAT1 interactome are many nuclear speckle and 
splicing factors, including SR-splicing factors that contain RS-domains rich in serine (S) and 
arginine (R) residues. This is consistent with one proposed mode of action for MALAT1 that 
suggests MALAT1 regulates alternative splicing of endogenous RNAs by localizing SR 
splicing factors to nuclear speckles.33 Notably, SR protein function is known to be affected 
by their phosphorylation states;33 this makes the proteins with kinase or phosphorylation 
regulatory activities (CDK11, PRPF4B, GRB2, TARDBP) clustered among the MALAT1 
interactors intriguing candidates for further functional analysis.

The clusters in Figure 4C also include many proteins involved in transcriptional regulation. 
Notable among these are histone modifiers, including components of the HUSH complex 
(PPHLN1 and FAM208A) known for gene silencing through methylation of H3K9me3, 
CHTOP, an associate of the methylosome complex that methylates H4R3, and HIST1H1C, 
which trimethylates H3K27 (Figure 4C,G). These findings, in addition to other 
transcriptional regulators identified by HyPR-MS (Figure 4G), are congruent with previous 
works that demonstrated that lncRNAs in general,60 and MALAT1 specifically,5 localize to a 
subset of genomic sites and recruit proteins that affect gene expression.

The functions and modes of action of nuclear lncRNAs such as MALAT1 contrast with 
those of cytoplasmic lncRNAs like NORAD. Cytoplasmic lncRNAs are less well 
understood; however, they are thought to affect the activity or expression of the RNAs or 
proteins with which they interact. Two recent studies specifically investigated the interaction 
of NORAD, a lncRNA whose expression is induced upon DNA damage,24 with PUM1 and 
PUM2, proteins that bind a specific subset of mRNAs and promote their degradation.22,24 

Both studies found that the abundant NORAD lncRNA acts as a molecular decoy capable of 
binding many molecules of these PUM proteins. These interactions in turn prevent the PUM 
proteins from negatively regulating the expression of their usual RNA targets. Satisfyingly, 
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HyPR-MS identified PUM1 among the >400 NORAD interactors. Lee et al. also conducted 
NORAD RNA knockdown experiments to determine the effects of decreased levels of 
NORAD on gene expression. While the genes of 193 PUM protein targets were affected, the 
expression of over 1000 other genes were also affected,24 suggesting that NORAD has 
additional modes of action aside from PUM protein sequestration.

Because PUM1 was identified by HyPR-MS and binds to RNAs to regulate the expression 
of specific genes, we searched our data for additional regulators of gene expression through 
RNA binding. Figure 4D shows three clusters containing proteins with elevated abundances 
in the NORAD captures and highlights the transcription and translation regulators among 
these clusters. Among these are proteins with various known modes of action on specific 
subsets of RNA. For example, protein EIF3C is not only required for initiation of translation, 
it has also been found to bind to certain RNA stem-loop configurations to regulate 
specifically RNAs involved in cell growth control.61 YTHDF3 binds to N6-
methyladenosine-modified RNA and has been found to work with YTHDF1 to promote 
translation or with YTHDF2 to promote RNA decay.62

The aforementioned NORAD-RNA knockdown study conducted by Lee et al. also showed 
that the absence of NORAD resulted in chromosomal instability and abnormal chromosome 
numbers in the cells.24 Interestingly, GO term analysis of the NORAD HyPR-MS results 
showed enrichment of proteins associated with the response to DNA damage, the mitotic 
cell cycle, and the minichromosome maintenance complex (MCM) (Table 2). Figure 4D 
highlights many proteins identified to function in response to DNA damage correlating with 
the previous finding that NORAD expression itself is induced upon DNA damage. Among 
these are five components of the MCM, which is involved in the regulation of DNA 
replication, ensuring its occurrence only once per cell.24 NORAD has previously been 
implicated in the control of DNA replication through interaction with Pumilio proteins; the 
observation of its interaction with the MCM lends additional support to its role in this 
process. Also striking are the numerous proteins associated with mitosis and chromosomal 
regulation identified in the NORAD interactome (Figure 4D).

Validation of lncRNA−Protein Interactomes

As is described above, HyPR-MS has revealed specific proteins whose functions correlate 
with previously established functions of their associated lncRNAs. The validity of many of 
the lncRNA−protein interactions identified by HyPR-MS was further established using three 
strategies. First, the interactomes presented here for MALAT1 and NEAT1 were compared 
to previous studies interrogating these same lncRNAs. Second, the HyPR-MS interactomes 
were cross-referenced with publicly available eCLIP data to determine if this orthogonal 
technique could confirm the interactions. Third, RIP-qPCR experiments were performed to 
confirm the lncRNAs interacting with IGF2BP2 and NAP1L4 in PC3 cells.

RNA-Centric Studies Validate lncRNA Protein Inter-actors Identified by HyPR-

MS.—Various methods have been used in previous studies for interrogating the protein 
interactomes of MALAT1, NEAT1, and NORAD. The results from HyPR-MS were cross-
referenced with such studies revealing many proteins that have been previously determined 
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to interact with each lncRNA. CHART-MS, an RNA-centric in vivo approach, was used to 
study MALAT1 and NEAT1 protein interactors in MCF-7 cells.5 The resulting protein lists 
from CHART-MS and HyPR-MS have 27 and 17 proteins in common for MALAT1 and 
NEAT1, respectively (Table S6). RNA-centric, in vitro methods have also been used to 
identify potential interactors of MALAT1 and NORAD lncRNAs.22,24,63 These methods use 
synthetic RNA molecules to isolate binding proteins from cell lysates. Cross-reference of 
HyPR-MS data with the data from Chen et al. and Lee et al. validated 22 proteins and 18 
proteins as interactors with MALAT1 and NORAD, respectively (Table S6). Though the in 
vitro experiments referenced here did not evaluate in vivo interactions as HyPR-MS does, 
these shared protein interactors do confirm that the proteins are capable of binding to the 
MALAT1 or NORAD transcripts.

Protein-Centric Techniques Validate lncRNA Interactors Identified by HyPR-

MS.—Data acquired using eCLIP (enhanced cross-linking and immunoprecipitation), an 
orthogonal technique to HyPR-MS, were used to validate lncRNA protein interactors. The 
ENCODE project provides publicly available eCLIP data44 from K562 and/or HepG2 cells 
for 21, 11, and 22 of the proteins identified by HyPR-MS to be interacting with NORAD, 
NEAT1, and MALAT1, respectively. Each eCLIP experiment consisted of two biological 
replicates for the target protein and one control experiment. The RNAs sequenced in these 
experiments were quantified as described in the Experimental Section. The results of this 
experiment were considered validating for a particular RNA−protein interaction if the 95% 
credibility interval (CI) for a lncRNA of interest was higher than the 95% CI for the control 
in both biological replicates. Of all 54 unique lncRNA−protein interactions, 49 passed 
validation (91%) in at least one cell line (Figure 5 and Table S9).

Novel lncRNA Interactors IGF2BP2 and NAP1L4 are Confirmed by RIP-qPCR.

—IGF2BP2 was enriched in all three of the lncRNA captures presented here with a higher 
relative enrichment in the NORAD samples (Figure 4E). IGF2BP2 binds to and recruits 
target RNAs to cytoplasmic mRNPs, thus affecting the rate of translation and decay of the 
RNAs.64 We selected IGF2BP2 as a target for validation using RNA-immunoprecipitation 
followed by qPCR analysis (RIP-qPCR). Figure 4I shows that, following 
immunoprecipitation of IGF2BP2, all three lncRNAs were enriched relative to the negative 
controls, immunoprecipitations using an IgG antibody. Since MALAT1 and NEAT1 are 
nuclear localized and NORAD is cytoplasmically localized, the modes of action for their 
interactions with IGF2BP2 could be different.

NAP1L4 was found by HyPR-MS to be only enriched in NORAD capture samples. NAP1L4 
is described as a histone chaperone for its ability to bind core and linker histones and 
transfer them from the cytoplasm to the nucleus where they are assembled into nucleosomes.
65 NAP1L4 localization and function are regulated by its phosphorylation state; the 
phosphorylated protein localizes in the cytoplasm in complex with histones during the G1 
phase of the cell cycle, while its dephosphorylated form initiates its transport into the 
nucleus at the start of S phase. At this phase, NAP1L4 is involved in chromatin assembly, a 
process coupled to DNA replication and DNA repair.66 This is particularly interesting in 
relation to the finding of chromosomal abnormalities as a result of NORAD knockdown in 
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cells.24 We validated the interaction of NAP1L4 with NORAD using RIP-qPCR. Figure 4H 
shows the enrichment of NORAD transcripts upon immunoprecipitation of NAP1L4 
compared to the negative control, but not the enrichment of MALAT1 or NEAT1. 
Considering NORAD is already described as a molecular decoy for the PUM1 and PUM2 
proteins,24 it is possible that it may have a similar role with regards to NAP1L4 or be 
involved in the regulation of the phosphorylation state of NAP1L4 as MALAT1 is for SR 
proteins. Future studies are necessary to test these hypotheses.

Limitations.—HyPR-MS is the only current strategy that can analyze the interacting 
proteomes of multiple RNA targets from the same cell culture. However, the extent to which 
the multiplex capabilities of HyPR-MS can be further expanded past the 3-fold multiplex 
capability shown in this study is not yet clear. The use of stable-isotope labeling of peptide 
samples prior to mass spectrometric analysis could also improve upon this technology. 
Using labeling strategies such as iTRAQ67 or TMT68 for the capture samples prior to 
analysis would likely provide superior relative quantitation of the proteins in each sample. 
HyPR-MS has been previously used to isolate HIV mRNA from infected Jurkat cells;27 

however, it is yet to be determined if other species of RNAs such as rRNA or tRNA are 
accessible for hybridization purification. Additionally, the main challenge for the widespread 
adoption of in vivo RNA centric methods is the study of less abundant RNAs while still 
using a practical number of cells to meet mass spectrometer sensitivity constraints for 
complex biological mixtures. Our results suggest that HyPR-MS may be applicable to low 
copy number RNAs, but further studies are needed to determine its lower detection limit.

DISCUSSION

HyPR-MS was designed in response to several unaddressed challenges that have limited the 
widespread application of in vivo RNA-centric methods for interactome discovery. While 
maintaining the basic structure of previous strategies, we reworked each step to reduce the 
time and cost of experiments and to empower multiplexing for concurrent analysis of several 
RNA species.

Compared with other strategies, HyPR-MS exhibits expedient and reliable oligonucleotide 
design via utilization of the publicly available M-fold software. The use of a 
multioligonucleotide capture strategy provides a high capture efficiency along the full length 
of each RNA target while still providing the flexibility to investigate the specific RNA 
variants. Less stringent cross-linking treatments and solubilization steps reduce target RNA 
fragmentation and improve capture efficiency. Finally, the toehold-mediated capture and 
release strategy permits the study of several targets within the same cell culture preparation, 
thereby reducing the cost and time requirements and minimizing background and sample 
variability.

We utilized HyPR-MS to investigate the protein interactomes of MALAT1, NEAT1, and 
NORAD in the PC3 cell line. The functions and many interacting proteins of MALAT1 and 
NEAT1 have been previously studied in other cell lines, and these previous studies serve in 
part to provide markers for establishing the efficacy of the HyPR-MS method. In addition, 
analysis of MALAT1 and NEAT1 protein interactomes in PC3 cells presented here provides 
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novel discoveries for further understanding of their function. The identification of the in vivo 
NORAD interactome, a less extensively studied lncRNA, adds additional depth to the pool 
of knowledge surrounding the function of this lncRNA.

The centerpiece of the HyPR-MS strategy, the toehold-mediated release, allows for the 
isolation of multiple RNA targets and for extensive cost and time reductions but also 
provides the means for robust downstream analysis. Because the different RNA targets are 
isolated from one cell culture, the background for each sample is nearly identical. 
Additionally, because one can directly compare the interactomes of different RNAs, it can be 
ascertained which proteins are unique to or highly enriched in a particular RNA capture 
sample. We demonstrate one strategy for assessing these data by using clustering and 
heatmap visualization of proteins determined to be enriched in one or more lncRNA 
isolation. The strategy of using the scrambled capture oligonucleotide samples and lysate 
input samples for determination of protein enrichment was substantiated by validation of 
IGF2BP2 and NAP1L4, proteins that were assessed to interact with all three lncRNA species 
or only the NORAD lncRNA, respectively. The RIP-qPCR assays confirmed these specific 
conclusions and also validated that the data analysis strategy used was sound.

We have demonstrated that HyPR-MS is a powerful tool for identifying RNA interacting 
proteomes by reducing the technological complexity, cost, and time of the procedure and 
establishing its quality and flexibility. Future applications for HyPR-MS include 
comparisons between the interacting proteomes of individual RNA targets under different 
physiological conditions, the study of less abundant RNAs, and the identification of post-
translational modifications of RNA interactomes for a deeper understanding of RNA biology 
in physiological and pathological conditions.
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Figure 1. 

Multiplexed HyPR-MS overview. (A) Formaldehyde-cross-linked cells are lysed and 
sonicated to solubilize the protein−nucleic acid complexes. Biotinylated capture 
oligonucleotides (COs) complementary to the RNA targets of interest are added and allowed 
to hybridize. Streptavidin-coated magnetic beads are then added to immobilize and isolate 
the resulting CO−RNA−protein complexes. Once the beads are washed and resuspended in 
release buffer, release oligonucleotides (ROs) fully complementary to the COs of a single 
target RNA species are added to selectively elute that RNA−protein target into solution. This 
release step is repeated in new release buffer for each subsequent release of the remaining 
RNA targets. Proteins from each release solution are then purified and analyzed by mass 
spectrometry. (B) A toehold-mediated capture and release strategy allows for multiplexed 
isolation of RNA−protein complexes. COs contain a 25−30 nucleotide (nt) sequence that is 
complementary to the RNA target as well as an 8 nt sequence, or toehold, that is not 
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complementary to the target. For release of each RNA target species from the streptavidin 
coated magnetic beads, an RO completely complementary to the CO sequence (25−30 nt 
plus toehold sequence) is added to the solution. The RO first hybridizes to the CO toehold 
region and then displaces the target RNA into solution by forming a thermodynamically 
more favorable RO−CO hybrid. This process is repeated for multiple RNA targets, allowing 
for their sequential release and independent analysis.
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Figure 2. 

HyPR-MS efficiencies and specificities. The data shown here were obtained using the 
appropriate RT-qPCR assays (Table S3) to measure the target lncRNA abundances in 2% of 
the released capture sample from the large-scale proteomics experiments. Relative 
quantitation was achieved for RT-qPCR calculations by using a genomic DNA calibration 
curve for each qPCR assay used. The data presented here was obtained from experiments 
using all COs for capture of each target, as shown in Table S2. (A) Approximate locations 
on each lncRNA for CO hybridization and for qPCR amplification products. (B) Average 
capture efficiency for a particular lncRNA calculated by averaging the capture efficiencies 
measured using each qPCR assay for that lncRNA target. Error bars represent the standard 
deviation of that average capture efficiency. (C−D) Capture specificity is a measure of the 
capacity to capture the target lncRNA while avoiding the capture of nontarget RNA 
molecules. Here, it is calculated by measuring the amount of a given lncRNA target captured 
using the complementary COs, divided by the amount of that same lncRNA captured using 
the COs for the alternative lncRNA targets or the scrambled CO. (E) Fold enrichment of 
each lncRNA target is measured by calculating the relative abundance of the target lncRNA 
and of a housekeeping transcript, GAPDH, in the capture sample and in the lysate sample. 
The lncRNA/GAPDH ratio in the capture sample is divided by the lncRNA/GAPDH ratio in 
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the lysate to calculate the fold enrichment of the lncRNA in the capture samples. (F) 
Efficiency of releasing each target from the magnetic beads with each CO-release 
oligonucleotide pair.
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Figure 3. 

Key components and functions enriched in lncRNA interactomes. Each list of proteins 
identified using HyPR-MS to be enriched in each lncRNA capture type was evaluated using 
the Gene Ontology (GO) function of Uniprot. The pie charts present the number of proteins 
localized to each cellular component (nucleus, cytoplasm, or other) and the number of 
proteins known to be RNA-binding proteins. The numbers to the outside of the pie charts are 
the enrichment p-values as determined by PANTHER38 for the GO term identified in the 
chart. Proteins localized to the cytoplasm were not enriched in the NEAT1 and MALAT1 
capture samples and therefore do not have a p-value indicated.
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Figure 4. 

HyPR-MS identifies known and novel lncRNA interactors. (A) Heat map of all proteins 
enriched in the capture samples of at least one lncRNA species. Yellow pixels indicate 
protein intensities greater than the mean intensity for that protein in all samples. Red pixels 
indicate protein intensities less than the mean intensity. (B−E) Clusters containing proteins 
with enrichment in a particular lncRNA capture type. Highlighted in these clusters are 
proteins with known functions related to the function of the lncRNA, they were found to 
interact with proteins such as paraspeckle proteins, histone modifiers, proteins with RS-
domains, transcriptional and translational regulators, chromatin-associated proteins, and 
proteins involved in DNA damage response. (F−G) Interaction networks show the known 
interactions among proteins within the clusters shown in panels B−C. (H−I) lncRNA 
interactions with IGF2BP2 and NAP1L4 were validated using RIP-qPCR. Fold enrichments, 
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relative to the negative control IgG, for each lncRNA following immunoprecipitation of each 
protein target were determined using ΔΔCt calculations.
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Figure 5. 

Validation of lncRNA interactors with eCLIP data. Each vertical bar represents a 95% 
credibility interval (CI) for the abundance of the lncRNA in an eCLIP pull-down, using 
either K562 (K) or HepG2 (H) cells for two biological replicates and one control per 
experiment performed without cross-linking. The intervals were normalized by dividing the 
upper and lower bounds of the lncRNA’s abundance (units in TPMs) by the maximum upper 
bound of the lncRNA’s abundance (units in TPMs) for each target protein.
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Table 2.

Gene Ontology (GO) Terms Enriched in Each lncRNA Interactomea

 −Log10 (p-value)

Category Subcategory GO Term  MALAT1  NEAT1 NORAD

Cellular Component Nuclear Localization Nucleoplasm     17.5     2.8     17.0

Nuclear Speckles     30.3      10.0     7.4

Spliceosomal Complex     15.4      NE     3.5

Paraspeckles     2.0      2.4     NE

Minichromosome Maintenance     NE      NE     2.4

Cytoplasmic Localization Cytoplasm     NE      NE     26.1

Extrasomal Vesicle     5.1      6.5     18.7

Molecular Function RNA-binding RNA-binding proteins     50.6      18.8     50.2

RS domain binding     1.9      NE     NE

Biological Process Transcription DNA-templated     2.1      NE     NE

From RNA polymerase II promoter     1.8      NE     NE

RNA splicing mRNA splicing via spliceosome     30.7      3.2     8.0

regulation of alternative splicing     15.2      NE     NE

RNA Transport mRNA transport     8.1      NE     3.0

RNA export from nucleus     7.5      NE     4.5

Translation Regulation of translation     NE      NE     8.6

Others Post-transcriptional regulation of     NE      NE     12.8

gene expression

Regulation of response to stress     NE      NE     2.9

Mitotic cell cycle     NE      NE     6.7

Regulation of RNA stability     NE      NE     2.0

Regulation of gene silencing     NE      NE     1.8

a
NE: no enrichment.
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