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ABSTRACT

Gene expression is largely regulated by the interactions of RNA and protein molecules.
These interactions are temporal, dynamic, and dependent on physiological conditions.
Therefore, to gain a comprehensive understanding of how the expression of any particular
gene is regulated requires powerful tools for discovery of specific RNA-protein interactions
in space and time. Presented here is a technology, Hybridization Purification of RNA-
protein complexes and Mass Spectrometry (HyPR-MS), for identification of the 7 vivo
protein interactome of specific RNAs and the use of that technology for multiplexed and
splice variant-specific isolation of RNAs. Chapter 2 introduces the technology for
identification of the HIV-1 genomic RNA interactome and establishes efficacy of the
strategy. Chapter 3 expands that technology for multiplexed isolation of three regulatory
IncRNAs, MALAT1, NEAT1, and NORAD, and discovery of their protein interactomes in
PC3 cells. Finally, Chapter 4 harnesses the attributes of HyPR-MS to isolate the principle
HIV-1 splice variants from infected cells and discover their differing protein interactomes

for deeper comprehension of the role of RNA-protein interactions in HIV replication.



1. INTRODUCTION

1.1 Regulation of Gene Expression. Gene expression is the conversion of information
stored in a gene into functional molecules to exhibit a particular phenotype. Broadly and
traditionally speaking, DNA is transcribed into messenger RNA (mRNA), and mRNA is
translated into the functional product, proteins. However, a deeper investigation into this
simplified central dogma of molecular biology reveals complex mechanisms that regulate
many intermediary steps to promote or repress a gene’s expression. Furthermore, research
has revealed a class of RNAs called non-coding RNAs (ncRNAs); ncRNAs do not code for
functional proteins but in themselves exhibit regulatory functions'. Additionally, protein
products from the same gene can display variable post-translational modifications (PTMs)
that affect the protein’s function but are not explicitly dictated by the gene from which the
protein is coded”. These findings demand that the complex molecular interactions that
convert the information stored in DNA into a phenotype be deciphered in order to
understand how the expression of any given phenotype is regulated. Not least among these

molecular interactions are RN A-protein interactions.

1.2 RNA-Protein Interactions. RNA-protein interactions influence many steps of gene
expression. Proteins can bind to ncRNA to regulate transcription of an adjacent gene’.
Proteins perform and regulate the splicing of nascent transcripts to express different
isoforms of the same gene’. Sequestration of RNA into nuclear speckles via protein
interactions prevents its splicing or export into the cytoplasm’. Sequestration into RNA-

protein complexes called P-bodies or stress granules in the cytoplasm can induce the RNA’s



degradation or postpone its translation’. Similarly, ncRNAs can bind to proteins to prevent
specific proteins from acting on their known RNA targets’. Proteins interact with RNAs to
translocate the RNA to the cellular location in which its protein product functions®. These
interactions, and many others not mentioned, are transient, sometimes concurrent, and
variable depending on the requirements of the cell under different conditions or stresses”'”.
Often, the dysregulation of these interactions can result in disease. Many neurodegenerative
diseases have been linked to anomalies in RNA-binding proteins'' and recently RNA-
modifications such as N6-methyladenosine have been shown to influence RNA-protein
interactions and show evidence of affecting tumor development'®. Furthermore, many
viruses, including human immunodeficiency virus 1 (HIV-1), have RNA genomes and
depend on specific RNA-protein interactions to achieve replication". The expansive role
that RNA-protein interactions play in gene regulation and disease begs for the elucidation of
the actors that maintain or disrupt this regulation. However, since each gene has different
expression requirements depending on cellular conditions, the respective RNA must be

investigated individually to determine the pertinent interactions for its regulation or

dysregulation.

1.3 HIV / AIDS. Human immunodeficiency virus 1 (HIV-1) is a retrovirus that causes
Acquired Immune Deficiency Syndrome (AIDS)". 1n 2015, over 36 million people globally
were living with HIV, 54% of which were without treatment. Approximately 1 million
people died of AIDS-related complications in 2015". Though disconcerting, these numbers
show improvement in the number of AIDS related deaths (down 43% since 2003) due, in
large part, to an expansion of HIV treatment using antiretroviral therapy (ART)". Though

ART is able to suppress viral production in patients with HIV, there still remain latent HIV



virus in some CD4+ T-cells that are resistant to the treatment and can become active if
treatment is stopped'’. Thus, though effective at limiting a patient’s viral count, ART does
not cure a person of HIV or of immunological damage caused by HIV infection. A
permanent cure for HIV has been elusive, thus continued research into HIV and its process

of replication is crucial to achieve global eradication of this devastating disease'’.

1.4 HIV Replication. The HIV virus has an approximately nine-kilobase RNA genome
that is spliced into 3 major classes of splice variants and codes for nine proteins or

polyproteins (Figure 1.1)".
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Figure 1.1: HIV genome and gene products. The nine-kilobase HIV genome is transcribed into the full-
length primary transcript and spliced into three different classes of splice variants. The splice variants are then

translated into nine viral proteins and polyproteins.



The virus utilizes these nine proteins and the protease products of the polyproteins, in
addition to many proteins native to the host cell, to propagate and spread to other cells
through a process called replication (Figure 1.2)""*. HIV replication begins when the virus
fuses with the host cell surface. The viral capsid enters the host cell and its protein and
RNA contents are released upon capsid degradation. The HIV-RNA genome is then reverse
transcribed into DNA using the virus-encoded protein, reverse transcriptase. This DNA is
transported into the nucleus and the viral integrase enzyme integrates the viral genome into
the host genome. With assistance from the viral regulatory factor Tat, the HIV genome is
transcribed into the full-length transcirpt using the host cellular machinery. Early in this
stage the transcript is generally completely spliced, all introns are removed, and exported into
the cytoplasm via traditional RNA nuclear export pathways. The completely spliced
transcript is then translated into the regulatory proteins Tat, Rev, and Nef. Nef is
transported to the cell membrane where it facilitates viral infection and the Tat and Rev
protein products are transported into the nucleus where they regulate the efficient
transcription and splicing of the HIV transcripts. The presence of Rev in the nucleus
improves the efficiency of production of the alternatively spliced variants of HIV, the
unspliced transcript and the partially spliced transcript. Rev mediates the export of these
two variants into the cytoplasm via a non-canonical pathway so as to avoid complete splicing
or degradation in the nucleus. Once in the cytoplasm the partially spliced and full length
transcripts are translated into the accessory proteins (Vif, Vpu, Vpr, and Env) and
polyproteins (Gag and Gag-Pol), respecitively. The Gag protein then facilitates the
packaging of full-length transcripts into virions for propagation of the virus to new cells

where the process is repeated (Figure 1.2)*. The interaction of virus-encoded proteins with



the HIV RNA is integral to the success and efficiency of HIV replication. However, the
virus has also evolved to highjack many host proteins to ensure efficient replication. These
HIV RNA-host protein interactions are numerous and many of significance are described in

the subsequent chapters.
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Figure 1.2: Graphic for HIV-1 replication. HIV replication begins with fusion of the virus to the outer cell
membrane. Once the RNA genome is released into the cell cytoplasm it is reverse transcribed into DNA,
imported into the nucleus, and integrated into the host’s DNA. The integrated HIV-DNA is transcribed into
full length RNA transcripts using the cell’s machinery then either completely spliced and exported into the
cytoplasm by canonical cellular pathways or the transcript is partially spliced or remains unspliced and is
exported via the Rev-mediated nuclear export pathway. Once in the cytoplasm, all splice variants are translated
into their respective proteins, however, the full-length transcript can also be packaged as the genome for

nascent virions.



1.5 Long Non-Coding RNAs (IncRNAs)

The pervasion of high-throughput RNA-sequencing techniques has illuminated the
prevalence of non-coding RNAs in the transcriptome of many organisms, particularly
humans. This plethora of data has shown that only 1-2% of the genome produces protein
products while 1000s of genomic sites produce RNAs with little capacity to code for
protein®. These RNAs are referred to as non-coding RNAs (ncRNAs), and those >200
nucleotides in length are called long non-coding RNAs, or IncRNAs. Though many have
been sequenced and identified, the mechanisms by which specific IncRNAs regulate gene
expression are largely unknown. In general, however, several mechanisms have been

2223

proposed (Figure 1.3)™”. Some IncRNAs regulate gene expression at the transcriptional
level either by recruiting proteins to or evicting proteins from the chromatin. For example,
IncRNAs can associate with the DNA and recruit histone modifiers to the nucleosomes to
add modifications that promote or prevent transcription of a particular gene. In contrast, a
IncRNA can act as a decoy and evict certain proteins from the gene promoter site to affect
gene expression. IncRNAs can also act at the post-transcriptional level by acting as a
scaffold to bring together proteins that function in concert, by acting as a sponge to
attenuate the function of other proteins, or by recruiting proteins that stabilize RNA

molecules and prevent their degradation™?.

It has been shown that IncRNA expression can be organism, tissue, and cell type specific.
Furthermore, their mechanisms of action can be different depending on physiological
conditions **. Many IncRNAs have been identified as markers for specific cancers; IncRNA

MALAT1 has been shown to have various regulatory functions in lung cancer metastasis and



many other cancers”, IncRNA SChILAP1 influences aggressive prostate cancer via chromatin

remodeling®, and IncRNA FALT has been shown to be relevant in ovarian cancer”’.

Extensive evidence has shown the impact of IncRNAs on the regulation or dysregulation of
gene expression, therefore, the specific mechanisms by which IncRNAs act must be
determined. This is no small task as the physiological context in which an individual
IncRNA exists greatly impacts its expression and mode of action. Furthermore, the primary
sequence of a IncRNA, alone, is not sufficient to predict its mode of action. We propose
that a strategy for understanding IncRNA gene regulation is to identify the proteins with
which a IncRNA interacts so as to infer its functional mechanism. Since IncRNAs often
interact with protein partners in order to affect gene expression, the discovery of specific

IncRNA-protein interactions is necessary and techniques for doing so are paramount.
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Figure 1.3: Examples of IncRNA regulatory mechanisms. A. IncRNAs can recruit proteins, such as
histone modifiers, to the chromatin. The proteins can modify the nearby histones and promote or inhibit
transcription of specific genes. B. IncRNAs can act as decoys for proteins that would otherwise bind to the
chromatin and affect transcription. C. Some IncRNAs serve as scaffolds for proteins that work together to
form a specific function. D. IncRNA can act as a “sponge” to bind proteins that would otherwise bind to

other RNA targets to affect their regulation.



1.6 Technologies to Study RNA-Protein Interactions. The existing technologies for
identifying specific RNA-protein interactions can be categorized as protein-centric or RNA-
centric. Protein-centric technologies target a specific, known protein of interest and identify
the associated RN As; whereas, RNA-centric technologies target a specific RNA of interest
and identify interacting proteins. Protein-centric technologies such as RNA-
Immunoprecipitation (RIP) utilize an affinity agent (usually an antibody) specific to a known
protein of interest to isolate it from cell lysate then identify the associated RNAs by RNA-

28,29

sequencing, RT-PCR, or micro-arrays™ . This strategy has elucidated many specific RNA-
protein interactions; however, is limited to protein targets with suitable antibodies and
requires previous knowledge of the identity of the protein targets. RNA-centric strategies
can also leverage immunoprecipitation to identify RNA-protein interactions. One such
strategy modifies an RNA-of-interest with specific nucleotide sequences that serve as MS2
bacteriophage-binding sites. These RNAs are incubated with and bound by flag-tagged MS2
coat proteins, the complexes are immunoprecipitated with anti-flag antibodies, and the
proteins associated with the modified-RNA are identified by mass spectrometry. This
variety of technology has been successfully implemented in various contexts *>”'; however, it

requires manipulation of the RNA sequence and therefore cannot be used to investigate

unaltered cell-lines or tissues and could cause artifactual interactions.

Other RN A-centric approaches have been developed to study 7z vivo RNA-protein
interactions, including: ChIRP-MS (comprehensive identification of RNA binding proteins
by mass spectrometry)”, CHART-MS (capture hybridization analysis of RNA targets and
mass spectrometry)”, and RAP-MS (RNA antisense purification and mass spectrometry)™.

These strategies identify proteins that interact with a specific RNA by exposure of cells to an
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RNA-protein cross-linker, capture of the target RNA by specific biotinylated capture
oligonucleotides and, after elution from streptavidin-coated magnetic-beads, identification of
the RN A-associated proteome by mass spectrometry”. These technologies are advantageous
because they allow for the investigation of RNA-protein interactions under specific
spatiotemporal and biological contexts and can target the native RNA of a particular cell
line. These strategies have, thus far, identified the proteins that interact with IncRNAs
including MALAT1, NEAT1, and Xist, and have enabled the discovery of RNA-protein

interactions.

1.7 Development of Hybridization Purification of RNA-Protein Complexes and
Mass Spectrometry (HyPR-MS). In the work presented here we demonstrate the
development of a versatile strategy for discovery of iz vivo RN A-protein interactomes called
Hybridization Purification of RNA-protein complexes and Mass Spectrometry (HyPR-MS).
HyPR-MS utilizes a biotinylated capture oligonucleotide that is complementary to a specific
RNA of interest and streptavidin-coated magnetic beads to isolate RNA-protein complexes
from cross-linked cells. The purified complexes are then processed for identification of the
protein interactors via mass spectrometry. Though similar to the analogous technologies
discussed above, HyPR-MS addresses some of the challenges that these technologies face by
enabling multiplexing, to purify several specific RNAs from one cell culture, and the
purification of different splice variants of the same primary RNA transcript. In doing so,
HyPR-MS not only permits a deeper investigation into the complexities of RNA-protein
interactions in gene expression, it permits more cost effective and labor efficient
experiments. We demonstrate in Chapter 2 the development and application of HyPR-MS

to discover the iz vivo protein interactome of the HIV-1 full length, genomic RNA. To show
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the relevance of our findings we performed functional validation on several of the identified
HIV RNA-protein interactors to gain understanding of their effect on HIV replication.
Next, the novel characteristics of HyPR-MS and its multiplexing capabilities are
demonstrated. In Chapter 3, we investigate the protein interactomes of three IncRNAs of
differing known general functions and discover their protein interactomes in a prostate
cancer cell line. Finally, in Chapter 3, we adapted HyPR-MS to capture and isolate the three
classes of HIV splice variants, the unspliced, partially spliced, and completely spliced

transcripts.
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2. ELUCIDATING THE IN VITVO INTERACTOME OF HIV-1 RNA

BY HYBRIDIZATION CAPTURE AND MASS SPECTROMETRY.

This chapter is accepted for publication in Seentific Reports.
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2.1 ABSTRACT:

HIV-1 replication requires myriad interactions between cellular proteins and the viral
unspliced RNA. These interactions are important in archetypal RNA processes such as
transcription and translation as well as for more specialized functions including alternative
splicing and packaging of unspliced genomic RNA into virions. We present here a
hybridization capture strategy for purification of unspliced full-length HIV RNA-protein
complexes preserved iz vivo by formaldehyde crosslinking, and coupled with mass
spectrometry to identify HIV RNA-protein interactors in HIV-1 infected cells. One hundred
eighty-nine proteins were identified to interact with unspliced HIV RNA including Rev and
Gag/Gag-Pol, 24 host proteins previously shown to bind segments of HIV RNA, and over
90 proteins previously shown to impact HIV replication. Further analysis using siRNA
knockdown techniques against several of these proteins revealed significant changes to HIV
expression. These results demonstrate the utility of the approach for the discovery of host

proteins involved in HIV replication. Additionally, because this strategy only requires
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availability of 30 nucleotides of the HIV-RNA for hybridization with a capture
oligonucleotide, it is readily applicable to any HIV system of interest regardless of cell type,

HIV-1 virus strain, or experimental perturbation.

2.2 INTRODUCTION:

Interactions between the viral unspliced RNAs of human immunodeficiency virus type 1
(HIV) and both virus- and host-encoded proteins play critical roles in viral replication. HIV

produces over 40 splice variants from the primary HIV transcript’”’

, utilizing multiple splice
donor and splice acceptor sites. These splice variants fall into three categories: unspliced (~9
kb), partially spliced (~4 kb), and completely spliced (~2kb). While the completely spliced
transcripts pass through the classical nuclear export pathway and are translated into protein
products in the cytoplasm, sequence motifs present in the partially spliced and unspliced
transcripts lead to the use of alternative cellular pathways to effect both translation and

vition assembly™. In order to understand these processes, it is critical to identify the proteins

that interact with the various forms of the HIV RNAs.

The unspliced HIV transcript is of particular interest because it not only codes for the Gag
and Gag-Pol polyproteins, it also serves as the viral genome of the virions that propagate
infection. Typically, cellular transcripts that contain introns are either spliced or degraded
while in the nucleus. The HIV unspliced transcript, however, interacts with host and viral
proteins to prevent its splicing and degradation in the nucleus, promote its nuclear export,
and enable its packaging into virions. For example, SR family proteins (proteins with

stretches of serine (S) and arginine (R) amino acids) and heterogeneous nuclear
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ribonucleoproteins (hnRNPs) interact with the splicing enhancers and splicing silencers

39,4(

coded in the transcript to permit alternative splicing ' Viral protein Rev binds to the Rev

Response Element (RRE) of the transcript. This RNA-protein interaction helps the

34 and facilitates its

unspliced transcript evade surveillance mechanisms for degradation
export by the alternative Rev/CRM1-dependent nuclear export pathway". Furthermore, Rev
has been shown to recruit host proteins of diverse functions, including; nuclear matrix
protein MATR3”, nonsense-mediated decay protein UPF1*, and RNA helicases DDX1 and
MOV10**. Following nuclear export, the unspliced transcript can be incorporated into a
variety of ribonucleoprotein complexes (RNPs). The binding of host factors such as DDX3
to the highly structured 5’-end of the unspliced transcript has been shown to facilitate
translation**"’. Comparably, the binding of Staufen1, a double-stranded RNA binding
protein, along with HIV-Gag, has been shown to influence the incorporation of the genome
into virions*. HIV-Gag binds unspliced HIV RNA with sequence specificity via its

nucleocapsid domain, leading to encapsidation of the HIV RNA¥

. As the eventual destiny of
the unspliced HIV transcript is directly dependent on such interactions with both viral and

host proteins, elucidating the identities and roles of these proteins is crucial to understanding

the HIV replication process.

Extensive research, using various techniques, has revealed numerous host factors implicated
in HIV replication. At least four genomic screens using RNA knockdown techniques to
discover critical players in the HIV replication process in cells have been reported™ . The
RNA knockdown strategy utilizes small interfering RNAs (siRNAs) or small hairpin RNAs
(shRNAs) to knockdown individual genes in cell culture and the effect on HIV infection is

monitored™. The success of each knockdown requires that the levels of the target transcript



17

and resultant protein are sufficiently decreased in the cells and that the protein product’s
function is not replicated by an alternative protein. Despite these limitations, hundreds of
genes have been shown in this way to play important roles in HIV replication. However,
based on a meta-analysis of three of the four genome-wide RNA knockdown studies,
reproducibility of the results is limited and the mechanisms by which most of the proteins
act are still not understood™. Affinity purification serves as an alternative strategy for
identification of pertinent host factors. In this strategy, a protein of interest is tagged with a
ligand (e.g. Strep, Flag, GFP), beads coupled to a suitable affinity agent for the ligand are
used to capture the desired protein from a complex mixture, and the accompanying proteins
are identified by mass spectrometry or other techniques®”’. A recent example of such a
study reported the assembly of viral and host protein networks from the affinity purification

of 18 HIV protein products followed by mass spectrometric analysis™

. A protein affinity
purification strategy has also been used to target engineered HIV RNAs in cell lysate and
capture associated proteins. Two such studies captured segments of HIV RNA modified
with multiple MS2 bacteriophage binding sites, followed by mass spectrometric protein
identification’”. Kula et al. transfected cells with an HIV-1 derived vector containing
truncated HIV RNA sequences modified with 24 MS2 bacteriophage-binding sites. Flag-
tagged MS2 coat protein added to the cell lysate binds the MS2 binding sites and the
complex is immunoprecipitated using anti-flag antibodies. This strategy revealed many
previously known mRNA binders and regulators and also indicated a novel function in HIV
replication for MATR3'. Similarly, Marchand et al. incubated SL.S2-A7 HIV-1 RNA
segments containing three MS2 binding sites in HeLa cell lysate. The resulting HIV RNPs

were then affinity purified using an MS2-maltose binding protein (MBP) fusion protein and

amylose beads. This study resulted in the discovery of a novel HIV-1 splicing regulator,
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hnRNPK. While this RN A-centric affinity purification scheme is valuable for the discovery
of RNA-protein interactions, it is limited to use on MS2-containing constructs of HIV RNA,

rather than on native HIV RNA sequences.

Presented here is a versatile strategy for probing iz vivo HIV RNA-protein interactions we
call HyPR-MS: Hybridization Purification of RNA-protein-complexes followed by Mass
Spectrometry. HyPR-MS is based upon the specific capture by nucleic acid hybridization of
viral RNAs that have been subjected to 7 vzivo formaldehyde crosslinking, and mass
spectrometric identification of associated proteins. Related strategies have been reported for
interrogating gene-specific DNA-protein interactions (PICh: proteomics of

isolated chromatin®; HyCCAPP: hybridization capture of chromatin associated proteins for

1y and IncRNA-protein interactions (RAP-MS: RNA antisense purification

proteomics
and mass spectrometry, ChIRP-MS: comprehensive identification of RNA binding proteins
by mass spectrometry, CHART-MS: capture hybridization analysis of RNA targets and mass
spectrometry) ™", Briefly, the HyPR-MS strategy involves formaldehyde crosslinking of HIV
infected cells to preserve RNA-protein interactions. The lysate is then incubated with a
biotinylated DNA capture oligonucleotide specifically complementary to the unspliced viral
RNA. The capture oligonucleotide hybridizes to the target RNA-protein complexes and the
hybrid is isolated from the lysate using streptavidin coated magnetic beads. Following

stringent washes the RN A-protein complexes are released from the beads and the sample is

analyzed by mass spectrometry to identify associated proteins (Fig. 2.1a).

HyPR-MS is employed here to identify 7z vivo, unspliced full-length HIV RNA protein

interactors. The term “interactors” in this study encompasses proteins that may interact
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directly with the HIV RNA or proteins that may interact with a protein intermediate that in
turn interacts directly with the HIV RNA. Since proteins often function in complexes of
multiple proteins, the inclusion of the indirect interactors better elucidates the HIV RNA
interactome. The virus encoded RNA binding proteins Rev and Gag/Gag-Pol were among
the 189 proteins identified. Additionally, 24 host proteins previously shown to bind to
constructs of sequences of HIV RNA and over 90 shown to interact with the RNA-binding
viral proteins were identified. This considerable overlap of previously identified HIV-related
host factors supports the ability of HyPR-MS to correctly identify RNA-interacting proteins.
Many putative novel HIV RNA interactors were also identified including over 25 annotated
RNA-binding proteins not previously known to bind HIV RNA. The GO annotations of
the proteins identified, as well as the known HIV-related functions of some of the proteins,
cover a broad range of RNA-processing steps. Finally, we demonstrate functional effects of
several of these proteins using siRNA knockdown techniques followed by fluorescence
microscopy to evaluate HIV expression in cells. These findings provide evidence that the
HyPR-MS strategy can capture unspliced HIV RNA at various stages of the RNA’s lifespan,

and reveal important, functional, 7z vivo HIV RNA protein interactors.
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Figure 2.1: A. HyPR-MS uses hybridization capture for purification of HIV RNA-protein complexes from
cell lysate for protein identification by mass spectrometry. B. A toechold-mediated capture and release strategy
was implemented for sequence specific isolation of RNA-protein complexes. C. A total of three biological
replicates were analyzed. Three capture replicates (Capt. Reps.) were conducted for each biological replicate
and were each divided into two mass spectrometric analyses (MS Tech. Reps.). D. Capture efficiency and
specificity for each capture was measured using a RT-qPCR assay specific to HIV RNA. RT-qPCR analysis of
HIV RNA relative to GAPDH RNA in the capture and lysate samples measured enrichment of HIV RNA
after capture. Error bars in graphs are standard deviations of measurements made for all three biological

replicates.
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2.3 RESULTS AND DISCUSSION:

2.3.1 HyPR-MS overview. Figure 2.1a shows a diagram of the HyPR-MS strategy. The
strategy was applied here to HIV-infected Jurkat cells, a human T lymphocyte cell line that is
widely used for the study of HIV infection”. Cells were grown in culture, infected with

l()()

pseudotyped replication-deficient (Env-minus) NL4-3 HIV-1", and crosslinked with
formaldehyde to stabilize protein-RNA interactions’”*. Cells are lysed with a detergent-
containing buffer, briefly sonicated, and cellular debris removed by centrifugation. The cell
lysate is then incubated with a biotinylated DNA capture oligonucleotide which contains a
30-nucleotide sequence specifically complementary to the unspliced viral RNA and an 8-
nucleotide toehold sequence that is not complementary to the target RNA. The capture
oligonucleotide hybridizes to the target RNA-protein complexes and the hybrid is isolated
from the lysate using streptavidin-coated magnetic beads. Following stringent washes the
RNA-protein complexes are released from the beads using a toehold release

oligonucleotide(’g

. This oligonucleotide is complementary to all 38 nucleotides of the capture
oligonucleotide and is therefore thermodynamically favored to hybridize with it over the
target RNA (which is only complementary to 30 nucleotides of the capture oligonucleotide),
thereby releasing the HIV RNA-protein complex into solution (Fig. 2.1b). The sample is

then trypsin digested and analyzed by mass spectrometry to identify associated proteins

(Details in Supplementary Information and Methods).

2.3.2 Hybridization capture efficiency and specificity. RT-qPCR assays were employed
to measure the yield and specificity of HIV RNA capture. Control experiments utilizing a

scrambled capture oligonucleotide sequence provide a measure of hybridization specificity.
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The scrambled oligonucleotide was designed to have the same number of nucleotides and
approximately the same T, as the capture oligonucleotide but without significant
complementarity to the target transcript or any other transcript in the cells. The
hybridization capture strategy was applied to three biological replicates of HIV infected
Jurkat cells. A biological replicate is defined here as an independent cell culture and HIV
infection followed by cross-linking and pelleting of the cells. Three capture oligonucleotide
replicates and 3 scrambled oligonucleotide replicates were produced from each of the three
biological replicates to give a total of 9 HIV-RNA oligonucleotide captures and 9 scrambled
oligonucleotide captures. The captured and released material from each of these replicates
was used mostly for two technical replicates by mass spectrometric analysis for protein
identification (Fig. 2.1c), but a small aliquot (2% of total sample) was saved for verification

by RT-qPCR of specificity and efficiency of capture.

Capture efficiency is defined here as a measure of the percentage of the total HIV RNA
transcripts in the lysate aliquot that were hybridization captured and released from the beads.
It was measured using the HIV RNA-specific qPCR assay to determine the amount of HIV
RNA in the capture sample relative to the amount in the lysate prior to capture. The mean
capture efficiency for the three biological replicates was approximately 35% (Fig. 2.1d).
Capture specificity is defined here as the amount of HIV RNA in the specific
oligonucleotide capture sample compared to that in the scrambled oligonucleotide capture
sample. An average of 60-times more HIV RNA was obtained in the HIV capture samples
than in the scrambled capture samples (Fig. 2.1d). We also evaluated the enrichment of the
HIV RNA transcript relative to off-target transcripts. Using qPCR assays specific to HIV

RNA and to GAPDH RNA (a ubiquitously expressed “housekeeping” gene™”), we measured
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the amount of each of these transcripts in both the HIV capture sample and the lysate prior
to capture. The ratio of HIV:GAPDH, on average, in the capture sample was 46:1 whereas

in the lysate sample the average ratio was 0.13:1. This gives an average enrichment factor of
350 for the three biological replicates (Fig. 2.1d). These results indicate that the capture

procedure provides high specificity and efficiency of HIV transcript capture.

2.3.3 Mass spectrometry and statistical analysis of the data. The proteins from the
HIV capture oligonucleotide and scrambled capture oligonucleotide samples were trypsin
digested and analyzed by mass spectrometry. The resulting spectra were searched using
MaxQuant’"" for protein identification and label-free relative quantitation” (details in
Methods). The Perseus software program’* was used to determine which proteins were
significantly enriched in the HIV-capture compared to the scrambled-capture samples. In
addition to a Student’s T-test p-value, a “student’s T-test test statistic”’ was calculated with
the S,=0.8. Proteins with a test statistic that pass a permutation-based 1% false discovery
rate threshold are considered enriched in the HIV capture samples. The 189 proteins
identified in this manner have a maximum p-value of 0.05 and a minimum fold change of

2.2.

2.3.4 Validation of HyPR-MS protein identifications. HyPR-MS was developed and
utilized here in order to identify proteins that interact with unspliced HIV RNA, with a
particular interest in those that play roles in HIV replication. Proteins found to interact fall
into two major categories: those that have been previously identified as HIV RNA
interactors, and those that have not. The former serve to support and validate the

effectiveness of the approach, while the latter constitute new discoveries of possible
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biological significance. To identify previously known interactors, we searched the HIV
literature for proteins already shown to 1) interact directly with segments of HIV RNA, or 2)
interact with viral proteins (Tat, Rev, Gag, Gag-Pol) that bind to HIV RNA. Two previous
studies, Kula et al.”' and Marchand et al.”®, were particularly valuable resources of known
HIV RNA interactors. As described in the Introduction, both of these studies utilized
engineered and truncated versions of HIV RNA to permit antibody-based affinity capture;
this is in contrast to the HyPR-MS strategy employed here, in which the near-native full-
length single-round infectious HIV RNA was captured by hybridization, with 7z vivo RNA-
protein interactions stabilized by formaldehyde crosslinking. The study by Kula et al.
identified 30 HIV RNA-interacting host proteins, while that of Marchand et al. yielded 42;
10 and 15 of the Kula and Marchand identifications (with 4 in common), respectively, were
found in the present study as well. Additionally, three other proteins have been confirmed in
three different studies to interact with HIV RNA™"". In total, 24 host proteins, over 12% of
those identified by HyPR-MS, had been previously identified as HIV RNA interactors using

orthogonal isolation techniques.

In addition to the above host proteins, several virus-encoded proteins are known to interact
with HIV-RNA: Tat, Rev, Gag, and Gag-Pol as well as Gag-Pol protease products integrase
(IN) and reverse transcriptase (RT)**%. These proteins enhance HIV-replication by
interacting with HIV-RNA at multiple steps during the replication process. Polyproteins Gag
and Gag-Pol are translated from the full length HIV-RNA and thus have a large portion of
amino acid sequence in common in addition to sections of sequence specific to each

polyprotein. HyPR-MS revealed peptides unique to proteins Rev and polyprotein Gag, as
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well as several peptides that could be from Gag, Gag-Pol or their protein products providing

further validation for the technology.

It has been shown that many RNA-binding proteins work in concert with other proteins to
perform their functions. The use of formaldehyde as the crosslinking agent in HyPR-MS
facilitates the identification of these co-factors because formaldehyde covalently links
protein-protein interactors as well as RNA-protein interactors. To this point, it is satisfying
that ABCE1 was identified in our study. ABCEI1 interacts directly with Gag without an
RNA intermediate”’. The use of formaldehyde crosslinking preserves not just the protein -
HIV RNA interaction (in this case Gag — HIV RNA), but also the broader protein-protein
interactions (ABCE1 — Gag) of the HIV RNP. Extensive research has been conducted,
using various biochemical techniques, to identify proteins that associate with viral-encoded
RNA-binding proteins (RBPs) and this data has been compiled into various databases. We
cross-referenced our protein list with the NCBI** and GPS-Prot® databases and found that
91 of the 189 proteins identified by HyPR-MS have been previously shown to interact with
Tat, Rev, Gag, or Gag-Pol.

86,87

The analysis of the Gene Ontology (GO) annotations "' for the 189 proteins further
confirms the ability of HyPR-MS to identify RN A-associated proteins. Most significantly, 86
proteins are annotated to be RNA-binding. RNA-binding proteins with at least 4-fold
enrichment in the HIV capture using HyPR-MS are presented in Table 2.1. Notably, many
of these proteins have been previously shown to interact with HIV-RNA and/or to have

functions in HIV replication. Over 90 proteins identified have one or more GO annotations

representing involvement in various RNA-related processes. The representation of multiple
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RNA processes in multiple cellular locations suggests that HyPR-MS is capable of capturing

HIV-RNA protein complexes that form throughout the lifespan of the RNA.

The proteins identified by HyPR-MS to be unspliced HIV RNA interactors cover a broad
range of cellular processes and functions. The list of 189 proteins was investigated for
proteins that are known to affect HIV replication in general or at specific stages of the life
cycle as well as for proteins that are novel HIV-RNA interactors. Figure 2.2 shows proteins
that were identified in this study to interact with unspliced HIV RNA and were previously
shown to affect HIV replication in general (ovals) or at specific stages of the replication cycle
(rectangles). The proteins are grouped into RNA-process related categories based on each
protein’s known function in HIV replication (rectangles) or, if the specific function is not
known, based on the protein’s general GO annotated RNA related functions (ovals).
Proteins that have previously been shown to interact with segments of HIV RNA, either 7z
vivo or in vitro, are indicated with shaded ovals or rectangles. Additionally, lines connect
proteins to the virus encoded RBPs (Tat, Rev, Gag, Gag-Pol) that they are known to interact
with. This figure is not a comprehensive picture of all proteins identified by HyPR-MS nor
of all proteins known to affect HIV replication; however, it provides a summary of perceived
significant unspliced HIV RNA protein interactors identified in this study and their relevant
interactions and functions. Below, we highlight some of these significant and potentially

significant HIV RNA interactors.
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Table 2.1: RNA-binding proteins identified to interact with HIV-RNA using HyPR-MS
Previous
evidenc
Gene ID Protein Name Proposed Function in HIV Replication e of HIV- Refs
RNA
binding?
Transcription / Regulation of Transcription
FUBP1 Far upstream element-binding protein 1 Unknown No
HIST1H1B Histone H1.5 Unknown No
HSPD1 60 kDa heat shock protein Yes No “
ILF2 Interleukin enhancer-binding factor 2 Yes Yes 2474113
NPM!1 Nucleophosmin Transcription Yes 2474104
TRIM28 Transcription intermediary factor 1-beta Early HIV Replication Yes ERAENG
Splicing / Splicesome
DDX5 DEAD box protein 5 Nucleocytoplasmic Transport Yes 4TI
EIF4A3 Eukaryotic initiation factor 4A-I1l Yes No "
FUS RNA-binding protein FUS Yes Yes 855
HNRNPA1  Heterogeneous nuclear ribonucleoprotein A1 Splicing, Nucleocytoplasmic Transport Yes e
HNRNPC Heterogeneous nuclear ribonucleoprotein C Yes No “
HNRNPD  Heterogeneous nuclear ribonucleoprotein D Splicing, Nucleocytoplasmic Transport Yes G
HNRNPK Heterogeneous nuclear ribonucleoprotein K Splicing Yes 24.86.74
HNRNPR  Heterogeneous nuclear ribonucleoprotein R Yes Yes i
LUCT7L2 Putative RNA-binding protein Luc7-like 2 Yes No “
PCBP2 Poly(rC)-binding protein 2 Yes Yes 3
RBMSA RNA-binding protein 8A Unknown No
SYNCRIP  Heterogeneous nuclear ribonucleoprotein Q Splicing Yes 2
Translation / Regulation of Translation
CALR Calreticulin Unknown No
EEF1A1 Elongation factor 1-alpha 1 Early HIV Replication, Translation, RNA Packaging Yes A
EEF1D Elongation factor 1-delta Early HIV Replication, Translation No 4123
ELAVLA1 ELAV-like protein 1 (HuR) Translation No s
LRPPRC Leucine-rich PPR motif-containing protein Yes No e
NCL Nucleolin RNA Packaging/Budding Yes e
YBX3 Y-box-binding protein 3 Unknown Yes ¢
P-body / Stress Granule
CAPRIN1 Caprin-1 Yes Yes T
MOV10 Putative helicase MOV-10 Nucleocytoplasmic Transport, RNA Packaging Yes LARBERA
PSMA6 Proteasome subunit alpha type-6 Transcription No 129
YBX1 Nuclease-sensitive element-binding protein 1 Yes Yes e
Structural Molecule / Cytc let:
ANXA1 Annexin A1 Unknown No
FLNB Filamin-B Unknown No
Ga?:/gag- Gag/Gag-Pol polyprotein Yes No 1546
RPL10A 60S ribosomal protein L10a Unknown No
RPL11 60S ribosomal protein L11 Unknown No
RPL23 60S ribosomal protein L23 Unknown No
RPL6 60S ribosomal protein L6 Yes No “
RPSA 40S ribosomal protein SA Unknown No
SPTBN1 Spectrin beta chain Unknown No 19,108
TUBA1B Tubulin alpha-1B chain Yes Yes 87108
Other
ARF1 ADP-ribosylation factor 1 Yes No o
CCT6A T-complex protein 1 subunit zeta Unknown No
HSP90B1 Endoplasmin Unknown Yes 2
HSPA9 Stress-70 protein Yes No "
HSPE1 10kDa heat shock protein Unknown No
MDH2 Malate dehydrogenase Unknown No
P4HB Protein disulfide-isomerase Unknown No
PDIA3 Protein disulfide-isomerase A3 Yes No 20
PDIA4 Protein disulfide-isomerase A4 Unknown No
PEBP1 Phosphatidylethanolamine-binding protein Unknown No
PPIA Peptidyl-prolyl cis-trans isomerase A Early HIV Replication No o9
PRDX1 Peroxiredoxin-1 Unknown No
PRMT1 Protein arginine N-methyltransferase 1 Unknown No
STIP1 Stress-induced-phosphoprotein 1 Unknown No
YWHAE 14-3-3 protein epsilon Unknown No
YWHAG 14-3-3 protein gamma Unknown No
YWHAZ 14-3-3 protein zeta/delta Unknown No
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Figure 2.2: Unspliced HIV RNA protein interactor map. All proteins indicated were identified by HyPR-MS
to interact with HIV unspliced RNA (with the exception of Tat). Proteins in rectangles have previously been
shown to affect specific stages of HIV replication and are grouped accordingly (colored circles). Proteins in
ovals have previously been shown to affect HIV replication but the stage of replication was not determined.
These proteins are therefore grouped according to their RNA-process related GO annotation. Proteins shaded
in grey have been previously identified to interact with segments of HIV RNA; unshaded proteins are novel
unspliced HIV RNA interactors. Virus encoded HIV RNA binders are indicated in the large rectangles; and a

line connects them to cellular proteins previously shown to interact with these viral proteins!0:11,16-19,24,41-43,54-

57,62-64,66,71-77,80-82,85,91-127
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2.3.5 HyPR-MS identifies proteins involved in nuclear RNA processes. The unspliced
HIV RNA, because it retains its introns, requires mechanisms to prevent its degradation and
splicing prior to nuclear export. HyPR-MS identified the viral protein Rev, which is a
nuclear export factor that binds to the RRE region of unspliced and partially spliced HIV
transcripts and expedites their export into the cytoplasm®*. In addition to Rev, HyPR-MS
also identified RANBP1 and RANGAP1, host factors that are known to be involved in the
Rev-dependent nuclear export of RRE-containing RNAs. RANBP1 and RANGAP1 work
together to hydrolyze RanGTP to release Rev and its RNA cargo from the export machinery
and into the cytoplasm®. Interestingly, an iz vitro study found that PRPF6, another protein
also identified by HyPR-MS, interacts with Rev bound to an RRE sequence in an RanGTP
dependent manner, suggesting that PRPF6 has a role in HIV RNA nuclear export®. The

discovery of PRPFG6 as an 77 vivo unspliced HIV RNA interactor supports this hypothesis.

Several DEAD-box helicases have been shown to interact with Rev and to impact HIV
replication()”. Two such helicases, DDX1 and DDX5, were identified here as HIV RNA
interactors. Previously, co-immunoprecipitation assays from HEK293 cells overexpressing
Rev and DDX1 and from 293FT cell extracts expressing Rev and HA-tagged DDX5,
confirmed the interaction of Rev with DDX1 and DDX5, respectively””'. Additional
studies investigated the impact of these interactions on HIV replication. Both helicases were
shown to enhance Rev function using a Rev-dependent luciferase-based reporter plasmid
(pDM628) transfected into 293FT cells; DDX5 was suggested to work synergistically with
DDX3". Also, siRNA knockdown of DDX1 resulted in restricted Rev function””" while
another study using siRNA knockdown proposed that DDX5 antagonizes the formation of

DDX17 homodimers that are required for HIV replication®. The study presented here gives
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a “snap-shot” of zn vivo RNA-protein and protein-protein interactions, showing that both
DDX1 and DDXS5 interact either directly or indirectly with HIV RNA. The detection of
these interactions was accomplished without modification or overexpression of RNA or
protein in the cellular system, providing confidence that the interactions are not artifactual in

nature.

Notably, one group of RNA-binding proteins is well represented in the HyPR-MS data:

heterogeneous nuclear ribonucleoproteins (hnRNPs). hnRNPs play roles in multiple

93,94

processes including alternative splicing”’, mRNA stability””, and nuclear export”. HyPR-MS

identified nine hnRNPs; eight (hnRNP A1, D, E2 (PCBP2), F, K, P2 (FUS), Q (SYNCRIP),

A3L8T7

and R) have previously been shown to bind to select segments of HIV RN and to

1% However, hnRNP C, to our knowledge, has not

have roles in HIV replication
previously been shown to bind HIV-RNA but has been shown to bind to mRNAs with N°-
methyladenosine (m°A) modifications to affect gene expression'”'. Interestingly, it has been
shown recently that HIV-1 RNAs have multiple clusters of m°A at the 3’-end and that their

12 We further evaluate

presence affects steady state levels of the viral mRNA expression
the effect of HNRNP C on HIV replication using siRNA knock-down techniques described

later.

2.3.6 HyPR-MS identifies proteins involved in cytoplasmic RNA processes. Once it
has been exported from the nucleus to the cytoplasm, the unspliced HIV RNA is either
translated into Gag and Gag-Pol polyproteins or incorporated into progeny virions. Like
cellular mRNAs, viral RNA is assembled into either polysomes for translation or different

ribonucleoprotein (RNP) complexes to regulate its translation. Processing bodies (P-bodies)
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contain mRNAs that are destined for decay whereas stress granules (SGs) contain mRNAs
that are stalled in translation initiation'”. Unspliced HIV RNA can also be assembled into
RNPs that are thought to transition the unspliced RNA into progeny virions*. These RNPs
contain Staufenl protein and unspliced HIV RNA (thus called SHRNPs) and appear to have

a distinct function from other Staufen1 containing RNPs such as stress granules .

Many of the proteins identified by HyPR-MS are multifunctional and are known
components of one or more of the above mentioned types of RNPs. Twenty-two proteins
with GO annotations in translation, including translation initiation and elongation factors,
tRNA ligases, and ribosomal proteins, were identified. Several components of stress
granules were also identified, including translation initiation factors, small ribosomal subunit
proteins and other translational regulators such as HuR (ELAVLI1) and YBX3. HuR has
multiple functions in RNA metabolism including regulation of alternative splicing, mRNA
stability, and translation'™. Specific to HIV RNA processing, HuR has been reported to
regulate HIV RNA translation'”; other studies debate whether HuR also influences reverse
transcription'’'"””. Like HuR, YBX3 is annotated as a regulator of mRNA stability and
translation; however, despite having been shown to bind to HIV RNA constructs’' and

native unspliced HIV RNA here, its role in HIV replication is still unknown.

Proteins associated with SHRNPs were also well represented in the data presented here. The
composition of SHRNPs has been explored using tandem affinity purification and mass
spectrometry of Staufenl containing RNPs from cell lines expressing TAP-Staufenl and
HIV-1'". SHRNPs require unspliced HIV RNA for formation and incorporate Gag plus

more than 200 cellular proteins*™'*; 39 of which were also identified by HyPR-MS
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(Supplementary Table S6). Staufenl, itself, was not identified, which could be due to various
experimental factors involving crosslinking, protein abundance, or ionization efficiencies
during mass spectrometric analysis. MOV10, a component of P-bodies, is a protein
implicated in multiple functions affecting HIV replication including viral infectivity, virion
production, reverse transcription, Gag proteolytic processing, and nuclear export“’mg’m. It
has been previously reported that MOV10 binds to engineered constructs of segments of
HIV RNA”, and now, HyPR-MS shows that MOV 10 associates with native unspliced HIV
RNA during HIV replication. Additional SHRNP protein components previously shown to
affect HIV virion production were also identified by HyPR-MS. ABCET1 has been identified

as a necessary factor for HIV-1 capsid formation''>'"’

and NCL has been shown to complex
with HIV RNA and Gag to enhance virion release'*. Conversely, IGF2BP1 has been
demonstrated to complex with Gag to block the formation of HIV-1 particles'”. Protein
Lyric (MTDH), though not identified as part of the SHRNP, has been shown to interact
with Gag multimers and to be incorporated into HIV-1 virions, suggesting Lyric has an

impact on virion infectivity''. ‘This hypothesis is further informed by the finding here that

Lyric is an unspliced HIV RNA interactor.

2.3.7 siRNA knockdown and fluorescence microscopy: Eight proteins identified using
HyPR-MS (MOV10, YBX3, IGF2BP1, RPSA, HNRNPC, HSPD1, RBBP4, YWHAH) were
evaluated for their influence on HIV replication using siRNA knockdown techniques. These
proteins were selected for functional assessment for at least one of the following reasons: 1)
the p-value comparing HIV capture samples and the scrambled capture samples was <0.05,
2) the total intensities of the peptides for the protein in the HIV capture sample was in the

top quartile, or 3) the abundance of the protein in the HIV capture sample was statistically
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higher than that in a polyA-RNA capture sample. Details regarding target selection for

siRNA knockdown are presented in the Supplementary Information.

The effect of the knockdown of each target protein was evaluated by, first, transfecting 293 T
cells (stably-expressing YFP-APOBEC3G) in multi-well culture plates with siRNA pools
specific for each target protein. In addition to cell cultures transfected with siRNAs against
the individual target proteins, two controls were conducted. A sample was transfected with
siGFP to knock down the stably expressed cellular YFP-APOBEC3G protein and
demonstrate successful transfection conditions. Transfection with non-targeting siRNAs
(siCTRL) was used as a negative control. After 48-hours the cells were transfected a second
time with the same siRNAs followed by infection with a two-color fluorescent HIV-1
reporter virus (E-R-Gag-3xCFP mCherry/nef; Fig. 2.3a). This virus is similar to that used
for infection of Jurkat cells for HyPR-MS analysis, with two notable changes: the Gag open-
reading frame (ORF) contains three copies, in tandem, of CFP reporter and the nef ORF
contains an mCherry reporter. Forty-eight hours post-infection the cells were fixed and the
nuclei stained (4',6-diamidino-2-phenylindole, DAPI) and each knockdown-infection sample

was imaged using fluorescence microscopy.

After DAPI-staining each multi-well plate was fluorescence-imaged using a Cytation 5
Imaging Reader to quantify cell viability following siRNA transfection. Knockdowns
maintaining cell viability within +/- 1.5 standard deviations of the plate mean were
considered acceptable. This resulted in the elimination of RPSA from further evaluation due

to excessive cell death following siRNA knockdown.
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HIV infection efficiency following siRNA knockdown was assessed using fluorescence
microscopy imaging and quantification of CFP and mCherry expression in each sample.
The knockdown efficiency of the target proteins was evaluated by western blot analysis
showing greater than 87% knockdown of proteins MOV10, HNRNPC, HSPD1, and
RBBP4 (Fig. 2.3¢ and Supplementary Figure S2.3). Figure 3b shows the CFP and mCherry
intensities, normalized to DAPI-staining, for each of the successful siRNA knockdowns
relative to the siCTRL knockdowns. The siGFP sample has a significant decrease in
expression of CFP (and not mCherry) further supporting the efficacy of the siRNA
knockdown in the samples. All four target proteins knocked down in 293T cells resulted in
statistically significant changes in both CFP and mCherry expression upon HIV infection
(Fig. 2.3b). The knockdown of three proteins (MOV10, HNRNPC, and HSPD1) resulted in
a decrease of CFP production while the knockdown of RBBP4 resulted in an increase.
Additionally, all four protein knockdowns (MOV10, HNRNPC, HSPD1, and RBBP4)
resulted in decreases in mCherry production. The incubation of cells with siRNAs targeting
the knockdown of proteins YBX3, IGF2BP1, YWHAH did not result in significant
decreases in protein production per western blot analysis and also did not result in

statistically significant changes in either CFP or mCherry expression.

We utilized siRNA knockdown of HIV-RNA binding proteins, infection with a dual
fluorescence HIV clone (Fig. 2.3a), and fluorescence microscopy to demonstrate the efficacy
of HyPR-MS while revealing potential function of such proteins in the HIV replication
process. Four proteins analyzed in this way showed statistically significant changes in CFP

and mCherry expression, suggesting their involvement in HIV replication. Of these four
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proteins, three (MOV10, HNRNPC, and HSPD1) are known RNA-binding proteins (RBPs)

though only MOV10 has been previously shown to bind to HIV-RNA specifically™.

Interestingly, one protein, RBBP4, is not a known RBP; however, it is a known histone
binding protein involved in chromatin remodeling, regulation of transcription and negative
regulation of gene expression' """, Additionally, RBBP4 has been identified as a component

119

of the HIV pre-integration complex (PIC) "~ and to interact with the HIV transcription
factor Tat. Our HyPR-MS capture data shows a much higher abundance of RBBP4 in the
HIV capture samples relative to the mRNA capture samples. This suggests that RBBP4
does not interact ubiquitously with mRNAs in general but does interact, either directly or
indirectly, with HIV RNA. Based on the above mentioned knowledge of RBBP4 function, it
is possible that RBBP4 is not directly binding with the HIV RNA but is interacting through

intermediate molecules such as Tat the PIC, or histones at the site of HIV RNA

transcription.

The RBBP4 siRNA knockdown data presented here shows an increase in CFP expression
and a decrease in mCherry expression; this is a proxy for showing an increase in expression
of the full length HIV transcript (CFP) but a decrease in the expression of the completely
spliced transcript (mCherry). Though additional experiments would be required to establish
the function of RBBP4 in HIV replication, this data suggests that RBBP4 perhaps negatively
regulates the expression of the full-length transcript but also could have a role in HIV
splicing or in increasing the expression of the completely spliced HIV RNA. Furthermore,
the identification of RBBP4 by HyPR-MS as an HIV-RNA interactor demonstrates how the

use of formaldehyde crosslinking of RNA-protein complexes allows for the identification of
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proteins that may not be in direct contact with the RNA but still play a role in HIV

replication.

Many HNRNPs have been previously shown to interact with HIV-RNA or protein Rev to
affect splicing and/or nuclear export during HIV replication. Many of these wete identified
here using HyPR-MS. We have also identified an additional HNRNP as an HIV-RNA
interactor, HNRNPC; a protein generally involved in RNA stability” and known to bind
N6-methyladenosine modified RNAs'". The siRNA knockdown of HNRNPC resulted in
severe decreases in expression of both CFP (full-length HIV-RNA) and mCherry
(completely spliced HIV RNA) supporting that HNRNPC is involved in maintenance of

HIV RNA stability.

The knockdown of proteins MOV10 and HSPD1 each show a statistically significant
decrease in expression of CFP that is greater than that of mCherry (Fig. 2.3b). Interestingly,
both of these proteins have been previously shown to be components of the Staufen-1 HIV-
RNP (SHRNP)'. This complex is thought to be, with protein Gag, a conduit for packaging
HIV-RNA into virions because the depletion of Staufenl in infected cells has been shown to
reduce Gag protein levels and to deregulate the process of virion formation*. The
knockdown of the two SHRNP components here results in the decrease of the HIV-RNA

that codes for Gag protein, supporting this claim.
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Figure 2.3: a. Diagram of the HIV-1 reporter virus used for functional evaluation of HIV RNA interactors.
The RNA sequences coding for the fluorescent reporter proteins, CFP and mCherty, are postioned so that
three CFP and one mCherry molecules are expressed following translation from the full length and the
completely spliced transcripts, respectively. b. Quantitative analysis of fluorescence from reporter proteins
following target protein siRNA knockdown and 48-hours post HIV infection. c. Western blot analysis of
siRNA knocked-down target proteins. Demonstrates >90% knock down of each protein. Images and

quantitative analysis of complete blots are in SI Figure S3.
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2.3.8 Advantages of HyPR-MS. HyPR-MS identified many proteins with known
functions in HIV unspliced RNA processing including alternative splicing, nuclear export,
regulation of mRNA stability, translation, regulation of translation, and packaging into
virions. This variety suggests that the strategy is capable of capturing unspliced HIV RNA at
multiple stages throughout HIV replication. HyPR-MS also identified many proteins that do
not yet have known functions in HIV replication, but have GO annotated functions in RNA
processing, and in particular RNA-binding. These novel unspliced HIV RNA protein
interactors are promising targets for future studies probing host factor functions in HIV

replication.

Many techniques are available for interrogating HIV host factors, each unveiling new
information about the virus and disease. A subset of such techniques includes those that
identify proteins that associate with HIV RNA. These techniques successfully identified
proteins from purified sub-genomic or reporter HIV RNAs from transfected, stably-
transduced or transformed human cell lines (293T, U20S, HeLa) using MS2 stem loop/coat
protein affinity purification. In contrast, HyPR-MS purified near-native unspliced HIV
RNAs from an infected T-cell line (Jurkat) and only relied on the sequence specificity of the
capture oligonucleotides to extract RNA-protein complexes of interest. For development of
HyPR-MS, multiple experimental iterations were required to optimize the many parameters
affecting sample output. It was desirable to have a stable, reproducible, and readily obtained
cell type for such studies: for this reason we chose to use the Jurkat T lymphocyte cell line, a
widely used model for HIV infection studies”. The procedures developed and employed in

the present study are quite general, and could readily be adapted to studies on primary cells.
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The advantage of HyPR-MS is threefold: 1) the strategy does not require modification or
overexpression of the HIV RNA nor any cellular proteins giving confidence that the
interactions are not artifactual in nature; 2) the RNA-protein interactions are preserved 7z vivo
by formaldehyde crosslinking prior to any perturbation of the cellular system giving
confidence that the interactions are biologically relevant; and 3) only 30 nucleotides of the
native HIV RNA sequence is required for purification of the complexes permitting the
application of HyPR-MS nearly universally with regards to HIV-1 strain, cell line and cell
type. The versatility of the HyPR-MS technique as well as its ability to capture unspliced
HIV RNA throughout its lifespan suggests it will be a powerful tool for interrogation of 7
vivo HIV RN A-protein interactions under various experimental perturbations to gain insights
into how HIV replication occurs and can be prevented. Although the focus of this study is
the interactions of proteins with HIV RNAs, the technology itself is likely to be readily
adapted to other RNA species such as mRNAs and IncRNAs. In fact, preliminary work in
our laboratory applying HyPR-MS to both types of RNA targets is underway and will be

presented in future publications.

2.4 METHODS:

2.4.1 Cell Culture, Virus Production, and Infections. HEK293T cells were cultured in
DMEM media supplemented with 10% fetal bovine serum and 1% L-glutamine-penicillin-
streptomycin at 37°C in 5% CO,. To generate single-round infectious HIV-1 virions,
2.5X10° HEK293T cells were plated in 10 cm tissue-culture treated dishes in 10mL media.
Each 10 cm dish was transfected using polyethylenimine (PEI) with 1ug of DNA plasmid

expressing the G envelope glycoprotein from vesicular stomatitis virus (VSV-G) and 9ug of
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plasmid DNA encoding the full-length NL4-3 molecular clone of HIV-1 bearing inactivating
mutations in e, ypr, and expressing a Cyan Fluorescent Protein (CEFP) reporter from the nef
reading frame (HIV-1 E-R-CFP)"*"'*, At 24 hours post-transfection, old media was
removed and replaced with 4mlL fresh media. At 48 hours post-transfection, culture
supernatants were harvested, filtered through a sterile 0.45um syringe filter, aliquoted, and
frozen at -80°C. Infectivity of virus produced was determined by small-scale infection of
Jurkat T-cells to quantify dose of viral inoculum required for large-scale infections. Jurkat T-
cells (obtained from ATCC) were cultured in RPMI media supplemented with 10% fetal
bovine serum and 1% L-glutamine-penicillin-streptomycin. Jurkat T-cells were expanded in
850 cm” tissue culture treated roller bottles rotated at 3 rotations per minute. A cell density
of 1X10° cells per mL. of media was maintained by regular quantification. 300X10° Jurkat T-
cells were infected in a low volume (typically 25mL RPMI + 25mL viral inoculum in
DMEM) for three hours rotating as above. Polybrene was added at a concentration of
10pg/mL to increase infectivity. After three hours, culture volume was increased to 300 mL
using RPMI media. Infected cells were incubated and rotated as above for 45 hours.
Successtul infection was confirmed by visualizing CFP expression via epifluorescent
microscopy. Typically >90% of cells were infected. Uninfected control cells were treated
similarly (combined with 25mL. DMEM media instead of viral inoculum). At this point, cells
were concentrated via centrifugation at 1500rpm for 10 minutes and washed three times with
PBS. Washed cells were cross-linked by resuspending in 0.25% formaldehyde (diluted in
PBS) and incubated at room temperature for 10 minutes prior to centrifugation. Cross-
linked cells were washed once with 1xPBS and then resuspended in 100mM Tris-HCI (pH
7.4) to quench cross-linking reactions for 10 minutes at room temperature. Cells were

washed twice more in 1xPBS, pelleted by centrifugation, and frozen at -80°C.
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2.4.2 Special Considerations for HyPR-MS. All solutions used for cell lysis,
hybridization, capture, release, and RT-qPCR were prepared using certified RNase free

components. Water added to all solutions was nuclease free UltraPure distilled water

(Invitrogen, 10977-015).

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 HIV RNA is conditional on the number of copies of the HIV RNA
present in the infected cell culture. The capture oligonucleotide concentration and volume
of streptavidin coated magnetic beads needed for optimal capture efficiency and specificity
for each biological replicate was empirically determined. To do this, small-scale capture
experiments using 5X10 cells were performed using increasing amounts of capture
oligonucleotides and streptavidin coated beads. The amount of HIV RNA captured was then
measured using RT-qPCR (as described below) 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. For the data presented here, 7.5X10" HIV-1
infected Jurkat cells, 188 pmol of capture or scrambled oligonucleotides, 1.125 mL of
streptavidin coated beads, and 188 nmol of release oligonucleotides were used for each

capture sample.
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2.4.3 Cell Lysis. Cells were resuspended on ice in lysis buffer (469mM LiCl, 62.5mM Tris
HCI, pH 7.5, 1.25% LiDS, 1.25% Triton X-100, 12.5mM Ribonucleoside Vanadyl Complex,
12.5mM DTT, 125U /mlL RNasin Plus, 1.25X Halt Protease Inhibitors) to a final cell
concentration of 5X10° cells/mL. Cells were lysed by frequent vortexing for 10 minutes,
keeping the cells on ice between vortexes. The cell lysate was then sonicated on ice for 30
seconds with 4 seconds of rest between each 4-second sonication interval. The lysate was
then centrifuged at 1000 g for 2 minutes at 4°C and the supernatant transferred to a new

tube.

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

buffer (375mM LiCL, 50mM Tris) at room temperature for 5 minutes.
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2.4.5 Release from Beads. The beads were resuspended in release buffer (a volume 3X
that of the beads used for capture) and the release oligonucleotide (Table S2) was added.
The mixure was nutated at room temperature for 30 minutes followed by magnetic
separation of the beads from the supernatant containing the released RNA-protein
complexes. The solution was transferred to a new tube and divided into aliquots for RT-

qPCR and mass spectrometric protein analysis.

2.4.6 RT-qPCR. Samples wete incubated at 37°C with 1 mg/mL proteinase, 4mM CaCl,,
and 0.2% LiDS. The RNA was extracted with TriReagent (Sigma, T9424) per
manufacturet’s protocol and was then precipitated in 75% ethanol at -20°C for several
hours. The tube was then centrifuged at 20,800 g to pellet the RNA and the RNA was then
washed with 75% ethanol. The RINA pellet was resuspended in 15ulL of nuclease free water
and 10uL 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 (Table S1) for quantitation of relevant

transcripts.

2.4.7 eFASP. The protocol for protein preparation was adapted as follows from that
described by Erde, J. et al. . Amicon 50kDa MWCO filters (Millipore, UFC505096) and
collection tubes were passivated by incubating overnight in 1% CHAPS and then rinsed
thoroughly with mass spectrometry grade water. Each release sample was brought to 0.1%
deoxycholic acid and 8M urea. The sample was passed through the filter in 500uL.

increments by centrifugation for 10 minutes at 14,000 g and the eluant was discarded. 400uL
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of exchange buffer (8M urea, 0.1% DCA, 50mM Tris pH 7.5) was added to the filter and the
tube was centrifuged at 14,000 g for 10 minutes. This was repeated for a total of 3
exchanges. 200uL of reducing buffer (8M urea, 20mM DTT) was added to the filter and the
sample was incubated for 20 minutes at room temperature followed by centrifugation.
200uL of alkylation buffer (8M urea, 50mM iodoacetamide, 50mM ammonium bicarbonate)
was then added to the sample, followed by incubation for 20 minutes at room temperature
in the dark, and centrifugation at 14,000 g for 10 minutes. Finally, the sample was
exchanged with 3 aliquots of 400uL of digestion buffer (1M urea, 50mM ammonium
bicarbonate, 0.1% DCA) and resuspended in a final volume of 100uLL 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 minutes at 14,000 g.
50ul. of 50mM ammonium bicarbonate was added to the filter and centrifuged at 14,000 g
for 10 minutes. This step was repeated once to ensure the collection of the entire peptide
sample. The 200ulL peptide sample was then brought to 1% TFA followed by addition of
200uL of ethyl acetate. The sample was vortexed for 1 minute then centrifuged at 15,800 g
for 2 minutes. The top layer was aspirated and discarded and extraction with ethyl acetate
was repeated 2 times. The aqueous layer was then dried using a Savant SVC-100H SpeedVac
Concentrator and the sample resuspended in 150ul. 0.1% TFA. For removal of salts from
the sample a C18 solid-phase extraction pipette 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 150uL. sample over the cartridge. The OMIX pipette tip was then rinsed with

0.1% TFA 10 times followed by peptide elution in 150puL 70% ACN, 0.1% TFA. The
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samples were then dried using the SpeedVac Concentrator and reconstituted in 95:5

H20O:ACN, 0.1% formic acid.

2.4.8 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 (LTQ
Velos, ThermoFisher Scientific). A 100 um id X 365 um od fused silica capillary micro-
column packed with 20 cm of 1.7 um-diameter, 130 Angstrom pore size, C18 beads (Waters
BEH) and an emitter tip pulled to approximately 1 pm 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 400nL./minute for 30 minutes.
Peptides were then eluted at a flow-rate of 300 nl./minute over 120 min with a gradient
from 2% to 30% acetonitrile, in 0.1% formic acid. Full-mass profile scans (300-1500 m/z)
were performed in the FT orbitrap at a resolution of 60,000. The ten highest intensity
patent ions were selected for MS/MS HCD scans at 42% relative collision energy, 7,500
resolution, and with a mass range starting at 100 m/z. Dynamic exclusion was enabled with
a repeat count of two over a duration of 30 seconds and an exclusion window of 120
seconds. The Orbitrap raw files were analyzed using MaxQuant (version 1.5.3.30)"" and
searched with Andromeda’ using the combined Uniprot* canonical protein databases for
human and HIV-1 and supplemented with common contaminants (downloaded June 8,
2016). 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 two peptides were required for protein identification and
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quantitation. Protein quantitation was achieved using the sum of the peptide peak
intensities for each protein of each biological replicate and capture sample type. The peak
intensities of HIV capture samples were normalized by the total peak intensity of all HIV

capture samples and the same was done for scrambled capture samples.

2.4.9 Statistical Analysis of Protein Data. The intensities for each protein were then
analyzed using the Perseus™ companion software to MaxQuant for statistical differences
between the 3 HIV capture and 3 scrambled capture biological replicates. Following log
transformation of peak intensities, missing values were imputed with the width setting at 0.3
and the downshift set to 1.8. A permutation-based 1% FDR analysis of these values, with S,
set to 0.8, produced 189 proteins statistically enriched in the HIV capture samples compared

to the scrambled capture samples.

2.4.10 Cell culture, stable cell line, and HIV-1 reporter virus. Human 293T cells stably-
expressing YFP-APOBEC3G were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum, 1% L-glutamine, and 1% penicillin-
streptomycin. For all experiments, cells were maintained at 37°C and 5% CO, in a
humidified incubator. The virus used was a two-color fluorescent HIV-1 reporter virus (E-
R- Gag-3xCFP mCherty/nef) which expresses mCherry in the nef ORF and three copies of
CFP, in tandem, between the matrix and capsid ORFs of Gag, in a similar but expanded
manner as Mergener 1992, Muller 2004, Holmes 2015, and Hendrix 2015. This virus allows
screening for early (mCherry; multiply-spliced genes) and late (CFP; unspliced gene
products). Stocks of viral inoculum were produced in 293T cells by transfecting the E-R-

Gag-3xCFP mCherry/nef with psPAX2 and VSV-G.
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2.4.11 siRNA knockdown and infection. For siRNA knockdown cells were cultured in
48-well plates. A dilution of DarmaFECT transfection reagent in Opti-MEM was mixed
with the appropriate siRNA pool also diluted in Opti-MEM and allowed to incubate for 20
minutes. This solution was then brought to 300ulL with antibiotic free DMEM, mixed well,
and used to replace the existing media in each well. The final, in-well concentration of each
siRNA was 25nM. After four hours of incubation, the media was replaced with fresh media
and the cells were incubated overnight. Approximately 24-hours post transfection the cells
were split into two plates and a second siRNA transfection as described above was
conducted an additional 24-hours later, in both plates. Again, four hours post transfection
the siRNA containing media was replaced with fresh media. Additionally, in one plate,
polybrene was added to the media followed by the HIV-1 reporter virus (E-R- Gag-3xCFP
mCherry/nef). After 24 hours the media is exchanged for fresh media and 48-hours post
infection the cells are washed with PBS and fixed for 12 minutes using 4%

paraformaldehyde (PFA) in PBS then stored at 4C in PBS until imaged.

2.4.12 DAPI staining and fluorescence imaging. Fixed cells were permeabilized using
0.2% Triton X-100, and stained with DAPI (4’,6’-diamidino-2-phenylindole4’,6-diamidino-2-
phenylindole). DAPI fluorescence was measured using a Cytation 5 Imaging Reader (Biotek
Instruments, Inc.) operated by Gen5 software (v 2.07) using excitation/emission
monochromator range (wavelengths in nanometers) 340 to 380/420 to 480 (DAPI). Cell
number based on the relative DAPI signal is later used to normalize imaging data. Additional
imaging experiments were performed on a Nikon Ti-Eclipse inverted wide-field

epifluorescent deconvolution microscope (Nikon Corporation). Images were collected using
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an Orca-Flash 4.0 C11440 (Hamamatsu Photonics) camera and Nikon NIS Elements
softwate (v 4.20.03) using Nikon 4x/0.13 (Plan Apo) objective lense and the following
excitation/emission filter set ranges (wavelengths in nanometers): 418 to 442/458 to 482
(CFP), 490 to 510/520 to 550 (YFP), 555 to 589/602 to 662 (mCherty). Images were
processed and analyzed using FIJI/Image]2'*. Results were obtained from two biological

replicates, defined as cells treated with siRNAs and infected with virus on separate days.

2.4.13 Western blot analysis. For western blot analysis cells were prepared identically to
those described in “siRNA knockdown and infection” except instead of paraformaldehyde
fixation the cells were lysed in radioimmunoprecipitation assay (RIPA) buffer (10 mM Tris-
HCI [pH 7.5], 150 mM NaCl, 1 mMEDTA, 0.1% SDS, 1% Triton X-100, 1% sodium
deoxycholate) containing complete protease inhibitor cocktail (Roche). The cell lysates were
then sonicated briefly and centrifuged for 10 minutes at 1000xg then boiled in dissociation
buffer (62.5 mM Tris-HCI [pH 6.8], 10% glycerol, 2% sodium dodecyl sulfate [SDS], 10%
beta-mercaptoethanol) at a 1:1 ratio. SDS-PAGE was performed on a 4% to 15%
polyacrylamide gel, and the proteins were transferred onto a nitrocellulose membrane. The
membranes were incubated with the appropriate antibodies (Supplementary Table S8) at a
1:1000 dilution overnight. Additionally, the gene encoding GAPDH, a housekeeping gene,
was detected with an additional antibody in each membrane-incubation to normalize band
density values to total cell protein values. Following washing of the membranes, secondary
IRdye680- or IRdye800-conjugated antibodies (Supplementary Table S8) were incubated at
1:10000 dilution for 1.5 hours and used for quantitative immunoblotting with an Odyssey

infrared scanner (Li-Cor Biosciences).
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2.5 SUPPLEMENTARY INFORMATION:

The objective of HIV-HyPR-MS is to use hybridization capture of unspliced HIV RNA-
protein complexes to identify proteins relevant to the process of HIV replication. Several
challenges must be addressed to succeed in this goal.

1. Biological Relevance: Iz vivo RNA-protein interactions must be stabilized to
withstand downstream experimental conditions.

2. Specificity of Capture: Unspliced HIV RNA-protein complexes must be specifically
isolated from a complex lysate milieu.

3. Magnitude of Capture: High capture efficiency must be achieved so that a
reasonable number of cells can be used for identification of proteins by mass
spectrometry.

4. Determination of “true binders”: Proteins that truly interact with the HIV RNA
(true binders) must be differentiated from non-specific interactors using a
combination of control experiments and statistical analysis strategies.

Below we describe the experimental strategies employed in HyPR-MS to overcome these

challenges.

Culture, HIV-1 Infection, and Crosslinking of Jurkat T-cells.

Cell type selection and the HIV infection strategy are integral factors for obtaining both a
sufficient magnitude of capture and biological relevance. Jurkat T-cells were selected because
they are amenable to growth in large numbers as compared to primary peripheral blood
mononuclear cells (PBMC) or purified CD4+ T-cells. Additionally, Jurkat T-cells largely
recapitulate the cellular environment that HIV typically infects (CD4+ T-cells) ensuring that

the hybridization capture results will be biologically relevant. HIV-1 infection was achieved
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by using the replication incompetent NL4-3 molecular clone. The use of a molecular clone
allowed us to know the genomic sequence, gene expression, and kinetics of the viral life
cycle while also maintaining experimental reproducibility. Because the development of this
multistep, complex technology requires several experimental iterations to establish the
parameters optimal for success, Jurkat T-cells infected with the NLL4-3 HIV molecular clone

were ideal selections.

RNA-protein interactions in the cell are often dynamic, transient, and labile. These
interactions must be stabilized so that biologically relevant interactions are preserved while
non-specific interactions are disrupted during the HyPR-MS process. To achieve this the
HIV infected cell culture is incubated with formaldehyde. Formaldehyde is a fast acting,
zero-length, membrane permeable covalent cross-linker that only crosslinks molecules that
are in contact with each other. Once covalently linked, RN A-protein and protein-protein
interactions are preserved while non-specific interactions are disrupted using harsh salt and
detergent concentrations experimentally downstream. This helps to ensure that proteins
identified are either directly interacting with HIV RNA or are interacting with other proteins

that directly interact with HIV RNA.

HIV Capture Oligonucleotide and Scrambled Capture Oligonucleotide Design and
Placement. The capture oligonucleotide is a key design feature of HyPR-MS for obtaining
specificity of capture. The oligonucleotide contains three elements: a 30-nucleotide (nt)
complementary sequence, a 3’-biotin, and a 5 8-nt non-complementary sequence (toehold).
The complementary sequence is designed to specifically hybridize to the unspliced HIV

RNA, the biotin then anchors the target RNA-protein complex to the streptavidin coated
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magnetic beads, and the toehold sequence provides a mechanism for release of the HIV
RNA-protein complex from the beads. The capture oligonucleotide must be designed so
that it hybridizes to the unspliced HIV RNA but does not hybridize to any other transcript
in the lysate, including the partially and completely spliced HIV RNA variants. The
complementary sequence of the oligonucleotide was designed to be complementary to a
region in a ~5kb sequence that is retained in the unspliced transcript but is spliced out of
both the partially and the completely spliced transcripts (Supplementary Figure S2.1). The
region of hybridization was further informed by the secondary structure of the full length
HIV RNA. Watts, |, et. al. used Selective 2'-Hydroxyl Acylation Analyzed by Primer
Extension, or SHAPE, to determine the structure of the HIV-1 genome in virions'”.
SHAPE determines the probability that a given nucleotide is not base-paired, or is single
stranded. Based on this information, the capture oligonucleotide was designed to be
complementary to a region that has a high probability to be single stranded and thus more
likely to be accessible to the capture oligonucleotide. Finally, an online Basic Local
Alignment Search Tool (BLAST) was used to determine that the capture oligonucleotide
sequence is sufficiently specific to the target transcript so that wash conditions remove any
off-target interactions. The complementary sequence of the capture oligonucleotide is a 30-
nt DNA sequence with a T, of ~68°C at the conditions of hybridization (Supplementary
Table S2.2). Following hybridization of the capture oligonucleotide to the HIV RNA, the
streptavidin coated magnetic beads are added to the lysate. The biotin of the capture
oligonucleotide then anchors the HIV RNA-protein complex to the beads and a magnet is
used to pull the beads to the side of the tube so that the remaining lysate can be removed

and the beads can be washed.
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The capture oligonucleotide design incorporates a mechanism for release of the HIV RNA-
protein complexes from the beads. We have developed a strategy that incorporates an 8-nt
toehold sequence in the capture oligonucleotide for a programmable release from the
beads”. The beads are resuspended in a release buffer and the 38-nt toehold release
oligonucleotides are added to the solution. The release oligonucleotide is designed to be
fully complementary to the entire 38-nt capture oligonucleotide. The 8-nt sequence on the
capture oligonucleotide, which is not complementary to the target RNA, hybridizes with its
complement on the release oligonucleotide. This gives the release oligonucleotide a
“toehold” to hybridize with the remaining of the capture oligonucleotide. Since the target
RNA is only complementary to 30-nt of the capture oligonucleotide and the release
oligonucleotide is fully complementary, the interaction of the capture oligonucleotide with
the release oligonucleotide is thermodynamically more favorable and the target RNA is

released from the capture oligonucleotide into solution.

A second oligonucleotide, the scrambled oligonucleotide, was also designed to serve as a
negative control capture. This scrambled oligonucleotide was designed to have the same
number of nucleotides and approximately the same T, as the capture oligonucleotide but
does not have significant complementarity to the target transcript nor any other transcript in
the cells. Capture experiments using the capture oligonucleotide and the scrambled

oligonucleotide were performed in parallel.

HIV RNA Quantitation. Each capture sample was analyzed using RT-qPCR to determine
the effectiveness of our technology for purifying HIV RNA-protein complexes.

Determination of the capture efficiency and specificity and enrichment of HIV was achieved
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using qPCR assays specific to HIV RNA and to GAPDH RNA (Supplementary Table S1).
Since unspliced HIV RNA is reverse transcribed in the host cells during HIV replication,
there is potential to capture the HIV DNA in addition to the HIV RNA. To ensure that the
nucleic acid captured by HyPR-MS is, in fact, RNA, we analyzed the capture samples by RT-
qPCR without reverse transcriptase added to the reverse transcription reactions. For these
experiments, it should be noted that, the RNA/DNA putification step used a phenol-
chloroform extraction instead of the usual Trizol extraction so that both RNA and DNA
captured would be isolated from the capture sample. The polymerase used for qPCR does
not bind and amplify RNA so any signal obtained in the no-reverse transcriptase reactions
will be due to the presence of DNA. From this analysis it was determined that the presence
of DNA is over 3 orders of magnitude lower than RNA in the capture samples ensuring

proteins detected are associated with HIV RNA, not DNA (Figure S2.2).

Protein target selection for functional analysis. The statistical analysis used to identify
HIV-RNA protein interactors (student’s t-test with 1% permutation-based FDR) identified
about 190 potential proteins for functional analysis. We sought to select several of these for
analysis using three parameters: the p-value obtained from the student’s t-test analyzing
HIV capture compared to scrambled capture; the intensity or abundance of the protein in
the HIV capture samples; and specificity of the HIV RNA-protein interaction by
determining if that interaction is common among other cellular RNAs or if it is relatively
unique to the HIV-RNA. First, the p-value parameter is obtained from the statistical
analysis described above and is presented in Supplementary Table S3 and again in
Supplementary Table S7 for this analysis. The primary purpose of this statistical test here is
to detect differences in protein quantities between the HIV capture samples and the negative

control (scrambled capture samples). This test accounts for the variability among biological
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replicates for determining significant protein quantity differences between the HIV and
scrambled capture samples. The second parameter seeks to eliminate proteins that might be
present in the HIV capture samples in low abundances that may be near the limit of
quantitation of the MS. Using peak intensities for determining relative peptide abundance
between samples is a powerful tool that permits relative quantitation without laborious and
expensive labeling techniques such as SILAC and TMT-tagging. Any quantitative method
has a lower limit of quantitation that is typically determined using a calibration curve.
However, each peptide varies in its properties, such as ionization efficiency, which would
require that a calibration curve be implemented for each individual peptide to determine that
peptide’s limit of quantitation. This is not feasible since there are thousands of peptides in
each sample. We sought to avoid selecting proteins with low abundances that may be near
the limit of detection and thus have more uncertainty in their calculations. Therefore, for
the purpose of selecting proteins for functional analysis, we calculated the sum of a protein’s
peptide intensities in the HIV capture samples and flagged proteins with a total protein
intensity in the top quartile of total intensities for all proteins. Lastly, we sought to select for
proteins that are not ubiquitous binders to mRNA but are somewhat selective for HIV RNA
specifically. To do this we performed a HyPR-MS capture experiment using poly-dT capture
oligonucleotides that hybridized with the common poly-A tail found on mature mRNAs. We
determined the p-value using the student’s t-test for proteins in the HIV capture samples
and the total mRNA capture samples as well as the fold difference in protein intensity
between the two sample types. These values are also presented in Supplementary Table S7.
These three parameters combined with understanding from the literature of the known
general function of the protein and its specific function with regards to HIV replication

informed our selection of the proteins for functional analysis.
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Western Blot Analysis: The blots shown in the main text are only cut-outs of the pertinent
proteins targeted for siRNA knockdown. Figure S3 shows the full blot for each siRNA
knockdown/western blot along with the ladder for indication of the protein sizes.
Quantitation was done using ImageStudioLite to compare the intensity of fluorescence for
the knock-down protein and the loading control protein for each western blot. The
percentage of knockdown for each targeted protein was determined using these numbers

and normalizing using the values obtained for GAPDH.
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Figure S2.1: The capture oligonucleotide was designed to be complementary to 30 nucleotides of the full

length transcript that are not present in the partially spliced and completely spliced variants.
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Figure S2.2: Amplification of HIV qPCR region to measure HIV-RNA (sample reverse transcribed then
qPCR amplified) and to measure HIV DNA (sample not reverse transcribed then qPCR amplified).

Demonstrates that large majority of HIV nucleic acids is in fact RN A, not DNA.
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3.1 ABSTRACT:

RNA-protein interactions are integral to the regulation of gene expression. The protein
interactomes of individual RNAs vary temporally, spatially, and within different physiological
contexts. These factors in conjunction with the enormous variation in RNA and protein
functions make the global acquisition of individual RNA-protein interactomes a lofty
endeavor. Although techniques have been forthcomimg for discovery of the protein
interactomes of specific RNAs, they are largely laborious, costly, and accomplished singly in
individual experiments. We developed HyPR-MS, a multiplexing strategy for discovery of
RNA-protein interactomes that utilizes a workflow that reduces design times and increases
efficiencies to discover the protein interactomes of multiple RNAs, concurrently. Presented

here is the application of HyPR-MS to simultaneously and selectively isolate the IncRNAs
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MALAT1, NEAT1, and NORAD and elucidation their distinct protein interactomes. This
platform provides a necessary tool for efficient and cost-effective elucidation of the complex

and diverse population of RNA-protein interactomes.

3.2 INTRODUCTION:

RNA-protein interactions are crucial to a wide variety of biological processes involved in
gene expression including transcription, nuclear organization, splicing, and translation '. 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 *.

Numerous experimental strategies have been developed for the study of RNA-protein
interactions and can be categorized as protein-centric or RNA-centric technologies. Protein-
centric strategies isolate RNA-protein complexes using immunoprecipitation of a target
protein followed by identification of the associated RNAs, primarily by RNA-sequencing.
This strategy has been employed to map the binding locations of various proteins
throughout the transcriptome °. RNA-centric methods have a different aim: to reveal the
proteins associated with a target RNA. I vitro RNA-centric methods use synthetic RNA
molecules as bait to isolate binding proteins from cell lysate but without regard to the
physiological RNA-protein interactions *. I vivo RN A-centric approaches, like ChIRP-MS

(comprehensive identification of RNA binding proteins by mass spectrometry) >, CHART-
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MS (capture hybridization analysis of RNA targets and mass spectrometry) °, and RAP-MS
(RNA antisense purification and mass spectrometry) * have become gold standards in the
tield because of their ability to reveal RNA-interacting proteins under specific
spatiotemporal and biological contexts. The commonality of these iz vivo strategies includes
the exposure of cells to a protein crosslinker, capture of the target RNA by specific
biotinylated capture oligonucleotides and, after elution, identification of the RNA-associated
proteome by mass spectrometry . These technologies have been used to identify the
interacting proteomes of MALAT1 and NEAT1 IncRNAs in Michigan Cancer Foundation-7
(MCF7) cells and Xist IncRNAs in various cell types *°. However, several unaddressed
challenges with these technologies reduce their widespread application, including: (a) the
capture oligonucleotide (CO) design limitations and (b) the costly and labor-intensive

procedure 2,

Opver the last two decades, IncRNAs have increasingly been studied for their role in cancer
development and progression °. In particular, the dysregulation of IncRNAs MALAT1 and
NEAT1 has been observed in a large spectrum of cancers, specifically in prostate cancer *
"2, Both MALAT1 and NEAT1 are abundant, ubiquitously expressed, and nuclear-localized,;
they also share several interacting proteins, suggesting complementary roles in addition to
their own unique functions *'>'*, MALAT1 (metastasis-associated lung adenocarcinoma
transcript 1), also known as NEAT2 (nuclear-enriched abundant transcript 2), is an active
regulator of alternative splicing through association with protein factors such as SRSF1,
SC35, and SRSF3 . It also interacts in a tissue-specific manner with other nucleic acids and
proteins such as TDP-43 and AGO?2 to control various aspects of gene expression, cell

growth, synapse formation, and cell cycle . NEAT1 (nuclear enriched abundant
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transcript 1), also known as Men (multiple endocrine neoplasia), is a necessary component of
paraspeckles and its removal causes the disintegration of this nuclear body '°. It is present as
two isoforms; NEAT1_2 is essential for paraspeckle biogenesis, interacting with known
paraspeckle components such as NONO and SFPQ while NEAT1_1 is later recruited with
PSPC1 among other proteins to complete paraspeckle formation '*'*. 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 ', 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 "

NORAD (non-coding RNA activated by DNA damage) or LINC00657 is a highly expressed
IncRNA in many cancers and ubiquitously present in normal tissue, suggesting a relevant
cellular function **2. NORAD has been called the “defender of the genome” due to its
preservation of chromosomal stability; therefore, its dysregulation may implicate it in
tumorigenesis . Several manuscripts also discuss the molecular mechanism of NORAD
regarding the induction of hypoxia in endothelial cells and other stress pathways ***.
Considering this, elucidation of the NORAD 77 vivo interacting proteome has high potential
to be biologically important *. Currently, the documented primary NORAD interactors are
the translational regulators Pumilio 1 and Pumilio 2 (PUM1 and PUM2) ******, NORAD acts
as a molecular decoy for PUM1 and PUM2 via several repetitive binding motifs within its

sequence allowing the binding of at least fifteen Pumilio proteins per molecule. Several other

NORAD:-interactors, such as XRN2, IGF2BP1/2/3, PABPN1 have been hypothesized by
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Tichon and colleagues to interact with NORAD based on 77 vitro RNA pulldown in a human

osteosarcoma cell line (U20S) *.

In the present work we describe HyPR-MS (Hybridization Purification of RNA-protein-
complexes followed by Mass Spectrometry) as a multiplexed 7z vivo RNA-centric method and
apply it to discover, concurrently, the RNA-protein interactomes of three IncRNAs in the
human prostate cancer cell line, PC3 *'. Briefly, HyPR-MS utilizes biotinylated capture
oligonucleotides specifically complementary to RNAs of interest to capture the target RNA-
protein complexes from formaldehyde-crosslinked PC3 cell lysate. Following isolation of the
capture oligonucleotide-target RNA hybrid using streptavidin-coated magnetic-beads, the
RNA is released from the beads using a sequence-specific release oligonucleotide strategy
that permits selective isolation of multiple RNA targets from a single lysate sample (Figure
1). Finally, the proteins associated with the RNA target are purified then trypsin digested
and analyzed using mass spectrometry (MS). Here, HyPR-MS is applied to identify the
protein interactomes of three IncRNAs, MALAT1-001 (specifically, the full length variant),
NEATT1, and NORAD, in PC3 cells. The functions and interacting proteins of MALAT1
and NEAT1 have been the objects of numerous 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 IncRNA, protein, and
proteoform expression or in cellular contexts. ****, Additionally, HyPR-MS is applied here
to specifically capture only one splice variant of the 17 known variants of MALAT1 *,
allowing for the assignment of the protein interactome to only the full length MALAT1

transcript. Using HyPR-MS, 127, 94, and 415 interacting proteins were identified for
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MALAT1-001, NEAT1, and NORAD, respectively. Of these proteins, several have been
previously identified; these include SRSF and PRPF proteins for MALAT1-001 %2 NONO
and SFPQ for NEAT1 , and PUM1 for NORAD ***. The depth of coverage provided by
HyPR-MS is demonstrated by discovery of many novel interactors with functions relating to
known documented features of their associated IncRNAs, 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.
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Figure 3.1: Multiplexed HyPR-MS Overview. A. Formaldehyde
crosslinked cells are lysed and sonicated to solubilize the nucleic
acid contents. Biotinylated capture oligonucleotides (COs),
complementary to the RNA targets are added and allowed to
hybridize. The resulting CO-RNA-protein complexes are combined
with streptavidin-coated magnetic beads to immobilize and isolate
the complexes. Once the beads are washed and resuspended in
buffer, release oligonucleotides complementary to the COs of one
target are added sequentially to elute each RNA-protein target
species independently. Proteins from each resulting solution are
purified and analyzed by mass spectrometry. B. The toehold
mediated capture and release strategy allows for multiplexed
isolation of RNA-protein complexes. The COs are designed so that
25-30 nucleotides (nt) are complementary to the RNA target and 8
nt are not complementary and remain unhybridized. Elution of the
RNA-protein complexes occurs after adding the release
oligonucleotide that is fully complementary to the CO. The capture
and release oligonucleotide hybridization is thermodynamically
more favorable than that of the CO and RNA target and the RNA-
protein complexes are released into solution. An individual target
RNA can then be released from the beads without disturbing the
interactions of other RNA targets with the beads.
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3.3 DESIGN:

HyPR-MS Overview and Strategy. While sharing the basic structure of previously
developed RNA-centric strategies, HyPR-MS improves on their limitations through key
differences in (a) capture oligonucleotide design (b) crosslinking and solubilization and (c)
specific, multiplexed release of RNA-protein complexes from the beads (Tables 3.1 and
S3.1). These alterations 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 iz vivo RN A-protein interactions. Not least
among them is the balance of crosslinking conditions and lysate solubilization. While
formaldehyde crosslinking, 7z vivo, preserves a snap-shot of RNA-protein and protein-protein
interactions, the parameters used for crosslinking can have great effect on the number of
proteins crosslinked to the RNA of interest and thus the solubility of the crosslinked
molecules as well as the accessibility of the RNA to hybridization with the capture
oligonucleotide. Furthermore, the extent of crosslinking influences the optimal sonication
parameters that allow for the solubilization of chromatin and other large biomolecules while
still maintaining low fragmentation of the target RN A-protein complexes. These parameters
can also 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. Using a publicly available program, M-fold ™, to predict the

likely secondary structure of the target RNA, though likely less predictive than alternatively
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used RNase H or SHAPE methods for determining accessible RNA regions, it is also much
less time consuming and financially burdensome. Also, compared to the RNA tiling strategy
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 S3.1A) 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
toe-hold capture and release strategy 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 3.1B and Table

S3.1.

Each of these steps was designed to improve upon the bottlenecks in current RNA-centric
strategies for identification of RNA-binding proteins; the capture oligonucleotide (CO)
design limitations, high cost of experiments, and lengthy experiment time requirements.

Details on reasoning for each of these parameters are provided in Table S3.1.



A=Advantage
L=Limitation

Capture

Oligonucleotide Design;
# of Oligonucleotides

Crosslinking Conditions

Lysate Solubilization;
DNA fragment size

Hybridization
Conditions

Elution Strategy

RNAse H assay

1
A: Know available sites
for hybridization

L: High time and money
requirement; location bias

3% formaldehyde

30 minutes

A: Preserves protein-
protein interactions;
efficient; widely used

L: Potential
fragmentation; reversal
over time

Sonication;
2-10 kb

1.3M urea, 800mM salt

RNase H Digestion

L: Can not multiplex

Table 3.1: Comparison of Technologies.

Full RNA tiling

43
A: No location bias

L: Expensive; no isoform
option

3% formaldehyde

30 minutes

A: Preserves protein-
protein interactions;
efficient; widely used

L: Potential
fragmentation; reversal
over time

Sonication;
200-500 bp

10% formamide, 500mM
salt

10 minutes at 65C in
biotin elution buffer
L: Can not multiplex

Full RNA tiling

142
A: No location bias

L: Expensive; no isoform
option

UV crosslink

A: Specific to RNA-
protein interactions;
irreversible

L: Low efficiency,
therefore high false
negatives

Sonication;
unspecified

4M urea, 500mM LiCl
RNase and DNase

Digestion
L: Can not multiplex

M-fold; Software

2-3

A: Less location bias,
money, and time;
isoform option

L: Some potential
location bias

1% formaldehyde

10 minutes

A: Preserves protein-
protein interactions;
efficient; widely used;
less time and money
than CHART and CHIRP;
Parameters selected to
optimize solubilization
and hybridization stages
of HyPR-MS

L: Potential
fragmentation; reversal
over time

Sonication;
6 kb

375mM LiCl

Toehold-mediated
release

A: Able to multiplex to
capture and isolate
multiple RNA targets
from one cell culture
thus reducing financial
and time costs as well as
experimental variability.
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3.4 RESULTS:

The HyPR-MS strategy was utilized to identify the protein interactomes of MALATT,
NEATT1, and NORAD in three biological replicates of PC3 cells. Each capture experiment
used 1 x 10° cells and two to three capture oligonucleotides (Table $3.2 and Figure 3.2A) to
meet the minimum capture efficiency threshold. This threshold was calculated so that,
assuming one protein molecule per IncRNA molecule, a sufficient number of copies of a
given protein would be present for mass spectrometric detection (Figure S3.1). 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 IncRNA target.

3.4.1 Capture Efficiency. The capture efficiency (CE) of each IncRNA target was
measured using three to four target specific qPCR assays that amplify regions dispersed
along the length of the RNA target (Figure 3.2A and Table S3.3). The average CEs for
MALAT1-001, NEAT1, and NORAD are approximately 8, 20, and 28%, respectively
(Figure 3.2B). The capture efficiencies for all qPCR-measured regions range from 1 to 12%
for MALAT1-001, 3-40% for NEAT1, and 17-35% for NORAD (Figure S3.2A). The CEs
measured at different regions of each target are all above the estimated necessary capture
efficiency thresholds. Notably, all CEs, 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 IncRNA could be detected by MS. Similarly, the relatively high
capture efficiencies suggest that HyPR-MS can be applied to study the interacting proteomes

of less abundant RNAs while still using a reasonable number of cells. To test this, the
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HyPR-MS strategy was applied to capture the c-Myc mRNA, which is present in <100
copies per cell in human myelogenous leukemia cells (KK562). Preliminary data shows that
capture of c-myc from 1 x 10° K562 cells is sufficient for mass spectrometric detection of
proteins (data not shown). This indicates a broad utility for HyPR-MS to identify the protein

interactome of a variety of RNA targets while limiting the experimental cost.

3.4.2 Capture Specificity. The capture specificity of HyPR-MS is a measure of the
capacity to capture the target IncRNA while avoiding the capture of non-target 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 CO to the target RNA but also on the conditions in which they
hybridize, the crosslinking and sonication parameters, the bead wash conditions and the
release strategy. These conditions were optimized in concert to provide selectivity of
IncRNA capture relative to non-target RNA and DNA. Capture specificity for each target is
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 IncRNA target captures 10-fold more of that IncRNA than
does the oligonucleotide specific to a different IncRNA. For example, the NORAD capture
sample contains nearly 47-fold more copies of the NORAD transcript than does the
MALAT1-001 capture sample. 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 (T'm) similar to that of the targeted COs (Table

S3.2). The amount of each IncRNA target in its corresponding capture sample relative to
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that in the scrambled capture sample is at least 10-fold higher for MALAT1, NEAT1, and
NORAD (Figure 3.2D). These capture specificity results not only confirm the specificity of
HyPR-MS but also support the use of the scrambled oligonucleotide capture sample as a
negative control for evaluation of the IncRNA 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 RNA (an abundant housekeeping gene). To do this, the ratio of
target-to-GAPDH in the captured sample over target-to-GAPDH in lysate is found using
RT-qPCR (Figure 3.2E). The fold enrichment of each target is greater than 100-fold relative
to GAPDH for all three target IncRNAs, supporting the results of the capture specificity and
further suggesting that each captured sample is unique and independent of the others.
Finally, we ensured that the capture samples were devoid of any DNA that corresponds in
sequence to the IncRNA captured. Data in Figure S3.2B shows that all capture samples
contain insignificant amounts of the analogous DNA sequences and thus the levels of any
associated proteins are inconsequential. Taken together these data support the specificity of
each capture, ensuring the uniqueness of the associated interacting proteome, and meet or

surpass the performance of other RNA capture strategies °.

3.4.3 Release Efficiency. The levels of capture efficiency and capture specificity in part
rely in part on the specific and complete release of each individual IncRNA 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 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. The percent release efficiencies from each capture
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oligonucleotide range from 40-80% (Figure 3.2F). This result is sufficient, as is demonstrated

by the level of overall capture efficiency and capture specificity; however, further

optimization of the release parameters is desirable for future studies.
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each target from the magnetic beads with each CO-release oligonucleotide pair.
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3.4.4 IncRNA Protein Interactome. The proteins isolated from the capture samples, as
well as an aliquot of the complex lysate used as the input material for each capture, were
analyzed by mass spectrometry. The resulting spectra for all three biological replicates were
searched and quantified using the MaxQuant ** platform. Statistical analysis as described in
the method section was used to determine the proteins enriched in each capture sample
relative to the scrambled oligonucleotide control and input samples (Details in SI). This
analysis yielded 127, 94, and 415 proteins in the MALAT1, NEAT1, and NORAD
interactomes, respectively. The interactome proteins for each IncRNA target were evaluated
using STRING *, an open-source software for identifying protein-protein interactions as
well as calculation of GO (gene ontology) term enrichment. The enriched GO terms for

each of the three interactomes are summarized in Table 2 and discussed below.

3.4.5 Each IncRNA-Protein Interactome is Enriched for Distinct Gene Ontology
Terms. Fach IncRNA interactome is highly enriched for RNA-binding proteins (p-values
between 2E-19 and 6E-51) giving evidence that HyPR-MS identifies proteins interacting
with specific RNAs. Also significant is that the enriched proteins in each interactome
localized to the cellular components associated with the known locations of the IncRNAs
themselves. Both MALAT1 and NEAT1 IncRNAs have been shown to localize to the

32,37
nucleus,

and here both have interactomes enriched for proteins with nuclear localization,
but not for proteins with cytoplasmic localization. Conversely, NORAD has been shown to
localize primarily to the cytoplasm and the NORAD interactome data here show significant

enrichment for cytoplasmic proteins (8E-27); however, they are also enriched for proteins

with nuclear localization (3E-18). These nuclear proteins could be indicative of a novel
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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 NEATT are enriched for nuclear bodies called nuclear speckles and
paraspeckles (Table 3.2). These nuclear bodies are not sites of active transcription but are
thought to be locations for the assembly and storage of splicing machinery *. Since NEAT1
and MALAT1 have been shown to have a role in the regulation of alternative splicing in

different cell lines '>'"*

and NEAT1 is a primary structural component of paraspeckles,
these enrichments provide further support for the ability of HyPR-MS to correctly reveal

specific RN A-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
IncRNA. 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 *. In contrast, the annotated nuclear export proteins enriched in the MALAT1
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 *.
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These TREX and SRSF proteins may be functioning to co-transcriptionally splice and export
MALATT1 into the cytoplasm or could be sequestered with MALLAT1 in the nucleus in a

nuclear body.

All three IncRNA interactomes in the prostate cancer cell line (PC3) are enriched for
extracellular vesicle proteins (Table 3.2). Extracellular vesicles are involved in cell-to-cell
communication and it has been shown that their IncRNA content can be altered by the
tumor microenvironment *'. Both MALAT1 and NEAT1 have previously been discovered
to be present in extracellular vesicles produced by PC3 cells *. In addition, MALAT1 is
known to be enriched in extracellular vesicles originating from cervical carcinoma and breast
cancer cells ¥ and NEAT1 is associated with extracellular vesicles in HepG2 human liver
cancer (HepG2) and cholangiocarcinoma (Mz-ChA-1) cell lines **. These data are in
accordance with enrichment of extracellular vesicles in the MALAT1 and NEAT1
interactomes. Interestingly, the NORAD interactome is more enriched for extracellular
vesicles (p-value 2E-19) than are MALAT1 or NEAT1 (p-values 8E-6 and 3E-7,
respectively). To our knowledge, NORAD has not been detected in extracellular vesicles
produced by PC3 cells and this finding suggests that the lncRNA NORAD could be a

significant component of such vesicles.



Cat Sub-cat GOT (Nog p-value
-catego erm
ategory [ Sub-category MALAT1| NEAT1 | NORAD
Nucleoplasm 17.5 2.8 17.0
Nuclear Speckles 30.3 10.0 7.4
Nuclear .
Localization Spliceosomal Complex 15.4 NE 3.5
Cellular Paraspeckles 2.0 2.4 NE
Component
Minichromosome Maintenance NE NE 24
Cytoplasmic Cytoplasm NE NE 26.1
Localization Extrasomal Vesicle 5.1 6.5 18.7
RNA-binding proteins 50.6 18.8 50.2
Molecular 1 gna-binding
Function RS domain binding 1.9 NE NE
DNA-templated 2.1 NE NE
Transcription
From RNA polymerase Il promoter 1.8 NE NE
mRNA splicing via spliceosome 30.7 3.2 8.0
RNA splicing
regulation of mRNA splicing 15.2 NE NE
mRNA transport 8.1 NE 3.0
RNA Transport
Biological RNA export from nucleus 7.5 NE 4.5
Process Translation Regulation of translation NE NE 8.6
Post-transcriptional regulation of
gene expression NE NE 128
Regulation of response to stress NE NE 29
Others Mitotic cell cycle NE NE 6.7
Regulation of RNA stability NE NE 2.0
Regulation of gene silencing NE NE 1.8

Table 3.2: Gene Ontology Term Enrichment for Each IncRNA Interactome.
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3.4.6 Hierarchical Clustering into a Heatmap Shows Protein Enrichment
Differences in IncRNA Captures. A clustering algorithm and heatmap visualization
strategy was employed to interpret the IncRNA protein interactomes. A matrix of log,-
transformed, mean-centered protein intensities for each IncRNA biological replicate was
compiled for all proteins enriched in at least one species of IncRNA capture. A correlation-
uncentered, centroid-linkage hierarchical clustering algorithm * grouped the proteins based
on the similarities between each protein’s intensity-profile across the three IncRNA capture
species and TreeView software * was used to visualize these similarities and differences.
Figure 3.3A is the resulting heatmap; the nine columns represent the biological replicates for
the three IncRNA 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 IncRNA captures but also provides an additional layer of analysis that
compares each capture to the different species of IncRNA capture. As can be seen in Figure
3.3A, this strategy is especially beneficial for identifying groups of proteins that are

specifically enriched in one or two capture types.
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Figure 3.3: Hierarchical Clustering and Heat Map Visualization of IncRNA Interactomes. A. Heat
map of all proteins enriched in the capture samples of at least one IncRNA species. B-D. Clusters contain
proteins with emphasized enrichment in a particular IncRNA capture type. Highlighted in these clusters are
proteins with known functions related to the function of the IncRNA they were found to interact with. E-F.
STRING analysis of the proteins some clusters shows that often proteins with similar intensity profiles have
known biological interactions. G. RIP-qPCR validation of select proteins confirms interaction with the

IncRNAs they were found to interact with via HyPR-MS.
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3.4.7 HyPR-MS Identifies Known and Novel IncRNA Interactors. The clustering
algorithm subdivides the heatmap in Figure 3.3A into sections consisting of the proteins that
are elevated in an individual IncRNA capture relative to the other captures. 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, respectively, relative to the
opposing IncRNA captures, and over 50 proteins that are approximately equally abundant in
all three IncRNA interactomes. Examples of annotated clusters demonstrating these trends

are shown in Figures 3.3B through 3.3E.

NEATT1 is a core component of paraspeckles; satisfyingly, the GO term enrichment analysis
for NEAT1 shows enrichment for paraspeckle protein components. Figure 3.3B 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 using
experimental and database evidence for software settings of the proteins in this cluster
shows that nine of the 13 proteins in the cluster are known to interact (Figure 3.3E). 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 IncRNA mechanisms.

Figure 3.3C shows clusters containing proteins with greater abundance in the MALAT1
capture relative to the NEAT1 and NORAD captures and Figure 3.3G shows the known

interactions of the proteins in these clusters according to STRING analysis. Twenty proteins
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enriched in the MALAT1 capture samples have been previously shown to interact with
MALAT1 ** with 15 of those grouped into the clusters shown in Figure 3.3C. Also among
these clusters and enriched in the MALAT1 interactome are many nuclear speckle and
splicing factors, including SR-splicing factors which contain RS-domains rich in serine (S)
and arginine (R) residues. This is consistent with one proposed mode of action for
MALATT1 that suggests MALAT1 regulates alternative splicing of endogenous RNAs by
localizing SR splicing factors to nuclear speckles . Notably, SR protein function is known to
be affected by their phosphorylation states **; 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 3.3C also include many proteins involved in transcriptional regulation.
Interesting 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 (Figures 3.3C and 3.3G). These findings, in addition to other
transcriptional regulators identified by HyPR-MS (Figure 3.3G), are congruent with previous
works that have demonstrated that IncRNAs in general ¥, and MALAT1 specifically °,

localize to a subset of genomic sites and recruit proteins that affect gene expression.

The functions and modes of action of nuclear IncRNAs such as MALAT1 contrast with
those of cytoplasmic IncRNAs like NORAD. Cytoplasmic IncRNAs are less well
understood; however, they are thought to affect the activity or expression of the RNAs or

proteins that they interact with. Two recent studies specifically investigated the interaction of



90

NORAD, a IncRNA whose expression is induced upon DNA damage *, with PUM1 and
PUM2, proteins that bind a specific subset of mRNAs and promote their degradation **.
Both studies found that the abundant NORAD IncRNA 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, 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 *,

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 further searched our data for additional regulators of gene expression
through RNA binding. Figure 3.3D shows three clusters containing protein 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 **. YTHDF3
binds to N°-methyladenosine-modified RNA and has been found to work with YTHDF1 to

promote translation or with YTHDF2 to promote RNA decay *.
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IGF2BP2 was enriched in all three of the IncRNA captures presented here with a higher
relative enrichment in the NORAD samples (Figure 3.3E). IGF2BP2 binds to and recruits
target RNAs to cytoplasmic mRNPs thus affecting the rate of translation and decay of the
RNAs *. We selected IGF2BP2 as a target for validation using RN A-immunoprecipitation
followed by qPCR analysis (RIP-qPCR). Figure 3.31 shows that following
immunoprecipitation of IGF2BP2, all three IncRNAs were enriched relative to the negative
controls, supporting that IGF2BP2 binds to MALAT1, NEAT1 and NORAD. Since
MALAT1 and NEAT1 are nuclear localized and NORAD is cytoplasmically localized, the
modes of action for their interactions with IGF2BP2 are likely different. Previous works
have shown interaction of IGF2BP2 with other IncRNAs. For example, the interaction of
IGF2BP2 with the IncRNA MyoD inhibits the translation of n-Ras and c-Myc, in this way
regulating skeletal muscle differentiation >, In another study conducted on mesenchymal
glioblastoma multiforme (GBM), the interaction of IncRNA HIF1A-AS2 with IGF2BP2 was
shown to be fundamental to the expression of mRNA targets with pro-oncogenic roles, such
as HMGA1 *. Finally, IGF2BP proteins are able to destabilize IncRNAs in cancer models,
regulating them post-transcriptionally, as shown by the interaction between IMP1 and the
IncRNA HULC (highly up-regulated in liver cancer) in hepatocellular carcinoma model **.
Given its biological role in normal and tumoral models and its established association with
IncRNAs, it is likely that the interaction between IGF2BP2 and MALAT1-001, NEAT1, and
NORAD, specifically in PC3 cells and possibly in other systems, points to new molecular

pathways to be ascertained by functional experiments.

The above mentioned NORAD-RNA knockdown study conducted by Lee et al. also

showed that the absence of NORAD resulted in chromosomal instability and a high
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occurrence of abnormal chromosome numbers in the cells *. Interestingly, GO term analysis
for NORAD HyPR-MS results showed enrichment of proteins with the response to DNA
damage, the mitotic cell cycle and the minichromosome maintenance complex (MCM)
(Table 3.2). Figure 3D 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 >. 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 3.3D). One
such protein, also clustered with PUMI1 in the heatmap but only enriched in NORAD
capture samples, is NAP1L4. NAP1L4 is described as a histone chaperone for its ability to
bind core and linker histones and to transfer them from the cytoplasm to the nucleus where

: 56
they are assembled into nucleosomes >

. NAP1L4 localization and function is regulated by its
phosphorylation state; the phosphorylated protein localizes in the cytoplasm in complex with
histones during the G1 phase, 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 *'. This is particularly interesting in
relation to the finding of chromosomal abnormalities as a result of NORAD knockdown in
cells. We validate the interaction of NAP1L4 with NORAD, and not with MALAT1 and
NEAT1, using RIP-qPCR. Figure 3.3H 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
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for the PUM1 and PUM2 proteins **, 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 (see MALAT1-001 interacting proteome section).

Future studies are necessary to test these hypotheses.

3.4.8 HyPR-MS Identifies Epi-Factors and Prostate Cancer Markers. Six, two, and
twenty-one of the MALAT1, NEAT1, and NORAD interacting proteins, respectively, are
‘epi-factors’ with involvement in epigenetic regulation of gene expression . These findings
agree with the defined involvement of IncRNAs in epigenetic mechanisms of gene
expression regulation (Holoch and Moazed, 2015) and with the already ascertained
epigenetic functions of MALAT1 and NEATT1 as previously discussed. The 22 epi-factors
identified in the NORAD interactome suggest that NORAD, too, may function in
epigenetic mechanisms for regulation of gene expression. Four protein interactors
indentified in all three IncRNA interactomes have a known role in prostate tumorigenesis
(AZGP1, S100A8, RBM25, SFN) and two are involved in the pathogenesis of cancer or
tumors in general (LTF, SERPINB3) **. This information can be useful to elucidate the
molecular mechanism used by these onco-factors, providing a starting point for future

studies.
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3.5 DISCUSSION

HyPR-MS was designed in response to several unaddressed challenges that have prevented
the widespread application of 7z 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 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 multi-
oligonucleotide capture strategy provides a high capture efficiency along the full length of
each RNA target while still providing the flexibility to investigate the specific variants of an
RNA. Less stringent crosslinking treatments and solubilization steps reduce target RNA
fragmentation and improves efficiencies for capture. Finally, the toehold-mediated capture
and release strategy permits the study of several targets within the same cell culture
preparation, guaranteeing reduced costs and time requirements and reduced background and

sample variability.

We utilized HyPR-MS to investigate the protein interactomes of MALAT1-001, NEAT1 and
NORAD in the PC3 cell line. The functions and many interacting proteins of MALAT1 and
NEATT1 have been previously studied in alternative cell lines and, in part, serve to provide
markers for establishing the efficacy of the HyPR-MS method. In addition, the analysis of
MALAT1 and NEAT1 protein interactomes in PC3 cells presented here provides novel

discoveries to further the understanding of their function. The identification of the  vivo
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NORAD interactome, a much less extensively studied IncRNA, adds additional depth to the

pool of knowledge surrounding its function.

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 analysis downstream. 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 extensively enriched in a particular RNA capture
sample. We demonstrate one strategy for assessing these data by using mean-centered
normalization followed by clustering and heatmap visualization of proteins determined to be
enriched in one or more species of IncRNA 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 IncRNA species or only the NORAD IncRNA,
respectively. The RIP-qPCR assays affirmed 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. Preliminary proteomic data suggest that HyPR-MS is
able to identify the interacting proteome of RNAs with less than 100 copies per cell while
still using a reasonable number of cells. Looking forward, the new applications for HyPR-

MS include comparisons between the interacting proteomes of individual RNA targets in
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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.

3.6 LIMITATIONS:

HyPR-MS is the only known strategy that is able to concurrently analyze the interacting
proteomes of multiple RNA targets from the same cell culture. However, the extent to
which the multiplexing capabilities of HyPR-MS can be exploited requires further analysis.
Additionally, the capture efficiency, release efficiency, and mass spectrometry sensitivity will
define the number of cells required to discover the interactomes of low abundance RNAs.
Preliminary data collected in our lab for identification of the protein interactome of c-Myc
mRNA, an RNA with reportedly less than 100 copies per cell in K562 cells, suggests that
HyPR-MS is applicable to RNAs of low abundance. However, the lowest reaches of HyPR-

MS have yet to be tested.



3.7 SUPPLEMENTARY INFORMATION:

Table S1: Comparison of existing RNA-capture technologies to HyPR-MS.
(In reference to the Design section and Table 1; A=Advantage, L=Limitiation)
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CHART
(West et al., 2014)

ChIRP
(Chu et al., 2015)

RAP-MS
(McHugh et al., 2015)

HyPR-MS

Capture
Oligonucleotide
Design

RNAse H Assay

A: Able to design the
capture oligonucleotide
to hybridize to the
optimal location of the
target RNA using
empirical evidence of
where the single
stranded regions are.

L: Expensive and
laborious. Using only
one oligonucleotide for
capture can resultin a
bias towards capturing
fragments of the RNA
that are close to the site
of hybridization.

Full RNA Tiling

A: Avoid location bias
caused from using only
one capture
oligonucleotide by using
many oligonucleotides
that hybridize along the
full length of the target
RNA.

L: Expensive. Unable to
isolate different isoforms
of the RNA because the
full sequence is
hybridized to the
oligonulceotides.

Full RNA Tiling

A: Avoid location bias
caused from using only
one capture
oligonucleotide by using
many oligonucleotides
that hybridize along the
full length of the target
RNA.

L: Expensive. Unable to
isolate different isoforms
of the RNA because the
full sequence is
hybridized to the
oligonulceotides.

Secondary-structure
prediction software

A: Mfold software (Zuker et al.,
2003) uses minimum free
energy estimations to predict
nucleotide regions with the
highest probability to be single
stranded. 2-3 oligonucleotides
complementary to these
regions produces sufficient
capture efficiency along the
length of the target RNA.
Faster and less expensive than
RNAse H Assay and Full RNA
Tiling. Allows for isolation of
isoforms. Reduced location
bias than using only one
oligonucleotide for capture.

L: Secondary structure is only
a prediction, not empirically
determined.

Crosslinking
Conditions

3% formaldehyde, 30
min.

A: |dentification of direct
and indirect protein-RNA
interactions critical to
RNA processing (Schmitz
et al., 2016). Applied with
success in many
applications such as
PICh and HyCCAPP.

L: Formaldehyde may
cause single- and double-
stranded breaks in nucleic|
acids (Grafstrom et al.,
1984, Kondo et al., 1985)
resulting in the target
RNA potentially being
fragmented. This is
problematic if only one
oligonucleotide is used for
capture.

3% formaldehyde, 30
min.

A: Identification of direct
and indirect protein-RNA
interactions critical to
RNA processing
(Schmitz et al., 2016).
Applied with success in
many applications such
as PICh and HyCCAPP.

L: Formaldehyde may
cause single- and double-
stranded breaks in
nucleic acids (Grafstrom
et al., 1984, Kondo et al.,
1985) resulting in the
target RNA potentially
being fragmented. This is
not problematic for Full
RNA Tiling capture
strategies.

UV-crosslinking

A: Crosslinks only direct
RNA-protein interactions
which could be desirable
in some applications.
Milder solubilization and
less target fragmentation
risk.

L: For discovery and
understanding of RNA
interactomes it is
beneficial to find indirect
interactors as their impact
on processing is
significant. (Schmitz et al.,
2016). Low efficiency of
crosslinking which could
correspond to excessive
false negatives.

1% formaldehyde, 10 min.

A: Same advantages as those
for CHART and ChIRP
however the limited exposure
to formaldehyde here reduces
the risk of RNA fragmentation
and also reduces the amount
of sonication necessary for
nucleic acid solubilization
downstream which also
reduces RNA fragmentation.
This is critical for the use of
only a few capture
oligonucleotides to capture the
full RNA sequence without
using the Full RNA Tiling
capture strategy.




98

CHART
(West et al., 2014)

ChIRP
(Chu et al., 2015)

RAP-MS
(McHugh et al., 2015)

HyPR-MS

Lysate
Solubilization
and DNA
Fragment Size

Sonication; 2-10
kilobases

A: Sonication fragments
and solubilizes the DNA
so that IncRNAs that are
associated with the
chromatin can be isolated
from the full genome.

L: Excessive sonication
can cause target RNA
fragmentation (see

Sonication; 200-500
bases

A: Sonication fragments
and solubilizes the DNA
so that IncRNAs that are
associated with the
chromatin can be isolated
from the full genome.

L: Excessive sonication
can cause target RNA
fragmentation (see

Sonication; unspecified

A: Sonication fragments
and solubilizes the DNA
so that IncRNAs that are
associated with the
chromatin can be isolated
from the full genome.

L: Excessive sonication
can cause target RNA
fragmentation (see
above).

Sonication; about 6
kilobases

A: Sonication fragments and
solubilizes the DNA so that
IncRNAs that are associated
with the chromatin can be
isolated from the full genome.
Milder sonication is sufficient
for HyPR-MS, because of
reduced crosslinking, thus
preserving the target RNA
integrity.

above). above).
L: Excessive sonication can
cause target RNA
fragmentation (see above).
Elution RNAse H Heat and Biotin Elution | RNAse and DNAse Toehold-Mediated Release
Strategy Digestion

L: only one RNA target
per 10° cells.

L: only one RNA target
per 10° cells.

L: only one RNA target
per 10° cells.

Allows for isolation of several
RNA targets from the same 10°
cells. Dramatically decreasing
the time, cost, and background
variability between each RNA
target captured. See Figure
1B for mechanism.
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Figure S1: Determination of capture efficiencies and cell numbers required for protein detection.
(In reference to the Design section and Figure 2A and 2B) A. Two to three COs were designed (Figure
2A) for each target and empirically tested for efficiency of capture. Capture efficiency (CE) is defined
here as the percentage of the target IncRNA transcripts that were captured and released from the beads
relative to the amount available for capture in the lysate sample. The amount of target in each sample
was determined using multiple qPCR assays (Table S2) that amplify various regions along each target
IncRNA; near the 5’-end, towards the middle, and near the 3’-end (Figure 2A). The capture efficiencies
for each IncRNA target were determined using only one CO and using multiple COs. The results here
show that when using only one CO per RNA target the gPCR amplification declines at regions further
from the location of the CO. The data shows that using 2 or 3 capture oligonucleotides reduces this effect
and that the capture efficiencies at each location along the RNA exceed the calculated minimum
efficiency thresholds for each target. B. The number of cells necessary to obtain sufficient protein for one
capture experiment was determined using the estimated copy number of each IncRNA transcript, the
estimated detection limit for a protein in a complex biological mixture, and the capture efficiency of each
IncRNA as determined from small scale experiments. Then, using the determined cell number, a
minimum capture efficiency threshold was calculated for each target. This threshold is used to ensure
that the actual capture efficiencies calculated from each gqPCR measured region of the large scale
capture experiments is sufficient to detect by MS even low abundance proteins. These efficiencies are
indicated in the graphs in panel A as grey boxes. The multiple-CO captures provide sufficient copies of
each target IncRNA to surpass the capture efficiency threshold established above, while still allowing the
isolation of specific isoforms of a given IncRNA.



Table S2: Capture Oligonucleotide (CO) and Release Oligonucleotide (RO) Sequences and
Concentrations Used. (In reference to the Results section and Figure 2A)

Capture [CO] (in Release
Oligonucleotide 25mL), Oligonucleotide
Sequence 5’-3’ Melting Temp Sequence 5’-3’ [RO] (in
Target (toehold in red) (°C) (toehold in red) 25mL)
5-MALAT1 - | TCGTATCTCAATATTTTCA 0.003 uM /:\-.'I-.g(/iAA! !Agﬁﬁ?é;éi?:é 0.3 uM
001 TTTTCTATCTTGTTTCTAT (60.5°C) GA :
3-MALAT1 - | TCGTATCTCACCCAGCAT 0.003 uM AAGAACTGTAATGCTGG 0.3 uM
001 TACAGTTCTT (59.0°C) GTGAGATACGA =y
5-NEATA TCGTATCTAAGTTATTTC 0.014 uM TTCTTAGCCTGATGAAAT 1.4 uM
) ATCAGGCTAAGAA (60.2°C) AACTTAGATACGA au
3 NEAT1 TCGTATCTCAAACATTCA 0.00714 uM ATTTATTGTATTTTTAATT 0.714 uM
AATTAAAAATACAATAAAT (59.0°C) TGAATGTTTGAGATACGA :
. TCGTATCTAGCTTTTTCA 0.00714 uM CTGTGTATATAATATGAA
5-NORAD TATTATATACACAG (56.8°C) AAAGCTAGATACGA 0.714 uM
NORAD TCGTATCTAATGGTTATA 0.00714 uM AAGACACTATCAGATATA 0.714 uM
Middle TCTGATAGTGTCTT (58.8°C) ACCATTAGATACGA :
CAACTGTCACATCAATGG 0.00714 uM CCATATTTACATTTTGATA
3'-NORAD CTATCAAAATGTAAATAT : . GCCATTGATGTGACAGTT 0.714 uM
oG (65.5°C) G
CAACTGTCGCGTCTTTAT 0.003 uM AACAATCAAGAGTAAACT
Scrambled | TTAGTTTACTCTTGATTGT (64 53(':) AAATAAAGACGCGACAGT 0.3uM
T ’ TG
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Table S3: Primer and Probe Sequences for qPCR Assays. (In reference to Results section and Figure

2A).

Target Forward 5°-3’ Probe 5°-3’ Reverse 5’-3’

5°-MALAT1-001 CAGGATTCCAGGAACCA | CTAGGACTGAGGAGCAA | TTCCTATCTTCACCACGA
GTG GCGAGC ACTG

MALAT1-001 Middle GAACGAATGTAACTTTAA | TCCAGGCACATGGCAAT | GATCATAATCTCCCACCT
GGCAGG AGAGGC GTCTAAG

3°-MALAT1-001 ACGTATTGTTTTCTCAGG | AAAGATGCTGGTGGTTG | GATTTGAACCCCGTCCT
TTTTGC GCACTC GG

5°-NEAT1 GCCTCCGGTCATACTAG | CCTTGTAGATGGAGCTT | AGGTGGGTAGGTGAGAG
TTTTG GCAGATGGA G

NEAT1-Middle CACCTAAAATCAGTTTGG | CTCTCCCCACAATCCCC | AGGTGGGTAGGTGAGAG
AAAACAAG ATCCC G

3'-NEAT1 CACCTAAAATCAGTTTGG | CTCTCCCCACAATCCCC | ACATGTAGTAAAGGCAC
AAAACAAG ATCCC CTCG

5°-NORAD TGGCTGTGCCCAGACCT | CCACGGCCGCCATTAGT | CAGCGAACCTCTCTTTCC
T C CACCC

5°/Middle-NORAD CACGTTTGTTAAGTGGGT | ACATGGAGCTGGAAGAC | AATATGACCAGTCTAGCA
TAGATG CTGAGAAG TAGAACC

3'/Middle-NORAD GACACGTGCCTATATCC | CCTTCCAACTCCTCTCCA | CTTCTAAATACGAACATT
ATCAG CCACC CTGGTCTAG

3"-NORAD TTGTTAAGCCACCTCTGA | TGCCAACCTAATGAACAA | CCTGTATAATTCCTTCTG

GTCCTGACA CCcC
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Figure S2: (In reference to Figure 2) A. Capture efficiencies (CE) at each qPCR reagion for each
target IncRNA. It should be noted that there are differences in the CE measurement at different regions
of the same IncRNA. These differences could be due to the secondary structure or protein occupancy at
the region of CO complementarity in the INcRNA resulting in fewer captured molecules of the target

RNA. The differences in measurements could also be due to variable efficiencies of the RT-gPCR
assays in complex samples. Though the cause is undetermined, each gPCR-amplified region of each
IncRNA exceeds the capture efficiency threshold, thus suggesting that proteins bound near those regions
are captured at levels detectable by mass spectrometry. The variable captured efficiency observed is also
an artifact of experimental design, which took into account not only the capture efficiency but also the cost
of each experiment. More specifically, the capture efficiency of each capture oligonucleotide is
dependent on the concentration of CO and target RNA in the hybridization reaction. Preliminary data
showed that: 1) the optimal concentration of each CO is different for each IncRNA target and 2) within a
certain concentration range, increasing concentrations of CO in the hybridization reaction increases the
CE (data not shown). However, the number of streptavidin coated beads needed, and thus a large
portion of the cost of the experiment, also increases as the number of biotinylated-CO increases. For this
reason, the concentration of each CO added to the capture experiment was determined to ensure that the
CE would surpass the calculated CE threshold, but not necessarily to maximize the CE (see Table S2 for
concentrations used). B. DNA capture efficiencies (CE). DNA CE is calculated for each target to test
HyPR-MS capture specificity; each CO can hybridize not only the target INcRNA but also the analogous
DNA sequence, meaning any proteins interacting with that region of the genome could be falsely
identified as RNA interactors. As with the INcRNA CE (described above), DNA CE is found by measuring
the number of DNA copies corresponding to the target RNA sequence in the captured sample and
comparing it to that in the lysate. Based on DNA CE values that are consistently lower than 0.1%, the
small total DNA copy number, and the mass spectrometry sensitivity (approximately 3 femtomole, or 1.8 x
10° copies), any contamination by DNA-interacting proteins is not able to affect the specificity of the RNA
captures.
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4.1 ABSTRACT:

Complex networks of transient RNA-protein interactions drive HIV-1 gene expression and
replication. Though the interactions of various proteins with the viral genomic RNA have
been individually characterized, a comprehensive view of the HIV splice variant-protein
interactome is lacking. We present here a strategy for the isolation of the three classes of
HIV splice variants from HIV infected Jurkat cells and identification of the protein
interactomes for these full-length, partially spliced, and completely spliced HIV RNAs. Our

analysis reveals differential interactomes for the distinct splice-forms and reveals potential

candidates for further functional validation.

4.2 INTRODUCTION:

The HIV-1 genome is approximately 9.7 kilobases (kb) in length yet encodes nine proteins
or polyproteins. This variety of protein products from a relatively modest-sized genome is
made possible by the alternative splicing of one primary transcription product. As many as

109 different spliced HIV RNA transcripts have been identified by RNA sequencing, which
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fall into 3 classes: unspliced or full-length (FL), partially spliced (PS), and completely spliced
(CS) transcripts'”. The full-length transcript, which retains both introns, codes for the
polyproteins Gag and Gag-Pol and also serves as the genome for nascent virions. The
partially spliced transcripts, approximately 4kb in length, have one excised intron and code
for the Env protein and accessory proteins Vpu, Vpr, and Vif. The completely spliced
transcripts, approximately 2kb in length, have both introns removed and code for viral
regulatory proteins Nef, Rev and Tat (Figure 4.1A). As these splice variant classes each have
unique characteristics and purpose, they utilize differing RNA-protein interactions to lead to

the balanced expression of both the splice variants themselves and their protein products.

HIV RNA-protein interactions are pivotal regulators of HIV splice variant production.
Figure 4.1B depicts a simplified visual of the complex processing steps of the various HIV
RNA’s, from transcription to protein production and virion formation. Core splicing signals
including the 5™-splice sites (5’ss) and the 3’-splice sites (3’ss) can have strong or weak
interactions with the splicing machinery thus influencing the efficiency of splicing at
individual splice sites. In addition, ss-elements near the splice sites, including exonic splicing
enhancers or silencers (ESE and ESS, respectively) and intronic splicing enhancers or
silencers (ISE and ISS, respectively), interact with #ans-elements such as regulatory proteins
to facilitate or hinder splicing. For example, it has been shown that serine-arginine-rich (SR)
proteins bind preferentially to ESEs to promote splicing and heterogeneous nuclear
ribonucleoproteins (hnRNPs) can interact with ESSs to prevent splicing®. Interestingly,
these same classes of proteins can have the respective converse effects on splicing when they
interact with intronic ds-elements (ISE or ISS)°. These general splicing trends are also

evident in HIV RNA splicing. A particularly well-studied splice site, 3’ssA7, is that which
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contributes to the production of the Tat and Rev mRNAs. The splicing activity at this splice
acceptor site has been shown to be inhibited by the interaction of hnRNPA1 with the cs-
elements ESS3 and I1SS®". Relatedly, another splicing event required for the formation of
Tat mRNA is enhanced by the interaction of SR proteins SRSF2 and SRSF6 with multiple
ESE elements located downstream from the 3’ssA3®. The complex interplay of such HIV
RNA-protein interactions, many still not understood, is paramount to the balanced

expression of the HIV splice variants over the course of HIV replication.

Following splicing, RNA-protein interactions continue to carry the different HIV splice
variants through distinct pathways to achieve optimal expression of their protein products.
Initially, the completely spliced transcript is the primary HIV RNA splice product and
follows the canonical cellular NXF/NXT nuclear export pathway to translation in the
cytoplasm. Protein product Nef is co-translationally N-myristoylated and translocated to the

9,10
cellular membrane™

while Rev and Tat are translocated to the nucleus where they serve as
requisite regulatory factors for the efficient transcription, splicing, and nuclear export of the
q gu y ption, sp g p

full length and partially spliced transcripts.

Typically, any RNA transcript in the nucleus that still contains introns will be spliced to
completion or marked for degradation. The intron-containing HIV RNA splice variants, the
full length and partially spliced transcripts, interact with viral and host proteins to avoid
these fates. The Rev response element (RRE) located in the retained intron of the
transcripts interacts with protein Rev leading to the expedited export of the transcripts via
the Rev-mediated nuclear export pathway' "%, It has been determined that many cellular

proteins including the RNA helicase MOV1 0" and RNA-binding protein STAU2" interact
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with Rev and/or the HIV RNA to mediate the export of the intron-containing transctipts.
This alternative export pathway helps these incompletely spliced transcripts to avoid the
surveillance and degradation machinery associated with NXF/NXT nuclear export and to

reach the cytoplasm for translation.

The cytoplasmic unspliced HIV RNA serves two purposes in HIV replication: it is the
template for its protein products (Gag and Gag-Pol), it is the genome for nascent virions, or
it could be both. Details regarding this complex interplay are elusive but it is evident that
RNA-protein interactions are crucial to the cytoplasmic processing of the unspliced
transcript. In particular, protein interactions with various regions within the 5>-UTR, a
highly structured untranslated region of the unspliced HIV transcript, can influence
translation or genome packaging’. RNA helicase A (RHA) has been shown to interact with
the 5-UTR of unspliced HIV RNA and promote the association of polysomes'.
Conversely, HIV protein Gag binds to the packaging signal (psi) found in the 5’-UTR and
promotes the packaging of the unspliced, genomic HIV RNA into virus particles 1 These
ribonucleoprotein complexes (RNPs) containing the genomic HIV RNA and Gag protein
have been found to also contain host protein Staufen] whose presence appears to influence

% This RNP has been further characterized and is estimated to contain

particle formation
over 200 different host proteins®. The cytoplasmic processing of full length HIV RNA is a

highly regulated and specific process that requires many host proteins to efficiently produce

Gag and Gag-Pol as well as infectious particles.

Clearly, HIV RNA-protein interactions are integral to HIV replication, from transcription of

the nascent RNA to its eventual translation and packaging. The full length genomic HIV
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RNA is a fundamental component of HIV replication and therefore, understandably, has
been a focal point of study. The processing of the partially spliced and completely spliced
transcripts, however, also influences the efficiency of HIV replication and therefore warrants
study. For example, the partially spliced transcript must recruit the splicing machinery to
excise the first intron while avoiding the removal of the RRE containing intron. RNA-
protein interactions likely regulate this process. Furthermore, protein Tat, a product of
completely spliced transcripts, has been shown to have a concentration dependent effect on
apoptosis, requiring temporal regulation of its expression”. These examples demonstrate
that RNA-protein interactions regulate the expression of all three HIV splice variant classes
and their protein products in order to achieve the necessary balance required for efficient
HIV replication. Identification of the host protein actors involved in this regulation is

essential to gaining insight into such processes.

Appreciable progress has been made in the development of strategies to discover host
factors that interact with HIV RINA. Studies have inserted MS2 binding sequences into HIV
RNA constructs and, following isolation of the RNA using MS2 protein affinity purification,
identified the proteins associated with the segments of HIV RNA. Variations of this
strategy have lead to the discovery of MATR3™ and hnRNPK™ as pertinent host factors for
HIV replication. However, these applications focused on only specific regions of the HIV
RNA sequence and could be prone to artifactual interactions due to the inserted MS2
binding sites or altered secondary structures. Recently, we reported an alternative strategy,
Hybridization Purification of RNA-protein-complexes followed by Mass Spectrometry, or
HyPR-MS, for identification of full-length HIV RNA-protein interactors. This strategy

utilized sequence-specific hybridization of biotinylated DNA oligonucleotides to the full
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length HIV-RNA, isolation from a complex lysate using streptavidin coated magnetic beads,
and identification of the associated proteins by mass spectrometry to discover nearly 200
proteins in the HIV-RNA 77 vivo interactome. This strategy can be applied to native HIV
virus or virtually any modified HIV virus to study perturbations made to the system.
However, only the interactome of the full-length variant of the HIV RNA could be detected
in this initial study. In the present work we have expanded the HyPR-MS strategy described
above to isolate not only the full length HIV RNA, but also, the partially spliced and
completely spliced transcripts, in order to obtain a comprehensive view of the interactomes

of each of these three important HIV RNA splice forms.
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4.3 RESULTS

4.3.1 Workflow for the Purification of HIV-1 Splice Variants and Protein
Interactomes. To identify zz vivo HIV-1 splice variant protein interactomes we adapted the
HyPR-MS strategy (ref) to separately purify all three classes of HIV-1 splice variants: the full
length unspliced (FL), the partially spliced (PS), and the completely spliced (CS) transcripts.
This strategy utilizes the specific hybridization of a biotinylated DNA capture
oligonucleotide to an RNA of interest followed by isolation of the RNA-protein complexes
using streptavidin coated magnetic beads and identification of the proteins by mass

spectrometry (Figure 4.1C).

To adapt this strategy to the isolation of the three HIV splice variant classes, the intricate
nature of HIV RNA splicing must be considered. The PS splice variant class contains only
nucleotide sequences that are also subsets of the FL splice variant; likewise, the CS variants
contain only subsets of the PS and FL splice variants’ sequences (Figure 4.1A). Thus, a
capture oligonucleotide can only be unique to the PS or CS classes if it is complementary to
their respective splice junctions. However, up to 109 different HIV splice variants have
been detected in infected cells, all with varying splice junctions and all with temporally
dynamic expression levels'”. Therefore, to identify the comprehensive interactome of each
splice variant class separately, the capture oligonucleotides for the PS and CS classes must be
complementary to sequences that are present in all PS variants and CS variants, respectively.
The obstacle of sequence similarity, as demonstrated in Figure 4.1A, is addressed by
sequential isolation of the FL, PS, and CS splice variants, as is depicted in Figure 4.1D. For

the study presented here, the FL transcript is first isolated using a capture oligonucleotide
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that is complementary to a region of the retained intron that is not found in the PS or CS
transcripts. Once the FL transcripts are removed from the lysate, the PS variants can be
isolated using a capture oligonucleotide specific to its now unique intronic region. Finally,
the CS transcripts, now the only HIV variant class remaining in the lysate, can be isolated by
specific hybridization. The sequences of the designed capture oligonucleotides and their

target locations on the HIV genomic sequence are indicated in Table S4.1.

4.3.2 Experimental Considerations. We sought to apply this capture strategy to identify
proteins that interact with HIV RNAs, 7z vzv0, and to elucidate proteins that may assist in
functions unique to each splice variant class. To achieve this, three determinations for
experimental design included: cell type, virus strain, and post-infection time-point for
fixation. Jurkat cells, a commonly used T-cell line for HIV study, were selected as host cells
not only because they largely recapitulate a cellular environment typical of HIV infection
(CD4+ T-cells), they are also amenable to growth in large numbers. An HIV-1 molecular
clone, NL4-3, bearing inactivating mutations in env and vpr, and expressing a cyan
fluorescent protein (CFP) reporter from the nef reading frame (HIV-1 E-R-CFP), was
chosen for infection of the Jurkat cells®’. The inactivating mutations allowed for ease of
handling of the infected Jurkat cell pellets while the CFP reporter permitted assessment of
infection quality. Furthermore, knowledge of the NL.4-3 clone sequence, gene expression
and viral life cycle kinetics allowed for the maintenance of experimental reproducibility
necessary for assurance the technology is effective. HIV-RNA protein interactions are
temporal and transient with respect to the phases of HIV replication. Formaldehyde

27,28

crosslinking covalently links direct RNA-protein and protein-protein interactions™ ™ thus

preserving the zz vivo interactions at the time of crosslinking while permitting the use of
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harsh salt and detergent conditions to prevent artifactual interactions. We used
formaldehyde treatment of the cells to stabilize the RNA-protein interactions at 48 hours
post-infection, a time-point during which HIV genomic RNA is packaged into nascent
virions. It may be noted that our strategy for isolation of HIV-1 splice variants by
hybridization and identification of their protein interactomes is amenable to clinical or other

studies investigating alternative HIV-1 strains or HIV replication time-points.

4.3.3 qPCR Results Demonstrate Efficient and Specific Isolation of HIV-1 Splice
Variants. The yield and specificity of each HIV splice variant capture was measured using
RT-qPCR. As was demonstrated above with regards to capture oligonucleotide design, the
design and application of the qPCR assays must also consider sequence similarities among
the different splice variants. The locations for qPCR amplification are shown in Figure 4.2A
and specific sequences and locations are indicated in the SI. One qPCR assay (qQPCR A)
amplifies a region only found in the FL splice variant, another (qPCR B), a region found in
both FL and PS variants, and a third (qPCR C), a region found in all three splice variant
classes. To achieve relative quantification of each splice variant class in a given sample, the
variability in reverse transcription and qPCR assay efficiencies was normalized using a full-

length HIV RNA calibration curve (Details in SI).

The specificity of capture of each HIV splice variant was determined by analyzing an aliquot
of purified RNA from each capture sample (FL capture, PS capture and CS capture) using
RT-qPCR assays A, B, and C. Figure 4.2A shows which qPCR amplification regions are
expected to be present as well as the attomoles of each region detected by the three RT-

qPCR assays in each splice variant capture sample. Analysis of the RNA in the FL transcript
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capture shows each region present at relatively the same quantity suggesting the primary
HIV RNA variant captured is, indeed, the full-length transcript. Analysis of the PS and CS
transcript capture samples shows the presence of at least 10-fold more of the regions
amplified by qPCR assays B and C and qPCR assay C, respectively, than the regions
amplified by the respective off-target qPCR assays. It should be noted that there is some
variability in the quantification of the regions expected to be present in the FL and PS
captures. For example, the PS capture samples show less amplification of region C than
region B. This could be due to differences in secondary structure, and thus the reverse
transcription efficiency, between the PS transcripts and the full-length transcripts used for
the calibration curve. Similarly, these differences could be due to artifacts from protein
crosslinking to the RNA. While this variability may affect the certainty of absolute
quantitation of the splice variant present, the absence of the off-target splice variants is still
evident. For example, if the full-length transcript were present in significant amounts in the
PS capture, qPCR assay A would have significant amplification, which is not evident in the
data presented here. The same logic holds for the CS capture data. Similarly, if there were
large amounts of the PS or CS transcript variants present in the FL capture the
quantification of qPCR assays B and C would be significantly higher than that of A. These
results show that the primary HIV transcript in each of the splice variant capture samples is

the intended target and is at least in 10-fold excess over the other splice variants.

We also sought to demonstrate the enrichment of the target HIV transcripts in the capture
samples relative to off-target host cell RNA. To do this, a qPCR assay was used to quantify
the highly expressed host transcript for GAPDH in the capture samples and the pre-capture

lysate. The ratios of the HIV RNA target to the GAPDH transcript measured in the pre-
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capture lysate and the capture samples indicate over a 200-fold enrichment of the respective

target HIV RNA in the capture samples (Figures 4.2D-F).

The capture efficiency for each splice variant is defined here as the percent of the splice
variant in the capture sample (capt) relative to the total amount of that transcript in the lysate
prior to capture (pre-lys). Using the RT-qPCR assays described above the capture
efficiencies for the FL, PS, and CS captures were 33, 76, and 2 percent, respectively (Figure
S4.1). Additionally, the amount of each splice variant remaining in the lysate following each
capture (post-lys) was measured and compared to the pre-lys measurements to determine the
percentage lysate depletion of the transcripts. The FL, PS, and CS transcripts were 79, 87,
and 78 percent depleted from the lysate following capture (Figure S4.1). Discussion and

details of these measurements are in the SI.
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Enrichment of each splice variant in the capture samples. Fold enrichment is calculated by dividing the ratio of

HIV:GAPDH in the capture sample by the same ratio in the lysate sample.
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4.3.4 Spectral Analysis for Identification of Differential Splice Variant Interactomes
Following capture of the FL, PS and CS variants of HIV RNA, their associated proteins
were purified and trypsin digested for mass spectrometric analysis. The resulting peptide
spectra from the three biological replicates were searched and quantified using Maxquant
search and label-free quantitation (LFQ) algorithms®. Statistical analysis was performed
using the Perseus platform™ to determine which proteins show significant differences in
abundance among the three splice variant capture types. To do this, three pairwise
comparisons were performed: FL vs PS, FL vs CS, and PS vs CS. Student’s t-test p-values
were calculated and a 5% permutation-based false discovery rate (FDR) was implemented
for each pairwise comparison. In this way, two hundred twelve proteins were determined to

have statistically significant differences in abundances in at least one pairwise comparison.

4.3.5 Hierarchical Clustering into Heatmap Shows Protein Enrichment Differences
in IncRNA Captures. A hierarchical clustering algorithm was employed to assist with
interpretation of the protein interactomes of the three HIV-1 splice variant classes. A matrix
of log,-transformed, mean-centered protein intensities for each splice variant capture
biological replicate was compiled and includes all proteins enriched in at least one splice
variant class relative to another splice variant class (212 proteins as stated above). By
normalizing the data in this way we are able to remove experimentally introduced biases in
protein quantitation such as varying peptide ionization efficiencies or protein solubilities that
would hinder data interpretation. Next, the proteins were grouped, or clustered, based on
the similarities between each protein’s intensity profile across the three splice variants using a
cotrelation-uncentered, centroid-linkage hierarchical clustering algorithm™. Finally, TreeView

software™ was used to create a heatmap to visualize these similarities and differences for all
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212 proteins (Figure 4.3A). The protein intensities for three biological replicates for each of
the three splice variants are represented in the nine columns of the heatmap. Each row
contains the nine intensities for a single protein measured in each of the splice variant
biological replicates. Protein intensity measurements with an intensity greater than the mean
intensity for that protein across the nine columns (3 biological replicates of 3 different splice
variant classes) are represented in yellow, with the brightness of the yellow reflecting the
magnitude of the difference from the mean intensity. Analogously, proteins with an
intensity measurement less than the mean intensity are represented in red. Black pixels
represent protein intensities at or near the mean intensity for that protein. In Figure 4.3A it
is clear that there are large clusters of proteins with higher abundance in the full length (FL)
capture samples relative to the partially spliced (PS) and completely spliced (CS) capture
samples (44 proteins), in the PS relative to the FL. and CS capture samples (68 proteins), in
the CS relative to the FL and PS clusters (46 proteins), and in both the FL and PS relative to

the CS capture samples (29 proteins).
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4.3.6 Analysis of Gene Ontology Term Enrichment. Gene ontology (GO) term
enrichment analysis™ was conducted to evaluate the significance of the proteins elevated in
each splice variant’s interactome. Table 4.1 shows the relevant GO terms that are over-
represented in each splice variant interactome relative to what would be expected to occur
randomly, including the p-value and the number of proteins annotated with that term.
Satisfyingly, RNA-binding proteins are highly enriched in all three splice variant captures (p-

values ranging from 3E-8 to 2E-35). Other notable enrichments include the enrichment of

2 <<
b

proteins involved in “translation”, “translation initiation”, and “cotranslational protein
targeting to the membrane” in the CS capture (p-values 3E-12, 5E-10, and 1E-8 respectively)
but enrichment of proteins involved in the “regulation of translation” in the FL. and PS
captures (p-values 8E-6 and 3E-0, respectively). Also interesting is the enrichment in the FL

and PS captures of proteins that regulate RNA stability (p-values 5E-3 and 3E-2,

respectively) and in FL that regulate RNA splicing (p-value 6E-3).
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FL Capture PS Capture CS Capture
Category Enriched GO Term Enrichment Enrichment Enrichment
ol # of prots el # of prots s # of prots
RNA-binding 2.06X10% 60 4.81X10°° 59 310x10° [ 25
RNA-binding  [mRNA-binding 7.82X10° 12 182x10° 9] NA B
poly-A RNA binding NA 56 NA NA [Ths
o regulation of mMRNA stability 4.82X102 7 3.19X10%2 NA l:l 2
RNA stability
-CRD-mediated mRNA stabilization 1.71X10? 4 1.42X107 NA 0
RNA splicing NA 153%10° Na [ 4
RNA splicing ~ |regulation of RNA splicing 6.a4x10° L7 NA e N [ 2
*negative regulation of mMRNA splicing 3.45X1072 3 NA NA 0
translation 2.82X10° NA [ s 2.91X10" 9
«translation initiation NA |:| 3 NA D 1 5.40X10°° |I
Translation estructural constituent of ribosome 5.09X10° NA D 1 1.53X10° 9
regulation of translation 7.99X10 12 3.42X10 NA |:| 5
*negative regulation of translation 9.94X10° g 9.80X10°% lIl NA l:l 2
histone H3-K27 trimethylation NA 2.45X1072 NA 0
DNA DNA conformation change NA l:l 1 1.77X10? l:i NA |:4
cotranslational protein targeting to membrane NA |:| 3 NA D 1 1.13X10® 10
Protein protein localization to nucleus NA 0 NA D 1 2.24X1072 7
localization «protein localization to nuclear envelope NA 0 NA 0 2.24X107 3
nucleocytoplasmic transport NA El NA lj| 3.59X107 8
acyl-CoA metabolic process 4.08X102 7 NA D 1 NA D 1
Metabolic carboxylic acid metabolic process 9.04X10™" 8 NA D 1 NA D 1
processes dicarboxylic acid metabolic process 9.46X10° II NA D 1 NA D 2
tricarboxylic acid metabolc process 9.62X10° 8 NA 0 NA D 1
) cytoplasmic stress granule 4.77X10® 7 1.33X10° NA D 1
Miscellaneous
cell adhesion molecule binding NA 5 NA 0 - 4.53X10° 10

Table 4.1: GO Term Enrichment Analysis for Splice Variant Interactomes.

4.3.7 Discussion of Splice Variant Interactomes. The GO term enrichment analysis,

hierarchical clustering, and analysis of known protein-protein interactions using STRING™

software together assist in evaluation of the splice variant interactomes. For example, a large

section of the heatmap, shown in Figure 4.3B, contains proteins with abundances elevated in

the full length (FL) and partially spliced (PS) transcripts relative to the completely spliced

(CS) transcripts. This section is particularly interesting since the FL and PS transcripts,

unlike the CS transcript, retain at least one intron and therefore require regulation of splicing

and RNA stability for their nuclear export into the cytoplasm that the CS transcript does not

requite. Proteins with these functions ate enriched in the FL and/or PS interactomes (Table

4.1) and are also represented in the cluster shown in Figure 4.3B. This cluster can also be

subdivided into two smaller clusters, the top cluster (red) containing proteins with the
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intensities approximately the same in the FL and PS captures and the bottom cluster (blue)
containing proteins with intensities higher in the PS capture than the FL capture. Figure
4.3C shows the known protein-protein interactions, obtained from STRING, for the
proteins contained within these two subdivisions of the cluster in Figure 4.3B. Proteins in
the top cluster have a red border and proteins in the bottom cluster have a blue border.
Within the top cluster are many protein involved in RNA stability, including CRD-mediated
mRNA stabilization, as well as proteins involved with splicing, particularly the regulation of
splicing. This is expected since the FL and PS transcripts must evade degradation and
complete splicing prior to exiting the nucleus. Also present in the top cluster are proteins
that are part of the cytoplasmic granule. Previous evidence shows that the FL transcript is
often incorporated into stress granules or another cytoplasmic ribonucleoprotein complex
(RNP) called the Staufen RNP ***". Proteins with other known functions are also within
this cluster though their role in HIV replication is unknown. For example, FAM120A, a
known RNA binding protein implicated in the stress response™, is clustered closely with
proteins involved in RNA stability and splicing. Also, ALOX12B, a protein known to
function in the regulation of gene expression”, clusters with components of the stress
granule. Though these two proteins are not known to function in this way with respect to
HIV replication, they make prime candidates for further functional analysis during HIV
replication. Within the bottom cluster are many proteins with known functions in chromatin
binding, regulation of transcription and regulation of translation. Many have known roles in
HIV replication, such as MOV 10 and UPF1%, while others will require further analysis to

investigate their role in HIV replication.
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4.4 FUTURE DIRECTIONS:

The HyPR-MS strategy is useful for discovery of proteins associated with the HIV RNAs
and can differentiate proteins associated with the different splice variants. However, to
understand the roles of these proteins in HIV replication requires further analysis. The
clustering and heatmap analysis strategy provides a mechanism to interpret the data and
develop informed hypotheses of the roles of such proteins. We are in the process of
experimentally testing some of these hypotheses using siRNA knockdown techniques and a
specially designed HIV viral strain to track the translational activity of the full length and
completely spliced transcripts. As was done in Chapter 2, we will infect 293T cells with an
HIV virus that incorporates CFP fluorescent protein with the Gag protein (translated from
the full length transcript) and produces mCherry as a translational product from the
completely spliced transcript. Each protein identified as a protein interactor with the HIV
splice variant will be individually knocked-down using siRNAs and the impact on HIV
replication will be evaluated using the signals from CFP and mCherry by fluorescence
microscopy. We hypothesize that proteins that cluster together in the heatmap produced by
HyPR-MS may work together to perform the same functions in HIV replication. Therefore,
we predict that when those proteins are knocked-down, they will show the same fluorescent
phenotype. Much information can be gleaned from these experiments regardless of
confirmation of our hypothesis. This work will be conducted and the data combined with

this chapter for publication.
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4.5 SUPPLEMENTARY INFORMATION:

4.5.1 qPCR Assays Design and Strategy. To achieve relative quantitation of each splice
variant class in a given sample, the variability in reverse transcription and qPCR assay
efficiencies were normalized using a full length HIV RNA calibration curve. Briefly, full
length HIV RNA was isolated from HIV virions using Trizol reagent and quantified using
Ribogreen reagent and fluorescence detection. Since HIV virions primarily contain full
length HIV RNA® the total RNA mass can be converted to moles of HIV RNA and each
amplification region for the three qPCR assays is represented in an approximate 1:1:1 ratio.
The resulting sample of HIV RNA was then diluted to make several calibration standards of
known concentration, each of which was reverse transcribed and analyzed using all three
qPCR assays. The three calibration curve equations from this analysis were then used for
determining the concentration of their respective amplification regions in each splice variant

capture sample.

4.5.2 Capture Efficiency and Lysate Depletion. Capture efficiency is defined here as the
percent of the splice variant in the capture sample (capt) relative to the total amount of that
transcript in the lysate prior to capture (pre-lys). Lysate depletion is defined here as the
percent of the splice variant remaining in the lysate after capture (post-lys) relative to the
amount prior to capture (pre-lys). These calculations are represented in the equations below
and the results for the three splice variant classes using RT-qPCR assays A, B, and C are

shown in Figure S4.1.
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1) % Capture Efficiency: (capt)/(pre-lys) x 100

2) % Lysate Depletion: [(pre-lys) — (post-lys) / (pre-lys)] x 100

The accuracy of the capture efficiency measurement is limited by variability in reverse
transcription efficiency caused by differences in sample characteristics. Specifically, the
efficiency of the reverse transcription reaction is dependent on the complexity of the sample
as well as the concentration of the transcript in the sample”. The capture samples have a
high concentration of the target transcript but the complexity of the sample is relatively low.
Conversely, the concentration of the target in the pre-lys sample is relatively low and the
sample is much more complex. These differences likely cause different reverse transcription
efficiencies for the target transcript in the capture and pre-lysate samples suggesting that the
% capture efficiencies should be used only as guidance for assay functionality and not for
absolute quantitation. The percent lysate depletion calculation, however, measures the target
transcript in two samples with relatively similar complexities (pre-lys and post-lys) and thus
likely is an accurate measurement. This measurement shows that the capture process
removes approximately 80% of each of the splice variants from the lysate (Figure S1). This
value shows that the vast majority of the FLL and PS splice variants are removed from the
lysate prior to the subsequent capture of the PS and CS variants, respectively, allowing for
the specificity of capture among the splice variants as demonstrated in Figure 4.2. The lysate
depletion value also represents a high estimation of % capture efficiency but does not
account for potential losses due to non-specific binding to tubes and/or beads and losses

due to washing of the beads prior to release into solution.
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A B
% Capture Efficiency % Lysate Depletion
(capt)/(pre-lys) x 100 [(pre-lys) — (post-lys) / (pre-lys)] x 100
100 + 100
90 - 76 9 79 & 78
80 - 80 - T
70 - 70 -
60 - 60 -
50 - 33 50 -
40 - 40 -
30 - I 30 -
20 - 20 -
10 2.1 10 -
0 T T " 0
FL Transcript PS Transcript CS Transcript FL Transcript PS Transcript CS Transcript
Capture Capture Capture Capture Capture Capture

Figure S4.1: A. Capture efficiency calculations for each splice variant. B. Percent lysate depletion of each

splice variant.



Table S1: Capture Oligonucleotide Sequences

HIV NL4-3
HIV Spllce Capture Oligonucleotide Release Oligonucleotide Genome "
Variant Sequence* Sequence* Complementarity;
Target a q Nucleotide
Positions
Eull Lenath 5-CAATTGACTTAC 5'-TACAAAAAATAG
9 TATGCTTTCTGTGGC CCACAGAAAGCATA 3210-3239
(FL) TATTTTTTGTA-3' GTAAGTCAATTG-3'
Partiall 5-CAATTGACTGTA 5'-CTGAACACAT
, y CAATTAATTTCTACAG CTGTAGAAATTAATTG 6622-6651
Spliced (PS) ATGTGTTCAG-3' TACAGTCAATTG-3'
Completel 5-TCGTATCTCTTT 5-GTAGATCTTAG
mpletely TCTTTTAAAAAGTGG CCACTTTTTAAAAGA 8585-8614
Spliced (CS) CTAAGATCTAC-3' AAAGAGATACGA-3’

*The nucleotides indicated in red letters are not complementary to the target transcript but are used as a
“toe-hold” for the release mechanism as described in the text.

Table S2: gqPCR Assays

HIV NL4-3
Genome Primer 1
Assa Detected Splice | Amplification (FWD) Primer 2 (REV) Probe
y Variant(s) Region; Sequence Sequence Sequence
Nucleotide q
Positions
qPCR FL 3338-3480 GAGTTTGTCAA | CCTCTGTCAGTT | TTTCCCTATTGG
A : TACCCCTCCC ACATATCCT GC CTGCCCCATCT
CCTCCCATC ACCACCATCTC
aPCR FL, PS 7069-7166 | AGTGGACAAAT | CTSAASATCICG | T7GTTAATAGCA
B 27 Geee
AGAGGCCAA TGTGAGCCTGC
ngR FL. PS. CS 8794-8893 | TAAAGGAGAGA | CTUSICAAACCT | ATGGAATGGAT
AC GA

gPCR primer-probes purchased from IDT, GAPDH qPCR assay is Hs.PT.39a.22214836 from IDT.
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