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Introduction

Overview of RNA Binding Proteins

RNA often associates with one or more RNA binding proteins (RBP(s)) to carry out the variety of
functions it performs in the cell'. The complex that forms is referred to as a ribonucleoprotein particle
(RNP)*. Movement, permanence and breakdown of all classes of RNA is regulated by RBPs, with
examples ranging from miRNA processing to tRNA biogenesis'  One canonical role of RNPs is in post-
transcriptional gene regulation, in which the translation of mRNA into a functional protein 1s regulated
by one or more RBPs”. RNPs are also involved in RNA splicing, as RBPs are a crucial component of the
spliceosome, which 1s responsible for catalyzing the remowal of introns and jomning of exons that must
occur for pre-mRNA to be processed nto mRNA®. Classically, when RNA was considered in the
context of its relationship with RBPs, RNA was thought to be a bystander molecule regulated by
proteins, as 1s the case for mRNA when proteins bind to it and regulate transcription levels®. Recent
discovenies have established a more RNA-centric view of the function of some RNPs and illumunated
the role of RBPs in novel cellular processes®.
Non-coding RNAs and Expansion of RBP Library

While the relationships between mRNAs, {fRNA  miRNAs and the binding proteins these RNAs
associate with are more well defined, the relationships, and the function of the RINPs that form between
non-coding RNA (ncRNA) and RBPs are just beginning to be investigated*. Recent studies have greatly
expanded the number of ncRNAs, especially long ncRNAs (IncRNAs), and have revealed a range of
previously unknown functions, including gene regulation and paraspeckle formation*”’. The functions of
many well-studied ncRNAs are known to require the formation of RNPs*68_ Thus, determining the RNA
binding proteins of ncRNAs that have been recently implicated in a cellular process, or do not have a
known function, has the potential to provide insight into the full range of ncRNA functions as well as

how ncRNAs complex with RBPs to perform these functions* The systematic identification of RNA



binding proteins by several studies has greatly expanded the number of RBPs, elucidated new functions
and caused a shift in our understanding of the function of RNA in RNPs'->*1?_ Central to these methods
1s a crosslinking step that covalently links bound proteins to RNA, making sure that legitimate binding
relationships are not lost as RNA-protein complexes are isolated!!. Baltz et. al. found the mRNA-bound
proteome to contain nearly 800 proteins in a human embryonic kidney cell line, a third of which were
not previously annotated as RNA binding'?. Another 15 percent of these proteins were previously not
predicted to interact with RNA based on computational methods!?. They also used next generation
sequencing methods to show the protein occupancy on mRNA transcripts'?. In a separate study, Castello
et. al identified 860 proteins by biochemical and statistical methods that classify as RBPs?. The authors
emphasized that their list adds more than 300 RBPs to those previously identified®. They also noted how
this systematic identification revealed new roles for RNA-binding enzymes of intermediary metabolism
and RNA binding architectures’.
Diverse roles for RNA in RNPs

Rather than playmg a simply passive role in RNPs, RNA has been shown to modulate protein
function. The activation of toll-like receptors (TLRs) involved m the recognition of pathogens by
binding with double-stranded RNA, single-stranded RNA and nibosomal RNA 1s an example of the
ways in which RNA serves to directly regulate protein activity'?. Kinases involved in viral replication
pathways have also been found to be regulated by RNA, with dsRNA triggering activation of protein
kinase R (PKR) by dimerization and autophosphorylation'*. Thus, RNA has the potential to serve as a
critical molecule for regulating protein function through the formation of RNPs. Another sigmficant
finding from the systematic identification of RBPs i1s that a variety of enzymes mvolved m critical steps
in intermediary metabolism have been identified as RBPs, including most of the enzymes mvolved in
glycolysis'*. One such example is glyceraldehyde-3-phosphate dehydrogenase (GAPDH), which is a key

enzyme 1n glycolysis that has been shown to interact with the 3"UTR of interferon gamma (IFN-y)



mRNA and inhibit its translation’®. For GAPDH, RNA binding and enzymatic activity have been shown
to be incompatible, with protein function switching from metabolism to post-transcriptional regulation
of gene expression under different cellular conditions'”. The fact that GAPHD, a critical housekeeping
gene, 1s regulated by an RNA binding relationship indicates how widespread and important RINA-
mediated regulation 1s. Given the number of enzymatic proteins identified as RBPs, there likely exist
RNA-dependent regulatory roles for other highly abundant metabolic proteins?.

RNA also has the ability to serve as a flexible scaffold upon which functional protein complexes can
be assembled®. One such example is telomerase in yeast. Telomerase 1s the enzyme responsible for
adding repeated DNA sequences to the end of the chromosome, and 1s made up of an 1157nt RNA
subunit, which serves as the template for telomeric DNA synthesis, in addition to several protein
subunits'®_ It has been shown that in addition to serving as a template for telomeric DNA synthesis, the
RNA subunit is responsible for tethering the protein subunits into a complex'®. A model has been
proposed that classifies RINPs based on the extent to which the RNA component contributes to overall
RNP structure'®. For example, RNPs with specific structures determined primarily by the RNA
component itself include the ribosome and ribozyme-protein complexes'®. The second category
comprises RNPs where the specific structure 1s largely determined by proteins, as 1s thought to be the
case for small nuclear RNPs'®. The third category, under which the RNA subunit of telomerase falls,
have no specific structure for the RNP as a whole and instead the RNA serves as a flexible tethering
molecule to localize a number of proteins involved in a cellular process!®. It is thought that some of the
long non-coding RNAs (IncRNAs) that associate with proteins can be classified into this third category?.
Functions of RNPs that contain IncRNAs

LncRNAs, a heterogenous group of transcripts with diverse functions, are polyadenylated,
sometimes spliced and frequently form extensive secondary structure’. These transcripts, which have

recently gained increased attention from researchers, elicit a range of functions, including acting as



scaffolds, decoys and pmdes. One common feature 1s they often associate with proteins to carry out
these multitude of functions!”. In mouse embryonic stem cells (ESCs) knockdown of IncRNAs has been
shown to have effects on gene expression comparable to the effects on gene expression when well-
known ESC regulatory proteins are knocked down'®. While the mechanisms for most of these IncRNA-
dependent changes in gene expression remain undetermined’, the proteins that associate with Xist, a
IncRNA that 1s responsible for silencing one X chromosome during development in females, have
recently been identified®. McHugh et. al. developed an RNA antisense purification (RAP) approach to
purify a IncRNA from cells and identify the proteins that interact with the IncRNA by mass
spectrometry (RAP-MS)®. Ten proteins that specifically associate with Xist RNA were identified by a
quantitative mass spectrometry approach®. By knocking down each one of these ten proteins using
siIRNAs and assaying for mability to effectively silence gene expression on the X chromosome
following the mduction of Xist expression, they identified three proteins that are required for Xist-
mediated transcriptional repression. One of these protemns, SHARP, 1s essential for both silencing the
inactive X chromosome and excluding RNA polymerase II (Pol IT) from the chromosome®. Thus, RAP-
MS presents an excellent tool to identify the proteins that specifically bind to an RNA of mnterest and
establish a list of proteins with functions to further investigate
Prevalence of Novel RNA Binding Domains

While 1t 15 crifical to gain a better understanding of the set of proteins that bind RNAs, understanding
the diversity of residues and structures within RBPs that bind RNA 1s equally important. Studies of the
RNA binding domains (RBDs) of RBPs allow for a better understanding of how proteins associate with
RNA and how protein and RNA functions might be affected by this complexing. Following the addition
of about 300 protemns to the list of proteins with RNA binding capabilities, researchers were interested in
the RNA binding domains (RBDs) of these newly identified RBPs, as well as classifying all the RBDs

of previously characterized RBPs. Specifically, there was interest in whether RBPs bind RNA by



classical domans that have been well characterized previously, or instead i1f RBPs tend to bind RNA via
unconventional domains. Prior to recent studies that have systematically identified RBDs, the focus of
most attention was on the so-called “classical RNA binding domains™, which contain well defined RNA
binding domains, such as the RNA recognition motif (RRM)*, K homology (KH) domain, DEAD
motif, double stranded RNA-binding motif (DSRM) or a zinc-finger domain®. This was primarily due to
structural information on RINPs that was obtained by X-ray crystallography, which requires the types of
rigid folds found in globular protein domains but not in intrinsically unfolded proteins’.

Systematic identification of the RNA binding domains of RBPs has shown that many binding
relationships do not occur at “classical RNA binding domains™ and, instead, that many RBPs rely on
disordered regions to bind RNA?. Castello et. al. identified RNA binding domains in vivo using an
approach they termed “RBPmap” and were able to both reidentify classical RBDs as well as identify
novel RBDs*®. Surprisingly, they showed that more than half of RNA-RBP binding sites do not contain
a conventional RBD*°_ 1,174 binding sites were identified within 529 HeLa cell RBPs, indicating the
presence of multiple binding sites within many of these proteins®®. The fact that intrinsically disorder
regions (regions rich in the amino acids serine, proline, glycine, arginine, lysine and tyrosine’®?! and
natively lack stable three-dimensional structure’®), make up half of the nearly 1,200 identified binding
sites and that for 170 RBPs a disordered RBD 1s the only detectable RNA binding site, reveals the
importance of unstructured protein domains as components of many RNPs*. One previously unknown
RBP, MeCP2, contains a disordered region, whose RNA binding capability was validated using a
binding assay that fused the lysine-rich domain from MeCP2 to eGFP2?. The authors found RBDs to be
well conserved, suggesting important functional roles for these protein domains?®. Disordered protein
regions have also been shown to be used by transeription factors to bind DNA?? and roles in phase
transitions and granule formation through RNA interactions with YGG, a repeat motif common 1n

disordered regions, have been suggested”. While these studies are still emerging, the presence and



conservation of distinct motifs within disordered regions across nonhomologous RBPs suggest a range
of biological functions®?.
RNPs in Disease

A vaniety of diseases, including neuropathies, muscular atrophies, metabolic disorders and
cancer, have been linked to defective RBP expression and function’*. The list of RBPs implicated in
disease has grown following the identification of an increased number of RBPs. Notably, of the over
eight hundred RBPs 1dentified by Castello et. al , 86 are associated with human Mendelian disease based
on a search of the Online Mendelian Inheritance in Man (OMIM) database®. A specific model of RNP
formation leading to a disease state 1s the sequestration of proteins by a class of “decoy” IncRNAs?>.
These decoy IncRNAs do have a function in normal physiology, but when they are expressed from
alleles where nucleotide repeat expansion has occurred they can be pathogenic, as sequestration disrupts
the normal function of these recruited proteins™.

One such example 1s myotonic dystrophy type 1 (DM1)*, a muscle wasting disease that is
characterized by a variety of other disorders, ranging from cataract formation to cerebral atrophy®®. An
mndividual with DM1 accumulates between 50 and 3000 CTG repeats in the 3"UTR of the dystrophia
myotonica protein kinase (DMPK) gene®. The critical component of DM1 pathogenesis is expression of
RNA from the genomic loci where the repeat expansion has occurred and the formation of nuclear foci
that consist of the expanded repeat RNA®_ Critically, the protein MBNL1 is sequestered by the
expanded repeat RNA through binding to the stable hairpin loop that forms in the RNA®. The binding
of MBNL1 to expanded repeat RNA disrupts the protems normal function in regulating altenative
splicing during development® . The resulting misregulation of alternative splicing in development leads
to disease pathology”>. Given that the expression of repetitive DNA sequences and sequestration of

critical proteins by the resulting RNA has been shown to disrupt protein function and cause disease, we



are mterested in expressed repeats in other pathologies and 1dentification of the proteins that they may
bind.
Human Satellite IT (HSATII) DNA

Within the minety eight percent of the human genome that does not code for proteins exists a class of
DNA know as satellite DNA, so named because the sequences were first identified from genomic DNA
fractions that had shghtly different buoyancy densities in CsSO4 than total DNA and thus looked like a
satellite, remote from the primary DNA fraction’®. These DNA fractions were designated Satellite I, IT
and IT*¢_ Satellite DNA 1s primarily located near the centromere and 1s characterized by tandemly
repeating monomer sequences’®. Categorization of satellite sequences has been refined to the point that
there are now thought to be eight classes of human satellite DNA with their vanation residing in the
length and sequence of the repeated monomer®®. For example, alpha-satellite has a monomer length of
171 base pairs, while Human Satellite IT (HSATTI), the satellite of focus here, repeats every 23 to
26bp*®. HSATTI is defined as repeat arrays of the pentamer ATTCC that are poorly conserved between
arrays*®. In general, these repeats occur as the sequence (ATTCCATTCG): followed by either one or
two ATG motifs. Fluorescence in sifu hybridization (FISH) revealed that the bulk of HSATII DNA 1s
located on chromosomes 1, 2, 10 and 16, with several sites residing on other chromosomes*™%.
HSATII RNA Expression in Cancer and Sequestration Model

While HSATII constitutes two percent of the human genome, it 1s not expressed at appreciable levels
in normal human tissue?®. Using a next generation digital gene expression (DGE) method to evaluate the
transcriptome of pnmary tumors, Ting ef. al. determined HSATIT RNA to be nearly 150-fold
overexpressed in pancreatic ductal adenocarcinomas (PDACs) compared to normal tissues, while other
satellites did not have large changes in expression levels between cancerous and normal tissues”. Along
with identifying increased HSATII expression in PDACSs, they also detected robust HSATII expression

mn lung, kidney, ovanan and prostate cancers, but no expression in a broad range of healthy human



tissues including brain, colon, liver, lung and kidney” HSATII expression is thought to be a result of
the epigenetic dysregulation that occurs in cancer”. A follow up study found that one result of HSATII
expression in cancer cells 1s an increase in HSATI copy number gamn through an unclassified RNA-
derived DNA intermediate mechanism®’.

Concurrently, 1t was found that HSATII RNA forms large nuclear foci i a variety of human cancers
and that these sequences can affect the distribution of proteins that regulate chromatin®®  These foci,
called Cancer-Associated Satellite Transcript (CAST) bodies, sequester methyl CpG bmnding protemn 2
(MeCP2) and SIN3A?®. While MeCP?2 is possibly best known for causing the neurodevelopmental
disorder known as Rett syndrome (RTT) when 1t 1s mutated, this nuclear protein functions in chromatin
architecture, regulation of RNA splicing and both repression and activation of transcription®!?2. As
mentioned previously, MeCP2 1s a newly characterized RBP that binds RNA through a disordered
region’’. SIN3A is a protein that regulates transcription and is known to complex with MeCP2 ¥ By
performing RNA immunoprecipitations for MeCP2 and SIN3A, 1t was found that these two proteins
bind HSATII RNA in cancer cells®®. The accumulation of MeCP2 (and possibly other regulatory
proteins) by HSATII RNA may contribute to further epigenetic misregulation if these sequestered
proteins are then unable to perform their normal functions. Hall et. al , point out that HSATII RNA foci
seem fo resemble accumulations of “toxic repeat RINAs" that form in disorders such as myotonic
dystrophy type 1, in which sequestration of alternative splicing factors by overexpressed repeat RNA 1s
central to the pathology of the disease?®. Thus, in order to gain a better understanding of the other
proteins that interact with HSATIT RNA present in cancer cells, we sought out to identify a
comprehensive list of HSATII RNA binding proteins in cancer cell nucler.

Design of Protocol for Identification of HSATII RBPs
After considening various approaches for systematically identifying RNA-binding proteins for

targeted RNA sequences, we decided to adapt the RNA antisense purification with mass spectrometry



(RAP-MS) established by McHugh et. al_ to identify HSATII RNA binding proteins®**. One element
that distinguishes RAP-MS from other protocols used to 1dentify binding proteins 1s that crosslinking 1s
done in vivo®, allowing one to identify binding relationships that occur in the cell rather than
associations between RNA and protein that may form under in vifro conditions, which can be
confounding®***>  RAP-MS takes a UV-crosslinking and denaturing approach that is used by other
methods, including crosslinking and immunoprecipitation'!, to identify only direct RNA-protein
interactions, as cross-linking using formaldehyde or other means can lead to the 1solation of indirect
RNA -protein interactions, even after exposure to denaturing conditions meant to disrupt such
interactions®~¢. While binding relationships between RNA and protein typically rely on non-covalent
interactions, exposure to 254nm UV radiation induces the formation of covalent bonds between aromatic
ring structures found in several amino acids and all nitrogenous bases®’. Long biotinylated antisense
probes, which form very stable RNA-DNA hybnids, are used instead of antibodies or protein tags
because of the ability for this base-pairing interaction to withstand the harsh denaturing conditions
needed to effectively purify the RNAS.

Following cross-linking and hybridization with probes, streptavidin coated magnetic beads are used
to isolate RNA-DNA hybrids with bound proteins from a total cellular lysate®>. The optimization of this
protocol for achieving high yields of endogenous RINPs allows for the detection of proteins associated
with a given RNA using a mass spectrometer, even when the RNA of mterest 1s likely to make up a
small sub-set of total cellular RNA®. Proteins are identified from a protein mixture following enzymatic
digestion®. The formation of fragmented peptides allows for identification using peptide mass
fingerprinting, which 1s done by companng generated peptides to a database of possible peptide
fragments from all known proteins using a database search tool’®. RNA binding capabilities of identified

proteins can then be confirmed by a protein-centric method, such as RNA immunoprecipitation or
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Western blot®. The end result of RAP-MS is a selective list of binding proteins to a specific RNA of
mnterest whose function can then be further investigated.

A protocol that selectively 1solates HSATII RNA and 1dentifies bound proteins was developed
by adapting the RAP-MS approach. A probe that selectively captures HSATII RNA and not other
satellite sequences or nuclear RNAs was designed and used to 1solate proteins bound to HSATIT RNA.
Bound protemns were 1dentified by mass spectrometry and a system for filtermg candidate binding
proteins was established and used to generate a candidate list of highest interest candidate HSATII RBPs
with functions that are misregulated in cancer. Using this pipeline, it was confirmed that identified
proteins were not solely the most abundant proteins present in the cancer cell line used. Identified
proteins were also shown to be significantly enriched for RNA binding and nuclear localization. The
comprehensive list of protemns that bind HSATII RNA in vive generated here includes many proteins

whose functions may be implicated n HSATII expression in cancer.

Materials and Methods
To 1dentify binding proteins of Human Satellite IT (HSATIT) RNA an RNA antisense purification
with mass spectrometry (RAP-MS) protocol developed by McHugh et. al *3 was adapted. Buffers were
made according to concentrations listed in protocol, while updated protocols can be found in the
attached supplementary material. Details of this protocol can be found on the Guttman Lab’s website

ttmanlab_caltech edu/protocols-RAP-MS-schematic_php).

Probe Design
Transcripts that were sequenced following RNA immunoprecipitation (RIP) with either MeCP2
or SIN3A antibodies were aligned using MacVector nucleic acid alignment, disallowing for gaps.

Alignment was scanned for 90nt regions with mimimal base pair nusmatch. Two such regions were
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1dentified and biotinylated 90nt probes were ordered, with Probe 1 being the exact sequence of a portion
of the aligned transcripts and Probe 2 being the complement of a portion of the aligned transcripts.
Cell Culture

A human osteosarcoma cell line (U208, ATCC®, HTB-96™) was used to identify HSATII RNA
binding proteins because this specific cancer cell line has been found to express HSATII RNA at higher
levels than other standard cancer cell lines, such as PC3 (prostate cancer cell line) and Hela (cervical
cancer cell line), and have many prominent CAST bodies?®. U20S cells were thawed from storage at -
80°C and cultured in 10% FBS media (225mL mumimum essential medmum (MEM), 25mL FBS (VWE,
89510-186) 2.5mL Pemicillin-Streptomycin, 2. 5ml: L-glutamine). For fluorescence in-situ hybnidization,
cells were fixed on cover slips as described®®. For cross-linking and harvesting of cells prior to
hybridization, cells were split from T75 flasks and grown on 150mm cell culture dishes until 90-100%
confluent. If cell growth in 150mm cell culture dishes was uneven, cells were treated with trypsin and
redistributed.

Fluorescence in sifu Hybridization (FISH)

Fluorescence in sifu hybridization (FISH) was used to determine 1f Probe 1 and Probe 2 appeared
to hybridize to HSATII RNA in cancer cell nucleir. RNA hybridization and detection was performed as
previously described®® using Probe 1, Probe 2, Probe 1 and Probe 2, as well as a 24nt locked nucleic acid
(LNA) probe known to robustly detect HSATII RNA®®. 10 picomoles of each probe was used for
hybridization and Dylight® 488 Streptavidin (Vector Laboratories, SA-5488) secondary antibody was
used for detection. No difference in hybridization efficiency was observed between 15% and 25%
formanude hybridization solutions. Hybnidization efficiency of each probe was measured by scoring
about 100 nuclei that were hybnidized with either Probe 1 or Probe 2. Representative images of each

probe were captured with 100X magnification using a Zeiss AxioObserver Z1 equipped with an
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Apatome? and Axiocam 702 CMOS monochrome camera. The more efficient probe was then used for
the pulldown portion of the protocol.
In vive Crosslinking and Cell Harvesting

Crosslinking and harvesting were performed as previously described®*, with the following
modification (Supplemental, A). Crosslinking was performed with a BIO-RAD GS Gene Linker UV
Chamber. Cell solution was diluted 1:10 and then counted using a BIO-RAD TC20™ Automated Cell
Counter, with five plates on average yielding just over 50 nullion cells. Thus, the crosslinking and
harvesting protocol was performed eight times to yield the 400 million cells needed for the next steps in
the adapted RAP-MS protocol.
Cell Lysis for Preparation of Nuclear Lysate

Nuclear lysate from 400 million cells was prepared as previously described®*, with the following
modification (Supplemental, B). Sonication was performed with a Branson SFX 250 Digital Sonifier®.
A nuclear lysate protocol was selected rather than whole cell lysate due to the fact that HSATII RNA
has been shown to be present in the nucleus but not in the cytoplasm?®.
Optimizing Amount of Probe used in RAP Protocol

After selecting Probe 1 as the probe we would use i the RAP protocol, the correct probe
concentration to use was determuned. 30uL of probe per 200 million cells, or 1.5 times more than the
amount of probe McHugh et. al used, was found to be the optimal concentration, as using 20uL. of probe
per 200 mullion cells did not yield as much HSATI RNA, while using 40uL. of probe surprisingly also
yielded less HSATI RNA. Thus, going forward, when scaling the protocol up or down Probe 1 was
used at a concentration of 30uL. probe per 200 mullion cells.
Captures Protocol

Captures using a biotinylated HSATII probe were performed as described (Supplemental, C)

from 400 mullion cells. RNA was stored at -80°C prior to RT-qPCR.
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Protein Precipitation, SDS-PAGE Gel and Submission for Mass Spectrometry

Protemn was precipitated as described (Supplemental, D) and pellet was immediately resuspended
mn 15ul of 2X Laemmh Buffer (BIO-RAD, 161-0737) with 5% 2-mercaptoethanol (BME), by adding
liqud, dislodging pellet with P2 pipette tip, vortexing and pipetting up and down until pellet was no
longer visible. This solution was loaded into an SDS-PAGE (BIO-RAD, Mini-Protean® TGX™ 456-
1096) gel along with 15uL of ladder (BIO-RAD, Precision Plus Protein™ Dual Color Standards,
1610374) 1n a separate lane. Gel was run at 300 volts in 1X TBE until dye front was about two thirds of
the way down the gel Gel was stained and destained as described (Supplemental, E). Gel was then
stored in water and transported to the Quantitative Proteomics Resource Core at The Umiversity of
Pennsylvama, where two bands were cut out of gel (one upper and one lower), trypsin digested and
submitted to mass spectrometry for protein identification. ThermoFisher Scientific Q-Exactive™ HF-X
mass spectrometer was used. Proteome Discoverer (Software Version 2.2, XCALI-97808) was used to
1dentify proteins by peptide mass fingerprinting.
Reverse Transcription — quantitative Polymerase Chain Reaction (-PCR)

Reverse Transcription - quantitative Polymerase Chain Reaction (RT-gPCR) was performed to
confirm that protocol was selectively pulling HSATII RNA. HSATII, a-SAT, MALAT]1 and B-actin
primer sets were used (Table S1). Cycling conditions were as follows: 95°C 3 nun mmtial denaturation
followed by 40 cycles of, (95°C 10 sec, 58°C 10 sec, 72°C 20 sec). Relative abundance was calculated
by using the formula 2(40-¢®) 40,

Mass Spectrometry Data Analysis

Upon recerving mass spectrometry data from the Quantitative Proteomucs Resource Core at the
Umniversity of Pennsylvama, the unique known proteins between the upper and lower bands were
1dentified. Out of 405 combined proteins identified in the upper and lower bands (Table S3), 268 umque

proteins were 1dentified. Contaminant proteins that appear in the majonity of mass spectrometry data
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sets, including various keratin protemns, actin and serum albumin were then eliminated from the data
set! Ten contaminant proteins were removed from the data set in total, prior to further analysis outlined

m Fig 7.

Results

Selection of Protocol to Adapt for Identification of HSATII RNA Binding Proteins
The RNA Antisense Purification with Mass Spectrometry (RAP-MS) approach established by

McHugh et_ al. to identify Xist RNA binding proteins®** was adapted to identify binding proteins of
HSATI RNA. The elements that set thus protocol apart from other protocols considered are the use of
in-vivo UV-crosshinking to form covalent bonds between only directly interacting RNAs and proteins
and the capture of the RNA of interest using long biotinylated probes, which allows for the use of harsh
denaturing conditions for RNA purification.
Probe Design and Predicted Self-Hybridization

Biotinylated probes were designed with the goal of targeting as broad an array of expressed
HSATTI sequences as possible. Based on the much smaller size of the HSATIT RNA transcripts (250-
600bp), compared to Xist RNA (17kb), we reasoned a single 90nt biotinylated probe should be
sufficient to capture HSATII RNA transcripts. In order to effectively target expressed HSATII vaniants,
fifteen distinct HSATII RNA transcripts that had been previously identified following RIP with MeCP2
and Sin3A antibody”® were aligned using MacVector nucleic acid alignment tool, in order to determine
regions with mimimal base pair musmatch (Fig. 2). From this, we designed two probes that were 90
nucleotides in length (Table S1). Probe 1 represented the exact sequence of a portion of these transcripts,
n case HSATII RNA 1s also expressed from the opposite strand of these genomic loci, while Probe 2
was the complement of the selected 90nt aligned region (Fig. 2). Predicted secondary structure of both

probes was analyzed to determine whether self-hybridization might affect the availability of each probe
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to hybridize with HSATI RNA i solution. Based on these predicted hybridization patterns, it 1s
unlikely that Probe 1 folds into a secondary structure that would reduce hybridization efficiency, while
Probe 2 likely folds mto a secondary structure that would negatively affect hybridization efficiency (Fig.
3).
HSATII RNA-specific Probe Validation

After designing the two probes and predicting potential self-hybridization and secondary
structure formation, the probes were validated for hybridization by HSATII RNA FISH. RNA
fluorescence in situ hybridization (FISH) revealed that Probe 1 robustly hybridized with HSATII RNA
foc1, while Probe 2 did not (Fig. 4), further confirming our prediction of self-hybnidization (Fig 3).
When Probe 1 was used for hybridization, about one third of U20S nucle1 (37 out of 104 or about 35%)
had accumulations similar to those observed when a global locked nucleic acid (LNA, Table S1), known
to target a broad range of HSATTI transcripts’®, was used as a probe. When Probe 2 was used for
hybridization, only a small percentage of U20S nucle1 (2 out of 100 or 2%) contained RNA
accumulations. When both Probe 1 and Probe 2 were combined and used for hybridization,
hybridization with HSATIT RNA was not significantly different than hybridization with Probe 1 alone
(data not shown). Based on these results Probe 1, but not Probe 2, was used for the capture of HSATII
transcripts for RAP-MS (Fig. 1A).
Probe 1 selectively enriches for HSATII RNA

Confirmation that HSATII RAP was selectively pulling down HSATII RNA was analyzed using
Reverse Transcription — quantitative Polymerase Chain Reaction (RT-qPCR) to determine the relative
levels in the elution (SE) and flow-through samples (SF-T) of HSATII RNA and three control RNAs: a-
satellite, which 1s a pericentromeric satellite repeat sequence with a well-defined 170bp monomer
sequence, MATL.ATI1, a 7kb IncRNA expressed from a single genomuc locus and p-actin, which 1s a

highly abundant structural protein also expressed from a single genomic locus. RT-qPCR of SF-T and
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elution SE using HSATII, a-SAT, MALAT]1 and p-actin pnimer sets (Table S1) confirmed enrichment
for HSATTI, but not other RNAs, in the elution sample (Fig. 5). The three control transcripts, a-SAT,
MATLAT] and p-actin, were reduced m the SE sample compared to SF-T (Fig 5B-D), while
amplification of HSATII transcripts was increased in the SE sample compared to SF-T (Fig 5A). This
indicated that the level of non-HSATTI transcripts was very low m the elution sample and thus that the
adapted RAP-MS protocol selectively enriches for and captures HSATII transcripts.

RAP-MS Does Not Identify Only the Most Abundant Proteins in U20S Cells

After confirming that Probe 1 selectively pulls down HSATII RNA, the entire RAP protocol was
performed, including preparation of a protein sample for submission to a mass spectrometry facility
(Fig. 6). Upon recerving the results from the mass spectrometry facility, a procedure for ammving at a
candidate list of proteins was developed to analyze the mass spectrometry data (Fig. 7).

To confirm we were not simply 1dentifying the most abundant proteins in U20S cells, as this
would indicate that the protocol may not be selective for HSATII RBPs, we compared the collection of
the most abundant proteins in U20S cells*? to the list of HSATII RNA binding proteins identified by
mass spectrometry. It was determuned that Probe 1 enriches for more abundant protemns, but not solely
highly abundant proteins in U20S cells (Fig. 8). This 1s demonstrated by 1) enrichment in the pulldown
sample for protemns among the top 50% most expressed proteins, 2) pulldown proteins were not just
within the top 10 or 20% of the most expressed proteins, 3) identification of several proteins of low
abundance (Fig. 8).

Pulldown Significantly Enriches for RNA-binding Proteins

After determiming that RAP-MS does not solely select for the most abundant U208 proteins, we
next wanted to confirm that the identified proteins were enriched for RBPs previously identified by
other methods®. Capture enriches for RNA-binding proteins, with a larger percentage of proteins

1dentified by mass spectrometry from the pulldown sample being classified mRNA interactome proteins
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or candidate RBPs than the percentage of all proteins in HeLa cells that are in the mRNA interactome or
are candidate RBPs (Fig. 8, Table S2, 33% of pulldown proteins were found to be in the mRNA
interactome or were classified as candidate RBPs®, while 15% of all HeLa proteins identified by Nagaraj
et.al , 2011* were found to be in the mRNA interactome or were classified as candidate RBPs’).
GO Analysis Confirms RBP Enrichment and Identifies Enriched Proteins Involved in Processes
Misregulated in Cancer

Following this confirmation, Gene Ontology (GO) analysis was performed to further confirm
that the pulldown data set was enniched for RNA binding proteins, as well as to identify enriched
processes within the protein list generated HSATII RAP (Table 1). GO analysis of all 258 proteins
1dentified mn pulldown sample indicated that RNA binding and nuclear proteins were sigmficantly
enriched in the pulldown sample, with nearly 6-fold more RNA bmnding protems and nearly 2-fold more
nuclear proteins identified than expected based on abundance (Table 1A). Several processes that are
disrupted m cancer were also sigmficantly enriched (Table 1B).
Identification of candidate protein list

We next used this list to generate a curated list of highest interest candidate HSATII RBPs
mvolved in processes that are nisregulated in cancer (Table 2). Candidate proteins were 1dentified from
the set of 1dentified protemns mcluded under the following Gene Ontology (GO) terms: gene silencing by
RNA, chromatin binding, RNA helicase activity and positive regulation of DNA binding (Table 1B).
Other 1dentified proteins that were abundant in the sample (Table S3) and had functions that are

misregulated in cancer were also added to the candidate hist (Table 2).
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Figure 1. Overview of HSATII RAP-MS protocol starting from nuclear lysate. Input Sample (SI) 1s
composed of nuclear cell lysate after crosslinking. Major steps include hybridization with 90nt
biotinylated probe (A), where “B™ represents a biotin molecule attached to 5° end of probe, capture of
probe-RNP complexes with streptavidin coated magnetic beads (B, beads shown with orange dots),
where “SA™ represents the streptavidin protein coating the magnetic beads, and 1solation of streptavidin-
coated beads bound to probe-RNP complexes using magnetic 1solation (C). Elution Sample (SE) 1s
expected to be enriched for HSATII RNA (shown with green dots) and contain few other sequences
(shown with purple dots), while Flow-through Sample (SF-T) 1s expected to be enriched for other
sequences and contain lower abundance of HSATII RNA.
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Figure 3. Predicted RNA folding patterns for HSATII RAP probes. Secondary structure prediction

generated using RNAbows program (hitp://rna williams edu/mabows/single html). Darkness of

semucircle indicates the likelihood of hybridization between connected bases occurning. It 15 unlikely
that Probe 1 folds mto a secondary structure that would linit hybridization, while Probe 2 likely folds



Figure 4. In situ validation of HSATII RAP probes. RNA Fluorescence In Situ Hybridization (FISH)
of Probe 1 (left), Probe 2 (nuddle) compared to HSATII LNA (rnight). Biotinylated Probe 1(left)
hybridizes to accumulated HSATII RNA foci, as seen by the formation of foci similar to those seen
when an LNA known to hybnidize to HSATII transcrips was used, 1 about a third of U20S nucle1,
whereas biotinylated Probe 2 hybridizes in a very low percentage of cells, with the majority showing no
HSATI foci.
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Figure 5. RNA antisense purification protocol selectively enriches for HSATII RNA. Results of RT-
gPCR. 1 elution (SE) and flow-through (SF-T) and elution (SE) samples using HSATII (A), a-SAT (B),
MATLAT]I (C) and p-actin (D) primer sets. Relative abundance of three control transcripts, a-SAT,
MATLAT] and p-actin, was much lower i elution sample than in flow-through sample, whereas the

relative abundance of HSATII transcripts was much higher in elution sample than in flow-through
sample. Relative abundance was calculated by using the formula 2840-C9) Means of technical triplicates

are graphed, with error bars representing standard deviation.



Fig 6. Two protein bands were submitted for mass s nlluwing HSATII RAP. 5DS-

PAGE gel showing the two bands of protein (red and blue ovals) that were subnutted to the Quantitative

Proteomics Resource Core at the University of Pennsylvama. 159 protems were identified from the
bottom band (red oval), while 246 proteins were 1dentified from the top band (blue oval). Of these 405
combined 1dentifications in the bottom and top band, 268 proteins were found to be unique.

compare enrichment to U208

proteome

Filter out contaminants and

Histogram

Check for identified and candidate Pie chart
mRNA binding proteins 1¢ charts

GO analysis of
confirmed RBPs

\

Figure 7. Overview of approach developed to analyze mass spectrometry data. Goals of this

Candidate list

Filter by abundance

in sample

/

pipeline were to 1) filter out common contaminant proteins, 2) compare to the most abundant proteins in

U20S cells and 3) compare to known RBPs mn order to generate a candidate list of protems to
mvestigate further. Results of individual steps within this approach are shown in the following figures.
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Figure 8. HSATII RAP does not enrich for only most abundant proteins in U20S cells. Histogram
compares the expected distribution (assuming even distribution across ten deciles) of 190 proteins out of
258 total identified proteins present in both the HSATII RAP sample and reference U20S proteome*?
and the actual distribution of this subset of the 258 total non-contaminant identified proteins in pulldown
sample. Lack of overlap of all 258 identified proteins with U20S proteome 1s likely due to the
limitations of whole cell mass spectrometry in 1dentifying less abundant proteins. 190 proteins from
HSATI RAP were compared against the top 10%, 10-20%, 20- 30%, etc. of the U20S proteome to
determine the number of proteins from HSATII RAP sample present in each decile.
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Figure 9. HSATII RAP (pulldown) sample is enriched for RNA binding proteins. The HeLa
proteome was used here because a systematic identification of RNA binding proteins has not been done
mn U20S cells to our knowledge. The number of mRNA interactome and candidate RPBs in the
pulldown sample was determined by com;;aring the number of these proteins present in the HSATIT
RAP data set as well as the Castello et. al ” data set, which comprises a complete list of RBPs in a HeLa
cell line_ All of these identified RBPs were mcluded as bemng in the mRNA interactome or being
candidate RBPs within a complete HeL.a proteome™®
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Table 1. HSATII RAP-MS proteins are enriched for RNA-binding function, nuclear localization
and biological processes involved in cancer. Gene Ontology analysis was done on both all 258
proteins m pulldown sample (A) and just the 84 proteins m pulldown sample categorized as mRNA
interactome or candidate RBPs (B). Significant enrichment for RNA-binding and nuclear protemns, with
extremely low P-values indicating significance of enrichment, helped confirm that protocol was specific,
and that the nuclear lysis protocol was effective. Proteins grouped under significantly enriched
biological processes mvolved in cancer were investigated further to help generate a curated candidate
list of lhughest interest proteins to further explore.

A
Gene Ontology Term X Enrichment P-value
RNA Binding 5.8 71x 107
Nucleus 197 227 x10%
B
Gene Ontology Term X Enrichment P-value
Gene Silencing By RNA 20.1 844 x 10*
Chromatin Binding 40 3.34x10*
RINA Helicase Activity 309 221x10*
Positive Regulation of DNA Binding 17.0 1.15x 10"

Table 2. Curated candidate list of proteins with functions invelved in processes that are
misregulated in cancer. Proteins were 1dentified either by looking through proteins grouped under
relevant Gene Ontology terms or by filtering sample proteins by abundance and scanning for relevant
functions. Proteins were checked against reference list of confirmed and candidate RNA binding
proteins’ to determine whether they had RNA binding capability. Functions are primarily from the
UniProt (https://www.uniprot.org/) page for each protein.

Protein Identified by RBF? Functions
DHXY GO Term: BNA mREMNA ATP dependent RNA helicase with various roles
helicase Interactome including unwinding DNA:RNA hybrids.
SND1 GO Term: Gene mRNA Endonuclease that repulates miRNAs involved in G-
Silencing by BMA Intcractome to-5 phasc transition.
SUPT16H | GO Term: Chromatin mREMNA FACT (facilitates chromatin transactions) complex
binding Interactome subunit; general chromatin factor that acts to
TSOTEAN 28 Nucleosomes.
PARF1 GO Term: Positive mRNA Polymerase that plays a key role in DNA repair. Also
Fegulation of DNA Intcractome invohved in differentiation, proliferation and tumor
Binding transformation
TRIMZS Abundance No, but other Transcription intermediate factor that coordinates
TRIM proteins increases in HiK%me decreases in H3K9ac and
ars H3K14ac. Also Deposits HPL,
MCM2 Abundance Nao, but DNA replication licensing factor that is component
MCM3IAP is of the MCM2-7 complex, which is helicase

candidate RBP involved in DNA replication. Required for entry
into 5 phase and in cell division.

MCM4 Abundance (See above) Like MCM2, DNA replication licensing factor that is
a component of the MCM2-7 complex.
DDE1 Abundance No DNA damage binding protein that is required for DNA
rCpair.
HNRNFU Abundance mBEMNA Heterogenous nuclear ribonuclear protein involved
Interactome in several cellular processes including nuclsar
chromatin organization and mitotic cell
progression.
SIN3A BNA No Transcripticnal regulator that mediates repression
Immunoprecipitation and binds to MeCP2.
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Discussion

This work achieved three primary goals. First, a protocol that selectively enriches for HSATII
RBPs from a nuclear lysate was established. This mncluded designing a probe that hybnidizes efficiently
with HSATII RNA (Figs. 2, 4), confirming that the elution sample contained HSATII RNA but not other
RNAs (Fig. 5), and runming an SDS-PAGE gel (Fig. 6) to be submutted for mass spectrometry analysis
in order to identify proteins. Second, a pipeline for analyzing candidate HSATII RBPs was developed
(Fig. 7). Known contaminant proteins were filtered out and 1t was confirmed that identified protemns
were not solely the most abundant proteins i cancer cells (Fig. 8) and were enriched for RNA-binding
proteins (Fig. 9). Finally, a curated list of candidate HSATII RBPs for further investigation was
generated (Table 2) by looking into proteins grouped under enniched processes that are misregulated in
cancer (Table 1B), as well as abundant proteins in the sample (Table S3). The achievement of these
three goals will be discussed mn detail below.

RAP-MS?? adapted for HSATIT RNA proved to be an effective protocol for selectively isolating
HSATI RNA and bound protems. First, a probe intended to hybridize with a range of sequenced
HSATTI transcripts was designed (Fig. 2) and the probes ability to hybridize with HSATII RNA was
validated in vivo (Fig. 4). It was next confirmed that the elution sample was enriched for HSATII RNA
and not other satellite, non-coding or mRNAs (Fig. 5), which indicated that the proteins present in the
sample prior to identification were proteins bound to HSATII RNA and not proteins bound to other
RNAs.

The pipeline for analyzing candidate HSATII RBPs developed here was effective in confirmung that
the protocol was identifymg RNA binding protemns and narrowing down the number of proteins of
mnterest, ultimately leading to a curated candidate list (Table 2). Following submission of an SDS-PAGE
gel (Fig. 6) for analysis by mass spectrometry, a system for analyzing the 268 identified candidate

HSATI RBPs was developed. The goals of this pipeline were to confirm that the protocol was
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successful in 1dentifying RNA binding proteins and to generate a curated list of candidate HSATIT RBPs
(Fig. 7). The first step in tlus pipeline was filtering out contaminant proteins that appear in the majority
of mass spectrometry samples, regardless of assay or cell type*'. Next, identified proteins were
compared against a reference U20S proteome* in order to confirm that identified proteins were not
simply the most abundant protems present in U20S cells and mnstead were likely HSATI RBPs (Fig. 8).
Then, 1dentified proteins were grouped as erther RNA-binding or not based on a previous systematic
identification of RBPs in another cell line® in order to confirm that the sample was enriched for RBPs
(Fig. 9). The fact that not only the most abundant proteins present in U20S cell were 1dentified and that
the 1dentified proteins were enriched for RNA binding confirmed that protocol used was effective in
1dentifying HSATII RBPs.

Gene Ontology (GO) analysis was then performed to further confirm that candidate HSATIT RBPs
were enriched for RNA-binding capability and nuclear localization (Table 1A), as well as to identify
enrichment of proteins involved in processes that are misregulated in cancer (Table 1B). From this set of
proteins mnvolved in processes that are misregulated i cancer and enriched for in the sample, proteins
were added to a curated candidate list of highest interest HSATII RBPs (Table 2). Along with selecting
proteins from distinct processes misregulated in cancer that were enriched for in the pulldown sample,
more abundant proteins in the sample (Table S3) with functions that are misregulated in cancer were
added to the curated candidate list (Table 2).

The 1dentification of the protein SIN3A in the pulldown sample provided further confirmation that
the adapted RAP-MS protocol was effective in identifying HSATII RBPs, as a previous RNA
immunoprecipitation (RIP) with SIN3A had indicated that HSATII RNA binds to this protein’®. SIN3A
1s a franscriptional repressor responsible for repressing transcription in concert with histone
deacetylation* as well as repressing genes involved in cell cycle progression*>. SIN3A is also a known

binding partner of MeCP2%8, a protein not identified in the pulldown sample. This suggests that SIN3A
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and not MeCP2, may bind HSATII directly, and that MeCP?2 1s recruuted following SIN3A binding. This
1s supported by the fact the crosslinking step of the RIP that showed that MeCP2 binds HSATII RNA
was performed using formaldehyde®® which has been shown to induce protein-protein interactions as
well as RNA-protein interactions®®. This implies that a RIP for MeCP?2 could have pulled down HSATII
RNA even if MeCP?2 itself was not directly bound to HSATII RNA, if mstead MeCP2 was complexing
with SIN3A bound to HSATII RNA. Performing a protein-centric techmque, such as crosslinking and
immunoprecipitation!!, that uses UV crosslinking rather than formaldehyde crosslinking would be useful
n testing the hypothesis stated here that SIN3A | rather than MeCP2, directly binds HSATII RNA.
Additional controls should be performed to confirm that the candidate HSATII RBPs bind HSATII
RNA specifically, as it 15 likely that many of the candidate HSATII RBPs identified have the capacity to
bind a broad range of transcripts’. This should be done by performing RAP-MS using a probe antisense
to U1 RNA, a spliceosome RNA, as well as a probe targeting a ribosomal RNA® in order to eliminate
binding proteins that are components of highly abundant RNPs from the list of proteins that selectively
bind HSATII. The use of control probes could be coupled with a quantitative mass spectrometry
approach, such as the use of stable 1sotope labeling by amino acids (SILAC), to provide sensitive
quantification of proteins bound to HSATII and control transcripts in order to determune the proteins that
are significantly enriched for HSATII binding®. A no-probe control should also be performed to confirm
that only protemns bound to HSATII RNA are present in the elution sample and that proteins not bound
to HSATII RNA are not being identified. It 1s also possible that by taking an approach that uses
photoreactive nucleoside-enhanced UV-crosslinking!®, crosslinking efficiency could be improved and
proteins could be identified from a sample starting with many fewer cells than the 400 mllion required
to 1dentify proteins using the current RAP-MS protocol. This would make performing duplicate samples,

as well as including controls, more feasible.
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Improved technology and additional background studies would help to improve the accuracy of the
pipeline developed here in generating a curated candidate list of HSATII binding protemns. Improved
whole-cell mass spectrometry techmques could provide a more complete U20S proteome than the one
used currently to determine abundance of pulldown proteins, as more than a fourth of pulldown proteins
were not present in the reference U20S proteome used*. Performing a systematic identification of
RBPs 1n U20S cells would provide a better reference RBP list than the list currently being compared
against to determune enrichment of RBPs, as it 1s likely that a different set of protemns bind RNAs in
U20S cells than in HeLa cells>*!°. More generally, identifying the RBPs that have the capacity to bind
any satellite RNA would be valuable, as 1t 1s possible that a large number of proteins have the capacity
to bind satellite RNA sequences, and that these may be distinct from mRNA binding proteins identified
previously®!?. Thus, the large percentage of proteins not classified as RBPs in the pulldown sample,
while still a considerably smaller percentage than the percentage of proteins not classified as RBPs
among all proteins in HeLa cells, may actually be reduced due to the unknown capability of proteins to
bind satellite sequences.

Among the curated candidate list of HSATII RBPs are several proteins mnvolved in processes that are
misregulated in cancer. Under the “RNA helicase” Gene Ontology (GO) term, the nuclear protein DHX9
is of interest, as this protein functions to unwind DNA-RNA hybrids*, which have been shown to form
with HSATII RNA in cancer cells* and may contribute to HSATII expansion*’. DNA-RNA hybrids
have also been implicated in genome instability through the formation of mutagenic R loop structures®®.
Researchers have suggested testing these mechanisms in cancer models to determune the way i which
they contribute to disease progression*®. Thus, if DHX9 is unable to perform its function of unwinding
DNA-RNA hybnids as a result of binding to HSATII RNA 1n cancer cells, R loop structures may persist,
potentially leading to genome instability, increased HSATII expression, and further sequestration of

proteins through repeat expansion.
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The nuclear protein, SUPT16H, under the “Chromatin binding” GO term, 15 of interest due to this
protein’s presence as a subunit of the FACT (facilitates chromatin transactions) complex**. The FACT
complex functions to reorgamize nucleosomes by acting as a chaperone for histone protemns and has the
capacity to both increase and decrease the stability of nucleosome structure*. If SUPT16H function is
affected by binding to HSATITI RNA, then this could contribute to the misregulation of DNA
accessibility seen in cancer’®. While TRIM?28 is a protein not categorized under any of the four GO
terms of interest and has not previously been identified as an RNA binding protein, TRIM28 was added
to the curated candidate HSATII RBP list. This protein, which was abundant in the sample, coordinates
changes in epigenetic regulation (specifically histone acetylation and methylation)*!, which are
processes widely misregulated in cancer cells®?. The presence of TRIM28 in the pulldown sample
suggests that previously umdentified RBPs may bind HSATIT RNA and that DNA accessibility and
epigenetic regulation may be two processes affected by protemns binding to HSATII RNA m cancer
cells.

SUPT16H 1s also of interest because of the finding that the FACT complex 1s likely involved in the
phosphorylation, and activation of, the tumor suppressor p53 in response to cellular stress™. Changes in
the activity of p53 have been shown to have large effects on cancer progression, as without an active
form of this tumor suppressor, cancer has been shown to progress more rapidly**. If the FACT complex
1s not able to phosphorylate p53 due to the lack of, or presence of a non-functional SUPT16H protein
(due to HSATIT RNA binding and sequestration), this could have profound effects on a key mechanism
necessary to halt cancer progression.

While not grouped under one of the signmificantly enriched GO terms, HNRNPU was abundant in the
sample and has functions of interest. HNRNPU i1s required for localization of Xist RNA® and also plays
a critical role in the regulation of chromosome structure®®. When HNRNPU is depleted Xist RNA is

detached from the X chromosome and localization becomes diffuse throughout the nucleoplasm®®. Thus,
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HNRNPU 15 an example of an RBP required for proper localization of a specific ncRNA and may be
required for the localization of other ncRNAs as well. The identification of HNRINPU among the
pulldown proteins suggests that this protein may have the capacity to bind a broad range of ncRNAs. In
addition to being required for the localization of Xist RNA to the X chromosome, HNRNPU 1s required
for maintaining chromosome folding through interactions with chromatin-associated RNAs (caRNAs)*®.
When HNRNPU 1s depleted, abnormal chromosome folding, leading to the accumulation of genome
damage, occurs®®. A model has emerged in which HNRNPU and caRNAs form an active net-like
structure that 1s required for orgamzing chromosome structure and maintaining genome stability®. The
binding of HNRNPU to Xist and caRNAs to perform divergent functions indicates the important role of
RNA in mediating protemn localization and function.

Of the proteins in the curated candidate list, 1t should be determined which of these are sigmficantly
enriched for HSATII RNA binding before proceeding with confirmation of binding relationships and
functional assays. Prior to investigation of the function of the highest interest candidate HSATII RBPs,
binding relationships should be confirmed by additional methods. First, antibodies agamst proteins of
mnterest should co-hybridized with HSATII in intact nuclei to determine if candidate proteins and
HSATI RNA colocalize in the nucleus. If colocalization 15 confirmed, then RNA immunoprecipitation,
using antibodies against candidate proteins, followed by PCR or sequencing should be performed to
determune 1f there 1s a direct binding relationship. Western blots of the SDS page gel that could be
submuitted for analysis by mass spectrometry should also be done to confirm the presence of identified
proteins. Pulldown of HSATII RNA with the probe developed here, followed by RNA sequencing, has
the potential to improve our understanding of the HSATTI franscriptome, as we do not fully understand
the range of HSATII RNA transcripts being expressed. For investigating function further, determining
the RNA binding domains of candidate HSATII RBPs with previously identified domains, as well as

1dentifying the RNA binding domains of candidate HSATII RBPs with umidentified domains would be a
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good next step for determiming how binding with HSATII RNA mught impact the function of these
proteins. Determining 1f the localization of the identified proteins changes when bound to HSATIT
would another worthwhile follow up study. The fact that in cancer cells proteins with diverse functions
are binding HSATII RNA, an RNA not present in normal cells, indicates that protemn function 1s likely

affected by this binding relationship and warrants further study.
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Supplementary Material

Supplementary Protocols
A. Cell Harvesting and Crosslinking

1.

WMok W

Grow adherent cells on five 15cm tissue culture plates

Remove media from plate and replace with 10mL ice-cold PBS

Rock gently for 10 seconds then remove PBS wash

Add 10mL ice-cold PBS to plate

UV crosshink plate of cells in UV crosslinker at 254nm wavelength with 0.8 J/cm?. Crosslink
with plate cover off. Set our instrument to 800uJ

Remove plate of cells from crosshinker and place on 1ce

Scrape cells from plate using cell lifter and transfer 10mL PBS + cells from each plate to a 50mL
conical tube (should be about 50mL total volume from five plates)

8. Centrifuge at 1000g for 5 minutes at 4°C to pellet cells

10.
- Remove supernatant and flash freeze pellet in liquid mitrogen and store at -80C

N

Remove supernatant and resuspend cells in 1mL cold PBS, pipetting gently to break up pellet.
Transfer resuspended cells in PBS to 15mL conical tube. Pipette up and down several times with
9-inch cotton-plugged Pasteur pipette so that cells are i single-cell suspension. Take 10uL of
resuspended cells and add to 90uL. PBS in eppendorf tube. Pipette up and down to nuix and count
cells in 1:10 dilution using cell counter.

Centrifuge at 1000g for 5 minutes at 4°C to pellet cells

Cell Lysis: For Preparation of Nuclear Lysate from 400 million cells

Perform in four batches, using two tubes of 50 million cells per batch. Start next batch once prior
batch has started 45 minute mcubation.

Resuspend 50 nullion cell pellet (previously stored at -80C) i 1mL of Cell Lysis Buffer
(Nuclear I). Transfer to eppendorf tube.

Centrifuge at 3,300g for 10 nunutes at 4C on microcentrifuge in cold room.

Discard supernatant and resuspend cell pellet in 1mI. of Cell Lysis Buffer (Nuclear 1 with 0.01%
DDM)

Incubate for 10 minutes on ice

5. Transfer sample to a dounce tissue homogenizer and use the B (small clearance) pestle 20 times

to break cells.
Transfer sample back to eppendorf tube
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Pellet nucle1 by centrifugation at 3,300g for 10 minutes at 4C

8. Discard supematant and resuspend pellet in 580uL of Cell Lysis Buffer (Nuclear IT)

10.

11.
12
13.

Incubate for 10 minutes on 1ce

Sonicate with microtip using 5 watts of power (25% duty) for 60 seconds total in pulses of 0.7
seconds on, followed by 3.3 seconds off (should be able to program this into control panel).
Sonicate on ice

Add 3.75 uL 200X DNase salt solution (1X final concentration) and 165 uLL TurboDNase (330U)
Incubate for 45 minutes at 37C.

Mix lysate with equal volume 2X Hybnidization Buffer (750uL)

14. Centrifuge at 16,000g for 10 minutes at 4C

15.
C.

Transfer supernatant to fresh tube and flash freeze mn liquud mitrogen
Captures Protocol for 400 Million Cells

Pre-Clearing Lysate

1.
2

R NS0 AWw

10.

11

12

Warm 8 frozen aliquot of lysate (containing 50 mullion cells) to 37°C using a thermomixer
Pool 8 aliquots mnto one tube

‘Washing beads

Transfer 2 4mL of streptavidin-coated magnetic beads into an eppendorf tube.

Seperate on magnetic rack and remove storage buffer from beads

Resuspend beads in 2mL of 10mM Tnis-HC1 pH 7.5

Separate on magnetic rack and remove supernatant

Repeat washes for a total of 4 washes in Tnis and 2 washes in 1X Hybridization Buffer
Magnetically separate and remove last wash from beads

Adding Beads to Lysate

Resuspend beads in lysate by pipetting gently

Incubate for 30 minutes at 37°C with mtermuttent mixing at 1100 rpm on thermomixer (30
seconds shaking, 30 seconds off)

. Magnetically separate beads and transfer supernatant to fresh tube. Repeat this step to transfer

lysate to fresh tube a second time_
Determine lysate volume.

a. Lysate volume =
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13. Remove sample of 1,000,000 cells worth of lysate and transfer to PCR strip tube. Thus 1s the
RNA mput sample. (100,000,000/400,000,000) = 0.0025 = 0.25%. So, remove 0.25% of lysate
volume for RNA input sample (SI)

SI volume =

+ Total mcubation time: 30 minutes

Hybridization. Capture and Protein Elution

1. Denature 63uL probe 1 by heating at 85°C for 3 nunutes, then place on ice.

2. Add 60uL probe 1 to lysate

3. Incubate for 2 hours at 67°C with mtermuttent mixing at 1100 rpm on thermomixer (30 seconds
shaking, 30 seconds off)

4. During the 2 hour incubation, prepare streptavidin beads (2.4ml.) as previously described (4
washes with 10mM Tns-HCI pH 7.5, 2 washes with 1X Hybndization Buffer)

5. Magnetically separate beads and remove final wash from beads

6. Determine lysate volume

a. Lysate volume =

7. At the end of the 2 hour incubation, remove sample of 1,000,000 cells worth of lysate and
transfer to PCR strip tube. 1,000,000 cells 1s 0.25% of lysate volume. This 1s RNA input +
probe sample (SI-P)

a. SI-P volume =

8. Resuspend beads mn lysate.

9. Incubate for 30 minutes at 67°C with mtermuttent mixing at 1100 rpm on thermomixer (30
seconds shaking, 30 seconds off)

10. Magnetically separate beads and remove supematant. Take sample of 1,000,000 cells worth of
supernatant and transfer to PCR strip tube. be. Thus 1s the RNA flow-through sample (SF-T).
Remove equal volume as for RNA mput and RNA mput + probe sample_

a. SF-T volume =

11. Wash beads 3 times with at least one bead volume of 1X Hybridization Buffer per wash (2.4mL).
Incubate each wash for 5 minutes at 67°C. Leave beads in final 1X Hybridization Buffer wash.

12. Determune volume of beads i 2 4ml. 1X Hybrnidization Buffer.

13. Remove 0.25% of total bead volume and transfer to PCR strip tube. This the RNA elution
sample (SE).

a. SE volume =
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Total incubation time: 2 hours and 48 minutes

Protein Elution Sample Prep

1.
2
3.

Magnetically separate beads and remove supernatant

Resuspend beads in 2.0mL of Benzonase Elution Buffer

Add 8uL of 1:10 dilution of benzonase non-specific nuclease to tube (1:10 dilution made 1n
Benzonase Elution Buffer previously and stored in freezer).

Incubate for 2 hours at 37°C with mnternuttent mrxing at 1100 rpm on thermomixer (30 seconds
on, 30 seconds off)

Magnetically separate beads and transfer supematant to a fresh eppendorf tube. Repeat this step
for a total of 6 fransfers to fresh tubes to remove all traces of streptavidin beads. This is the
protein elution sample.

RNA Elution and Analysis

A

[ O o el R B

Take the RNA elution sample from previous Step 11 and separate on magnetic rack.

Remove supernatant and resuspend beads in 20ul. of NLS buffer.

Heat sample for 2 minutes at 95°C (Do in thermocycler)

Magnetically separate and transfer supernatant containing eluted RNA to a fresh PCR strip tube.
Take the previously collected samples (RINA mput, RNA input + probe, RNA flow-through) and
dilute each sample to 40uL total volume with NLS Elution Buffer.

Add 2uL Protemase K to SI, SI+P, SF-T and SE samples.

Incubate for 1 hour at 52-55°C.

RNA samples can be frozen at -20°C for short term storage or -80°C for long term storage.

. Proiein Precipitation

Add 10% final concentration of trichloroacetic acid (TCA) to protem elution sample
Incubate at 4°C overmight

Centrifuge at 16,000g for 30 munutes to pellet protein

Remove supernatant and replace with 1mL of cold acetone

Centrifuge at 16,000g for 15 minutes

Remove supernatant and allow pellet to dry mn fume hood

Store protemn elution sample at -20°C

. Coomassie Blue Staining Protocol
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. After electrophoresis, mcubate gel in a staining contamer (use tupperware) contaiming 100mL
Coomassie Blue R-250 stamning solution (0.1% Coomassie Blue, 40% ethanol, 10% acetic acid).
For following steps using microwave, make sure not to overheat the staming solutions.

. Loosely cover the staiming container and heat in a microwave at full power for 1 minute. Do not
allow solution to boil.

- Remove the staiming container from the microwave and gently shake the gel for 15 minutes at
room temperature on an orbital shaker.

. Decant the stain and rinse the gel once with DI water.

5. Prepare a destain solution contaimning 10% ethanol and 7.5% acetic acid. (10mL ethanol, 7. 5mL

acetic acid, 82_5mL DI water)

. Place one or two stamed gels in a staining contamer (use same tupperware, just rinse i between)
containing the 100mL destain solution.

. Loosely cover the staiming container and heat in microwave at full power for 1 nunute

. Gently shake the gel at room temperature on an orbital shaker overnight. Destain for at least 24
hours. Remove destain solution and store either dry in plastic wrap or in DI water.

Supplementary Figures

RNA Concentration (ng/uL)
in Elution Sample
g
1

Amount of Probe per 16,500,000 Cells

Figure S1. Increasing probe concentration captures more RNA in Elution Sample. Probe amounts
represent 1X, 1.5X and 2X of amount of probe used to pulldown Xist RNA3? RNA concentration was
determined by nanodropping (ThermoFisher Scientific, NanoDrop™ 2000C Spectrophotometer) 1uL of
elution sample.
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Figure S2. 1.5X probe concentration captures more HSATII RNA than 2X probe concentration.
Surprisingly, relative abundance of HSATII RNA in elution sample, as determined by RT-qPCR, was
reduced when 2X concentration of probe was used compared to 1.5X concentration. Thus,1.5X probe
concentration (60ul probe per 400 million cells) was used for hybridization in RAP-MS protocol.
Relative abundance was calculated by using the formula 21%¢-%), Means of technical triplicates are
graphed, with error bars representing standard deviation.
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Fig. 53. Elution sample retains a large amount of HSATII DNA. Treating elution sample with DNase
prior to analysis by RT-qPCR reduced HSATII amplification considerably, indicating that much of HSATII
template present in elution sample was DNA rather than RNA. Much lower RNA:DNA ratio for HSATII in
the cell relative to RNA:DNA ratio for Xist, due to high copy number of HSATII DNA and single copy of
Xist DNA, likely accounts for extent of DNA contamination. DNase treatment in nuclear lysis protocaol,
even when amount of DNase enzyme used was increased and length of incubation was increased, was
not effective in eliminating a considerable amount of DNA from the elution sample. DNA should not
denature at hybridization temperature used in RAP-MS protocol®® and thus should not be available for
hybridization with probe, meaning that it is unlikely that DNA binding proteins, rather than RNA
binding proteins, were identified.
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Table S1. Sequences for Probe 1, Probe 2 and LNA as well as primers used for RT-qPCR.

Probe Sequence
Probe 1 GAATGAATTGAATGCAATCATCGAATGGTCTCGAATGGAATCATCT
TCTAATGGAAAGGAATGGAATCATCGCATAGAATCGAATGGAAT
Probe 2 GTACCTTAGTAGTAGTTTACCTTAGCTTACCTTAGTAGTAGTITAC
CTTAGATTACCITAGTAACTTGTCTTAACTTACCTTAGCAGTAG
LNA ATTCCATTCAGATTCCATTCGATC
MALAT1 Forward (F): CAGCAGCAGACAGGATTCCA
Reverse (R): TCGTTAGCGCTCCTTCCTTC
p-actin F: AGCGAGCATCCCCCAAAGTT
R: GGGCACGAAGGCTCATCATT
o-SAT F: GAAGCTTAWSTMACAGAGTTKAA
R: GCTGCAGATCMCMAAGHAGTTTC
HSATII F: ATTCGATTCCATTCGATGATGATTCC
R: GGAACCGAATGAATCCTCATTGAATG

Table S2. Classification of identified candidate HSATII RNA binding proteins as being mRNA
interactome proteins, candidate RBPs or proteins not present in either group. Classification was done
by comparing candidate HSATII RBPs, as identified by gene names, to known RNA binding proteins
from Hela cells®.

mRNA Interactome Proteins Candidate RBPs Other Proteins
S5BP1 SF3B3 PKN1
UBA1 GAPDH MICALL1
HSP90AA1 GTE2I ELP1
MOV10 CLTC MENT
EFTUD2 DDX42 MYLGB
UBAP2L PGK1 MTREX
EIF3A NUP155 TUBB2A
SAFB2 DSG1 NASP
SEC23IP ACLY NOMO2
PNN KIF11 HBB
DHX30 PGAM1 CORO7
MDH2 PRPF40A EEF1A2
NCL CFL1 AP3B1
SUPT16H TUBB CP5F1
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EEF2 TRIM33 MYO6
HNRNPA2B1 HSPH1 TUBA1B
ADAR S100A8 PKM
RPS27A PHB CASP14
DDX24 U2SURP ALDOA
SART1 HSPA4 NCAPD2
KTN1 DEFA1
RBM25 DEFA1B
XRN2 SOD2
ATXN2L MTHFD1L
SND1 MSH6
HDLBP SMC4
5F3B1 FLII
DDX54 IARS
SUPT5H PEAS
RBEM15B TBCD
HIST1H4H IPO5
DIAPH1 ANKFY1
ABCF1 DBN1
YWHAZ APOL2
LGALS1 UsP11
EEF1A1 VIM
HSPAS8 HIST2H2BF
H5PD1 RNF20
DHX9 HBA1
TXN HBA2
NOP2 NDUFA4
TCERG1 CRMP1
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ILF3 SLC25A5
DCD ATP2A2
PRDX1 UBAG
PARP1 MPHOSPHS8
HNRNPUL2 SNU13
HNENPU AMOT
SAFB EIF3CL
NAT10 EMC1
BMS1 GOLGA2
NME1 KDM1A
PPIA IDE
XPO5 CSDE1
FTSI3 RAB3GAP1
LRPPRC CACNA1E
uso1 JUNB
RPL7 CSTA
PPIG HCFC1
DHX57 CKB
HMGB1 CDKLS
ACTN4 SMC3
NPM1 ZFR
MYBBP1A HK2
HIST1H4A
HIST1H4B
HIST1H4C
HIST1H4D
HIST1H4E
HIST1HAF
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HIST1H4|

HIST1H4)

HIST1H4K

HIST1HAL

HIST2ZH4A

HIST2H4B

HIST4H4

TRIM28

KIF4A

AGL

HP

H5P90B1

XPO1

POLR3B

LRRFIP1

IARS2

PRS51

RFC1

TPM3

HDACB

EPHA1

NUP133

MCM2

MCM4

XPO7

sMC2

RBEMS5

DI53
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RRP12

PRODH

DCTN1

PPP1R12A

GOLIM4

ERCCeL

COPA

CTsD

SRRT

LDHA

ESF1

SMARCC1

SMC1A

WAPL

PELP1

MIEF2

FANCI

HSPO0AB1

SIN3A

DAXX

PLCG1

GART

HIST1IH2AB

HIST1H2AE

GEMIN4

MAP4

NEMF

DDE1




PDS5A

RNF40

CLUH

HISTIH1D

AARS

HIST1H3A

HIST1H3B

HIST1IH3C

HISTIH3D

HISTIH3E

HIST1H3F

HIST1H3G

HIST1H3H

HIST1H3I

HIST1H3J

LARS

GANAB

SPAGY

SEC31A

EPRS

TPP2

APOL1

UsP48

ATPSME

CAPZA2

ATP1A1

NNT

IRS4
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WDR3

NCKAP1

ACTA2

KIFSB

UPF1

VARS

5F3B2

DLG1

P5MD1

T1C37

TRIM24

SEC24C

ATPSF1A

EPB41L2

TF

HTATSF1

SMARCAS

RAI14

TMX1

MTHFD1

TUBB4B

PRS53

CCDC187

ARF3

VCL

EIF3B

GNAS

ENO1
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5100A10

MTR

D5G2

ATP5F1B

DDX46

ERCCS

uspP28

PARG

MSH2

FLG2

POLD1

MATR3

SF3A1

GEMINS

Table S3. Identified candidate HSATII RNA binding proteins from upper and lower bands. Proteins,
identified by accession numbers and gene names, are sorted by relative abundance. Relative
abundance was calculated by dividing absolute abundance values for each protein by the lowest
absolute abundance value. The majority of the proteins that do not have a relative abundance value

were identified by a single peptide and as a result the mass spectrometer used was not able to provide
a value for absolute abundance.
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P16615
0952358-1
POG5TE
014654

O16512-1
P55769
OSUERT-1
OSHCEL
P12277

P55265-1
Q04837
P33176
P25T05-1
P22626
073534
OaHA
P15531
OENDT2

P52732
PE2EGEL

O9GIT3-1
POZT6E-1
014791

P13645
POSETL
PO74TT
P35527
P19338
QO0E3S
PE2EOS
P22314
P35508
P11586

076035-1
Q13885
a7 1U36
P45321
P53396-1
Q0E211
P52T01
015459
023196
015067
PL3647
PEA243

P4958E
013263
Q92538
P34532
014980

Gene Symbol | Description Relative Abundance Coverage 8] #Peptides | MW kD]

HDLEP Vigilin [D5=Homa sapiens] 3 2 1414
SND1 staphyloooceal nuclease domain-contzining protein 1 [08=Homo sapiens] 5 2 1019
SUPTSH Transcription elongstion factor 5pt5 [05=Homo sapiens] 7 3 1209
NNT NAD{P) transhyd rogenase, mitochondrial [05=Homo spiens] 4 2 1138
ERTS Keratin, type |l cytoskeletal B [05-Homo sapiens] B 3 53.7
LARS Leucine—tRMA lizase, cytoplasmic [05=Homo spiens] 2 1 1344
HSP2OEL Endoplasmin [(8=Homo sapiens] 2 1 524
RATID RMA cytidine acetyltransferase [05=Homo sapiens] 2 1 115.7
RRP1Z REP12ike protein [05=Homo sspiens] 1 1 1436
REMZ2S RMA-binding protein 25 [05=Homo sapiens] 2 1 1001
Das3 exnsome oomplex enonuclease RRPA4 [05=Homo sapiens] 4 2 10E9
FLII protein flightless-1 homolog [05=Homo sspiens] 1 1 14477
HSPAT Putative heat shock 70 kDs protein 7 [08=Homo sapiens] 7 2 40.2
HIST2ZHZAC | Histone H2A type 2-C [05=Homo mpiens] 15 1 14
MTHFDAL Monofunctional Cl-tetrabydrofolate synthase, mitochondrizl [05=Homo sapiens] 2 1 105.7
RABIGAP1  Rzb3 GTPase-activating protein catalytic subunit [08=Homo sapiens] 2 1 1105
NUP155 nuclear pore complex protein nupl55 [0S=Homo spiens] 1 1 155.1
EDMLA Lysine-specific histone demethyd 2z= 14 [05-Homo sapiens] 2 1 G2E
SAACA Structural maintenance of chromosomes protein 4 [05=Homo spiens] 3 2 1471
ANKAL annexin Al [05=Homo sapiens] 5 1 JET
ROP2 Probable 285 rRNA [cytosine{244 705 |methyltransferase [05=Homo spiens] 2 1 B0.2
RCAPDZ condensin complex subunit 1 [05=Homo sspiens] 2 1 157.1
FTaI3 pre-rENA processing protein FTRI3 [05=Homo sapiens] 2 1 BE.5
ERCCSL Dnia excision repair protein ercc-G-ike [08=Homo sapiens] 2 1 141
PPIG peptidyl-prolyl cistransisomersse g 05=Homo sapiens] 2 1 EE.B
ATPZAZ Sarcopl a=mic/endoplasmic reticulum calcium ATPaxe 2 [058=Homo sspiens] 2 1 1147
EIF4A Chromosome-zssociated kinesin KIF4A [05=Homao sapiens] 1 1 1308
ATPSE ATP synthase subunit beta, mitochondrial [05=Homo sapiens] 2 1 56.5
IR54 insulin receptor substrated [05=Homo mpiens) 1 1 133.7
NIYLE Mhyosin light polypeptide 6 [05=Homo sapiens] o 1 169
PEN1 serinefthreonine-protein kinese N1 [05=Homo mpiens] 2 1 103.9
KHP2L1; SMU NHP2 Jike protein 1 [05=Homo spiens] o 1 142
DX Death domain-associated protein 6 [05=Homo sapiens] 2 1 EL13
RMOV1D Putative helicase MOV-10 [05=Homao sapiens] 3 1 1136
CKB Crestine kinase B-type [06=Homo sapiens] 3 1 426
EIF3CL eukanyotic trandation initiztion factor 3 subunit CHike protein [05=Homo spiens] 3 1 1054
ADAER Double-stranded RNA-=specific adenosine deaminase [I5=Homo sapiens] 1 1 136
S5BP1 Single-stranded DNA-binding protein, mitochondrial [05=Homo sapiens] 10 1 17.2
EIF5E Kinesin-1 heavy chain [05-Homo spiens] 2 1 105.6
ATPSAL ATP synthase subunit alpha, mitochondrial [05=Homo sapiens] 2 1 507
HNRNPAZB]  heterogeneous nuclear ribonucleoproteins A2 /Bl [05=Homo piens] 3 1 374
CSDEL cold shock domain-containing protein E1 [05=Homo sspiens) 3 1 EEE
APOS exportin-5 [05=Homao sapiens] 1 1 136.2
NMEL Nucleoside diphasphate kinase A [08=Homo sspiens] B 1 17.1
REM1SE Putative RMA-binding protein 158 [05=Homo spiens] 2 1 87.1
NDUFAL Cytochrome c omidase subunit RDUFAL [05=Homo sspiens] 12 1 o4
EIF11 Kinesir-ike protein KIF11 [05=Homo sapiens] 1 1 119.1
Fal 405 ribosomial protein 530 [05=Homo sapiens] 17 1 E.E
S1008E Progein 5100-A8 [05=Homo sapiens] 12 1 10E
SLIRP SRA sterm-oop-interacting RNA-binding protein, mitochondrial [05-Homo sapiens] o 1 123
ALB Serum albumin [05=Homo sapiens] 3EB.410571 51 25 603
APOLL Apolipoprotein L1 [(8=Homo sapiens] 202.377639 23 10 439
ERT1 Keratin, type |l cytoskeletal 1 [05-Homo sapiens] 132 642007 31 16 66
ERT10 Keratin, type | cytoskeletzl 10 [05=Homo sapiens] 124721441 2B 15 SEE
PARPL Poly [ADP-ribose] polymerase 1 [05=Homo spiens] 113 650261 12 L] 113
PRS51 Trypsin-1 [05=Homo sapiens] 108 536506 B 1 26.5
L Keratin, type | cytoskeletzl 8 [05=Homo spiens] 105.7204. 23 9 62
RCL HNucleolin [D5=Homo sapiens] 101.580752 17 B TE.6
HNENPLU Heterogeneous nudear ribonucleoprotein U [03=Homo =piens] B3.6634318 15 [ S0.5
HISTIHLA; HE histone H4 [05-Homo sapiens] 67.1559719 43 4 114
UBAL Ubiguitindike modifieractivating enzyme 1 [05=Homo spiens] 65.5461702 19 L] 1178
ERT2 Keratin, type |l cytoskeletal 2 epidermal [D5=Homo sipiens] 64420637 19 11 65.4
MTHFD1 C-1-tetrahydrofol ate synthase, oytoplasmic [05=Homo sapiens] 53.4E15354 B 4 1015
POTEF POTE ankyrin comai n famiily ber F [D5=Homo sapiens] 47.5354782 3 3 1214
CDELS Cyclin-dependent ki nasedike 5 [05=Homo spiens] 36. 1600054 3 2 115.5
TUBBZA Tubulin beta-2 4 chain [08=Homo sspiens] 33.8280027 27 L] 459
TUBALA tubulin alpha-14 chain [05=Homo sapiens] 201847414 12 5 0.1
HASP MNuclear autoantigenic sperm protein [05=Homo sspiens] 27.3420823 17 [ B5.2
ACLY ATP-citrate synthase [05=Homa sapiens] 26.902THES 13 7 1208
DHXS Asp-dependent rna hedicase a [05=Homo sapiens] 21 7016412 12 ) 1409
MEHE DA mismatch repair protein MSHS [05=Homo spiens] 20.7625162 1 1 1527
SF3AL splicing factor 34 subunit 1 [08=Homo spiens] 20.1481919 3 1 EEE
MEHS mutS protein homolog 5 [05=Homo sapiens] 15 6154253 1 1 02E
PFAS Phosphoribosyl formylghycinamidine synthase [05=Homo mpiens] 15.1597271 o 5 1446
KRTS keratin, type il cytoskeletal 5 [D5=Homo sapiens] 16.6180227 o 5 62.3
H3F34; HEF3 histone H3.3 [05=Homo sapiens] 16.5214544 15 2 15.3
LEPPRC Leucinerich PPR motif-containing protein, mitochondrial [05=Homo spiens] 16.1121597 3 2 1578
AARS Alanine—RMA lizase, cytoplasmic [05=Homo sapiens] 15.542 2068 B 3 106.7
TRIMZE Transcription i ntermediary factor 1-beta [05=Homo mpiens] 15 4687TEE o 4 BES
HEPH1 Heot shock protein 105 kDa [05=Homo sapions] 1444215821 7 3 568
HEPAL Heat shock 70 kDa protein 4 [8=Homo sapiens] 13.7E630ES 10 4 043
P01 Exportin-1 [05=Homa sapiens] 13.7574254 5 3 1233



P43243
P41252
Q16531

P49T36
0153931
O14697-1
P22102-1
Q15029
POZTRET
013435

P56385

PE2158
POLETE
P35015

MATR3 Matrin-3 [I5=Homo sapiens]

|ARS isoleucine—t ENA ligzse, oytoplasmic [05=Homo sapiens]

DDE1 DA damage-binding protein 1 j[05=Homo sapiens]

IPO5 ImportinS [05=Homo sapiens]

MCHZ DA replication licensing factor mem2 [05=Homo sapiens]

5SF3B3 Splicing factor 3B subunit 3 [05=Homo mpiens)

GAMNAR Mewutral alpha-glucosidase A8 [05=Homo sapiens]

GART trifunctionzl purine biosynthetic protein adenosine-3 [05=Homo sapiens]
EFTUIDZ 116 kiia U5 small ruclear ribonucleoprotein component [05=Homao sapien:s]
TF Serotransferrin [05=Homo sapiens]

SF3B2 Splicing factor 3b subunit 2 [05=Homo mpiens)

UPFL Regulator of nonsense transcripts 1 [05=Homo spiens]

MACHEL DA replication licensing factor MCAWE [05=Homo piens]

HBAZ; HBAL  Hemoglobin subunit alpha [05=Homo sapiens]

SMC1A structural maintenance of chromosomes protein 12 [05=Homo sapiens]
HISTZHZBE | Histone H2B type 2-E [05-Homo sspiens]

ACTNA Alphz-actinin-d [D5=Homo spiens]

SF3B1 splicing factor 3B subunit 1 [5=Homo spiens]

EIF3B Eukaryotic trandation initiztion factor 3 subunit B [D5=Homo sapiens]
EEF141 Blongztion factor 1-alpha 1 [05=Homo sapiens]

HEPAE Heat shock cognate 71 kD@ protein [05=Homo spiens]

ERT12 Keratin, type | cytoskeletzl 14 [05=Homo sspiens]

SOD2 Superoxide dismutase [Mn], mitochondrial [D5=Homo sapiens]

DDXAE probable ATP-dependent RNA helicase DDX2E [05=Homo sspiens]

SUPTIEH FACT complex subunit 5PT16 [05=Homo sapiens]

GTF2IRDZE  General transcription factor |H repeat domain-containing protein 28 [05=Homo =

WIb Vimentin [05=Homo sspiens]

PEM Pyruvate kinase PEM [05=Homo sapiens]

TN thioredoxin [D5=Homo sapiens]

HSPSOAR]  Heat shock protein HSP 90-beta [06=Homo sapiens]
CFL1 Cofilin-1 [D5=Homo sapiens]

COPA coatomer subunit zlpha [05=Homo =piens]
EPBA1L2 band 4. 14ike protein 2 [05=Homo mpiens]

EEF2 Blongztion factor 2 [0S=Homo mpiens]

CASP14 Caspase-14 [05=Homo sapiens]

U2SURP U2 snRNP-zssocisted SURP motifcontaining protsn [05=Homao sapiens]
TUBE tubulin beta chain [D5=Homo sapiens]

SLC25A5 ADP/ATP transdocass 2 [05=Homo sapiens]

HISTIHAD  Histone H1 3 [D5=Homo sapiens]

SMC3 Structural maintenance of chromasomes protein 3 [05=Homo =piens]
LGALS] Galectin-1 [D5=Homo piens]
EPRS Bifunctional g vtamateproline—tRNA i gzse [D5=Homo sapiens]

HNRNPULZ  heteropeneous nuclear ribonucleoprotein LHike protein 2 [05=Homo sapiens]
GAPDH ghyceraldetyde-3-phosphate dehydrogenzse [05=Homo sapiens]

U501 General vesicular transport factor pl 15 [D5=Homo mpiens]

PSR 265 protezsome non-ATPase regulatory subunit 1 [05=Homo sapiens]
PPIA peptidyl-prolyl cis-transisomerzse A [05=Homo sapiens]

LODHC LHactzte dehydrogenase C chain [05=Homo sapiens]

MPRAL MNucleophosmin [5=Homo sapiens]

TPh Tropomyosin alpha-d chain [5=Homo sspiens]

DPYsLZ Dihydropyrimidinaserelated protein 2 [05=Homo spiens]
D24 ATP-dependent RNA helicase DDX24 [05=Homo sspiens]
DCTHL Dynactin subunit 1 [05=Homo sapiens]

SKNV2L2 Superkiller virslicidic activity 2dike 2 [05=Homo spiens)
EMCL ER membrane protein complex subunit 1 [05=Homo sapiens]
SAFB Scaffold attachment factor B1 [05=Homo mpiens]

PRPFI0A pre-mBNA-procesing factor 40 homolog A [05=Homo spiens]

XRENZ 5'-3' empribonuclease 2 [05=Homo piens]

ATP1AL Sodium/potassumrtransporting ATPase subunit 2l pha-1 [05=Homo spiens]
EIF5C kinesin heswy chain isofiorm 5C [05=Homo sspiens]

ALDO& fructose-bisphosphate aldolase A [05=Homo sspiens)

5100810 Progein 5100-A10 [06=Homo sspiens]

SFPO splicing factor, proline-and glutaminerich [D5=Homo sapienz]

HEBEB Hemoglobin subunit beta [05=Homao sapiens]

C3orf35; POL Isoform 2 of Putative uncharacterized protein POLCZL [D5=Homo sapiens]
NUP133 MNuclesr porecomplex protein Nupl33 [05=Homo sapiens]

ROMOZ NODAL modulstor 2 [05=Homa sapiens]

|KBEAP; ELP1 Bongstor complex protein 1 [05=Homo spiens]

GNATI Guanine nucleotide-binding prote n G{T) subunit 2lpha-3 [05=Homo sapiens]
PRDX1 perosiredoxin-1 [05=Homo sapiens]

LRRFIP1 Leucinerich repest fli ghtl ezsinteracting protein 1 [D5=Homo sapiens]
ATPSI ATP synthase subunit e, mitochondrizl [05=Homo sapiens]

IARS2 lsoleucine—t RNA ligzse, mitochondrizl [05=Homo sapiens]

CALMS; CALN Calmodulin [05=Homao sapiens]

IGHAL immunoglobulin heavy constant alpha 1 [05=Homo spiens]

RP518 405 ribosomal protein 519 [05=Homo sapiens]

PGKZ Phosphoglyoerate kinase 2 [05=Homo piens]
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