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ABSTRACT

While transcriptional control of innate immune gene expression is well
characterized, almost nothing is known about how pre-mRNA splicing decisions
influence, or are influenced by, macrophage activation. I believe each step of RNA
processing is just as important, if not more important than the initial transcription of an
immune response gene, and RNA-processing can act as a major regulatory node of the
innate immune response. Here, | demonstrate that splicing factors belonging to hnRNP
and SRSF families are critical regulators of innate immune gene expression and their
function is regulated by pathogen sensing cascades. My initial work focused on an RNA-
binding protein, hnRNP M. Loss of hnRNP M led to hyperinduction of a unique regulon
of inflammatory and antimicrobial genes following diverse innate immune stimuli.
Mutating specific serines on hnRNP M had little effect on its ability to control pre-
MRNA splicing or transcript levels of housekeeping genes in resting macrophages.
However, these same serines greatly impacted hnRNP M’s ability to dampen induction
of specific innate immune transcripts following pathogen sensing. Conversely, additional
studies focused around another hnRNP, hnRNP F, found a quite different phenotype,
whereby loss of hnRNP F prevented activation of the complete family of interferon
stimulatory genes following several innate immune stimuli and influenced intron
inclusion of specific master regulators of ISGs, Irf7 and Ikbke. | also found that mutating
specific serines on hnRNP F influenced this gene expression of Ifnb1l. My results reveal

a previously unappreciated role for pattern recognition receptor signaling in controlling



splicing factor phosphorylation and establish pre-mRNA splicing as a critical regulatory
node in defining innate immune outcomes. Lastly, with bioinformatic approaches, I
discovered thousands of genes whose expression and splicing were regulated by hnRNP
and SRSF RNA-binding proteins. My research demonstrates that these peripheral
splicing factors carry out a wide range of functions to regulate distinct innate immune
and housekeeping genes. Taken together, my results indicate that splicing is a major
regulatory node of the innate immune response and these peripheral splicing factors are

key players in regulation of gene expression.
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CHAPTER |

INTRODUCTION

Gene Expression and RNA-Processing

The central dogma of biology begins with transcription of DNA to RNA and
ends with translation of the RNA into the final gene product of a protein (Figure 1).
Thousands of genes are expressed in hundreds of cell types that influences a cell’s
function and inform its role in an organism. The processes and regulatory mechanisms
that occur from DNA to RNA to protein play a crucial role in dictating not only which
proteins are present in any cell, but also how much of those specific proteins.

Every minute, thousands of transcripts are produced in one cell. Therefore, the
initiation of transcription and subsequent RNA transcript processing is an effective
control point for a cell to regulate its proteome. In eukaryotes, this level of regulation is
possible due to the presence of a nucleus in which both transcription and RNA
processing occur. Additional RNA processing and translation mechanisms occur
separately in the cytoplasm. While prokaryotes have express genes via simultaneous
transcription and translation, meaning the translation of a transcript starts before the
transcription event is completel. Eukaryotic transcripts are more complex, and the
majority of the transcribed RNA does not encode for protein translation. To generate a
protein coding RNA, these intervening sequences of nucleotides, called introns, need to

be removed and protein-coding regions, known as exons, need to be joined together.



This process, known as pre-mRNA splicing, is required to produce mature messenger
RNAs (MRNA).

Splicing is not the only RNA processing step that most eukaryotic transcripts
endure in the nucleus. Before nascent transcripts can be translated into proteins, they
need to undergo 5’ capping, cleavage and polyadenylation, and the export into the
cytoplasm (Figure 2). Each of these steps in RNA metabolism can impact the final
outcome of gene expression, protein production. It is predicted that RNA processing
steps such as alternative splicing and alternative polyadenylation account for more than
half of the proteome diversity in a cell, with ~95% of all human transcripts produce
several distinct MRNAs 2,

Pre-mRNA Splicing

In the 1960s and 1970s, RNA regulation became a focus of gene expression
studies. RNA processing through splicing was an extremely groundbreaking discovery in
the 1970s. Initially, pre-mRNAs were identified to be long heterogenous nuclear RNAsS.
Examination of adenoviral mRNA at the nucleotide level led to the discovery that
processing of pre-mRNA leads to splicing. This discovery began to highlight the
extreme complexity RNA as compared to DNA. Splicing regulation of RNA allows
many mRNA products and protein products to be produced from a single pre-mRNA.
While many initial studies were conducted in yeast and several viral genes, these studies
have been replicated in eukaryotic cells and tissues and splicing is now appreciated to be

a critical point of regulation for gene expression in virtually all eukaryotes.



The process of splicing is carried out by five small nuclear ribonucleoproteins
called snRNPs which, along with other core and peripheral factors, make up a protein
complex termed the spliceosome. Virtually all mammalian transcripts contain introns,
rendering pre-mRNA splicing a hugely important player in generating a functional
transcriptome®*. Introns are removed by cleavage events facilitated by conserved
nucleotide sequences. Generally, these intronic cis-splicing signals begin with a GU at
the 5” end (the 5’ splice site) and an AG at the 3 end (the 3’ splice site), although
occasionally these are AU and AC sites, respectively. These nucleotides have been
found to be widely conserved and crucial for splicing reactions to occur. The initial step
of intron removal is SnRNP U1/U1-70K binding within an intron at the 5°SS (Figure 3).
Subsequently, proteins known as U2 auxiliary proteins, U2AF1 and U2AF2, bind at the
branch point (an adenosine roughly 20-30nt upstream of the 3°SS) and the
polypyrimidine tract, respectively, along with the branchpoint binding protein SF1.
Together, these proteins then recruit the U2 snRNP and a complex called the tri-snRNA,
comprised of U4, U5, and U6 which is positioned at the 5” end of the intron.
Components of the U2 snRNP displace SF1 and U2AF and the U6 snRNA displaces the
Ul snRNA from the 5’SS, liberating the U4 snRNP from the tri-snRNP. Following
release/destabilization of a subcomplex of U2 proteins known as SF3a and SF3b, the
spliceosome becomes catalytically active and can carry out the process of intron
removal. Following nucleophilic attack of the 5°SS guanine by the branchpoint
adenosine, the 5’ end of the intron is cleaved from the upstream exon forming a loop

structure called the lariat intermediate. With the aid of U5, the downstream exon is



brought into proximity, cut, and ligated to the 3’end of the upstream exon via another
transesterification reaction. This releases the lariat intron with U2, U5, and U6 bound.
This leads to the final product of an mRNA with exons remaining and all introns
removed (Figure 3).

Alternative Splicing

Thousands of transcripts are produced in every cell and many protein isoforms
can be made from one single mMRNA. The production of functionally diverse protein
isoforms occurs via alternative splicing. This accounts for much of the diversity of the
mammalian proteome (Figure 4). At the start of 1980, several research studies
discovered the existence of alternative splicing in the IgM transcript. More recent
research suggests that more than 90% of human genes are alternatively spliced and
alternative splicing likely accounts for the complexity of organisms with smaller
genomes. The consequences of alternatively spliced isoforms can be profound: some
events generate proteins that play antagonistic functions to their canonical isoforms,
while some isoforms are almost identical in structure and function to the canonical
isoforms.

Alternative splicing can be accomplished through a variety of types of splicing
events, including exon skipping, intron retention, mutually exclusive exons, alternative
first and last exons, decoy exons, and the use of alternative 5* and 3’ splice sites. The
decisions that drive generation of these different isoforms are made in large part through

binding of RNA binding proteins to sequences in the pre-mRNA, at sequences known as



exonic splicing enhancers (ESES), exonic splicing silencers (ESSs), and intronic splicing
enhancers (ISEs) and intronic splicing silencers (ISSs).
RNA-binding proteins (RBPs)

While splicing catalysis itself is carried out via the core components of the
spliceosome, RBPs add an incredible amount of specificity and flexibility to the system
by inhibiting or enhancing the association of the spliceosome with specific splice sites,
introns, or exons (Figure 5). Even though these proteins are thought of as peripheral
splicing factors, my research and others has demonstrated their importance in overall
gene expression through impacting numerous RNA-processing events.

Many novel RBPs have been identified in recent studies using UV crosslinking
of RBPs to RNA and quantitative mass spectrometry. From these experiments, over 800
RBPs were found in HeLa cells and 790 RBPs from HEK293s ¢, RRM (RNA
Recognition Motif), KH (K Homology), DEAD box helicase or zinc-finger domains are
found in almost all of RBPs identified °. The majority of these factors identified fall into
mRNA splicing factors or ribonucleoproteins *°. Many RBPs are part of the families of
heterogeneous nuclear ribonucleoprotein particles (hnRNPS) or serine-arginine-rich
proteins (SRSF proteins), which represent the main groups of RBPs known as auxiliary
factors 3. hnRNPs and SRSFs interact with the spliceosome to conserve exons, remove
introns, and impact overall splicing outcomes.

Although there are exceptions, the association of SRSF proteins with the
spliceosome enhances splice site usage, whereas hnRNPs typically induce exon skipping

11 SRSF proteins and hnRNPs interact with components of the core spliceosome and,
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depending on spatial organization/combinatorial diversity, they can promote exon
skipping, exon inclusion, intron retention, etc. Mutations in these factors and subsequent
mis-splicing can generate mutant proteins with deleterious activity or transcripts that
lack protein-coding potential and become targets for nonsense mediated decay!>2°,
HNRNPs

One large family of RBPs are the hnRNPs (heterogeneous nuclear
RiboNucleoProteins). hnRNPs contribute to many processes of RNA metabolism
including transcription where they can bind with transcription factors and RNA
polymerase . They have also been implicated in export, mMRNA stabilization, and
translational regulation ’. hnRNPs have been identified in the nucleus and cytoplasm of
several different cell types. hnRNPs can bind with transcription factors to enhance or
promoter sequences to facilitate transcription. For example, hnRNP RALY can silence
gene expression through interacting with transcriptionally active chromatin and when
depleted in HeLa cells, causes a global reduction of RNAPII-dependent transcription 8,
HNRNP K has also been found to interact with RNAPII machinery *°. These data suggest
that while hnRNPs are characterized as RNA-binding proteins, and typically thought of
as only binding to pre-mRNA, these factors have numerous functions in regulating gene
production and expression.

hnRNP A/B and hnRNP C were the first hnRNPs to be identified in HeL A cells
and lung fibroblasts 2°. Many hnRNPs share general features but differ in domain
composition and functional properties. hnRNPs differ in the number of RRM (RNA-

recognition motifs) that occur in their protein structures. hnRNP L and hnRNP | have 4
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RRMs while hnRNP C has one. Interestingly, hnRNP U does not have a typical RRM at
all, rather several acidic (Aspartic and Glutamic Acid) and glycine rich regions 2. Most
hnRNPs contain an NLS (nuclear localization signal), meaning they are found mostly in
the nucleus. However, upon stimulation, post-translational modifications, or recruitment
of other RBPs, hnRNPs have also been found to translocate to the cytoplasm *6. This
points to their ability to move with a transcript throughout the cell, depending on the
necessary functions an hnRNP is responsible for with a specific transcript. For example,
many RNA processing events that occur in the cytoplasm, like NMD and translation,
have been found to be regulated by hnRNPs 1622, hnRNPs also assist in nuclear export of
mMRNAs and have 3’ and 5* UTR binding capabilities that control translation. Further
UV crosslinking studies identified additional hnRNPs that bound to HeLa cell nRNA
and uncovered that these binding capabilities can change from nuclear to cytoplasmic
mRNA and binding depends on distinct nucleotide sequences 23. Therefore, the export of
MRNA requires dynamic interactions with RBPs and these binding capabilities are
dependent on the step of RNA-processing, as hnRNPs that are needed for splicing may
not needed for translation, and vice-versa.

Although hnRNPs have been implicated in a wide variety of processes in RNA
metabolism, they are mostly characterized as regulators of pre-mRNA splicing that
influence splicing outcomes 22. Many hnRNPs are known to regulate alternative splicing
leading to exon skipping or intron retention . hnRNP proteins can interfere with
binding of spliceosome machinery or hinder communication between factors bound to

different splice sites . More than half of the hnRNP proteins have been directly
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implicated in splicing regulation. For example, hnRNP A1 can alter 5’ splice site choice
and promote exon skipping. Similarly, hnRNP H has been found to be a splicing
inhibitor in several studies where it can bind to exonic splicing silencers and competes
with U2AF35 for 3’ splice sites. It can also act antagonistically with SRSF1 to influence
exon skipping 1?42 hnRNP Al and hnRNP F were identified to have similar binding
motifs while having opposite functional effects. hnRNP F promotes exon 11 inclusion in
the insulin receptor gene, while hnRNP A1 inhibits the inclusion of exon 11 26, hnRNP
K was also found to influence splicing of Runx1 through binding exon 6 and acting as a
competitor for U2AF65 in 3’ splice site usage 2’. While several hnRNPs have been
identified to be critical for splicing regulation in canonical mammalian cell models
(generally HeLa), these factors have not been characterized in macrophages or during
bacterial infection. Therefore, my project was based around a handful of hnRNPs
(C,F,K,M,U) to elucidate their regulation of the innate immune response through
splicing changes.
HNRNP M

hnRNP M primarily localizes in the nucleus and has three RRMs located along
the protein®®. hnRNP M has been identified as having several roles in the spliceosome
and is a peripheral splicing factor with overlapping classification with hnRNP Q due to
both having an affinity for poly GU binding motifs (Figure 6) 2°2. One of the first
studies to declare hnRNP M as a regulator of splicing was done in 2007, where
Hovhannisyan and Carstens found that it could enhance or silence splicing of alternative

exons 3. In their research, overexpression of (nRNP M promoted exon skipping in
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FGFR2 33, Numerous studies after this finding identified more predictive functions of
hnRNP M as being a splicing repressor, where it influences the removal of exons in
several different transcripts such as Ceacaml1, D2M, Smn1, Smn2, and Cd44 34+-3% |eading
to alternatively spliced isoforms of these transcripts. Additionally, hnRNP M has been
identified as a potential biomarker for diseases and cancers like colorectal cancer,
prostate cancer, melanoma, aging, and ovarian cancer’~#!. Several studies have also
implicated hnRNP M in promoting metastasis in breast cancer by competing with
ESRP1 (epithelial splicing regulator) for cis-regulatory elements to influence Cd44
alternatively-spliced isoforms 4247,

hnRNP M has been found to interact with spliceosome proteins and other RBPs
4849 These binding partners have widely been identified in co-regulating alternative
splice sites of specific transcripts. One study identified that polypyrimidine tract-binding
protein-associated splicing factor (PSF) and several paraspeckle proteins fractionate and
immunoprecipitate with hnRNP M %°. hnRNP M and PSF seem to have opposing roles in
this study as hnRNP M promoted exon skipping and PSF favors exon inclusion of a
preprotachykinin minigene *°. hnRNP M also has been identified ex vivo to interact with
cell division cycle 5-like (CDC5L) and pleiotropic regulator 1 (PLRG1) during the heat-
shock response and this interaction is critical to impact alternative splicing of a
minigene, adeno-E1A %1, hnRNP M interacts with mTORC?2 and influence alternative
splicing decisions in the mTOR pathway and can influence muscle cell differentiation
5253 Recent work has shown that hnRNP M interacts with a complex of proteins in

neurons including Rbfox and MATRS3 and researchers have found enrichment of hnRNP
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M motifs nearby Rbfox binding sites °*. Several studies have found hnRNP M, hnRNP
F, MATR3, NONO and SFPQ to interact. SFPQ and NONO have been found to be vital
in paraspeckle complexes >>'. These protein interactions and how they are regulated
remains unclear.
HNRNP F

The protein structure of hnRNP F is distinct from other hnRNP’s because of the
lack of conserved RRMs. Only hnRNP F and hnRNP H have domains classified as
quasi-RRMs (gRRMs) that interact with RNA by wrapping around the G-tract RNA
sequence %%°, This also plays into the function of the ability to recognize repetitive
sequences in RNA like poly(G) and poly(U) motifs (Figure 6) 212°. Along with the
major function of most hnRNPs, hnRNP F has mostly been implicated in regulating
alternative splicing. However, with the identification of an NES (nuclear export signal),
hnRNP F has also been implicated in other RNA-processing steps including mRNA
stabilization and nuclear export. HNRNP F was first characterized in 1992 by Matunis et.
al. They found hnRNP F to bind to poly(rG) sequences and have overlapping
characteristics with hnRNP H °. Through NMR studies, researchers identified specific
residues in hnRNP F that are important for interaction with the G-tract of the apoptosis
gene, Bcl-x, as well as YAP, a transcription activator ®1:52, Recent studies have identified
hnRNP F in mediating mMRNA decay through RNA-dependent interaction with TTP and
BRF . hnRNP F can regulate Snaill mRNA stabilization during EMT in bladder cancer

% hnRNP F has also been found to participate in nucleocytoplasmic shuttling and
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import by interacting with import receptors and have transcription-dependent shuttling
properties .

hnRNP F has been identified in affecting splicing of dozens of genes including
enox2, tpx2, and fibroblast growth factor 2 %668, Similar hnRNP F-dependent splicing
has also been shown in neurons and glia cells of the brain as well as regulation of myelin
synthesis %1, Globally, exons that have flanking G-tracts were found to be targets of
hnRNP F 7. Similarly to other hnRNPs, hnRNP F has also been implicated in several
cancers such as breast cancer, colon cancer, and bladder cancer 84687274 In research
conducted with breast cancer cells, knockdown of hnRNP F, showed an increase in the
myeloid cell leukemia-1 (Mcl-1) short isoform 7. Triple knockdowns of hnRNP F,
hnRNP K, and hnRNP H1, showed a 30-fold increase in the Mcl-1 short isoform
suggesting synergism between several hnRNPs in regulating splicing ™. This is not the
only finding of cooperation between hnRNP F and other hnRNPs’. hnRNP A1l and
hnRNP F also work together to alternatively splice exons in the insulin receptor gene 6.

Interestingly, qRRMs of hnRNP F have also been found to be important for
protein-protein interactions. Human telomerase RNA component (hnTERC) was found to
interact with hnRNP F via the first gRRM domain and play a role in telomerase activity
and length "®. As mentioned previously, hnRNP F has been found to interact with
FOXP3 and TTP and like hnRNP M, hnRNP F was identified in mass spec analysis of
immunoprecipitation of paraspeckle proteins, SFPQ and NONO 87778 Although widely
understudied, researchers have also identified a few post-translational modifications that

occur with hnRNP F. For example, in a gastric cancer model, ECD increased cancer
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invasion by disabling ubiquitination and subsequent degradation of hnRNP F by ZFP91
79_
HNRNP C, K, U

Over the course of my studies, | also became interested in several other,
generally understudied, hnRNPs. hnRNP C has been associated with splicing,
translation, and transcript sorting. hnRNP C recognizes a poly U binding motif in
transcripts it regulates (Figure 6) 22, Interestingly, hnRNP C has also been found to
form polymers with other hnRNP C proteins. This formation allows more specificity in
RNA interactions and enables hnRNP C to sort transcripts for export or retention,
depending on their nucleotide length 8. hnRNP C was also found by Han et al. to
promote the translation of c-myc, a transcription factor . hnRNP A1 and hnRNP C form
complexes with exosomal miRNA, dependent upon simulation of (nRNP A2/B1 8, In
addition, hnRNP C interacts with spliceosomal proteins through poly-U motifs, but this
decreases at later steps suggesting an activation role in early splicing 1”. Together, these
studies implicate hnRNP C in early gene expression through impacting transcription and
splicing processes.

hnRNP K is known to bind to poly C regions (Figure 6) and has been implicated
in translational, transcriptional, stability, and splicing regulation. hnRNP K has a unique
protein domain called the “KH interaction region”®2. This region allows hnRNP K to
interact with multiple proteins and therefore influence mechanistic function of hnRNP
K. In neural cells, hnRNP K and hnRNP E2 were identified to bind to a promoter region

and facilitate transcription of the p-opioid receptor gene in mouse neural cells &. It has
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also been found to interact with other splicing factors like hnRNP U, hnRNP L and
Srp20, elongation factors of EF-1a, and transcription factors like HMGBI1, Zik1, and
Kid1 8. Similar to hnRNP C, hnRNP K has been found to regulate transcription but this
has only been seen in neural cells; thus overall, hnRNP K seems to play more of a role in
splicing and transcript stability.

hnRNP U is the biggest hnRNP at 120 kD. hnRNP U binds to regions containing
a mixed nucleotide sequence resembling “GGACUGCRRUCGC” (Figure 6)2%-32
hnRNP U has been characterized in translational and transcriptional regulation as well as
splicing and the protein has been shown to bind to sSDNA?. Research has shown
hnRNP U is required for InNcRNA accumulation to facilitate X inactivation 8. Bi et al.
also identified hnRNP U to bind to H19 and this inhibits phosphorylation of RNA Pol I,
preventing transcription %,

hnRNPs have been characterized in a vast array of disease including cancer,
ALS, Alzheimer’s, Fragile X syndrome, and SMA. Despite their importance in chronic
disease, hnRNPs have not been described in the context of infection nor have they been
previously identified as direct modulators of innate immune outcomes. While these
hnRNPs have been studied extensively in the context of binding capability or protein
interactions, few studies have identified global gene expression changes that are
modulated by hnRNPs via splicing regulation or additional RNA-processing

mechanisms.
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Post-translational Regulation of hnRNPs

Signaling cascades that activate post-translational modification of hnRNPs are
starting to be uncovered. As the most widely studied hnRNP, several studies have
identified hnRNP K with several post-translational modifiers. hnRNP K has been shown
to bind with several kinases including, ERK1/2, SRc, Fun, PCK, and the
methyltransferase, PRMT1 &2, Phosphorylation of hnRNP K by JNK triggers
posttranscriptional regulation in axons that assists with cell growth . Furthermore,
MKK/p38 stress-signaling can lead to hyperphosphorylation of hnRNP Al. This leads to
accumulation of hnRNP A1 in the cytoplasm &. Similar results occur with
phosphorylation of hnRNP |, where phosphorylation mutants at serine-16 lead to altered
cellular localization 8. Phosphorylation of hnRNP L by CaMKIV kinase also regulates
alternative splicing 8. Finally, phosphorylation of hnRNP U was found as an indicator
of DNA damage . While the importance of phosphorylation in hnRNP function is clear,
the contribution of specific phosphorylation sites to altering hnRNP function are widely
understudied.

Arginine methylation has also been identified to occur with hnRNP Al, A2, K
and U and SUMO has also been found to modify hnRNP A1, C, K, H, and M ', While
some of these modifications seem to influence hnRNP binding to nucleic acids, the
majority of these modifications are less understood and their implications for regulating
hnRNPs remain to be identified. Phosphorylation is generally thought to control
subcellular localization and protein-protein interactions between these RBPs like

hnRNPs %2-%7 put the kinases/phosphatases responsible for modifying them and the
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conditions under which these modifications are controlled remain poorly understood.
Furthermore, little to no research has been done on how cellular activation and bacterial
infection can modulate their function through PTMs.
SRSFs

The SR protein family are another set of RBPs that have been implicated in many
RNA-processing steps that impact gene expression. These RBPs are characterized by
their C-terminal domains that are widely enriched with Serine (S) and Arginine (R)
residues. They also have an RRM domain that is typically located near their N-terminal
region®®. As their own expression and regulation varies between cell types, it has been
hypothesized that SR proteins play distinct, curated roles in RNA-processing events %,
This is further supported by research showing that knocking out SRSF1, 2, or 3 in mice
is embryonic lethal'®. While they are found primarily in the nucleus and nuclear
speckles, SRSF1, SRSF4, SRSF6, SRSF10, SRSF3, and SRSF7 have been found to
shuttle and translocate from the nucleus to the cytoplasm %1%, As with many other
RBPs, SRSF proteins have been implicated in cancers as by enhancing alterative splicing
of protooncogenes 1°%1%, SRSF6 has also been implicated in wound healing where
SRSF6-overexpressing mice had stem-cell depletion, mis-regulated splicing, and skin
hyperplasia 1°. While universally expressed in most cells, these results suggest that there
are critical expression levels of expression for SRSFs. Collectively, these data indicate
the importance of SRSF proteins to RNA processing events and to overall cell health and

viability.
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SR proteins play several roles in regulating gene expression (Figure 2). Several
SR proteins have been found to associate with RNA polymerase 11 at the C-terminal
domain where transcription factors and RBPs assemble!?’. Furthermore, SRSF1 and
SRSF3 have been found to bind to Histone 3 and associate with chromatin. Mass spec
analysis of H3K9me found SRSF1 and SRSF3 as binding partners, implicating SR
proteins in possible roles of epigenetic regulation of gene expression 119, SRSF2 is a
nuclear SR protein that can also be associated with DNA and assists the release of Pol 11
to mediate transcript elongation %!, SRSF3 has been found to regulate 3’ end
processing by polyadenylation with U1 snRNP 2, SR proteins have also been shown to
influence RNA modifications. Furthermore, SRSF3 and SRSF10 were recently
discovered to impact N6-methyadenosine (m6A) RNA modification, where researchers
found that the reader protein (YTHDC1) recruited SRSF3 and SRSF10 to modification
sites 13, SRSF9 represses ADAR2-mediated editing of Cflar and cyFIP2 in the brain
and SRSF9 was found to directly interact with ADAR 14113,

Similar to hnRNPs, most SRSF proteins are located in the nucleus, aligning with
their most widely known purpose of influencing splicing decisions in canonical and
alternative splicing pathways (Figure 5). Generally, SR proteins recognize ESEs. SRSF
proteins have been found to affect 5° splice site selection and enhance splicing activity
via ESE binding!®. Several studies have discovered SRSF-binding consensus motifs
within RNA sequences using SELEX and eCLIP experimental techniques®®. SRSF1 was
identified to bind to purine-rich motifs, whereas SRSF3 was shown to bind to a motif of

CAUCA3031111117,118,118-120 SRSFA has also been observed to bind to purine-rich
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regions with poly(A) sequences 712!, SRSF1 and SRSF2 have been found to have
similar binding motifs 122 (Figure 6). Interestingly, SRSF proteins seem to be beneficial
in promoting co-transcriptional splicing more often than altering splicing outcomes post-
transcriptionally 1971 Overexpression of SRSF1, SRSF2, SRSF7, SRSF5, and SRSF6
were discovered to influence 5’ splice site selection and when researchers deleted the RS
domain, SRSF1 did not alter 5’SS, suggesting a role for this domain in splice site
selection %,

SRSF1 was the original SRSF protein to be defined and as such, there has been
extensive research on the SRSF1-mediated splicing changes which includes Bcl2I1,
Binl, Casp2, Cd44, and Teadl which play roles in apoptosis, cell adhesion, and
transcription 1%, Oncogenic mutations found in SRSF2 have been shown to alter RNA-
binding capabilities and splicing, leading to premature termination of transcripts 124126,
Hara et. al. uncovered that SRSF6 alternatively splices Bim, leading to BimS, which
promoted increased apoptosis *2’. SRSF6 is also upregulated in colorectal cancer
samples and regulates Zo-1 by binding to a SRSF6 motif in exon 23 of the transcript 1?8,
Research into age-dependent alternative splicing, has revealed SRSF7 as a major factor
in adult isoform production of Eif4a2 and Rbm7 ?°, These RBPs have also been found to
regulate splicing of other RBP transcripts. For example, SRSF9 interacts with an intronic
element that promotes exon skipping and splicing repression of the hnRNP Al pre-
mRNA ¥, From my research and others, hnRNPs and SRSFs are found to frequently

target and regulate other RBP transcripts. This regulation of many other RBPs has the
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capacity to produce an onslaught of direct and indirect splicing changes when a single
RBP is eliminated from a cell.

MRNA stability and NMD (Nonsense Mediated Decay) are also mediated by SR
proteins. Zhang and Krainer showed SRSF1, SRSF2, SRSF7, SRSF5, and SRSF6 to all
influence NMD of the s-globulin or Gpx1 2. Another known function of SR proteins is
export of MRNA. SRSF3 and SRSF7 were found to shuttle the H2a gene and were found
to associate with poly(A) RNA in the cytoplasm **!. SRSF3, SRSF7, and SRS1 were
identified to interact with export receptors, NXF1 and TAP, which can be influenced by
the phosphorylation status of SR proteins %2133 Furthermore, researchers identified
SRSF1 regulates stabilization of Pckl-1 in the cytoplasm by binding to the 3> UTR 13,
Along with NMD or stabilization, SR proteins also have functions in mRNA translation.
When researchers overexpress SRSF1, they found increased activity of ribosomes and
translational activity or reporter constructs **. While SR proteins have been studied in
these contexts of resting cells, their contribution to cellular activation gene expression
and regulation remains largely undefined.

Post-translational Regulation of SR proteins

Many SR proteins undergo specific PTMs, such as methylation, acetylation, and
phosphorylation, that have been widely shown to modulate their function. Proteomic
analysis of lysine residues identified acetylation events in SR proteins and SRP kinases
and acetylation of SRSF2 resulted in protein turnover 3137 Methylation of SRSF1 has
also been described and implicated in cytosolic accumulation ®. Gui et. al. was

amongst the first to implicate SR protein phosphorylation in modulating SRSF function
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138 The SR protein kinases SRPK1, SRPK2, and SRPK3 are highly conserved in
eukaryotes and are capable of phosphorylating serines in the RS domains present in all
SR proteins 13813813 Other SR protein kinases include members of the CIk/Sty family
and TOP1138140-142 SRSF1 has also been found to be dephosphorylated by PP1 and
PP2A phosphatases 14314 Hypo-phosphorylation of SRSF1 in the cytoplasm directs
SRSF1 into the nucleus where it aggregates in nuclear speckles. Alternatively, hyper-
phosphorylated SRSF1 moves to co-transcriptional splicing activation where it is then
transitioned back to hypo-phosphorylation, assisting in export of mMRNA 1%,
Interestingly, although phosphorylation is typically associated with protein activation,
SRSF10 can only act as a splicing activator in its dephosphorylated state 145146
suggesting that these proteins may toggle between phosphorylated states to regulate
whether or not they can participate in splicing reactions. While these studies begin to
elucidate the function of PTMs in RBPs, the dynamics, specificity, and splicing affects
these events have on SR proteins remain a major gap in our knowledge of splicing
regulation.
The Innate Immune Response

Although humans encounter pathogens like bacteria or viruses every day, we are
mostly able to function properly without constantly being sick. Humans, as well as
virtually all metazoan organisms, have a multilayered immune system. In vertebrate
animals, the immune system can be classified into two types of responses: innate and
adaptive. Adaptive immunity is focused on built up defenses based on genetic

rearrangements that help the body mount specialized defenses over an individual’s
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lifetime. Conversely, innate immunity focuses on the initial, non-specific interaction that
occurs when a host cell interacts with a pathogen. Innate immunity is a more conserved
response across plants, invertebrates, and mammals'#’. Innate immune responses are
rapid and can be initiated without previous “knowledge” of a pathogen. The bulk of the
innate immune response is carried out by the skin, mucous membranes, white blood
cells, and various other blood substances. The innate immune system uses germline-
encoded receptors to sense pathogen-associated molecular patterns (PAMPS) or
nonpathogenic microbe-associated molecular patterns (MAMPS). There are several types
of pattern recognition receptors (PRR) including membrane bound receptors like Toll-
like (TLR), C-type lectin (CLR), and cytoplasmic receptors of NOD-like (NLR), RIG-I-
like (RLR), and DNA sensors'4"148 Additionally, innate immunity can also be facilitated
through mechanisms that are cell-dependent such as secreted antimicrobial proteins
(AMPs), complement, alarmins, cytokines, chemokines, and proteases. Surprisingly,
nucleic acids, pathogen components, and diverse pathogens that have entirely different
life cycles are recognized by overlapping host PRRs*#,
Toll-Like Receptors

TLRs (Toll-like Receptors) have two subfamilies based on the PAMPs they
recognize. TLR1, TLR2, TLR4, and TLR6 can recognize lipid-containing factors and
TLR3, TLR7, TLR8 and TLR9 can sense nucleic acids'*® (Figure 7). Alternatively, these
TLRs can be grouped based off their cellular location. TLR1, TLR2, TLR4, TLRS5,
TLR6, and TLR10 are expressed on the cellular membrane while TLR3, TLR7, TLRS,

and TLR9 are almost always found intracellularly inside endosomes and lysosomes**.
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These TLRs are capable of directly binding to PAMPs but some also need additional
proteins to recognize PAMPs (e.g. MD?2 assists TLR4 in sensing lipopolysaccharide
(LPS))*. Additionally, some TLRs are able to sense multiple distinct ligands; TLR4
can recognize LPS, heat shock proteins (HSP), and respiratory syncytial virus (RSV)*,
TLRs can also form heterodimers with each other, such as TLR2 that can bind with
TLR1 or TLR6. Historically, gram-negative bacteria are recognized by TLR4 through
LPS signaling'“°. Alternatively, gram positive bacteria have lipoproteins that are
detected by TLR2'°%15!, Gram-negative and gram-positive bacteria can also activate
other TLRs with additional PAMPs, including intracellular TLRs'®2. TLR7 and TLR8
are responsible for detection of single-stranded RNA (ssRNA), while TLR3 recognizes
dsRNA, both can be identified during viral infection 3%, Additionally, TLR9 can
recognize CpG DNA that is found in both viruses and bacteria®>®. Multiple TLRs can be
activated via one pathogen and diverse pathogens can activate the same TLR. For
example, Salmonella enterica serovar Typhimurium can cause signal-transduction
through TLR4 (LPS), TLR9 (endosome), and TLR5 (flagellin) and activation of these
TLRs is associated with pathogen virulence 15715,

TLR adaptor molecules lead to differential and specialized responses by the
innate immune system. The adaptor protein MyD88 associates with many TLRs, with
the exception of TLR3, which primarily uses TRIF (TIR Domain-Containing Adapter
Protein Inducing IFN-Beta) . Several studies have been conducted to elucidate the
mechanisms and kinetics of TLR4 signaling through these adaptor molecules. Knockout

studies of MyD88 revealed compensatory mechanisms through other adaptor proteins of
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Mal (MyD88 adaptor-like protein), TRIF, TRAM (TRIF-related adaptor molecule), and
SARM (terile alpha- and armadillo motif-containing protein) *6%164 Interestingly, TLR2
was found to require Mal to connect to MyD88 whereas TLR4 uses all four of these
adaptors (Mal, MyD88, TRIF, & TRAM) to regulate different signal transduction
pathways'*8. Largely, these signaling cascades are categorized as MyD88-dependent or
MyD88-independent. Each of these pathways are capable of activating MAPKs
(mitogen-activated protein kinase), NF-kB, and IRFs (interferon regulatory transcription
factor) 48165 However, the specialization of each receptor and its adaptors play a role in
which transcriptional immune response is produced. During TLR7 and TLR9 signaling,
IRF3 via MyD88 is responsible for producing IFN (Interferon) and ISGs (Interferon-
Stimulatory Genes) expression**¢1% While in TLR2, TLR4, and TLR5 signaling,
MyD88 has been shown to primarily produce proinflammatory gene expression like
cytokines®167-16% Sensing of PAMPs by TLR and MyD88 leads to interactions with
IRAK (IL-1R-associated kinase)'¢”1%8, IRAK4, IRAK2, and IRAK1 are phosphorylated
and associated with TRAF6 (TNF receptor (TNFR) associated factor). TRAF6 functions
as an E3 ubiquitin ligase, forms polyubiquitin chains on itself and TAK1 (transforming
growth factor-activated protein kinase 1), IKK (IkB kinase), and NEMO (NF-xB
essential modifier)*’®1"1. Further along the pathway, TAB2 and TAB3 recruit
TAK172173 This activates two different pathways; IKK and MAPK"2, Activation of the
IKK complex starts with phosphorylation of IKB. IKB is normally an inhibitor of the
IKK pathway, but undergoes depredation and when it is phosphorylated!’. This

degradation event leads to NF-«p translocation to the nucleus and initiates transcription

22



of proinflammatory genes'™

. Alternatively, the MAPK family involves several members
such as MKK3, MKK4, MKK®6, and MKK7 (MAPK kinase)*’. These phosphorylate
p38 and activate JNK (c-Jun N-terminal kinase), ultimately leading to transcription by
AP1 (transcription factor activator protein 1)*/617".

Contrarily, TRIF associates with TLR4 and TLR3. TRAM/TRIF signaling
cascades can also activate TRAF6 and lead to similar paths of TAK1 and similar
transcriptional responses. However, TRIF can also interact with TRAF3 leading to
TBK1 phosphorylation of IRF3 and sequential activation of IFN and IFN-inducible
genes*®183 This was found when MyD88 knockout mice still had IFN production after
exposure to endotoxin and lead to the finding of TRIF'®%1"® Additional research led to
the finding of critical players in the TRIF/IFN response pathway, TBK1 (TANK-binding
kinase 1) and IKKg!"®18!, These kinases are initiated through TRAF3 and TANK and
directly phosphorylate IRF3 and IRF717%181-183 These phosphorylation events lead to
formation of heterodimers or homodimers of IRF3 and IRF7, leading to translocation
into the nucleus and activation of IFN production. Interestingly, TRAF3 and TRAF6
play a role in mediating the differential responses of TRIF signaling where TRIF can
also signal to NF-kf activation through TRAF6. TRAF6 binds to TRIF and this leads to
recruitment of TAK1. Another adaptor molecule associated with this process is RIP1
(receptor-interacting protein 1). RIP1 is polyubiquinated and leads to activation of
TAK18418 TAK1 activation then leads to IKK response and sequential triggering of
MAPK and NF-xB!918L Additional research has found an enhanceosome that involved

NF-kB, AP1, and IRFs forming a complex which induces IFN gene production*®.
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Nucleic Acid-Sensing Receptors

Alongside TLRs, additional PRRs include NOD-like receptors, RIG-I like
receptors, and intracellular nucleic acid-sensing receptors. Research has shown
additional receptors were required to induce type | IFN (IFN-a and IFN-B) in response to
DNA, RNA, or viral infections 8%, This led to the discovery of several cytosolic
PRRs known as RIG-I (RLR) and NOD (NLR) receptors. NOD1 and NOD?2 are the most
widely characterized NLRs!®!. These receptors recognize peptidoglycan from bacteria.
Where NOD1 primarily recognizes components from gram-negative bacteria, NOD2 can
sense molecules produced by both gram-negative and gram-positive bacteria 48,
Additionally, a protein complex containing NLR family members, ASC (apoptosis-
associated speck-like protein containing CARD (caspase recruitment domain)), and
NALP (Nacht LRR protein) was found to activate caspase-1 upon oligomerization
through CARD-CARD interactions'®?. This complex was termed the inflammasome and
leads to secretion of IL-1. Each NLR that is included in the different types of
inflammasomes that have been identified, plays a role in the ability to recognize
different pathogen signals**. Additionally, AIM2, which is a cytosolic DNA receptor,
was also found to interact with inflammasome components®®2, Furthermore, the DNA
sensors IFI116, IF1204, as well as NLR1, NLR3 and NLR4 can trigger inflammasome
activation 193194,

RLRs have a crucial role in sensing RNA in the cytoplasm. RIG-1 and MDAS
(melanoma differentiation-associated gene 5) are helicases that are IFN-inducible and

part of the RLR family 1%. These helicases have CARD domains that are critical in
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recognizing RNA and activating the signal-transduction pathway to innate immune
transcriptional outputs and antiviral type I IFN production'#31951% These RLRs have
been implicated in regulating signaling of influenza, picornavirus, and norovirus.
Furthermore, dsRNA from viruses can also be recognized by PKR (protein kinase R).
PKR is a crucial contributor to the antiviral activities through induced IFN and
mediating NF-Kp activation that leads to proinflammatory gene expression'®"~1®°, Recent
data suggests that PKR coordinates with RLR signaling but is not the main contributor to
the antiviral defense?0%201,

Additional nucleic acid sensors are located in the cytoplasm and can work
autonomously of TLR, NLR, and RLR sensing. DAI (DNA-dependent activator of IFN-
regulatory factors), otherwise known as ZBP1 (Z-DNA binding protein), was one of the
first cytosolic DNA receptors to be identified**®. Since DAI’s discovery, several other
cytosolic DNA receptors have been identified such as IFI16, DDX41, AIM2-like, and
cGAS %2 (Figure 7). However, genetic data has convoluted the contribution of other
DNA receptors, research has shown that Cyclic GMP-AMP synthase (CGAS) is the
major contributor to cellular activation and IFN induction 2%2. cGAS was discovered in
three separate studies to be the essential enzyme that binds DNA and activates the DNA
sensing pathway during viral infection 2°%-2%, Additional studies have also identified
cGAS to be important in sensing Mtb DNA during infection, as well as being critical for
the type I IFN response (Figure 8). Watson & Bell et. al showed cGAS KO BMDMs
failed to induce IFN or ISGs in response to Mtb infection 2%, In addition to bacterial or

viral DNA initiating the type I IFN response, several studies suggest that host mtDNA
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(mitochondrial DNA) also contributes to the induction of this response during later time
points of macrophage infection and TFAM deficiency (transcription factor A,
mitochondrial) 2%’.

In RLR/NLR sensing of viral dSRNA and ssRNA, RIG-I/MDAS5 interacts with
the adaptor proteins, MAVS or STING (stimulator of interferon genes) 2%. MAVS and
STING have been shown to interact with the mitochondrial membrane while STING
also has been shown to interact with the endoplasmic reticulum (ER)?%*?13, STING is a
critical component of nucleic acid signaling cascades that stimulate MAPK activation
through several different pathways leading to cytokine, IFN, and ISG expression.
Interaction of MAVS and STING leads to recruitment of the E3 ubiquitin ligase TRAF3
and the adaptor protein TANK 2, This can lead to NEMO association to TBK1
activation and phosphorylation of IRF3 and IRF7 which both induce ISG expression?'®
(Figure 7). NEMO has also been shown to activate NF-xp?°%?15, Additionally, RNA
recognition can lead to activation of PKR, which can trigger TRAF2, p38, IKKa, and
IKKDb kinase activity leading to NF-xp initiation and immune gene expression®’-1%,
Furthermore, TRADD (TNF receptor-associated death domain) can interact with MAVS
and lead to downstream activation of NF-«f and IRF through Caspase 8/Caspase 10 and
NEMO/TANK/TRAFS3, respectively 182:195196215-218 ‘Taken together, each of these
signal-transduction pathways can overlap with each other and join at critical components
of innate immune signaling cascades, ultimately leading to activation of kinases,

ubiquitinates, and gene expression of anti- and pro-inflammatory genes.
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Bacterial Response

As mentioned previously, TLR2 plays a crucial role in detecting and initiating
innate immune signaling cascades via recognition of cell wall components of gram-
positive bacteria. Gram-positive bacteria like Listeria monocytogenes can contain
peptidoglycan, glycolipid lipoteichoic acid and lipoproteins*®. This has been shown in
genetic studies where TLR2 knockout mice show increased susceptibility to infection
with Streptococcus pneumoniae and Staphylococcus aureus?'®2?, TLR2 can also detect
lipoarabinomannan found on Mycobacteria®*®. Gram-positive bacteria can also activate
TLR9 through CpG DNA and NOD2 and NALP1 by peptidoglycan??2223,

Alternatively, the cell wall of gram-negative bacteria contains an outer
membrane of LPS and other proteins. The endotoxin LPS is critical for most bacteria’s
survival. LPS is also known as the most stimulatory PAMPs and can cause endotoxic
shock at high concentrations . Interestingly, many types of bacteria produce different
structural variants of LPS, which can affect virulence and pathogenicity??*. LPS is
transferred from bacteria surfaces to MD2, which associates with TLR4, causing
oligomerization and recruitment of MyD88 or TRIF activate NF-xB or IRF signaling
cascades, respectively'*® (Figure 9). TLR4 has been shown to be a critical factor for
gram-negative bacteria and LPS detection, as well as control of bacterial infection. Mice
lacking functional TLR4 were extremely susceptible to infection with Neisseria
meningitidis and Salmonella enterica serotype Typhimurium #°. However, TLR4 is not

the only PRR that can detect gram-negative bacteria: peptidoglycan can also stimulate
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through TLR2 and NLR receptors and TLR5 is also able to detect flagellin in
Salmonella, Legionella pneumophila, and Escherichia coli 158225226,

RLRs and NLRs can also detect bacterial infections. While TLRs sense through
cell surfaces or intracellular vesicles, RIG-1 and NODs play an important role in
cytosolic detection of PAMPs. NOD1 and NOD2 recognize intracellular bacterial like
Mycobacterium tuberculosis 2272%’, This can lead to activation of the NALP3
inflammasome and upregulation of cytokines. In addition, dsSDNA released by bacteria is
detected by cGAS and and signals through the DNA signaling cascades of
cGAS/STING/TBK1 axis?%°2%.228 (Figure 8). Regardless of mechanism, each of these
receptors induce signal-transduction pathways lead to a transcriptional upregulation of
anti- and pro-inflammatory genes which can ultimately influenced innate immune
outcomes.

Salmonella enterica serovar Typhimurium

Salmonella, which causes over 1 million infections globally each year is one of
the most common foodborne pathogens in the world and a major global cause of
diarrheal diseases 2%° 2%, The most common dissemination routes are animals and
uncooked food. There is increasing importance of these infections due to continued
outbreaks, high incidence rates worldwide, and the progression of antibiotic resistant
Salmonella strains 23! 222, This increase of antibiotic resistant Salmonella strains has led
to an increase in mortality of infected patients in some countries?*3. This demonstrates
there is a critical need to better understand the defense mechanisms employed by the

host so that host-directed therapies can be developed to combat infections. Because of its
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global public health relevance, much research has been conducted on the innate immune
response to infection with Salmonella and other related gram-negative bacteria. There
are several different types of subspecies, including the most widely studied, Salmonella
enterica subspecies serovar Typhimurium (STm). Upon infection, STm initiates
complex mechanisms to modulate host cell functions to establish an intracellular niche.
Many virulence factors have been identified in STm, including plasmids, adhesion
systems, flagella, and type 111 secretion systems?34. During infection of epithelial cells of
the gut, STm uses secreted proteins encoded by SPI-1 (Salmonella pathogenicity island-
1)?%:2%6 However, this mechanism is slightly different in macrophages, which
phagocytose the bacteria. After entry into a host cell, STm can replicate within a
Salmonella-containing vacuole (SCV) which is composed of the host cell membrane?®®’.
Utilizing a type I11 secretion system, STm injects effector proteins from a second type 11
secretion system called SPI-2, that block lysosomal fusion and allows for replication of
STm within the host cell?3"23 Each of the effectors encoded by SPI-1 and SPI-2 have
been found to influence intracellular survival of STm or mediate cell invasion?3924,
Several PRRs detect STm outside and inside host cells including TLR4, TLR2,
TLR5, and TLR9 by endotoxins such as LPS and detection via lysosomes 2! (Figure
10).2%8242_Upon detection of STm, LPS signals via TLR4 and triggers activation of the
NF-xB and MAPK pathways, leading to the overall production of proinflammatory
cytokines, IFN, and 1ISGs?*2. Importantly, mice lacking these TLRs are more susceptible
to STm infection **’. Knockout of TLR2, TLR4, TLR7, and TLR9 reduced inflammatory

responses in host cells and led to an increased susceptibility to STm infection?43244, This
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shows how TLRs can play a critical role for pathogen detection by inhibiting
extracellular growth of STm through activation of TRIF/MY D88 signaling cascades
leading to the production of proinflammatory gene expression. These studies also
suggest TLRs are required for STm pathogenicity and increased susceptibility in host
cells.
Mycobacterium tuberculosis

Mycobacterium tuberculosis (Mtb) is currently the number one infectious killer
in the world. This human pathogen infects over a quarter of the world’s population 2%°.
Tuberculosis is spread when an infected individual with active disease coughs, sneezes,
or spreads aerosolized droplets that contain the bacterium. These droplets are then
inhaled by another individual and the bacterium is carried to the lungs where it is met by
alveolar macrophages, one of the first lines of defense against Mtb.

Several different pattern recognition receptors such as TLR2, TLR4, TLR9, and
NOD?2 can recognize Mtb through PAMPs 227246247 Macrophages phagocytize Mtb
when it enters the lungs. Mycobacterium tuberculosis has five type VII secretion
systems, ESX-1 — ESX-5. ESX-1 has been associated with virulence of Mycobacterium
tuberculosis while ESX-3 has been shown to influence growth 2324, Once inside a
macrophage, Mtb uses its ESX-1 secretion system to secrete ESAT-6. This substrate
weakens the phagosome membrane and subsequently allows Mtb proteins and dsDNA
access to the host cytosol. This release of dsDNA activates several immune defense
pathways such as autophagy, DNA sensing, NOD sensing, and the inflammasome

192,203,206,250-253 \\/hjle there are several DNA sensors that can detect DNA in the cytosol,
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CGAS has been identified as the main DNA sensor in macrophages during Mtb infection
206,253_

CGAS recognizes Mtb dsDNA and this leads to synthesis of cGAMP (Cyclic
guanosine monophosphate—adenosine monophosphate)?°. cGAMP is a secondary
messenger that binds to and activates STING which activates TBK1. This results in type
I IFN and interferon stimulated gene (ISG) expression through the STING-TBK1-
IRF3/7 axis (Figure 7& Figure 8). Researchers have found through Mtb infection of
STING and NOD1/2 knockouts that STING is required for signaling transduction
leading to IFN and ISG production, while NOD1/2 are not. During Mtb infection, type |
IFN and selective autophagy are two different outcomes that follow the activation of
TBK1 20825425 gelective autophagy and IFN responses have both been shown to play
crucial roles in controlling Mtb infection. Interestingly, autophagy components localize
with TBK1 at the Mtb containing autophagosome 2025729 Genetic studies have shown
that ATG5 knockout mice are more susceptible to Mtb infection 20, While type | IFN is
thought to be antiviral, it has been correlated with negative outcomes for Mtb infection

260 \When IRF3 is removed from mice and no IFN is

and enhanced Mtb pathogenesis
produced, mice are more resistant to Mtb 2. In addition, I1L-1, IL-1R, or MyD88 show
critical importance, as knockout mice for these factors are extremely susceptible to Mtb
infection 261253, During Mtb infection, DNA sensing leads to two opposing outcomes
with one leading to increased susceptibility to Mtb and one leading to selective

autophagy of the bacterium. There is a critical need to identify unique components and

regulators of these responses to be targeted for host-directed therapies. As antibiotic
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treatment and prevention methods are becoming ineffective, characterization of these
components will allow for development of novel therapeutics that could activate
selective autophagy to increase Mtb destruction while inhibiting the detrimental type |
IFN response. The rise of multi-drug resistant tuberculosis is attributed to misuse of
antibiotics in which only 56% of treatments are successful 4. To be able to identify
novel host-directed therapies that may enhance the efficacy of existing treatments, it is
critical to understand the molecular interface between pathogens like Salmonella
Typhimurium and Mycobacterium tuberculosis and the host cells they infect.
Innate Immune Response in Macrophages

Once a pathogen enters a host, phagocytes or scavenger cells are the first cells to
detect a threat and mount a response. The most effective cells that phagocytize
pathogens are macrophages and neutrophils. If a pathogen subverts each of these
components and is not cleared, inflammatory cells, defense cells, and complement
systems from the adaptive immunity are activated. If the adaptive immune response is
prolonged, it can lead to swelling, fever, and potential autoimmune disease?®*. Prolonged
macrophage activation and inflammatory responses can lead to swelling, fever, and
autoimmune disease, therefore, it is critical for macrophages and other first lines of
defense to eliminate pathogens. In the previous century, macrophages have been
identified as critical to understanding innate immunity and abnormalities in their
function have been found in cancer, arthritis, cystic fibrosis, and other diseases **’. Their
canonical functions include phagocytosis of pathogens, engulfment of dead cells, and

production of inflammatory cytokines that signal to other cells there is a threat. Upon
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activation by infection or bacterial signal through PRRs, a macrophage mounts an innate
immune response that promotes anti-inflammatory mechanisms. Overall, this activation
facilitates the phagocytosis of bacteria and dead cells to reestablish the balance of tissue
homeostasis. Interestingly, recent studies have contradicted the hypothesis that
macrophages do not have “immune memory”, like the adaptive immune system?*4,
Researchers have found epigenetic reprogramming upon innate immune signaling that
establishes innate immune memory and influences innate immune responses to further
macrophage activation 2%,
Transcriptional Response

An essential characteristic of bacterial infection is the ability to promote the
induction of a pro-inflammatory gene expression program by engagement of innate
immune receptors. When innate immune cells like macrophages sense pathogens, they
undergo a massive reprogramming of gene expression. Innate immune gene expression
is mostly studied in the context of ligands, receptors, and signaling cascades that lead to
the transcriptional output of the immune response mentioned previously. Signaling
cascades of TLRs, NLRs, and RLRs ultimately lead to host gene expression that
determines that outcome of infection (Figure 7). Some of these innate immune gene’s
expression are activated within minutes of bacterial or PAMP detection, while others are
delayed in their expression. These kinetics may be affected by the signaling pathway,
strength of signal, nucleosome remodeling, or RNA polymerase 1 availability?6®.

Primary response genes include chemokines, cytokines, and other molecules to combat

the bacterial infection. Additional transcription factors and signaling molecules are also
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considered primary response genes, as they are needed to activate additional secondary
response genes?/-269,
NF-kB and AP1

AP1 is a transcription factor that plays a role in regulating proinflammatory
cytokine expression. Interestingly, several members of the AP family of transcription
factors have opposing roles. While some are activators of gene expression, some are
repressors, similar to the NF-«xB family of proteins?’®. NF-«B is often the dominant
transcription factor complex of choice when the innate immune response is activated. It
is composed of 5 transcription factors: p50, p52, RelA (aka p65), c-Rel and RelB 2™, In
resting cells, these components are inactive. However, when a bacterial signal is sensed
by the cell, 1k is degraded allowing translocation of NF-kB into the nucleus. This
process is almost always activated by IKK and NEMO leading to the phosphorylation
and initiation of NF-kB, AP1 of pro-inflammatory cytokines, and IFN response.
Depending on host factors, the NF-xB activation cycle can lead to various gene
expression. NF-xB is important for transcription of cytokines like 11-12b, Tnf, IL-1b, II-
10, 11-6 as well as apoptosis regulators Bcl-XL and 1APs, and cyclin growth factors such
as Mcsf 272273 Cytokines like 11-6 play a significant roles in the pathogenesis of bacterial
infections ™. Interestingly, inhibitory Ik genes are also transcribed by NF-kB,
representing a powerful negative feedback loop of NF-«xB activation and regulation of

immune gene expression 272,
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IRFs and STATSs

IRF and STAT (Signal Transducer and Activator of Transcription) are additional
key transcription factors activated by innate immune signaling cascades. The IRF family
of transcription factors contains IRF 1-9. Upon activation these IRFs form hetero- or
homo-dimers, and bind to the IFN regulatory element or ISRE (IFN-stimulated response
element) 27>, IRF proteins contain several possible phosphorylation sites that are needed
for activation. Phosphorylation at serine 386 for IRF3 or serine 477 and 479 on IRF7 are
have been found to represent the main activation sites 27, Activation of type I IFN,
IFNB, by IRF3/IRF7 has been studied thoroughly 27°. Assembly of IRF3/IRF7 homo-
and heterodimers and other transcription factors like AP1 and NF-«xB, forms the
enhanceseosome which allows for Ifnb1 gene transcription 2", Importantly, NF-
kBcan assist with production of Ifnbl transcription, however, IRFs have not been found
to take part in proinflammatory gene expression®’®. After Ifnb1 is transcribed, it is then
released from the cell. Detection of IFN in the extracellular space is accomplished by
the IFNo/p receptor (IFNAR1) 2’°. Once IFNARL1 is activated, JAK1/TYK2 kinases
recruit and phosphorylate STAT1/STAT2 dimer (signal transducer and activator of
transcription), which assembles with IRF9 to form the IFN-stimulated gene factor 3
(ISGF3) complex 2'%-28L, Finally, this ISGF3 complex translocates into the nucleus and
binds IFN stimulated response elements (ISRE) to induce expression of hundreds of IFN
stimulated genes (ISG) such as Isg15, 1sg20, Irf9, Irf7, and Ifitl (Figure 7, Figure 9, &
Figure 10) 2’281 Transcription of these ISGs is specific to the type | IFN response, as

typically STAT proteins initiate transcription at Gamma activated sequence (GAS)
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elements 22, Ultimately transcription of this response results in a positive feedback loop
through the IFNAR receptor that further amplifies the Type | IFN response 2%,
Researchers are continually uncovering the importance of cytokines and ISGs in
controlling bacterial infection and their regulation before transcription is widely
appreciated. However, less is known about the post-transcriptional regulation of these
factors during the innate immune response.
Post-transcriptional Response During Innate Immunity

Although much research has been conducted on the transcriptional innate
immune response mounted by host cells following bacterial infection, very little is
known about how the host regulates innate immune gene expression post-
transcriptionally. Such a simplification neglects the dynamic processes that a transcript
goes through before translation occurs 12284, Regulation of post-transcriptional events
has been majorly overlooked in the context of the innate immune response and includes
mechanisms of regulation through several RNA-processing, translational events, as well
as post-translational modifications of proteins. Understanding how each step in gene
expression is regulated is critical for us to fully appreciate how the host immune
response is shaped following infection. My project aims to challenge the paradigm of
transcription as the primary regulatory checkpoint for macrophage innate immune
activation.

Previous reports have shown several alternative pre-mRNA processing events
that occur during bacterial infection in dendritic cells and macrophages'2. While some of

those genes are housekeeping genes, others play a critical role in cellular defense.
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Furthermore, LPS and IFN treatment of monocytes causes specific changes in terminal
exons that have differential poly(A) sites leading to shortening of 3° UTRs*?. Alternative
polyadenylation can occur within numerous sites on a transcript including exons and
introns as well as UTRs. The polyadenylation of a last exon can shorten or extend a
transcript’s 3’ UTR, whereas alternative polyadenylation within an intron can produce a
transcript that leads to a truncated protein. TLR1-7 have also been shown to have two to
four alternative polyadenylation sites?®. Furthermore, the factor CSTF2, which utilizes
weak polyadenylation sites, has increased protein expression upon LPS treatment in
macrophages?®. Poly(A) tails can also be differentially added to TNF-a and Ccl5
(Rantes) transcripts following LPS treatment triggering their translation.?87:2%,

The NXF1-NXT1 export complex is responsible for mMRNA export of the
majority of poly(A) mMRNAZ®, CRM1 is also another exportin that mediates nuclear to
cytoplasmic location of several mMRNAs and snRNPs?, Although mRNA export has not
been widely studied in the context of bacterial infection, many viruses disrupt export
functions to assist in their own RNA processing. XPO1 (exportin 1) and NXF1 (nuclear
export factors I) were identified by studying viral RNA and can inhibit or promote viral
export and trafficking 2. After export of a transcript, decisions are made by the cell to
stabilize the mRNA for translation or send for destruction.

MRNA stability and decay are additional processes that can also be regulated
during innate immunity. Metabolic labeling of RNA has shown that when cells are
treated with immune agonists, the duration of inflammatory responses depends on the

rate of RNA decay of dozens of immune transcripts 2°%?%!, Several proteins have been
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identified in regulating RNA turnover during innate immune responses, including TTP,
HuR, BRF1, KSRP, HNRNPD, and HNRNPL22%2-2% "|n 3 study looking at TTP, Tnfa
MRNA stability was decreased when TTP was bound to the ARE (AU-rich element) of
Tnfa. This study also found that when TNFa has increased expression, TTP expression
also increases, demonstrating a feedback loop that will downregulate the inflammatory
cytokine response and resolve prolonged inflammation 2%22%, TTP has also been found
to destabilize several other important infection modulators like 116, Inos, Ccl2, Ccl3, and
1110 2°5-2%7 Ljke TTP, ZC3H12A has also been shown to affect inflammation, whereby
ZC3H12A knockout mice were shown to increase immunoglobins and hyperresponsive
macrophages 2%. ZC3H12A destabilizes immune transcripts like 116 and 1112-p40 by
cleaning specific sites within the 3> UTR as an endonuclease 2%. Contrarily, ZCCHC11
has been found to bind to similar regions of 116 mRNA to stabilize the transcript 2*°.
These mechanisms of MRNA decay and stability are mechanisms that a host can
modulate to promote survival during infection or could help a bacterium circumvent
these host responses.

miRNA, ncRNAs, IncRNAs, also contribute to post-transcriptional regulation of
gene expression during innate immune activation 3. In combination with RISC (RNA-
induced silencing complex), or acting on their own mechanisms with additional proteins,
these ncRNAs can target transcripts by forming hairpin structures to bind to specific
regions of a transcript. For example, MiR-146 has been shown to target Irakl and Traf6,
both critical players in the innate immune response signaling cascade®®3%%, LncRNAs

have also been recently identified to regulate immune gene expression. Carpenter et. al

38



found lincRNA-Cox2 to be a major component in macrophages for regulation 1SGs%2,
In cooperation with hnRNPA/B and hnRNPA2/B1, lincRNA-Cox2 was shown to be
essential for expression of 116 and 700 additional secondary response genes 3%,
LncRNAs have also been found to act as targets for miRNA to block their attachment to
target genes and allow for upregulation of gene expression 3%,

The final step in RNA-processing is the initiation of translation of mMRNA into
the final product of a protein. Several components of the mTOR (Mammalian target of
rapamycin), elF (Eukaryotic Initiation Factor), eEF2 pathways play critical roles during
innate immunity in finalizing the outcomes of inflammatory mediators. EIF2 is regulated
by several kinases that are mediated by different environmental stimuli and dsRNA
through PKR. Phosphorylation of elF2 inhibits global translation 3%, During TLR
activation, elF2B has been found to be dephosphorylated through the TRIF pathway
allowing for translation production of immune response genes. Phosphorylation of elF4E
plays a role in translating TNF-a and 116 through IRAK?2 and IRAKS3 signaling®®.
mTOR can also phosphorylate elFAE, downstream of TRIF and MyD88 signaling .
Activation of macrophages with LPS has also shown mTOR-dependent phosphorylation
of 4EBPs (elF4E-binding proteins) which activates translation of Cxcl1, Tnfa, and 116
307 During bacterial infection, inactivation of mTOR by rapamycin has been found to
promote pro-inflammatory gene expression 3%,

Pre-mRNA Splicing in Innate Immunity
The main focus of my thesis research is the role of pre-mRNA splicing in

dictating innate immune outcomes. Much of this work was originally inspired by
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experiments conducted by Bhatt et al. and Pandya-Jones et al., which demonstrated that
when macrophages receive immune agonists, there is significant variation in the amount
of time it takes for splicing of innate immune transcripts to occur. Some transcripts are
processed several hours later or are never fully processed after upregulation of innate
immune transcription 3%, Previous studies have shown that innate immune response
genes are alternatively spliced upon infection of various pathogens including dengue
virus, Mycobacterium tuberculosis, Listeria monocytogenes, and Salmonella
Typhimurium 31%322_ Critical components of innate immune signaling cascades like
TLRs, MyD88, and IRAKSs are alternatively spliced with alternative isoforms leading to
opposing mechanisms of action'2291314-316 geveral important innate immune molecules
that function downstream of pattern recognition receptors, such as MyD88 3!/, the
interleukin-1 receptor associated kinase 1, IRAK1 3, and even some of the TLRs
themselves (TLR3, TLR4 co-receptor MD2) 319320 are regulated through expression of
truncated isoforms that auto-inhibit full-length protein function and dampen
inflammatory responses. One of the Tlr4 transcripts that is alternatively spliced to
include an additional exon, contains a premature stop codon. This produces a TLR4
protein without transmembrane and intracellular domains and inhibits LPS signaling 3°.
In the case of MyD88, splicing factors like SF3a have been directly implicated in
generating the MyD88 short isoform (MyD88-S), which inhibits expression of pro-
inflammatory cytokines like 116 following LPS treatment. From this alternative splicing,
MyD88-S is not able to bind to IRAK4 and mediate NF-kB activation *>%?!, IRAK1 also

has three isoforms that are produced by alternative splicing that lack kinase activity and
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can suppress NF-kB activation 318322323 Fyrthermore, TRAM and IRF3 are also
alternatively spliced and can promote degradation of the canonical isoform and inhibit
transactivation potential, respectively?. One study also found the RNA sensing adapter
MAVS has two spliced isoforms, with the canonical transcript inducing type | IFN

production and the short isoform antagonizing the canonical isoform 3

. Indeed, many
inflammatory mediators seem to encode isoforms with antagonistic activity, likely so
that the cell can reduce deleterious inflammation by promoting one isoform over the
other.

Little is known about how alternative splicing and pre-mRNA splicing decisions
change in response to bacterial infection. Interestingly, in human dendritic cells and
macrophages, gene expression of many splicing factors has been found to be upregulated
during immune activation 228, Furthermore, large-scale proteomic datasets looking at
phosphorylation changes upon bacterial infection reveal that over 20 splicing factors are
differentially phosphorylated upon bacterial infection, strongly suggesting that splicing
is regulated downstream of pathogen sensing 325326, With regulation of RNA splicing
and potential of pro-bacterial host factors, this widens the targets for host-directed
therapy utilizing splicing inhibitors, enhancers, or targeting direct isoforms. My research
focuses on how two of these splicing factors, hnRNP M and hnRNP F are regulated by
phosphorylations during bacterial infection. Furthermore, | interrogated several members

of hnRNP and SR RBPs that were identified from Budzik et. al. and Penn et. al. using

bioinformatic analysis to identify their role in regulating the innate immune response
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post-transcriptionally 325326, My project is the first to identify PTMs of RBPs and how
they influence gene expression regulation.
Post-translational Modifications During Innate Immunity

Post-translational modification of proteins constitutes a major mechanism by

which cells regulate protein function, localization, and stability?’

. There are myriad
PTMs, with the most well-studied being methylation, phosphorylation, ubiquitination,
and acetylation. Each of these modifications have been found in PRR-dependent
immune responses *2’. For examples, the RelA member of the NF-xB family is
modulated by multiple PTMs, including multiple acetylation, phosphorylation, and
methylation events 26, Methylation of arginine and lysine residues have been shown to
impact NF-xB responses %26, TBK1, MyD88, and TRAF6, have been found to be
differentially ubiquitinated, overall leading to inhibition of TLR-signaling *?’. STING
has also been found to be ubiquitinated by RNF5, promoting its degradation and
inhibiting IRF3-transcriptional responses during viral infection 32°. Several E3 ligases
such as MARCHS5, RNF5, AlP4, and SMURF2 can target MAVS for degradation
through ubiquitination 3223, Additionally, many deubiquitinating enzymes can
inactivate RIG-I 332334 Ultimately, phosphorylation has been the most widely studied
PTM during the innate immune response. Activation and deactivation of several
components of TLR-signaling require phosphorylation including MAPKSs, IKKa, IRF3,
as well as MAVS, STING, TRIF, and TBK1%7. TBK1, for example, autophosphorylates

itself and can phosphorylate IRF3 leading to dimerization and translocation into the

nucleus®®. In some instances, phosphorylation of innate immune proteins downregulates
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PRR signaling, as is the case for NLRX1, NLRC5, and MST4. For example, MST4
phosphorylates TRAF6, which leads to suppression of innate immune responses®36-33%,
Two recent publications measured macrophage protein phosphorylation following
infection with the intracellular pathogens Mycobacterium tuberculosis (Figure 11, Figure
12, & Figure 13) 32532 and Cryptococcus neoformans 3°. From each of these datasets,
RNA-processing and splicing machinery were the top protein groups found to be
differentially phosphorylated during infection. This data demonstrated that core
spliceosome factors like SF3b1 and more peripheral splicing factors such as hnRNPs and
SRs are differentially phosphorylated upon infection, suggesting an important role in the
regulation of splicing during bacterial infection. Within this group of RBPs, very few
have been studied in the framework of innate immunity. From these splicing proteins
and RBPs that were differential phosphorylated (Figure 11, Figure 12, & Figure 13), my
research honed in on the SR and hnRNP families of auxiliary splicing factors.

We hypothesize that pre-mRNA splicing regulation is a major component of the
innate immune response; whereby cells can rapidly respond to pathogens by influencing
the efficiency of pre-mRNA splicing of innate immune transcripts by posttranslational
modification of RNA-binding proteins. Such changes lead to changes in total gene
expression of crucial innate immune transcripts on top of those attributed to
transcriptional activation. My experiments have shed light on how alternative splicing is
impacted through direct modification of RNA-binding proteins and thus how splicing

can influence the innate immune proteome as well. We chose to work with hnRNPs and

SRs because: 1) they are known to affect splicing 2) they have significant changes in
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their phosphorylation status upon bacterial infection 3) and they may be more easily
manipulated than core splicing factors. These peripheral proteins can modulate splicing,
but not necessarily impair it all together, so that cells can remain healthy. My initial
research focused on hnRNP M with additional preliminary studies on hnRNP F. Finally,
| took an unbiased bioinformatic approach to look more globally at how hnRNP and
SRSF proteins differentially contribute to innate immune responses during bacterial

infection.
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CHAPTER II
THE SPLICING FACTOR HNRNP M IS A CRITICAL REGULATOR OF INNATE

IMMUNE GENE EXPRESSION IN MACROPHAGES*

Introduction

When innate immune cells like macrophages sense pathogens, they undergo a
massive reprogramming of gene expression. Although innate immune gene expression is
mostly studied in the context of transcriptional activation, multiple lines of evidence
support a crucial role for pre-mRNA splicing regulation in shaping the macrophage
transcriptome. For example, when primary mouse macrophages are treated with a TLR4
agonist, individual transcripts show significant variation in the time it takes for them to
be fully spliced, with some pre-mRNAs remaining unprocessed for hours after
transcriptional activation 3%, Likewise, computational analyses of human primary
macrophages reveal a robust increase in mRNA isoform diversity and a global
preference for exon inclusion following lipopolysaccharide (LPS) treatment or
Salmonella enterica serovar Typhimurium infection 31°. The production of functionally
diverse protein isoforms via alternative splicing is also known to influence innate
immune responses. Several important innate immune molecules that function
downstream of pattern recognition receptors, such as the TLR adaptor protein MyD88
317 the interleukin-1 receptor associated kinase 1, IRAK1 38 and even some of the
TLRs themselves (TLR3, TLR4 co-receptor MD2) 31320 | are regulated through
expression of truncated isoforms that auto-inhibit full-length protein function and
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dampen inflammatory responses. In the case of MyD88, splicing factors like SF3a have
been directly implicated in generating the MyD88 short isoform (Myd88-S), which
inhibits expression of pro-inflammatory cytokines like interleukin-6 (11-6) following LPS
treatment 132,

To date, only a handful of RNA-binding proteins (RBPs) have been studied in
the context of the innate immune response. For example, TLR4 signaling via LPS
treatment promotes the shuttling of hnRNP U (heterogeneous nuclear ribonucleoprotein
particle U) from the nucleus to the cytosol, resulting in differential expression of several
innate immune cytokines (TNF-a, IL-6, IL-1B) via hnRNP U-dependent stabilization of
cytosolic mMRNAs 3%, Tristetraprolin (TTP), human antigen R (HuR), T cell intracellular
antigen 1-related protein (TIAR), and hnRNP K have also been implicated in controlling
gene expression in LPS-activated macrophages, with TTP and HuR regulating mRNA
decay and TIAR and hnRNP K causing translational repression 92:293.294341,
Phosphorylation is generally thought to control subcellular localization and protein-
protein interactions between these RBPs %-%7, but the kinases/phosphatases responsible
for modifying them and the conditions under which these modifications are controlled
remain poorly understood.

Two recent publications measured macrophage protein phosphorylation
following infection with the intracellular pathogens Mycobacterium tuberculosis 32°326
and Cryptococcus neoformans 3%. Intriguingly, a substantial number of these
differentially phosphorylated peptides were derived from splicing factors. In fact,

“spliceosome” was the top over-represented phosphorylated pathway in C. neoformans-
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infected cells, suggesting that post-translational modification (PTM) of splicing factors
is critical for controlling innate immune responses to pathogens. One of the proteins that
was significantly differentially phosphorylated in each of these datasets was hnRNP M.
hnRNP M is a splicing factor and RBP that has been repeatedly implicated in cancer
metastasis and muscle differentiation 374245253 ts role in regulating innate immune
gene expression in macrophages is unknown, although interestingly, it has also been
found to influence dengue virus replication 3#?, suggesting a role in antiviral responses.

Here, we demonstrate that abrogating hnRNP M expression in a macrophage cell
line leads to hyperinduction of over 100 transcripts following distinct innate immune
stimuli, including infection with the gram-negative bacteria Salmonella enterica serovar
Typhimurium, treatment with TLR2 and TLR4 agonists, and transfection of cytosolic
dsDNA. While our data reveal that hnRNP M co-transcriptionally represses gene
expression by influencing both constitutive and alternative splicing decisions, regulation
of hnRNP M’s function via phosphorylation at S574 specifically controls the protein’s
ability to inhibit intron removal of innate immune-activated transcripts. Consistent with
its role in downregulating macrophage activation, macrophages lacking hnRNP M are
better able to control viral replication, emphasizing the importance of pre-mRNA

splicing regulation in modulating the innate immune response to infection.
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Results
RNA Sequencing (RNA-Seq) Analysis Reveals Immune Response Genes Are
Regulated by hnRNP M during Salmonella Infection

To investigate a role for hnRNP M in regulating the innate immune response, we
first tested how loss of hnRNP M globally influenced macrophage gene expression.
Stably selected, constitutive hnRNP M KD cell lines were generated by transducing
RAW 264.7 mouse macrophages with lentiviral ShRNA constructs designed to target
hnRNP M or a control SCR shRNA. Western blot and qRT-PCR analysis confirmed
~80% and 60% knockdown of hnRNP M using two different shRNA constructs (KD1
and KD2, respectively) (Figure 1A). Because several attempts to knock out hnRNP M in
RAW 264.7 macrophages by CRISPR/Cas9 gRNAs resulted exclusively in clones with
in-frame insertions or deletions, we concluded that hnRNP M is essential in
macrophages and continued our experiments using the viable knockdown cell lines. We
next performed RNA-seq analysis on total poly(A)+ selected RNA collected from
uninfected and Salmonella Typhimurium infected cells (MOI = 10) at the key innate
immune time point of 4 h post-infection, at which time transcriptional activation
downstream of both MyD88 and TRIF adapters would be expected *3. Using CLC
Genomics Workbench, we identified a number of genes that were differentially
expressed in uninfected hnRNP M KD cells compared to SCR control cells, with 391
genes upregulated and 174 downregulated (Figure 1B). Looking specifically at
transcripts with a fold change of > +1.5 (p < 0.05), we observed similar numbers of

impacted genes in uninfected hnRNP M KD and SCR macrophages (Figure 1C) and
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those infected with Salmonella (Figure 1D). The ratio of upregulated (blue) and
downregulated (red) transcripts was also quite similar between the two conditions and
consistent with previous reports of (nRNP M repressing pre-mRNA splicing 330,
Interestingly, we observed only 25% overlap between genes that were differentially
expressed in uninfected and Salmonella-infected macrophages, suggesting that hnRNP
M has distinct modes of operation depending on the activation state of a macrophage
(Figure S1A). Unbiased canonical pathways analysis revealed strong enrichment for
differentially expressed genes in innate immune signaling pathways in Salmonella-
infected hnRNP M KD cells (Figure 1E), and manual analysis of these lists revealed a
number of important chemokines (e.g., Cxcl16, Ccl17, Ccl2, Ccl7), antiviral molecules
(e.g., Isg15, Mx1, Rsad?2), and pro-inflammatory cytokines (e.g., IL6, Mipla [Ccl3],
IL18) whose expression were dramatically affected by loss of hnRNP M (Figure 1F).
Additional pathways enriched for hnRNP M-dependent genes can be found in Figures
S1B and S1C, and a list of all impacted genes (x1.5-fold change) can be found in Table
S1.

To validate the RNA-seq gene expression changes, we used qRT-PCR to
measure transcript levels of genes from both lists (uninfected SCR versus hnRNP M KD
and Salmonella-infected SCR versus hnRNP M KD). We confirmed overexpression of
several genes in uninfected hnRNP M KD cells (Rnf26, Rnf128, Slc6a4; Figure 1G), as
well as hyperinduction of transcripts in hnRNP M KD cells at 2 and 4 h post-Salmonella
infection (IL6, Mx1, Gbp5, Adora2a, and Marcks) (Figures 1H and S1D). Importantly,

induction of other pro-inflammatory mediators such as IL14 and Tnfe did not rely on
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hnRNP M (Figure 11), suggesting that hnRNP M’s ability to regulate gene expression is
conferred by specificity at the transcript level, rather than being common to a
transcriptional regulon (e.g., NF-xB, IRF3, STAT1). Together, these results reveal a
previously unappreciated role for hnRNP M in repressing specific innate immune
transcripts in macrophages.
hnRNP M Regulates a Specific Subset of Innate Immune Genes upon Treatment
with Diverse Innate Immune Stimuli

Salmonella encodes several PAMPSs that serve as potent activators of pattern
recognition receptors. Salmonella can also activate pro-inflammatory gene expression
via its virulence-associated type 111 secretion system ***. To begin to determine the
nature of the signal through which hnRNP M-dependent gene expression changes occur,
we first tested whether LPS, a potent agonist of TLR4 **° and component of the
Salmonella outer membrane, was sufficient to hyperinduce IL6 expression in hnRNP M
KD macrophages (Figure 2A). Similar to Salmonella infection, we observed a 3- to 4-
fold hyperinduction of IL6 in hnRNP M KD cells treated with 100 ng/mL LPS (from E.
coli) for 2 and 4 h, confirming that hnRNP M acts downstream of TLR4 activation
(Figure 2B). Importantly, hyperinduction of IL6 mMRNA in both LPS-treated and
Salmonella-infected hnRNP M KD macrophages increased IL-6 protein levels 3- to 6-
fold (Figure 2C), indicating that hnRNP M repression of IL6 mRNA processing impacts
protein outputs in a biologically meaningful way. We believe hnRNP M mainly
functions to repress IL6 expression early in macrophage activation, as we did not

observe statistically significant differences in IL6 mRNA levels between SCR and
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hnRNP M KD at later time points (6 h) post-LPS treatment (Figure S2B), and this trend
generally held for several other hnRNP M-dependent transcripts (Figure S2B). We did
not observe any significant changes in hnRNP M protein expression over the same time
course of LPS treatment (Figure S2C) nor did we observe significant differences in IkBa
degradation over a course of LPS treatment in hnRNP M KD versus SCR control cells
(Figure S2D), demonstrating that signaling downstream of TLR4 activation is intact in
the absence of hnRNP M. Consistent with our RNA-seq and qRT-PCR data from
Salmonella-infected cells, Mx1, Gbp5, and Marcks were hyperinduced in hnRNP M KD
cells after LPS treatment at 2 and 4 h (Figure 2E; Figure S2A), while IL1p (Figure 2D)
and Tnfa (Figure S2A) showed no changes in expression after LPS treatment in hnRNP
M KD versus SCR control cells, despite both transcripts being tremendously
upregulated. Rather than being activated by NF-kB, transcription of Mx1 and Gbp5
occurs via STAT1 downstream of interferon (IFN)-B signaling, following IFN-f3
expression via the TRIF/IRF3 axis (Figure 2L). These results hinted at a mechanism for
hnRNP M-dependent repression that is independent of transcription factor specificity
and is instead dependent on individual transcripts.

In order to confirm that hnRNP M’s ability to regulate innate immune gene
expression was not unique to RAW 264.7 macrophages, we used siRNAs to knockdown
hnRNP M in primary mouse bone marrow-derived macrophages (BMDMs) for 72 h,
alongside negative control (designed to not target anything) and positive control
(designed to target GAPDH) siRNAs (Figure 2F; Figure S2E) and treated these

macrophages with LPS. Because BMDMs are incredibly responsive to innate immune
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agonists, we used two different concentrations of LPS, 100 ng/mL (same as in the RAW
264.7 experiments) and 10 ng/mL. In both cases, hnRNP M siRNA KD in BMDMs
recapitulated the phenotype that we observed in the RAW 264.7 KD macrophages, i.e.,
hyperinduction of IL6 (Figures 2G, 100 ng/mL, and 2H, 10 ng/mL), albeit with slightly
different kinetics and dose responses than we observed in the RAW 264.7 cell line.
Importantly, we also measured hyperinduction of Gpb5, Mx1, and Adora2a and no
change in Tnfa or IL1S (Figures 21, 2J, and S2F) in hnRNP M siRNA KD cells,
consistent with our results in the macrophage cell line. Together, these results argue for
hnRNP M playing a crucial, conserved role in innate immune gene expression in both
primary murine macrophages and murine macrophage cell lines.

To more directly test the idea that hnRNP M’s target specificity is at the level of
the transcript itself, we tested whether genes like Mx1 and IL6 were hyperinduced in
hnRNP M KD RAW 264.7 macrophages treated with a panel of innate immune agonists.
Treatment with 100 ng/mL of the TLR2/1 agonist Pam3CSK4 hyperinduced 1L6
expression in hnRNP M KD cells compared to SCR controls (Figure 2K; Figure S2G),
while Tnfa and IL1 mRNA levels remained similar (Figure S2G). Likewise,
transfection of hnRNP M KD cells with 1 pg/mL ISD a potent agonist of cytosolic DNA
sensing and IRF3-mediated transcription downstream of the cGAS/STING/TBK1 axis
190 (Figure 2L), led to hyperinduction of Mx1 in hnRNP M KD cells (Figure 2M). Ifnb
and other IFN-stimulated genes (ISGs) regulated by IRF3 (Ifitl and Irf7) were expressed
at similar levels (Figures 2M and 2N). Direct engagement of the IFN receptor (IFNAR)

with recombinant IFN-f also resulted in Mx1 hyperinduction in hnRNP M KD cells
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(Figure 20). Collectively, these results bolster a model whereby hnRNP M represses
MRNA expression of a specific subset of innate immune genes, regardless of how those
genes are induced.
hnRNP M Influences Gene Expression Outcomes at the Level of Pre-mRNA
Splicing

Because previous studies of hnRNP M have shown that it can enhance or silence
splicing of alternatively spliced exons 23551 we first asked whether loss of hnRNP M
could specifically influence constitutive intron removal and/or alternative splicing in
LPS-activated macrophages. We chose IL6 as a model transcript because (1) it has a
simple intron-exon architecture with four relatively short introns (165, 1,271, 3,059, and
1,226 nucleotides, respectively); (2) it was robustly hyperinduced by loss of hnRNP M
(Figures 1F and 1H); and (3) it is a crucial component of the macrophage inflammatory
response. Using gRT-PCR, we first measured the relative abundance of each IL6 intron-
exon junction (Figure 3A) in SCR control cells to assess how intron removal proceeded
on IL6 pre-mRNAs in cells containing hnRNP M. Primers were designed to only
amplify introns that are still part of pre-mRNAs and not released intron lariats. At 2 h
post-LPS treatment, most of the IL6 transcripts we detected were partially processed,
with intron 1 and to some extent intron 4 being preferentially removed and introns 2 and
3 being retained (Figure 3B). We then compared the relative abundance of IL6 introns in
SCR control cells to those in hnRNP M KD macrophages and observed a dramatic and
specific decrease in intron 3-containing IL6 pre-mRNAs in the absence of hnRNP M.

This decrease in IL6 intron 3 starkly contrasted other IL6 intron-exon and exon-exon
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junctions, which were overall more abundant in the absence of hnRNP M (Figure 3C).
The fact that we observe vastly different amounts of intron 2 and 4-containing IL6 pre-
MRNAs compared to intron-3-containing IL6 pre-mRNAs in hnRNP M KD
macrophages speaks against hnRNP M impacting IL6 expression transcriptionally and
instead argues strongly for the protein playing a role in IL6 pre-mRNA processing.
These data demonstrate that IL6 pre-mRNAs accumulate in the absence of hnRNP M
and suggest that IL6 intron 3 plays a privileged role in dictating the maturation of IL6
MRNAs. Specifically, we propose that retention of intron 3 serves as a rate-limiting step
in IL6 pre-mRNA processing so that in the absence of hnRNP M, when IL6 intron 3 is
removed more efficiently, higher levels of mature IL6 mMRNA are made (Figures 1F, 1H,
and 2B). Consistent with a role for hnRNP M in controlling splicing specifically, we did
not observe any significant differences in the stability of IL6 mMRNAs in hnRNP M KD
macrophages compared to SCR controls following a time course of Actinomycin D
treatment (Figure S3A). We next wanted to explore whether loss of hnRNP M also
influenced alternative splicing in uninfected and Salmonella-infected macrophages. To
do so, we employed an algorithm for LSV analysis called MAJIQ 3. MAJIQ allows
identification, quantification, and visualization of diverse LSVs, including alternative 5’
or 3’ splice site usage and exon skipping, across different experimental conditions.
MAJIQ identified a total of 94 LSVs in uninfected SCR versus hnRNP M KD
macrophages and 67 LSVs in Salmonella-infected SCR versus hnRNP M KD
macrophages (probability [Idelta PSI|, >20%], >95%) (Figure 3D). The vast majority of

the LSVs identified in SCR versus hnRNP M KD cells were exon skipping events
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(Figure 3D). Subsequent visualization of these LSVs by Voila analysis revealed that loss
of hnRNP M generally correlated with increased exon inclusion in both uninfected and
Salmonella-infected macrophages. In other words, the presence of hnRNP M led to more
exon skipping, which is consistent with a role for hnRNP M in splicing repression. We
also conducted IPA pathway analysis of alternatively spliced transcripts to identify
pathways enriched for hnRNP M-dependent changes. In contrast to our global gene
expression IPA analysis, we observed no enrichment for genes in innate immune-related
pathways in either uninfected or Salmonella-infected macrophages (Figure 3E). In fact,
only 3 transcripts had both significant expression changes (via RNA-seq) and significant
delta PSI changes (via MAJIQ), suggesting that hnRNP M’s role in influencing steady-
state gene expression of innate immune transcripts is distinct from its role in controlling
alternative splicing decisions (Figure S3B). Interestingly, the greatest number of splicing
changes were induced by Salmonella infection itself (Figure S3C), consistent with
previously published datasets 310311,

Mx1, an anti-viral GTPase, was one of the three transcripts significantly
impacted by loss of hnRNP M at the levels of gene expression (Figures 1F and 1H) and
alternative splicing (Figure 3F). Specifically, MAJIQ identified an exon inclusion event
of Mx1 “exon 9” that was significantly more frequent in hnRNP M KD uninfected
macrophages versus SCR control uninfected macrophages (delta PSI exon 8-exon 9 =
0.703 versus exon 8-exon 10 = 0.298) (Figure 3G). Inclusion of this exon 9 introduces a
premature stop codon and exon-9-containing transcript isoforms of Mx1 are annotated as

nonsense-mediated decay targets. Together with our RNA-seq analysis, these results
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suggest that the overall abundance of Mx1 protein may be regulated by hnRNP M at
multiple post-transcriptional processing steps, i.e., bulk transcript abundance and
proportion of functional protein-encoding transcripts. MAJIQ also reported increased
exon inclusion events for Commds, a putative transcriptional regulator, and Nmt2, an N-
myristoyltransferase. We confirmed each of these LSVs by semi-quantitative RT-PCR
(Figures 3H, 3I, and S3D). Collectively, these data illustrate that hnRNP M can repress
splicing of both constitutive and alternative introns, leading to distinct transcript and
protein expression outcomes in macrophages.
hnRNP M Is Enriched at the Level of Chromatin and at the L6 Genomic Locus
To get a better understanding of how hnRNP M controls pre-mRNA splicing, we
next asked where hnRNP M localizes in RAW 264.7 macrophages and whether its
localization changed upon TLR4 activation. Other hnRNP family members have been
found to translocate to the cytoplasm in response to several different types of stimuli
including VSV infection, osmotic shock, and inhibition of transcription 93346347 and
hnRNP U has been shown to shuttle out of the nucleus following LPS treatment of
macrophages 4. Based on our data implicating hnRNP M in splicing, we predicted that
it can function in the macrophage nucleus and indeed, several algorithms including NLS
Mapper 348 and PredictProtein 3*° predicted hnRNP M is a predominantly nuclear protein
(NLS Mapper score 8.5/10; PredictProtein 98/100) (Figure 4A). To examine hnRNP M
localization, we performed immunofluorescence microscopy in uninfected macrophages
using an anti-hnRNP M antibody and observed significant nuclear enrichment (Figure

4B) with no major changes over a 2 h time course of LPS treatment (Figure 4C). This
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was true for endogenous hnRNP M and a 3XFLAG-hnRNP M allele stably expressed in
macrophages (Figure S4A). As a control, we monitored the translocation of hnRNP U
upon LPS treatment and observed nuclear to cytoplasmic translocation, consistent with
previous reports (Figure S4B). Based on these results, we concluded that hnRNP M is a
nuclear protein in macrophages and that LPS treatment does not trigger translocation to
another cellular compartment.

We next sought to understand more precisely where in the nucleus hnRNP M
was enriched since intron recognition and removal can occur at the level of chromatin,
while nascent transcripts are still tethered to RNA polymerase 11 309350352 T this end,
we performed a cellular fractionation experiment in RAW 264.7 macrophages over a
time course of LPS treatment and visualized hnRNP M localization via western blot
(Figure 4D). We observed hnRNP M in both the nucleoplasm and the chromatin over the
course of LPS treatment, while no hnRNP M was detectable in the cytoplasmic fraction.
Macrophages stably expressing 3XFLAG-hnRNP M showed a similar hnRNP M
distribution between the nucleoplasm and chromatin (Figure S4C). We did not observe
significant redistribution of either endogenous or 3XxFLAG-hnRNP M between the
nucleoplasm and chromatin fractions upon LPS treatment (Figures 4D and S4C).
Residual hnRNP M protein expressed in KD cell lines was similarly distributed between
the chromatin and nucleoplasm (Figure S4D). Together, fractionation and
immunofluorescence experiments confirmed that a population of hnRNP M associates
with chromatin, and the protein does not grossly redistribute in the cell upon LPS

treatment.

57



hnRNP M’s Association with the IL6 Locus Is RNA Dependent and Controlled by
TLR4 Signaling

We next wanted to determine whether hnRNP M’s association with chromatin
was specific for the genomic loci of genes whose regulation was impacted by hnRNP M
(Figure 1F). We hypothesized that, if hnRNP M repression of IL6 intron 3 removal
occurs at the nascent transcript level, then hnRNP M may associate with the 1L6
genomic locus. To test this, we performed ChIP-gPCR. ChlIP has been used extensively
in yeast and to some extent in mammals as a spatiotemporal read out of splicing factor
recruitment to nascent transcripts®*%33-3%_Endogenous hnRNP M was
immunoprecipitated from untreated macrophages, and association with the IL6 locus
(DNA) was determined using a series of tiling primers spaced approximately 500 bp
apart (Figure 4E). We observed no enrichment of hnRNP M in the promoter region of
IL6, consistent with it playing a mainly post-transcriptional role in IL6 processing
(Figure 4F, primer set 1). We did, however, observe significant enrichment of hnRNP M
at several primer sets in the IL6 gene, most notably over the intron 2-intron 3 region
(Figure 4F, primer sets 3-5). Previously published cross-linking immunoprecipitation
(CLIP)-seq experiments identified a GUGGUGG consensus site for hnRNP M 2°; such a
site exists in intron 2 of IL6, and several similar motifs are found in IL6 intron 3
(Figure S4E). Indeed, of all the transcripts in Figure 1D, >75% of them contain at least
one consensus hnRNP M motif in an intron (Table S2). ChIP-gPCR of histone H3,
which showed clear depletion of nucleosomes around the IL6 transcription start site

(primer sets 1 and 2), was performed to control for genomic DNA accessibility and/or
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primer set efficiency (Figure 4G). Together, these results reveal that hnRNP M can
associate with the genomic locus of transcripts like IL6 whose splicing it represses,
suggesting that it functions co-transcriptionally. Importantly, treatment with RNase A
shifted hnRNP M from the chromatin into the nucleoplasm (Figure 4H). Likewise,
RNase A treatment 3*®abolished hnRNP M enrichment at the 1L6 genomic locus via
ChIP-gPCR as well, confirming that its association with chromatin and the IL6 gene
depends on RNA (Figure 41).

If hnRNP M acts as a repressor of IL6 splicing by binding to nascent transcripts
at the IL6 locus, we hypothesized that this repression might be relieved upon TLR4
activation, thus allowing a cell to robustly induce IL-6 expression following pathogen
sensing. To test this, we performed ChIP-gPCR of hnRNP M at the IL6 locus in RAW
264.7 macrophages treated with LPS for 1 h. Remarkably, we observed a complete loss
of hnRNP M enrichment at all primer sets along the IL6 gene body, including those over
intron 2 and 3, following LPS treatment (Figure 4J). This result strongly links hnRNP
M’s ability to repress IL6 with its presence at the IL6 genomic locus and suggests that
TLR4 signaling controls hnRNP M’s repressor activity.

Having demonstrated that hnRNP M’s ability to associate with the IL6 chromatin
locus relies on RNA, we were curious to see whether hnRNP M directly binds to
transcripts whose expression were hnRNP M dependent (Figures 1C and 1D). To begin
to answer this question, we leveraged previously published datasets of hnRNP M-bound
transcripts in two human cell lines HepG2 (human liver carcinoma cells) and K562

(human chronic myelogenous leukemia cells)®’. Remarkably, we observed almost 60%
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overlap between our MAJIQ genes and the eCLIP datasets (Figure 4K; Table S3),
suggesting that hnRNP M’s alternative splicing targets are highly conserved between
mouse and human and that the transcripts identified in our MAJIQ analysis are direct
hnRNP M targets. While the overlap between the eCLIP hits and differentially expressed
transcripts from our RNA-seq analysis (RNA-seq hits, Figures 1C and 1D) was lower
(22% for Salmonella-infected transcripts, 21% for uninfected transcripts), this result is
not altogether surprising, as HepG2 cells and K562 cells would not be expected to
express many of the same transcripts as a macrophage. However, together these data
reinforce the idea that RBPs like hnRNP M can play specialized roles in different
cellular contexts, while also regulating a core set of conserved target transcripts.
Phosphorylation of hnRNP M at S574 Downstream of TLR4 Activation Controls
Its Ability to Repress Expression of Innate Immune Transcripts

A recently published phosphoproteomics dataset identified a number of splicing
factors that were differentially phosphorylated during infection with the intracellular
bacterium Mycobacterium tuberculosis 325226, Because it is not a gram-negative
bacterium, M. tuberculosis does not activate TLR4 via LPS, but it does express the LM
and other lipoproteins, which are agonists of TLR2. Having confirmed hnRNP M-
dependent regulation of IL6 following treatment with a TLR2 agonist (Pam3CSK4)
(Figure 2K), we reasoned that TLR2 activation upon M. tuberculosis infection may lead
to the same changes in hnRNP M phosphorylation as would TLR4 activation during
Salmonella infection. We thus leveraged the M. tuberculosis global phosphoproteomics

dataset from Penn et al. 3%, identified 5 differentially phosphorylated serine residues on
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hnRNP M (S85, S431, S480, S574, and S636) (Figure 5A), and generated 3XFLAG-
hnRNP M constructs with phosphomimic (S—D) or phosphodead (S—A) mutations at
each of the serines and made stable RAW 264.7 macrophages expressing each of these
alleles in wild-type RAW 264.7 macrophages that still contain a wild-type hnRNP M
allele. Importantly, we did not observe any significant differences in the expression level
of these mutant alleles compared to the wild-type 3XFLAG-hnRNP M either in resting
macrophages or over a course of LPS treatment (Figure S5A). Although the
phosphoproteomics dataset predicts infection-dependent gain of phosphorylation at some
sites and loss of phosphorylation at others, we were curious as to whether we could
detect bulk hnRNP M phosphorylation changes via western blot analysis. While we were
unable to detect any higher- or lower-molecular-weight species using antibodies against
the endogenous protein, we consistently measured accumulation of a higher-molecular-
weight species of the wild-type 3xFLAG-hnRNP M allele over the course of LPS
treatment, with an initial increase in the species seen as early as 15 min post-treatment
(Figure S5B), consistent with a population of hnRNP M being post-translationally
modified upon pathogen sensing.

To determine how these individual serine residues contribute to hnRNP M
activity during macrophage activation, we infected each of the phosphomutant/mimic-
expressing cell lines, as well as a control expressing a wild-type allele, with Salmonella
and measured IL6 and Mx1 expression at 4 h. Remarkably, expression of hnRNP M
harboring a single serine mutation (hnRNP M 574D) caused dramatic hyperinduction of

both IL6 and Mx1 compared to cells expressing the wild-type 3XFLAG-hnRNP M allele

61



(Figures 5B and 5C). Several other phosphomutant alleles (S85D, red bar, S431A, light-
blue bar, S480A/D, green bars) also affected IL6 and Mx1 induction but to a lesser extent
(Figures 5B and 5C). Mutating S587, which is a repeat of the S574-containing sequence
(MGANS(ph)LER), did not affect the regulation of IL6 or Mx1, suggesting the location
of these serines is critical and that phosphorylation-dependent regulation of hnRNP M is
specific for select serine residues (Figure S5C). Curiously, expression of the S574D
allele in the hnRNP M KD cell lines did not recapitulate this derepression phenotype,
suggesting the 574D allele disrupts the activity of wild-type hnRNP M itself—perhaps
via interfering with hnRNP M protein oligomerization and/or higher-order complexes
that form at innate immune targets (Figure S5D).

Having implicated hnRNP M phosphorylation at S574 in controlling IL6 and
Mx1 expression, we next wanted to see how phosphorylation affected transcripts whose
expression in uninfected cells was higher in the absence of hnRNP M (Figure 1G).
While we again observed elevated expression of these transcripts in the absence of
hnRNP M (hnRNP M KD, gray bars), expression of the phosphomutant alleles
(S431A/D and S574A/D) had no effect on Rnf128, Rnf26, or Slc6a4 transcript levels
(Figure 5D). Expression of these genes was similarly unaffected by the other hnRNP M
phosphomutants (Figure S5E). Alternative splicing of Commd8 was also unaffected by
any of the phophosmutants in either uninfected or Salmonella-infected cells (Figure 5E).
Together, these data provide strong evidence that hnRNP M’s ability to regulate the
expression of constitutively expressed genes and/or influence alternative splicing

decisions does not rely on phosphorylation at serine 574, whereas its role in regulating
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innate immune transcripts induced during infection is specifically controlled by PTMs
downstream of pathogen sensing.

Like wild-type hnRNP M, each hnRNP M phosphomutant was enriched in the
chromatin in untreated cells (Figure S5F). However, in ChIP experiments looking
specifically at the IL6 locus, the S574D phosphomimic allele displayed virtually no
enrichment compared to the S574A phosphodead allele, whose enrichment profile was
similar to that of wild-type hnRNP M (Figure 5F and Figure 4F). Indeed, hnRNP M
574D ChlPs more closely resembled those from RNase- or LPS-treated samples (Figures
41 and 4J). These data point to phosphorylation of residue S574 in controlling hnRNP
M’s ability to co-transcriptionally repress processing of chromatin-associated 1L6 pre-
MRNAs.

We next sought to better understand how hnRNP M is phosphorylated at these
key residues. TLR4 activation triggers a number of signaling cascades, including p38,
MEK1/2 (ERK), and INK MAP kinases. Previous reports have implicated each of these
pathways in regulating 1L6 expression downstream of innate immune stimuli *%8, but it is
not known whether these cascades control splicing factor phosphorylation. To test the
role of each cascade in hnRNP M-dependent repression of IL6, we performed ChIP
experiments in the presence of LPS and specific inhibitors of p38 (SB203580), INK
(SP600125), or MEK (U0126). We again observed LPS-dependent loss of hnRNP M
enrichment at IL6 (primer sets 4-6), and treatment with JNK and MEK inhibitors had no
effect on hnRNP M release. However, in the presence of the p38 inhibitor, LnRNP M

remained associated with the IL6 genomic locus after LPS treatment (Figure 5G),
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demonstrating that p38 signaling promotes release of hnRNP M from the IL6 genomic
locus.

Last, to interrogate the mechanism driving IL6 hyperinduction in hnRNP M
S574D-expressing cells, we asked whether IL6 intron removal was affected by
expression of the phosphomutant alleles. Using the same gRT-PCR approach used in
Figure 3B, we detected an increase in IL6 pre-mRNAs containing introns 2 and 3 in
macrophages overexpressing a wild-type hnRNP M allele, consistent with hnRNP M
slowing IL6 intron removal. Conversely, these same introns were removed more
efficiently in the presence of hnRNP M S574D, while no difference was observed in
S574A-expressing cells (Figure 5H). These data strongly support a model whereby
phosphorylation of hnRNP M at S574 relieves its ability to act as a splicing repressor,
allowing for rapid removal of IL6 introns and upregulation of IL6 mRNA, and
demonstrate a previously unappreciated role for constitutive intron removal in mediating
IL6 expression in macrophages.

Loss of hnRNP M Enhances Macrophages’ Ability to Control Viral Infection

Because loss of hnRNP M resulted in hyperinduction of a variety of cell-intrinsic
antimicrobial molecules and ISGs, we hypothesized that hnRNP M KD cells would be
better at controlling viral replication. We infected SCR and hnRNP M KD RAW 264.7
macrophages with VSV, an enveloped RNA virus that can replicate and elicit robust
gene expression changes in RAW 264.7 macrophages 3%°. Viral replication (levels of
VSV-G) was measured over an 8 h time course by qRT-PCR in cells infected with a

viral MOI of 1 and 0.1. At both MOls, loss of hnRNP M correlated with dramatic
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restriction of VSV replication, particularly at the 8 h time point (Figure 6A). As
expected, infection with VSV, a potent activator of cytosolic RNA sensing via RIG-
I/MAVS *9 led to robust induction of Ifnb levels in an hnRNP M-independent fashion
at both MOls, as we previously observed in hnRNP M KD cells transfected with
cytosolic dsDNA (Figures 6B, S6A, and 2M, respectively). Consistent with hnRNP M-
dependent regulation occurring downstream of diverse immune stimuli (Figure 2), VSV-
infected hnRNP M KD cells at MOI = 1 and MOI = 0.1 hyperinduced both Mx1 and IL6
(Figures 6C, 6D, S6B, and S6C). While Mx1 itself is a well-known anti-viral GTPase,
cell lines derived from inbred mouse strains like RAW 264.7 have been shown to carry
non-functional Mx1 alleles (Shin et al., 2015). Therefore, to begin to predict what other
hnRNP M-regulated genes may be responsible for enhanced VSV restriction, we
manually examined hnRNP M-regulated transcripts in our RNA-seq data from
uninfected and Salmonella-infected (i.e., TLR4-activated) macrophages and identified a
number of genes known to be important for controlling RNA viral replication (Figure
6E). gRT-PCR confirmed hyperinduction of several antiviral ISGs in hnRNP M KD
macrophages at 4 h post-VSV infection including Rsad2 (Viperin), Ifitl, Irf7, and Gbp5
(Figure 6F). Interestingly, neither Ifitl nor Irf7 was identified as an hnRNP M-dependent
transcript during Salmonella infection, even though both can be expressed downstream
of TLR4 through IRF3/IFNAR/STAT1 signaling. This difference may simply reflect
kinetic differences in transcript induction following RNA sensing versus TLR4
activation or may indicate that hnRNP M regulates an even broader set of transcripts in

macrophages following RNA virus infection. We propose that inhibition of VSV
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replication in hnRNP M KD macrophages ultimately results from a combination of pro-
viral gene downregulation (red genes, Figure 6E) and anti-viral gene upregulation (blue
genes, Figure 6E and Figure 6F). Collectively, these data are consistent with hnRNP M
playing a critical role in slowing innate immune gene expression and suggest that the
presence of hnRNP M can actually blunt macrophage antiviral defenses at early time
points following infection with VSV.
Discussion

Despite the substantial impact pre-mRNA splicing has on gene expression
outcomes, little is known about how components of the spliceosome are modified and
regulated during cellular reprogramming events, such as macrophage pathogen sensing.
Here, we demonstrate that the splicing factor hnRNP M is a critical repressor of a unique
regulon of innate immune transcripts (see model in Figure 7). These transcripts were
hyperinduced in hnRNP M KD macrophages downstream of a variety of innate immune
stimuli (i.e., Salmonella infection, TLR4/TLR2 agonists, recombinant IFN-p, cytosolic
dsDNA, RNA virus infection [VSV]) (Figure 2; Figure 6), and hyperinduction of this
regulon correlated with enhanced capacity of hnRNP M KD macrophages to control
VSV replication at early time points (Figure 6). We propose that in innate immune cells
like macrophages repression of pre-mRNA splicing by hnRNP M serves as a safeguard,
dampening the initial ramping up of innate immune gene expression and preventing
spurious expression of potent pro-inflammatory molecules in situations where the cell
has not fully engaged with a pathogen. The latter situation is supported by experiments

in which low doses of LPS (10 and 50 ng/mL), were sufficient to hyperinduce IL6 in the
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absence of hnRNP M without inducing significant a change in the amount of IL6 MRNA
expressed in SCR control cells (Figure S7A). These data support a role for hnRNP M in
slowing IL6 processing in macrophages that are “sampling” PAMPs or that have just
received an initial innate immune stimulus. The requirement for cells to tightly control
expression of potent inflammatory mediators like IL6 is evidenced by the fact that
multiple transcriptional and post-transcriptional mechanisms exist to regulate 1L6,

360 subcellular localization *¢*, and

including chromatin remodeling 2’, mRNA stability
now, based on these data, pre-mRNA splicing. While hnRNP M’s role in regulating
many alternative splicing decisions is conserved across diverse cell types in mice and
humans (as evidenced by overlap in our MAJIQ hits and eCLIP datasets [Figure 4K]), its
role in controlling innate immune transcripts is uniquely influenced by phosphorylation
downstream of pathogen sensing. Based on these observations, we propose that hnRNP
M and likely other splicing factors possess distinct capacities for interacting with RNAs
and/or proteins depending on how they are post-translationally modified. In this way,
innate immune sensing cascades may remodel splicing complexes, for example, by
promoting release of hnRNP M from chromatin-associated RNA-proteins complexes via
p38-MAPK cascades.

While we do not fully understand the mechanisms driving hnRNP M’s target
specificity, our RNA-seq data as well as other datasets 3°° demonstrate the presence of
cryptic exons in a number of hnRNP M-regulated transcripts (Figure S7). Previous work

investigating the RNA-binding landscape of a panel of hnRNP proteins in a non-

macrophage cell line (HEK293Ts, human embryonic kidney cells) revealed that hnRNP
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M has a strong preference for binding distal intronic regions (>2 kb from an exon-intron
junction) 2°. Its binding profile was somewhat unique among the hnRNPs queried and
was more reminiscent of another RBP, TDP-43. TDP-43 also binds UG-rich sites in
distal introns and is crucial for repressing splicing of cryptic exons for a set of transcripts
in the brain 62363, We speculate that hnRNP M regulates splicing of macrophage
transcripts through a similar mechanism where it binds to UG-rich regions downstream
of cryptic exons and inhibits assembly of the spliceosome on these introns, thus slowing
intron removal.

While hnRNP M’s ability to associate with the IL6 genomic locus via ChIP is
RNA dependent, it is conceivable that hnRNP M controls innate immune gene
expression through mechanisms that are independent of direct contacts between hnRNP
M and regulated transcripts. Because a number of splicing factors have been shown to
impact histone markers and chromatin remodeling, it is possible that hnRNP M promotes
epigenetic changes at specific target transcripts %4367 hnRNP M may also interact with
one or more long non-coding RNAs (IncRNAs), a number of which are regulated by
TLR activation 3% and have been shown to control IL6 expression 2236 Experiments
designed to identify hnRNP M-associated RNAs in uninfected and infected macrophages
will provide important insights into how hnRNP M recognizes chromatin-associated
target transcripts and help illuminate how pre-mRNA splicing decisions shape the innate

immune transcriptome.
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CHAPTER IlI
HNRNP M PROTEIN INTERACTIONS ARE REGULATED BY INNATE

IMMUNE PHOSPHORYLATION EVENTS

Introduction

Historically, the regulation of gene expression during the immune response has
been hyper-focused on transcriptional and signaling regulation. However, we have
challenged this paradigm with our work on the RBP hnRNP M. Defining the hnRNP M
protein interactome is essential to further elucidating the mechanism behind 116
repression. In previous research, hnRNP M was found to interact with spliceosome
proteins CDC5L and PLRG1 in HeLa cells®*. hnRNP M has also been found to be
associated with TAF15/FUS, which are transcription factors in HeLa cells®%°(),
Additional research has identified hnRNP M as a regulator of muscle differentiation
through interaction with mTOR/Rictor. 53?2 There has not been a high-throughput
approach of hnRNP M protein partners and specifically not in macrophages or in the
context of the innate immune response.

Our lab’s previous findings showed hnRNP M is a critical repressor of pre-
MRNA splicing and gene expression during macrophage activation. We also identified
specific serine residues that play a role in the repressor function of hnRNP M. We next
wanted to identify mechanistic function of hnRNP M and how protein partners could
contribute to hnRNP M repressor function. Additionally, we wanted to identify if

specific serine residues could influence these interactions with other protein partners.
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Our IP/MS findings conclude that hnRNP M interacts with core paraspeckle complex
factors, SFPQ and MATRINS.

Upon infection with Salmonella or activation of macrophages, this association is
almost completely abolished. Interestingly, S574 phosphomutant and mimic alleles had
differential binding capacity with these same core spliceosome factors and different
splicing proteins, suggesting that interactions within these paraspeckle complexes and
the repressor function of hnRNP M may be regulated by phosphorylation. Paraspeckle
proteins such as SFPQ and NONO form protein-RNA structures with the IncRNA
NEAT1. Paraspeckles are known for their role in nuclear retention of RNA and
controlling gene expression in stress responses and viral infection 3°. Their role in gene
regulation has been implicated in many RNA processes and transcription 370371,
Recently, SFPQ and NONO were found to associate with a TB effector protein, Apa,
suggesting a possible role for paraspeckles in innate immunity to bacterial infection 3%,
Surprisingly, knockdowns of SFPQ, NONO, and MATR3 protein partners showed
phenotypes similar to hnRNP M knockdowns. These results identify novel interactors
and the critical function of phosphorylation in regulating these complexes. While
typically recognized in the context of paraspeckles, our results also implicate SFPQ,
NONO, and MATR3 in having distinct roles in regulation of gene expression during

innate immune activation.
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Results
hnRNP M Protein Interactions Reveal Paraspeckle Protein Associations

Based on hnRNP M’s localization in the nucleus in the presence and absence of
immune agonists, we hypothesized that hnRNP M may interact with core spliceosome
factors and RNA-processing proteins. To test this, we generated 3XFL-hnRNP M stably
expressing RAW 264.7 macrophages and performed nuclear FLAG immunoprecipitation
followed by mass spectrometry peptide identification analysis from resting cell lysates.
We found peptides aligning with PTBP3 (Polypyrimidine Tract Binding Protein 3),
RBM14, and SNRPD3 (Small nuclear ribonucleoprotein Sm D3) (Figure 28 & Figure
29). Each of these proteins are well annotated to function in core spliceosome assembly
and splicing processes. Similarly, we found several hnRNPs (hnRNPF, hnRNPH1,
RALY), and SRSF proteins (SRSF7, SRSF6) to interact with hnRNP M. PRPF31 (Pre-
MRNA Processing Factor 31) is part of the U4/U6 complex and interacts with hPRP6 to
form the U4/U6-U5 complex. While we have previously discovered splicing processes
that hnRNP M regulates, our IP/MS analysis further confirms this mechanism by
identifying that these splicing factors interact with hnRNP M.

Interestingly, we also found hnRNP M to be associated with Matr3 (Matrin 3),
ILF3 (Interleukin enhancer-binding factor 3), RBM14, and SFPQ (Splicing Factor
Proline and Glutamine Rich). These proteins have been found to play a role in
paraspeckle formation leading to transcriptional and splicing regulation of target
transcripts®62379372_ pPreviously, these factors have been reported to associate in 293Ts®/,

but have not been characterized in the context of macrophages. Likewise, hnRNP M
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association with paraspeckle complexes in resting macrophages has not been explored.
Paraspeckle formation requires NEAT-1 IncRNA. NEAT-1, NONO, and SFPQ are
essential factors in paraspeckle formation and function. In work done in HelLa cells,
SFPQ was found to regulate 118 expression through repression of transcription.
Specifically, induction of NEAT1 expression served to sequester SFPQ from the
promoter of 118, allowing for induction of 118 gene expression 33, These data strongly
suggest that inflammatory gene expression can be regulated by moving proteins to and
from the paraspeckle. Our previous studies found hnRNP M at the level of chromatin in
the gene body of 116, specifically around the vicinity of intron 2. While we initially
hypothesized that this association corresponded to co-transcriptional splicing regulation
of intron 2, we did not rule out a role for hnRNP M in regulating 116 transcription, much
in the same way as SFPQ.

Our findings that hnRNP M’s interaction with the 116 chromatin locus was
relived upon macrophage activated suggested to us that the protein was somehow altered
in activated macrophage. Therefore, we wanted to know which protein partners were
associated with hnRNP M during immune activation. To test this, we took the same
3XFL-hnRNP M stably expressing RAW 264.7 macrophages as above and again
performed nuclear FLAG immunoprecipitation and subsequent mass spectrometry
analysis, this time in cells treated with LPS for 2h. Strikingly, our results identified far
less protein interactions upon LPS stimulation (Figure 30). This result suggests that upon
immune activation, hnRNP M relieves its repression of gene expression by also relieving

association with its protein partners. Following immune activation, we found hnRNP M-
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interacting peptides derived from hnRNP U, SRSF7, and SNRPD3. While SRSF7 and
SNRPD3 were also found to interact with hnRNP M in resting cells, hnRNP U was only
identified in the +LPS samples. PRMTS5 (a protein arginine methyltransferase) and
SUPTS5 (Suppressor of Ty 5, DSIF elongation factor) were also only identified in our
+LPS samples. Interestingly, SFPQ, RBM14, MATR3, and ILF3 paraspeckle proteins
were not found in our IP/MS following innate immune activation in our cells. We
hypothesize that relief of hnRNP M repression may occur via disassociation with this
paraspeckle complex.

To validate our IP/MS analysis and to investigate additional hnRNP M protein
interactions, we set up a system for immunoprecipitation/western blot analysis, whereby
we treated cells with LPS, immunopurified hnRNP M, and probed for SFPQ, NONO,
and MATRS3 by western blot. Notably, we observed less SFPQ interaction with hnRNP
M upon following LPS treatment (Figure 32). Similarly, MATR3 immunoprecipitated
with hnRNP M in resting cells, but not LPS-treated cells. Our immunoprecipitation
validated our initial IP/MS, and we did not observe NONO association with hnRNP M in
resting cells or immune activated cells. This result is curious because the literature
strongly suggests that SFPQ and NONO are always found as a heterodimer; these factors
may have novel distinct functions during the innate immune response. Collectively,
these results demonstrate that hnRNP M is associated with paraspeckle complexes,
which may play a role in splicing repression. During innate immune activation, hnRNP
M appears to dissociate from these partners, allowing for splicing activation and gene

expression.
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We also investigated whether hnRNP M and paraspeckle proteins colocalize in
macrophage by immunofluorescence. hnRNP M demonstrated nuclear localization as
seen in our previous report (Figure 31). Consistent with previous reports, SFPQ and
NONO displayed punctate staining within the nucleus®*". Interestingly, MATR3
showed a similar speckle pattern, but with additional localization inside the cytoplasm.
Consistent with our IP/MS we saw co-localization of SFPQ and MATR3 with hnRNP M
within the nucleus. Interestingly, we also saw co-localization of hnRNP M with NONO.
Phosphorylation of S574 Influences hnRNP M Protein Partners Associations

Our published work demonstrates that phosphorylation of hnRNP M at S574
alters the protein’s ability to function as repressor of 116 expression. In order to dissect if
protein-protein partners of hnRNP M depend on the phosphorylation status of hnRNP M,
we generated 3XFLAG-hnRNP M constructs with phosphomimic (S—D) or
phosphodead (S—A) mutations at each of the serines and made stable RAW 264.7
macrophages expressing each of these alleles in wild-type RAW 264.7 macrophages and
performed nuclear FLAG immunoprecipitation and subsequent mass spectrometry
analysis in resting cells. In S574A samples, peptides for NCL and H2AFY were found,
similarly aligning with WT hnRNP M. Furthermore, ILF3, RBM14, and SFPQ, which
have been previously been found in paraspeckle complexes, were also found to associate
with hnRNP M-S574A. Interestingly, the 574A mutant also associated with the splicing
factors SNRPN, SRSF1 and SRSF9 (Figure 33). hnRNP F and SRSF6 were surprisingly
not found in our mass spec analysis of hnRNP M-S574A mutant. Alternatively, RBM14

and ILF3 were also found to interact with hnRNP M-S574D mutant. Remarkably,
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S574D samples had peptides aligning to Matrin3, another paraspeckle factor and RBP.
This interaction was not identified in WT-hnRNP M or S574A samples. S574D
interacted with several splicing factors and RBPs such as hnRNP U, hnRNP K, hnRNP
F, SRSF1, and SRSF7(Figure 35). Surprisingly, SFPQ and NONO peptides were not
found in S574D samples. Tables showing overlapping factors between WT-hnRNP M,
S574A, and S574D are shown in Table 4. These results argue that phosphorylation of
hnRNP M plays an unappreciated role in regulating protein-protein interactions of
hnRNP M.

Because we observed that hnRNP M lost interactions upon innate immune
activation, we wanted to test whether this same phenomenon occurred with hnRNP M
phosphomutants. To test this, we treated our 3XFL-hnRNP M phosphomutant stably
expressing RAW 264.7 macrophages and performed nuclear IP/MS analysis in cells
treated with LPS and treated for 2h. Similar to WT-hnRNP M, our 574D and 574A
phosphomutants both had fewer interacting peptides identified when cells were treated
with LPS (Figure 34 & Figure 36). MATR3, NONO, and ILF3 were found to interact
with S574A+LPS. We also found splicing proteins of SRSF1, NCL, SNRPN, and
SNRPD3 to appear to be decreased upon LPS treatment, suggesting a relief of splicing
associated factors. Interestingly, SRSF9 was found in S574A uninfected and
S574A+LPS, suggesting it plays a role with hnRNP M regardless of macrophage
activation status. hnRNP U and SRSF7 interacted with hnRNP M S574D in both resting
and LPS-treated macrophages. Surprisingly, although SFPQ and Matrin3 were consistent

hits in our hnRNP M mass spectrometry analysis, we did not detect peptides from these
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factors interacting with hnRNP M S574D in the presence of LPS, suggesting that either
phosphorylation at this site and/or LPS treatment promotes dissociation between hnRNP
M and these factors.

Interestingly, PRMT5 was identified in both phosphomutants during LPS
treatment, similar to WT-hnRNP M+LPS. This suggests that PRMT5 may play a role in
methylating hnRNP M upon innate immune activation to influence splicing outcomes®’.

To test if the interaction between hnRNP M and Matrin3 or SFPQ is
phosphorylation-dependent, we immunoprecipitated 3XFL-hnRNP M S574A and 3XFL-
hnRNP M S574D from stably expressing RAW cells and probed for either endogenous
Matrin 3 or SFPQ via western blot in resting cells and cells treated with LPS for 2h. In
resting cells, we found that Martin 3 immunoprecipitated with 3XFL-hnRNP M S574A
S574D, S392A/D, and S85A/D (Figure 37). Interestingly, SFPQ was not found in
resting cells or cells treated with LPS in 3XFL-hnRNP M S574D and S392D mutant
immunoprecipitations. (Figure 37). This aligns with our IP/MS, as SFPQ was only found
to interact with S574A mutants and WT-hnRNP M in resting cells. This suggests hnRNP
M and SFPQ interaction is relieved upon immune activation and that S574A resembles
the resting cell phosphorylation status of hnRNP M.

As mentioned above, MATR3 immunoprecipitated with hnRNP M in resting
cells, but not LPS-treated cells (Table 4). Interestingly, upon activation Matrin3 seemed
to stay with S574A upon activation. This is contrary to S574D where we see loss of
Matrin3 upon LPS treatment, similar to WT-hnRNP M+LPS. While more research is

needed on hnRNP M and paraspeckle interactions, together, this data suggests that SFPQ
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and Matrin3 associate with hnRNP M in resting cells, with WT-hnRNP M having
similar association as S574A. Alternatively, upon immune activation, S574A retains
interaction with MATR3, while S574D loses interaction with SFPQ and MATRS,
similar to WT-hnRNP M. Ultimately, our results suggest that MATR3 and SFPQ
interaction with hnRNP M is influenced by phosphorylation of hnRNP M at S574. We
have also identified differences in requirements of phosphorylation status of hnRNP M,
where S574 seems to be critical with MATR3 and but SFPQ interaction does not depend
on this serine alone for interaction with hnRNP M. Our research has identified novel
phosphorylation-dependent interactions that could potentially influence innate immune
expression, similar to hnRNP M.
Paraspeckle Proteins Show Differential Regulation of Innate Immune Gene
Expression

Previous reports have shown that paraspeckle proteins play a role in regulating
the innate immune response to viral infections, whereby SFPQ can regulate replication
of hepatitis delta-virus, influenza A, and HIV®"™. Additionally, NONO has been found to
be essential for immune activation following HIV infection *’. Interestingly, Matrin3
has not been characterized widely in the innate immune response, but was found to be
ubiquitinated by TRAFS, a critical player in innate immune signaling®”’. Having
identified SFPQ, NONO, and Matrin3 as interactors of hnRNP M, we hypothesized that
removing these factors could have an effect on gene expression of the same regulon of
innate immune genes whose expression was altered in the absence of hnRNP M. To test

this idea, we generated stably selected, constitutive SFPQ, NONO, and Matrin3
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knockdown cell lines by transducing RAW 264.7 mouse macrophages with lentiviral
shRNA constructs designed to target SFPQ, NONO, MATR3, or a control SCR shRNA.
gRT-PCR analysis confirmed ~50%, ~80%, and ~90% knockdown of SFPQ, NONO,
and MATRS, respectively using two different ShRNA constructs (Figure 38). We treated
these knockdown cells with LPS for 2HR and 4HR and collected RNA. To first test if
these factors regulate the same regulon as hnRNP M, we performed gRT-PCRs to
measure 116 mRNA levels. Remarkably, 116 was upregulated in SFPQ, NONO, and
MATR3 KD samples compared to SCR control (Figure 38). In MATR3 KD cells, we
saw an upregulation at 2HR and 4HR, suggesting a possible earlier role in regulation of
116 gene expression. Since we observed the strongest phenotype with MATR3, we
performed qRT-PCR for additional hnRNP M regulated genes, Mx1 and Gbp5.
Interestingly, MATR3 KD did not show a significant difference in Mx1 and Gbp5 gene
expression when compared to SCR control. These results suggest that while the hnRNP
M and MATRS3 regulons are seemingly distinct, loss of SFPQ and NONO do appear to
phenocopy loss of hnRNP M. Ultimately, these data demonstrate novel regulation of 116
expression by NONO, SFPQ, and MATR3 that warrants further investigation.
Discussion

Our studies have identified novel protein partners that interact with hnRNP M
that are dependent on the phosphorylation status of hnRNP M at S574. The most
interesting partners of hnRNP M were several paraspeckle core factors, NONO, SFPQ,
and MATRS3. Our studies also suggest that hnRNP M protein complexes are dissociated

in response to macrophage activation.
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Consistent with our observation that hnRNP M associates with chromatin, we
found hnRNP M interacts with a number of paraspeckle proteins that also fractionate
with chromatin *7°, Additional chromatin immunoprecipitation experiments looking at
the distribution of hnRNP M, MATR3, and SFPQ at target genes will help illuminate
whether these proteins regulate innate immune gene expression through similar or
disparate mechanisms. Notably, a recent study by Cao et. al showed that hnRNP M
moves outside of the nucleus at an 8h time point following viral infection®’® . My studies
did not show relocalization of hnRNP M into the cytosol although we never looked at an
8h time point. It will be interesting to see if we can recapitulate these results in our cells
and determine whether relocation of hnRNP M explains some of its protein-protein
interaction dynamics.

While knockdown of NONO, SFPQ, and MATR3 appear to phenocopy loss of
hnRNP M, the timing of when each of these KDs showed maximal phenotypic
differences in terms of 116 hyperinduction was not the same across the board. Therefore,
while we can implicate each of these factors in regulating 116 expression, it is likely that
they do so through different or independent mechanisms. Further studies using RNA-seq
to look at the entire MATR3, SFPQ, and NONO-dependent innate immune regulons
will allow us to unbiasedly identify the genes that are regulated by each factor and
determine to what degree they phenocopy loss of hnRNP M.

While additional research is needed to identify kinases/phosphatases of the
hnRNP M/SFPQ/NONO/Matrin3 complex, our research has identified specific serines

on hnRNP M that are required for Matrin 3-hnRNP M interaction. Furthermore, our
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research has identified a loss of hnRNP M protein interactions upon innate immune
activation which aligns with the role of hnRNP M de-repression of innate immune gene
expression upon activation. We hypothesize that hnRNP M repression of innate immune
genes is relieved when hnRNP M loses interaction with specific factors like Matrin3.
Our results also indicate that upon activation or differential phosphorylation, hnRNP M
loses protein partners. Our S574D mutant appeared similar to immune activation with
mostly loss of protein partners while S574A having more associations, similar to
Uninfected WT-hnRNP M. The kinetics of these interactions are also important to study
as our mass-spec studies only followed up using an IP at a single time point of 2h. While
mutation of S574 did not cause complete protein dissociation with its interactors, this
could suggest that other serines or PTMs of hnRNP M may be in play when regulating
protein-protein interfaces. In addition, more research needs to be conducted on which
kinases and phosphatases are responsible for the differences in the association and
interactions of this complex with hnRNP M. Another factor in the paraspeckle complex
is INcRNA NEAT-1. Initial RNA binding studies with hnRNP M have not shown
interaction with Neat-1 and our studies also revealed these interactions are RNA-
independent (data not shown). This suggests that Neat-1 plays other functions in the
paraspeckle complex that may not involve hnRNP M and its regulon. More research will
help illuminate hnRNP M-dependent and independent functions for the IncRNA Neatl

and paraspeckles in regulating innate immune gene expression.
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CHAPTER IV
HNRNP F REGULATE TYPE | INTERFERON RESPONSE DURING BACTIERAL

INFECTION

Introduction

The innate immune response requires robust expression of thousands of immune
response genes that are activated downstream of myriad signal transduction cascades.
This response also requires powerful regulation that occurs through coordinated control
of gene expression that can occur at each level of RNA processing. Such regulation can
occur through changes to histones and nucleosome, transcription factor modifications,
pre-mRNA splicing decisions, export, translation regulation, and post-translational
modifications of proteins involved in any of these steps 26632737 While conventional
research has focused on transcriptional outputs of the innate immune response, our
studies have found that RNA processing, specifically at the level of splicing, is a critical
regulatory node of the innate immune response in macrophages. Up to 95% of the
human genome is alternatively spliced and these splicing event occur more frequently in
the nervous and immune systems 1138938 and recent studies have identified many
alternatively spliced isoforms during the context of bacterial infection %312, Although
alternative splicing has been repeatedly identified as a form of regulation during
infection, little to no research has identified the splicing factors or RNA-binding proteins
that regulate these events or how these proteins themselves are functionally altered upon

innate immune stimuli. Although hnRNP U, TTP Tristetraprolin (TTP), human antigen
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R (HuUR), T cell intracellular antigen 1-related protein (TIAR), and hnRNP K have been
shown to regulate mMRNA decay and translation during LPS treatment 92293294340 there is
a critical void in the understanding of how pre-mRNA splicing is regulated and how
splicing factors are modified during bacterial infection.

Previously, our lab discovered a role for the splicing factor hnRNP M in
regulating expression of key innate immune transcripts during Salmonella infection.
hnRNP M was originally found in studies focusing on phosphorylation changes that
occur during infection with Mycobacterium tuberculosis and Cryptococcus neoformans
325326.339 'Intriguingly, several other splicing factors were identified in these data sets,
with “mRNA processing” and the “spliceosome” being top hits amongst pathways with
infection-specific phosphorylation changes. Among these proteins hnRNP F, which has
a similar RNA binding consensus to hnRNP M (G-U rich sequences), rose to the top of
our list. We initially hypothesized that hnRNP F could have similar functions or bind
antagonistically to sites occupied by hnRNP M. Aligning with this hypothesis, research
conducted on exon 8 of Cd44 found hnRNP M to decrease exon inclusion. Contrastingly
on this same exon 8 of Cd44, hnRNP F was found to increase exon inclusion #'.

hnRNP F is an RNA-binding protein and splicing factor. It has been identified to
affect splicing of dozens of genes including Enox2, Tpx2, Mcl-1, Sirtuin-1 Nrf2, Agt,,
insulin receptor gene, and fibroblast growth factor 2 26:66-6874382 Researchers have also
identified hnRNP F-dependent splicing changes in neurons and glia cells of the brain and
it has been implicated in regulation of myelin synthesis 5. Deletion of hnRNP F in

HeL a cells was found to decrease the efficiency of pre-mRNA splicing via its interaction
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with cap binding proteins, CBP20 and CBP80 33, hnRNP F has also been identified to
interact paraspeckle proteins®*’":’®, As has been reported for other hnRNPs, hnRNP F
has been associated with several cancers such as breast, colon, and bladder cancer 646872
4 Interestingly, studies conducted in T cells and B cells showed overexpression of
hnRNP F resulted in reduced T cell functions and reduced Ig heavy-chain mRNA,
respectively %877, While the contribution of hnRNP F in regulating the innate immune
response is largely uncharacterized unknown, one study treated macrophages with LPS
and found hnRNP F to be involved in nonsense mediated decay, along with other RNA
binding proteins, TTP a zinc finger protein, and BRF1, a component of RNA Il
polymerase®?,

In my current studies, | have implicated hnRNP F in a mechanistically different
form of regulation for hundreds of interferon stimulatory gene (ISG) transcripts. We
demonstrate that hnRNP F is required for the activation of Ifnb1 expression.
Consequently, loss of hnRNP F leads to a dramatic silencing of ISG induction following
a number of innate immune stimuli, although we find IFNAR signaling itself to remain
intact. In our attempt to understand how hnRNP F could simultaneously impact the
expression of the entire type I IFN regulon, we identified that several master regulators
of ISGs, Irf7, Ikbke, and Irakl, were differentially spliced in the absence of hnRNP F.
HNRNP F-dependent exon exclusion and intron retention events would target transcripts
like Irf7, Ikbke, and Irakl for nonsense mediated decay, perhaps leading to lower
proteins levels and a subsequent loss of ISG induction during both Salmonella

Typhimurium infection and Mycobacterium tuberculosis infection. Interestingly,
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mutating several serine residues (predicted to be differentially phosphorylated during
infection) on hnRNP F resulted in modulated expression of Ifnb1 and ISGs, suggesting
phosphorylation is a critical point of regulation for hnRNP F. We further demonstrated
hnRNP F interacts with a core spliceosome factor Sf3b1. Taken together, this data
suggests a novel function for hnRNP F in modulating Ifnb1 expression. We propose that
hnRNP F’s ability to interact with core spliceosome partners may be facilitated by innate
immune phosphorylation and may control hnRNP F’s ability to influence splicing of
immune-activated transcripts.
Results
Interferon Stimulatory Genes Are Regulated by hnRNP F during S. Typhimurium
and M. tuberculosis Infection

To evaluate the global impact of hnRNP F on regulation of the macrophage
innate immune response, we performed RNA-seq analysis on total poly(A)+ selected
RNA. RNA was collected from stably selected, constitutive hnRNP F KD cell lines that
were generated by transducing RAW 264.7 mouse macrophages with lentiviral ShRNA
constructs designed to target hnRNP F or a control SCR shRNA. Western blot and qRT-
PCR analysis confirmed ~90% and 80% knockdown of hnRNP F using two different
shRNA constructs (KD1 and KD2, respectively) (Figure 39). RNA was isolated from
resting macrophages or from cells following Salmonella Typhimurium (STm) infection
(MOI =5), or Mycobacterium tuberculosis (Mtb) infection (MOI=10) at the key innate
immune time point of 4 h post-infection, at which time transcriptional activation

downstream of TLRs and cGAS is expected 26343, RNA-Seq gene expression profiling
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was done using CLC Genomics Workbench. With this analysis, we identified hundreds
of genes whose expression was affected in hnRNP F KD cells compared to SCR control
cells, with 1,094 genes upregulated and 904 downregulated (Figure 39) in uninfected
cells. Strikingly, this ratio of genes that are downregulated to upregulated upon depletion
of hnRNP F shifted upon infection with STm or Mtb. Whereas roughly equal numbers of
genes were impacted in resting macrophages, we observed an overwhelming number of
downregulated transcripts in the absence of hnRNP F at 4h post STm or Mtb infection
(Figure 40). The vast majority of these hnRNP F-dependent transcripts were 1SGs
(Figure 39 & Figure 40), suggesting a major defect in the type I IFN response. While
Salmonella infection had more differential gene expression then Tuberculosis infection,
the ratio of upregulated (orange) and downregulated (purple) transcripts was quite
similar between the two conditions, with more downregulated genes than upregulated in
the absence of hnRNP F. The differences in gene expression can possibly be explained
by the differential dynamics of STm and Mtb infection; STm elicits gene expression
mainly through TLR4/MyD88/TRIF pathways with peak induction of most innate
immune genes seen between 2-4h post-infection. Mtb sensing takes a bit longer, with
gene expression downstream of TLR2 peaking between 2-4h post-infection and
cytosolic DNA sensing responses typically peaking between 4-6h post-infection (Figure
9 & Figure 10). Despite this, similar ISGs are downregulated in hnRNP F KD cells in
both infections (e.g. Mx2, Irf7, Isgl5, Ifitl, Ifitm3, Oasll) (Figure 39 & 40, dot plots).
This global downregulation of ISG expression in STm or Mtb-infected hnRNP F

macrophages is consistent with previous reports of hnRNP F playing a role in activating
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pre-mRNA splicing?®7>77:384-386 Interestingly, we observed less than a 25% overlap
between genes that were differentially expressed in uninfected, STm-infected, and Mtb-
infected macrophages, suggesting that hnRNP F has distinct modes of operation
depending on the activation state of a macrophage (Figure 40). We next used Qiagen
IPA Analysis to identify cellular pathways that were enriched for hnRNP F-dependent
genes (pval<0.05, SCR vs. hnRNP F KD), we found “mTOR Signaling” and “EIF2
Signaling” pathways among the top hnRNP F-dependent pathways in uninfected
samples. STm-infected samples revealed strong enrichment for “Activation of IRF” and
“Interferon Signaling” as well as “Communication between adaptive and innate immune
cells” (Figure 39 & Figure 40). These pathways were consistent with the remarkable
amount of ISGs we found that were downregulated in the absence of hnRNP F. A
complete list of IPA analysis results can be found in Figure 40. Further manual analysis
of these lists revealed dozens of key ISGs (e.g., Mx1, 1di47, Ifit3, Ifitl, I1sg15, Isg20).
These ISGs have been implicated as antiviral molecules and play a crucial role in
pathogenesis of Mtb and other bacterial infections®”. Several additional chemokines and
cytokines were also found to be downregulated upon depletion of hnRNP F (e.g., Ccl2,
Ccl17, 116, 1115) (Figure 39 and Figure 40). Consistent with the general overlap between
the hnRNP F-dependent gene expression changes in STm and Mtb infection, the Mtb-
infected samples had similar pathways enriched like “Interferon signaling” and
“Activation of IRF.” Additional pathways enriched for hnRNP F-dependent genes can

be found in Figure 40.
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To validate the RNA-seq gene expression changes, we used qRT-PCR to
measure transcript levels of genes from each list (uninfected, STm-infected, and Mtb-
infected SCR vs. hnRNP F KD). We verified expression of several genes in uninfected
hnRNP F KD cells (Fcgrl & Ubt2 Figure 45), as well as downregulation of transcripts
in hnRNP F KD cells at 4 h post-Salmonella and Tuberculosis infection (Irf7, Mx2, Ifnp,
Ifitl, and 116) (Figure 41). Consistent with our RNA-seq data, induction of other pro-
inflammatory mediators such as Tnfa and Irf9 did not rely on hnRNP F (Figure 41).

To provide additional insight into how hnRNP F may be regulating ISG
expression, we next tested the kinetics of this response by infecting hnRNP F KD and
SCR control cells with STm and collecting RNA at 2h and 6h post-infection.
Interestingly, at 2h, we did not see an hnRNP F-dependent difference in ISG expression,
but we did observe downregulation of Ifnb transcript levels. At 6h, we saw a similar ISG
phenotype to 4h post-Salmonella.
hnRNP F Influences Innate Immune Gene Expression Through Splicing

hnRNP F has been widely shown to regulate RNA-processing through regulation
of MRNA decay, transport, and enhanced splicing by facilitating exon inclusion or the
usage of alternative 5'SS in multiple types of cells including fibroblasts, neurons, and
oligodendrocytes 26:64.66.71.75.77,384-386,388,389 Tq ynderstand how hnRNP F may be
affecting RNA-processing in macrophages upon activation and immune response gene
expression, we first wanted to explore how loss of hnRNP F impacted alternative
splicing in uninfected and STm- and Mtb-infected macrophages. To do this, we

employed an algorithm for LSV (local splice variant) analysis called MAJIQ 34°. MAJIQ
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allows identification, quantification, and visualization of diverse LSVs, including
alternative 5' or 3’ splice site usage, exon skipping, and intron retention across different
experimental conditions. MAJIQ identified a total of 3,463 LSVs (2,067 genes) in
uninfected, 967 LSVs (725 genes) in STm-infected, and 770 LSVs (594 genes) in Mtb-
infected, and SCR versus hnRNP F KD macrophages (probability [|delta PSI|, >10%],
>95%) (Figure 47, Figure 48, Figure 49, & Figure 50). The majority of the LSVs
identified in SCR versus hnRNP F KD cells were exon skipping events (Figure 47).
Visualizations of these LSVs by Voila displayed an increase of intron inclusion and exon
skipping in uninfected, STm-infected and Mtb-infected macrophages. These results
suggest that in the presence of hnRNP F, there is more exon inclusion, which aligns with
hnRNP F’s previously characterized role in splicing activation.

Genes that were predicted to undergo hnRNP F-dependent alternative splicing by
our MAJIQ analysis, were then subjected to IPA pathway analysis to identify pathways
and upstream regulators enriched for hnRNP F-dependent changes. Consistent with our
global gene expression analysis, we found changes in “Activation of IRF” and “Role of
PKR in Interferon Induction” in our STm-infected samples. Uninfected MAJIQ results
showed enrichment for “Molecular Mechanisms of Cancer” and “Estrogen Receptor
Signaling”. Additionally, Mtb-infected samples had hits of “TNFRI1 Signaling” and
“Death Receptor Signaling” (Figure 47 & Figure 50). A more comprehensive list of IPA
analysis hits is found in Figure 50. When comparing our RNA-seq and MAJIQ analysis
data sets (pval<0.05, [Idelta PSI|, >10%]), 387 transcripts had an overlap of significant

gene expression changes and LSV changes in uninfected samples. In contrast, there was
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virtually no overlap between genes undergoing alternative splicing with those whose
expression changed in the absence of hnRNP F in STm-infected or Mtb-infected cells,
with only 65 and 4 transcripts overlap in LSV and gene expression changes,
respectively. Interestingly, there were almost 5 times the number of genes with
differences in alternative splicing compared to overall gene expression in Mtb-infected
samples. Displaying this data using Venn diagram illustrates that uninfected and STm-
infected macrophages share 331 hnRNP F-dependent alternatively spliced genes,
whereas uninfected and Mtb-infected macrophages share 249 hnRNP F-dependent
genes. These data suggest that hnRNP F’s influence on gene expression can be attached
to its function in controlling alternative splicing decisions, but also leaves room for
distinction of gene regulation by hnRNP F through diverse mechanisms 3%,

We next manually cataloged genes with hnRNP F LSV changes to try to identify
master regulators of 1SG expression whose alternative splicing could be regulated by
hnRNP F. We found several interesting candidates, including Irf7, Ikbke, 1rf9, Irf5, and
Irfl, that were significantly impacted by loss of hnRNP F at the levels of gene
alternative splicing (Figure 47, Figure 48, & Figure 49). Specifically, the MAJIQ-
identified LSV events of Irf7, Ikbke, 1rf9, Irf5, and Irfl were found significantly more in
hnRNP F KD macrophages vs. SCR control macrophages.

Two hnRNP F-dependent LSVs were identified by the MAJIQ algorithm in Irf7
(delta PSI exon 9-exon 10 = -0.168 versus exon 8-exon 9 = -0.145) (Figure 47, Figure
48, & Figure 49). Specifically, exclusion of exon 9 or retention of intron 9, happens

more frequently in hnRNP F depleted macrophages in our MAJIQ analysis. MAJIQ uses
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pseudo-transcript diagrams to identify every possible exon and intron annotated in a
specific gene. Exon 9 and intron 9 relate to genomic coordinates of exon 7 and intron 7
in the canonical Irf7 transcript. Ultimately, our results align with hnRNP F’s role in
activating splicing. To quantify these events in hnRNP F KD macrophages, we
performed qPCR using primers designed around exon 9 and exon 10 to detect intron
retention in Irf7. This intron retention event occurred more in hnRNP K KD
macrophages upon different immune agonists (LPS, ISD, and IFN) (Figure 47).
Previous research done by Frankiw et. al also showed that Irf7 expression could be
regulated at the level of intron retention, although they examined a different Irf7 intron.

To identify possible RNA-binding motifs in Irf7, we performed manual analysis
of annotated hnRNP F consensus motifs along the Irf7 transcript. In Voila visualization,
a “quasi-gene” is formed utilizing all of the known LSVs and exons. Figure 48 shows a
canonical depiction of Irf7 transcript. Interestingly, the region of exon 3-exon 5 (aligning
with MAJIQ highlighted region in yellow), show several possible hnRNP F binding
sites, suggesting hnRNP F may regulate intron removal and exon inclusion by binding to
target transcripts.

Although these data do not quite implicate Irf7 as the ISG phenotype “smoking
gun” these analyses certainly demonstrate that hnRNP F is an activator of splicing and
can act on alternative exon inclusion events or intron removal changes that may impact
the outcomes of innate immune activation in macrophages.

Similar to our previous report on hnRNP M, we wanted to test whether hnRNP F

target specificity is at the level of the transcript itself, we treated hnRNP F KD
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macrophages with a panel of innate immune agonists including LPS, I1SD, polyl:C, and
IFNB. LPS is a potent agonist of TLR4 4% and component of the Salmonella outer
membrane as well as tuberculosis having cell wall component of lipoarabinomannan
(LBP), resembles LPS with its ability to induce inflammatory gene expression 39239,
Treatment with LPS was sufficient to reproduce downregulation of Ifnb and I1SG
expression in hnRNP F KD macrophages (Figure 42). Similar to Salmonella and
Tuberculosis infection, we observed a 5- to 6-fold reduction of 1sg15, Ifitl, and Ifnb in
hnRNP F KD cells treated with 100 ng/mL LPS (from E. coli) at 4h. Interestingly, at 2h
we do not see statistical difference in SCR vs hnRNP F KD ISG expression. However,
we do continue to see a decrease in Ifnb gene expression at 2h post-LPS and STm
infection (Figure 42). Transfection of hnRNP F KD cells with 1 pg/mL ISD led to
reduction of Ifnb and ISGs in hnRNP F KD cells (Figure 43). In hnRNP F KD cells, we
see downregulation of Isg15, Ifitl, and Ifnb (Figure 43). Similarly, upon treatment with
Poly I:C, which activates IRF through MAVS/RIG-I, we see a similar downregulation of
Ifnbl1 and ISGs in hnRNP F KD cells. However, we observe less differences in earlier
activation but stronger differences later in activation and this suggests that hnRNP F
regulation of 1ISG expression occurs continuously during activation.

In our data we consistently see lower Ifnb1 gene expression across time points,
agonists and infections. As several ISGs are upregulated during the IRF3/IRF7 axis, but
these same ISGs are also upregulated upon IFN-B/IFNAR signaling that requires IFNf3
protein expression. Therefore, we wanted to test whether the Ifnb1 gene expression

differences in hnRNP F KD macrophages lead to differences in IFN protein expression.
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We infected cells with STm for 4h and collected supernatants. Supernatants were then
placed on ISRE:IFNB cells for 6h, lysed, and analyzed using the plate reading capacity
of the Cytation 5 Cell Imaging Multi-mode Reader. At 4h we saw a consistent
downregulation of IFNB protein levels in our hnRNP F KD macrophages when
compared to our SCR control cells (Figure 46). This suggests that lower IFNB levels
could lead to a downregulation of signaling through IFNAR/STAT and lower ISG
expression in our hnRNP F KD macrophages.

To further explore our hypothesis that lower IFNB expression in hnRNP F KD
macrophages is leading to an overall decrease in ISG expression, we wanted to treat
IFNAR directly with recombinant IFNp for 4h. With equal amounts of IFNf, our
hypothesis is that hnRNP F KD cells would recover the 1ISG phenotype. RNA was
collected at 4h post-treatment and analyzed vie gRT-PCR. Upon IFNp treatment, hnRNP
F KD cells showed similar upregulation of Irf7, Ifitl, Isg15, and Mx2 (Figure 44),
rescuing the phenotype of lower ISG expression in hnRNP F KD cells. This finding
suggests the effects hnRNP F has on ISG expression happen in the first part of the TRIF-
TBK1 sensing cascade, before IFNAR signaling occurs. Overall, our results argue for
hnRNP F playing a crucial, conserved role in regulating IFNp expression leading to and
overall immune response gene expression through IFNf regulation dependent on the
TBK1-IKKze axis.

Numerous transcription factors play a role in I1fnb expression termed the
“enhanceosome”?’®, Several of these same transcription factors are downregulated in

hnRNP F KD cells during STm and Mtb infection (e.g. 1rf7, Irf3, Irfl, & Irf5). Our IFN
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results suggests that the component that hnRNP F may be regulating could be part of the
initial TBK1-IKKe-IRF3/IRF7 axis, rather than downstream of IFNAR and IFN-
signaling. IRF7 and IRF3 are known as critical components of the IFN-o/IFN-f in
response to bacterial and viral infections3®5®3):3%3%7(7) Sjnce STAT1 and STAT2 are
downstream of IFNAR and IFN treatment did not lead to a downregulation of ISGs in
the hnRNP F KD cells, we first tested IRF7 and IRF3 activation and expression levels.
As alternative splicing can produce Irf7 transcripts that can be sent for decay or affect
protein domains, we wanted to identify if 1rf7 alternative splicing in hnRNP F KD cells
could affect protein levels. Cells were treated with LPS and ISD and then RNA samples
were collected at 4h in order to look at gene expression of each of these factors (Figure
42 & Figure 43). Consistent with our RNA-Seq results, we saw a downregulation of 1rf7,
but not Irf3 during agonist treatment. To further confirm our gene expression results, we
treated SCR control and hnRNP F KD cells with LPS and ISD for 4h and 8h and
collected protein samples to look at IRF7 protein levels. In uninfected, 4h, and 8h we
saw a decrease in IRF7 protein levels in hnRNP F KD macrophages compared to SCR
control (Figure 51). These results suggest that hnRNP F plays a role in promoting Irf7
expression, possibly via alternative splicing, such that loss of hnRNP F decreases IRF7
protein abundance. This consequence of hnRNP F KD could be explain the lack of ISG
induction during STm or Mtb infection.

Data presented thus far strongly suggests that loss of hnRNP F impacts initial
Ifnb activation without impacting ISG expression downstream of IFNAR. One obvious

way to modulate Ifnb1 expression is through altering the activity of its major
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transcription factor IRF3. Indeed, while IRF7 can play a role in regulating Ifnb1, IRF3
has been identified as the primary activator of Ifnb1 gene expression 3%, IRF3 is located
in the cytoplasm of resting cells. Upon immune activation, phosphorylation of IRF3
promotes homo-dimerization and translocation into the nucleus. To investigate if hnRNP
F is needed for IRF3 translocation into the nucleus, we performed cellular fractionation
and measured cytoplasmic and nuclear IRF3 during LPS and ISD treatment in hnRNP F
KD and SCR control macrophages via western blot. During each agonist treatment, we
found similar levels of IRF3 at each time point in our hnRNP F KD vs. SCR control
cells. Nuclear translocation upon agonist treatment occurred similarly in our hnRNP F
KD cells and SCR control cells (Figure 52). This suggests IRF3 signaling in hnRNP F
KD macrophages is intact and is not the cause of lower Ifnb1 expression. Additionally,
we did not observe any significant changes in hnRNP F protein expression over the same
time course of LPS, ISD, or poly I:C treatment. This suggests that the mechanism for
which hnRNP F regulates I1fnb1 and overall ISG expression is independent of IRF3
translocation.

Taking into account the more dramatic phenotype we observe for Ifnbl
expression in the absence of hnRNP F and the fact that hnRNP F is dispensable for 1ISG
expression if IFNAR is stimulated directly with IFN-, we developed two possible
explanations: (1) hnRNP F alters the splicing/expression of a transcription factor of
signaling component required for Ifnb1 expression downstream of TRIF activation

and/or dsDNA sensing, or (2) hnRNP F acts directly to promote transcription of Ifnbl
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(because Ifnb1 does not contain an annotated intron it is extremely unlikely for hnRNP F
to be acting on Ifnb1 transcripts at the level of splicing).
hnRNP F Mass Spec Reveal Protein Interactions with Core Spliceosome Partners
To further elucidate how hnRNP F regulates I1fnb1 gene expression, we sought to
identify the protein binding partners of hnRNP F. We began by hypothesizing that
hnRNP F localization in macrophages may inform its function. We performed
bioinformatics analysis to look for a nuclear export signal within hnRNP F’s amino acid
sequence. Surprisingly, we identified a nuclear export signal neat the N-terminal end of
hnRNP F (Figure 53). Interestingly, we did not find a strong nuclear localization signal,
suggesting hnRNP F may translocate frequently. We then performed
immunofluorescence microscopy experiments using 3XFL-hnRNP FLAG stably
expressing macrophages to look at the localization of hnRNP F in resting and activated
cells. We treated cells with LPS for 1h, 2h, and 4h and detected hnRNP F with an anti-
FLAG antibody. In resting macrophages, hnRNP F seemed to be dispersed within the
cell and was detectable in nuclear and cytoplasmic compartments. When cells were
treated with LPS, we observed a similar diffuse localization pattern. Using Cytation 5
imaging software, we analyzed cytoplasm compartments, nuclear compartments, and
hnRNP F signal to quantitatively measure translocation. As expected, hnRNP F showed
a similar translocation score during each time point compared to resting cells (Figure
55). Together, these results suggest hnRNP F can potentially regulate RNA processing

and gene expression at steps occurring in either the cytoplasm or the nucleus.
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To identify hnRNP F protein partners, we performed immunoprecipitation and
mass spectrometry (IP-MS) from macrophages as we previously described for hnRNP
M, only this time we analyzed both the cytoplasm and the nucleus, as
immunofluorescence experiments revealed the protein can be found in both cellular
compartments. (Figure 56). Briefly, we generated 3XFL-hnRNP F stably expressing
RAW264.7 macrophages, fractionated the cytoplasm and nuclear fractions,
immunoprecipitated 3XFL-hnRNP F from each fraction using FLAG beads, and sent
these samples for analysis via LCMS/MS. Utilizing STRING databases, we overlaid our
data with previously known hnRNP F interactions. Mass spec analysis of the cytoplasm
identified hnRNP F-associated peptides derived from hnRNP H1, hnRNP U, and SRSF6,
which align with published mRNA decay/translation functions of these proteins 161%,
Interestingly, a few immune-related proteins were found in hnRNP F IP/MS, including
JAK1 (Janus Kinase 1), which interacts with the IFNAR receptor (Figure 57 and Figure
58). We also identified peptides derived from EIF2s1, a translation initiation factor,
suggesting a possible role for hnRNP F in protein translation.

The proteins hnRNP F interacts with in the nucleus are primarily involved in
RNA-processing. Remarkably, we identified peptides derived from several critical core
spliceosomal proteins including SF3b1, SNRPN and SNRPA. Sf3b1 encodes the U2
snRNP and plays a role in 3’ branch site recognition®**® while SNRPN and SNRPA are
components of the ULsnRNP. We also found that nuclear hnRNP F interacted with
NONO, a component of paraspeckles that regulates transcription and promotes

spliceosome assembly314%0  To confirm our mass spec analysis interactions, we

96



immunoprecipitation followed by western blot. This approach confirmed that hnRNP F
can interact with Sf3b1. Curiously, this interaction was seemingly enhanced in cells
treated with LPS for 2h (Figure 59). These results suggest that hnRNP F is involved in
splicing decisions with the core spliceosome complex of Sf3b1, although it also may
interact with alternative complexes and paraspeckle factors that regulate non-splicing
steps of RNA processing. hnRNP F was also found to interact with SAFB and SSB,
which have previously been shown to negatively regulate Ifnb1 expression®4%2 NPM1,
which can regulate DNA-binding of NF-kB to Ifnb1, and TRIM28, which is a positive
regulator of Ifnb1 49349 1t is possible that hnRNP F’s contribution to Ifnb1 expression is
through one or more of these interactions.
Phosphorylation of hnRNP F influences ISG expression

We next leveraged the Mycobacterium tuberculosis global phosphoproteomics
dataset and identified 4 differentially phosphorylated serine residues on hnRNP F (S23,
S104, S237, and S310) (Figure 53) %25, We then generated 3xFLAG-hnRNP F constructs
with phosphomimic (S—D) or phosphodead (S—A) mutations at each of the serines and
made stable RAW 264.7 macrophages expressing each of these alleles in wild-type
RAW 264.7 macrophages that still contain a wild-type hnRNP F. To begin to elucidate
the impact of phosphorylation on regulating hnRNP F and thereby ISG expression, we
infected these cells with STm and collected RNA at 4h. Remarkably, there were clear
differences in Ifnb1 and 1SG expression when these hnRNP F phospho-mutant alleles
were expressed (Figure 54). Specifically, S21D, 104D, and 237A showed decreased

Ifnb1 and essentially phenocopied knockdown of hnRNP F. While not statistically
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significant, several mutants showed an increased in 1fnb1 expression. Further studies will
be needed to investigate how these mutants impact alternative splicing of transcripts like
Irf7 and whether they alter interactions with hnRNP F protein binding partners.
Regardless of the exact mechanism, these enticing results suggest that phosphorylation
of hnRNP F can have functional consequences on innate immune gene expression.
Discussion

We conclude that hnRNP F regulates the expression of dozens of ISGs, likely
through controlling Ifnb1 expression. HNRNP F-dependent changes to Ifnb1 expression
occur downstream of diverse innate immune agonists and different bacterial infections
(Figure 60). Interestingly, hnRNP F was found to differentially splice several master
regulators of ISGs, including Irf7 and Ikbke. These intron retention and exon exclusion
events that increase in the absence of hnRNP F are predicted to target these transcripts
for degradation, which leads to lower protein levels in the case of IRF7. Future
experiments will continue to elucidate the contributions of these alternatively spliced
isoforms to the 1ISG phenotype we observe in hnRNP F KD macrophages.

Overall, our data support a whereby knocking down hnRNP F in macrophages
causes a failure to induce Ifnb1 expression, perhaps via generation of alternatively
spliced isoform of the transcription factor IRF7 that target the transcript for nonsense
mediated decay. Because Ifnb1 transcript and protein levels remain low, hnRNP F KD
macrophages are defective at engaging IFNAR and activating STAT-dependent
transcription of ISGs (Figure 60). While the molecular mechanisms driving hnRNP F-

dependent phenotypes in infected macrophages remain unconfirmed, our studies have
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uncovered a novel role for hnRNP F in regulating IFNf and innate immune gene
expression. We have also implicated phosphorylation of hnRNP F in regulating 1fnb1
expression during the innate immune response. We hypothesize that some of these
modifications influence localization of hnRNP F and/or its ability to interact with some
of the protein binding partners we identified in our mass spectrometry analysis like
Sf3bl. Indeed, my work shows that interaction between Sf3b1 and hnRNP F may be
stronger following LPS treatment. It is possible that this increase in affinity between the
two proteins occurs via post-translational modification of one or both of these factors. It
is also possible that strengthening the interaction between hnRNP F and Sf3b1 serves to
help the spliceosome promote innate immune gene expression by encouraging exon
inclusion and limiting exon skipping/intron retention (which are increased in cells
lacking hnRNP F). It will be interesting to determine the specific serine residues whose
phosphorylation modulates hnRNP F’s interaction with Sf3b1 and investigate whether
mutation of these residues alters splicing efficiency/fidelity during macrophage
activation. It will also be interesting to following up on the interaction between hnRNP F
and NONO, as our work on hnRNP M suggests that modulation of the paraspeckle
formation and/or dissociation constitutes a major way that macrophages control innate

immune gene expression.
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CHAPTER V
GLOBAL ANALYSIS OF HNRNP AND SRSF FAMILY PROTEINS DURING THE

INNATE IMMUNE RESPONSE

Introduction

When innate immune cells like macrophages sense pathogens they undergo
dramatic gene expression reprogramming, with some genes being transcriptionally
induced >1000-fold?%¢. Despite these mind-boggling levels of gene expression
activation, the innate immune response needs to be tightly regulated—too weak of a
response may not be sufficient to ensure pathogen elimination and a too strong of a
response risks chronic inflammation and/or autoimmunity?44%, Upon PAMP
recognition, signal transduction factors activate several transcription factors that have
been widely studied. Overall, this activation leads to transcription of pro-inflammatory
cytokines, interferons, and 1ISGs. From our previous research with hnRNP M, we have
shown the post-transcriptional regulation of the innate immune response is a major,
albeit underappreciated, regulatory node in balancing chronic inflammation and
resolution of infection.

Very limited research has been conducted on viral or bacterial infections and
their effects on phosphorylation, regulation, or splicing changes mediated by SR
proteins. Of the immune-related research conducted, much has focused on T-cell and B-
cell function. SRSF1, SRSF9, SRSF3, and SRSF7 regulates Cd45 by promoting exon

inclusion during T-cell activation 4°®. SRSF1 has been implicated in T-cell activation
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through binding to the 3° UTR of CD3( , promoting intron retention *°’. SRSF2 was also
found to play a role in splicing Cd45, suggesting regulating expression of this gene by
SRs is held in critical regard by T-cells 4%,

During Human Papilloma virus infection, SRSF1, SRSF2, and SRSF3 are up-
regulated “°°, SRSFs were also found to be upregulated as autoantigens in autoimmune
disorders, such as lupus #*°. Some work has been done looking at SRSF functions in
innate immunity in plants. Yeast two-hybrid study showed SRSF proteins required
interaction with MOS14, which is an important regulatory factor in pathogen defense in
plants 411, This interaction impacted splicing patterns of MOS14 regulated genes, sncl
and rsp4 and compromised resistance *'1. While unclassified as an SRSF because of its
lack of RRM domain, an SRSF-like protein, termed SR15, was also found to be a
splicing inhibitor of HSV1 (Herpes simplex virus 1) 412, Beyond this work, there is a
clear lack of studies on SRSF proteins during the innate immune response. Here, we aim
to shine a spotlight on the diverse contribution SRSF proteins make to modulating the
macrophage transcriptome during infection with the important human pathogen STm.

Having previously identified completely distinct contributions of two RNA
binding proteins, hnRNP M and hnRNP F, to macrophage gene expression during
infection, we set out to unbiasedly survey a panel of hnRNP and SRSF family proteins
to understand how they individually, and as proteins families, regulate innate immune
gene expression. To these ends, we selected 5 hnRNPs, (C, F, K, M, U) and 5 SRSFs (1,
2, 6, 7, 9) that were identified as being either differentially phosphorylated and/or

ubiquitinated upon Mycobacterium tuberculosis infection of primary bone marrow
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derived macrophages, suggesting they, over other RNA binding proteins, play a

privileged role in the innate immune response 26

. While these proteins, particularly the
SRSFs, are well-known to be phosphorylated, little is known about the regulatory
potential of specific phosphorylated serines on SRSF proteins or hnRNPs, nor do we
fully appreciate how PTM of splicing factors could be coupled to pathogen sensing. We
hypothesize that PTM of splicing factors downstream of PRRs specialize the
spliceosome in a way that helps promote the macrophage innate immune gene
expression program. By altering (1) the capacity of SRSF and hnRNPs to engage in
protein complexes, (2) protein-RNA interactions, and (3) subcellular localization of
these factors, PTMs can control splicing decisions to fine-tune innate immune gene
expression and control infection. In this way, a splicing factor can make splicing
decisions in activated macrophages distinct from those it controls in resting cells.

In uninfected and S. Typhimurium infected cells, we found that loss of hnRNPs
and SRSFs impacts expression of completely different sets of genes. Interestingly, we
also found hnRNP and SRSF protein families do not equally contribute to innate
immune gene expression. We also found that not all innate immune transcripts rely on
these hnRNPs and SRSFs for proper regulated. These results suggest that splicing
regulation is not a blanket mechanism whereby all intron containing genes are equally
dependent on splicing factors for proper induction. Rather, our results suggest that
certain innate immune transcripts are uniquely sensitive to loss of splicing regulation.

In addition to looking at steady-state gene expression changes, we also measured

alternative splicing changes induced by loss of SRSFs and hnRNPs. Using the MAJIQ
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algorithm, we identified several critical innate immune transcripts that rely on these
factors to generate canonical isoforms, including genes in the NF-Irf, Mapk, Ifit, and
Gbp families. Together, our work uses unbiased high-throughput sequencing and
bioinformatic approaches to highlight a neglected role for hnRNPs and SRSFs in global
regulation of innate immune gene expression.
Results
Determining the Contribution of Splicing Regulatory Proteins to Macrophage Gene
Expression During Salmonella Infection

To begin to understand how individual splicing factors impact innate immune
gene expression in macrophages, we first generated stable knockdown RAW 264.7
macrophage-like cell lines for individual hnRNPs and SRSFs via lentiviral transduction
of shRNA constructs. SRSF and hnRNP family members were prioritized for inclusion
in this analysis on basis of whether or not they were identified as differentially
phosphorylated in a recently published phosphoproteomics dataset of Mtb-infected
mcarophages.

Although the shRNA constructs were all drug selected, alongside scramble
(SCR) controls at the same time, for the same length of time, under the same conditions,
it was immediately apparent that certain splicing factors tolerated knockdown better than
others. For example, we were never able to achieve more than ~50% knockdown for
factors like SRSF1 and 2, while factors like SRSF6 and 9 could be knocked down to
about 10% their initial transcript levels. These differences likely reflect the cell’s

reliance on each of these factors for splicing pre-mRNAs of essential genes. While
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differences in knockdown efficiency constitute a clear caveat in these studies, we are
careful not to make conclusions based on the “strength” of a particular phenotype, as the
number of genes affected by loss of an SRSF or hnRNP is likely highly dependent on
how much of that factor is actually lost by the cell. We instead simply report on what
happens when each of these factors is ablated by X amount, whether it be 50% or 90%,
which will still provide important insights into how each of these factors control gene
expression in resting and activated macrophages.

Each of these KD RAW 264.7 cell lines was infected with the gram-negative
bacterial pathogen, S. Typhimurium. We confirmed that our Salmonella infection was
successful by measuring 111b and Tnfa expression at the key innate immune transcripts at
4hr post infection, at which point, robust induction is well-characterized (data not
shown). Total RNA was collected for RNA-seq from resting macrophages and STm-
infected macrophages at this 4h time point and sent for bulk RNA sequencing. An
average of ~60.2 million raw sequencing reads were generated from three biological
replicates of each knockdown (for Uninfected and Salmonella-infected samples). Reads
were aligned, quantified, and analyzed using CLC Genomics Workbench (Qiagen).

To begin to compare how loss of individual regulatory splicing factors influences
innate immune gene expression, we compiled all genes that were differentially expressed
either in resting macrophages (top) or at 4h post—STm (bottom) infection in at least one
knockdown cell line (compared to SCR control) (p<0.05) to create the profiles shown in
Figure 61. We found 2,659 genes that were affected by at least one knockdown in resting

cells and 1,600 genes were affected by at least one knockdown specifically during STm

104



infection. In looking at the “profiles” generated for each of these knockdowns, it is
immediately apparent that each hnRNP/SRSF, for the most part, impacts expression of a
distinct set of genes. With the exception of hnRNP M, which we have previously
characterized as a repressor of innate immune gene expression, knockdown of hnRNPs
and SRSFs led to downregulation of target genes, consistent with these factors generally
promoting or activating splicing/gene expression. This trend was similar in resting
macrophages and during STm infection. Although many of these affected gene profiles
were distinct, we did observe obvious overlap between genes regulated by hnRNP C, K,
U and to a lesser extent, hnRNP F, suggesting hnRNPs may work cooperatively, as was
previously shown by Huelga et al %°.

Surprisingly, SRSF1 and SRSF2 did not appear to regulate many innate immune
transcripts upon STm infection. In our macrophage cells, we did not see drastic gene
expression changes with SRSF1 or SRSF2 knockdown cells. While this may be
attributed in part to knockdown efficiency, SRSF2 has similar knockdown to hnRNP U,
SRSF9, and SRSF6. These hnRNPs and SRSFs showed drastic differences in dozens of
different genes. Therefore, we believe that SRSF2 and SRSF1 may not be contributing to
the innate immune response at 4h but may contribute at a later time or by different
mechanisms unappreciated by RNA-Seq differential expression. Interestingly, SRSF2
was not found to be differentially phosphorylated during Mtb infection which also
contributes to the notion of later or minimal contributions during the innate immune

response by SRSF232°,
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Depletion of hnRNPs Impacts Unique Sets of Innate Immune Genes

We measured a total of 2,952 differentially expressed genes in hnRNP
knockdown macrophages upon STm infection (vs. SCR control), compared to 3,693
differentially expressed cells in hnRNP knockdown samples. The top 30 genes with
>1.5-fold change in gene expression and a p-value of 0.05 that were differentially
expressed between Salmonella-infected hnRNP knockdowns and their respective SCR
controls are displayed in Figure 62. Heatmaps are representative of down-regulated vs.
up-regulated genes.

Dozens of innate immune response genes were found dysregulated in hnRNP
depleted cells. Expression of several key innate immune response genes are found
decreased in the majority of hnRNPs. For example, Gbp5, Gbp2, Mx1, and Ifit2 have
decreased expression in hnRNP C, F, K, and U. Interestingly, hnRNP M was the only
hnRNP to show upregulation of these same genes, as we have previously shown.
Furthermore, hnRNP F had a striking phenotype, whereby its depletion almost
exclusively caused downregulation of gene expression in STm-infected macrophages,
with only 3 genes significantly up-regulated.

Surprisingly, hnRNP C, K, and U had a similar gene expression profile with
down-regulated genes and up-regulated genes. Wnt1, Dmpk, and Dusp2 were some of
the genes up-regulated in hnRNP C, K, and U, while Nos2, Ifi47and Cmpk2 were all
down-regulated in these samples when compared to SCR control. This suggests a
possible collaborative function of these hnRNPs in coordinate a specific regulon of gene

expression during Salmonella infection.
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To further investigate the overlap of hnRNP regulons, we utilized Venn diagrams
to plot all differentially expressed genes with pval>0.05 (Figure 66). Upon analysis of
hnRNP overlap of differentially expressed genes in uninfected macrophages, we
identified 67 genes whose expression was altered by all five hnRNPs. Upon STm
infection, this common node increased to 104 genes. By far, hnRNP F depletion
impacted the most genes, with 1,943 genes changing expression in uninfected samples,
compared to ~400 genes whose expression was altered in resting hnRNP C, K, and U
knockdown cells. When comparing uninfected vs. STm-infected differentially expressed
genes, only ~20% of hnRNP F regulated genes were found in both uninfected and STm
infected samples, compared to other hnRNPs where ~40-50% of genes were found in
each condition. This suggest that: 1. hnRNP F plays a role as a master regulator of gene
expression compared to other hnRNP family members and 2. hnRNP F’s canonical
function is modulated under innate immune activation.

Depletion of SRSFs Impacts Unique Sets of Innate Immune Genes

Differential expression analysis revealed a total of 1,777 differentially expressed
genes upon in SRSF knockdown resting cells compared to SCR controls and 1,525
differentially expressed genes in STm-infected knockdowns vs. SCRs. The top 30 genes
with >1.5-fold change in gene expression and a p-value of 0.05 that were differentially
expressed between STm-infected SRSF knockdowns and their respective SCR controls
are displayed in Figure 63. Unlike the hnRNPs, SRSFs were less uniform in the overall
number of genes they up vs. downregulated. For example, SRSF1 and SRSF7 displayed

an overall trend of down-regulated genes when they were depleted in macrophages
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suggesting an activation role in innate immune gene expression. Alternatively, SRSF9,
SRSF2, and SRSF6 demonstrated a trend of 50/50 split of down-regulated and up-
regulated genes. While several similar immune genes like Mx1and Ifi204 were also
found in the majority of hnRNP knockdowns, SRSF regulated genes did not show a
striking overlap amongst SRSF 1, 2, 6, 7, or 9. This suggests that even more so than
hnRNPs, SRSF proteins have independent and diverse impacts on macrophage gene
expression regulation upon bacterial infection.

Likewise, SRSF-regulated genes showed less overlap compared to those
regulated by hnRNPs (Figure 62). In uninfected samples, only 17 genes were found to be
regulated by each SRSF and only 11 genes during STm infection. Venn diagram analysis
showed SRSF6 and SRSF7 overlap with 55 genes in uninfected samples and an increase
to 82 genes in STM infected samples (Figure 67). Similar to hnRNP F, SRSF6 and
SRSF7 regulate dozens more genes, comparatively. Interestingly, SRSF1 regulates over
300 genes in uninfected samples with a small overlap with STm infected genes.
However, SRSF1 only regulates a little over 100 genes upon infection. This suggests that
SRSF1 function is also regulated during infection, with the cell promoting less
regulation of genes by SRSF1.

IPA Analysis Reveals Targeted Pathways In hnRNP and SRSF Knockdowns

To gain insight into what is common about the genes whose expression was
impacted by loss of specific hnRNP or SRSF proteins, we performed functional
classification and Ingenuity Pathway Analysis (IPA) of differentially expressed genes

(pval >0.05). IPA delivers a tool to assemble and extract relevant information from our
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RNA-Seq. While the caveat is that it relies on published research and databases, it is able
to combine individual genes to identify biological themes and mechanistic regulatory
networks. The top functions identified by IPA in our RNA-Seq for uninfected and STm-
infected are shown in Figure 64 and Figure 65. IPA Canonical Pathways identified EIF2
Signaling, Unfolded Protein Response, and NRF2-meditiated Oxidative Stress Response
as some of the top affected pathways by hnRNPs and SRSFs in resting macrophages. In
STm-infected RNA-Seq IPA Canonical Pathway Analysis, there were more drastic
changes in z-scores compared to hnRNPs. Role of PRRs, Interferon Signaling, and Role
of PKR were pathways enriched for differentially expressed genes in several of the
hnRNP- and SRSF-depleted cell lines (Figure 64 & Figure 65). Strikingly, hnRNP F and
hnRNP M showed opposing z-scores aligning with hnRNP F’s activation function and
hnRNP M’s repression function during the innate immune response that we previously
identified 3%.

Upstream Regulator Analysis (URA) of IPA was used to identify molecules
upstream of the differentially expressed genes that had a high probability to cause the
observed gene expression changes. URA has two outputs - an overlap P-value measuring
enrichment of network-regulated genes in the dataset and an activation Z-score. Using
predicted patterns based on published data, the Z-score measures a statistically
significant corresponding match between the detected gene expression changes. In
uninfected samples, MY C (proto-oncogene, bHLH transcription factor), IRF3
(Interferon Regulator Factor), and MLKIPL (MAX Dimerization Protein Interacting

Protein Like), were some of the upstream regulators implicated in the gene expression
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changes that occur in the hnRNP and SRSF knockdown samples (Figure 69 & Figure
70). Interestingly, URA analysis identified a unique set of possible upstream regulators
for SRSF1 and SRFS6, where these factors have opposing z-scores. Additionally, this
analysis further separated hnRNP C, K, and U where hnRNP K and hnRNP U have
similar upstream regulators and z-scores, where hnRNP C has similar upstream
regulators, but the activation z-score differs. This may suggest that hnRNP C, K, and U
may regulate similar genes, but this occurs during different regulation mechanisms or
with different kinetics.

The CNA (Causal Network Analysis) generalizes URA by incorporating
pathways from regulators to regulated molecules. Similar to the URA analysis,
MLXIPL, MYC, and RICTOR were some of the top z-scores among hnRNPs and
SRSFs in uninfected samples (Figure 71 & Figure 72). Interestingly for each of the URA
and CNA, while hnRNP M and hnRNP F have the most drastic gene changes, hnRNP C,
K, and U have the most drastic z-scores. This further supports our hypothesis that
hnRNP C, K, and U are regulating a similar regulon of genes.

Reliance on Splicing Factors Does Not Correlate with Expression of Salmonella-
Induced Innate Immune Genes

We next asked whether genes whose expression is most induced by STm
infection were more reliant on hnRNPs or SRSFs for proper expression. To identify the
most transcriptionally activated in STm-infected macrophages, we pooled together each
SCR used in our original analysis and identified differentially expressed genes using

CLC Genomics Workbench. Consistent with previous literature, genes like I11b, Rsad2,
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Ifnbl, Ifitl, Tnf, and 116, were massively upregulated upon Salmonella infection at our 4h
time point (Figure 68). Interestingly, as we continue to look down this list, to genes
whose expression is induced via a much smaller fold-change, we still see hnRNP and/or
SRSF expression changes. This observation suggests that RNA-processing regulation is
uncoupled from the level of transcription induction and supports a model whereby
certain innate immune transcripts are more reliant on RBP for proper expression than are
other innate immune transcripts. This also points to the idea that highly expressed genes
are not necessarily subject to more splicing regulation. This also aligns with Pandya-
Jones et. al where they report that only certain innate immune transcripts displayed
obvious co-transcriptional splicing regulation®.

From this same analysis, we identified several genes that are highly regulated by
hnRNPs and SRSFs and others that do not seem to be affected by depletion of these
factors. Several critical cytokines like 111a and 116 were found to be affected by
knockdown of several hnRNPs and SRSFs. Similarly, many interferon stimulatory genes
such as Ifnb1, Ifit3b, Mx1, Rgs16 were affected by knockdown of several hnRNPs and
SRSFs. With each of the genes that were affected by hnRNP or SRSF knockdown, the
extent to their dysregulation varied between factors. As our analysis is conducted at 4h,
this suggests that these factors regulate the same genes although with different kinetics.
On the other hand, there were some genes that are highly induced upon Salmonella
infection that had no change in expression when hnRNPs and SRSFs were depleted;
Ccl17, 133, Cish, Mtmr7, and Cx3cl1. This may be due to the kinetics of these gene’s

regulation, specific structure, or alternative RBPs that regulate these transcripts. Overall,
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this data supports our hypothesis that RNA-processing and splicing-dependent changes
are independent of expression level.

Alternative Splicing Changes Do Not Account for the Vast Majority of Expression
Changes

The discovery that hnRNPs and SRSFs do not correlate with transcriptional
upregulation during STm infection advocates that RNA-processing mechanisms like
splicing and mMRNA export may be critical procedures in regulating the innate immune
response, outside of transcriptional upregulation. To understand how hnRNPs and
SRSFs influence RNA-processing via alternative splicing changes, we utilized MAJIQ.
MAJIQ quantifies LSV's (local splice variants). This enables detection of intron
retention, exon skipping, alternative 5°, and alternative 3’ events.

To compare alternative splicing differences, we performed deltapsi calculations
using MAJIQ with SCR control samples and respective hnRNP and SRSF knockdowns.
Upon examination of the types of alternative splicing events MAJIQ quantifies, exon
skipping was the major event affected seen in all knockdowns (Figure 73, Figure 74, &
Figure 75). Interestingly, the total number of LSV events went down during STm
infection for each event. hnRNP F had the most LSVs in both uninfected and STm-
infected cells, correlating with the number of genes that we saw differentially expressed
in our RNA-Seq data.

To understand if these alternative splicing changes contribute to the gene
expression we see with hnRNP and SRSF knockdown, we used Venn diagrams to

overlap the differences in our RNA-Seq data to the genes identified in our MAJIQ
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analysis. As seen in our previous studies with hnRNP M, we did not see a significant
overlap with genes differentially expressed and genes identified to have alternative
splicing events in our MAJIQ analysis (Figure 76 & Figure 77). hnRNP F, SRSF6, and
SRSF7 had the most overlap with ~10% of genes overlapping in each data set.
Interestingly, in uninfected and Salmonella-infected SRSF samples we see many more
genes affected in our MAJIQ analysis vs. our differential gene expression analysis. This
suggests while SRSFs may not be altering expression of these genes, these proteins are
critical in controlling splicing changes.

Interestingly, hnRNP K and SRSF9 had the least among of overlap between
RNA-Seq and MAJIQ data. hnRNP K had zero overlap in both uninfected and STm-
infected, while SRSF9 had only 5 genes overlap in uninfected and in STm-infected
samples. With our MAJIQ splicing analysis revealing distinct genes regulated by
hnRNP and SRSF factors, we performed IPA analysis of alternatively spliced genes to
identify pathways enriched for hnRNP and SRSF-dependent changes. Notably, we
observed enrichment for several cancer pathways including BRCA1 DNA Damage,
Molecular Mechanisms of Cancer, and Myeloid Leukemia Signaling in our uninfected
samples (Figure 78 & Figure 79). This aligns with dozens of reports supporting splicing
regulation in cancer processes *'3, Interestingly, we also observed enrichment for TNFR2
signaling, SAPK/JNK Signaling, in uninfected samples. These pathways play important
roles in the innate immune response. While displaying increased significance, IPA
analysis of STm-infected samples also showed enrichment for similar pathways as

uninfected samples.
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We further explored our hnRNP and SRSF-dependent alternatively spliced genes
through Causal Pathway Analysis (Figure 80 & Figure 81). Remarkably, our uninfected
and Salmonella-infected pathways showed similar results like our IPA analysis
mentioned previously, with increased significance in STm-infected samples. The top
enriched pathways were camptothecin and monobutyl phthalate. Camptothecin is a
compound that inhibits DNA and RNA synthesis while monobutly phthalate has been
found to inhibit steroidogenesis. Intriguingly, IFN alpha/beta and IFNAR pathways
showed enrichment for alternatively spliced genes across the majority of factors in
uninfected and STm-infected macrophages, further demonstrating the importance of
RNA-processing in the innate immune response. IRF7 was also found to be enriched in
Salmonella-infected samples, suggesting genes regulated by Irf7 are more affected by
knockdown of splicing factors. As our previous work on hnRNP M did not show
enrichment of many innate immune pathways in IPA analysis of hnRNP M-dependent
alternatively spliced genes, our current global analysis highlights the dynamics of each
of these families of splicing factors. Taken these data together, we can generally
conclude that the ability of hnRNPs and SRSFs to influence gene expression is distinct
from their ability to controlling specific alternative splicing decisions.

Discussion

In this study, we implicate hnRNPs and SRSFs as critical components of the
innate immune response. Regulation of these factors come primarily in the form of
activation, as when the majority of these factors are removed, we see a downregulation

of genes. Furthermore, we found hnRNP and SRSF-dependent gene regulation was

114



independent of Salmonella-induction of innate immune response genes. Identification of
alternative splicing affects show thousands of genes that were affected by hnRNP and
SRSF knockdown. Furthermore, these genes showed enrichment for several innate
immune related pathways, such as cancer and kinase regulation.

Our research provides insight into the role of hnRNPs and SRSFs as part of
macrophage activation upon pathogen sensing. We believe each of these RNA-binding
proteins is specialized upon this response through PTMs and is designated to differential
gene regulation. We suspect that this functionalization is at least in part driven by
differential phosphorylation of these splicing factors. Our results suggest specialization
of the spliceosome during the innate immune response. Future research will be dedicated
to how these hnRNP and SRSF dependent alternatively spliced isoforms impact innate
immune outcomes as well as how kinetics, gene length, intron/exon count, and binding
motifs play a role in the differential regulation we see of the same gene by different

hnRNPs and SRSFs.
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CHAPTER VI

MATERIALS AND METHODS

Cell lines
RAW 264.7 macrophages

RAW 264.7 macrophages (ATCC) (originally isolated from male BALB/c mice)
were cultured at 37°C with a humidified atmosphere of 5% CO2 in DMEM (Thermo
Fisher) with 10% FBS (Sigma Aldrich) 0.5% HEPES (Thermo Fisher). For RAW 264.7
macrophages stably expressing scramble knockdown and hnRNP M knockdown, cells
were transfected with scramble non-targeting ShRNA constructs and hnRNP M shRNA
constructs targeted toward the 3" UTR of hnRNP M. After 48 hours, media was
supplemented with hygromycin (Invitrogen) to select for cells containing the ShRNA
plasmid. RAW 264.7 macrophages stably expressing GFP-FL and 3XFL-hnRNP M
were transfected for 48 hours and then selected through addition of puromycin
(Invivogen).
BMDMs

C57BL/6J mice were used to generate bone marrow derived macrophages
(BMDMs). All animals were housed, bred at Texas A&M Health Science Center under
approved IACUC guidelines. BMDMs were differentiated from BM cells isolated by
washing mouse femurs with 10 mL DMEM. Cells were then centrifuged for 5 min at
1000 rpm and resuspended in BMDM media (DMEM, 20% FBS (Millipore), 1mM

sodium pyruvate (Lonza), 10% MCSF conditioned media (Waston lab)). BM cells were
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counted and plated at 3x106 in 15 cm non-TC treated dishes in 30 mL complete BMDM
media. Cells were fed with an additional 15 mL of BMDM media on day 3 of culture.
Cells were harvested on day 7 with 1 X PBS EDTA (Lonza).
Bacterial strains

Salmonella enterica serovar Typhimurium (SL1344) was obtained from Helene
Andrews-Polymenis, TAMHSC. Infections with S. Typhimurium were conducted by
plating RAW 264.7 macrophages on tissue-cultured treated 12-well dishes at 7.5 x105
and incubated overnight. Overnight cultures of S. Typhimurium were diluted 1:20 in LB
broth containing 0.3M NaCl and grown until they reached an OD600 of 0.9.
RNA-SEQ

The RNA-Seq experiment was made up of 12 samples: biological triplicate of
SCR uninfected, SCR Salmonella-infected, knockdown uninfected, and Salmonella-
infected knockdown cells. RNA-Seq and library prep was performed by Texas A&M
AgriLife Genomics and Bioinformatics Service. Samples were sequenced on Illumina
4000 using 2 x 75-bp paired-end reads. Raw reads were filtered and trimmed and Fastq
data was mapped to the Mus musculus Reference genome (RefSeq) using CLC
Genomics Workbench 8.0.1. Differential expression analyses were performed using
CLC Genomics Workbench. Relative transcript expression was calculated by counting
Reads Per Kilobase of exon model per Million mapped reads (RPKM). The differentially
expressed genes were selected as those with p value threshold < 0.05 and a fold change
value > 1.5 to include in the heatmaps represented. Follow up RT-gPCR analysis was

done with both knockdowns, while the best knockdown was selected for sequencing, as
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the phenotype often tracked with the knockdown efficiency (M1 = ~80%, M2 = ~60%).
Genes with p values < 0.05 were displayed in volcano plots and heatmaps using
GraphPad Prism software (GraphPad, San Diego, CA).
S. Typhimurium Infection

Unless specified, cell lines at a confluency of 80% were infected with the S.
Typhimurium strains at an MOI of 10 (hnRNP M and hnRNP F experiemtns) and and
MOI of 5 (hnRNP and SRRF RNA-Seq) for 30 minutes in Hank’s buffered salt solution
(HBSS), and subsequently cells were spun for 10 minutes at 1,000rpm, washed twice in
HBSS containing 100pg/ml of gentamycin, and refilled with media plus gentamicin (10
pg/ml). Supernatants were collected at 2 hours and 4 hours and analyzed using IL6
ELISA (Biolegend). After removal of supernatant, cells were lysed in Trizol (Thermo
Fisher) for RNA collection and analyzed using RT-gPCR.
LPS Treatment

RAW 264.7 macrophages were plated on 12-well tissue-culture treated plates at a
density of 7.5x105 and allowed to acclimate overnight. Cells were then treated with E.
Coli Lipopolysaccharide (Sigma-Aldrich) at 100ng/mL for the respective time points
where supernatants and RNA were collected for analysis.
Immunofluorescence Microscopy

RAW 264.7 macrophages were plated on glass coverslips in 48-well plates. Cells
were treated with LPS as described above. At the designated time points, cells were
washed with PBS (Thermo Fisher) and then fixed in 4% paraformaldehyde for 10

minutes. Cells were washed with PBS 3x and then permeabilized with 0.2% Triton-X
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(Thermo Fisher). Coverslips were placed in primary antibody for 1 hour then washed 3x
in PBS and placed in secondary antibody. These were washed twice in PBS and twice in
deionized water, followed by mounting onto a glass slide using ProLong Diamond
antifade mountant (Invitrogen). Images were acquired on a Nikon A1-Confocal
Microscope.
Western Blots

Protein samples were run on Any kD Mini-PROTEAN TGX precast protein gels
(BioRad) and transferred to 0.45 um nitrocellulose membranes (GE Healthcare). The
membranes were incubated in the primary antibody of interest overnight and washed
with TBS-Tween 20. Membranes were then incubated in secondary antibody for 1-2
hours and imaged using LI-COR Odyssey FC Imaging System.
siRNA Transfection

BMDMs were plated at 3x105 in 12-well TC-treated plates and incubated
overnight. Viromer Blue (Lipocalyx) was used to transfect siRNAs according to the
manufacturer’s instructions. The siRNAs directed against Gapdh, hnRNP M, or hnRNP
F were purchased from Thermo Fisher with a negative control present. After 48 hr of
siRNA transfection, LPS was added and RNA was collected at the respective time
points.
Antibodies

The following primary antibodies were used: rabbit polyclonal hnRNP M
(Abcam, #177957), hnRNP F (Abcam, # 50982) rabbit polyclonal Histone 3 (Abcam,

#1791), mouse monoclonal Beta-Actin (Abcam, #6276), mouse monoclonal hnRNP L
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(Abcam, #6106-100), rabbit polyclonal Beta-Tubulin (Abcam, #179513), mouse
monoclonal hnRNP U (Santa-Cruz, sc-32315), DAPI nuclear staining (Thermo Fisher),
and mouse monoclonal ANTI-FLAG M2 antibody (Sigma-Aldrich, F3165). Secondary
antibodies used were as follows: IR Dye CW 680 goat anti-rabbit, IR Dye CW800 goat
anti-mouse (LI-COR), Alexfluor-488 anti-rabbit and Alexafluo-647 anti-mouse
secondary antibodies for immunofluorescence (LI-COR).
Cellular fractionation

Macrophage cellular fractionation was done as described in Pandya-Jones et al.,
2013. RAW 264.7 macrophages were plated on in 10 cm tissue-culture treated plates at
1-3x107 per plate. Cells and buffers were kept on ice unless noted otherwise. Cells were
rinsed twice in cold PBS-EDTA (Lonza) and scraped into 15 mL conical tubes. Cells
were spun at 1,000 g for 5 minutes at 4C and resuspended in NP-40 lysis buffer (10 mM
Tris-HCI [pH 7.5], 0.05% NP40 [Sigma], 150 mM NacCl, protease inhibitor tablet
(Thermo Fisher)) and incubated for 5 min on ice. Lysate was added to 2.5 volumes of a
sucrose cushion (Lysis buffer with 24% sucrose) and centrifuged for at 14,000 rpm for
10min at 4C. The supernatant was collected and saved for cytoplasmic protein sample.
The nuclear pellet was resuspended in glycerol buffer (20 mM Tris-HCI [pH 7.9], 75
mM NacCl, 0.5 mM EDTA, 0.85 mM DTT, 50% glycerol, protease inhibitor tablet) and
lysed with nuclear lysate buffer in equal volume and vortexed 2X for 2 s (10 mM
HEPES [pH 7.6], 1 mM DTT, 7.5 mM MgCI2, 0.2 mM EDTA, 0.3 M NaCl, 1 M
UREA, 1% NP-40, protease inhibitor tablet). Lysates were chilled on ice for 2 minutes

and then spun at 10,000 rpm for 2 minutes at 4C. Supernatant was collected and used for
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nucleoplasmic protein samples. The remining chromatin pellet was gently rinsed in PBS-
EDTA and treated with DNase in DNase buffer for 1 hr at 37C. After incubation, the
supernatant was collected for chromatin protein samples. Sample buffer (BIO-RAD) and
2-Mercapoethanol (BIO-RAD) was added to every protein sample with 5 minutes
boiling prior to running on gels for western blots. Approximately 10% of sample was
loaded for western blots.
RNase Fractionation

For nuclear lysates treated with RNase, nuclear pellets were responded in
glycerol buffer. Nuclear lysis buffer was added, and lysates were incubated on ice for 5
minutes. Samples were then divided into two samples with one receiving 1 ul of RNase
A (Thermo Fisher) per 50 ul sample and another with no RNase A. Both were incubated
at 37C for 30 mins. Lysates were then spun at 10,000rpm for 2 mins and the rest of the
fractionation proceeded as described.
Gene Ontology (GO) Canonical Pathway Analysis
To determine the most affected pathways in control versus knockdown RAW 264.7
macrophages, canonical pathway analysis was conducted using Ingenuity Pathway
Analysis software from QIAGEN Bioinformatics. Genes that were differentially
expressed wth a p value < 0.05 from our RNA-SEQ analysis were used as input from
uninfected and Salmonella Typhimurium infected cells.
RNA isolation and gPCR analysis

For transcript analysis, cells were harvested in Trizol and RNA was isolated

using Direct-zol RNA Miniprep kits (Zymo Research) with 1 hr DNase treatment. cDNA
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was synthesized with iScript cDNA Synthesis Kit (Bio-Rad). CDNA was diluted to 1:20
for each sample. A pool of cDNA from each treated or infected sample was used to
make a 1:10 standard curve with each standard sample diluted 1:5 to produce a linear
curve. RT-gPCR was performed using Power-Up SYBR Green Master Mix (Thermo
Fisher) using a Quant Studio Flex 6 (Applied Biosystems). Samples were run in
triplicate wells in a 96-well plate. Averages of the raw values were normalized to
average values for the same sample with the control gene, beta-actin. To analyze fold
induction, the average of the treated sample was divided by the untreated control sample,
which was set at 1.
Immunoprecipitations

1 x 10" RAW 264.7 macrophages stably expressing FL-hnRNP M, FL-hnRNP F,
or FL-GFP in a 10cm plate were harvested in PBS+0.5M EDTA 24 hours post-transfection
and pellets were lysed on ice with lysis buffer (50 mM Tris HCI pH 7.4, 150 mM NacCl, 1
mM EDTA, 0.075% NP-40) containing protease inhibitor (Pierce A32955). Strep-tactin
superflow plus beads (Qiagen) were washed using buffer containing 5% 1M Tris at pH
7.4, 3% NaCl, and 0.2% 0.5M EDTA. 1000 pl of the cleared lysate was added to the beads
and inverted for 2 hr at 4°C. Beads were then washed 4 times with wash buffer (50 mM
Tris HCI pH 7.4 150 mM NaCl 0.5M EDTA, 0.05% NP-40) and eluted using 5x FLAG
peptide. Whole cell lysate inputs and elutions were boiled in 4x SDS loading buffer with

10% 2-mercapethanol. Samples were analyzed via western blot.
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Mass Spec Immunoprecipitations

Similarly, 5 x 10" RAW 264.7 macrophages stably expressing FL-hnRNP M, FL-
hnRNP F, or FL-GFP in 2x15cm plates were harvested in PBS+0.5M EDTA 24 hours
post-transfection and pellets were lysed on ice with lysis buffer (50 mM Tris HCI pH 7.4,
150 mM NaCl, 1 mM EDTA, 0.075% NP-40) containing protease inhibitor (Pierce
A32955). EZview Red ANTI-FLAG® M2 Affinity Gel Beads (Sigma) were washed using
buffer containing 5% 1M Tris at pH 7.4, 3% NaCl, and 0.2% 0.5M EDTA. 1000 pl of the
cleared lysate was added to the beads and inverted for 2 hr at 4°C. Beads were then washed
4 times with wash buffer (50 mM Tris HCI pH 7.4 150 mM NaCl 0.5M EDTA, 0.05%
NP-40) and eluted using 5x FLAG peptide. Whole cell lysate inputs and elutions were
boiled in 4x SDS loading buffer with 10% 2-mercapethanol. Samples were loaded onto
SDS-Page gel and each band was extracted and purified and analyzed via Mass-Spec.
M. tuberculosis Infection

Low passaged lab stocks of each Mtb strain (Erdman strain WT, Erdman
luxBCADE, or Erdman m-Cherry) were thawed for each experiment to ensure virulence
was preserved. M. tuberculosis was cultured in roller bottles at 37°C in Middlebrook 7H9
broth (BD Biosciences) supplemented with 10% OADC, 0.5% glycerol, and 0.1% Tween-
80. All work with Mtb was performed under Biosafety Level 3 (BSL3) containment using
procedures approved by the Texas A&M University Institutional Biosafety Committee.
To prepare the inoculum, bacteria grown to log phase (OD 0.6-0.8) were spun at low speed
(5009) to remove clumps and then pelleted and washed with PBS twice. Resuspended

bacteria were briefly sonicated and spun at low speed once again to further remove clumps.
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The bacteria were diluted in DMEM + 10% horse serum and added to cells at an MOI of
10 for RNA and cytokine analysis and MOI of 1 for microscopy studies. Cells were spun
with bacteria for 10 min at 1000 x g to synchronize infection, washed twice with PBS, and
then incubated in fresh media. RAW 264.7 or CRISPR/Cas9 RAW 264.7 macrophages
were plated on 12-well tissue-culture treated plates at a density of 3x10° cells/well and
allowed to grow overnight. Where applicable, RNA was harvested from infected cells
using 0.5 ml Trizol reagent at each time point.
Chromatin Immunoprecipitation

Chromatin Immunoprecipitation (ChIP) was adapted from Abcam’s protocol.
Briefly, two confluent 15 cm dishes of RAW 264.7 macrophages were crosslinked in
formaldehyde to a final concentration of 0.75% and rotated for 10 minutes. Glycine was
added to stop the cross linking by shaking for 5 minutes at a concentration of 125 mM.
Cells were rinsed with PBS twice and then scraped into 5 mL PBS and centrifuged at
1,000 g for 5 min at 4C. Cellular pellets were resuspended in ChIP lysis buffer (750 pL
per 1x107 cells) and incubated for 10 min on ice. Cellular lysates were sonicated for 40
minutes (30sec ON, 30sec OFF) on high in a Bioruptor UCD-200 (Diagenode). After
sonication, cellular debris was pelleted by centrifugation for 10 min, 4°C, 8,000 x g.
Input samples were taken at this step and stored at —80C until decrosslinking. For RNase
treated samples, RNase A was added to cell lysates and incubated for 30 mins at 37C.
Approximately 25 pg of DNA diluted to 1:10 with RIPA buffer was used for overnight
immunoprecipitation. Each ChIP had one sample for the specific antibody and one

sample for Protein G beads only which were pre-blocked for 1 hr with single stranded
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herring sperm DNA (75 ng/uL) and BSA (0.1 pg/uL). The respective primary antibody
was added to all samples except the beads-only sample at a concentration of 5 ug and
rotated at 4°C overnight. Beads were washed 3x in with a final wash in high salt
(500mM NaCl). DNA was eluted with elution buffer and rotated for 15 min at 30C.
Centrifuge for 1 min at 2,000 x g and transfer the supernatant into a fresh tube.
Supernatant was incubated in NaCl, RNase A (10 mg/mL) and proteinase K (20 mg/mL)
and incubated at 65°C for 1 h. The DNA was purified using phenol:chloroform
extraction. DNA levels were measure by RT-qPCR. Primers were designed by tiling
each respective gene every 500 base pairs that were inputted into NCBI primer design.
FLAG Chromatin Immunoprecipitation

In RAW 264.7 macrophages stably expressing FL-hnRNP M, FL-hnRNP F, or
FL-GFP, ChIP was conducted as described above with minor adjustments. Lysates were
incubated overnight at 4C with ANTI-FLAG M2 antibody. After washing, DNA was
eluted with FLAG peptide (Sigma-Aldrich F4799) by adding 20 ul of 5X FLAG peptide,
vortexed at room temperature for 15 mins and supernatants were collected. This process
was repeated a total of 3x followed by decrosslinking as described.
Alternative Splicing Analysis

Alternative splicing events were analyzed using MAJIQ and VOILA with the
default parameters (Vaquero-Garcia et al., 2016). Briefly, uniquely mapped, junction-
spanning reads were used by MAJIQ to construct splice graphs for transcripts by using
the RefSeq annotation supplemented with de-novo detected junctions. Here, de-novo

refers to junctions that were not in the RefSeq transcriptome database but had sufficient
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evidence in the RNA-Seq data. The resulting gene splice graphs were analyzed for all
identified local splice variations (LSVSs). For every junction in each LSV, MAJIQ then
quantified expected percent spliced in (PSI) value in control and knockdown samples
and expected change in PSI (dPSI) between control and knockdown samples. Results
from VOILA were then filtered for high confidence changing LSVs (whereby one or
more junctions had at least a 95% probability of expected dPSI of at least an absolute
value of 20 PSI units (noted as “20% dPSI”’) between control and KD) and candidate
changing LSVs (95% probability, 10% dPSI). For the high confidence results (dPSI > =
20%), the events were further categorized as single exon cassette, multi-exon cassette,
alternative 5" and/or 3’ splice site, or intron-retention.
VSV infection

7x105 RAW cells were seeded in 12-well plates 16h before infection. Cells were
infected with VSV-GFP virus (Dalton and Rose, 2001) at multiplicity of infection (MOI)
of 1 and 0.1 in serum-free DMEM (HyClone SH30022.01). After 1h of incubation with
media containing virus, supernatant was removed, and fresh DMEM plus 10% FBS was
added to each well. At indicated times post infection, cells were harvested with Trizol
and prepared for RNA isolation.
Quantitation and Statistical Analysis

Statistical analysis of data was performed using GraphPad Prism software. Two-
tailed unpaired Student’s t tests were used for statistical analyses, and unless otherwise
noted, all results are representative of at least three biological experiments (mean £ SEM
(n = 3 per group)).
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CHAPTER VII
CONCLUSIONS

My work has shown that the regulation of gene expression through RBPs and
RNA processing is essential to provide the proper gene expression profiles needed
during bacterial infection. My research indicates that RNA processing plays a critical
role in regulating the expression of innate immune response genes and | have identified
novel roles for hnRNPs and SRSFs in regulating the innate immune response.

Through my work I discovered hnRNP M to be a repressor of specific innate
immune genes upon innate immune agonists and Salmonella infection. In this model,
hnRNP M associates with chromatin at the target gene locus and represses innate
immune gene expression through influencing intron removal. This is facilitated through
TLR signaling and differential phosphorylation of hnRNP M at S574. While my data
supports this model, specific mechanisms of hnRNP M signaling and mechanisms
remain to be resolved; specifically, which kinases or phosphatases are responsible for
differential phosphorylation of hnRNP M upon bacterial infection. Interestingly, several
factors have been found to regulate SRSFs phosphorylation 92136142414 Simjlarly, DUSP
proteins are found to have differential gene expression in several of our RBP RNA-Seq
datasets. DUSP2, an important phosphatase that specifically inactivates MAPK, was also
found to have similar gene expression profiles of IL6 as hnRNP M #1°, Therefore,
knockdown of DUSP phosphatases, or other kinases involved in SRSF phosphorylation,
may identify specific factors that regulate hnRNP M phosphorylation and overall gene

expression and protein interactions mechanisms of hnRNP M.
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Another unknown mechanism the level of hnRNP M chromatin regulation found
at other innate immune transcripts. To investigate which transcripts hnRNP M regulates
at the level or chromatin, ChlP-Seq would unbiasedly illuminate which innate immune
transcripts or other canonical transcripts are regulated by hnRNP M. This could identify
hnRNP M-dependent splicing events that occur at the level of chromatin. To identify
which transcripts are bound by hnRNP M in a resting cell, ICLIP or CLIP-Seq would
identify the innate immune transcripts RNA bound by hnRNP M. Furthermore, | predict
that specific phosphorylation events will enable particular RNA and/or protein
interactions and that some of these interactions will remain “trapped” since the
phosphate will not be able to be added or removed from the mutated serine. For this
experiment, CLIP-seq can also be performed using macrophages expressing 3xFL
tagged hnRNP M phophosmutant alleles.

My studies have also identified opposing mechanisms in RBPs in gene regulation
by identifying hnRNP M to be a repressor of gene expression and hnRNP F to be an
activator of gene expression following diverse innate immune stimuli. Interestingly,
hnRNP F was found to down regulate gene expression of dozens of 1SGs and
differentially splice several master regulators of ISGs, including Irf7 and Ikbke. Mis-
splicing events in the absence of hnRNP F could target these transcripts for degradation
leading to loss of Ifnb transcript and overall ISG expression. While more questions
remain for hnRNP F, my studies have shown that Ifnb1 expression is highly dependent

on the presence of hnRNP F. Along with their opposing regulation, surprisingly I found
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hnRNP F and hnRNP M to interact with similar proteins in paraspeckle complexes like
SFPQ, MATRS3, and NONO. Interestingly, hnRNP F was also found to interact with
several core splicing factors like Sf3b1. While hnRNP M did not have many core
splicing factors identified in my IP/MS, this further suggests their opposing function. |
propose a model whereby hnRNP M and hnRNP F are regulators of similar innate
immune transcripts. In resting cells, hnRNP M represses splicing factors from being
associated with transcripts, while hnRNP F as an activator, brings core splicing factors to
a transcript to facilitate gene expression and hnRNP M is removed from the transcript
following innate immune activation. This is also supported by my findings of release of
hnRNP M protein-protein interactions and hnRNP F interaction with Sf3b1 increasing
upon macrophage activation. Kinetics of these interactions will be important to follow-
up on as my studies were only conducted at 2H post-macrophage activation and splicing
processes occur dynamically throughout the innate immune response.

As these proteins were found to be differentially phosphorylated upon infection,
my work also identified specific serines that play a role in regulating gene expression
upon bacterial infection. Mutating specific serines on hnRNP M greatly impacted the
protein’s ability to dampen induction of specific innate immune transcripts following
pathogen sensing. Alternatively, mutating specific serines on hnRNP F showed a wide
range in regulation abilities of innate immune transcripts. This suggests that while
hnRNP M may have a singular critical phosphorylation event, hnRNP F function may be
regulated by several events and contribute to hnRNP F localization, RNA-binding, and

protein-protein interactions. This could suggest additional modes of regulation by

129



hnRNP F and also various roles in different complexes such as splicing, RNA-
processing, and mRNA export complexes. As aforementioned with hnRNP M, additional
research is also needed to identify kinases/phosphatases of this hnRNP F and how these
events regulate hnRNP F’s function.

In my work, | have performed a genome-wide analysis of gene expression and
splicing regulation of several ubiquitously expressed hnRNPs and SRSFs in resting
macrophages and Salmonella-infected macrophages. | identified _ AS events that are
regulated by hnRNP C, F, K, M, U and SRSF 1, 2, 6, 7, and 9. With this data, | have
established that hnRNPs and SRSFs have independent functions in regulating gene
expression. While hnRNPs seem to collaborate more on the same transcripts, SRSFs
seem to regulate in distinct mechanisms as many genes in our RNA-Seq did not show
much overlap amongst SRSFs. Additionally, while hnRNP M was found as the major
repressor of gene expression, the majority of other RBPs were found to be activators of
gene expression upon innate immune activation. While this set of proteins does not
cover all hnRNPs and SRSFs, this may indicate a macrophages priority of activating
gene expression rather than gene repression. Differential gene expression in hnRNP and
SRSF knockdowns also identified transcription-dependent gene regulation, as the most
upregulated transcripts upon Salmonella infection alone, were not the most affected by
hnRNP and SRSF knockdown.

Interestingly, hnRNP C, K, and U had over 40% of RNA-Seq differentially
expressed genes overlap in resting and infected macrophages. Surprisingly, only hnRNP

C and U showed significant overlap in my MAJIQ analysis, while hnRNP K showed no
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overlap with hnRNP C and U. This suggest hnRNP K is influencing similar transcripts,
but through different RNA processing functions like export or translation. More research
will need to be conducted on how these hnRNPs and SRSFs distinct and collaborative
mechanisms play a part in RNA processing steps like splicing and mRNA translation.
My research demonstrates a wide range of regulation by these peripheral splicing
factors in regulating distinct innate immune genes and housekeeping genes. MAJIQ
analysis of my hnRNP and SRSF RNA-Seq data has identified several transcripts whose
alternative splicing requires these RBPs that may play a role in cell-intrinsic innate
immunity. For example, several RBPs | looked at control generation of distinct protein-
coding isoforms of several genes involved in signaling and transcription (e.g. Irf7, Atf4,
Ikbkg, TIr7), which are major mechanisms through which macrophages control ST
replication. In order to implicate these hnRNP and SRSF-dependent transcript isoforms
in controlling bacterial infection, I will knockdown these transcripts with shRNA
targeted towards the 3’UTR, as this will target the majority of transcript isoforms,
allowing me to complement with cloned cDNAs from alternatively spliced isoforms of
the gene of interest. | can then infect these cell lines with ST and look at survival
outcomes (ST intracellular trafficking, CFUs) to implicate these alternatively spliced
isoforms in host survival outcomes. Further research is needed to characterize these
previously unstudied alternatively spliced isoforms and identify new roles for RNA-
binding proteins in controlling cell-intrinsic innate immunity. Together, my data has
identified novel mechanisms of RBP functions. | believe that RNA processing is a

critical level of regulation during the innate immune response and understanding the
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specific functions of each RBP will identify unique and collaborative mechanisms by

which RBPs play a critical role in regulating the innate immune response.
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Figure 1. The Central Dogma of Biology
Genetic information from DNA is transcribed into messenger RNA (mRNA).
These mMRNAs code for amino acids that are produced during the process of translation,

leading to the final product of a protein.
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Figure 2. RNA Processing Steps in Eukaryotic Cells

Following transcription, pre-mRNA goes through several RNA processing steps;
5’ capping, removing introns through splicing, polyadenylation at the 3° end, and export
out of the nucleus. mMRNAs are the determined to be sent for decay or translated into a
protein. Each of these processes are facilitated by various RNA-binding proteins (gray

and purple circles).
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Figure 3. Spliceosome Assembly and Removal of an Intron from a Pre-mRNA

U1 and U2 snRNPs bind to conserved sequences that define a splice site on
either end of an intron. U4/U5/U6 snRNPs form the full spliceosome leading to
formation of a lariat loop structure of the intron to be removed. Ul and U4 are removed,
leading to the final reaction with two exons spliced together and the spliced intron

removed.
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Figure 4. Alternative Splicing Produces Different Protein Isoforms from One RNA
During alternative splicing, exons from pre-mRNA are spliced together in
alternating sequences. These mMRNA sequences lead to different protein isoforms that

can have diverse functions.
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Figure 5. RBPs Influence Splicing Reactions Through Defining Exons and Introns
hnRNP and SRSF RNA-binding proteins can bind to consensus motifs in exons
and introns to enhance or repress spliceosome function. These leads to influencing

spliceosome assembly and reactions that impacts canonical and alternative splicing.
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Figure 6. hnRNP and SRSF Proteins Identified Binding Motifs
Visualizations of hnRNP and SRSF binding motifs identified via CLIP-seq

experiments from Huelga et. al., Ray et. al., Castle et al., and Paradis et. al. 232
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Figure 7. Innate Immune Receptors and Signaling Cascades Lead to Cytokine,
Interferon, and Interferon-Stimulatory Genes Production

PAMPs or DAMPs from microbes are sensing via Toll-like receptors and
Nucleic acid receptors. These receptors signal to adaptor molecules that activate
transcription factors like AP-1, NF-kf, and IRFs. These transcription factors stimulate
cytokine, interferon, and interferon-stimulatory genes production to help combat the

invading pathogen.
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Figure 8. Innate Immune Sensing of Cytosolic DNA From Bacterial Pathogens by
cGAS

Upon entry into a macrophage, Mycobacterium tuberculosis uses is ESX-1
secretion system to secrete proteins that permeabilize the bacterium containing
phagosome. Host cytosolic DNA sensor cGAS detects Mtb. Alternatively, Listeria
monocytogenes can release c-di AMP, which directly activates STING. Each outcome

leads to TBK1 activation and IFN production.
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Figure 9. Model of TLR4 and TLR2 Signaling

TLR4 can recognize LPS from gram-negative pathogens. TLR2 senses

PAM3CSK4 from gram-positive pathogens. TLR4 and TLR2 stimulate through MYD88

dependent signaling cascades. TLR4 can also stimulate through TRIF. MYD88

independent pathways initiate IRAK4/TRAF6 and trigger NF-xf transcription of innate

immune response genes. TRIF signaling activates TBK1 and IRF transcription of

interferon.
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Figure 10. Salmonella Detection and Innate Immune Response Via Toll-like
Recetpors

Toll-like receptors detect the presence of Salmonella, which detect LPS,
flagellin, and endocytosed Salmonella. Upon TLR binding, engage adaptors MYD88 and
TRIF. This triggers kinase and phosphatase activation of MAPK and IKKs. These
MAPKSs and IKKs modulate NF-kf and IRF function, sending them to the nucleus.
Upon nuclear entry, these transcription factors stimulate cytokine and Type I Interferon
production. IFNB that is produced then signals through IFNAR. This leads to STAT

activation and production of Interferon-stimulatory genes.
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Infection

Diagram of Phosophorylation events of hnRNPs identifed by Budzik et. al and

Penn et. al, 325326
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Figure 13. Core Spliceosome Factors are Differentially Phosphorylated Upon M.
tuberculosis Infection
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Figure 14. (Figure 1) hnRNP M Regulates Expression of Innate Immune Genes

during Salmonella Typhimurium Infection
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(A) Western blot analysis and qRT-PCR of hnRNP M in RAW 264.7
macrophages with b-actin as a loading control. Values are mean (SD) representative of 3
biological replicates. (B) Volcano plot (t test) showing gene expression analysis of
hnRNP M KD RNA-seq data from uninfected cells. x axis shows fold change of gene
expression, and y axis shows statistical significance. Downregulated genes are plotted on
the left, and upregulated genes are on the right. (C) Gene expression analysis of hnRNP
M KD cells compared to SCR control for uninfected cells. Each column represents a
biological replicate. Red, genes downregulated in hnRNP M KD; blue, genes
upregulated in hnRNP M KD. (D) Gene expression analysis of hnRNP M KD cells
compared to SCR control for Salmonella-infected cells. Each column represents a
biological replicate. (E) Ingenuity pathway analysis of gene expression changes in
uninfected and Salmonella-infected cells. (F) Manually annotated hnRNP M-dependent
innate immune genes. Each column represents a biological replicate. (G) gRT-PCR of
Rnf26, Rnf128, and Slc6a4 in uninfected hnRNP M KD cells. (H) qRT-PCR of mature
IL6, Mx1, and Gbp5 transcripts in Salmonella-infected hnRNP M KD cells at 2 and 4 h
post-infection. (I) qRT-PCR of IL14 and Tnfa transcripts in Salmonella-infected hnRNP
M KD cells at 4 h post-infection. (G)—(I) represent 3 biological replicates + SEM, n = 3.
For all experiments in this study, statistical significance was determined using two-tailed

Students’ t test. *p < 0.05, **p <0.01, ***p <0.001, n.s., not significant.
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Figure 15 (Figure S1). HNRNP M regulates expression of specific immune genes

during Salmonella Typhimurium Infection.
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(@) Venn diagram to represent overlap between hnRNP M-regulated transcripts in
uninfected and Salmonella-infected macrophages. (b) Complete ingenuity pathway
analysis for SCR vs. hnRNP M KD uninfected macrophages. (c) Complete ingenuity
pathway analysis for SCR vs. hnRNP M KD Salmonella-infected macrophages. (d) Gene
expression by RT-gPCR in SCR, hnRNP M KD 1, and hnRNP M KD 2 2hr post-
Salmonella infection for Adora2a, Marcks, Mx1, Gbp5, and 4hr for Adora2a and

Marcks.
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Figure 16 (Figure 2). hLnRNP M-Dependent Regulation of Innate Immune Gene

Expression Occurs Downstream of Sensing Multiple Innate Immune Stimuli
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(A) Model of TLR4 and TLR2 signaling. (B) gRT-PCR of IL6 mRNA levels in
SCR control and hnRNP M KD cells treated with LPS for 2 and 4 h. (C) IL6 ELISA
with supernatants collected 4 h post-Salmonella infection or LPS treatment. (D) gRT-
PCR of IL1 transcripts in LPS-treated hnRNP M KD cells (4 h). (E) qRT-PCR of Mx1
and Gbp5 mRNA levels in SCR control and hnRNP M KD cells treated with LPS (4 h).
(F) qRT-PCR and western analysis demonstrating effective depletion of hnRNP M in
siRNA-transfected BMDMs. b-actin was used as a loading control. (G) gRT-PCR of
mature IL6 in negative control and hnRNP M siRNA BMDMs treated with 100 ng/mL
of LPS for 1 and 2 h. (H) gRT-PCR of mature IL6 in negative control and hnRNP M
SiRNA BMDM s treated with 10 ng/mL of LPS for 2 and 4 h. (I) As in (H) but Adora2a.
(J) gRT-PCR of Gbp5 and Mx1 in negative control and hnRNP M siRNA BMDMs
treated with 10 ng/mL of LPS for 4 and 6 h. (K) gRT-PCR of mature IL6 in SCR control
and hnRNP M KD cells treated with Pam3CSK4 for 4 h. (L) Model of cGAS-mediated
cytosolic DNA sensing and IFNAR signaling. (M) gRT-PCR of Mx1 and Ifnbl mRNA
levels in SCR control and hnRNP M KD cells at 4 h following ISD transfection. (N)
gRT-PCR of ISGs (Ifitl and Irf7) in SCR control and hnRNP M KD cells at 4 h
following ISD transfection (O) qRT-PCR of Mx1 transcript in SCR control and hnRNP
M KD cells treated with recombinant IFN- for 4 h. All experiments represent 3

biological replicates where values are means £ SEM, n = 3.

190



+LPS +LPS (05 s

2 hours © 2 hours time (min): UN_ 5 15 30 120 240 53
g %0 2507w a-hnRNP M [ &
§ 40 5 40 %2
kel
g% 3 % a-Tubuin [  © |
2 20 8 20 a
£ 10 g 10 o-Hs [
S = £ 1h2h4h
shRNA: STt shRNA: oSS +LPS
L I
LL L
EE & E D
+LPS +LPS
2 hours 2 hours SrLﬂ;gA: SCR hnRNP M 1
(] +|
g, 400 v g0 ., time (min): UN_5 15 30 45 120 240 UN 5 15 30 45 120 240
c
S 300 5 -
5 . ; 150 o-TKBo [ B L S — --‘
T 200 2 100 o
: 3 AT N W
5 100 3 s0 e ittt
O 9 ;% 0
2 N\ N
ShRNA: @%@Q@ shRNA: cﬂ(g@‘z@q‘
S S
$E AR
+LPS +LPS +LPS +LPS +LPS
6 hours 6 hours 6 hours o 6 hours 6 hours
600 © 2000 S 500 215 o 8009 ¥
87 E’ = ns. o o))
c @ n.s. i 400 e =
5 £ 1500 5 o * & 600 g
& 400 o 2 10 (3]
o - T 300 o *
3 o 1000 £ 200 s g 4%
LC 20D o @ 85 =
3 2 s00 € 100 g g0
0 S = 9 2o 0 T
N
shRNA: (F g ShRNA: (a0 shRNA: 00 shRNA: SEon shRNA: o
S @eqqﬁq S8 <2’-‘§2 <2'-‘§2 Q-'§Q-‘g
Q&Q& S ‘\(‘@1\(@‘ & & &
E F +LPS +LPS +LPS +LPS
c 2 hours 4 hours 2 hours 4 hours
S 150 o 300 o 150 o 10000 o 30000 ns
60—~ [=)] j=2] n.s. o o
238 = £ £ 8000 c
g ] s 200 n.s. IS 100 i ns. s
gg100 o 5 5 6000 & 20000
0§ 3 3 3 4 3
58 50 € 100 € 50 £ 4000 2 10000
(LRSS 3 2 2000 &
3 = [S = =
14 0 0 53 0 0 r 0
> O, S D S DR
rna TS SRNA: 5% siRNA: @ siRNA: &R siRNA: &
SiRNA: 000 q§ o 00§ P Q_é P q_\L o Qg\
& AN & <& &
+PAM3CSK4 +PAM3CSK4 +PAM3CSK4
G 6 hours 4 hours 4 hours
o 100 . o 2500 g 3
£ 80 £ 2000 =
S 60 S 1500 G 2
3 40 3 1000 3
g 4 £ [T
© 20 @ 500 2
=! A S
0 = 0
. N . N )
shRNA: 662:2%@% shRNA: %C%'\%@ shRNA: @C%.\‘\\\{L
& & S
S $E &

Figure 17 (Figure S2). hnRNP M-dependent gene expression profiles are similar

amongst diverse immune stimuli.
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(@) Tnfa, Marcks, Gbp5, and Adora2a expression by RT-gPCR in LPS-treated
cells of SCR, hnRNP M KD 1, and hnRNP M KD 2 2hr post-treatment. (b) IL6, Gbp5,
Marcks, Adora2a, and Mx1 expression by RT-gPCR in SCR, hnRNP M KD1, and
hnRNP M KD 2 6hr post-LPS treatment. (c) Western blot analysis of endogenous
hnRNP M in RAW 264.7 macrophages treated with LPS for 5, 15, 30, 120, and 240
mins. RT-gPCR of hnRNP M expression in RAW 264.7 cells treated with LPS for 1hr,
2hr, and 4hr. (d) Western blot analysis of alK in SCR control and hnRNP M KD 1
macrophages treated with LPS for 5, 15, 30, 45, 120, and 240 mins. () RT-gPCR
demonstrating effective depletion of GAPDH in siRNA transfected BMDMs. (f) RT-
gPCR of Tnfa and IL1R in negative control and hnRNP M siRNA BMDMs treated with
10 ng/ml of LPS for 2hrs and 4hrs. (g) RT-gPCR of /L6, Tnfa, and IL1R in SCR control

and hnRNP M KD macrophages treated with PAM3CSK4 for 6hrs and 4hrs.
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Figure 18 (Figure 3). hnRNP M Influences Gene Expression Outcomes at the Level

of Pre-mRNA Splicing
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(A) Diagram of IL6 pre-mRNA with introns (gray) and exons (blue). (B) gRT-
PCR of IL6 exon-exon and intron-exon junctions in SCR control macrophages at 2 h
post-LPS treatment. (C) gRT-PCR of IL6 exon-exon and intron-exon junctions in SCR
versus hnRNP M KD1 and KD2 at 2 h post-LPS treatment. (D) Categorization of
alternative splicing events identified via MAJIQ in uninfected SCR versus hnRNP M
KD1 samples and in Salmonella-infected SCR versus hnRNP M KD1 samples. (E)
Ingenuity Pathway Analysis of hnRNP M-dependent genes from MAJIQ analysis in
uninfected and Salmonella-infected cells. (F) VOILA output of Mx1 transcript model in
SCR and hnRNP M KDL cells infected with Salmonella. (G) Violin plots depicting the
delta PSI of hnRNP M-dependent local splicing variations in Mx1. (H) As in (G) but for
Commda, alongside semiquantitative RT-PCR validation. (1) As in (H) but for Nmt2. (B)
and (C) are representative of two independent experiments that showed the same result

with values representing means (SD), n = 3.
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Figure 19 (Figure S3). hnRNP M Influences Gene Expression Outcomes at the

Level of Pre-mRNA Splicing
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(@) IL6 expression by RT-gPCR in SCR, hnRNP M KD1 cells treated with LPS
for 1hr then treated with Actinomycin D for 0, 30, 60, 120, 240, and 480 mins. (b) Venn
diagram to represent overlap between hnRNP M-regulated transcripts identified via
RNA-Seq analysis (unique genes identified in Salmonella and uninfected analyses) and
hnRNP M-dependent LSVs identified via MAJIQ analysis (total number of unique LSV
events from both Salmonella and uninfected conditions). (c) Categorization of
alternative splicing events identified via MAJIQ in uninfected vs. Salmonella-infected
samples. (d) Full VOILA-generated tracks for Commd8 and Nmt2. Significant LSVs are

shown in color.
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Genomic Locus in an RNA-Dependent Fashion
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(A) Schematic diagram of hnRNP M, highlighting the nuclear localization signal
(purple) and three RNA Recognition Motifs (green). (B) Immunofluorescence images of
uninfected RAW 264.7 macrophages immunostained with anti-hnRNP M (green). (C)
Immunofluorescence images of RAW 264.7 macrophages stimulated with LPS for the
respective time points and immunostained with anti-hnRNP M (green). Scale bar, 10
mM. (D) Western blot analysis of cellular fractions with anti-hnRNP M and loading
controls of cytoplasm (tubulin), nucleoplasm (hnRNP L) and chromatin (H3) fractions of
uninfected and LPS stimulated RAW 264.7 macrophages. (E) ChIP-qPCR primers
designed to tile the IL6 locus. (F) qPCR of ChIP at the IL6 genomic locus with anti-
hnRNP M in resting RAW 264.7 macrophages. (G) As in (F) but using an anti-histone
H3 antibody. (H) Western blot analysis of nuclear and chromatin fractions with anti-
hnRNP M and Histone H3 (control) with untreated and RNase-treated nuclear fractions.
() As in (F) but with 30 min incubation at 37 with RNase A. (J) As in (F) but with
macrophages treated with 100 ng/mL LPS for 1 h. (K) Venn diagrams representing
hnRNP M eCLIP (ENCODE) gene overlap with our MAJIQ, uninfected RNA-seq, and
Salmonella-infected RNA-seq results. (F) and (G) values are means £ SEM
representative of 2 biological replicates, n = 2. (1) and (J) values are means + SEM

representative of 3 biological replicates, n = 3.
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Figure 21 (Figure S4) hnRNP M Is a Nuclear Protein that Associates with the IL6

Genomic Locus in an RNA-Dependent Fashion
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(@) Immunofluorescence microscopy of 3XFLAG-hnRNP M in untreated and
LPS-treated macrophages (1hr and 2hr post-treatment). (b) Immunofluorescence
microscopy of hnRNP U in untreated and LPS-treated macrophages (2hr post-treatment).
(c) Western blot of whole cell lysate, cytoplasm, nucleoplasm, and chromatin of
fractionated stable 3xFL-hnRNP M-expressing macrophages over a time-course of LPS
treatment. (d) Western blot analysis of cellular fractions with anti-hnRNP M and loading
controls of cytoplasm (tubulin), nucleoplasm (Snrp70) and chromatin (H3) fractions of
uninfected and LPS stimulated hnRNP M KD 1 macrophages. (€) RNA sequence of IL6
introns 2 and 3. Consensus or near-consensus hnRNP M binding sites are highlighted in

yellow.
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Figure 22 (Figure 5) Phosphorylation of hnRNP M at S574 Downstream of TLR4
Activation Controls Its Ability to Repress Expression of Innate Immune
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(A) Protein diagram of hnRNP M indicating location of phosphorylation sites
identified by SILAC/mass spectrometry (Penn et al., 2018) with nuclear localization
signal shown in purple and RNA-recognition motifs (RRM) shown in in green. (B) qRT-
PCR of mature IL6 in wild-type (WT) hnRNP M-FLAG and phosphomutants in
macrophages infected with Salmonella for 4 h. (C) As in (B) but for Mx1. (D) qRT-PCR
of Rnf128 and Slc6a4 in uninfected, WT 3xXFL-hnRNP M, and phosphomutants. (E)
Semiquantitative PCR of Commd8 alternative splicing in cells expressing SCR or
hnRNP M KD constructs alongside phosphomutant-expressing alleles. (F) ChIP-qgPCR
of hnRNP M-S574A/D alleles at the IL6 genomic locus. (G) ChIP-qPCR of wild-type
3XFL-hnRNP M in the presence of 100 ng/mL LPS and various MAPK inhibitors
(SB203580, SP600125, and U0126). (H) RT-qPCR of IL6 intron-exon junctions and the
exon 4-5 mature junction in 3XFL-hnRNP M and 3xFL-hnRNP M 574A and 574D
phosphomutants, in macrophages infected with Salmonella for 4 h. (B)-(D) are
representative of 3 biological replicates with values indicating means £ SEM, n = 3. (F)-
(H) are representative of 2 biological replicates values indicating means + SEM, n = 2,
(1) is representative of 2 independent experiments that showed the same result with

values representing means (SD), n = 3.
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Figure 23 (Figure S5) Phosphorylation of hnRNP M at S574 Downstream of TLR4

Activation Controls Its Ability to Repress Expression of Innate Immune

Transcripts
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(@) Western blot analysis of 3xFL-hnRNP M WT, S574A, S574D
phoshomutants stably expressed in RAW 264.7 macrophages treated with LPS for 5, 30,
120, and 240 mins. (b) Western blot analysis of phosphorylation events of 3xFL-hnRNP
M WT stably expressed in RAW 264.7 macrophages treated with LPS for 15, 30, 45, 60,
120, and 240 mins. (c) IL6 and Mx1 expression by RT-qPCR, 2hr post-LPS treatment in
3XFL-hnRNP M WT and 3xFLhnRNP M S587A/D-expressing macrophages. (d) 1L6
expression by RT-gqPCR, 4hr post-LPS treatment in hnRNP M KD 1 macrophages
complemented with 3xFL-GFP, 3xFL-hnRNP M WT, or S574D and hnRNP M KD 2
macrophages complemented with S574D. (e) Expression by RT-gPCR of Rnf26, Slc6a4,
and Rnf128 for 3xFL-hnRNP M WT, hnRNP M KD 1 and hnRNP M KD 2, and 3xFL-
S431A/D, S574A/D, S85A/D, S480A/D-expressing macrophages. (f) Western blot of
whole cell lysate and chromatin of fractionated stable 3xFL-hnRNP M WT, 3xFL-
hnRNP M 431A/D and 3xFL-hnRNP M 574A/D-expressing macrophages. FLAG

expression was quantified over Bactin.
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Figure 24 (Figure 6) Knockdown of hnRNP M Enhances a Macrophage’s Ability to

Control Viral Infection
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(A) Viral replication in hnRNP M KD and SCR control RAW 264.7
macrophages infected with VSV (MOI = 1.0, MOI = 0.1, or Mock) at 2, 4, and 8 h post-
infection. (B) gRT-PCR of Ifnb1 mRNA levels in SCR control and hnRNP M KD cells
at 2 and 4 h post-infection, MOI = 1. (C) gRT-PCR of Mx1 transcript in VSV-infected
SCR control and hnRNP M KD cells at 2, 4, and 8 h post-infection, MOI = 1. (D) qRT-
PCR of IL6 transcript in SCR control and hnRNP M KD cells at 2, 4, and 8 h post-
infection MOI = 1. (E) Differential gene expression in hnRNP M KD cells compared to
SCR control macrophages from earlier RNA-seq analysis (Figure 1) highlighting known
viral response genes. (F) gRT-PCR of Ifit, Irf7, Rsad2, and Gbp5 mRNA levels in SCR
control and hnRNP M KD cells at 4 h post-infection, MOI = 1. (A)—(E) are
representative of 2 biological replicates with values indicating means £ SEM, n = 2. (F)
is representative of 2 independent experiments that showed the same result with values

representing means (SD), n = 3.
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Figure 25 (Figure S6) Knockdown of hnRNP M Enhances a Macrophage’s Ability

to Control Viral Infection

(a) RT-gPCR of Ifnbl mRNA levels in SCR control and hnRNP M KD cells at
2hr and 4hr post-infection, MOI=0.1. (b) RT-qPCR of Mx1 transcript in VSV infected
SCR control and hnRNP M KD cells at 2hr, 4hr, and 8hr post-infection, MOI=0.1. (c)
RT-qPCR of IL6 transcript in SCR control and hnRNP M KD cells at 2hr, 4hr, and 8hr

post-infection, MOI=0.1. All figures are representative of 2 biological replicates.
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Figure 26 (Figure S7). hnRNP M can respond to low levels of innate immune

stimuli and may influence differential inclusion of cryptic exons.
208



(A)RT-gPCR of IL6 mRNA levels in SCR control and hnRNP M KD cells at 2h
treated with 100ng/ml, 50ng/ml, 10ng/ml and 1ng/ml. Data is expressed as fold-change
over time = 0 as well as fold-change relative to SCR. (a) is representative of 2 biological
replicates with values indicating means + SD, n=2. Statistical significance was
determined using two-tailed students’ t-test. *P < 0.05, **P < 0.01, n.s.= not significant.
(b) Screenshots of IGV viewer of Salmonella-infected SCR and hnRNP M KD RNA-
Seq reads at Fcgr3, Cd276, Nfkbiz, Tnfaip3, and Mir6989. Red arrows indicate potential

cryptic exons.
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Figure 27 (Figure 7) Proposed Model for hnRNP M-Dependent Repression for IL6
Expression in Resting, Early-, and Late-Activated Macrophages

(Left) In resting macrophages, hnRNP M associates with chromatin, at the I1L6
genomic locus, through interactions with RNA. These interactions may be direct with
target transcripts expressed at low levels or spuriously or indirect via protein interactions
with other RNA binding proteins or through interactions with other chromatin-associated
RNAs, e.g., lincRNAs. (Middle panel) When macrophages receive an innate immune
stimulus, they transcriptionally activate genes like IL6. A population of ‘‘poised’’
hnRNP M can associate with chromatin-bound premRNAs in these cells, slowing 1L6

intron removal and preventing full maturation of IL6 nascent transcripts. (Right) As
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early macrophage activation proceeds, hnRNP M is phosphorylated at S574 in a p38-
MAPK-dependent fashion. Phosphorylation of hnRNP M releases it from the IL6
genomic locus, relieves inhibition of IL6 splicing, and allows for full induction of IL6

gene expression. Figure generated using BioRender software.
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Figure 28 hnRNP M Interacts with Paraspeckle-Associated Proteins, SFPQ, ILF3,
and MATR3 in Resting Macrophages
Proteins identified by Nuclear IP-LC/MS with hnRNP M are represented by

circles. Data was overlapped with STRING Databases.
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Figure 29 Zoom-In of hnRNP M Interactions with Paraspeckle-Associated

Proteins, SFPQ, ILF3, and MATR3 in Resting Macrophages
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Proteins identified by Nuclear IP-LC/MS with hnRNP M are represented by

circles. Data was overlapped with STRING Databases.
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Figure 30 hnRNP M Dissolves Interactions with Majority of Protein Partners Upon

Innate Immune Sensing in Macrophages

Macrophages were treated for 2h with LPS. Proteins identified by Nuclear IP-

LC/MS with hnRNP M are represented by circles. Data was overlapped with STRING

Databases.
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Figure 31 hnRNP M Colocalizes with Paraspeckle-Associated Proteins, SFPQ,

NONO and MATR3
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Immunofluorescence of RAW 264.7 cells and co-stained for endogenous hnRNP
M, SFPQ, MATR3, or NONO treated with LPS for the respective time point. Green,

endogenous hnRNP M; red, SFPQ, NONO, or MATR3; blue, DAPI.
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Figure 32 hnRNP M Coimmunoprecipitates with NONO, SFPQ, and MATR3
Co-immunoprecipitation (IP) of 3xFLAG (FL)-hnRNP M stable expressing

RAW 264.7 cells. Whole cell lysates (WCL) and co-IPs probed for endogenous SFPQ,

NONO, MATR3, and hnRNP F.
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Figure 33 hnRNP M S574A Interacts with Similar Protein Partners as WT hnRNP
M
Proteins identified by Nuclear IP-LC/MS with 3xFL-hnRNP M S574A are

represented by circles. Data was overlapped with STRING Databases.
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Figure 34 hnRNP M S574A Gains NONO Interaction Following Innate Immune

Sensing in Macrophages

Macrophages were treated for 2h with LPS. Proteins identified by Nuclear IP-
LC/MS with hnRNP M are represented by circles. Data was overlapped with STRING

Databases.
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Figure 35 hnRNP M S574D Displays Interactions with MATR3 and ILF3, but not

SFPQ or NONO

Proteins identified by Nuclear IP-LC/MS with hnRNP M are represented by

circles. Data was overlapped with STRING Databases.
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Figure 36 hnRNP M S574D Dissolves Interactions with Majority of Protein

Partners Upon Innate Immune Sensing in Macrophages Similar to WT hnRNP M
Macrophages were treated for 2h with LPS. Proteins identified by Nuclear IP-

LC/MS with hnRNP M are represented by circles. Data was overlapped with STRING

Databases.
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Figure 37 hnRNP M S574D and S574A Show Differentially Interactions with

MATR3 In Resting and Upon Innate Immune Sensing in Macrophages
Co-immunoprecipitation (IP) of 3XFLAG (FL)-tagged hnRNP M or 3xFLAG

(FL)-tagged GFP stably expressing RAW 264.7 cells. Whole cell lysates (WCL) and co-

IPs probed for endogenous MATR3 and SFPQ. Macrophages were treated for 2h with

LPS.
223



Uninfected 15 LPS 2HR LPS 4HR

10i

Relative Gene Expression
(Sfpq/Actb)
o = _—
116 Fold Change
(4]
S %
\S:(\ 7
-
16 Fold Change
s N w H
o o o o

0.
- I N 9
ShRNA: % ¢0,¢> ShRNA: %0, c* shRNA;%c%quo
2 X &
c Uninfected (= LPS 4HR
L 3 S
: 2 -
[ [0}
53 5
R d 3 -
03 0T
®5 °S
o= 0 (O] =
g 2
'*_g e XX E
& &
N LN
shRNA:gc’Q;\O \;om shRNA: é)to O
P O
5 Uninfected LPS 2HR LPS 2HR LPS 2HR
@ 1 300 50- *
9 -~ *% o ()
Q’% g’ *k g) n.s : 2)40_
ws @ ©
p %T _(:% 200 6 6 304 n.s
dc) S (6] o] %
= o
e d 3 100 2 = 204
'123 © X & 10
= = > 5]
& 0. 0-
ShRNA: & o> oV ShRNA: & o™ oV shRNA: & o> oV shRNA: Lo oV
A A S AN
LKL L L L L L L
\g‘ @Y‘ @Y‘ @V‘ @Y‘ @Y‘ @?‘ @Y‘
1000, LPS4HR 150, LPS4HR 400, LPS4HR
% ) n.s o ns
:?’, i (%’10 § 300+ n.s
2 600 S5 ns O
o - T 2004
2 400 ° 2
e = ‘] 1004
© 200 & 8
o
hRNA: & o oV shRNA: & o™ 0¥ shRNA: F o oV
S %0 \é"’ \éb ‘bo \éb qbéb %oq}&@éb
& & L & & L
\&?‘ @Y‘ @Y @?‘ \&?* “\Y‘

Figure 38. NONO and MATRIN3 Knockdown Stimulates Innate Immune Gene

Expression
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gRT-PCR of Sfpq and 116 in LPS-treated hnRNP F KD cells at 2 h and 4h. Values are
mean (SD) representative of 2 biological replicates. gRT-PCR of Nono and 116 in LPS-treated
hnRNP F KD cells at 4h. gRT-PCR of Matr3,116, Mx1, and Gbp5 in LPS-treated hnRNP F KD

cells at 2h and 4h. Values are mean (SD) representative of 2 biological replicates.
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Figure 39. hnRNP F Regulates Expression of Interferon-Stimulatory Genes During

Salmonella Typhimurium and Mycobacterium Tuberculosis Infection
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(A)Western blot analysis and gRT-PCR of hnRNP F in RAW 264.7
macrophages. Values are mean (SD) representative of 3 biological replicates. (B)
Volcano plot (t test) showing gene expression analysis of hnRNP F KD RNA-seq data
from uninfected cells. Downregulated genes are in purple, and upregulated genes are in
orange. (C) Gene expression analysis of hnRNP F KD cells compared to SCR control for
uninfected cells. Each column represents a biological replicate. (D) Gene expression
analysis of hnRNP F KD cells compared to SCR control for Salmonella-infected cells.
(E) Gene expression analysis of hnRNP F KD cells compared to SCR control for
Tuberculosis-infected cells. (F) Ingenuity pathway analysis of gene expression changes

in uninfected, Salmonella-infected, and Tuberculosis-infected cells.
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Figure 40. hnRNP F Regulates Expression of Interferon-Stimulatory Genes During

Salmonella Typhimurium and Mycobacterium Tuberculosis Infection
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Venn diagram displaying overlap of genes found in RNA-Seq analysis of
uninfected, Salmonella-infected, and Tuberculosis-infected hnRNP F KD1 samples.
Genes utilized in diagram were from heat maps displayed previously. (B)Volcano plot (t
test) showing gene expression analysis of hnRNP F KD RNA-seq data from Salmonella-
infected and Tuberculosis-infected samples. X axis shows log? fold change of gene
expression, and y axis shows statistical significance. Downregulated genes are plotted on
the left in purple, and upregulated genes are on the right in orange. Gene counts are all
genes with p-value<0.05. (C) All hits from Ingenuity pathway analysis of RNA-Seq
differential expression in uninfected, Salmonella-infected, and Tuberculosis-infected

hnRNP F KD1 cells.
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Figure 41. hnRNP F Regulates Expression of Interferon-Stimulatory Genes During
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Salmonella Typhimurium and Mycobacterium Tuberculosis Infection

(A) gRT-PCR of Infg, Ifitl, Tnfa, Irf3, Irf9, and Apl in Salmonella-infected

hnRNP F KD cells at 2 h post-infection. (B) qRT-PCR of Infg, Irf7, Mx2, Ifitl, 1sg15,

230



Tnfa, Irf3, 1rf9, Apl, IL1S, and IL6 in Salmonella-infected hnRNP F KD cells at 4 h
post-infection. (C) gRT-PCR of Infg, Irf7, Mx2, Ifitl, 1sgl15, Tnfa, Irf3, Irf9, and Apl in
Salmonella-infected hnRNP F KD cells at 6 h post-infection. (D) gRT-PCR of Infg,
Mx1, Ifitl, and IL6 in Tuberculosis-infected hnRNP F KD cells at 6 h post-infection
(A)—(D) represent 4 biological replicates £ SEM, n = 4. For all experiments in this study,
statistical significance was determined using two-tailed Students’ t test. *p < 0.05, **p <

0.01, ***p < 0.001, n.s., not significant.
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Figure 42. hnRNP F-dependnat Regulation of Innate Immune Gene Expression

Occurs Downstream of TLR4
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(A) gRT-PCR of Infg, Ifitl, 1sg15, Irf7, Mx2, 116, Irf3, and Tnfa in hnRNP F KD
cells treated with LPS for 2h and 4h. All experiments represent 4 biological replicates
where values are means £ SEM, n = 4. For all experiments in this study, statistical
significance was determined using two-tailed Students’ t test. *p < 0.05, **p < 0.01,

***p < 0.001, n.s., not significant.
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Figure 43. hnRNP F-dependnat Regulation of Innate Immune Gene Expression

Occurs Downstream of DNA-Sensing and RNA-Sensing

gRT-PCR of Ifnb1, Isg15, Ifitl, Mx2, and Irf7 mRNA levels in SCR control and
hnRNP F KD cells at 4 h following ISD transfection. gqRT-PCR of Ifnb, 1sg15, Ifitl,
Mx2, and 1rf7 in SCR control and hnRNP F KD cells at 4 h following polyl:C

transfection. All experiments represent 3 biological replicates where values are means +

SEM, n=3.
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Figure 44. hnRNP F-Dependnat Regulation is Independnat of IFNAR Signaling

gRT-PCR of Irf7, Ifitl, Isg15, Mx2, Mx1, and Ifnb1 in SCR control and hnRNP F
KD cells at 4h following treatment of recombinant IFN-p for 4h. All experiments

represent 3 biological replicates where values are means £ SEM, n = 3.
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Figure 45. hnRNP F Knockdown Macrophages Show Differences in Irf3 and 1rf7

Expression at Baseline

gRT-PCR of Irf7, Irf3, Irf9, Apl, Mx2, 1sg15, Ifitl, and Ifnb in uninfected hnRNP

F KD cells. gRT-PCR of Fcgrl, Ubt2, and Lyz1 in uninfected hnRNP F KD cells. All

=3.

experiments represent 3 biological replicates where values are means = SEM, n
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Figure 46. hnRNP F Depletion Leads to Loss of IFN Protein During Salmonella

Infection

IFN stimulated response element reporter cells expressing luciferase with relative
light units measured as a readout for IFN-b protein in hnRNP F Knockdown and SCR

control cells infected with Salmonella for 4h.
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Figure 47. MAJIQ Analysis of hnRNP F Reveals Irf7 Alternative Splicing
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Categorization of alternative splicing events identified via MAJIQ in uninfected
SCR versus hnRNP F KD1 samples, in Salmonella-infected SCR versus hnRNP F KD1
samples, and in  Tuberculosis-infected SCR versus hnRNP F KD1 samples. MAJIQ
genes used had a deltaPSI of 0.2 or greater. (B) Ingenuity Pathway Analysis of hnRNP
F-dependent genes from MAJIQ analysis in uninfected, Salmonella-infected, and
Tuberculosis-infected cells. The top nine hits are displayed. (C) Venn diagrams
displaying overlap of genes identified through differential expression analysis and genes
identified in MAJIQ analysis in uninfected, Salmonella-infected, and Tuberculosis
infected hnRNP F KD samples. Genes included in differential expression analysis were
the same used in the heat map diagrams. MAJIQ genes used had a deltaPSI of 0.2 or
greater. (D) VOILA output of Irf7 transcript model in uninfected SCR and hnRNP F
KD1 cells and cell infected with Salmonella. (E) Violin plots depicting the delta PSI of
hnRNP F-dependent local splicing variations in Irf7 in Salmonella-infected samples. (F)
Semiqguantitative RT-PCR validation of hnRNP F-dependent intron inclusion of Irf7 in
hnRNP F KD cells treated with LPS, ISD, or IFNB for 4 h. (F) is representative of two
independent experiments that showed the same result with values representing means
(SD), n=2. (F) and (G) values are means + SEM representative of 2 biological

replicates, n = 2.
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Figure 48. Canonical Irf7 Transcript Reveals hnRNP F Binding Sites Aligning With

MAJIQ Identifed Splice Sites
Diagram of Irf7 pre-mRNA with introns in purple and exons in gray. Green

represents identified sites with similarity to hnRNP F consensus motifs.
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Figure 49. MAJIQ Analysis of hnRNP F Reveals Irf7 Alternative Splicing
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VOILA output of Irf7 transcript model in uninfected SCR and hnRNP F KD1
cells, cells infected with Salmonella, cells infected with Tuberculosis. Violin plots
depicting the delta PSI of hnRNP F-dependent local splicing variations in Irf7 in
uninfected SCR and hnRNP F KD1 cells, cells infected with Salmonella, cells infected

with Tuberculosis.
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Figure 50. Supplemental MAJIQ Analysis of hLnRNP F
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Venn diagram displaying overlap of genes found in MAJIQ analysis of
uninfected, Salmonella-infected, and Tuberculosis-infected hnRNP F KD1 samples.
MAJIQ genes used had a deltaPSI of 0.2 or greater. (B) All hits from Ingenuity pathway
analysis of MAJIQ changes in uninfected, Salmonella-infected, and Tuberculosis-
infected cells. (C) Venn diagrams representing hnRNP M eCLIP (ENCODE) gene
overlap with our MAJIQ, uninfected RNA-seq, Salmonella-infected RNA-seq, and

Tuberculosis-infected RNA-seq results.
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Figure 51. Expression and Splicing Changes of Irf7 in hnRNP F Knockdown Cells
Leads to Decrease Protein Levels

Immunoblot analysis of IRF7 in SCR control cells vs. hnRNP F KD cells treated
with LPS for 4h and 8h using endogenous IRF7 antibody. Protein expression was

quantified using Odyssey Fc by LI-COR.
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Figure 52. Nuclear Fractionation in hnRNP F Knockdown Cells Shows No
Difference in IRF3 Localization Upon Innate Immune Agonists

Nuclear Fraction of SCR control cells and hnRNP F KD cells was performed
with cells treated with LPS for 2h and 4h or ISD for 2h or 4h. Immunoblot analysis of

IRF3 in SCR control cells vs. hnRNP F KD cells using endogenous IRF3 antibody.
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Figure 53. hnRNP F Protein Diagram

Schematic diagram of hnRNP F, highlighting the nuclear export signal (blue),
three RNA Recognition Motifs (purple), and Glycine-Rich regions shown in orange.
Protein diagram of hnRNP F indicating location of phosphorylation sites identified by
SILAC/mass spectrometry (Penn et al., 2018) with nuclear localization signal shown in
blue, RNA-recognition motifs (RRM) shown in purple, and Glycine-Rich regions shown

in orange. Nuclear Export Signal identified using NetNES 1.1.
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Figure 54. Phosphorylation of hnRNP F at Several Serines Controls Its Ability to

Regualte Expression of Ifnbl and ISGs
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gRT-PCR of Fold Induction Relative to FL-GFP of Irf7, Ifnb1, Ifitl, and IL6 in
WT FL-hnRNP F and phoshomutants in macrophages infected with Salmonella for 4h.
gRT-PCR of relative gene expression of Irf7, Ifnbl, Ifitl, and IL6 in WT FL-hnRNP F

and phoshomutants in resting macrophages.
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Figure 55. hnRNP F is Found in Nuclear and Cytoplasmic Compartments Upon
LPS Treatment

Immunofluorescence of RAW 264.7 cells stably expressing FL-hnRNP F treated
with LPS for the respective time points. Purple, FL-hnRNP F; blue, DAPI. Using
Cytation 3 Software, cellular compartments of the cytoplasm and nucleus were

quantified for translocation of hnRNP F.
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Figure 56. Immunoprecipiation with Mass Spectrometry Experimental Design

Schematic of approach for immunoprecipitation and mass spectrometry (IP-MS)

identification of hnRNP F binding partners in macrophages.
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™ Identified In hnRNP F Mass-Spec
@ Interactions Identified in hnRNP F Mass-Spec
™™ From Curated Databases

NUCELUS

Figure 57. hnRNP F Interacts with Many Nuclear Splicing Proteins
Proteins identified by Nuclear IP-LC/MS with hnRNP F are represented by

circles. Data was overlapped with STRING Databases for known interactions.
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Figure 58. hnRNP F Interacts with Other hnRNPs in Cytoplasm Fractions
Proteins identified by Nuclear IP-LC/MS with hnRNP F are represented by
circles. Data was overlapped with STRING Databases for known interactions.
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Figure 59. hnRNP F Interacts with SF3B1 In Resting and LPS-treated Cells

Nuclear immunoprecipitation of 3XFLAG-hnRNP F stably expression RAW

264.7 cells. Nuclear lysates were probed for endogenous SF3B1.
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Figure 60. Proposed model of hnRNP F Regulating Type | Interferon Production
Leading to Decreased ISG Expression

hnRNP F regulates several factors required to activate IFNB expression. This
decrease in IFNB leads to an overall decrease in IFNAR signaling and STAT activation.
This overall leads to a decrease in 1ISG expression. Model created using BioRender

software.
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Figure 61. RNA-Seq Reveals Hundreds of hnRNP and SRSF-dependent Gene

Expression In Resting and Salmonella-Infected Macrophages
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gRT-PCR of resepective hnRNP and SRSF knockdowns in RAW 264.7
macrophages. Values are mean (SD) representative of 3 biological replicates. Protein
diagrams of hnRNP and SRSF RBPS. Genes represented in Heatmaps were significantly

differentially expressed (p<0.05) in at least one knockdown cell line.
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Figure 62. RNA-Seq Reveals hnRNP-dependent Gene Expression In Salmonella-

Infected Macrophages

258



Genes represented in Heatmaps were the top 30significantly differentially

expressed (p<0.05) in at least one knockdown cell line.
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Figure 63. RNA-Seq Reveals SRSF-dependent Gene Expression In Salmonella-

Infected Macrophages



Genes represented in Heatmaps were the top 30significantly differentially

expressed (p<0.05) in at least one knockdown cell line.
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Figure 64. IPA Analysis of hLnRNP and SRSF-dependent Gene Expression Shows

Regulation of mMRNA Translational in Resting Macrophages
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Comparison Ingenuity Pathway Analysis of gene expression changes in
uninfected hnRNP and SRSF knockdowns. Genes utilized in IPA were significantly

differentially expressed (p<0.05).
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Figure 65. IPA Analysis of hLnRNP and SRSF-dependent Gene Expression Shows
Similar Regulation between hnRNP C, U, and K in Salmonella-Infected

Macrophages
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Comparison Ingenuity Pathway Analysis of gene expression changes in
Salmonella-infected hnRNP and SRSF knockdowns. Genes utilized in IPA were

significantly differentially expressed (p<0.05).
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Figure 66. hnRNPs Co-regulate Gene Expression and Show Distinct Regulation

Occuring During Innate Immune Sensing
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Venn diagrams illustrate diversification of hnRNP protein function in
macrophages following Salmonella infection. Number in circles indicate differentially

expressed genes (p<0.05).
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Figure 67. SRSFs Show Distinct Regulation Occuring During Innate Immune

Sensing, But Not Co-Regulation of Gene Expression
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Venn diagrams illustrate diversification of SRSF protein function in
macrophages following Salmonella infection. Number in circles indicate differentially

expressed genes (p<0.05).
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Figure 68. hnRNPs and SRSFs Regulate Specific Innate Immune Genes Upon

Salmonella-Infection
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Top 100 upregulated genes upon Salmonella infection are displayed. Genes
represented in Heatmaps were significantly differentially expressed (p<0.05) in at least

one knockdown cell line.
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Figure 69. IPA Analysis of hnRNP and SRSF-dependent Gene Expression Shows

Regulation of mMRNA Translational in Resting Macrophages
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Upstream Regulator Ingenuity Pathway Analysis of gene expression changes in
uninfected hnRNP and SRSF knockdowns. Genes utilized in IPA were significantly

differentially expressed (p<0.05).
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Figure 70. IPA Analysis of hLnRNP and SRSF-dependent Gene Expression Shows
Similar Regulation between hnRNP C, U, and K in Salmonella-Infected

Macrophages
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Upstream Regulator Ingenuity Pathway Analysis of gene expression changes in
Salmonella-infected hnRNP and SRSF knockdowns. Genes utilized in IPA were

significantly differentially expressed (p<0.05).
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Figure 71. IPA Analysis of hnRNP and SRSF-dependent Gene Expression Shows

Regulation of mMRNA Translational in Resting Macrophages
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Causal Ingenuity Pathway Analysis of gene expression changes in uninfected
hnRNP and SRSF knockdowns. Genes utilized in IPA were significantly differentially

expressed (p<0.05).
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Figure 72. IPA Analysis of hnRNP and SRSF-dependent Gene Expression Shows
Similar Regulation between hnRNP C, U, and K in Salmonella-Infected

Macrophages
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Causal Ingenuity Pathway Analysis of gene expression changes in Salmonella-
infected hnRNP and SRSF knockdowns. Genes utilized in IPA were significantly

differentially expressed (p<0.05).
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Figure 73. Thousands of Alternative Splicing Events are Regulated by hnRNPs and

SRSFs in Macrophages
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Categorization of alternative splicing events identified via MAJIQ in uninfected
SCR vs. respective hnRNP and SRSF knockdown samples and in Salmonella-infected

SCR vs. respective hnRNP and SRSF knockdown samples.
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Figure 74. Thousands of hnRNP-dependent Alternative Splicing Events Identified

in Macrophages
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Categorization of alternative splicing events identified via MAJIQ in uninfected
SCR vs. respective hnRNP knockdown samples and in Salmonella-infected SCR vs.

respective hnRNP knockdown samples.
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Figure 75. Thousands of SRSF-dependent Alternative Splicing Events Identified in

Macrophages
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Categorization of alternative splicing events identified via MAJIQ in uninfected
SCR vs. respective SRSF knockdown samples and in Salmonella-infected SCR vs.

respective SRSF knockdown samples.
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Figure 76. Gene Expression Changes Do Not Correlate To Splicing Regulation
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Genes whose splicing and expression are regulated by loss of individual hnRNPs.

UN = uninfected macrophages; +STm = 4h Salmonella-infection.
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Uninfected +Salmonella
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Figure 77. Gene Expression Changes Do Not Correlate To Splicing Regulation

288



Genes whose splicing and expression are impacted by loss of individual SRSFs.

UN = uninfected macrophages; +STm = 4h Salmonella-infection.
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Figure 78. IPA Analysis of hnRNP and SRSF-dependent Splicing Shows

Regulation of Cancer in Resting Macrophages
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Upstream Regulator Ingenuity Pathway Analysis of MAJIQ splicing changes in
uninfected hnRNP and SRSF knockdowns. Genes utilized in IPA were significantly

differentially expressed (p<0.05).
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Upstream Regulator Ingenuity Pathway Analysis of MAJIQ splicing changes in
Salmonella-infected hnRNP and SRSF knockdowns. Genes utilized in IPA were

significantly differentially expressed (p<0.05).
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Causal Ingenuity Pathway Analysis of gene expression changes in uninfected
hnRNP and SRSF knockdowns. Genes utilized in IPA were significantly differentially

expressed (p<0.05).
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Causal Ingenuity Pathway Analysis of gene expression changes in Salmonella-
infected hnRNP and SRSF knockdowns. Genes utilized in IPA were significantly

differentially expressed (p<0.05).
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Table 1. hLnRNP M RNA-Seq Gene Expression Changes

APPENDIX B

TABLES

RNA-Seq Uninfected

RNA-Seq +Salmonella

GENE NAME FOLD INDUCTION GENE NAME FOLD INDUCTION
Hpgd 13.90711 | Fabp7 6.765286
Cxcr4d 9.354822 | Ms4a6c 5.454133
Ms4a6c 7.745006 | Msda4c 4.956656
Csf3r 7.714053 | Ms4a6d 4.288573
Fabp7 5.976491 | 1I6 3.957798
Slprl 5.387236 | Marcks 3.499546
Cd33 4.585221 | Gm16685 3.373171
Ms4a6d 4.420621 | Adora2a 3.23969
Neurl3 3.949566 | Ighm 3.19321
Pros1 3.932567 | Slc28a2 3.177709
Prss46 3.472838 | Cfb 3.166876
Prss50 3.46898 | Slamf9 3.116945
St6gall 3.419711 | Rpl27-ps3 3.017322
Ighm 3.19321 | Mx1 3.008578
Cd36 3.104169 | Cd36 2.828894
ll10ra 3.085386 | Ctsc 2.787805
Gm12166 2.956821 | C3 2.569081
Fabp4 2.923715 | Fcgr3 2.480588
Aphlc 2.916988 | Fabp3 2.4082
Fosb 2.85088 | Smpdi3a 2.352208
Atf3 2.832853 | Pld4 2.271779
Tnfrsflb 2.814419 | Nectin2 2.247367
Tgfbrl 2.740644 | Duspl 2.241607
Fcgr3 2.73009 | Cd300e 2.21221
Clec4a3 2.694922 | Gmb5431 2.182886
I7r 2.691738 | Havcr2 2.170636
Tmem86a 2.672264 | Fcgr2b 2.150546
Cav2 2.651061 | Spen 2.146736
Gm6377 2.615475 | C3arl 2.115022
Cd300c2 2.58364 | Cd300c2 2.104473
Fabp3 2.555074 | Siglece 2.089605
Smpdi3a 2.51753 | Ednl 2.089051
Ptafr 2.485913 | Cd276 2.056106
Pld4 2.390038 | Tgm2 2.027966
PIk2 2.379248 | Fcgrd 1.997097
Btg2 2.363222 | Gm10260 1.99323
C3arl 2.210747 | ll10ra 1.978782
Wfdc17 2.139324 | Semada 1.955406
Cd276 2.135795 | Ccrl2 1.938053
Iltgam_1 2.060784 | Assl 1.925226
Ctsc 2.051702 | Adgrel 1.866584
Egr2 2.046845 | ll4i1 1.857245
Tgm2 2.039586 | Pik3r6 1.817064
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Table 2. hLnRNP M RNA-Seq Gene Expression Changes Cont.

RNA-Seq Uninfected

RNA-Seq +Salmonella

GENE NAME FOLD INDUCTION | GENE NAME FOLD INDUCTION
Egrl 1.995767 | Bcl3 1.802364
Duspl 1.995471 | Tnfsf9 1.799192
Mpegl 1.96516 | Fcgrl 1.797059
Bhlhe41 1.959191 | Igsf6 1.796179
Xdh 1.939404 | Laccl 1.793885
Lstl 1.919394 | Zc3hl2c 1.793278
Lspl 1.897235 | Gngt2 1.786466
Gnpdal 1.891593 | Gm4070 1.762879
TIr13 1.876798 | Plk2 1.735775
Myo1f 1.868713 | Bcl2ala 1.731698
Rap2b 1.824333 | Rsad2 1.728779
Jun 1.818452 | Lspl 1.728275
Arlll 1.803489 | Cmpk2 1.716878
Rnf26_1 1.800696 | Fabp4 1.709066
Havcr2 1.800502 | Statba 1.705524
Fblim1 1.779344 | Napsa 1.704077
Mcoln2 1.774978 | Ppplrlba 1.686405
Rnf128 1.761964 | Gk 1.68233
Rab32 1.75113 | Myolf 1.677152
Tnfaip2 1.726583 | Gpnmb 1.675334
Dhrs3 1.725571 | Arhgef3 1.672991
Litaf 1.714146 | Tnfaip3 1.661885
Ctsf 1.705514 | Nfkbiz 1.658248
Cxcl16 1.703797 | Syk 1.651344
Gstm1l 1.702554 | Tagap 1.645342
Gngt2 1.701373 | ltgal 1.638434
Zfp385a 1.688385 | Tmem51 1.636726
Pbxip1 1.687734 | Mpegl 1.635068
Histlhlc 1.68698 | Cebpb 1.63348
Gpnmb 1.672091 | Dusp2 1.627537
Napsa 1.658448 | Citsf 1.621343
Fos 1.652633 | Fam129a 1.620868
Cotll 1.646704 | Zfp36 1.62075
Slicl5a4 1.638645 | Saa3 1.617704
Tmemb51 1.636726 | Slc44al 1.610821
1d3 1.631679 | LdIr 1.600648
Slic44al 1.628823 | Ptafr 1.600574
ler2 1.613946 | Faml77a 1.598248
Msrbl 1.611736 | Birc3 1.591189
1110rb 1.603 | Anpep 1.587615
Bcl2ald 1.597259 | Myolg 1.58755
Ctnnbl 1.585479 | Tnfrsflb 1.587515
Slc6a8 1.582178 | 1118 1.582494
Ncehl 1.57352 | Tnfaip2 1.546983
Sptssa 1.571322 | Cxcl16 1.538268
Gyg 1.565705 | Trafl 1.533961
Rgs2 1.565309 | Gbp5 1.531947
Plin2 1.563214 | Bink 1.531359
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Table 3. h(nRNP M RNA-Seq Gene Expression Changes Cont.

RNA-Seq Uninfected

RNA-Seq +Salmonella

GENE NAME FOLD INDUCTION | GENE NAME FOLD INDUCTION
B4galtl 1.550249 | Atf3 1.530953
Rnhl 1.536697 | Gadd45 1.526009
Thcld16 1.521571 | Lrrc25 1.515623
Zfp36 1.515133 | Jak2 1.509944
Fabp5 1.507761 | Icaml 1.501014
Cybb 1.506247 | Capg -1.43733
Anpep 1.50344 | Ubald2 -1.50115
Alox5ap 1.500911 | Rab31 -1.50144
Pdia3 -1.50295 | Pdia3 -1.51841
Tubb6 -1.50417 | Atplb3 -1.5477
Tmsb10 -1.50845 | Snx9 -1.56831
Sumo2 -1.53189 | Ets2 -1.60419
Ccl3 -1.54719 | Plau -1.60747
Pip5ki1b -1.56974 | Naa25 -1.60934
Hmga2 -1.58317 | Gm26619 -1.6641
Atplb3 -1.58414 | Mrps6 -1.67118
Ank -1.5913 | Sppl -1.67374
Cpne8 -1.59717 | Tfdpl -1.67919
Ferll -1.61248 | Serinc2 -1.69061
Rbpj -1.61302 | Tmem98 -1.70829
Tfdpl -1.61335 | Dhrs9 -1.71239
Sic6al2 -1.61529 | Rpl10-ps3 -1.73337
Snx9 -1.62045 | Spink5 -1.77682
Prelid2 -1.64498 | Epn2 -1.79498
Slc16a3 -1.65921 | Ccz1 -1.81366
Fosl2 -1.65925 | ler3 -1.86244
Mrps6 -1.68031 | Acyl -1.8627
Acot7 -1.71671 | Ccl17 -1.86471
Oas2 -1.71742 | Ccndl -1.87697
Ehd1 -1.75186 | Lif -1.88307
Ccndl -1.78697 | Rgsl6 -1.91798
Marcksl1 -1.81918 | Csf3 -1.99019
Bnip3 -1.84262 | Npl -2.01377
Ak4 -1.84773 | Timpl -2.02017
Ets2 -1.85673 | Hmga2 -2.04688
Acyl -1.86399 | Ccl2 -2.14895
Isg15 -1.88973 | Dmpk -2.16457
Odcl -1.95677 | Tnfsf15 -2.17432
Gm28037 -1.96705 | Odcl -2.24711
Layn -1.96945 | Pdia3 -2.34015
Naa25 -2.00186 | Scin -2.42501
Plekha3 -2.06644 | Car2 -2.49682
Ccz1 -2.12175 | Kbtbd11 -2.58657
Gm9803 -2.13322 | Ccl7 -2.59416
Rtp4 -2.18593 | Hnrnpm -2.72047
Npl -2.19264 | Gm18445 -2.80579
Sppl -2.25665 | Slc6ad -2.88423

300




Table 4. hLnRNP M RNA-Seq Gene Expression Changes Cont.

RNA-Seq Uninfected

RNA-Seq +Salmonella

GENE NAME FOLD INDUCTION | GENE NAME FOLD INDUCTION
Dmpk -2.4654 | Dmwd -3.67138
Emp2 -2.65804 | Mmp9 -3.86347
Hnrnpm -2.69036 | Tnfsf8 -4.12014
Fosl1 -2.78138 | Sema7a -4.72083
Spink5 -2.80455

Gm18445 -2.80579

Tmem26 -3.02585

Flt1 -3.09266

Serinc2 -3.27645

Rgs16 -3.53479

Car2 -3.73217

Gm21987 -4.1013

Dmwd -4.16092

Sic6ad -4.72442

Mmp9 -6.9746

1810011H11Rik 2.333564

AB124611 1.783388
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Table 5. hnRNP M Regulated Genes with hnRNP M Consensus Motif Binding Sites
+ Salmonella

Upregulated genes Downregulated genes
GUGGUGG | GGUUGGUU GUGGUGG | GGUUGGUU

Fabp7 Ubald2 +

Msdabc + Rab31 + +

Msdadc + + Pdia3 + +

Ms4abd + Atp1b3 + +

6 + Snx9 + +

Marcks + Ets2 +

Gm16685 | + Plau +

Adora2a + Naa25 + +

Slc28a2 + Gm26619 | +

Cfb Mrps6 +

Slamf9 Spp1 +

Mx1 + Tfdp1 + +

Cd36 + + Serinc2 +

Ctsc + Tmem98 +

C3 + + Dhrs9

Fcgr3 + + Rpl10-ps3

Fabp3 Spink5 +

Smpdi3a | + Epn2 + +

Pld4 + Cez1 +

Nectin2 + + ler3

Dusp1 Acy1 +

Cd300e + Ccl17

Gm5431 + + Cend1 +

Siglece + Lif +

Havcr2 + + Rgs16 +

Fcgr2 + Csf3

Spen + + Npl + +

C3ar1 + Timp1 +

Cd300c2 | + Hmga2 + +

Edn1 Ccl2

Cd276 Dmpk +

Tgm2 + + Tnfsf15 +

Fegrd + + Odet +

Gm10260 Gm9260

IL10ra + Scin + +

Semada + Car2

Cer12 Kbtbd11 +

Assi + Cel7

Adgre + + Hnrnpm +

Pik3r6 + Slc6a4 + +

l14i1 + Dmwd

Bcl3 + Mmp9 +

Tnfsf9 Tnfsf8 +

Fecgr1 + Sema7a +

Igsfé +

Lacc1 +

Zc3h12¢ +

Gngt2

Plk2

Gm4070 +

Bcl2ala

Rsad2 +

Lsp1 + +

Cmpk2 +

Fabp4 +

Stat5a + +

Napsa +
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Table 6. hLnRNP M Regulated Genes with hnRNP M Consensus Motif Binding Sites
Cont.

+ Salmonella
Upregulated genes Downregulated genes

| | cucsuas | cauussuu GUGGUGG | GGUUGGUU
Napsa +
Ppriri5a
Gk + +
Myo1f
Gpnmb

Arhgef3
Tnfaip3
Nfkbiz
Syk
Tagap
Itgal +
Mpeg1
Cebpb
Dusp2
Ctsf
Fam129a
Zfp36
Saa3d
Slc44at
Ldir

Ptafr
Acp2
Fam177a
Birc3
Anpep
Myo1g
Tnfrsf1b
1118
Tnfaip2
Cxcl16
Traf1 + +
Gbps
Blnk +
Atf3
Lrrc25 +
Jak2 + +
Gadd45b
Ilcam1 + +

+
+

+ [+ |+ |+

+ |+ |+ |+

+

[+ |+ |||+ |+

+
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Table 7. hLnRNP M RNA-Seq and MAJIQ Hits Overlap with ENCODE Data

MAJIQ GENES Found in eCLIP RNA-Seq Found in Found in
(UN+SAL) (ENCODE) Uninfected eCLIP RNA-Seq eCLIP
(ENCODE) +Salmonella | (ENCODE)

1190007107Rik Fabp7

Acvrl * Hpgd Ms4a6

Aldh3a2 Cxcr4 Ms4a4c

Amotll * Ms4a6c Ms4a6d

Asxl1 * Csf3r 116

Atxn2 * Fabp7 Marcks *

Auh * Slprl Gm16685

Ccne2 Cd33 Adora2a *

Chka * Ms4a6d Ighm *

Cnot4 * Neurl3 Slc28a2

Commd8 Prosl * Cfb

Dcaf8 * Prss46 Slamf9

Desi2 * Prss50 Rpl27-ps3

Dock10 St6gall * Mx1

Dtx2 * Ighm Cd36

Ercc8 Cd36 Ctsc *

Frmd4a * [110ra C3

Gfodl * Gm12166 Fcgr3

Gm29247 Fabp4 Fabp3

Hps5 Aphlc SmpdI3a

Istl * Fosb Pld4

Kat6a * Atf3 Nectin2

Kat6a Tnfrsflb Duspl

KIf7 * Tgfbrl * Cd300e

Ktnl * Fcgr3 Gmb5431

Lrmp Clec4a3 Havcr2

Mdm4 * I7r Fcgr2b

Mx1 Tmem86a Spen *

Nmt2 * Cav2 C3arl

Numb Gm6377 Cd300c2

Pakl * Cd300c2 Siglece

Pds5b * Fabp3 Ednl

Phactr4 * SmpdI3a * Cd276 *

Plec * Ptafr Tgm2

PIxncl Pld4 Fcgrd

Rpl22 * Plk2 Gm10260

Secl14l1 * Btg2 I110ra

Senpl C3arl Semada

Senp6 * Wifdcl7 Ccrl2

Smcé Cd276 * Assl *

Thcld7 ltgam_1 Adgrel

Tex30 Ctsc * 114i1 *

Tmem87a * Egr2 Pik3r6

Trmu * Tgm2 Bcl3

Ubginl * Egrl * Tnfsf9

Xpo6 Duspl Fcgrl

Zfyve27 * Mpegl Igsf6

Zmynd8 * Bhlhe4l Laccl

1110051M20Rik Xdh Zc3hl2c

4833420G17Rik Lstl Gngt2
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Table 8. hLnRNP M RNA-Seq and MAJIQ Hits Overlap with ENCODE Data

Cont.
MAJIQ GENES Found in eCLIP RNA-Seq Found in Found in
(UN+SAL) (ENCODE) Uninfected eCLIP RNA-Seq eCLIP
(ENCODE) +Salmonella | (ENCODE)

Ankra2 Lspl Gm4070
Aplp2 * Gnpdal PIk2
Atf2 * TIr13 Bcl2ala
Ccdc77 Myo1lf Rsad2
Ccdc82 * Rap2b Lspl
Clk4 * Jun Cmpk2
Csnkld * Arl1l Fabp4
Def8 * Rnf26_1 Stat5a *
Dmac?2 Havcr2 Napsa
Ehmtl * Fblim1 Ppplri5a
Emsy * Mcoln2 * Gk
Epn2 * Rnf128 Myolf
Fbxo34 * Rab32 Gpnmb
Foxd2os Tnfaip2 * Arhgef3 *
Foxo3 * Dhrs3 * Tnfaip3 *
Gabpb2 Litaf * Nfkbiz *
Ggtal Ctsf Syk
Gm46430 Cxcl16 Tagap
Golgbl * Gstml Itgal
Herc2 * Gngt2 Tmem51 *
Lairl Zfp385a Mpegl
Luzpl * Pbxipl Cebpb
Lyar Histlhlc Dusp2
Mettl2 Gpnmb Ctsf
Mycbp2 * Napsa Fam129a
Myo18a * Fos Zfp36
Ncapg2 * Cotll Saa3
Nsmaf * Slcl15a4 * Slc44al *
Panx1 Tmem51 Ldlr
Patz1 * 1d3 Ptafr
Ppcdc Slc44al * Faml77a
Ppp2r5¢c * ler2 * Birc3
Pradcl Msrbl Anpep
Prepl l110rb Myolg
Prr14 * Bcl2ald Tnfrsflb
Ptger4 Ctnnbl * 1118
Ptpn4 * Slc6a8 Tnfaip2 *
Rnf20 Ncehl Cxcl16
Snx12 Sptssa * Trafl
Sptanl Gyg Gbp5
Srrm?2 * Rgs2 Blnk
St7 * Plin2 Atf3
Tmem161b * B4galtl * Gadd45b
Tmem229b Rnhl Lrrc25
Tmem80 Tbhcld16 Jak2 *
Ttcl3 * Zfp36 Icaml
Vegfa Fabp5 Capg *
Zmym3 Cybb Ubald2

Anpep Rab31 *
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Table 9. hnRNP M RNA-Seq and MAJIQ Hits Overlap with ENCODE Data

Cont.
MAJIQ GENES Found in eCLIP RNA-Seq Found in Found in
(UN+SAL) (ENCODE) Uninfected eCLIP RNA-Seq eCLIP
(ENCODE) +Salmonella | (ENCODE)
Alox5ap Pdia3
Pdia3 Atplb3 *
Tubb6 Snx9 *
Tmsb10 Ets2 *
Sumo?2 Plau *
Ccl3 Naa25
Pip5k1b * Gm26619
Hmga2 * Mrps6 *
Atplb3 * Sppl
Ank * Tfdpl *
Cpne8 * Serinc2
Fcrll Tmem98
Rbpj * Dhrs9
Tfdpl * Rpl10-ps3 *
Slc6al2 Spink5
Snx9 * Epn2 *
Prelid2 * Ccz1
Slcl6a3 ler3
Fosl2 Acyl
Mrps6 * Ccl17
Acot7 Ccndl
Oas2 Lif
Ehdl Rgs16
Ccndl Csf3
Marcksl1 * Npl
Bnip3 * Timpl
Ak4 * Hmga2 *
Ets2 * Ccl2
Acyl Dmpk
Isg15 Tnfsfl5
Odcl * Odcl *
Gm28037 Pdia3
Layn Scin
Naa25 * Car2
Plekha3 Kbtbd11 *
Cczl Ccl7
Gm9803 Hnrnpm *
Rtp4 Gm18445
Npl Slc6a4
Sppl Dmwd
Dmpk Mmp9
Emp2 Tnfsf8
Hnrnpm Sema’a *
Fosl1
Spink5
Gm18445
Tmem26
Flt1
Serinc2
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Table 10. hnRNP M RNA-Seq and MAJIQ Hits Overlap with ENCODE Data

Cont.

MAJIQ GENES
(UN+SAL)

Found in eCLIP
(ENCODE)

RNA-Seq
Uninfected

Found in
eCLIP
(ENCODE)

RNA-Seq
+Salmonella

Found in
eCLIP
(ENCODE)

Car2

Gm21987

Dmwd

Slc6a4

Mmp9
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Table 11 hnRNP M Mass Spec Overlap with Serine Mutants In Uninfected and
LPS treated Macrophages

UNINFECTED +LPS
574A + WT+ WT WT, 574D+ | WT + | WT + WT,
574D 574D +574A S574A, + 574A 574A | 574D 574A, +
574D 574D
AMPN CD72 EIF4B CAPR1 CO3
METH | CORO1C | HNRPU
F8BWGL3 | EFHD2 IF4B KIF4 EEAl SYNE1
SMD3 HNRPU

ILF3 HNRPF POLDIP3 | B2RXM2 ROAO | MGN | POLDIP3 | ANMS5
RBM10 RALY PDIP3 ANXA2P2 ATPA TRA2
RBM14 ROAA SFPQ AXA2L MPCP
SRSF1 SRSF7 CAPRIN1 NONO
CAPR1 MATR3 KIF4

SAFB1
KIF4 CAPR1 B2RXM2

G3BP2
B2RXM2 | KIF4 ANXA2P2

SRSF1
ANXA2P2 | B2RXM2

ANXA2P2
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