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ABSTRACT OF THE THESIS

Differences in regulatory motif spacing confer selective responsiveness to type | versus type Il
interferon signaling.

by

Lauren Hodge

Master of Science in Bioengineering
University of California San Diego, 2020
Professor Chris Benner, Chair
Professor Sheng Zhong, Co-chair

The broad role of interferons in innate immune signaling complicates study of their
regulatory dynamics. To determine the mechanism underlying the specificity of Type I vs Type
I1 IFN responses, | examined the composition of regulatory elements associated with
transcriptional responses specific to each pathway. Here | used csRNA-seq to capture short

capped RNAs and identify sites of transcription initiation in both promoters and enhancers at
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base-pair resolution. 1 applied this method to analyze the transcriptional responses in RAW264.7
murine macrophages responding to a time course of stimulation with Type | and Type Il
Interferon (IFN). I classified differentially regulated promoters and enhancers based on csRNA-
seg-enabled identification of these TSRs and supporting ATAC-seq and ChlP-seq data. The time
course of stimulation over 4 hours allowed visualization of the temporal dynamics of IFN
signaling. I identified a novel variation of the classical Interferon DNA motif, the Interferon
Stimulated Response Element (ISRE), called the Type I Interferon Response Element (T1ISRE).
The T1ISRE is enriched in the promoters and enhancers of genes preferentially regulated by
Type | IFN compared to Type Il IFN and is preferentially bound by the ISGF3 complex. This
new element underscores how small variations in cis-regulatory sequences can tune

transcriptional programs, a strategy observed in other signaling pathways.
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1 Introduction
1.1 Innate Immune System

The ability to distinguish a threat to survival has been a key evolutionary driver in all
species, nearly every recorded organism possesses some mechanism of what is defined as
innate immunity. It serves as the first line of defense against infectious pathogens and general
injury using many of the same effectors that early vertebrates relied on. The innate immune
system is designed to respond to general signals of danger rather than recognize a specific
pathogen. These “red flags” can be categorized into Danger-associated molecular patterns
(DAMPs) and Pathogen-associated molecular patterns (PAMPs). Many PAMPs activate
signaling pathways in cells of the innate immune system by binding to their pattern
recognition receptors (PRRs) such as TLRs (Takeuchi & Akira, 2010). Phagocytic
macrophages are among the first responders to PAMPs, recognizing them either by binding to
surface receptors or to intracellular cytoplasmic receptors that bind intracellular ligands of
pathogens that have been phagocytosed. Macrophages are derived from monocytes, the
myeloid progenitor cells that remain in circulation, differentiating into dendritic cells and
macrophages when they invade the surrounding tissue. Macrophages are also involved in the
transition between innate and adaptive immunity by presenting antigens derived from
phagocytosed material on their surface to lymphocytes, which then results in a specific,
adaptive immune response (Wynn et al., 2013).

In addition to phagocytizing pathogens non-specifically or specifically, macrophages
are also among the first cells to be activated by patrolling dendritic cells. In order to generate
a rapid and strong response, dendritic cells produce immune signaling molecules called

cytokines. The class of cytokines known as interferons are primarily produced by dendritic



cells and are a strong activator of macrophages (Diebold et al., 2003). All nucleated cells can
respond to Type | IFN; Type Il IFN while more specific is critical for a properly orchestrated
immune response, making both families key signaling molecules (Stark et al., 1998).
1.2 Interferons: Historical and Evolutionary Context

First discovered and functionally characterized by Issacs and Lindenmann in 1957
(Virus Interference. I. The Interferon, n.d.)(Lindenmann et al., n.d.), IFNs are a critical link
between the innate and adaptive immune responses (Le Bon et al., 2001). They occur earliest
in jawless fish, where they evolved from class Il helical cytokine ancestor which also gave rise
to interleukin-10 cytokine family (Secombes & Zou, 2017). IFNs were named for their
interfering effect on viral replication critical for host defense against many viral infections
(Carlin et al., 2017) (Ayithan et al., 2015) including influenza (Killip et al., 2015), HCV
(Wong & Chen, 2016) and coronaviruses (Kindler et al., 2016). Interferon-stimulated genes
(ISGs) activated by interferons are involved in a multitude of pathways including the Mx
GTPase pathway, the 2',5'-o0ligoadenylate-synthetase-directed ribonuclease L pathway, the
protein kinase R pathway and the ISG15 ubiquitin-like pathway (Sadler & Williams, 2008)
(Wong & Chen, 2016), though their broader functional roles have been well documented for
some time (Stark et al., 1998). Interferons are produced when Toll-like receptors such as
TLR3 respond to Pathogen-Associated Molecular Patterns (PAMPS) including dsRNA, the
resulting signaling pathway activates the NF-kB and IRF families of TFs which coordinate to

bind to the IFN-B promoter to initiate transcription (Takeuchi & Akira, 2010).

1.3.1 Canonical Signaling of Type I Interferons

Type | IFNs are induced by various PAMPs, a common example is dSRNA, a by-

product of pathogen replication (Kindler et al., 2016). dsRNA is sensed by toll-like receptor 3



(TLR3) in the endosome, or by RNA helicases RIG-1 and MDAJ5 in the cytoplasm. RIG-1 is
specific for long dsSRNAs and short dsSRNAs with a tri- or di-phosphorylated 5' end, while
MDADS senses long dsRNAs with higher-order structure. Downstream signaling pathways
activate IRF3, IRF7, and NF-kB, transcription factors that drive expression of genes for IFN-aq,
IFN-pB and other cytokines (Takeuchi & Akira, 2010).

Binding of IFN-a or IFN-p to their receptor IFNAR leads to the activation of two
receptor-associated tyrosine kinases, Jak1l and Tykz2; this is followed by tyrosine
phosphorylation of the STAT1 and STAT?2 proteins. Phosphorylated STAT1 and STAT2
combine with IRF-9 (IFN-regulatory factor 9) to form the trimeric ISGF-3 complex, which,
upon translocation to the nucleus, binds to the cis element ISRE (IFN-stimulated response
element) 5’-GAAANNGAAA-3’, which is present in most IFN-a and IFN-B-responsive genes
(Rawlings et al., 2004). Each component of the ISGF3 complex serves a unique function;
IRF9 recruits STAT1 and STAT2 to the ISRE, STAT2 contains the transactivation domain,
and STAT1 stabilizes the complex and binds the DNA (Qureshi et al., 1995) (Begitt et al.,
2014). IFN-B has the highest affinity for both IFNAR receptor halves out of all type I IFNSs,
and binding affinity is the main source of variation in potency of natural IFNs (Schreiber,
2017), therefore | selected IFN-f as the Type | IFN used for future experiments.

The IFN | pathway is heavily centered on antiviral activity, and often the response is
rapid but transient as some gene products are toxic to the cells after long periods of exposure.
The dynamics and timing of IFN-1 signaling can be crucial especially in the case of viral
infection; a delayed IFN-I response in SARS-CoV-2 infected mice can exacerbate an
overactive inflammatory response leading to the associated vascular leakage, tissue damage,

and increased mortality (Channappanavar et al., 2016). This follows similar disease patterns



previously observed in patients with severe SARS (Franks et al., 2003).
1.3.2 Canonical Signaling of Type Il Interferons

IFN-y is the only member of the Type Il IFN family and at the time of its discovery
was thought to be nearly indistinguishable from Type | IFN, though it has unique functions
including regulation of T cells, B cells, and granulocytes. Of the IFNs, IFN-y is the most
effective inducer of MHC class Il antigens in macrophages via its upregulation of CIITA
(MHC class Il master regulator) for antigen-presenting cells (Steimle et al., 1994). IFN-vy also
has important roles in pathogen defense against mycobacteria; in patients with genetic or
acquired defects/deficiencies of IFN-y or its receptor subunits, increased susceptibility,
disease severity, and poor outcomes have been observed (Murray, 1994).

The classification of IFN-B as antiviral and IFN-y as broadly immunomodulatory is an
oversimplification, as IFN-y is critical for a proper antiviral response against HCV due to its
direct inhibition of replication in addition to enhancing natural killer cell activity and antigen
presentation of dendritic cells to T cells (Thimme et al., 2001). IFN-y is also proinflammatory
and plays an important role in the development of nephritis in preclinical lupus models and
Guillain-Barre syndrome (Hu & Ivashkiv, 2009) (Pollard et al., 2013). In contrast to type |
IFN, binding of IFN-y to its receptor leads to tyrosine phosphorylation of the Jak1 and Jak2
tyrosine kinases, resulting in the phosphorylation of STAT1 but not STAT2. Phosphorylated
STAT1 homodimerizes to form the Gamma Activating Factor (GAF) which translocates to
the nucleus and binds to the IFN-y activation site (GAS) element present in most [FN-y—
inducible genes. IFN-y can also activate STAT1-independent pathways, either dependent or
independent of Jakl and Jak2 (Ramana et al., 2002), and the downstream pathways often

stimulate other STAT family members in a cell-type specific manner (van Boxel-Dezaire &



Stark, 2007).

1.3.3 Type Il Interferon

The Type 111 IFN family was discovered in 2003 (Kotenko et al., 2003) (Sheppard et al.,
2003) and consists of IFN-A1-4. They signal through a receptor complex composed of IFN-AR1-
unique to IFN-A- and IL-10R2 which is shared with the receptor complexes for I1L-10. I1L-22,
and IL-26, and the downstream signaling pathway activated largely overlaps with that of Type |
IFNs. IFN-A binds to the IFN-AR1 chain which quickly undergoes a confirmation change to
recruit the complementary IL-10R2 chain. The fully formed complex recruits Jak1 and Tyk2,
which catalyze transphosphorylation of the receptor chains allowing for recruitment of STAT1
and STAT2. STAT1 and STAT2 are phosphorylated, and IRF9 is recruited to form the ISGF3

complex (Donnelly & Kotenko, 2010).

Given that the downstream signaling pathway of IFN- A largely overlaps with that of
Type I IFNs, it’s non-redundant role stems from the tissue specificity of its receptor. IFN-AR1 is
primarily expressed in epithelial cells (Hemann et al., 2017) explaining the protective role of
IFN-A in antiviral defenses against respiratory pathogens such as pulmonary influenza (Jewell et
al., 2010) and SARS-CoV-2 (Jafarzadeh et al., 2020) as well as other viral infections in the gut
where IFN-I11 but not IFN-I was critical for preventing viral replication (Pott et al., 2011).
Response of immune cells to IFN-A differs widely by cell type; myeloid lineages such as
dendritic cells and neutrophils, while NK cells and T cells have minimal responses.
Macrophages are sensitive to IFN-A, however monocytes have minimal expression of IFN-AR1
and therefore do not respond to IFN-A (Read et al., 2019). It has been previously shown that
RAW264.7 cells which are monocyte/macrophage-like do not respond to IFN-A (Pott et al.,

2011). I decided to verify this by including IFN-A as one of my treatment conditions for



RAW?264.7 cells.

Type | IFN Type Il IFN Type Il IFN

Created in BioRender.com bio

Figure 1: Summary of Canonical Interferon Signaling Pathways.

1.4.1 Disease Relevance

The complicated involvement of interferons in both protective and disease-associated
inflammatory pathways is evident in historical reviews of clinical trials using interferons as
candidate treatments for various diseases (Antonelli et al., 2015). Dysregulation of IFN-a. is a
common factor in multiple autoimmune rheumatic diseases such as Systemic lupus
erythematosus, Type 1 diabetes, and multiple sclerosis (Niewold, 2014) however trials
targeting IFN-I often fail because they only work for certain subpopulations (Psarras et al.,
2017). Type I IFN has also been considered a candidate for cancer immunotherapy due to its
effective recruiting of effector T cells to tumors and dendritic cell activation, though its

success in trails is mixed (Hervas-Stubbs et al., 2011).



IFN-y has a similarly complicated involvement in atherosclerosis. Its roles in disease
progression include inducing dysregulation of cholesterol homeostasis leading to foam cell
formation; increasing release of chemokines which recruit monocytes and CD4+ T-
lymphocytes to the atherosclerotic lesion, and inducing expression of adhesion molecules that
increase infiltration of monocytes to the region (McLaren & Ramji, 2009). However, IFN-y
can also be atheroprotective, inhibiting the oxidation of LDL and decreasing LDL expression
in macrophages by increasing the expression of the antioxidant inducible nitric oxide
synthase (iNOS) (McLaren & Ramiji, 2009).

Many antimicrobials used by innate immune system, particularly those activated by
Type | Interferon are self-toxic; therefore, the temporal control of downstream signaling is of
utmost importance. Dysregulation of the dynamics and timing of IFN-I signaling correlates
strongly with poor disease outcomes, particularly with respect to viral infections. The
recently discovered SARS-CoV-2 exploits this by delaying IFN-I responses at multiple points
in the signaling pathway; viral protein ORF6 blocks translocation of STAT1 and other
transcription factors into the nucleus preventing downstream signaling, while Nsp6 binds
TBK1 to prevents phosphorylation and subsequent activation of interferon regulatory factor 3
(IRF3) (Xia et al., 2020). The delayed antiviral response of Type | IFN appears to be crucial
for successful viral replication, as the number of viral transcripts increases significantly
before IFN-1 induction in SARS-CoV-2 infected cells, and treatment of IFN-f blocks SARS-
CoV-2 replication. This critical “window of opportunity” created by the delayed Type I IFN
response also appears to be associated with an overzealous immune response in COVID-19
patients characterized by excessive production of pro-inflammatory cytokines such as IL-6,

TNF, and others (Lei et al., 2020). The conflicting evidence of both positive and negative



effects of IFN-I in clinical trials appears to be at least partially explained by the timing of
treatment; early-on in the infection course IFN-1 appears to have a protective role while
treatments at a later stage can exacerbate inflammation, leading to increased mortality and
delayed recovery (Wang et al., 2020).

Many of these disparate effects likely arise because Type | and Type Il IFNs are
broadly proinflammatory cytokines with involvement in diverse immune pathways that
exhibit significant crosstalk, the pathways activate common and specific target genes.
Interestingly, separate gene targets of both pathways are highly enriched for ISREs in their
promoters, suggesting there is another mechanism responsible for IFN-I specific activity.
Determining the source of specificity requires an understanding of the regulatory components
involved.

1.4.2 Transcriptional Regulation and Nascent RNA Sequencing

Transcription initiation begins when RNAPII is recruited by the pre-initiation complex
(PIC) consisting of six general transcription factors (TFIIA, TFIIB, TFIID, TFIIE, TFIIF,
TFIIH) to bind to a sequence immediately upstream of the gene called the promoter.
Transcriptional start sites (TSSs) are defined where the RNAPII begins transcribing RNA. The
core promoter is the region between -50 and +50 of the initial RNAPII binding site; and can
contain various canonical sequences such as the TATA box, TFIID subunit binding site,
initiation sequence, TFIIB recognition element (BRE), and downstream promoter elements
(DPEs). Most mammalian promoters contain an initiation sequence; however, the other
components are not always necessary or present. The classical understanding of transcription
often relies on a focused promoter model for transcription initiation, where transcription

initiates from one specific site. However, mammalian genes often have dispersed promoters



where transcription initiation occurs in multiple sites in a certain region of the promoter
(Juven-Gershon et al., 2008). Therefore, it is more accurate to refer to the region of the
promoter where transcription initiates as the Transcriptional Start Region (TSR).

Regulation of transcription occurs at multiple levels to obtain spatial and temporal
control. These regulatory levels can be described in order of their role in transcription as they
occur, from assembly of the pre-initiation complex to recruitment of RNAPII, additional
transcription factor binding, initiation of transcription, and RNAPII pausing, as well as
adjacent processes including chromatin structure influenced by nucleosome positioning and
histone modifications. The discussion of transcriptional regulation in this thesis will primarily
focus on the initiation of transcription, the impact of DNA motifs in their recruitment of
transcription factors, and the cis-regulatory elements involved.

Cis-regulatory elements are non-coding DNA sequences are involved in regulation of
gene expression, they include proximal promoters, enhancers, silencers, and boundary
elements (Wittkopp & Kalay, 2012). As discussed previously, the region upstream of a gene
that initiates and controls transcription usually includes more elements in addition to a core
promoter, but these elements can vary considerably. Determining the specific sequence within
a given region upstream of a gene with the most influence on transcription relies largely on
functional experimental validation for each section of the promoter, a difficult task to scale up.
For practical purposes, proximal promoters are therefore generally defined as encompassing
the region around the core promoter from -250 to +250 bp, including the RNAPII binding site,
though the region size can vary (Wittkopp & Kalay, 2012). In contrast, enhancers are often
located in noncoding and intronic regions hundreds of kilobases away from the TSS of a gene

regulated by them. Enhancers are defined by their ability to regulate transcription independent



of their orientation or distance to a target gene and a single enhancer can regulate multiple
distant genes (Andersson et al., 2014). This functional definition is useful, but it makes
discovery and classification of enhancers a challenge. Often histone modifications such as
H3K27ac or the ratio of H3K4mel to H3K4me3 are used as a marker for enhancers since their
signature is thought to be unique compared to promoter regions (Heintzman et al. 2007).
However, these histone markers have comparatively low resolution, only able to define
general regions of chromatin. In order to pinpoint more unique sequence features a new class
of sequencing methods was developed aimed at isolating newly transcribed, or nascent RNAS
(Wissink et al., 2019). These include run-on sequencing reactions like GRO-seq (Core et al.,
2008), PRO-seq which map active Pol Il positions at nucleotide resolution genome-wide
(Kwak et al., 2013), and 5° GRO-seq isolates 5’ capped RNAs (Lam et al., 2013). There are
also methods that focus on RNAs currently associated with RNAPII such as NETseq
(Churchman & Weissman, 2011). TT-seq, or transient transcriptome sequencing, maps stable
and transient RNAs and estimates rates of synthesis and degradation (Schwalb et al., 2016).
These methods have revolutionized RNA sequencing but they have certain caveats, GRO-seq
and 5° GRO-seq use labeled NTPs, PRO-seq requires biotin-affinity purification, RNAPII is
epitope-tagged for NET-seq, and TT-seq uses metabolic labeling; therefore all above methods
are limited to artificial cell culture applications.
1.5 Capped Small RNA Sequencing Defines TSRs at Base Pair Resolution

csRNA-seq was developed as a way to assay nascent RNAs at single base-pair
resolution that can be applied to total RNA allowing analysis of samples from frozen tissue or
other in vivo applications (Duttke et al., 2019). This is done by first isolating and size

selecting RNAs between 20-70 nucleotides on a denaturing urea gel. These short RNAs will
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contain noncapped RNAs (ribosomal rRNA and miRNASs) and other undesirable species like
capped miRNA precursors. The sample is then treated with a 5’-phosphate dependent
exonuclease, which selectively degrades 5° monophosphorylated RNAs like rRNAs, but does
not affect capped or di/tri-phosphorylated RNAs. Next the triphosphorylated miRNAs are
depleted by treatment with alkaline phosphatase, leaving the sample enriched for RNAs with a
5’ 7-methylguanosine cap. Before these 5’ cap enrichment steps, 10% of the RNA is set aside
to be used as an input control; this RNA will contain more degraded RNAs as well as
miRNAS, rRNAs, etc. This input RNA is useful when defining TSRs as a peak from the
csRNA-seq sample that matches an input peak in location and intensity is likely a false TSR.
After the cap enrichment the input samples are added back into the protocol, and all RNA is
de-capped by 5” pyrophosphorylase before the library preparation. First the 3” adaptor is
ligated, then the RT primer is annealed to the 3’ adaptor to minimize formation of adaptor
dimers. Next the 5’ adaptor is ligated, then the samples undergo reverse transcription and PCR
barcoding. A second round of size selection is done, first with magnetic beads then by gel size
selection to further minimize the presence of adapter dimers and concatemers, then the

samples are purified, pooled, and sequenced.
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Figure 2: Overview of csRNA-seq. A: Total or nuclear RNA is denatured and run on a 15% Urea-TBE gel for
size selection, RNA of length 20-70nt is excised. 10% of RNA is removed for input control. B: 5’ cap enrichment
done to select for RNAs with a 5°7-methylguanosine cap and deplete rRNAs, miRNAs, etc. C: Library
preparation, RNA de-capped, adaptors added sequentially, then samples reverse transcribed and PCR barcoded for
sequencing.

1.6.1 Type-1 IFN Signaling Derives Specificity from ISRE Variant

These advances in sequencing methods have allowed us to capture subtleties of
transcriptional regulation previously unknown by identification of cis-regulatory elements
that give insight into how Type I IFN elicits a unique transcriptional response. Using the
macrophage-like mouse cell line RAW 264.7, | employed the novel sequencing method
csRNA-seq in conjunction with other well-established methods assaying chromatin
accessibility, gene expression, and chromatin markers. With the data taken together, we
identified a novel regulatory element hereafter named the Type I Interferon Response

Element (T1ISRE), a novel version of the traditional ISRE that is more specific to Type | IFN
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signaling. We propose that the T1ISRE is specifically bound and activated by the ISGF3

complex, while traditional ISRES are also capable of binding IRF dimers.

2 Results

2.1.1 Type I and Il IFN Signaling Activate Overlapping Sets of Target Genes in Mouse
Macrophages

To investigate similarities and differences in IFN signaling, we treated RAW264.7 murine
macrophage cells with IFN-f or IFN-y extracted RNA from 1h and 4h post-treatment and

performed RNA-seq prepped with Illumina TruSeq protocol for total RNA.
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Figure 3: Genes induced by IFN-B and IFN-y have overlapping yet distinct profiles. Top: tracks are from
UCSC Genome Browser showing RNA-seq, csRNA-seq, and ATAC-seq peaks at specified time points. RNA
prepped with Illumina TruSeq protocol for total RNA (at the UCSD CORE). Bottom: bar graphs are Metascape
analysis results at the 60m timepoint showing top biological processes upregulated by either IFN-$ or IFN-y.
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Figure 3: Genes induced by IFN-B and IFN-y have overlapping yet distinct profiles continued. Top: tracks
are from UCSC Genome Browser showing RNA-seq, csRNA-seq, and ATAC-seq peaks at specified time points.
RNA prepped with Illumina TruSeq protocol for total RNA (at the UCSD CORE). Bottom: bar graphs are
Metascape analysis results at the 60m timepoint showing top biological processes upregulated by either IFN-f or
IFN-y.

Interferon Regulatory Factor IRF1 is known to be induced by Type I and Type I IFN, the
top panel in Figure 3 shows the increase in MRNA expression from RNA-seq data, the
pronounced TSRs identified with csRNA-seq, and the change in chromatin accessibility
visualized from ATAC-seq data. Mx2 is a strong antiviral effector preferentially induced by IFN-
[ over IFN-y (Der et al., 1998), all sequencing data obtained shown in Figure 3 reflects this
behavior. Metascape analysis was based on the top 2500 genes with the greatest log2 fold change
in IFN-B or IFN-y treatment at the 60-minute time point compared to the non-treatment control
(Zhou et al., 2019). Resulting enriched biological processes showed overlap of pathways
upregulated by IFN-B and IFN-y. Overall, | confirmed that the genes induced by IFN-B and IFN-
y treatment are involved in innate immune signaling pathways, and data agrees with previous

literature on which targets are common or specific to Type | IFN.
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Section 2.1.1 is coauthored with Duttke, Sascha. The thesis author was the primary
author of this section.
2.1.2 Characterization of Regulatory Element Activation During the IFN Response
| decided to leverage the single-nucleotide resolution allowed by csRNA-seq to
interrogate the unique responses of RAW264.7 macrophages to Type | and Type Il Interferon
and capture the temporal dynamics by doing a time-course of treatment, shown in Figure 4.

Profiling shows marked changes in transcription both at promoters and pre-defined enhancers.

IFN-B, IFN-y, or IFN-L

\ 0 15 30 45 60 120 240 Time points (min)

: o 4

= = lysis, centrifugation csRNAseq
roe%e) > ~~" ———» ATACseq
nuclear RNA RNAseq

fixation > | ——» ChIPseq

Figure 4: Experimental Design of IFN Treatment Time course in Macrophage Cells. csRNA-seq: RAW
264.7 cells were seeded 18 hours before the time course and treated with either 100U/mL IFN-B, 10ng/mL IFN-
v, or 10ng/mL IFN-L at time zero. csRNA-seq/ATAC-seq: Nuclei from were isolated and counted, 250k were
used for ATAC-seq, remainder were used for csRNA-seq. ChlP-seq: Cells were double-crosslinked with 2mM
DSG and 1% Formaldehyde and proceeded with ChlP-seq for STAT1, STAT2, IRF9. RNA-seq: Cells from the
0, 60m, and 240m time point were harvested. For details of these methods refer to the Material and Methods

section.

At each time point libraries were prepared and sequenced at depths described in Table 1
and aligned to the mm210 mouse genome assembly using STAR. This initial round of sequencing
in Table 1 had lower % alignment for the csRNA-seq samples. A significant percentage of reads
corresponded to adaptor dimers due to improper size selection during the second gel (10% TBE)
after barcoding. During subsequent rounds of csSRNA-seq the gel was cut at least 1mm above the
top of the adaptor dimer band to minimize their contamination of the samples (example gel

photos in Supplemental Materials).
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Table 1: Summary of csRNA Sequencing Results.

Sample Name Total reads % Adapter Dimers % Aligned
RAW-csRNA-ctrl-000m-LH031-200316 ~ 13816959 29.90%  65.80%
RAW-csRNA-ctrl-360m-LH033-200316 8809923 45.70%  44.40%
RAW-csRNA-IFNb-015m-LH007-200316 14039248 28.90%  64.70%
RAW-csRNA-IFNb-030m-LH009-200316 8996052 46.90%  44.10%
RAW-csRNA-IFNb-045m-LH011-200316 12778606 32.50%  59.70%
RAW-csRNA-IFNb-060m-LH013-200316 9151401 23.70%  70.40%
RAW-csRNA-IFNb-120m-LH015-200316 12113666 28.70%  64.30%
RAW-csRNA-IFNb-360m-LH017-200316 1977422 45.60%  44.80%
RAW-csRNA-IFNg-015m-LH019-200316 11764774 31.40%  58.60%
RAW-csRNA-IFNg-030m-LH021-200316 9320308 19.30%  75.50%
RAW-csRNA-IFNg-045m-LH023-200316 7212315 21.20%  72.50%
RAW-csRNA-IFNg-060m-LH025-200316 4543339 37.80%  54.40%
RAW-csRNA-IFNg-120m-LH027-200316 9107124 21.40%  72.20%
RAW-csRNA-IFNg-360m-LH029-200316 4216208 36.70%  51.90%

The csRNA-seq samples were compared with their corresponding non-5’cap-enriched
inputs to filter out high abundance RNAs that would bias TSR discovery. The majority of input
RNAs are sourced from introns, intergenic regions containing SnoRNAs and miRNAs,
promoters, and 3’ and 5° UTR regions. | analyzed the architecture of the TSRs identified by
csRNA-seq as a proof of concept for the method. | first found the peaks in each sample relative
to its input to correct for highly prevalent miRNAs, snoRNAs, etc, then | created a histogram of
the nucleotide frequencies relative to the transcription initiation position, shown in Figure 5.
There is a clear initiator CA dinucleotide present in both the input and csRNA-seq samples, but
in the cap-enriched csRNA-seq sample it is far more pronounced. The samples also show a spike
around -30bp indicating the presence of a TATA box not visible in the input. Finally, about 50bp
after initiation a regular pattern emerges in the csRNA-seq samples showing nucleotide
frequency variation due to nucleosome positioning. Next | generated a histogram of read length
for the samples and inputs, shown in the bottom panel of Figure 5. The inputs showed a strong

peak at 22bp corresponding to miRNAs, while the csRNA-seq samples had a broader distribution
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indicating less bias for one particular RNA species.
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Figure 5: Nucleotide Frequency and Read Length Distribution of csRNA-seq Sequencing Reads. Top: bar
graphs measure nucleotide frequency in the genome, measuring the distance to the 5’ end of the csRNA-seq reads.
Bottom: read length distribution of csSRNA-seq vs input reads.
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The time-course data allowed me to show that while certain genes are induced by both
IFN-B and IFN-y, there are differences in the timing; in Figure 6 Oas3 was significantly
upregulated by both IFN-B and IFN-y but the response to IFN- is much more rapid.

| also confirmed that IFN-L does not elicit a response in RAW264.7 macrophages, shown
in Figure 7. IRF-1 is a classical target of ISGF3, the transcription factor complex induced by

both IFN-I and IFN-I1I (and IFN-II to a lesser extent).
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Figure 7: RAW264.7 cells do not respond to IFN-L. IFN-L treatment timepoints with comparatively low
sequencing depth were removed.

2.1.3 Measuring Chromatin Accessibility With ATAC-seq

ATAC-seq is an NGS method that sequences open chromatin as a way of quantifying
chromatin accessibility and therefore indirectly estimates transcriptional activity (Buenrostro et
al., 2013). It is particularly useful when investigating unknown regulatory elements since it

surveys open chromatin in an unbiased manner. It employs the active transposase Tn5 with NGS
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adapters; the Tn5 will integrate these adapters into regions of open chromatin, while regions of
closed chromatin will remain too tightly packed to allow for transposase activity. After
harvesting RAW264.7 macrophages from the IFN-B and IFN-y treatment time-course and
isolating nuclei, I aliquoted 250k nuclei per sample for ATAC-seq to be done in parallel with
csRNA-seq. This allowed comparison of direct measurements of changes in transcription with

changes in the open chromatin, aiding in discovery of regulatory elements.
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Figure 8: Changes in ATAC-seq peaks reflect TSR activity in csRNA-seq. Location of TSR determined by
csRNA-seq is denoted by a black arrow.

In Figure 8 the changes in chromatin accessibility correlate with increased transcriptional
activity seen previously in the RNA-seq and csRNA-seq data. For example, the gene Mx2 is
upregulated by both Type I and Type Il IFN but is significantly more induced by Type I, owing
to its involvement in the strong antiviral response associated with Type | IFN. ATAC-seq peaks

show open chromatin increases broadly around the Mx2 promoter, but at the TSR the increase is
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more specific to IFN-B and occurs more rapidly. A similar dynamic is displayed in IFN-y
specific genes such as SOCS3, where the increase in chromatin accessibility around the start site
is more marked in the IFN-y treatment. Here, the change of topography of open chromatin peaks
is clear; in the non-treatment control sample there is one broad peak centered upstream of
SOCS3, but in the IFN-y treatment samples (and later timepoints for IFN-f treatment) we see a

new distinct peak emerge around the TSR.
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Figure 9: Characterization of Promoter and Enhancer Prevalence in TSR peaks. Promoter distal regions were
defined as TSR located at least 500 bp away from the nearest defined promoter regions.

In order to determine the sequence-specific patterns that underly IFN-I specific
signaling, we sought out to identify differentially regulated enhancers and promoters from the
TSR peaks. Significantly more enhancers were identified compared to promoters as shown in
Figure 9 panel C, and the number of induced cis-regulatory elements identified generally
increased over the time course experiment. The csRNA-seq method is generally more sensitive,
identifying more significantly upregulated TSRs compared to ATAC-seq. Visual inspection of
the browser data shows that many of the TSRs identified by csRNA-seq correspond to regions
of chromatin that remain open in all ATAC-seq samples, including the control, untreated
samples. Therefore, many of these significant cis-regulatory elements would not have been
identified from ATAC-seq data alone. The significant degree of overlap between IFN-f and

IFN-y targets is also shown in Figure 9 Panel D.
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2.2 Analysis of DNA Motifs in Interferon Regulatory Elements

| first found TSR peaks in each sample relative to its input to correct for highly

prevalent non-capped RNA species, then merged the peaks across treatments for each

timepoint. Next | determined which peaks were differentially expressed by comparing each

treatment to the background non-treatment control across the merged set of peaks. I then did

motif finding with HOMER using the set of peaks enriched in the treatment relative to

background. Below in Figure 10 is the motif finding results in peaks enriched in the IFN-

treatment relative to IFN-y at the 30m time point. The interferon-stimulated response element

(ISRE) was the most enriched motif, and the TLISRE was among the similar motifs found in

10.86% of targets.
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Figure 10: Motif Finding for Interferon Regulatory Elements. ISRE motif was the highest ranked
motif using HOMER. Analysis of similar motifs showed the T1ISRE was the closest in rank.
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Figure 11: De novo Motif Finding at 60-minute Timepoint and Clustering Analysis. Left panel shows top de
novo motifs at the 60m treatment timepoint for IFN-p and IFN-y. Right panel is a heatmap of top enriched motifs
after clustering, T1ISRE motif outlined by the red box.

Analysis of the 60m timepoint showed the ISRE is again the most prevalent motif; the
motif nucleotide preferences for IFN- versus IFN-y shows that the IFN-B ISRE has more
variability at nucleotide positions 2 and 5 corresponding to the compressed T1ISRE, this
pattern is further illustrated at the bottom left. Type Il IFN is preferentially enriched for GAS
elements. On the right is a clustering heatmap of top enriched motifs at each timepoint.
T1ISRE is present and displays selective enrichment in IFN-p treatment samples compared to
IFN-y, this selectivity is visible early on at the 15-minute time point. Additionally, it displays
higher enrichment at earlier time points compared to motifs that may be more prevalent overall
in the IFN-B stimulated macrophages compared to the controls. Type Il is preferentially
enriched for GAS elements while Type | is preferentially enriched for a version of the ISRE
that is ‘condensed’ (GAAANGAAA). This is also reflected in a ‘composite’ ISRE found by de

novo motif finding when analyzing IFN-p induced sites.
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Figure 12: Preferential spacing between GAAA repeats in csSRNA-seq and ATAC-seq defined TSRs. 0:
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To evaluate the broader effects of spacing between the GAAA repeats present in the
ISRE motif (also the IRF element), an unbiased comparison of spacing possibilities was done
at differentially enriched csRNA-seq and ATAC-seq peaks. Peaks were classified by their log
2-fold change as either IFN-p specific, IFN-y specific, IFN-f and IFN-y upregulated,
nonspecific, or random. csRNA-seq peaks and ATAC-seq peaks displayed similar patterns of
spacing preference. The 1 nucleotide spacing between GAAA repeats corresponding to the
T1ISRE sequence was the most prevalent in IFN-B-specific peaks for both csRNA-seq and
ATAC-seq, while the ISRE was more prevalent in IFN-B and IFN-y responsive peaks. Other

spacing schema were significantly less frequent and specific.

The T1ISRE is present in the promoters and/or enhancers of several type I-specific
genes including those directly involved in strong antiviral responses such as Mx1, Mx2,
ADAR, and Trim30c. Murine Trim30c is homologous to human Trim5, which prevents
infection from certain retroviruses (Ozato et al., 2008) and substitutions of two amino acids is
sufficient to confer protection against HIVV-1 (Dufour et al., 2018). The wildtype form of Mx2
inhibits HIV-1 replication and the broader Type I IFN-induced response to HIV-1 is

significantly attenuated by its depletion (Kane et al., 2013). Mx1, a paralog of Mx2 also
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contains a T1ISRE in its promoter and is a critical inhibitor of influenza viruses including the
highly lethal 1918 and H5N1 strains (Tumpey et al., 2007). ADAR has an identical TLISRE

motif shared by STAT1 (Dansako et al., 2003).

2.3 T1ISRE is preferentially bound by ISGF3 complex

| next compared my experimental findings with ChlP-seq data generated in primary
mouse macrophages (reference PMID:31266943). Chromatin Immunoprecipitation and
sequencing (ChIP-seq) is used to find regions of DNA bound by a chromatin associated
protein -often a transcription factor- of interest genome wide, by precipitating with a protein-
specific antibody. The proteins are removed, and the previously bound DNA is sequenced to

determine the location in the genome and any sequence-specific features.
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Figure 13: Preliminary ChlP data of ISGF3 components overlaps with csRNA-seq peaks enriched for

ISRE, T1ISRE, and GAS. Top: table showing the percentage of motifs in csSRNA-seq identified peaks that
overlap with ChlP-seq peaks for each experiment (first column). Bottom: violin plots log2 fold changes in ChIP-
seq signal at each motif after stimulation with IFN-f or IFN-y.
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Some expected trends are visible, such as the significant occupation of all components
making up the ISGF3 complex (Irf9, STAT1, STAT2) at the ISRE when stimulated by IFN-f.
Additionally the binding of these factors increases after both IFN-B and IFN-y treatment
compared to the controls, further illustrating the overlap between pathways. Also as expected
the increase of STAT1 binding was most pronounced after treatment of IFN-y at GAS
elements. Interestingly the TLISRE motif had the greatest log 2-fold change in signal for all
transcription factors after IFN-p treatment, a slightly larger increase than that at the ISRE

motif.

The preference of the ISGF3 complex for the TLISRE and ISRE was investigated by
Electrophoretic Mobility Assay, preliminary data collected by Dr. Chris Benner for his
dissertation. Here RAW264.7 cells were treated either with IFN-p, IFN-y, or LPS

(lipopolysaccharide) another strong activator of macrophages.
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Figure 14: Preliminary EMSA data collected by advisor Dr. Chris Benner. Left: competitive EMSA after
stimulating with LPS. Right: stimulation with either LPS, IFN-B, or IFN-y for 30m and 2 hr.

The left panel shows competitive EMSA after LPS stimulation, where the T1ISRE

probe is bound more competitively by ISGF3 than by the ISRE probe. The T1ISRE is more
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specific to the ISGF3 complex, while IRF1/2 dimers are not specific as evidenced by their
similar band intensities in both ISRE and T1ISRE probed samples with and without
competition. The right panel compares different stimulation methods (LPS, IFN-B and IFN-y)
as well as various incubation times. The pronounced bands visualized with the T1ISRE probe
at 30m and 2h after IFN-f stimulation show a more rapid response compared to both LPS and

IFN-y.
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3 Discussion

3.1 Summary

To better understand Type | vs Type Il IFN responses, | examined the composition of
regulatory elements specific to each pathway. | used csRNA-seq to capture short capped
RNAs and identify transcriptional start regions (TSRs) in both promoters and enhancers at
base-pair resolution. I applied this method to analyze the transcriptional responses in
RAW264.7 murine macrophage-like cells responding to a time course of stimulation with
Type | and Type Il Interferon (IFN). | classified differentially regulated promoters and
enhancers based on csSRNA-seg-enabled identification of these TSRs and supporting ATAC-
seq and ChlIP-seq data. The time course of stimulation over 4 hours allowed visualization of
the temporal dynamics of IFN signaling. | identified a novel variation of the classical Type |
IFN DNA motif, the Interferon Stimulated Response Element (ISRE), called the Type |
Interferon Response Element (T1ISRE). The T1ISRE is enriched in the promoters and
enhancers of genes preferentially regulated by Type | IFN compared to Type Il IFN.

3.2 Quantifying the Selectivity of the TLISRE with a Luciferase Reporter Assay

| have ongoing experiments focused on isolating the T1ISRE motif’s effect on IFN-I
regulation. Luciferase reporter assays are a well-documented way to quantitatively compare the
activities of regulatory elements. Candidate regulatory elements are cloned in either
immediately upstream of a luciferase gene (for a candidate promoter) or further upstream or
downstream for a candidate enhancer. I have constructed a series of reporter plasmids based on

the TALp-pGRAL-BC+TA plasmid from Dr. Sven Heinz in the Benner and Heinz lab.
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Figure 15: Plasmid map of the TALp-pGRA1-BC+TA reporter plasmid and schematic of the luciferase
reporter assay. See additional details in Materials in Methods

The plasmid TALp-pGRAL-BC+TA is a pGL4.10 derived reporter, containing a TATA-
like promoter from pTAL-luc, luc2 luciferase, and a downstream site for enhancer cloning (full
map in Figure 16). All promoter constructs were cloned to replace the TATA-like promoter, all
enhancer constructs were cloned downstream of the luciferase gene. The candidate promoters
and enhancers were selected based on several criteria. First, each candidate must regulate a gene
with observable differential expression based on my RNA-seq and csRNA-seq data, the log2

fold change for genes upregulated by each treatment was calculated from the 2-hour timepoint:

Table 2: Rationalization for Selection of Native Promoter/Enhancer Constructs. L2FC indicates the
normalized log2 fold change in tag counts compared to the nontreatment control. UCSC Browser Coordinates
reference the mmZ10 genome.

Type Gene source Motif IFN-B L2FC IFN-y L2FC UCSC Browser Coordinates

Promoter Oas3 T1ISRE/ISRE 1.002 chrb: 120,777,520-120,777,850

20

Promoter  Mx2 ISRE/T1ISRE _— chr16: 97,535,100-97,535,410
Promoter  Trim30c T1ISRE _ chr7: 104,400,646-104,401,019
Promoter Tapl ISRE _— chrl7: 34,187,546-34,187,919
Promoter  SIfn9 ISRE _— chril: 82,991,646-82,992,019
Promoter CD14 GAS 0.395 0.217 chr18: 36,726,508-36,726,881
Promoter Tgfbrl Spl 0.884 0.347 chr4: 47,353,050-47,353,310

Enhancer ~ ADAR T1ISRE _ chra: 89,730,642-89,730,847

Enhancer  Synjl T1ISRE _ chri6: 91,002,268-91,002,641
Enhancer  Ppp2rSc ISRE _ chri2: 110,498,515-110,498,888
Enhancer Thl2 GAS chrb5: 135,145,574-135,145,947
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Genes upregulated by either IFN-B, IFN-y, or both that also contained the DNA binding
motifs of interest were selected and displayed in Table 2. Of the genes responsive to IFN-f,
multiple were selected in order to include those with an ISRE, T1ISRE, or both in their
respective regulatory elements. Elements containing a GAS site were also selected as a control
to monitor response to IFN-y. The Tgfbrl promoter was used as a positive control as it contains
a SP1 site. We also selected genes that were already known to be heavily involved in the IFN
pathway corresponding to the type of IFN they respond to. To see the specific effects of the
motifs of interest compared to the remainder of regulatory element structure, | generated
mutated constructs with nonfunctional versions of each motif, displayed in Table 3.

Table 3: Mutated Promoters. Mutated promoters were generated by primer mutagenesis or E-Block cloning (see
Methods). Bolded sequences are the motif of interest, and the mutations created are in blue. The Mx2 promoter
contains overlapping ISRE and T1ISRE motifs, mutated either separately or together in each construct as specified.

Type Gene source  Mutated Motif Sequence of Interest

Mutated promoter  Tapl ISRE ..GTCGGCATACGGTTTCTTCTT...

Mutated promoter ~ SIfn9 ISRE ..GAGCAGATACGTTTTCCCAAA...

Mutated promoter  Trim30c T1ISRE ..CAAGAGCTCTGAAAGTTAA...

Mutated promoter ~ ADAR T1ISRE ..TCAAGGCTGCGAAAGTGAAC...

Mutated promoter ~ Oas3 T1ISRE and ISRE ...GACAAAACGTAGGT...GACAAACGTAGCT...
Mutated promoter ~ Mx2 T1ISRE and ISRE ...CCAGAGCTGTGACAGTGAAACTAAG...
Mutated promoter ~ Mx2 T1ISRE ..CCAGACTAGTGAAAGTGAAACTAAG...
Mutated promoter ~ Mx2 ISRE ...CCAGAGAAATGAAAGTCTAGCTAAG...
Mutated promoter  CD14 GAS ..TGCAATATTTACTCCCAGTGAGT...
Mutated promoter =~ Tgfbrl SP1 ...CCGCAAGCGGGGC...CGCAAGCGGCGGE...

Next | selected constructs of promoters and enhancers that contained either the ISRE or
T1ISRE motif and mutated them specifically to create the other motif of interest (i.e. a deletion
was made in an ISRE sequence to create a TLISRE motif, or an insertion was made in a TLISRE

motif to create an ISRE). The selected sequences are shown below in Table 4.
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Table 4: Swapped promoters/enhancers. Insertions marked by blue nucleotide, deletions in spacing between
GAAA repeats shown underlined.

Type Gene source =~ Motif Sequence of Interest

Swapped promoter  Trim30c TIHISRE — ISRE = .GAGAAATGAAAGT..—..GAGAAACTGAAAGTT..
Swapped promoter Tapl ISRE — TIISRE = .GCTTTCGGTTTCTT.. » .GCTTTCGTTTCTT..
Swapped enhancer ADAR TIHISRE — ISRE = .AGGAAACGAAAGT.. —» ..AGGAAACTGAAAGT..
Swapped enhancer  Ppp2r5c¢ ISRE — TI1ISRE = . ACTTTCAGTTTCTT.. - . ACTTTCGTTTCTT..

Finally, I designed a set of synthetic promoters shown in Table 5, all identical except for
the motif sequence of interest. Each synthetic promoter consists of a random sequence designed
to minimize potential transcription factor binding with the motif of interest inserted at equally

spaced intervals of 51 nucleotides following helical periodicity of ~10.2 A.

Table 5: Synthetic promoters. Synthetic constructs consist of a random sequence interspersed with five equally
spaced motifs of interest, followed by the beta-actin initiation sequence. Synthetic control contains the random
sequence without motif insertions, the beta-actin initiation sequence is in bold.

Name Motif spacing Motif  Sequence Structure

Syn_T1ISRE_51 51bp T1ISRE ..T1ISRE..T1ISRE..T1ISRE.. T1ISRE...T1ISRE...ActB Initiator
Syn_ISRE_51 51 bp ISRE ...ISRE...ISRE...ISRE...ISRE...ISRE...ActB Initiator

Syn_GAS 51 51 bp GAS  ..GAS..GAS..GAS..GAS...GAS...ActB Initiator

Syn_SP1 51 51 bp SP1 .SP1..SP1...SP1...SP1...SP1...ActB Initiator

TCTCAGCGCCCGATCAGTCAACGCAGTGCGTGCGTAGGTAA

CTCTTTGTCGGTGATCTAGCGCTTGCGTTCTTAGGTACCATC

TAGATGGCCCCTCCGAACGACCAACTCCCCTCGAGACGTCG

AGGCTCGAGTGGCCGCTGTGGCGTCCTATAAAACCCGG
Syn_control N/A None CGGCGCAACGC

These constructs were created and transfected into RAW264.7 cells as specified in the
Materials and Methods section. Assaying the luciferase output from each at various timepoints
after IFN-p or IFN-y stimulation will be done as another confirmation of the specificity conferred
by the T1ISRE. Testing whether a promoter with an ISRE will become more responsive to IFN-f
when the motif is changed to a T1ISRE is of great interest. Testing each native promoter and
enhancer along with a version of each with the specific motif of interest mutated allows us to

separate the effect of the motif from the surrounding regulatory architecture.
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3.3 Similar Regulatory Models in Literature

The proposed model of regulatory specificity arising from small differences in motif
spacing occurs in other regulatory elements. For example, the AP1 binding motif 5°-
TGANTCA-3’ is nearly identical to the CREB binding motif 5’>-TGANNTCA-3" with only a
difference in spacing between the repetitive palindromic elements. Additionally, the preferred
STAT6 binding motif 5’-TTTCNNNNGAAA-3’ has an additional nucleotide in the space
between its recognition sequences compared to the STAT1 motif 5>-TTTCNNNGAAA-3’.
There is also evidence of ISRE variants in literature, a 5’-extended ISRE was recently
discovered to be more specific to IFN- v, and was crucial for Type Il IFN-induced
upregulation of TRIM22 (Gao et al., 2010).

3.4 Future Study

Given that the T1ISRE appears to be more specific to Type I IFN, the next step is to
investigate the sequence conservation of T1ISRE across mammalian genomes. General
conservation in gene paralogs across species would indicate that the T1ISRE is a distinct
response element. In addition, there is currently anecdotal evidence that the T1ISRE tends to
be conserved both across gene families in the same organism and for similar gene families in
different species (i.e. both Mx1 and Mx, and human Oas1 and mouse Oas3 have the T1ISRE
motif). However, the mouse homologs to Oasl contain an ISRE. In mice the Oas isoforms
originate from gene duplication while in humans they arise from alternative splicing, so
conducting an unbiased search for the TLISRE across species and gene families would help
gain an understanding of how the motif evolved (Pulit-Penaloza et al., 2012). Functional
conservation of regulatory elements in homologous DNA where the same element evolves to
control the same genes independently would provide additional support that the regulatory

elements serve important purposes. We would also investigate whether genes harboring
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T1ISRE vs. ISRE maintain their specificity throughout evolution (greater than expected by
chance). During my preliminary analysis | discovered a T1ISRE in zebrafish, if more analysis
was done across species the evolutionary history of T1ISRE evolution could help determine if
the T1ISRE evolved as a way to confer specificity between Type | and Type Il IFN around the
time IFN-11 evolved. Evidence of human genetic variation that affecting the selectivity of Type
I and Type Il responses would be another confirmation, as a difference in IFN specificity
would likely have some phenotypic effect, as improper IFN regulation has been implicated in

multiple diseases.
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4 Materials and Methods

4.1 Cell culture and treatment

RAW264.7 cells were cultured in RPMI-1640 (Thermo Fisher 21870076) +10% heat-
inactivated FBS, +1% Glutamax, +1% Penicillin/Streptomycin. Cells were thawed within 2
weeks of stimulation, and no more than 3 passages were done to reduce the likelihood of
genetic drift. The day before stimulation, 10cm and 6¢cm plates were seeded with 3.3e6 and
1.2e6 cells, respectively. Mouse IFN-B (R&D Systems, Lot #DCUU0519061) was
reconstituted at 1e6 1U/mL (1000x the final working dilution) in PBS + 0.5% endotoxin-free
BSA. Mouse IFN-y (R&D Systems, Lot #CFP2819111) was reconstituted at 10ug/mL (1000x
the final working dilution) in PBS + 0.5% endotoxin-free BSA. Aliquots stored at -80°C.
IFN-B was added to cells at a final concentration of 1000 IU/mL, IFN-y and IFN-A were
added to cells at a final concentration of 10ng/mL.

4.2 Nuclear RNA Extraction

At the appropriate time point, cells were shock-cooled with cold PBS and immediately
placed on ice. Cells were washed 2x more with cold PBS, then scraped with cold PBS + 10%
glycerol and transferred to pre-chilled 15mL Falcon tubes. Cells were centrifuged at 400g, 4°C
for 10 minutes, supernatant was discarded. The pellet was resuspended in 700uL Swelling
Buffer + 10% glycerol; then Lysis Buffer (Swelling Buffer + 1% IPEGAL) was added
dropwise while slowly vortexing, tube was incubated on ice for 5 minutes. Lysate was
transferred to a 1.5mL RNase/DNase free tube (VWR 89082-332), nuclei pelleted at 600g,
4°C for 8 minutes, supernatant discarded. Pellet washed with 500uL Wash Buffer (50:50 of
Swelling and Lysis Buffer, final IPEGAL 0.5%), then underlaid with Freezing Buffer and spun

at 800g, 4°C for 10 minutes. Supernatant was removed carefully from top to bottom to ensure
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Wash Buffer was completely removed, then pellet resuspended in 200uL Freezing Buffer, and
nuclei counted. Approximately 250k nuclei were reserved for ATAC-seq, the remaining
sample was used for csRNA-seq.

4.3 ATAC-seq

A master mix was prepared with 25uL of 2x DMF, 2uL Tn5, and Freezing Buffer was
added to a final volume of 50uL (including volume of nuclei in Freezing Buffer). 2x DMF
diluted with Freezing Buffer first to avoid inactivation of Tn5. Samples were incubated at
37°C for 30, then purified with Zymo ChIP DNA Clean & Concentrator Kit (Genesee
Scientific 11-379C), eluted 2x in 9uL. ATAC Elution Buffer (10mM Tris-HCI pH 8.0 + 0.05%
Tween). Samples PCR amplified with TruSeq barcodes, 0.5M Betaine, and Q5 polymerase for
11 cycles. PCR products were loaded with 1x DNA loading buffer and run on a 10% TBE gel
(EC62752BOX) at 80V for 15’ then 180V for 70°. The gel was stained with CybrGold and cut
from 160-250 bp, gel piece was sliced with a p10 pipette, and eluted with ATAC Elution
Buffer overnight at room temperature. The Zymo ChIP DNA Clean & Concentrator Kit was
used to concentrate the samples, then they were eluted in 30 pL of 70°C Sequencing TE’T.
Samples were quantified with Qubit HS dsDNA Kit, pooled, and sequenced.

4.4 csRNA-seq
4.4.1 RNA Precipitation

750uL of Trizol LS (Life Technologies 10296028) was added to the remaining nuclei in
Freezing Buffer, sample was vortexed well, 200uL of CHCl3 (Sigma-Aldrich C0549-1PT), the
sample was vortexed well then spun down for 10 minutes at 12,0009, 4°C. The top layer was
carefully transferred to a new tube and 1/10 volume of 3M NaOAc was added. The tube was
vortexed well, then 1 volume of isopropanol (19516-25mL) and 1.5uL glycoblue (Fisher

Scientific AM9516) were added; the tube was again vortexed well, then the RNA was
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precipitated at -20°C overnight. The RNA was pelleted at >20,000g for 30’ at 4°C, the
supernatant was removed, and the pellet was washed with 70% ethanol and dried at room
temperature. The RNA pellet was resuspended in 20ulL TE’T and quantified using a Nanodrop.

4.4.2 RNA Size Selection

A 15% TBE-Urea gel (Life Technologies EC6885BOX) was pre-run for 30 minutes at
200V in 1XTBE running buffer. 10ug of RNA per sample was mixed with equal volume of
Formaldehyde Loading Buffer, and RNA was denatured by heating to 75°C for 3’, then chilled
on ice. The gel wells were flushed out with 1x TBE buffer using a 20-gauge needle immediately
before loading the samples, then the gel was run for 40 minutes at 200V, until the lower dye
band of bromophenol blue was ¥ from the bottom of the gel. The gel was stained with
0.5ug/mL GelGreen (Fisher Scientific 41004), then the portion of the gel corresponding to 15-
60nt length RNA was excised. The gel slice was placed in a Qubit tube nested inside a 1.7mL
LowBind tube, the Qubit tube having 3 holes made from a 22g needle. The nested tubes are
then spun down at >20,000g for 5 minutes to shred the gel slices into the bottom of the outer
tube. The shredded gel slices were eluted in 300 pul START EB on a shaker for 3 hours. The gel
slurry is then transferred with a wide-pore tip (VWR46620-642) to a spin column (UltraFree
MC, 0.45 pm, Millipore UFC30HVNB) placed inside a Lowbind tube. 1.5uL glycoblue and
2.5x Vol of EtOH were added, the tube was vortexed, and stored at -80°C overnight.

4.4.3 5’ Cap Enrichment

Samples were then spun down at >20,000g, 30 minutes, 4°C, then the pellet was washed
with 75% EtOH, transferred to an 8-strip PCR tube and air dried for 5 minutes. The RNA pellet
was resuspended in 6uL TE’T and denatured at 75°C for 3 minutes then immediately placed
back on ice. 0.5uL of each sample was removed and kept for the input control (input samples

were added back for library preparation). 14uL of Terminator Master Mix was added to each
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sample, then samples were incubated at 30°C for 1 hour. Next 30uL of CIP Master Mix was
added to the samples and incubated at 37°C for 45 minutes. Samples were purified by adding 1
volume (50uL) of RNA XP Beads (Beckman Coulter A63987) and 1 volume of isopropanol
(100uL), vortexing, incubating on ice for 10 minutes, then collecting the beads on a magnet,
washing 2x in 80% EtOH + 0.05% Tween, and eluting in 20puL TET. Samples were once again
heated to 75°C for 3 minutes, then immediately placed on ice. 30uL. of CIP Master Mix was
added, and samples were incubated at 37°C for 30 minutes. 100uL of TE’T was added, then
beads were collected on a magnet and the liquid remaining was transferred to a clean Lobind
tube. 500uL of Trizol LS was added to the tube, then the sample was vortexed, and vortexed
again after adding 150uL chloroform. Trizol extraction was performed as specified in the RNA
Precipitation section. After precipitating RNA at -20°C, samples were once again spun down at
>20000g, 4°C, for 30 minutes, then washed with 75% EtOH and dried.

4.4.4 Library Preparation

RNA pellets were dissolved in 3uL. of TE’T and denatured at 75°C for 90 seconds. Input
samples were added for the remainder of the protocol. SuL. of MM1 was added to the PCR strip
lids, then the samples were mixed vigorously and spun down multiple times to ensure proper
mixing of the PEG8000. MM reaction was carried out at 37°C for 90 minutes. Next 4puL of
MM2 was added to each sample, mixed well and spun down, then incubated at 22°C for 2
hours. Reverse transcription primer hybridization was done by adding 1uL of SuM RT primer
and incubating for 75C for 2 minutes, then 37°C for 20 minutes, 25°C for 15 minutes, and
holding at 4°C. The 5’ adapter was ligated by adding 4uL. of MM3 to the samples, mixing well
and spinning down, then incubating at 25°C for 1 hour. 5.25uL of the Reverse transcription
reaction mix (MM4) was added, then tubes were incubated at 50°C for 1 hour, then holding on

ice. The samples were then barcoded by adding the PCR Barcoding MM, then amplified with
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the following protocol:

94°C for 3 minutes
12 cycles of:
94°C for 45 seconds
63°C for 30 seconds
70°C for 15 seconds
72°C for 5 minutes

4.4.5 Bead Size Selection/Gel Purification

Added 1.5 volumes (86uL) of SpeedBeads Mix (3uL SpeedBeads, 41.5uL 40%
PEGS8000, 41.5uL 5M NaCl), then vortexed and incubated on ice for 10 minutes. Beads were
collected on a magnet, then the supernatant was discarded and beads were washed 2x with
200uL 80% EtOH, then dried well ensuring no ethanol remained. DNA was eluted in 1x
Loading Buffer (5x Novex HiDensity TBE Buffer Invitrogen LC6678 diluted 1:5 in H20).
Samples were run adjacent to their corresponding inputs on a 12-well 10% TBE gel (Life
Technologies EC62752B0OX), along with 25bp ladder (Invitrogen 10488-022) for 15 minutes at
80 volts then 75 minutes at 180 volts, until the upper band of dye (xylene cyanole) was within 1
cm from the bottom of the gel. Gel was stained with 1uL Cybr Gold in 10mL TBE buffer, then
visualized with UV. Gel was cut from 140-175bp as demonstrated in Supplemental Materials,
care was taken to ensure all bands of steady-state RNA and adapter dimers were avoided and
that samples were cut identically to their corresponding inputs. Gel slices were split in half with
a pipette tip then eluted in 150uL of Gel Elution Buffer overnight at room temperature. 750uL
of Zymo ChIP DNA Binding Buffer was added, then samples were transferred to Zymo Spin
Columns and purified according to the Zymo DNA Clean and Concentrator kit until the elution
step. Samples were eluted in 20uL Sequencing TET that was prewarmed to 70°C in a water
bath, inputs were eluted in 40uL. Samples and input concentrations were determined by Qubit

Fluorometric Quantification using the dsDNA High Sensitivity kit (Thermo Fisher Cat
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Q32851), then pooled and sequenced.

4.5 Luciferase Reporter Assay Cloning
4.5.1 Cloning Native Promoters and Enhancers from RAW264.7 Macrophages

To isolate genomic DNA from a freezing vial in DMSO/FBS/RPMI, one vial of cells
was thawed in a 37°C water bath until a small piece of ice remained in the vial, then the vial
was quickly transferred to tissue culture hood and RAW?264.7 cell media (RPMI + 10%FBS +
1x Glutamax + 1% Penicillin/Streptomycin) was added dropwise to vial, then the vial contents
were transferred to sterile 15mL Falcon tube and more media added dropwise to 5mL. Cells
were centrifuged at 1000g for 5 minutes, then supernatant was removed and the pellet was
resuspended in 200puL. of DNA extraction buffer and transferred to a clean 1.5mL tube. 1.5uL
of 20mg/mL proteinase K was added to the lysate and incubated for 3 hours at 55°C. DNA was
phenol/chloroform extracted by first adding 200uL. H20, then adding an equal volume of
phenol/chloroform/isoamyl alcohol (25:24:1, Invitrogen 15593031), vortexing well, then
centrifuging at >20,000g for 10 minutes at room temperature. The upper layer was transferred
to a new 1.5mL centrifuge tube, then 400uL chloroform was added and the tube was vortexed
then centrifuged for 5 minutes at >20,000g, room temperature. The upper layer was transferred
to a new 1.5mL centrifuge tube, then 1/10 volume of 3M NaOAc and 2.5 volumes of 100%
EtOH were added. The tube was vortexed then incubated at -80°C for at least 1 hour. The tube
was then centrifuged for 30 minutes at >20000g, room temperature, the supernatant was
removed, and the pellet was washed with 75% EtOH and dried. Once the white pellet became
glassy in appearance, SOuL of TE buffer was added and the DNA was quantified using a
Nanodrop. Native promoters and enhancers of interest were amplified from the genomic DNA.
Each PCR reaction was done with 25ng of genomic DNA, 0.3 nmol of each primer, 1x Q5

Mastermix (NEB M0492L), and 2M Betaine (Sigma Aldrich B0O300) to a final volume of
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50uL, then split into 5 reactions to optimize primer Tm (Tm: 52, 55, 58, 61, 65). All promoter
and enhancer regions ranged from 300-400bp. The reactions were amplified with the following
protocol:

98°C for 2 minutes
31 cycles:
98°C for 15 seconds
Gradient Tm for 20 seconds
72°C for 30 seconds

72°C for 3 minutes

The promoters and enhancers not successfully amplified by this protocol were amplified
using 100ng genomic DNA, 0.3nmol of each primer, 1x Q5 Mastermix, and 0.5M Betaine. The
Tm was raised to 68°C, the ramp rate was decreased to 1.5 °C/s, and the annealing time was
increased to 45 seconds. PCR products were purified with the Zymo DNA Clean & Concentrator
Kit (Zymo Research D4033). All promoter constructs were cloned into the Nhel/Hindll1 site that
replaces the TATA-like promoter; all enhancer constructs were cloned into the BamHI/Sall site
downstream of the luciferase gene. Briefly, 1ug of plasmid DNA was digested with 20U each of
the necessary restriction enzymes (NEB R3131, R3104, R0136, R0138) and 1x Cutsmart for 3
hours at 37°C, then purified with the Zymo DNA Clean & Concentrator kit. The amplified
promoters/enhancers were annealed by Gibson reaction at a 2:1 molar ratio of insert to digested
vector backbone using NEB 2x Hifi Ligation mix (NEB E2621), and incubated for 1 hour at
50°C. 5-alpha Competent E. coli (NEB C2987) were thawed on ice, then 0.7uL of the ligation
reaction was added to 10uL of thawed bacteria. Bacteria were heat shocked at 42°C for 30
seconds then immediately placed on ice and 50uL of SOC Media (Thermo Fisher 15544034) was
added to each reaction. Bacteria were plated on pre-warmed LB carbomycin plates and incubated
for 16 hours at 37°C. Proper ligation was confirmed by colony PCR; three colonies from each

plate were selected and added to S0uL of dH20. Separately, the PCR reaction was made with 1x
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Q5 master mix, 1M Betaine, and 0.3 nmol each of primers which amplify from upstream and
downstream of the insertion site in the plasmid, then SuL of the bacteria colony in water was
added to 15uL of the PCR reaction mix, and amplified as follows:

98°C for 3 minutes
30 cycles of:
98°C for 15 seconds
62°C for 20 seconds
72°C for 30 seconds
72°C for 3 minutes

Colony PCR products were confirmed by Sanger sequencing, and the correct colonies
were grown overnight, then purified using the PureLink HiPure Plasmid Midiprep Kit (Thermo
Fisher K210004) to ensure the plasmids were free of LPS.

4.5.2 Cloning Synthetic Constructs

Synthetic constructs were ordered as E-Blocks through IDT, then resuspended in H2O and
ligated into the BamHI/Sall digested reporter at a 2:1 molar ratio and transformed into 5-alpha
Competent E. coli as described above. Colony PCR was performed for each construct, and
sequence verified colonies were grown overnight in LB-amp cultures then plasmids were
extracted using the PureLink HiPure Plasmid Midiprep Kit (Thermo Fisher K210004).

4.5.3 Primer Mutagenesis to Generate Mutated Constructs

Each mutated promoter or enhancer construct was created by amplifying the reporter
containing the native sequence with primers that introduce substitution mutations in the
particular motif of interest to render it inactive. 25ng of each template plasmid was amplified
with 0.2nmol of each primer and amplified for 12 cycles with an extension time of 2 minutes and
30 seconds. The PCR reaction was then digested with 20U of Dpnl (NEB R0176S) to remove the
original plasmid with methylated 5°-GATC-3". SuL of the digested plasmid was then directly

transformed into 20uL. of NEB 5-alpha Competent E. coli (NEB #C2987) as described
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previously. Colony PCR was performed, and plasmids were verified by Sanger sequencing.

4.6 NGS Data Analysis

Table 6: NGS Analysis of csRNA-seq Data.

Purpose

command

FastQC

fastqc -o fastqcresults/ <file.fastq.gz>

Trimming sequencing reads at 3’
end

homerTools trim -3 AGATCGGAAGAGCACACGTCT -mis 2 -
minMatchLength 4 -min 20 <file.fastq.gz>

Generate Indexed Genome

STAR --runMode genomeGenerate --runThreadN 24 --
genomeDir ./ --genomeFastaFiles genome.fa

Align sequences to Indexed Genome

STAR --genomeDir /home/lahodge/mm10/mm10-Starindex/ --
runThreadN 24 --readFilesIn </path/toffile.fastq.gz.trimmed> --
outFileNamePrefix </path/to/filename> --outSAMstrandField
intronMotif --outMultimapperOrder Random --
outSAMmultNmax 1 --outFilterMultimapNmax 10000 --
limitOutSAMoneReadBytes 10000000

Create HOMER Tag Directories

makeTagDirectory samplename-tagDir/
samplename.Aligned.out.sam -genome mm10 -checkGC -
fragLength 150

Generate BedGraph Files

makeUCSCfile filename_csRNA-tagDir/ -style tss -strand + >
samplename.posStrand.bedGraph

makeUCSCfile filename_csRNA-tagDir/ -style tss -strand - -neg
> samplename.negStrand.bedGraph

Finding csRNAseq Peaks

findPeaks experiment-csRNA-tagDir/ -i experiment-input-
tagDir/ -style tss > tssOutput.txt

Merging TSR Peaks

mergePeaks treatmentl_timepointA_csRNA_tssOutput.txt
treatment2_timepointA_csRNA_tssOutput.txt -strand >
timepointA Merged.tss.txt

Quantitatively Compare
Experiments

annotatePeaks.pl timepointA_Merged.tss.txt mm10 -strand + -
fragLength 1 -raw -d Controlsample-csRNA-tagDir/
treatmentl_timepointA_csRNA- tagDir/
treatment2_timepointA_csRNA-tagDir/ > TimepointACounts.txt

Find Differentially Expressed Peaks
between two experiments

getDifferentialPeaks <peak/BED file> <target tag-dir/>
<background tag-dir/> [options]

XY Scatter Plot

annotatePeaks.pl TimepointA_treatmentCtrl_Merged.tss.txt
mm10 -size -500,100 -strand + -fragLength 1 -d
treatmentl_csRNA-tagDir/ Control_csRNA -tagDir/ >
TimepointA_Treatment1Ctrl_plot.txt

Annotated the peaks differentially
expressed

annotatePeaks.pl TimepointA_treatmentCtrl_Diffpeaks.txt
mm10 > annotated_timepointA_treatmentCtrl_Diffpeaks.txt

Motif Finding

findMotifsGenome.pl
TimepointA_treatmentl_treatment2_Diffpeaks.txt mm10
TimepointA_treatmentl_treatment2_Diffpeaks_MotifOutput/ -
size -300,100 -mask

Make BigWig Files

makeBigWig.pl sample-tagDir/ mm10 -strand + -webdir
[/path/to/html/ -url <url>

Nucleotide frequency histogram

annotatePeaks.pl <annotated peak file> mm10
-size 1000 -hist 1 -di <tagdirectory>

Annotate peaks for clustering

annotatePeaks.pl <peakfile> mm10 -fragLength 1 - strand + -
d <tagdirectories> -rlog > outputfile.txt
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4.7 Supplementary Materials

4.7.1 Reagents

Table 7: Reagent Recipes. Volumes specified for one sample.

Name Components
TE'T 0.05% Tween, 0.1 mM EDTA, 10 mM Tris pH 7.5 in ddH20
TET 0.05% Tween, 1 mM EDTA, 10 mM Tris pH 7.5 in ddH20

Sequencing TET

0.05% Tween, 0.1 mM EDTA, 10 mM Tris pH 8 in ddH.O

FLB

5mM EDTA, 95% Formamide, bromophenol blue, xylene cyanol

Swelling Buffer

10mM Tris-HCI pH 7.5, 2 mM MgCl2, 3 mM CaCl,, 2 U/mL
Superase-IN in ddH20

Lysis Buffer

Swelling Buffer + 1% IPEGAL

GRO Freezing Buffer

40% Glycerol, 5 mM MgClz, 0.1 mM EDTA, 50 mM Tris-HCI (%2
pH 8.0, Y2 pH 7.5), 2 U/mL Superase-IN in ddH,O

START Elution Buffer

400mM NaOAc, 0.05% Tween, 1 mM EDTA, 10 mM Tris pH 7.5 in
ddH.0

SpeedBeads Mix

3uL XP Beads, 41.5uL 5M NaCL, 41.5uL 40% PEG8000

NEB Gel Elution
Buffer

0.5M LiCl, 0.1% SDS, 5mM EDTA, 10mM Tris pH 7.5 in ddH.0

DNA Extraction Buffer

10mM Tris-HCI pH 8, 200mM NaCl, 0.5% SDS, 5mM EDTA

ATAC Elution Buffer

10mM Tris-HCI pH 8.0 + 0.05% Tween

4.7.2 GFP fluorescence in transfected RAW264.7 cells
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4.7.3 Table of Primers

Table 8: List of Primers. All primer sequences are written 5°-3”. Bolded sequences overlap the backbone reporter
lasmid. Blue regions of primers for mutagenesis indicate overhangs.

Oas3_nat_pro_F

gccggtacctgagctcGCAGATAATCTCAACAAACACCCTGAGCCT

Oas3_nat_pro_R

TCTCCAGGGCTTCTTGGGGG

Tapl nat pro F

gceggtacctgagctcGTGGGGAAGAAGAGGAGAATGAGATTCATG

Tapl nat pro R

GAAGGAGCAGGGCGGCC

Tgfbrl_nat pro F

gccggtacctgagctcGGAAACCCACGGCCGCTCAT

Tgfbrl_nat pro_R

GTCCCGCCGCCACTGT

MX2_nat_pro_F

gceggtacctgagctcGGGCAGGCACAGGCTGAATTAAGTT

MX2_nat_pro_R

TCTTGACCTCAGCCCCAAGGG

MX2_nat_enh_F

cctectacaaatgtggtaaaatcgataagGGCAGGCACAGGCTGAATTAAGTT

MX2_nat_enh_R

ggctctcaagggcatcggTCTTGACCTCAGCCCCAAGGG

Trim30c_nat_pro_F

gccggtacctgagctcGCAGTTCTCCACCTCCCCTTCCT

Trim30c_nat_pro_R

CCAAGTTACTGGAAGGCAGAGCTG

SIfn9_nat_pro_F

gccggtacctgagctcGTGTAAGTTCTTGCTATAGGGAGGAAGCC

SIfn9 _nat_pro_R

AGAATTTAGAAACAGGCAGGAATGTAAGTCTCC

CD14 nat_pro_F

gccggtacctgagctcGTAATGATCTAAGGCACTAGGTGTGATTCACC

CD14 nat_pro_R

AAGTTTGAGCAGCCCAGATAGGC

ADAR nat enh F

cctctacaaatgtggtaaaatcgataagGTGTAAATGGTAGAGTACATGTAAGTTAAGC
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Table 8: List of Primers Continued. All primer sequences are written 5°-3”. Bolded sequences overlap the
backbone reporter plasmid. Blue regions of primers for mutagenesis indicate overhangs.

ADAR_nat_enh_R

ggctctcaagggcatcggGTGTTTGAAGAGCCATGTTTGATATTATATGTTAGGATG

Ppp2r5¢_nat_enh F

cctctacaaatgtggtaaaatcgataagTATTCTAGCCATGAACTGGGTAAAAGTGTGC

Ppp2r5¢_nat_enh R

ggctetcaagggcatcggCACTGAGAGGGTAGGCGGGAG

Synjl_nat_enh_F

cctctacaaatgtggtaaaatcgataagGTATGTCTGGACTGTTTGTGTCTCAGG

Synjl_nat_enh_R

ggctctcaagggcatcggCTATAGAGTTGGCTTTTACAGCATTACATGAATTTAGA

Thl2_nat_enh_F

cctctacaaatgtggtaaaatcgataagGAGGTAGTCTGATTGAATCCCTTCCTCAA

Thl2_nat_enh R

ggctctcaagggcatcggTGGGCCAGCCTGCACTAAC

Tgfbrl_mutl pro F

CCAGGGCCACGCAAGCGGGGCTCTCGGCTAGG

Tgfbrl_mutl_pro_R

GAGCCCCGCTTGCGTGGCCCTGGGCTACCAATGAG

Tgfbrl_mut2_pro F

TAGGGCGCTCGCAAGCGACGGGGGAGGCGGGGTC

Tgfbrl_mut2_pro_R

CCTCCCCCGTCGCTTGCGAGCGCCCTAGCGGGACCTA

CD14_mut_pro_F

CAATATTTACTCCCAGTGAGTAGGGCTGTTAGGAGGAAG

CD14_mut_pro_R

GCCCTACTCACTGGGAGTAAATATTGCAACGAAGTG

Tapl mut _pro_F

CGAGGTCGGCATACGGTTTCTTCTTCCTCTAAAC

Tapl _mut_pro_R

GAAGAAACCGTATGCCGACCTCGAATCACTAGAC

Trim30c_mut_pro_F

CCACAAGAGCTCTGAAAGTTAAGACTTTGAGGGGTG

Trim30c_mut_pro_R

CTTAACTTTCAGAGCTCTTGTGGTTCACCAGAGCC

Mx2_doublemut_pro_F

CAAGAACCAGAGCTATGATAGTGAAACTAAGTAGGAGCTGAG

Mx2_doublemut_pro_R

CTTAGTTTCACTATCATAGCTCTGGTTCTTGGGGAACTTAATTCAG

Mx2_ISREmut_pro_F

GAAATGAAAGTGATACTAAGTAGGAGCTGAGCTGAGAAAG

Mx2_ISREmut_pro_R

CTCCTACTTAGTATCACTTTCATTTCTCTGGTTCTTGGG

Mx2_T1mut_pro_F

CAAGAACCAGAGCTATGAAAGTGAAACTAAGTAGGAGC

Mx2_Timut_pro_R

CACTTTCATAGCTCTGGTTCTTGGGGAACTTAATTCAG

Synth-PAmut_r

TCCTTATTTTCATTACATCTGTGTGT

pGL4seqlLuc3'S

ATTTGTGATGCTATTGCTTTA

pGL4seqSalAS

CACCTGTCCTACGAGTTGCAT
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