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Abstract

Dziulko, Adam Kenneth (Ph.D., Molecular, Cellular, and Developmental Biology)
Retroviral Dysregulation of an Immune Chromatin Regulator

Thesis directed by Assistant Professor Edward Chuong

Transposable elements (TEs) are an abundant source of gene regulatory sequence in the
genome. Some TEs have been co-opted by the host genome to serve beneficial regulatory
functions, however some TEs have been found to activate disease. Senescence, a pro-
inflammatory cell state, is an attractive disease model given its implication in disease. Using an
oncogene-induced senescence (OIS) model, | asked whether TEs have any gene regulatory
effects that contribute to senescence pro-inflammatory milieu. There were many gene candidates
that could potentially be regulated by a TE in the OIS model, however, | settled on Speckled
Protein 140 (SP140) from observing a potential novel transcript being produced out of its normal
immune modulatory context.

SP140 is a chromatin reader with critical roles regulating immune cell transcriptional
programs, and SP140 splice variants are associated with immune diseases including Crohn’s
disease, multiple sclerosis, and chronic lymphocytic leukemia. SP140 expression is currently
thought to be restricted to immune cells. However, by analyzing human transcriptomic datasets
from a wide range of normal and cancer cell types, we found recurrent cancer-specific
expression of SP140, driven by an alternative promoter derived from an intronic endogenous
retrovirus (ERV). The ERV belongs to the primate-specific LTR8B family and is regulated by
oncogenic mitogen-activated protein kinase (MAPK) signaling. The ERV drives expression of

multiple cancer-specific isoforms, including a nearly full-length isoform that retains all the



functional domains of the full-length canonical isoform and is also localized within the nucleus,
consistent with a role in chromatin regulation. In a fibrosarcoma cell line, silencing the cancer-
specific ERV promoter of SP140 resulted in phenotypic changes less suited for cancer cells -
increased sensitivity to interferon-mediated cytotoxicity and increased regulation of a
tumorigenic transcription factor, nuclear factor kappa-B (NF-kB). Our findings implicate
aberrant ERV-mediated SP140 expression as a novel mechanism contributing to immune gene

dysregulation in a wide range of cancer cells.
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Chapter I: Introduction

TEs in the human genome

The 32-year path to sequencing and mapping the human genome started in 1990, where it
took 11 years to initially sequence and analyze ~2.4 billion nucleotides (~79% of total human
genome) with 1 billion nucleotides (~33% of total human genome) being mapped *. Three years
later in 2004, 2.85 billion nucleotides (~93% of total human genome) was sequenced and
mapped 2, then 18 years later in 2022 the full 3.055 billion nucleotides of the human genome was
sequenced and mapped 3. From these efforts, the genome is broken down into groups with
approximately: 2% protein-coding genes, 26% introns, 3% simple sequence repeats, 5%
segmental duplications, 6-8% miscellaneous heterochromatin, 10-12% miscellaneous unique
sequences, and 46% transposable elements (TEs) 134, TEs take up nearly half of the genome and
possibly more (up to 66%), with degraded/remnant TEs currently classified as repeats °. TEs
account for ~5 million loci mostly at 100 to 10,000 base pairs in length in the human genome.
Here, | will cover these abundant sequences and their implications in the genome.

TEs are selfish DNA sequences that can move, or “transpose”, within the genome. They
are sometimes referred to as “jumping genes” because of their ability to change their position. In
humans and other organisms, transposable elements have been present for a very long time in
evolutionary terms with the vast majority of insertions estimated to be between 5 and 60 million
years old with humans having ~25-30% TEs unique to them. The presence of TEs specific to
humans is a result of ancient viral infections, horizontal gene transfer, differential expansion,

genomic isolation, and positive selection 6. These elements have played significant roles in



shaping the human genome, contributing to both genetic diversity and regulatory innovation. The
fraction of the genome occupied by TEs does not correlate with organismal complexity with
some fungal species being as low as <1% of TEs in their genome 7, the western honey bee
containing <5% TEs &, mouse at ~38% TEs °, the Gray short-tailed opossum at ~52% TEs 19, and
corn being as high as >85% TEs 1. TE abundance, however, correlates more strongly with
genome size with genome sizes at ~36.5 million base pairs, ~236 million base pairs, ~2.5 billion
base pairs, ~3.6 billion base pairs, and ~2.4 billion base pairs, respectively to the previous

sentence.

Basic mechanisms of TE integration and replication

TEs can integrate somewhat randomly within the genome, however, some factors
influence their integration patterns. These influences are often guided by a balancing act of
facilitating future propagation while mitigating deleterious effects on host genome structure and
function. Many TEs have evolved mechanisms to target specific loci where their insertions are
less detrimental to the host and favorable for their propagation 2. Further, Natural selection and
genetic drift shape the distribution of TEs 3.

TEs come in a variety of forms based on their structure, mechanism of transposition, and
the presence or absence of certain enzymatic activities. TEs integrate and replicate through
distinct mechanisms depending on their class. DNA transposons use a cut-and-paste mechanism
involving a transposase enzyme, while retrotransposons utilize a copy-and-paste mechanism
involving reverse transcription. Long Terminal Repeat (LTR) retrotransposons produce cDNA in

cytoplasmic particles before integration, whereas non-LTR retrotransposons use target-primed



reverse transcription to integrate directly at the target site. These mechanisms allow TEs to
proliferate within genomes, contributing to genetic diversity and evolution 14-16,

Humans have a total of ~1,103 TE families and subfamilies which are classified as DNA
sequences longer than 80 base pairs that share at least 80% sequence identity over 80% of their
length 17 traced as descendants of a single ancestral unit. It is generally accepted that the majority
of major TE families stem from a limited set of actively expressed copies referred to as "source"
or "founder" genes, generating distinct families of "repetitive elements" 18, Subfamilies are
subsets within these families that exhibit additional variations or evolutionary divergence.

These (sub)families can be divided into two major classes based on their mechanism of
transposition, and each class can be subdivided into subclasses based on the mechanism of
chromosomal integration. Class | TEs (retrotransposons) transpose via an RNA intermediate
using a "copy and paste" mechanism. Class | TEs include LTRs, Long INterspersed Elements
(LINEsS), and Short INterspersed Elements (SINEs). LTRs take up 8% of the human genome and
~150 families have direct repeats at their ends and encode proteins necessary for their
transposition. LINESs take up 20% of the genome and encode a reverse transcriptase and an
endonuclease that can transpose autonomously. SINEs take up 13% of the genome and are non-
autonomous elements that rely on LINESs for their transposition. Class Il Transposable Elements
(DNA transposons; 3% of the genome) transpose directly as DNA either through a cut-and-paste

or replicative method.



Impact of TEs on human genome function

TEs can play a crucial role in genome evolution and function, affecting human genome
regulation in several ways: inserting themselves into or near genes which can disrupt gene
function directly by breaking the gene sequence or altering its regulatory regions; inserting
themselves within or near genes which can lead to the creation of new exon-intron structures
resulting in alternative splicing events; causing chromosomal rearrangements such as deletions,
duplications, and inversions; affecting the epigenetic state of their surrounding genomic regions;
and carrying their own regulatory sequences, such as promoters or enhancers, that can influence
the expression of nearby genes 1415:19.20,

Though TEs are named and classified after their ‘jumping’ characteristics, only ~35-40
(sub)families (<.05% of the genome) remain actively mobile in the human genome 2%, Most
human TEs are ‘fixed’ meaning they have lost their ability to move around in the genome due to
consequences of evolutionary processes such as the lack of selective pressure to maintain active
transposition, mutation accumulation, and host defense mechanisms.

To fight back against TEs negatively affecting cell fitness, host organisms have evolved
intricate defense mechanisms to regulate TE activity. One such defense system involves
epigenetic modifications, where TEs are marked with repressive marks such as DNA
methylation and histone modifications 2223, These marks can lead to transcriptional silencing of
TEs, preventing their expression and transposition. Additionally, host cells employ RNA
interference pathways including RNA-induced Silencing Complex and Piwi-interacting RNA
pathway proteins to target TE transcripts and inhibit their mobility 24-27. Another defense
mechanism involves Kruppel-associated box zinc finger proteins (KRAB-ZFPs). KRAB-ZFPs

evolve alongside with TES in an ‘evolutionary arms race’ to recognize and bind TEs that are



evolving 28-30. Through these defense strategies, host organisms can mitigate the harmful effects

of TEs, maintaining genomic integrity and stability over evolutionary time.

TE exaptation for host function

TE activity does not always have to be harmful, as recent studies have begun to
demonstrate. TEs contribute to genome evolution through TE exaptation, a process whereby
TEs, which usually persist by replicating in the genome, transform into novel host genes or
endogenous regulatory sites, which persist by conferring phenotypic benefits. In the human
genome, important genes such as Ragl & Rag?2 31, Syncytin 32, and Arc 32 have exapted from
TEs.

In addition to providing novel proteins, TEs have been found as a species-specific
transcription factor binding sites 34-36 acting as regulatory sequences 3/-4° found to affect gene
expression in different contexts. More specifically, 4! found an interferon inducible enhancer
affecting gene expression of an interferon induced gene, AIM2, revealing TES involvement in

the regulation of essential immune functions.

TE exaptation in disease

TEs have also been found to be exapted to drive oncogene expression in human cancers.
This process, termed onco-exaptation, involves the utilization of TE-derived promoters or
enhancers, normally dormant or repressed, to aberrantly activate genes that contribute to cancer

development. Three independent studies have found de-repression of TEs in B lymphocyte



immune cells through epigenetic alterations uncovering transcription factor binding sites driving
expression of genes specific to Lymphoma cancer cells - FABP7, CSF1R, and IRF5 42-44,

Further, recent work in the Chuong lab has found that oncogenic AP1/MAPK signaling
drives the activation of enhancers derived from the primate-specific TEs which regulate tumor-
specific expression of multiple genes associated with tumorigenesis, such as ATG12 and XRCC4
45.

TEs play a dual role in the genome driving normal gene expression, but also contributing
to the development of diseases when their activity is mis-regulated. Understanding the
mechanisms of TE exaptation and their impacts on health and disease provides valuable insights
into the complexity of the genome and offers potential targets for therapeutic intervention.

Using the idea that disease specific de-repression of TES can provide promoters,
enhancers, and other regulatory elements that influence the disease specific expression of nearby
gene, | wanted to explore TEs in an aging and inflammatory context looking at TES in oncogene-

induced senescent cells.

Inflammation/Aging

Cellular senescence is a state of stable and long-term loss of proliferative capacity in
cells, which occurs in response to various stressors. This process was first described by Hayflick
and Moorhead in 1961, when they observed that human fibroblasts have a limited capacity to
divide in culture, eventually entering a state of irreversible growth arrest despite remaining
metabolically active 46. As organisms age, senescent cells accumulate in various tissues. These
cells do not function properly and can disrupt tissue architecture and function by secreting a

variety of pro-inflammatory cytokines, chemokines, growth factors, and proteases known as



Senescence-Associated Secretory Phenotype (SASP) 47. The SASP leads to chronic, low-grade
inflammation, known as "inflammaging," which is a key driver of many age-related diseases 48~
50.

De Cecco et al ®! sought out to understand the mechanism behind SASP. During cellular
senescence, L1 elements (TE elements) become transcriptionally derepressed. This de-repression
leads to the accumulation of L1-derived DNA in the cytoplasm of senescent cells. The presence
of L1-derived cytoplasmic DNA activates a type-I interferon (IFN-I) response. This response is a
hallmark of late senescence and contributes to the maintenance of SASP. Treatment of aged mice
with lamivudine, a reverse transcriptase inhibitor, was shown to downregulate IFN-I activation
and reduce age-associated inflammation in multiple tissues. Their finding suggests that targeting
L1 reverse transcriptase could be a viable strategy for mitigating inflammaging and its related

pathologies.

Research direction

TEs have been explored in the context of forming viral-like transcripts and therefore
stimulating an interferon response °! for its contribution to SASP, however, TEs have not been
explored for its gene regulatory function in oncogene-induced senescent cells. | sought out to
explore if there are any de-repressed oncogene-induced senescent specific TEs that are affecting
gene expression associated to disease - SASP, immune dysregulation, or epigenetic modifiers. |
found several disease related genes that were enhancer acting distance of oncogene-induced
senescent specific TEs (see senescence appendix section), but only focused on one, SP140, for

this Thesis.



In chapter I, I will discuss how a TE-derived isoform of SP140 is specific to various
non-immune cancers, deviating from the oncogene-induced senescence model. SP140 was an
attractive candidate due to its link to regulating inflammation 52-54, However, cancer became the
focus with SP140 due to oncogene-induced senescence being a type of cancer model as well.
This model induced IMR90 lung fibroblast cells with H-RAS %%, making this a cell model of
senescence and cancer. Further work can be done looking at other genes (Figure 8) that could

drive the focus back on senescence and SASP.



Chapter Il: An endogenous retrovirus regulates tumor-
specific expression of the immune transcriptional
regulator SP140

This chapter was adapted and expanded from published work®®

Introduction

Chromatin readers facilitate transcriptional regulation by affecting chromatin structure
binding or recruiting nuclear-signaling machinery at post-translational modification sites 57-58,
Speckled Protein 140 (SP140) is a chromatin reader that is increasingly appreciated to influence
immunological processes, inflammatory regulation, and disease °°, and is an interferon-
stimulated gene predominantly expressed in immune cells including mature B cells, plasma cells,
and some T cells 69-62, SP140 regulates transcriptional programs in human leukocytes where it
represses topoisomerase and lineage-inappropriate genes and is indispensable for intestinal and
immune homeostasis 63:64, In lymphoblastoid cells, SP140 represses the nuclear factor kappa-B
(NF-kB) inflammatory response 5465, In monocyte-derived dendritic cells, SP140 regulates
maturation and tolerogenic potential 6. In mice, Sp140 acts as a negative regulator of type |
interferon (IFN) responses that are essential for protection against intracellular bacterial

infections, particularly Mycobacterium tuberculosis 5367,

SP140 belongs to the speckled protein (SP) family of readers including SP140, SP100,
SP110, and SP140L. All SPs contain 3 ‘reader’ domains: the SAND domain named after Sp100,
Aire, NucP41/P75, and Deaf-1, plant homeodomain (PHD), and bromodomain (BRD), a nuclear
localization signal (NLS), and a caspase activation and recruitment domain (CARD). The SAND

domain binds DNA directly or directs protein-protein interactions 8, and the PHD domain reads



histone methylation ° with SP140 PHD also promoting intramolecular SUMOylation of the
adjacent BRD domain 7°. The BRD binds acetylated histones, with SP140 BRD also binding
promiscuously to acetylated H3 or H4 histone peptides 1. Lastly, the CARD domain is important
for hetero/homo-dimerization, allowing large protein complexes to form 2. Uniquely, primate
SP140 contains an intrinsically disordered region (IDR) allowing liquid-liquid phase separation,
which has been attributed to mediate protein-protein interactions, signal transduction in immune

cells, and phase separation of transcriptional machinery important for gene regulation 73-76,

Genome-wide association studies (GWAS) have unveiled that dysfunction of SP140 is
linked to several diseases, including Crohn’s disease '7-’8, multiple sclerosis 7%, and chronic
lymphocytic leukemia 8°. These diseases are associated with single nucleotide polymorphisms
(SNPs) found within the introns of SP140. These non-coding SNPs alter SP140 mRNA splicing
leading to an overall reduction in the expression of the canonical SP140 mRNA isoform 8%, and
more specifically, leading to elevated expression of SP140 isoforms devoid of one or two exons

part of the IDR (exon 7 for Crohn’s and exons 7 and 11 for multiple sclerosis) 6482,

In addition to playing a role in immunological diseases, there is emerging evidence that
SP140 expression plays a role in cancer pathogenesis. In both pan-cancer and head and neck
cancer analysis, high expression of canonical SP140 in tumor-associated macrophages negatively
regulates transcription and phosphorylation of STAT1 and induces interferon-gamma signaling
leading to higher tumor mutation burden, improved patient survival, and a favorable response to
immunotherapy 83. Further, a recent study focused on correlating epigenetic factors with the
osteosarcoma cancer immunity cycle—a series of stepwise events required for anti-cancer
immunity 84, They identified SP140 as an epigenetic protective factor highly correlated with

prognosis, suggesting SP140 to be a viable target for immunotherapy in osteosarcomas .

10



Outside of these studies, however, the potential role of SP140 in cancer remains largely

unexplored.

Here, we investigated SP140 expression in cancer cells and found that SP140 is
aberrantly expressed in many human cancers of non-immune cell origin. Surprisingly, the tumor-
specific expression of SP140 is driven by a non-canonical promoter, LTR8B, derived from a
primate-specific endogenous retrovirus (ERV) located in the first intron. ERV's and other
transposable elements are now recognized as influential players in gene expression regulation
and splicing events, serving as enhancers, exons, and alternative promoters 8687, By analyzing
transcriptomic data from patient cancer samples and cancer cell lines, we found recurrent
expression of two novel SP140 isoforms driven by an LTR8B ERV that is predicted to generate
both a truncated and nearly full-length SP140 protein. CRISPR perturbation of the LTR8B ERV -
derived promoter in a human fibrosarcoma cell line, HT1080, showed that SP140 expression
alters the response to IFN and influences the transcription of a few genes. Together, these
findings implicate aberrant SP140 expression as a novel factor that may facilitate tumor

immunity and transcriptional dysregulation.

Results

Cancer-specific expression of SP140 is driven by a novel LTR8B promoter

To investigate SP140 expression patterns, we first examined SP140 RNA expression
across a panel of human cell lines and tissues profiled by the Human Protein Atlas. As expected,

we found high expression of SP140 in immune cells, but surprisingly, we observed high
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expression of the SP140 gene in many non-immune cell lines, including many cancer cell lines
(Figure 2.1A). We inspected RNA-seq read alignments from these cells and discovered that
SP140 expression in non-immune cells was exclusively driven by an intronic promoter derived
from an LTR8B transposable element (Figure 2.2A). By conducting genome-guided
transcriptome assembly on a subset of cell lines using StringTie2 8 (Figure 2.1B), we confirmed
that this LTR8B element drives the expression of two splice isoforms of SP140 (LTR8B-SP140):
one previously annotated short isoform that is truncated after exon 3 (LTR8B-SP140-Short), and
a novel near-full-length isoform that terminates at the canonical 3’ end of the gene (LTR8B-
SP140-Long) (Figure 2.2B). The LTR8B-SP140-Short isoform was previously annotated as a
non-coding RNA, but potentially generates a truncated CARD domain. The novel LTR8B-
SP140-Long isoform is predicted to generate a full-length SP140 protein except for the first 20
amino acids encoded within the canonical first exon (Figure 2.2B). Because these missing amino
acids precede the characterized functional domains of SP140, the LTR8B-SP140-Long isoform
may encode a protein that is functionally similar or identical to the canonical SP140 protein.
Notably, there is high similarity of the first 20 amino acids of SP140 across primates, but this
region is not conserved in mouse and other mammals, suggesting that this N-terminal region
specific to the canonical isoform is not essential for SP140 function (Figure 2.1C-D). Given the
established role for SP140 as a chromatin regulator of immune signaling in immune cells, these
results suggest that aberrant expression of LTR8B-SP140 in cancer cells may play a role in
cancer dysfunction.

We next asked whether the LTR8B-SP140 isoforms show evidence of expression in other
RNA-seq databases. We examined junction counts using the recount2 database, which includes

harmonized exon-exon junction counts across ~49 thousand RNA-seq datasets 8. Using exon
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junction information, we identified datasets containing spliced RNA-seq reads supporting the
junction between the LTR8B promoter and the 2nd canonical exon of SP140 (LTR8B-Exon2).
This analysis was unable to distinguish between the LTR8B-SP140-Short and LTR8B-SP140-
Long isoforms. We identified robust expression of the LTR8B-Exon2 junction in 52 samples,
most of which corresponded to tumors or cancer cell lines (Figure 2.2C). Further, looking at
junction counts strictly from the Genome-Tissue Expression (GTEX) database, we were able to
verify that the LTR8B-SP140 isoforms exhibit very low expression (LTR8B-Exon2 junction
copies per million < .25) in normal non-cancerous tissues.

To specifically analyze cancer cell samples, we compared the LTR8B-Exon2 junction
counts to the canonical SP140 Exonl-Exon2 junction counts in RNA-seq data from the Cancer
Cell Line Encyclopedia (CCLE) representing ~1000 different cancer cell lines °°. This analysis
confirmed that LTR8B-SP140 isoforms are exclusively expressed in non-immune cell cancers, in
contrast to the canonical SP140 isoform which is exclusively expressed in immune cell cancers
(Figure 2.2D).

Finally, we expanded our analysis beyond cancer cell lines to patient tumors from The
Cancer Genome Atlas. We used RJunBase to quantify junction read counts supporting the
LTR8B-Exon2 junction, and found recurrent expression of the LTR8B-SP140 isoforms in a
subset of patient tumors across multiple cancer types (Figure 2.2E) °1, in contrast to our GTEX
analysis of normal tissues. Only a fraction (~1%) of all patient tumors showed expression of the
LTR8B-SP140 isoform, indicating that only a subset of cancers expresses this isoform or that it
is expressed in small cell populations within the tumor. Together, these transcriptomic analyses
indicate that the LTR8B-SP140 isoforms are expressed in multiple non-immune cancer cell lines

and patient tumors from multiple cancer types.
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Figure 2.1. RNA-seq evidence for expression of SP140 in cancer cells and evolutionary analysis of first
intron of SP140. (A) Screenshot of 2 cancers from the Human Protein Atlas of SP140 expression

(https://www.proteinatlas.org/ENSG00000079263-SP140/cell+line), quantified at the gene level. Cell
lines are on the x-axis, and the y-axis represents SP140 transcripts per million (TPM). (B) UCSC genome
browser screenshot of HT1080 and U20S StringTie2 transcriptome assembly at the SP140 locus. The
blue highlight covers the LTR8B region within the first intron of SP140. (C) UCSC genome browser
‘Cons 30 Primates Track’ analysis of first 20 amino acids of SP140. Dots represent a conserved amino
acid. (D) Phylogenetic tree of the 30 species from Figure 2.1C. The red ‘X’ represents point in the tree
where the primate-specific first 20 amino acids emerge; species in red lack conservation to this region.
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Figure 2.2. An endogenous retrovirus drives cancer-specific expression of SP140.

(A) UCSC genome browser screenshot of RNA-seqand CUT&RUN of multiple cell lines at the SP140
locus. The intronic ERV (LTR8B) alternative transcription start site (TSS) in various non-immune
cancers produces two isoforms (orange). Cell lines in orange are RNA-seq from various non-immune
cancer cell lines. Cell lines in black are RNA-seq from either a whole blood sample taken from GTEX or
immune cancer cell lines showing canonical SP140 transcription. Tracks in green are CUT&RUN in
HT1080 cells. Eachtrack is scaled at [0-6] TPM, except for whole blood [0-40] TPM. Domain locations
are labeled at the top. Abbreviations: CARD = caspase activation and recruitment domain; IDR =
intrinsically disordered region; SAND = Sp100, Aire, NucP41/P75, and Deaf-1; PHD = plant
homeodomain; BRD =bromodomain. (B) SP140 isoforms are broken down by functional domains with
amino acid markers. The top isoform depicts a full-length canonical SP140 isoform. The middle depicts a
novel LTR8B-SP140-Long isoform missing only the first 20 amino acids and with all functional domains.
The bottom depictsan LTR8B-SP140-Short isoform with only the CARD domain intact. Abbreviations
described in (A). (C) SP140 junction counts in selected cell lines from recount2. Orange bars depict
LTR8B-Exon2 junction counts of the LTR8B-SP140 isoforms. Blue bars depict Exonl-Exon2 junction
counts of the canonical SP140 isoform. (D) Scatter plot of isoform quantification of Cancer Cell Line
Encyclopedia (CCLE) RNA-seq data. Each dot represents a cancer cell line with blue dots depicting
immune cancer cell lines (hematopoietic and lymphoid tissue) and orange dots depicting non-immune
cancer cell lines. The X-axis depicts canonical Sp140 isoform expression and the y-axis depicts the
LTR8B-SP140-Long isoform transcripts per million (TPM). (E) LTR8B-Exon2 junction counts from 5
different human non-immune tumors, from The Cancer Genome Atlas. Each dot represents a patient. N =
normal matched tissue; T = extracted tumor; (#) represents the number of patient samples. Tumor lines
are highlighted in orange.
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LTR8B elements show regulatory activation in HT1080 cancer cells

We next focused on HT1080 fibrosarcoma cells as an example cancer cell line that
expresses the LTR8B-SP140 isoforms (Figure 2.2C). Given that transposable element-derived
regulatory elements are often activated at a family level 4145.92.93 '\ye investigated whether
LTR8B elements were globally activated in HT1080 cells. We used GIGGLE °4 to determine if
LTR8B loci (N=1730) were colocalized with H3K27ac, a marker of regulatory elements. We
found that LTR8B elements were significantly enriched within H3K27ac-marked elements
(N=70; Fisher-two-tail P = 2.9¢"), while we did not see enrichment for the related subfamilies
LTR8 and LTR8A (Figure 2.3A-B). This suggests that LTR8B elements contain sequence motifs
that facilitate their regulatory activation in cancer cells.

LTR8B elements were recently reported to show placenta-specific enhancer activity,
where they are regulated by the JUND transcription factor of the AP1 complex %%, To
investigate how LTR8B is regulated in HT1080 cells, we conducted motif enrichment analysis of
the 70 H3K27ac-marked LTR8B loci, using the remaining 1,660 LTR8B loci sequence as the
background set %°. This analysis identified the AP1 components FOSL2::JUN, JUNB, and
FOSB::JUN motifs as hits within H3K27ac-marked LTR8B loci. Finally, we used the Cistrome
database 190 to globally search for transcription factors and chromatin regulators that are
significantly correlated with LTR8B elements. We found that the 70 H3K27ac-marked LTR8B
loci were enriched for multiple AP1 motifs (JUND, FOS, JUN, FOSL1, FOSL2) (Figure 2.4A),
while our 1,660 LTR8B loci background set (Figure 2.4B) were not enriched for any AP1 motifs.
Our analysis indicates that in addition to their previously reported placenta-specific activity 99,

LTR8B elements also show regulatory activity in HT1080 fibrosarcoma lines and other cancer
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cell types, likely due to shared activation of mitogen-activated protein kinase (MAPK) and
activator protein 1 (AP1) signaling.

The AP1 signaling pathway is frequently dysregulated in cancers with mutations in the
MAPK signaling pathway 1. To test whether MAPK/AP1 signaling is required for LTR8B-
SP140 expression, we treated HT1080 cells with the MAPK/APL1 activator Tumor Necrosis
Factor-alpha (TNF-a) and measured LTR8B-SP140 (LTR8B-SP140-Long & LTR8B-SP140-
Short) expression by qRT-PCR. We found that LTR8B-SP140 expression was increased upon
MAPK/AP1 activation (Figure 2.3C), with no effect of canonical SP140 (Figure 2.4C),
demonstrating that MAPK/AP1 signaling drives aberrant expression of the LTR8B-SP140

isoform.
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Figure 2.3. The endogenous retrovirus subfamily LTR8B is de-repressed in HT1080 cells. (A)

Giggle results of the LTR8/A/B family for the number of expected CUT&RUN H3K27ac overlaps vs
observed, with the respective ERV (LTRS, LTR8A, LTR8B). Fisher’s two tail test for LTRS, LTR8A,
and LTR8B are 1.0, 5.3¢e, and 2.8e”, respectively. (B) H3K27ac CUT&RUN peak heatmap of the 70
LTR8B loci. (C) RT-gPCR results of LTR8B-SP140 expression (LTR8B-SP140-Long & LTR8B-SP140-
Short) in HT1080 cells treated with DMSO (left; grey) or treated with TNF-a (right; orange) for 24 hours.
6 replicates are used. A paired t-test was used forsignificance: (**) p-value <.01. Error barsrepresent the
minimum and maximum values of data.
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Figure 2.4. Cistrome analysis of transcription factors colocalized with active or inactive LTR8B
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factors and chromatin regulators that colocalize with the 70 activated LTR8B loci which overlap with
H3K27acin HT1080 cells. (B) Cistrome output of top transcription factors and chromatin regulators that
colocalize with the 1,660 background LTR8B loci which do not overlap with H3K27ac in HT1080 cells.
(C) RT-gPCR results of Canonical SP140 expression in HT1080 cells treated with DMSO (left; grey) or
treated with TNF-a (right; blue) for 24 hours. 6 replicates are used. A paired t-test was used for
significance: (ns) p-value >.05. Error bars represent the minimum and maximum values of data. 6

replicates are used.
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The LTR8B-SP140-Long isoform encodes a nuclear protein

We next determined whether the LTR8B-SP140-Long isoform encoded a protein, similar
to the canonical SP140. While the LTR8B-SP140-Short isoform may be functionally significant
in cancer cells, we chose to focus on the LTR8B-SP140-Long isoform, given its predicted
similarity to the canonical SP140 protein, which is localized in nuclear speckles and has been
functionally characterized as a chromatin regulator in immune cells 5264, To validate that the
long LTR8B-SP140-Long isoform encodes a protein, we used CRISPR to add a HiBIT epitope
tag to the canonical 3’ end of SP140. We tagged SP140 to ensure that we were not detecting
SP140L, a highly similar paralog of SP140 192 which is also expressed in HT1080 cells. After
isolating a clonal line with a homozygous HiBIT insertion, we confirmed by luminescence that
the HiBIT tag was expressed (Figure 2.5). Using an antibody against the HiBIT epitope, we
confirmed by Western blotting that the tagged LTR8B-SP140-Long protein comes out to be
~80kDa (Figure 2.6A). Finally, by immunofluorescence imaging, we determined that LTR8B-
SP140-Long is localized to nuclear speckles (Figure 2.6B). Together, these results suggest that
the LTR8B-SP140-Long isoform forms a stable protein that has similar nuclear localization as the
canonical SP140 isoform, which should be further validated co-staining with a speckles marker,
supporting the idea that the LTR8B-SP140-Long isoform may have similar functional activity in

cancer cells.
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Figure 2.5. Supporting evidence for LTR8B-SP140-Long protein expression.
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Silencing the LTR8B promoter of SP140 inhibits interferon mediated cytotoxicity

in cancer cells

To investigate the potential functional impact of the LTR8B-driven expression of SP140,
we conducted CRISPRI to silence the isoforms by targeting the LTR8B-SP140 element. We
generated HT1080 cells stably expressing the dCas9-KRAB-MeCP2 construct 103 and transfected
cells, either with non-targeting negative control guide RNA (gRNA) or a gRNA specific to the
LTR8B-SP140 element with no off-target binding predicted to other LTR8B elements. We note
that silencing this promoter is expected to silence both short and long isoforms driven by this
promoter. We confirmed 88% knockdown of both the long and short isoforms silencing through
gRT-PCR (Figure 2.7) and RNA-seq. Furthermore, we found that silencing the LTR8B element
did not affect any nearby genes, including SP140L, with the nearest affected gene, INPP5D,
being ~3 megabases away (Figure 2.8A).

Given previous reports that canonical SP140 negatively regulates immune signaling in
immune cells %4, we tested how silencing LTR8B-SP140 affects the response to type | IFN by
assaying cytotoxicity after extended IFNJ treatment. After 3 days of IFNf treatments at various
concentrations, our LTR8B-SP140 silenced cells showed decreased cell viability compared to the
control cells (Figure 2.8B). The decrease of viability in cells where LTR8B-SP140 was silenced
indicates that LTR8B-SP140-Long and/or LTR8B-SP140-Short have immunomodulatory activity,

similar to the canonical isoform function in immune cells 54:63-66
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Figure 2.7. Supporting evidence for LTR8B-SP140 isoform repression.
RT-qPCR results of LTR8B-SP140 expression (LTR8B-SP140-Long & LTR8B-SP140-Short) in HT1080

cells with a CRISPRi control guide (left; orange) or a CRISPRI guide targeting the intronic SP140
LTR8B region (right; grey). Error bars represent the minimum and maximum values of data. A two-
sample equal variance t-test was used for significance:(*) p-value < .05. 6 replicates are used.
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Figure 2.8. Silencing the LTR8B promoter of SP140 causes a stronger cytotoxic response to
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Silencing the LTR8B promoter of SP140 leads to gene derepression

Given our finding that the SP140 protein isoform encoded by LTR8B-SP140-Long
localizes to nuclear speckles similarly to the canonical full-length SP140 isoform (Figure 2.6B),
we asked how LTR8B-SP140 expression would affect gene regulation in non-immune cells. We
conducted RNA-seq in HT1080 cells where LTR8B-SP140 isoforms were silenced by CRISPRI
and compared it to HT1080 cells transfected with a negative CRISPRi control. Our differential
expression analysis showed that silencing LTR8B-SP140 resulted in significant upregulation of
19 genes (padj< 5e-2 & log2FoldChange > 1) and downregulation of 10 genes including SP140
(padj< 5e-2 & log2FoldChange < -1) (Figure 2.9). These results are consistent with the
established activity of canonical SP140 as a transcriptional repressor. However, we did not
observe upregulation of the same genes previously reported in human macrophages, including
developmental HOX transcription factors 4. Notably, the most significantly upregulated gene,
Leucine-Rich Repeats And Calponin Homology Domain Containing 3 (LRCH3), is important in
activating the transcription factor NFkB, which is a pivotal mediator of immune response,
inflammation, cell growth/survival, and development, where aberrant expression contributes to
autoimmunity, inflammatory diseases, and malignant disorders 194105 Suppression of this gene
may contribute to the immunomodulatory function of LTR8B-SP140-Long that we previously
observed (Figure 2.8B). To determine if these differentially expressed genes (DEGs) were a
result of off-target binding of our CRISPRi LTR8B-SP140 target, we checked if our DEGSs
occurred within common enhancer acting distance (50kb) of LTR8, LTR8A, and LTR8B. We
found that SP140 was the only downregulated gene within 50kb of all LTR8s suggesting that our
LTR8B-SP140 target is specific (Figure 2.10A), however, implementing CRISPRI guides other

than the LTR8B-SP140 locus to disrupt SP140 function would further conclude no off-target
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effects. We also profiled expression after IFNf treatment and found similar differential gene
profiles of SP140 KD vs control with or without IFN treatment (Figure 2.10B). Unlike the
canonical SP140 isoform 62, neither LTR8B-SP140 isoform was induced by IFNB, consistent
with their usage of a different promoter. Altogether, these findings are consistent with the
activity of LTR8B-SP140-Long as a transcriptional repressor in cancer cells, with the caveat that
some these effects may also be caused by the LTR8B-SP140-Short isoform, which is also

silenced in these experiments.
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genes using DESeq2 between LTR8B-Sp140 KD HT1080 cells treated with 10U/mL IFN for 4 hours vs
dCas9-HT1080 cells treated with 10U/mL IFNP for 4 hours. Each dot represents a gene. Positively
expressed genes upon SP140 KD are in red and negatively expressed genes upon SP140 KD are in blue.
Label cutoffs at 5e-2 for adjusted p-value and +/- 1 log2foldchange. 2 replicates are used.
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Discussion

Our study shows that the immune chromatin regulator SP140 is aberrantly expressed in
many cancer types, driven by an ERV-derived promoter located in the first intron. Notably,
although the LTR8B element functions as an alternative promoter, the insertion is antisense to
the gene, suggesting non-canonical promoter activity. While previous studies have identified
SP140 expression in tumors, the expression of SP140 was attributed to tumor-associated
macrophages 3. Our RNA-seq analysis revealed that aberrant expression of SP140 in cells from
multiple non-immune cancers results in transcription of both a short truncated isoform and a
nearly full-length isoform predicted to encode a protein with 99% similarity to the canonical
SP140 protein. Using HT1080 fibrosarcoma cells as a model, we found that the aberrant
expression of SP140 inhibits IFN-mediated cytotoxicity and causes an altered transcriptional
landscape. Notably, the altered transcriptional landscape does not match the canonical SP140
repressive patterns reported in macrophages 4. This may be because SP140 function evolved in
the context of immune cells, making their activity when reactivated in cancer cells largely
random and influenced by the epigenetic landscape of the cell. Our findings implicate aberrant
SP140 expression, driven by an intronic LTR8B-derived promoter, as a contributing factor to the
pathogenesis of a broad range of cancers.

Our understanding of the biological function of SP140 remains incomplete. SP140 is a
chromatin regulator that associates with the Polycomb complex and suppresses lineage-
inappropriate cells in immune cells 3.64, SP140 also suppresses innate immune responses
including the type I IFN response, yet how SP140 mechanistically plays a role in these processes

remains unclear. Our finding that SP140 is also expressed in cancer cells provides an opportunity
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to dissect SP140 function in non-immune cell types and determine which aspects of SP140
function are cell type specific.

Our finding adds to our understanding of how alternative or aberrant splicing of SP140
can contribute to disease. The canonical form of SP140 is expressed in immune cells, but several
studies have identified splicing defects in SP140 as an underlying cause of diseases like Crohn’s
disease '8, Our study reveals widespread expression of a novel splice isoform of SP140 and a
previously annotated short isoform predicted to not encode a protein, expressed specifically in
cancer cells, which may contribute to cancer cell epigenomic dysregulation and pathogenesis.

There are several limitations to our study. Our functional studies support a role for SP140
in altering the immune phenotype and transcriptional landscape of cancer cells, but further
studies will be needed to fully define the consequences of SP140 on cancer growth or therapy
resistance, particularly in vivo. Although our TCGA patient tumor analysis showed low
occurrence (~1%) of the LTR8B-SP140 isoform, this could be due to cell heterogeneity, which
single-cell RNA-seq analysis would be important to define the expression of the isoform.
Further, the SNP-associated splice variants of Crohn’s disease, multiple sclerosis, and chronic
lymphocytic leukemia 77-89 would be interesting to examine amongst the non-immune cell
cancers expressing LTR8B-SP140 to see if there are any differences in isoform expression.
Additionally, it would be interesting to screen for the LTR8B-SP140 isoforms in patients with
the SNP-associated splice variants of Crohn’s disease, multiple sclerosis, and chronic
lymphocytic leukemia. Lastly, functional experiments on the short isoform, which was
previously annotated as a non-coding transcript but potentially encodes a truncated protein
containing only a CARD domain, would be necessary to establish a functional consequence of

that isoform.
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More broadly, our case example of SP140 adds to a growing list of examples of genes
that become aberrantly expressed due to TE-derived promoters and enhancers, including CSF1R
43 FABP7 42, IRF5 44, and others 45:106-109 Eyrther, in primates, a paralog of SP140, SP140L, is
adjacent to SP140 in the genome. While SP140L is not regulated by the intronic LTR8B, there is
another intronic TE that drives cancer-specific expression in different contexts (Genbank
accession BC004921.2). In conclusion, our genomic analysis suggests that the LTR8B family of
ERVsis regulated by the AP1 transcription factor complex, consistent with frequent AP1 and the
MAPK pathway hyperactivation seen in many cancers *10.111 Therefore, our study supports the
model where the dysregulated epigenetic environment of cancer cells leads to the aberrant
activation of TE-derived regulatory elements, driving aberrant expression of genes like SP140

that contribute to cancer pathogenesis.

Materials and Methods

Cell culture

HT1080 cells were routinely grown at 37C in 5% CO2 on coated plastic 10 cm dishes
(3,000,000-5,000,000 cells) in DMEM + GlutaMAX (Gibco #10565018) supplemented with 1X
penicillin-streptomycin (Gibco #15140122) and 10% fetal bovine serum (Gibco #10437010).
The cell identity was validated by Anschutz Medical Campus and routinely checked for
mycoplasma contamination. For dCas9-HT1080 selection the media was supplemented with 8
ug/mL Blasticidin S HCI (Gibco #A1113903), and for gRNA-HT1080 selection the media was

supplemented with 1 ug/mL Puromycin (Gibco #A1113803;). Transfections were performed
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using the Neon transfection system (ThermoFisher Scientific) according to the manufacturing

instructions.

CRISPR-mediated silencing of LTR8B

For CRISPR-mediated silencing (CRISPRi) of the intronic SP140 LTR8B element, a HT1080
dCas9-KRAB-MeCP2 stable line was first generated using the PiggyBac system (System
Bioscience). The PiggyBac donor plasmid, PB-CAGGS-dCas9-KRAB-MeCP2 was co-
transfected with (0.5 ug) of Super PiggyBac transposase expression vector into HT1080 cells.
The PB-CAGGS-dCas9-KRAB-MeCP2 construct was a gift from Alejandro Chavez & George
Church (Addgene plasmid # 110824). 24 hours post-transfection, cells were treated with 8
ug/mL Blasticidin to select for integration of the dCas9 expression cassette, and selection was
maintained for 10 days. CRISPR gRNAs specific to the DNA elements of interest (i.e., 0
predicted off-target sequences) were selected using pre-computed CRISPR target guides
available on the UCSC Genome Browser hg38 assembly, and complementary oligos were
synthesized by Integrated DNA Technologies. Complementary oligos were designed to generate
BstXI and Blpl overhangs for cloning into PB-CRISPRia, a custom PiggyBac CRISPR gRNA
expression plasmid based on the lentiviral construct pCRISPRia (a gift from Jonathan Weissman,
Addgene plasmid # 84832). Complementary gRNA-containing oligos were hybridized and
phosphorylated in a single reaction, then ligated into a PB-CRISPRia expression plasmid
linearized with BstX1 and Blpl (New England Biolabs (NEB)). NEB Stable Competent E.coli
cells (#C3040H) were transformed with 2 uL of each ligation reaction and resulting colonies

were selected for plasmid DNA isolation using the ZymoPure Plasmid miniprep kit (Zymo
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Research). Each cloned gRNA sequence-containing PB-CRISPRia plasmid was verified by

Sanger sequencing (Quintara Bio).

To generate CRISPRI stable lines, PB-CRISPRia gRNA plasmids were co-transfected with the
PiggyBac transposase vector into the HT1080 dCas9-KRAB-MeCP2 polyclonal stable line. 24
hours post-transfection, cells were treated with 1 ug/mL Puromycin along with Blasticidin to
select for integration of the SgRNA expression cassette(s) in dCas9 HT1080s. Selection was

maintained for 5 days before transcriptional analyses.

RNA-seq

Sequencing libraries were prepared from RNA harvested from dCas9-HT1080s with or without
10 U/mL of IFNP treatment (Proteintech #HZ-1298) for 4 hours and with control or LTR8B-
SP140 KD transfection replicates. RNA from HT1080 was harvested using Zymo Quick-RNA
Miniprep Plus Kit (Zymo #R1057). PolyA enrichment and library preparation was performed
using the KAPA BioSystems mRNA HyperPrep Kit (KAPA #KK8581) according to the
manufacturer’s protocols. Briefly, 500 ng of RNA was used as input, and KAPA BioSystems
single-index (KAPA #KK8700) or unique dual-index adapters (KAPA #KK8727) were added at
a final concentration of 9 nM. The purified, adapter-ligated library was amplified for 11 cycles
following the manufacturer’s protocol. The final libraries were quantified using Qubit dSDNA
High Sensitivity and TapeStation 4200 HSD5000. Libraries were pooled and sequenced on an

IHlumina NovaSeq 6000 (University of Colorado Genomics Core) as 150bp paired-end reads.
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RNA-seq data analysis

Adapters and low-quality reads were trimmed using BBDuk v38.05 with arguments 'ktrim=r
k=23 mink=11 hdist=1 gtrim=r trimg=10 tpe tbo". Transcript quantification was conducted
against GENCODE v34 using Salmon v0.13.1 with options ‘--libType A --validateMappings --

rangeFactorizationBins 4 --gcBias’.

Differential expression analysis

Differentially expressed genes were called using DESeq2 v1.38.3 with design
'~genotype+treatment+genotype:treatment’. For the CRISPRi differential expression analysis,
normalized count data is derived from DESeq2 comparisons between 1) SP140-KD (4 replicates)
vs GFP-gRNA control HT1080 samples (2 replicates); 2) IFN treated SP140-KD (4 replicates)
vs IFN treated GFP-gRNA control HT1080 samples (2 replicates); and 3) IFNP treated GFP-
gRNA control HT1080 samples (2 replicates) vs GFP-gRNA control HT1080 samples (2

replicates). Genes with zero counts across all samples were removed.

Junction count analysis

Recount2

Using the ‘snapcount’ package in R (v4.2.2) (35), the following code was used to extract samples
IDs (rail IDs) for SP140, ‘gb.srva2 <- QueryBuilder(compilation = "srav2", regions = "SP140")’.
Depending on the data source wanted, “srav2” or “gtex” can be used. To output the data frame of

the SP140 junction query, ‘sp140.srva2.jx.df <- query jx(gb.srva2, return rse = FALSE)’ was
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used. To filter for the exact junction of interest, ‘sp140.srva2.jx.df %>% filter(start ==
230230529 & end == 230237082)’ was used for LTR8B-Exon2 junction, and,

‘spl40 WT.srva2 jx.df = sp140.srva2. jx.df %>% filter(start == 230225904 & end ==
230237082)’ was used for canonical SP140 Exonl-Exon2 junction. The srva2 or gtex info table
was read in from (http://snaptron.cs.jhu.edu/data/srav2/) , merged with junction rail 1Ds, and then

reads were normalized by (coverage/spots) * 1e9.

RJunBase

Junction 1D, SP140_ LS008 (chr2:230230528|230237083:+), was selected for in the RJunBase
website (http://www.rjunbase.org/) . ‘Expression DIY’ was selected followed by datasets BLCA
(Bladder urothelial carcinoma), HNSC (Head and neck squamous cell carcinoma), LUAD (Lung

adenocarcinoma), SARC (Sarcoma), and SKCM (Skin cutaneous melanoma).

Cancer Cell Line Encyclopedia (CCLE) analysis

Fastq ftp and md5sum info for 1,019 cancer cell lines were taken from the European Nucleotide
Archive (https://www.ebi.ac.uk/) (Bioproject PRINA523380). Salmon quant (v0.13.1) was used
on fastq files with options ‘--libType A --validateMappings --rangeFactorizationBins 4 --gcBias
-10000’ and a custom hg38 gencode (v39) GTF file containing only 4 SP140 isoforms: 1)
SP140-Canonical, 2) LTR8B-SP140-Long, 3) LTR8B-SP140-Short, and 4) SP140-Canonical-
Short stopping at the LTR8B-SP140-Short stop codon. The SP140-Canonical-Short isoform was

observed at low amounts in some bam reads from TCGA patients, but negligible expression from
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salmon quant output. TPM info for these 4 isoforms was then extracted from all salmon quant

output and organized into.

CUT&RUN

Libraries were prepared from dCas9-HT1080 cells without gRNA selection. Approximately
500K viable cells were used for each CUT&RUN reaction, and pulldowns were generated
following the protocol from (63). All buffers were prepared according to the “High Ca2+/Low
Salt” method using digitonin at a final concentration of 0.05%. The following antibodies were
used at the noted dilutions: rabbit anti-mouse 1gG (1:100; Abcam #ab46540), rabbit anti-
H3K27ac (1:100; Abcam #ab4759). pAG-MNase was added to each sample following primary
antibody incubation at a final concentration of 700 ng/mL. Chromatin digestion, release, and
extraction was carried out according to the standard protocol. Sequencing libraries were
generated using the KAPA BioSystems HyperPrep Kit according to the manufacturer’s protocol
with the following modifications: Freshly diluted KAPA BioSystems single-index adapters were
added to each library at a final concentration of 9 nM. Adapter-ligated libraries underwent a
double-sided 0.8X/1.0X cleanup using KAPA BioSystems Pure Beads. Purified, adapter-ligated
libraries were amplified using the following PCR cycling conditions: 45 s at 98°C, (15 s at 98°C,
10 s at 60°C)*14, 60 s at 72°C. Amplified libraries underwent two 1X cleanups using Pure
Beads. The final libraries were quantified using Qubit dsDNA High Sensitivity and TapeStation
4200 HSD5000. Libraries were pooled and sequenced on an Illumina NovaSeq 6000 (University

of Colorado Genomics Core) as 150 bp paired-end reads.
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CUT&RUN data analysis

Adapters and low-quality reads were trimmed using BBDuk v38.05 using options ‘ktrim=r k=23
mink=11 hdist=1 tpe tbo qtrim=r trimq=10’. Trimmed reads were aligned to the hg38 assembly
using BWA-MEM v0.7.15, and only uniquely mapping reads with a minimum MAPQ of 10
were retained. Fragments aligning with the mitochondrial genome were removed. Peak calling
was performed using complete and size subsetted alignment files with MACS2 v2.1.1 with
paired-end options ‘--format BAMPE --pvalue 0.01 --SPMR -B --call-summits’. Bigwig files

were prepared from the MACS2 normalized bedgraph files using bed GraphToBigWig v4.

HIiBIT tagging

To detect the presence of LTR8B-SP140-Long transcripts/proteins in HT1080 cells, we followed
a CRISPR knock-in protocol to endogenously insert a HiBiT tag (Promega (64)) at the 3’
terminus of SP140. Briefly, dCas9-HT1080 cells were electroporated with the IDT Alt-R
CRISPR-Cas9 system (recombinant Cas9, tracrRNA, crRNA) with a single-stranded
oligodeoxynucleotides (ssODN) donor template and a gRNA targeting the 3’ end of SP140. The
ssSODN template was designed to append a terminal HiBiT tag upstream of the endogenous stop
codon. Both the ssODN and gRNA were synthesized by IDT. Clonal lines were isolated using
the limited dilution method in a 96-well plate format, and heterozygous and homozygous clones
were identified and screened using the Nano-Glo HiBiT Lytic Detection System (Promega

#N3030). We confirmed in-frame insertions by PCR, Sanger sequencing, and western blot.
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Protein extraction and western blot analysis

Proteins were extracted from wild-type and SP140-HiBiT HT1080 cells using RIPA lysis buffer
containing a protease inhibitor. Briefly, 1 million cells were lysed in 100 pul RIPA buffer by
vortexing and then incubated on ice for 15 minutes. Lysates were then sonicated 6 times, for 2
seconds at 30-second intervals, at 50% amplitude using a Branson Digital Sonifier. Lysates were
then incubated on ice for a further 15 minutes, and then centrifuged at 13,000 x g for 5 minutes
at 4°C to remove cellular debris. The supernatant was retained, and the protein concentration was
determined using a BCA assay (Thermo Scientific). Protein lysates were denatured in 1X LI-
COR orange loading buffer and 10% B-mercaptoethanol at 90°C for 5 minutes. For western blot
analysis, 50 pg of protein was loaded on a 4-12% Bis-Tris SDS-page gel that was run at 200V
for 35 minutes. Protein was transferred to a PVDF membrane (0.45 um pore) using the Thermo
Fisher Miniblot modules at 20V for 1 hour. Membranes were then blocked for 1 hour at room
temperature, using an Intercept (TBS) Blocking Buffer (LI-COR). Membranes were incubated
overnight at 4°C, using either an anti-HiBiT (1:500; Promega) or anti-p-actin (1:20,000; CST)
primary antibody diluted in blocking buffer. Primary antibodies were removed by washing the
membrane 3 times in 1X TBST for 5 minutes each. Membranes were then incubated for 1 hour at
room temperature with a Donkey anti-mouse 680RD secondary antibody (LI1-COR), diluted in
blocking buffer (anti-HiBiT = 1:10,000 and anti- f-actin = 1:20,000). The wash steps were
repeated and then the membrane was imaged using the LI-COR Odyssey CLx Infrared Imaging

System using the recommended settings.
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Immunofluorescence protocol

Approximately 20,000 wild-type and SP140-HiBiT HT1080 cells were seeded in SensoPlates
Plus 96 well plates (Greiner Bio-One) and grown in DMEM for 2-3 days. Once cells reached
80% confluency, they were serum starved for 4 hours, washed with 1X DPBS, and then fixed in
4% paraformaldehyde for 15 mins. Fixed cells were gently washed three times with 1X DPBS
over 5 minutes and then cells were permeabilized in ice-cold Phosflow Perm Buffer Il (BD
Biosciences) for 10 minutes at -20°C. After repeating the wash steps, the permeabilized cells
were blocked for 1 hour with 5% goat-serum-based buffer (1X PBS, 0.3% Triton X-100). Cells
were then incubated for 2 hours with the anti-HiBiT antibody (Promega) diluted in blocking
buffer (1:100). After repeating the wash steps, the cells were incubated for 1 hour with a Goat
Anti-mouse secondary antibody conjugated to an Alexa Fluor® 647 (Abcam) diluted in blocking
buffer (1:1000). After washing off the secondary antibody, the cell nuclei were stained with
DAPI (1 pg/ml) for 10 minutes followed by a final three washes. Cells were imaged using a
Nikon Spinning Disc Confocal Yokogawa CSU X1 microscope using two different lasers [laser
intensity: 405 nm (15%), 640 nm (20%)], EM Gain 10MHz, 300 ms exposure, controlled by the

NIS Element v5.42.03 software.

Cell viability assay

dCas9-HT1080 cells were transfected with SP140 KD or GFP control, selected with Blasticidin
and Puromycin for 5 days, and then harvested. 5,000 cells were seeded into 96-well dishes
(Greiner Bio-One #655086). The next day, cells were treated with 0, 10, 100, 1000 U/mL of

IFNp in triplicates. For each day, a 96-well plate was assayed through a luminescence assay of
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ATP (CellTiter-Glo 2.0 Assay, Promega #G9242) following the manufacturer’s instructions. A

two-sample equal variance t-test was used to assess significance.

Transcriptome Assembly (StringTie)

RNA-Seq fastq files from publicly available HT1080 (GEO: GSE68109) and U20S (GEO:
GSE66789) were used as input for StringTie (65) to assemble transcripts without a reference
annotation guide. Adapters and low-quality reads were trimmed using BBDuk v38.05 with
arguments 'ktrim=r k=23 mink=11 hdist=1 gtrim=r trimg=10 tpe tbo' and mapped to hg38 using
hisat2 v2.1.0 with options '--rna-strandness RF --no-softclip --dta’. Aligned fragments with an
alignment score of less than 10 were removed with samtools v1.10. StringTie (v1.3.3b) was then

used with options ‘--rf’.

Assessment of LTR8B-SP140 isoform expression levels by RT-gPCR

HT1080 cells were lysed in 300ul of RNA lysis buffer (Zymo Research #R1060-1-50), and were
stored at -80°C or immediately used for RNA extraction. RNA extraction was performed using
the Quick-RNA MiniPrep kit (Zymo Research #R1054) following the manufacturer’s
instructions. A NanoDrop One spectrophotometer (Thermo Fisher Scientific) was used to
determine RNA concentration and quality. A list of primers used for RT-gPCR and cycling
conditions are provided in. RNA expression levels were quantified using the Luna Universal
One-Step RT-qPCR Kit (New England Biolabs #E3005L) according to the manufacturer’s
instructions. In brief, for each reaction, 25ng of RNA was combined with Syl 2x Luna Universal

One-Step Reaction Mix, 0.5u] 20x Luna WarmStart RT Enzyme Mix, 0.4ul 10uM forward
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primer, and 0.4pl 10uM reverse primer. Reactions were amplified using a CFX384 Touch Real-
Time PCR Detection System (Bio-Rad). On-target amplification was assessed by melt curve
analysis. Each sample was run either in technical duplicate or triplicate. RT-gPCR result values
were analyzed using the ACq expression method (2(-ACq)) normalizing Ct values of target
genes to the Ct value of the CTCF housekeeping gene per each sample/replicate. A paired t-test

was used to assess significance.

Cistrome analysis

From the CUT&RUN data analysis MACS2 output, the HT1080 H3K27ac narrowPeak files
were used as input for the bedtools intersect (v2.28.0) (66) against an LTR8B bed file containing
coordinates of the 1,730 LTR8B loci. This generated a bed file containing the 70 LTR8B loci
that overlapped with H3K27ac. A background file of the 1,660 LTR8B loci not overlapping with
H3K27ac was also generated using the same method. These bed files were used as input in the
cistrome toolkit data browser (http:/dbtoolkit.cistrome.org/) looking for transcription factors and

chromatin regulators in human hg38.

MEME analysis

Motif analysis of LTR8B loci that overlap with H3K27ac was performed using the MEME suite
(v5.1.0) (47) in differential enrichment mode. The bed files from the cistrome analysis were
converted into fasta files using ‘bedtools getfasta’. H3K27ac-overlapped LTR8B sequences
(n=70) were used as input against a background set of non-overlapped LTR8B sequences

(n=1,660), using default settings except for the number of motifs to find (5). Each discovered
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motif was searched for similarity to known motifs using the JASPAR 2018 non-redundant DNA

database with TomTom (v5.5.5).
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Appendix A — Finding Oncogene-Induced Senescent
Specific Transposable Elements and picking out SP140

Chronic inflammation is a prominent feature of aging/age-related diseases and is driven
in part by senescent cells that secrete pro-inflammatory molecules 48. How and why senescent
cells transition into an inflammatory state is poorly understood at the molecular level, with work
done by De Cecco et al ° proposing TE transcripts mimicking viral RNA in the cytoplasm
activating an IFN response within the cell. However, TEs often act as non-coding enhancer
elements, particularly in the context of inflammatory pathways 4%, which is an avenue of research
that has not been explored for senescent cells. | hypothesize that reactivation of TEs may

underlie gene expression patterns specific to an inflammatory state.

Senescent cells, cells with halted cell division, have been found to have epigenetically
permissive chromatin - opening a ‘Pandora’s box’ full of TEs newly accessible to cellular
machinery. These newly accessible TEs may act as senescent-specific enhancer elements that
contribute to chronic inflammation. | aim to use genomic and experimental methods to
investigate the potentially major role for TEs as regulatory elements that induce inflammation
associated genes in senescent cells. This would unveil gene dysregulation as a novel mechanism.
If enhancer TEs are causative to increased expression of inflammatory associated genes,
enhancer TEs can be a viable therapeutic target for reducing age related morbidity and further

cement the importance of TEs in cell function and pathology.

I re-analyzed chromatin immunoprecipitation (ChlP) sequence and RNA-sequence data
from Tasdemir et al 112 looking at human lung fibroblast cells (IMR90). Tasdemir et al took data

from normal proliferating IMR90 cells, quiescent IMR90 (a non proliferative cell type which is
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not inflammatory; induced by culturing IMR90 cells at .1% FBS for 4 days), and oncogene-

induced senescent (O1S) IMR90 cells (made by retroviral-mediated expression of H-RasV12 55),

| first wanted to know if there were OIS IMR90 specific TEs. To find this out, | extracted
the H3K27ac ChlP-seq data for the 3 IMR9O0 cell states. H3K27ac ChlP-seq data is important for
this step because of H3K27ac is a mark in the genome for active enhancers and transcription start
sites, allowing me to detect TEs that overlap with H3K27ac as active enhancers or transcription
start sites. I then extracted out all the OIS IMR90 specific TEs which overlap with H3K27ac
using an R-studio package, DeSeq2, as a differential peak analysis. | then took the OIS IMR90
specific TEs that overlap H3K27ac and ran them through a colocalization analysis, GIGGLE 9%,
to identify TE families that are overrepresented in OIS IMR90 cells that overlap with H3K27ac
as targets (Figure A1.1). This list narrows downs the hundreds of thousands of TEs in the human

genome as possible gene regulators for OIS IMR90 to just a few thousand.

Next, | picked out the top two TE families from (Figure A1.1), LTR8 and LTR8B, to
narrow the TEs even more. These two families are closely related, with LTR8B being a

subfamily of LTR8, meaning it represents the divergence and forking of LTR8 into its own

family 113114,

| then visually verified the TEs that overlapped with H3K27ac in LTR8B by a heatmap
(Figure A1.2) and found similar results for LTR8. Figure A1.2 verifies there are more H3K27ac
peaks in OIS IMR90 cells, and narrows my focus even further to the OIS specific H3K27ac

LTR8B loci.
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TE families in oncogene-induced
senescent lung fibroblasts
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Al.1. Oncogene-Induced Senescent IMR90 specific overrepresented TE families as possible
enhancers or transcription start sites. VVolcano plot of differentially represented peaks using DeSeq2
between OIS IMR90 and quiescent IMR90 cells. Each dot represents a TE family. Overrepresented TEs
in OIS IMR90 are in green and underrepresented TEs are in red. 2 replicates are used.
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Figure A1.2. LTR8B loci that line up with H3K27ac peaks. Heat map of H3K27ac peaks at LTR8B
loci. Each row specifies an LTR8B loci within the human genome, and the blue signal for each row
represents H3K27ac binding at that region. There are 289 LTR8B loci with H3K27ac overlap between the
samples out of 1730 total LTR8B loci in the human genome. 2 replicates are used for each IMR90 cell
condition.
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Next, | took the OIS specific H3K27ac LTR8B loci and asked if any of those loci
overlapped or were within enhancer acting distance (50kb) of genes related to inflammation,
SASP, immune dysregulation, apoptosis, histone modifications, and transcription factors (Figure
A1.3). This narrowed my list of LTR8 and LTR8B loci even further for studying its effect on
gene expression and inducing an inflammatory milieu. Some notable genes in this list were C3
115 133 116, TIMP1 117 and AHR 118 — all genes important in mediating immune response and
inflammation. However, the gene | moved forward for this thesis was SP140 for two reasons: 1)
SP140 was the only gene in this list that directly overlapped LTR8B, making it more likely that

the LTR8B would play a role in regulation; and 2) SP140 is linked to regulating inflammation 52~
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Figure Al1.3. Inflammatory/disease related genes within 50kb of OIS IMR90 specific LTR8B loci.

Volcano plot of differentially regulated genes (upregulated) between OIS IMR90 and quiescent and
proliferating IMR90 cells within 50kb of OIS IMR90 specific LTR8 and LTR8B. Each dot represents an
upregulated gene.
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Appendix B - Canonical Sp140 mechanism in mice

A previous study Mehta et al. 2017 64, showed that in human macrophages activated by
IFN-gamma alone or IFN-gamma plus LPS, the SP140 protein binds to DNA mostly at gene
promoters and lineage-inappropriate genes marked by H3K27me3. This interaction plays a
crucial role in controlling the gene expression patterns of macrophages, both under normal
conditions and when they respond to cytokines or microbial infections. SP140 was most
abundantly associated with HOX genes, especially HOXA9, which is known to maintain a stem-
like state in hematopoietic stem cells and to block macrophage development. Thus, they suggest
that SP140 helps define macrophage identity and function by repressing genes that are
inappropriate for the macrophage lineage, especially during responses to cytokines and
pathogens.

In collaborating with Dr. Witt and Dr. Vance at UC - Berkeley, they have conducted
SP140 KO in mice along with IFN stimulation (DMXAA) to look further into the mechanism of
canonical SP140. | analyzed RNA-seq, CUT&RUN, and ATAC-seq data for these conditions.
What they found and what | confirmed with analysis is that SP140 negatively regulates MRNA
stability of the type I interferon (IFN-1) gene Ifnbl.

SP140 is a transcriptionally repressive epigenetic reader that lacks RNA-binding
domains. Kristin hypothesized that SP140 indirectly regulates Ifnb1 mRNA stability by
repressing the transcription of an unknown factor. To identify this factor, Dr. Witt generated
RNA-seq data from DMXAA-treated B6 and Sp140—/— bone marrow-derived macrophages
(BMMs), as well as DMXAA-treated Ifnar’- and Sp140-"-Ifnar’- BMMs to account for the
confounding effects of elevated IFN-I signaling through IFNAR in Sp140-~ BMMs. Few genes

were differentially expressed between DMXAA-treated Ifnar and Sp140~/Ifnar’- BMMs
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besides 1fnbl and Sp140 (Figure A2.1-A). Interestingly, only two DEGs correlated with 1fnbl
upregulation across RNA-seq datasets: 1) Sp140, which is downregulated in Sp140 knockout
cells, and 2) the poorly annotated gene, Gm21188, which was upregulated in SP140 knockout
cells (Figure A2.1-B). Gm36079, a copy of Gm21188 encoding an identical protein, was only
significantly differentially expressed in Sp140—/— BMMs treated with DMXAA, suggesting
IFNAR signaling in the absence of SP140 is required for robust induction (Figure A2.1-B). As
upregulation of Gm21188/Gm36079 and Ifnbl strikingly correlated in Sp140—/— cells, Dr. Witt
hypothesized that Gm21188/Gm36079 encode a novel positive regulator of 1fnbl mMRNA

stability, which is transcriptionally repressed by SP140.
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Figure A2.1. Gm21188/Gm36079 are repressed by SP140 and correlate with increased Ifnbl
transcript in Sp140-/— cells. A) Volcano plot of differentially expressed genes (DEGs) from RNA-seq
of DMXAA-treated Sp140—/—Ifnar—/—vs. Ifnar-/— BMMs. Red genes are upregulated in Sp140—/—Ifnar—
/- BMMs with log2 fold change > 1 and adjusted p value < 0.05. Blue genes are downregulated in
Sp140—/-Ifnar—/— BMMs with log2 fold change > -1 and adjusted p value < 0.05. B) Table of 1) the 3
DEGs (Ifnb1, Gm21188, Sp140) shared across RNA-seq datasets of DMXAA-treated Sp140—/—Ifnar—/—
vs. Ifnar—/— and Sp140—/- vs. B6 BMMs, and 2) Gm36079, which was significantly upregulated in
DMXAA-treated Sp140-/-vs. B6, but not Sp140—/—Ifnar-/-vs. Ifnar-/—~ BMMs (ns = not significant).
Cells are colored by log2 fold change (Figure A2.1-B made by Dr. Witt).
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SP140 robustly bound and repressed chromatin accessibility at the Gm21188/Gm36079
locus (Figure A2.2). From the list of upregulated genes in DMXAA-treated Sp140—/—Ifnar—/— vs.
Ifnar—/~ BMMs, only Gm21188 was both bound by SP140 (CUT&RUN) and showed increased
chromatin accessibility upon SP140 knockout (ATAC-seq) (Figure A2.2). SP140 binds a ~10 kb
region encompassing Gm36079/Gm21188, and negatively regulates chromatin accessibility at
Gm36079/Gm21188 gene loci (Figure A2.2). These results further support Dr. Witt’s hypothesis
that Gm21188/Gm36079 are repressed by SP140 and encode a novel positive regulator of 1fnbl
transcript stability.

Further, consistent with previous SP140 ChlP-seq results from Mehta et al 64, we
confirmed that SP140 generally binds and represses chromatin opening at genes involved in
development (Figure A2.3-A), like Hoxa9 (Figure A2.3-B), however, unlike
Gm21188/Gm36079, SP140 binding at the Hoxa9 loci does not affect transcription. SP140-
binding also correlated with the transcriptionally repressive histone mark H3K27me3 in publicly
available ChIP-seq datasets (Figure A2.3-C). Consistent with Dr. Witt’s hypothesis that SP140
indirectly represses 1fnbl mRNA stability, SP140 does not bind and regulate chromatin
accessibility at the Ifnb1 gene (Figure A2.4-A) or known regulatory elements 119-122 (Figure

A2.4-B).
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Figure A2.2. SP140 binds at Gm36079 and Gm21188. Alignment of reads at Gm21188/Gm36079 locus
from anti-HA CUT&RUN for DMXAA-treated BMMs transduced with HA-SP140 or SP140, and
ATAC-seq/RNA-seqof DMXAA-treated B6 and Sp140-/— BMMs. Alignments were visualized in the
UCSC genome browser.
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Figure A2.3. SP140 predominantly binds and represses chromatin accessibility at genes involved in
development. A) Top 10 GO terms for genes bound by HA-SP140 in anti-HA CUT&RUN.

B) Volcano plot of differentially accessible ATAC-seq peaks in Sp140-/— BMMs treated with DMXAA
vs. B6 BMMs treated with DMXAA, filtered by genes that are also bound by HA-SP140 in anti-HA
CUT&RUN. C) Alignment of reads from HA-SP140 or untagged SP140 anti-HA CUT&RUN, and RNA
seg/ATAC-seq of Sp140—/— and B6 BMMs treated with DMXAA at Hoxa9.
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Figure A2.4. SP140 does not bind the Ifnbl locus or known regulatory elements. A) Alignment of reads
from HA-SP140 oruntagged SP140 anti-HA CUT&RUN, ATAC-seq of Sp140-/— and B6 BMMs treated
with DMXAA, and RNA-seq of Sp140-/— and B6 BMMs treated with DMXAA at Ifnb1. B) Alignment
of reads from HA-SP140 or untagged SP140 anti-HA CUT&RUN, and ATAC-seq/RNA-seq of Sp140—/—
and B6 BMMs treated with DMXAA, at the Ifnb1 regulatory elements ICE36,37, FIRE35, and the
MRE34.
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Conclusion & Future Directions

From our studies, we were able to identify two ERV derived isoforms of SP140 in a
novel context — non-immune cancer cells. The long isoform (LTR8B-SP140-Long) is completely
novel and unidentified, while the short isoform (LTR8B-SP140-Short) is annotated in
GENCODE 23 as a non-protein coding transcript. We were able to determine these ERV derived
isoforms play a role in altering transcription (Figure 2.9) and immunomodulatory function
(Figure 2.8B) protecting cells from death or proliferative arrest upon IFNB treatment possibly
due to the dysregulation of NF-kxB. However, further evidence is needed to determine the effects
of these isoforms in vitro and in vivo.

First, there are a few experiments which would strengthen the case of LTR8B-SP140 in
cancer cells functioning similarly to its canonical counterpart in immune cells. Previous studies
on SP140 in human macrophages shows it is binding chromatin at HOX genes by ChlP-seq 64,
preventing transcription of genes at the loci SP140 binds to. To further understand the
mechanism of the LTR8B-SP140-Long isoform, it would be beneficial to prove that it also binds
to chromatin and to see if it is affecting transcription at the loci it binds. To see if the LTR8B-
SP140-Long isoform also binds chromatin in HT1080s, | propose implementing the HiBiT
system I mentioned earlier in chapter II. The 11 amino acid HiBiT tag at the 5’ end of LTR8B-
SP140-Long protein would provide a target to pull down using the HiBiT antibody for
CUT&RUN *24, [If binding occurs, | would then be able to view the binding on UCSC genome
browser 125 and observe if it matches up to any of the genes from (Figure 2.9).

Further, it would be interesting to replicate the role in altering transcription (Figure 2.9)
and immunomodulatory function (Figure 2.8B) in other non-immune cancer cell types such as

769P (kidney), YD15 (salivary gland), and LOXIMVI (skin). These cell lines express LTR8B-
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SP140 up to ~13x greater than HT1080 and in different cell types. Due to the fold difference in
expression, it would be interesting to observe if these cells would have greater interferon
resistance and, therefore, a greater knockdown effect of LTR8B-SP140 through a cytotoxicity
experiment with IFNB. Further, it would be interesting to observe if the same genes as (Figure
2.9) are affected across different cell types.

Another important experiment would be to parse out the function of the LTR8B-SP140-
Long and LTR8B-SP140-Short isoforms. In chapter 11, | have shown the long isoform forms
protein aggregates in the nucleus, however, the GENCODE predicted non-coding short isoform
has yet to be characterized. The short isoform is important since it contains the caspase-
associated recruitment domain (CARD). CARD containing proteins have been established as key
regulators of cell death and cytokine production participating in NF-«kB signaling pathways
associated with innate or adaptive immune response 126, Further, CARD containing proteins are
being explored as therapeutic drug targets in the treatment of cancer 127. Given that CARD-
CARD interactions mediate the formation of large signaling complexes 128, the LTR8B-SP140-
Short CARD protein (if translated) could oligomerize with other CARD containing proteins
affecting apoptosis and immune response. This builds up the case for making over-expression
vectors of the LTR8B-SP140-Long, LTR8B-SP140-Short, and the canonical SP140 isoform to
reintroduce into HT1080 knockout cell lines. Then retest cytotoxic effects upon IFNB treatment
to see if any of the single isoforms on its own has greater affect at rescuing than the other.

In conclusion, these in vitro experiments would further build our understanding of the
robustness of LTR8B-SP140 in non-immune cancer cell lines along with understanding the

mechanism behind the effects of the isoform(s).
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