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Kaposi’s sarcoma-associated herpesvirus (KSHV) is the etiological agent of Kaposi’s sarcoma, an
AIDS-related endothelial malignancy. In an infected cell population, KSHV largely exists as a latent
episome, while a small percentage of latent virus undergoes lytic reactivation. The latent-to-lytic switch
of KSHV is pathologically important, tightly regulated event that involves extensive host-virus crosstalk.
Long non-coding RNAs (IncRNAS) are a diverse class of RNA regulators that have been shown to
involve in the life cycles of many different viruses. However, the roles of IncRNAs in KSHV lytic
reactivation have been unexplored. This study utilizes two cellular models of KSHV latent infection of
different tissue origins to uncover differentially expressed InNcRNAs during KSHV lytic reactivation via
RNA-seq, revealing IncRNAs that may function in modulating virus lytic replication. Using CRISPR
interference (CRISPRI), one of the novel differentially expressed IncRNAs, AC017002.3, was found to
positively regulate KSHV early lytic transcript level. Since IncRNAs tend to function in ribonucleoprotein
complexes, to address the mechanism by which AC017002.3 functions, RNA affinity pull-down was
performed to search for its potential interacting proteins. hnRNP K and ILF2 were found to associate with
AC017002.3. While functional validation of possible ribonucleoproteins involving AC017002.3 need to

be conducted, this study provides the first evidence that host INCRNAs regulate KSHV lytic reactivation.
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Chapter 1: Introduction

1.1 KSHV

Kaposi’s sarcoma-associated herpesvirus (KSHV), formerly known as human gammaherpesvirus 8
(HHV-8), is a large double-stranded DNA (dsDNA) virus belonging to the Herpesviridae family. It is the
etiological agent of Kaposi’s sarcoma (KS), a malignancy found in immunocompromised individuals,
particularly AIDS patients (Mesri et al., 2010). KSHV infection has also been associated with B cell
lymphoproliferative diseases, including primary effusion lymphoma (PEL) and specific forms of
multicentric Castleman disease (MCD) (Goncalves et al., 2017; Karcher and Alkan, 1995). KSHV
infection is often insufficient to give rise to KS without additional external factors, such as HIV co-
infection (Mesri et al., 2010).

The seroprevalence of KSHV has been estimated to be low in the Americas and Europe and higher
in certain Mediterrancean countries and Africa (Schulz, 2000). It is endemic in sub-Saharan Africa, where
seroprevalence was estimated to reach 40% (Chatlynne and Ablashi, 1999). Transmission of KSHV could
be achieved through unprotected sex, saliva, organ transplantation, and blood transfusion (He et al., 1998;
Kedes et al., 1996; Mesri et al., 2010). Treatment options include common anti-herpesvirus drugs such as
ganciclovir, foscarnet, and cidofovir, chemotherapy, and radiotherapy (Coen et al., 2014). For treatment
of AIDS-related KS, highly active antiretroviral therapy (HAART) can be effective (Yarchoan et al.,
2005). At presence, KSHV poses important public health threat in certain geographic regions, inasmuch
as treatment strategies for KS are not curative and vaccines are unavailable (Mesri et al., 2010). Studying
the molecular virology of KSHV facilitates understanding of key regulatory pathways involved in its life
cycle, thereby helps identify potential therapeutic targets.

1.1.1 KSHYV Latency and Lytic Reactivation

In both KS spindle cells and PEL cells, KSHV manifests two distinct stages of infection. In lytic

infection, structural genes are expressed, accompanied by active virion production and cell lysis, but in

latent infection, only a small set of latency-associated genes are expressed, without productive virion



production (Mesri et al., 2010). A small portion of latent virus in KS and PEL could show spontaneous
Iytic reactivation, and this has been speculated to be important for maintaining the population of infected
cells against the loss of latent viral genomes from cell death and with cell passage (Aneja and Yuan,
2017; Sun et al., 1999). In latently infected cells, the KSHV genome is a histone-associated episome,
where suppressive chromatin modification prevents lytic genes from effective expression and only a

concentrated region encoding latency-associated nuclear antigen (LANA), vCyclin, vFLIP, and viral

f Repressive methylation

4 Activating methylation

{ Repressive methylation *

Peptide-coding

AAAA

PAN RNA

O N N\—aam,

~ _
[

(" Titrate LANA )

Inhibits IRF4 O/\.“—AAAA.,
C/V\AAAAH E

Figure 1.1.1: Proposed PAN RNA functions (Conrad, 2016).
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microRNAs (miRNAs) undergoes active transcription (Mesri et al., 2010; Toth et al., 2013). The latent-
to-lytic switch is accomplished by the viral replication and transcription activator (RTA) protein,
expressed from the ORF50 gene, which can stimulate viral promoters containing an RTA response
element (RRE), as well as the ORF50 promoter itself (Deng et al., 2000; Gradoville et al., 2000).
Essential early Iytic genes include PAN and K8. PAN is a KSHV-encoded IncRNA of approximately 1kb
in length, and its transcript level can be upregulated to extreme abundance, averaging over 10° copies per
cell, accounting for the majority of cellular polyadenylated RNAs (Conrad, 2016; Zhong et al., 1996).
PAN is multifunctional, playing roles in repressing the major latency maintainer LANA, altering histone
modification, antagonizing innate immunity, and even coding for small peptides from small open reading
frames (SORFs) (Figure 1.1.1) (Conrad, 2016). PAN mutants are not able to be productively reactivated
even with fully functional RTA (Rossetto and Pari, 2012). K8 is a multifunctional protein that can recruit
DNA replication machineries to the origin of lytic DNA replication, or repress global RTA-dependent
transcriptional activation (Liao et al., 2003; Wang et al., 2008). Both PAN and K8 can be transactivated
by RTA, through an RRE in the promoter in the case of PAN, and through a seemingly RRE-independent
mechanism in the case of K8 (Lukac et al., 2001; Song et al., 2002; Wang et al., 2003a). PAN has been
shown to broadly bind the KSHV episome including K8, and the expression of K8 among most lytic
proteins was downregulated in the reactivation of PAN-deleted mutant virus compared to wild-type,
suggesting a role for PAN in the regulation of lytic transcript levels (Rossetto et al., 2013).

Both the lytic and the latent phases contribute to KSHV pathogenesis, and lying at the regulatory
center of them is the reactivation event. The lytic phase is not thought to be directly tumorigenic, because
infected cells are killed and host genes are subject to global shutoff (Glaunsinger and Ganem, 2004).
Latently infected cells, on the other hand, retain host transcriptional activity and, at the same time,
produce oncogenic viral latent proteins: LANA has been shown to suppress p53, kaposin B has been
shown to promote chronic inflammation, and vFLIP has been shown to activate NFxB and prohibit
apoptosis (Guasparri et al., 2004; King, 2013; Si and Robertson, 2006). Lytic genes, such as VGPCR, K1,
and vIL-6, also have oncogenic potentials, as they stimulate intercellular growth factor signaling and

3



angiogenesis, suppress apoptosis, and promote inflammation (Jham et al., 2011; Sakakibara and Tosato,
2011; Tomlinson and Damania, 2004). An integrative model proposes that constitutive lytic reactivation
in KSHV-infected tissues maintains the latent viral pool and promotes a tumor-friendly
microenvironment, in which reactivated cells produce progeny virions that invade uninfected cells, at the
same time releasing growth factors, pro-inflammatory cytokines and boosting angiogenesis to allow

latently infected cells to undergo cancerous growth (Mesri et al., 2010). Lytic reactivation is therefore

Hypoxia

"’Os

¥4

« = =+ Suppression of lytic reactivation
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Figure 1.1.2: Cellular factors and external stimuli shown to regulate KSHV lytic reactivation
(Purushothaman et al., 2015).



very likely pathologically relevant and understanding the molecular regulation of this event facilitates
therapeutic development. To this end, many hosts proteins have been found to function in this intricately
regulated event (Figure 1.1.2) (Davis et al., 2015; Grossmann and Ganem, 2008; Tan et al., 2018; Toth et

al., 2013; Wang et al., 2003b; Zhang et al., 2020).
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Figure 1.2.1: Common genomic locations of IncRNAs (Ma et al., 2013).

1.2 LncRNAs

Long non-coding RNAs (IncRNAs) refer to non-coding transcripts more than 200 nucleotides in

length. Potentially taking up a significant share of the human genome, they comprise a class of still



relatively underexplored cellular regulatory module (Fortes and Morris, 2016). Similar to mRNAs,
IncRNAs are transcribed by RNA polymerase Il (pol I1), capped at the 5 prime and polyadenylated at the
3 prime (Guttman et al., 2009; Ulitsky and Bartel, 2013). Their expression tends to be lower than that of
mMRNAsS, and more tissue-specific (Clark et al., 2011; Derrien et al., 2012). LncRNAs could be found in
intergenic regions, within introns of coding genes, sense or antisense to coding genes, and they have been
classified accordingly, but functional classification will require better understanding of these RNAs
grouped under the catch-all “long non-coding RNA” (Figure 1.2.1) (Ma et al., 2013; Ulitsky and Bartel,
2013).

LncRNAs function through diverse mechanisms, many involving complexing in ribonucleoprotein
complexes but there are solely RNA-mediated mechanisms as well (Ma et al., 2013). Ribonucleoprotein
complexes may involve IncRNAs with chromatin modification factors, transcription elongation complex
components, splicing factors, translation factors and more, where they regulate the pathways
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Figure 1.2.2: Examples of IncRNA mechanisms employed by known IncRNAs (Balas and Johnson,
2018).



corresponding to the relevant ribonucleoprotein complexes (Li et al., 2014; Lin et al., 2008; Nguyen et al.,
2001; Tripathi et al., 2010; Zhang et al., 2019). For transcriptional control, IncRNA could bind genomic
DNA and recruit transcription factors to exert regulation (Figure 1.2.2) (Zhang et al., 2019). Alternatively,
InNcRNAs may also directly bind RNA. IncRNAs binding to mRNA may affect mRNA stability through
subjecting target mMRNAs to decay pathways, while INcRNAs containing microRNA (miRNA) target sites
may serve as “sponges” for mRNAs that are targeted by those miRNAs (Figure 1.2.2) (Cesana et al.,
2011; Gong and Maquat, 2011). In some cases, the transcription event of the INcRNAs could itself exert
transcriptional interference by letting pol I1 travel through an overlapping segment of regulatory DNA
element (Latos et al., 2012). As more IncRNAs are characterized, understanding of RNA-dependent

mechanisms will continuously expand.

1.2.1 LncRNA Functions in Viral Life Cycle

Many host IncRNAs have been shown to regulate virus infection and replication. Some are
dependence factors for the viral life cycle, and are differentially regulated by viruses. The INcCRNA HEAL
is recruited by HIV-1 to its promoter to boost transcription, and is upregulated by HIV infection (Chao et
al., 2019). The IncRNA PCNAP1 sponges miR-154 and thereby upregulates PCNA, which binds hepatitis
B virus (HBV) cccDNA and enhances HBV replication (Feng et al., 2019). PCNAP1 is also upregulated
by HBV infection (Feng et al., 2019). An interferon-stimulated IncRNA, Inc-Lsm3b, sequesters the innate
RNA sensor RIG-I in its inactive form, thereby regulating immune homeostasis but restricts innate
immune response to viral infection (Figure 1.2.3) (Jiang et al., 2018). Other IncRNAs function as
restriction factors. LncRNA#32 is complexed with hnRNP U and ATF2 and positively regulates
interferon-stimulated gene (ISG) expression to confer resistance to encephalomyocarditis virus (EMCV)
(Nishitsuji et al., 2016). LncITPRIP-1 is a IncRNA inducible by viral infection and promotes the RNA
sensor MDADS function, consequently enhancing innate immune response to hepatitis C virus (HCV)
infection (Xie et al., 2018). Lnc-1SG20, an interferon-stimulated INcRNA, sponges miR-326, thereby

upregulating the miR-326 target ISG20 mRNA and promoting innate immune response that suppresses



influenza A virus (IAV) (Chai et al., 2018). Not only do host IncRNAs regulate viral life cycles, the
reverse is also true, as host cell IncRNA landscape is globally and systemically altered in response to
activity of the viral life cycle, suggesting functionally important host-virus crosstalk (Chao et al., 2019;

Hu et al., 2016; Peng et al., 2010; Zhang et al., 2016).
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Figure 1.2.3: Mechanism of function by Inc-Lsm3b (Jiang et al., 2018).

1.3 Aims of the Study

Whether and how host IncRNAs participate in KSHV lytic reactivation is unknown. Given the global
differential regulation of INCRNA expression in response to viral infection, and the documented IncCRNA
modulation of viral activity, it is likely that KSHV lytic reactivation also induces extensive change in the
host InNcRNA landscape, which in turn regulates the reactivation program. This study aims to uncover
differentially expressed IncRNAs during KSHV lytic reactivation, and to functionally characterize novel

IncRNAs in the context of Iytic gene expression.



Ilustrate the long non-coding transcriptome during KSHYV lytic reactivation
Characterize the differentially expressed novel INcRNA AC017002.3
Study the regulation of KSHV lytic gene expression by AC017002.3

Examine potential ribonucleoprotein complexed that involve AC017002.3



Chapter 2: Results

2.1 LncRNA Landscape in KSHV Reactivation
2.1.1 Cellular Models of KSHV Infection

To study the INcCRNA landscape during KSHV lytic reactivation, two cellular models of KSHV latent
infection were utilized. iSLK cells are of epithelial origin, harboring latent KSHV episomes that expresses
a puromycin resistant gene and GFP (Myoung and Ganem, 2011; Sturzl et al., 2013). These cells also
carry a hygromycin selectable cassette of RTA expression under a promoter containing a tetracycline
response element (TRE), which can be activated by a reverse tetracycline controlled transactivator (rtTA)
that presents the herpes simplex virus 1 VP16 transcriptional activation domain (Figure 2.1.1) (Gossen et
al., 1995; Myoung and Ganem, 2011). rtTA is constitutively expressed by a third exogenous construct,
and when doxycycline is present, uses doxycycline as a co-factor to drive RTA expression, which in turn
leads to broad lytic gene activation and lytic-to-latent switching (Figure 2.1.1) (Myoung and Ganem,
2011). Dose-dependent expression of KSHV lytic genes could be observed when doxycycline was added

to iISLK cells, where the early transcript PAN is induced to extremely high levels (Graph 2.1.1).

Constitutive rtTA expression EI..TA-IBSPOPSiVe RTA expression
(G418 selectable) (hygromycin selectable)

. o

nTA O A

(Puromycin selectable)

Figure 2.1.1: iSLK model of KSHV infection. iSLK cells constitutively expresses rtTA, which requires
doxycycline as a co-factor to activate the TRE-harboring promoters upstream of RTA. RTA proteins
recognizes the RTA response element (RRE) in KSHV endogenous promoters and broadly activates lytic
gene expression. rtTA cassette expresses a G418 resistance gene, recombinant RTA cassette expresses a
hygromycin resistance gene, and KSHV genome expresses a puromycin resistance gene.
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Graph 2.1.1: Doxycycline induces KSHV Iytic replication in iSLK cells. iSLK cells were mock- or
doxycycline-induced for 48 h, total RNA was extracted, and KSHV lytic gene expression was quantified
by gPCR. Bar represents mean = SD. **p<0.01, ***p<0.001, ****p<0.0001, by Student’s t test. N = 4.
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The other model selected for this study, BC-3-G, is a modified PEL cell line. It is generated from
BC-3 cells, which are already latently infected by KSHV, by transfecting a GFP expression cassette under
a PAN promoter (Figure 2.1.2) (Yu et al., 2007). The small molecular used to induce BC-3-G is
terephthalic acid (TPA), which could lead to lytic gene expression including RTA, and RTA in turn
stimulates GFP expression (Figure 2.1.2). When BC-3-G cells were treated with this chemical,
percentages of GFP+ individuals in the population drastically increased, accompanied by elevated
expression of KSHV lytic genes (Graph 2.1.2). To be noted is that without TPA treatment, there was still
a considerable percentage of GFP+ cells, indicating high spontaneous reactivation (Graph 2.1.2 A).

In using both iSLK and BC-3-G to uncover the long non-coding transcriptomes during KSHV lytic
reactivation, common differentially regulated IncRNAs from both cell types could be revealed. Since
IncRNAs tend to have low, tissue- and cell type-specific expression, INCRNAs that are differentially

expressed in the same direction in both the epithelial iSLK cells and lymphocytic BC-3-G cells might be
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functionally important not only for the KSHV life cycle, but also for fundamental aspects of human cell

biology (Clark et al., 2011; Derrien et al., 2012).

GFP expression GFP expression
under RTA control under RTA control

Figure 2.1.2: BC-3-G model of KSHV infection. BC-3-G cells harbor KSHV episomes. TPA activates
the promoter of viral endogenous RTA, which drives lytic gene expression and GFP expression from a
cassette with RRE. There is constitutively a small fraction of GFP+ cells in the BC-3-G culture,
indicating spontaneous reactivation and leaking RTA expression.

Although both cell lines were used in transcriptomic analyses, functional study was primarily
conducted on iSLK cells, because they present three main advantages over PEL cell lines. First,
reactivation is more tightly controlled in iSLK. Using a Tet-On system to control exogenous RTA
expression greatly reduces spontaneous reactivation, which is extensive in PEL cell lines and produces a
high background (Myoung and Ganem, 2011). The Kozak sequence, central to efficient translation, is
removed from the RTA gene to further suppress leakage (Myoung and Ganem, 2011). High spontaneous
reactivation blurs the latent-to-lytic switch in PEL cell lines, making it relatively difficult to manually
switch the two phases of the KSHV life cycle in a clear-cut way. Second, TPA is a pleiotropic chemical
that dramatically alters cellular pathways, generating the concern that transcriptomic changes in TPA-

induced PEL cells are more likely results of nonspecific effects of TPA itself (Myoung and Ganem,
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2011). Third, reactivation in iSLK cells proceeds slowly, making it possible to resolve detailed biological

timeline and detect nuanced molecular functions (Park et al., 2019; Pringle et al., 2019).

Graph 2.1.2: TPA induces KSHYV lytic replication in BC-3-G cells. (A) BC-3-G cells were mock- or
TPA-induced for 48 h and subject to flow cytometry analysis. Left panel shows average percentages of
GFP+ cells under the treatment of indicated concentrations of TPA. Right panel shows representative
flow cytometry plots for each concentration of TPA. N = 3 for left panel. (B) BC-3-G cells were mock- or
TPA-induced for 48 h, total RNA was extracted, and KSHV lytic gene expression was quantified by
gPCR. Bar represents mean + SD. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, by Student’s t test. N
=3.
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2.1.2 Identification of Differentially Regulated LncRNAs during KSHV Reactivation
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Graph 2.1.3 LncRNAs are differentially expressed upon KSHV lytic reactivation in iSLK and BC-3-G
cells. (A) iISLK cells were mock- or doxycycline-induced for 48 h, total RNA was extracted and subject to
RNA-seq. (B) BC-3-G cells were mock- or TPA-induced for 48 h, total RNA was extracted and subject to
RNA-seq. The target selected for further study, AC017002.3 (ENSG00000240350.2), is highlighted. (C)
Upregulated and downregulated IncRNAs in induced iSLK and BC-3-G cells were compared, and the
numbers of common differentially expressed INCRNAs were summarized. (D) Common upregulated and
downregulated INcCRNAs in induced iSLK and BC-3-G cells were listed with their log, fold change shown
in the heatmap. (E) iSLK cells were mock- or doxycycline-induced for 48 h, total RNA was extracted,
and the levels of common upregulated and downregulated IncRNAs from (D) were quantified by gPCR.
Bar represents mean = SD. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, by Student’s t test. N = 4.
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Graph 2.1.3 LncRNAs are differentially expressed upon KSHYV lytic reactivation in iSLK and BC-3-G
cells. (A) iISLK cells were mock- or doxycycline-induced for 48 h, total RNA was extracted and subject to
RNA-seq. (B) BC-3-G cells were mock- or TPA-induced for 48 h, total RNA was extracted and subject to
RNA-seq. The target selected for further study, AC017002.3 (ENSG00000240350.2), is highlighted. (C)
Upregulated and downregulated IncRNAs in induced iSLK and BC-3-G cells were compared, and the
numbers of common differentially expressed INCRNAs were summarized. (D) Common upregulated and
downregulated INcCRNAs in induced iSLK and BC-3-G cells were listed with their log, fold change shown
in the heatmap. (E) iSLK cells were mock- or doxycycline-induced for 48 h, total RNA was extracted,
and the levels of common upregulated and downregulated IncRNAs from (D) were quantified by gPCR.
Bar represents mean + SD. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, by Student’s t test. N = 4,
Conituned
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To map out the landscape of IncRNA expression during KSHV reactivation, cDNA library was

prepared from total RNA isolated from doxycycline-induced iSLK cells and TPA-induced BC-3-G cells.
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Significantly differentially expressed IncRNA genes (log: fold change > 1, p < 0.05) were identified in
both induced iSLK and induced BC-3-G compared to mock controls (Graph 2.1.3 A and B). There were
166 upregulated and 100 downregulated IncRNAs in induced iSLK, 253 upregulated and 113
downregulated INcRNAs in induced in BC-3-G (Graph 2.1.3 C). iSLK and BC-3-G share 28 common
upregulated IncRNAs and 4 common downregulated INcCRNAs, most of which are antisense to coding
genes with a few being intergenic (Graph 2.1.3 C and D). To verify top hits in iSLK cells, which were
used for subsequent functional study, total cDNA of doxycycline-induced iSLK cells was subject to
gPCR to quantify the expression of target INCRNAs, and targets that return positive were shown in Graph
2.1.3 E. These data present the long non-coding transcriptomes in two KSHV latent cellular models of
different tissue origins, uncovering INcRNAs that may be functionally important both in KSHV Iytic-to-

latent switch and in human cell biology.

2.2 Characterization of AC017002.3
2.2.1 Molecular Characterization of AC017002.3

The full-length sequence of INCRNASs are necessary for functional and mechanistic study, but only
error-prone predicted sequences are available for novel IncRNAs. To authenticate full-length sequences
of novel IncRNAs, 6 commonly upregulated InNcRNAs that exhibit the highest fold change in iSLK cells
per gPCR verification were subject to rapid amplification of cDNA ends (RACE). Most novel INcRNAs
appear to have multiple isoforms per RACE PCR, complicating functional analysis, since different
isoforms could have different functions and are difficult to distinguish by available knock-down or knock-
out tools, but AC017002.3, with no isoform, was successfully authenticated (Figure 2.2.1.1 A). To RACE
authenticate AC017002.3, two pairs of nested gene specific primers (GSP) were designed to ensure
template specificity (Table 2.2.1.1). AC017002.3 is located on the long arm of chromosome 2, with no
protein coding genes in sufficient proximity to form a cis coding-non-coding gene pair (Figure 2.2.1.1 A).
Alignment with predicted AC017002.3 sequence on Ensembl.org shows that the authenticated transcript

differs at both ends, and is overall shorter (Figure 2.2.1.1 B).
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Some IncRNAs have coding potential, producing functional small peptides that partake in cellular
pathways (Choi et al., 2019; Rion and Ruegg, 2017). To check whether potential functions exerted by
AC017002.3 would be due to the RNA itself or small peptides, the coding potential of AC017002.3 was
examined. AC017002.3 was cloned into pFLAG-CMV in the sense or antisense directions, or in the sense

direction

Table 2.2.1.1: Primers used in RACE PCR of AC017002.3.

Primer sequence
3’GSP CTTCCCTGATAATCAAGCC
5’GSP CAGGGCTTTGTGTGTAATC
3’NGSP AATAATTCTTCCTAGAACAACTCC
5’NGSP | AAGCCAGCTAGAGTAAATTTCTAG

A CEE W BN B EeEd . DS o EaeoEeE  § SN B [USEm B Mmoo Co | Emam
Predicted | | | R | |
1 150 300 450 600 750
RACE
B IMTGACAAGGAAAGGCCATGTTATGTTCACCCTGGGTTAAGTTTTAAGTGTA  TTTTTITITTTTTTITTTTTTTTTCAATATGAGTCATCTCCAGATACTGTGAT
FCTTATTTAATTTTTTTCAATATGAGTCATCTCCAGATACTGTGATGATTTC  GATTTCCAAATAACCAGAATCTAGATGACTAGAAATTTACTCTAGCTGGE
CAAATAACCAGAATCTAGATGACTAGAAATTTACTCTAGCTH TTAAGACAGGAAGCGTGAGGACAGAATCCAGCTCTTCCACTOCAGGGTAG

CAGGAAGOGTGAGGACAGAATCCAGCTGCTTCCACTOCAGGGTAGGTCTG . GTCTGAAGCCAACCGTCCTCGGTTTCCTGGCCTGTGGUATCAGTCTGGTTG
AAGCCAACCGTCCTCGGTTTCCTOGGOCTGTOGGCATCAGTCTGGTTGGATTA  GATTACACACAAAGCCCTGCAGATCTGCTGCTTTTOCCTGATTCTOCTGTOC

CACACAAAGCCCTGCAGATCTGCTGCTTTTOCTGATTCTCCTGTOCTGAGT  TGAGTGAGTGCAAGGGGCTCCCCTGTCGTCGATGTGTTCTTTGAAGCAGA
GAGTGCAAGOGGCTCCCCTGTCGTCGATGTGTTCTTTGAAGCAGATGOTGT  TGCTGTGOCTGATACCTGC TGGAGAGTCCCACCGCCTTGAGCTTCTGGG TC
GUCTOATACCTGOTGOGAGAGTCCCACCGOCTTOAGCTTCTGGOGTCOGAGAA  GAGAAAGGOCAAGTTGCACACTACTGAGAGACTGOCATGCACCOCCTGGA

AGGUCAAGTTGCACACTACTGAGAGACTGCCATGCACCCOCTGOAGGOCT  GGOCTCAGAACATTCGACATGCTTCAGTCATGGOCACGGCAGTGACTGCT
CAGAACATTCGACATGCTTCAGTCATGGOCACGGUAGTGACTGCTGATTG  GATTGOCTAACCCCACATGTGTTICTCCCCCTTCCCTGATAATCAAGOCCCT
CCTAACCCCACATGTGTT CCCCTTCCCTGATAATCAAGOCCCTGATTT GATTTTCAGCTGGGCACAAAATAATTTTTCCTAGAACAACTCCACGTGTGT
IMCAGCTGGGUACAAAATA Lt CTAGAACAACTOCATGTGTGTTATCG  TATCGOCCTTGCAGCTGGGGOGTGGCCACCACTGGGGAGAGGCAGGGTGAA
. T { GOUAGGGTGAAGAGG  GAGGTCGAAGGAGCCTGAGTTAGCAGGGATGAGCAGTGGCCAGGTAACC
IGGAAGGAGOCTOGAGTTAGCAG i i GTAACCCCAG  CCAGACCCATTATCCTCTGGATTTICTTTITATGTGAAACAATAAAATGTCTT
ACCCACTATCCTCTGGATTTCTTITATGTGAAACAATAAAATGTCTTGTAT GTATTCGATOG

CCCTTGCAGCTGGGGGTG

Predicted sequence RACE complete sequence

Figure 2.2.1.1: Full-length sequence of AC017002.3 was validated. (A) Length of RACE-verified
AC017002.3 was compared to predicted AC017002.3 sequence on Ensembl.org. (B) Sequences of
RACE-verified and predicted AC017002.3 on Ensembl.org.
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with ATGG or ATGGG insertion at the beginning. If AC017002.3 has any open reading frame (ORF) in
the sense or antisense direction, or cryptic ORFs out of frame with any endogenous start codon, the
encoded peptide, fused with a FLAG tag, would be expressed and detectable by an anti-FLAG antibody.
AC017002.3 has a length of 719 nucleotides, and thus the largest peptides potentially encoded by
AC017002.3 would be around 30 kDa in size. The above described constructs were transfected in HelLa
and allowed to express for 48 h, along with FLAG-fused HIV protein Vpr as a positive control. Presence
of FLAG-fused proteins were probed by western blotting. While proteins up to 40 kDa could be detected,
only FLAG-Vpr was immunoblotted (Figure 2.2.1.2). This result shows that AC017002.3 is a bona fide
non-coding RNA.
~
Y.
N N\ O O
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Q PP
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_____________ FLAG

Figure 2.2.1.2 AC017002.3 is a bona fide non-coding RNA. AC017002.3 complete sequence was cloned
into pFLAG-CMYV in the indicated forms and transfected into HelLa cells along pFLAG-CMV empty
vector and pFLAG-Vpr. 48 h post-transfection, expression of FLAG-fused proteins was detected by
western blotting. HIV Vpr was probed as a positive control. From left to right: empty vector; FLAG-fused
Vpr; AC017002.3 sense sequence; AC017002.3 antisense sequence; AC017002.3 sense sequence with an
insertion of ATGG at the beginning; AC017002.3 sense sequence with ATGGG insertion at the
beginning.
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The localization of InNcRNAs affects their function and informs strategy for loss-of-function editing.
Therefore, the relative distribution of AC017002.3 in the nucleus versus in the cytoplasm was examined.
Doxycycline-induced iSLK cells were fractionated into nuclear and cytoplasmic portions. An equal
number of cells was lysed to make whole-cell lysates, which served as input. Nuclear marker lamin A/C

and cytoplasmic marker GAPDH were immunoblotted to show the success of fractionation (Figure
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2.2.1.3). The levels of AC017002.3 in the nucleus and the cytoplasm

Figure 2.2.1.3 Successful cell fractionation was verified by immunoblotting nuclear and cytoplasmic
markers. Mock- or doxycycline-induced iSLK cells were fractionated, and equal amounts of nuclear and
cytoplasmic fractions were subject to western blotting, with equal amounts of whole-cell lysates as input.

Graph 2.2.1 AC017002.3 is almost exclusively present in the nucleus. iSLK cells were doxycycline-
induced for 48 h, fractionated into nuclear and cytoplasmic portions, and the levels of AC017002.3
transcripts in the fractions were quantified by qPCR. The Ct values of AC017002.3 in the nuclear and
cytoplasmic fractions were compared to that in the input, which is whole-cell lysate from the same
number of iSLK cells that were fractionated. Bar represents mean = SD. N = 4.
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were quantified by gPCR and by comparison to AC017002.3 levels in inputs. Graph 2.2.1 shows that
AC017002.3 is almost exclusively present in the nucleus. This result suggests that AC017002.3 may
function in the nucleus and interact with nuclear proteins, thus informing the strategy for later study of its

mechanism.

2.2.2 AC017002.3 Positively Regulates KSHV Early Gene Expression

To functionally characterize AC017002.3 in the context of KSHV lytic reactivation, stable
A017002.3 knock-down cell line was established using CRISPR interference (CRISPRi). The CRISPR
technology is derived from a prokaryotic antiviral system mediated by CRISPR-associated proteins (Cas)
that silences foreign nucleic acids with viral origins (Barrangou et al., 2007). Although endogenous
CRISPR requires CRISPR RNA (crRNA) and trans-acting RNA (tracrRNA) to direct Cas9
endonucleases, targeted silencing by CRISPR in the cell only requires an engineered single guide RNA
(sgRNA) that contains a linker, holding together a crRNA-tracrRNA chimera (Deltcheva et al., 2011,

Jinek et al., 2012). sgRNA complexes with Cas9 and directs it to the target double-stranded DNA

NLS

sgRNA
TITTTTTH genomic
DNA

Target gene

or promoter
Figure 2.2.2.1: CRISPRI system used in this study. dCas9 is fused with BFP and the repressive chromatin
modifying domain KRAB. When both the dCas9-KRAB chimera and sgRNAs are expressed, sgRNA

guides dCas9-KRAB to specific target genes or promoters, and transcriptional activity is suppressed via
the KRAB domain.
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(dsRNA) site according complementary base pairing, where Cas9 recognizes a GG dinucleotide known as
the protospacer adjacent motif (PAM) sequence (Jinek et al., 2012). CRISPRI is a variant of the above
described CIRPSR knock-out (KO) technique. It utilizes a catalytically inactive Cas9, or dead Cas9
(dCas9), to sterically block RNA polymerase, or to functionally suppress transcription wherein the dCas9
is fused with an effector domain of a repressive transcription factor, such as the Kriippel associated box
(KRAB) domain (Figure 2.2.2.1) (Gilbert et al., 2013).

To prepare for CRISPRI, stable dCas9-KRAB overexpression iSLK cell line was established. pHR-
SFFV-dCas9-BFP-KRAB was packaged into lentiviral vectors and transduced into iSLK cells.
Transduction was performed twice to ensure transduction efficiency and enable high expression of dCas9-
KRAB in cells transduced by multiple lentiviral particles. Cells were then FACS sorted to isolate a BFP+

subpopulation (Graph 2.2.2.1). iISLK-KRAB cells were expanded and maintained.

Graph 2.2.2.1iSLK cells stably expressing BFP from pHR-SFFV-dCas9-BFP-KRAB were FACS-
sorted. DNase and Accumax (Stem Cell Technologies) were added to ensure cells remain single.
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Knock-down of AC017002.3 was achieved by transducing lentiviral vectors carrying sgRNA
expressing cassettes. Two different sgRNAs were employed to account for possible off-target effects
(Table 2.2.2). Knock-down cell lines were induced by doxycycline, and early lytic gene expression, as
well as knock-down efficiency, was assessed by qPCR. Possibly due to relatively low basal expression,
oppositional induction upon doxycycline treatment, or low accessibility of chromatin in the predicted
promoter area, the knock-down efficiency of AC017002.3 was modest but still significant, approxiamtely

25% to 35% (Graph 2.2.2.2 A). However, the levels of early lytic transcripts PAN and K8 were both

Graph 2.2.2.2 AC017002.3 knock-down decreases KSHV early gene expression. Stable AC017002.3
CRISPRI knock-down cell lines, as well as non-targeting control (NTC) cell lines, were established and
induced with 1 pg/mL doxycycline. Total RNA was extracted 30 h post-induction and KSHV early gene
expression, as well as AC017002.3 transcript levels, was quantified by gPCR. Shown are knock-down
efficiency at the point of sample collection (A), and relative transcript levels of PAN (B) and K8 (C). Bar
represents mean + SD. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, by Student’s t test. N = 4.
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significantly decreased in knock-down cells compared to control, with PAN decreasing by approximately
15% to 25% (Graph 2.2.2.2 B and C). In accordance with these observations, the protein level of K8 was
also downregulated (Figure 2.2.2.2). Therefore, these results, combined with the knowledge that PAN is
induced to very high levels, suggest a biologically meaningful role for AC017002.3 in positively

regulating KSHYV early lytic gene expression during reactivation.

sgAC01/7002.3

NTC =gl =gl

K&
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Figure 2.2.2.2 AC017002.3 knock-down decreases the level of KSHV early protein K8. AC017002.3
CRISPRI knock-down iSLK cells, as well as NTC cells, were induced with 1 pg/mL doxycycline. 24 h
post-induction, cells were lysed, and K8 protein level was detected by western blotting.

Table 2.2.2 Seed sequences used to construct sgRNAs targeting the promoter region of AC017002.3.

Seed sequence

sgNTC ACGGAGGCTAAGCGTCGCAA
sgAC017002.3-1 AGGCCATGTTATGTTCACCC
sgAC017002.3-2 GCAGAATGGAAGAGAGCATC

To corroborate the functional assessment of AC017002.3 by CRISPRi knock-down, AC017002.3
was overexpressed in iSLK cells and changes in early lytic gene expression was examined. Upon
lentiviral transduction, iSLK cells were allowed 2 days to overexpress AC017002.3 prior to doxycycline
treatment. Overexpression efficiency was high (Graph 2.2.2.3 A). As expected, AC017002.3

overexpression upregulated PAN and K8 at the transcript level, and K8 at the protein level (Graph 2.2.2.3
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B and C, Figure 2.2.2.3). These data confirm that AC017002.3 is a positive regulator of KSHV early lytic

gene expression.

Graph 2.2.2.3 AC017002.3 overexpression increases KSHV early gene expression. iSLK cells were
transduced with lentivirus carrying pLVX-AC017002.3. 48 h post-transduction, cells were induced with
0.1 ug/mL doxycycline. At indicated time points post-induction, total RNA was extracted and KSHV
early gene expression, as well as AC017002.3 transcript levels, was quantified by gPCR. Shown are
overexpression efficiency at the point the sample collection (A), and relative transcript levels of PAN (B)
and K8 (C). Bar represents mean + SD. *p<0.05, **p<0.01, ***p<0.001, by Student’s t test. N =4.
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Figure 2.2.2.3 AC017002.3 overexpression increases the level of K8 protein. iSLK cells were transduced
with lentivirus carrying pLVX-AC017002.3 or empty vectors. 48 h post-transduction, cells were induced
by 0.1 pg/mL doxycycline. At indicated time points post-induction, cells were lysed, and K8 protein level
was detected by western blotting.

2.3 Mechanism of AC017002.3 Function
2.3.1 AC017002.3 Interacts with Nuclear Proteins

LncRNAs often interact with proteins to exert functions. To reveal clues to how
AC017002.3 functions, its interacting partners were searched for through RNA affinity pull-
down. Proteins that interact with biotinylated in vitro transcribed AC017002.3 can be isolated by
using streptavidin-coated beads to precipitate the RNA, and subsequently identified via mass
spectrometry (Figure 2.3.1.1). To account for the noise generated by the ability of RNA-binding
proteins to bind RNA nonspecifically, LacZ mRNA, which is not present physiologically in
human cells, was used as a negative control (Figure 2.3.1.2). Because AC017002.3 is almost
exclusively present in the nucleus, only nuclear proteins were used in the pull-down. Mock- or
doxycycline-treated iSLK cells were fractionated into nuclear and cytoplasmic fractions. Nuclear
protein concentration was measured and mixed with biotinylated AC017002.3 or LacZ mRNA,
prior to pull-down by streptavidin beads. Proteins were then denatured and separated by SDS-
PAGE. Silver staining revealed bands of proteins associated with the RNAs (Figure 2.3.1.3A).

Multiple bands were specifically enriched by AC017002.3 (Figure 2.3.1.3B). To

25



L ACO017002.3 binding proteins
Biotinylated

ACO017002.3
or LacZ mRINA

Streptavidin-coated
bead

[
0]
/ N\

Mass Western
spectrometry blotting

Figure 2.3.1.1 RNA affinity pull-down. Biotinylated in vitro transcribed RNA is allowed to interact with
proteins in cellular lysates. Beads coated with streptavidin interact with biotin and precipitate the RNA
along with bound proteins. After interactions are destroyed by denaturing the pull-down complex,
proteins may be subject to mass spectrometry or western blotting.

identify proteins that associate with AC017002.3, samples of affinity pull-down were analyzed
by mass spectrometry. Three categories of candidates of AC017002.3 interacting partners were
uncovered: those enriched in both mock- and doxycycline-treated iSLK cells, and those enriched
in doxycycline-treated cells only, and those enriched in mock-treated cells only (Graph 2.3.1.1).
S ,-,'QQ'{?J

:}6\ (P\’

P =

Figure 2.3.1.2 in vitro transcribed AC017002.3 and LacZ mRNA are largely undamaged. pBluescript
KSII vectors carrying AC017002.3 and LacZ mRNA sequences were digested by Kpnl and examined by
2% agarose gel electrophoresis.
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Figure 2.3.1.3 AC017002.3 specifically interact with nuclear proteins. Nuclear lysates prepared from
mock- or doxycycline-induced iSLK cells were incubated with in vitro transcribed AC017002.3 and LacZ
mRNA with streptavidin magnetic beads. After three washes, proteins were dissociated from beads and
denatured, and subject to SDS-PAGE. Protein bands were visualized by silver staining (A). Some bands
specifically enriched by AC017002.3 were highlighted (B).

2.3.2 hnRNP K and ILF2 are AC017002.3 Interacting partners
Western blotting was performed using pull-down lysates to verify candidate proteins
identified in mass spectrometry. hnRNP K, a nuclear RNA binding protein, and ILF2, subunit of

a transcription factor, were found to be consistently enriched (Figure 2.3.2).
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Graph 2.3.1 Identification of nuclear proteins that interact with AC017002.3. In vitro transcribed,
biotinylated AC017002.3 and LacZ mRNA were incubated with nuclear lysates prepared form mock- or
doxycycline-induced (1 pg/mL) iSLK cells. Pull-down fractions were analyzed by mass spectrometry.
Proteins enriched by AC017002.3 in both mock- and doxycycline-induced samples (A), in doxycycline-
induced samples only (B), and in mock-induced samples only (C) are shown. Bar represents mean + SD.
N=2.
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Figure 2.3.2 AC017002.3 specifically interacts with hnRNP K and ILF2. AC017002.3 affinity pull-down
was performed with LacZ mRNA as control. AC017002.3-interacting proteins were detected by western
blotting.
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Chapter 3: Discussion and Future Perspectives

KSHYV is an oncogenic virus associated with multiple malignancies, typically found in
immunosuppressed individuals. Its life cycle has two genetically distinct phases, and switching between
them involves intricate regulatory networks. INCRNAs comprise a largely unexplored host regulatory
module, and have been shown to function in the life cycles of many viruses. However, whether and how
IncRNAs function in KSHV lytic reactivation are unknown. In this study, the IncRNA landscape during
KSHYV lytic reactivation was described through RNA-seq, where many novel transcripts were found to be
differentially expressed. One of these novel INCRNAs, AC017002.3, was studied, and its full-length
sequence was produced by RACE. AC017002.3 is a nuclear transcript devoid of coding potential, and it
positively regulates KSHYV early transcript levels in doxycycline-induced iSLK cells. AC017002.3
interacts with the nuclear proteins hnRNP K and ILF2, suggesting a ribonucleoprotein complex-based
regulatory mechanism.

In the functional knock-down experiment, the fold change of the lytic genes is only modest.
However, two reasons suggest that the observed change is still likely biologically meaningful. First,
knock-down efficiency of AC017002.3 was similarly modest, and thus a modest phenotype was expected.
Second, upon induction, the transcript level of PAN in iSLK cells could readily surpass that of GAPDH
MRNA by approximately 10 folds 30 h post-doxycycline treatment, becoming extremely abundant and
accounting for the vast majority of both viral lytic transcripts and total cellular polyadenylated transcripts
during KSHV reactivation (Arias et al., 2014; Conrad, 2016). At the peak of lytic replication, the copy
number of PAN RNA could average 10° copies per cell (Zhong et al., 1996). Thus, even a 15% to 25%
decrease would mean the depletion of a number of PAN transcripts higher than the copy numbers of the
majority of polyadenylated RNAs in the cell.

Two interacting partners of AC017002.3, hnRNP K and ILF2, were verified. hnRNP K has been
shown to interact with the viral ORF57 protein (Malik and Clements, 2004). ORF57 is a multifunctional

early protein with documented roles in RNA stabilization, especially PAN RNA, splicing of viral pre-
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MRNAS, and destabilization of host genome (Jackson et al., 2014; Majerciak et al., 2008; Massimelli et
al., 2011). hnRNP K is also a multifunctional protein with documented functions in transcriptional
activation, post-transcriptional processing, and translational control (Cao et al., 2012; Liepelt et al., 2014;
Moumen et al., 2005; Tsai et al., 2013). The functionality of its interaction with hnRNP K is currently
unclear. However, the segments of hnRNP K required for interaction with ORF57 and ICP27, an ORF57
homologue in herpes simplex virus type 1 (HSV-1), overlap, and hnRNP K-complexed ORF57 and
ICP27 are both phosphorylated by casein kinase 2 (CK2), which is present in both complexes (Malik and
Clements, 2004). This suggests that hnRNP K interaction with the ICP27 family protein of
alphaherpesvirinae and gammaherpesvirinae is conserved, and that the interaction is likely functional.

ILF2 is a transcription factor that regulates immediate early gene expression (Wu et al., 2019). There
is currently no clear connection between ILF2 and KSHV lytic reactivation.

For future investigation of hnRNP K-related mechanism, hnRNP K-ORF57 interaction and ORF57-
AC017002.3 interaction in doxycycline-induced iSLK cells could first be examined by co-
immunoprecipitation and RNA affinity pull-down. If the interactions are verified, the role of AC017002.3
in those interactions could be tested by co-immunoprecipitation in knock-down or overexpression cells.
Finally, the functionality of hnRNP K-ORF57 interaction may be studied by mutating the ORF57 binding
region in hnRNP K and examining the effects on KSHV reactivation. Future study of the ILF2-
AC017002.3 complex could focus on the potential role of ILF2 in the transcriptional regulation of viral
genes. Chromatin isolation by RNA purification (ChIRP) could be used to examine AC017002.3 binding
to the promoters of PAN and K8, and chromatin immunoprecipitation (ChlIP) could be used to detect ILF2
binding to these promoters.

KSHYV is a complex DNA virus with a biphasic life cycle. The latent-to-lytic switch of KSHV is
pathologically important but the host-virus regulatory network involved in this process still needs
exploration. This study uncovered the long non-coding transcriptome during KSHV reactivation and
characterized a novel IncRNA, AC017002.3, as a positive regulator of viral early lytic genes, including
PAN and K8. Both PAN and K8, previously shown to regulate the expression of many other lytic genes,
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are essential for robust lytic reactivation (Liao et al., 2003; Rossetto et al., 2013). Therefore, this study
reveals a biologically significant role for AC017002.3 in regulating KSHV lytic reactivation, providing

the first evidence that host INcCRNAs are involved in modulating the KSHV latent-to-lytic switch.
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Chapter 4: Materials and Methods

4.1 Cell Culture and Media

Medium A: DMEM (Gibco) supplemented with 10% fetal bovine serum (FBS).

Medium B: DMEM supplemented with 10% FBS, 800 pug/mL G-418 (Gibco), 1200 pug/mL
hygromycin B (Thermo Fisher Scientific), and 10 pg/mL puromycin (Alfa Aesar).

293FT and HelLa cells were cultured in medium A. Cryo-preserved iSLK cells were
recovered in medium A. The next day, medium was changed to medium B, in which iSLK cells
were maintained. BC-3-G cells were cultured in RPMI 1640 (Gibco) supplemented with 10%
fetal bovine serum (FBS), 100U/mL Penicillin and streptomycin, and 1.5 pg/mL puromycin.
4.2 Induction of KSHV Lytic Reactivation

For the induction of KSHV in iSLK cells, cells were seeded in medium A. The next day,
doxycycline stock was diluted to indicated concentrations in medium A, and culture medium was changed
to doxycycline-supplemented medium A, in which cells were maintained for indicated lengths of
treatment.

For the induction of KSHV in BC-3-G cells, cells were seeded in RPMI 1640 supplemented with
indicated concentrations of TPA and treated for indicated time periods.
4.3 Library preparation and RNA-seq

iSLK cells and BC-3-G cells were treated with 1 pg/mL doxycycline and 20 ng/pUL TPA,
respectively, for 48 h. Cells were lysed and total RNA was extracted, treated with TURBO DNase
(Thermo Fisher Scientific) according to the manufacturer’s instructions. Approximately 0.6 pg RNA per
sample was depleted of ribosomal RNA using RobiMinus kit (Life Technologies). Library was prepared
and sequenced by IGM Core.

4.4 Rapid Amplification of cDNA Ends
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Total RNA extracted from doxycycline-treated iSLK cells was depleted of ribosomal RNA with
RiboMinus kit (Life Technologies). RACE was performed with SMARTer RACE kit (Clonetech)
according to the manufacturer’s instructions. Briefly, approximately 100 ng purified poly(A) RNA was
used for each reverse transcription reaction to produce cDNA, which served as template in nested PCRs
to amplify target INcRNA cDNA ends. RACE PCR products were cloned using Zero Blunt TOPO cloning
kit (Thermo Fisher Scientific) and transformed into Stellar competent cells (Takara). Viable colonies on
ampicillin+ agar LB plates were expanded and subject to plasmid extraction. Plasmids were then
sequenced. The 5 prime and 3 prime ends of AC017002.3 were aligned with the predicted sequence of
AC017002.3 on Ensembl.org.

4.5 Lentivirus Production

Lentiviral expression plasmids were transformed into Stellar competent cells (Takara). Transformed
colonies that grew on LB agar plates containing ampicillin were expanded, and subsequently extracted for
plasmids using Qiaprep Spin Miniprep kit according to the manufacturer’s protocol.

Lentiviruses were produced in 293FT cells using Lipofectamine 3000 (Invitrogen) according to the
manufacturer’s instructions. Briefly, 10° cells were seeded per well in 6-well plates 1 day prior to
transfection. The next day, lentiviral packaging vectors (Systems Biosciences), along with lentiviral
expression plasmids, were transfected into the cells. Medium was changed 6 h post-transfection. 48 h
post-transfection, virus-harboring supernatants were collected and centrifuged to remove cellular debris.
4.6 Generation of iISLK-KRAB Population

pHR-SFFV-dCas9-BFP-KRAB (Addgene 46911) was packaged into lentiviral particles, which were
transduced into iSLK cells. BFP+ population of iSLK was sorted by FACS. The iSLK-KRAB population
was maintained in medium B.

4.7 Lentivirus-mediated knock-down and overexpression
Complete sequence of AC017002.3 was cloned into pLVX-Puro (Clonetech) to generate pLVX-

AC017002.3. sgRNA oligonucleotides were annealed and cloned into lenti-sgRNA blast (Addgene
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104993) according to Zhang lab’s protocol (PMC5526071). Plasmids were packaged into lentiviral
particles as described above. Lentivirus for pLVX-AC017002.3 was transduced into iSLK cells, and
Lentivirus for sgRNA knock-down was transduced into iISLK-KRAB cells. Transduction of iSLK cells
was performed with 8 pg/mL polybrene (Millipore) in medium A, and cell-virus mixture was centrifuged
at 750 g for 45 min to enhance transduction efficiency. The next day, medium was changed to medium B.
For stable knock-down cell line construction, 15 pg/mL blasticidin (Alfa Aesar) was added to the medium
and transduced cells were selected for at least 5 days.

4.8 RNA Extraction and Real-time PCR

Total cellular RNA was extracted using TRIzol reagent (Invitrogen) according to the manufacturer’s
instructions. RNA was reverse transcribed with iScript Reverse Transcription Supermix (BioRad) to
generate cDNA, which was subsequently subject to qPCR using SsoAdcanved SYBR Green Mix
(BioRad). Fold change in gene expression was calculated using AACt and normalized to glyceraldehyde

3-phosphate dehydrogenase (GAPDH) mRNA.

Table 4.8: gPCR primers.

Gene name Forward primer Reverse primer

AC017002.3 GTAGGTCTGAAGCCAACCGT | CCAACCAGACTGATGCCACA

PAN AGGCGACAAAGTGAGGTG ACATTGAAAGAGCGCTCC
K8 TGCGTCTGTAGTTAAGGCCG | CGTATCTGCCTTGCTTTCGC
MPRIP-AS1 AACAGAGGAGCAGCAAGACC | AGTGGTCTGGCTTTTGGAGG
AC133644.2 AAAGAAAGACCCTCGGCAGG | TTTGCTGGTTCCCAAGAGCA
KCNMAL1-AS1 TCTTCCCAACCTGCCAAGAC | GTTCCTCCCAATGTCCCCAG
AL591178.1 CCCCTCGATCGTCAGAAACC | CACCACCATCGCTCATCCTT
KCNMAL1-AS3 AGGCAGTGATTGCTTCCAGT | ATCTCCATCGCAGCCATTCC
HPYR1 CAGTTTCCCCAGGTTCTGCT | AGAGTGGTGGCTCAGAGGAT
AC009226.1 GCATAAGCTGTCCTGGGTGT | TGGTGGGATCTGGAAGAAGC
LINC01943 AAGCAGATGCTGTGCCTGAT | GTGCATGGCAGTCTCTCAGT
AP000779.1 GCATGGGATACTTCCTGCCA | TTCTCCATGGCCAACTCTGC
AL138689.2 CAATTCTCCAGGTCAGCGGT | CAGGCCCTTTGAAGGTTTGC
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Gene name Forward primer Reverse primer
AL157392.3 CAAGGACCACCGCCTACTTT | GGGTTCATCACTGGGAGGTG
AC079601.1 GGAATCATCATCCTCGCCGT | CCCGGGAGATCCAAGCATAC
4.9 Western Blot and Antibodies

Cells were lysed with Pierce IP lysis buffer (Thermo Fisher Scientific), supplemented with protease
inhibitor cocktail (RPI). Protein concentration was measured using DC protein assay (BioRad). Proteins
were denatured, separated on NuPage 4-12% Bis-Tris Gel (Invitrogen), and transferred to PVDF
membrane (BioRad). Immunoblotting was performed using Fast Western Blot kit (Thermo Fisher
Scientific) according to the manufacturer’s protocol. Antibodies used are mouse anti-FLAG M2 (Sigma,
F1804), rabbit anti-GAPDH (Cell Signaling Technology, 2118), HRP-conjugated mouse anti-tubulin
(Proteintech, HRP-66031), goat anti-lamin A/C (Santa-Cruz, sc-6215), mouse anti-K8a (Santa-Cruz, sc-
57889), mouse anti-hnRNP K (Abcam, ab39975), rabbit anti-ILF2 (Abcam, ab154169).

4.10 Cell Fractionation

Cells were trypsinized and resuspended in plasma membrane lysis buffer consisting of 10 mM Tris-
HCI (pH 7), 1.5 mM MgCl,, 10 mM KCI, 0.5 mM DTT, and 0.25% NP-40, supplemented with PMSF and
protease inhibitor cocktail. 10 mL plasma membrane lysis buffer was added per 10 cells, and lysis
reaction proceeded on a rocker at 4°C for 10 min. Upon the completion of plasma membrane lysis,
reactions were centrifuged at 25009 for 15 min at 4°C. Supernatants containing cytoplasmic fractions
were stored at -80°C. Nuclear pellets were resuspended in nuclear membrane lysis buffer consisting of 25
mM Tris-HCI (pH 7), 150 mM KCI, 0.5 mM DTT, and 0.5% NP-40, supplemented with PMSF and
protease inhibitor cocktail. Nucleus suspension was homogenized with a syringe and centrifuged at 13000
rpm for 10 min at 4°C. Nuclear fractions were collected and stored at -80°C. For detection of GAPDH
and lamin A/C, protein concentrations of both fractions were measured by DC protein assay, and equal
amounts of cytoplasmic and nuclear lysates were used in western blotting.

4.11 RNA Affinity Pull-down
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AC017002.3 and LacZ mRNA sequences were separately cloned into the downstream of the T7
promoter in pBluescript KSII vectors. Kpnl (New England BioLabs) was used to digest the vectors.
Linear fragments containing AC017002.3 and LacZ served as template for in vitro transcription and
biotinylation with mMMESSAGE mMACHINE T7 Transcription kit (Invitrogen) according to the
manufacturer’s instructions with modifications. Integrity of the RNA were analyzed by 2% agarose gel
electrophoresis.

For RNA affinity pull-down, 2 ug RNA was in vitro folded. Briefly, RNA was diluted to 200 ng/uL
in 1x NEBuffer 2 (New England BioLabs), heated to 60°C for 10 min, and cooled down to 4°C at a ramp
rate of -1°C/min. Pierce streptavidin beads (Thermo Fisher Scientific) were washed in nuclear membrane
lysis buffer, described in Cell Fractionation, and used to clear nuclear lysates prepared from mock- or
doxycycline-treated iSLK cells. 1 mg nuclear lysate was incubated with 2 g folded RNA and 40 pL
streptavidin beads for 2 h at 4°C. Beads were collected, washed three times with nuclear membrane lysis
buffer, and either sent to Biomolecular & Proteomics Mass Spectrometry Facility at UCSD for analyses
by mass spectrometry, or treated to denature the proteins for SDS-PAGE. Silver staining was performed
using Pierce Silver Stain kit (Thermo Fisher Scientific) according to the manufacturer’s instructions.
4.12 Statistical Analysis

Volcano plots were generated using R Studio. Other graphs were generated using GraphPad Prism

8.0.2 (GraphPad Inc.). Statistical analysis was performed by student’s t-test (paired, two-sided).
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