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ABSTRACT

Neuronal homeostasis is an essential process to protect neurons
from over/under-stimulation driven from systematic changes such as synapsis
plasticity or tissue damage. Functional stability in neurons relays on the
homeostatic plasticity that its disturbance causes irreversible injuries. Hence, a
large body of studies elaborated to investigate the underlying mechanism for
changes in synaptic connectivity and neuronal function. HIV-1 Tat (Transactivation
of transcription), is a well-established neurotoxic protein, released by HIV-1
infected cells in the brain and disturbs neuronal homeostasis. The effects of Tat
have been addressed in numerous studies investigating the molecular events
associated with neuronal cell survival and death. The emergence of lncRNAs as
critical players in disease etiology placed them in the spotlight to study
pathogenesis of human diseases. Due to its capacity to modulate host
transcriptome, HIV-1 Tat protein has been subjected to increasing genome-wide
examinations. This study showed that exposing primary rat neurons to Tat resulted
in the up-regulation of an uncharacterized long-non-coding RNA (lncRNA),
LOC102549805 (lncRNA-U1). Evidence exists that increased expression of
lncRNA-U1 in neurons disrupts bioenergetic pathways by dysregulating
homeostasis of Ca2+, mitigating mitochondrial oxygen reduction, and decreasing
ATP production leading to mitochondrial impairment in neurons. These changes
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were associated with imbalances in autophagy and apoptosis pathways via the
Tat-mediated lncRNA-U1 induction.
Additionally, this study showed the ability of Tat to modulate the
expression of the neuropeptide B/W receptor 1 (NPBWR1) gene via the upregulation of lncRNA-U1. Collectively, my results identified the Tat-mediated
lncRNA-U1 elevation disturbs neuronal homeostasis. Our observations of lncRNAU1 knock-down experiments indicated the novel lncRNA LOC102549805 (U1) as
a viable therapeutic target to prevent HIV-1 Tat neurotoxicity.
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1 CHAPTER 1:
INTRODUCTION

The human brain is a highly developed and complex biological
system, including various types of cells. The most common brain cells are neurons
which are playing the leading role in processing and transmission of information.
Human neuronal processing is vastly associated with overexpression of numerous
genetic elements, which are playing a significant regulatory role in neuronal gene
expression (Kopp and Mendell 2018, Zhou, Liu et al. 2018). Furthermore,
dysregulation of genetic elements may negatively influence neuronal homeostasis
-the ability to prevent dysfunctional operation of the system- by altering regulation
of gene expression (Ramocki and Zoghbi 2008, Harnack, Pelko et al. 2015). Many
neurodegenerative diseases are associated with disturbance of neuronal
homeostasis as a result of gene network interruptions responsible for physiological
changes and cell death (O’Leary and Wyllie 2011, Harnack, Pelko et al. 2015).
Besides, a variety of environmental stimuli, such as retroviral infections, has been
recognized to be involved in increasing the risk of neurodegenerative disease by
neuronal homeostasis disturbance (Amaral, Dinger et al. 2013).
The human immunodeficiency virus type-1 (HIV-1) as a member of
the retroviral family infects the central nervous system (CNS) and promotes HIVassociated neurocognitive disorders (HAND). Over the past four decades, since
1

the Human Immunodeficiency Virus (HIV) epidemic has been identified, a
significant amount of research has been dedicated to understanding the structure,
mechanism of action, and pathophysiology of HIV infection.
The annual increase in the number of HIV infected individuals
worldwide, along with increased life expectancy among infected individuals, led to
more complex patient management because of emerging of a range of cognitive
and behavioral impairments (Heaton, Franklin et al. 2011). HIV-1 enters the brain
of the infected individual in the early stages of the infection resulting in HAND
progression (Price, Brew et al. 1988). HAND is described as various neurological
disorders that accompany mental slowness, trouble with memory and
concentration, speech problems, and behavioral changes. Although the HIV
infection initially appears in the human immune system, the disease progression
and symptoms appear after toxin infiltration from monocytes and macrophages to
the central nervous system (CNS) (Bagashev and Sawaya 2013, Mediouni,
Garibaldi Marcondes et al. 2015). Consequently, the neuronal cells could be
impaired at different levels and a broader range as a result of viral infection.
Furthermore, neuronal toxicity and loss of function remain at the heart of HIV
associated neuropathy.
HIV-1 takes over the cellular gene expression machinery and spread
via infected immune cells. It has been well characterized that the viral proteins
released from infected cells in the CNS associate to neuronal homeostasis
disruption and neuronal loss (Mattson, Haughey et al. 2005, Kovalevich and
Langford 2012, Avdoshina, Fields et al. 2016, Ahooyi, Torkzaban et al. 2019,
2

Santerre, Bagashev et al. 2019). Neuronal homeostasis is a complex system
controlling neuronal excitability relative to internal signals and external stimuli (Tien
and Kerschensteiner 2018, Wei, Luo et al. 2018).
Novel transcript studies using the advent of high throughput genomic
technologies lead to detecting transcripts that have no protein-coding capacity.
Meanwhile, the class of non-coding RNAs which exceed 200 nucleotides in length
and operate through a variety of functions have attracted massive attention
regarding their regulatory effects on gene expression at the epigenetic,
transcriptional and post-transcriptional level of cellular homeostasis (O’Leary and
Wyllie 2011, Amaral, Dinger et al. 2013, Walters, Sarsenov et al. 2018). This class
of RNAs, which classified as long non-coding RNAs (lncRNA), are expressing
highly in CNS (Wei, Luo et al. 2018). The critical role of lncRNAs in brain
development, neuronal function, maintenance, and differentiation led researchers
to target them as a potential therapeutic target in clinical studies (Qureshi, Mattick
et al. 2010, Kumar and Goyal 2017, Arun, Diermeier et al. 2018, Wei, Luo et al.
2018, Ray and Morris 2020).
In the current study, utilizing HIV-1 Tat protein as a potent
neurotoxin, I investigated the possible regulatory role of Tat on host-encoded
lncRNAs expression and then the potential consequence of this alteration on
neuronal homeostasis and dysfunctionality. Exploring the role of neuronal
LncRNAs in disease progression is a novel approach that provides an outstanding
viable therapeutic target to inhibit neurocognitive disease progression.

3

HIV-1 associated dementia:
Despite the widespread success of combined antiretroviral therapies
(cART) in controlling HIV morbidity, HAND persisted a significant concern in
infected individuals (Simoes and Justino 2015). HAND is recognized as a variety
of neurodegenerative diseases associated with HIV infection in the brain, including
cognitive and motor dysfunction that collectively termed HIV/neuro-HIV (Price,
Brew et al. 1988). Although the cause of HAND in patients with well-controlled
viremia is uncertain, some factors thought to contribute to HAND progression
include aging, the persistence of HIV reservoirs in the brain, and long term CNS
pharmaco-toxicity (Cross, Combrinck et al. 2013, Wallet, De Rovere et al. 2019).
There is no evidence that HIV can pass through the neuronal membrane and infect
them directly. However, viral proteins released from infected cells in CNS has been
shown to disturb neuronal homeostasis, trigger neuroinflammation, and causes
neuronal death which collectively termed as HIV-1 encephalopathy (Everall,
Heaton et al. 1999, Neri, Musante et al. 2007, Wallet, De Rovere et al. 2019). So,
employing the cell machinery, viral pathogens multiply the virus’s genetic
information and release more viral proteins, which will affect the non-infected cells
such as neurons (Mattson, Haughey et al. 2005).

HIV classification and genome structure:
HIV-1 is classified into the genus Lentivirus within the family of
Retroviridae (Luciw 1996). HIV-1 is an RNA virus that, as is a case for other
4

retroviruses, embed a DNA copy of its genome into the DNA of the host cells and
uses the cell machinery to replicate the virus. The HIV provirus with approximately
9.8 kilobases length includes 5’ and 3’ long terminal repeats (LTR) and the central
region, which expresses at least nine viral proteins (Figure 1) (Gallo, Wong-Staal
et al. 1988). The viral proteins are divided into three classes based on their function
in the viral replication cycle; structural proteins (Gag, Pol, and Env), regulatory
proteins (Tat and Rev), and accessory proteins (Vpu, Vpr, Vif, and Nef) (Thomas
J. Hope 2000).
During the late phase of the viral replication, HIV-1 packages two
copies of positive single-strand RNA virus in a viral envelope, which assembles by
incorporating retroviral Gag proteins and Env glycoproteins, increasing the
opportunity for recombination during reverse transcription (Freed 2015). Some
viral proteins are referred to as verotoxin because of their impact on neuronal
dysfunctionality. In the case of HIV-1 infection in CNS, the HIV-1 coat protein
gp120 and the nonstructural proteins, including Tat, Nef, Vpr, and Rev, are
identified as neurotoxins (Mattson, Haughey et al. 2005).
HIV-1 Tat has considered as one of the first expressing viral proteins
after infection which has a significant impact on viral gene expression and is
essential to productive virus infection, and HAND progression (Hayman,
Arbuthnott et al. 1993, Maragos, Tillman et al. 2003, Fields, Dumaop et al. 2015).
An elevated amount of Tat has been detected in the serum and the brain of patients
with HIV encephalitis (Westendorp, Frank et al. 1995, Wiley, Baldwin et al. 1996).

5

Figure 1: HIV-1 genome structure; A) the HIV-1 genome’s composition,
demonstrating the arrangement of the viral proteins. B-F) schematically shows the
secondary structure of HIV-1 5’-UTR, which plays a central role in transcription initiation
by binding to HIV-1 Tat protein. Adapted from (Lu, Heng et al. 2011)
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1.2.1 The HIV-1 Tat protein structure and mechanism of action:
The HIV-1 Tat is a small (14-16 kDa) viral encoded protein that binds
to the viral RNA by recognizing TAR (transactivation response element) of the HIV1 genome explicitly and initiates transcription of the viral transcripts (Laspia, Rice
et al. 1989). The TAR sequence within the 5’LTR (long terminal repeat) of the HIV1 genome is the viral genome transcript initiation regulatory element (Figure 1).
Tat as an RNA binding transcription factor, unlike typical transcription factors,
recruits host transcription elongation factor-b (p-TEFb) to the hairpin formed TAR
RNA elements in the 5’ end of viral transcript (Jones and Peterlin 1994). P-TEB
complex plays a crucial role in the activation and increase of RNA polymerase-II
(RNAPII) dependent transcription by hyperphosphorylation of RNAPII (Jeang, Xiao
et al. 1999). Recruiting the cis-regulatory elements, including NF-kb, NFAT, and
SP1 in the viral 5’LTR, Tat activates the HIV-1 LTR-directed transcription
elongation (Laspia, Rice et al. 1989, Rice 2017). These regulatory elements are
directly binding RNAP II to the viral promoter (Rice 2017).
The more prevalent Tat protein in HIV-1 infected patients consists of
101 residues, which are encoded through two joining alternatively spliced exons
that are separated by approximately 2300 nucleotides (Figure 2) (Ratner,
Haseltine et al. 1985, Jeang 1996, Lopez-Huertas, Callejas et al. 2010). Even
though the first exon of Tat is coding five functionally crucial domains of the fulllength protein (the proline-rich, cysteine-rich, core, arginine-rich, and glutaminerich domains), the second exon has been shown to be more critical for

7

transactivation, trans-repression and virus replication (Figure 2) (Howcroft, Strebel
et al. 1993, Jeang 1996, Neuveut and Jeang 1996, Li, Dahiya et al. 2012).

Figure 2: the hypothetical structure of the HIV-1 Tat protein; the schematic
shows the role of Tat domains in viral replication. Adapted from (Li, Dahiya et al. 2012)

Moreover, The second exon has demonstrated the overall genetic
diversity in patients (Spector, Mele et al. 2019). One of the frequently utilized
variants of Tat in laboratory investigations is the truncated Tat 86 which contains
a stop codon after residue 87 as a result of a frequent point mutation (van der Kuyl,
Vink et al. 2018). The variation in the Tat amino acid sequence has been shown
to determine the subcellular localization of HIV-1 Tat protein and its trafficking
between subcellular compartments (Spector, Mele et al. 2019). Indeed, the Tat
variability may play a role as a predictor of viral pathogenesis by dictating its
localization, indicating the rate of viral LTR transactivation activity, and shifting the
functional properties of the protein. In addition to the regulatory role of Tat in viral
8

genome expression initiation and elongation, Tat exhibits a range of biological
implementation relative to the HIV-1 pathogenesis (Huigen, Kamp et al. 2004). It
has been shown that secreted Tat from HIV-1 infected cells can be uptaken by
uninfected cells through interaction with heparan sulfate proteoglycans on the cell
membrane (Frankel and Pabo 1988, Tyagi, Rusnati et al. 2001, Huigen, Kamp et
al. 2004). Tat can access CNS through the blood-brain barrier (BBB) via trafficking
of virally infected monocytes, and cause significant pathogenesis in the brain. The
Tat-mediated neurotoxicity leads to the release of neuronal damaging factors
followed by developing HANDs and accelerating brain aging (Nath 2002).
Although the blood-brain barrier (BBB) is a major hurdle to prevent
HIV-1 entry into the CNS, it has been primarily illustrated that HIV-1 infection
disturbs BBB (Power, Kong et al. 1993, Nakamuta, Endo et al. 2008, Leibrand,
Paris et al. 2017). Different pathways and mechanism of actions have been
suggested for the barrier breakdown in HIV-1 infection including trafficking of HIVinfected monocyte-derived macrophages (Meltzer, Skillman et al. 1990), virions
entry cross the BBB particularly (Mattson, Haughey et al. 2005) and Tat-mediated
accumulation of cytokine, chemokines and adhesion proteins (Pu, Tian et al.
2003). HIV-1 Tat has been shown to play a critical mediatory role in BBB
disturbance in HIV-1 infection, as evidenced by an in-vivo study in the Tat
transgenic animal model (Leibrand, Paris et al. 2017).
Moreover, Studies show that Tat also interferes with host genome
expression by interacting with the regulatory proteins of gene expression and alters
the expression of target genes (Reeder, Kwak et al. 2015). Some evidence
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suggests that Tat alters cellular gene expression by causing changes in factors
bound to promoters. Furthermore, Tat can control the activity of the RNA
Polymerase II, the critical enzyme for gene expression. Although the role of Tat
protein has been studied extensively, there is still a lack of information on the sets
of genes targeted by Tat and the underlying molecular mechanisms.
Understanding Tat-mediated global changes in host transcriptome are essential to
study the pattern of HIV pathogenesis and to shed light on the crucial genes and
elements that work together to alter cell behavior.

Mechanism of Tat neurotoxicity
HIV-1 Tat has been shown to provoke neurotoxicity by the use of
either of a receptor-mediated pathway or being uptaken by neurons through active
endocytosis manner (Banks, Robinson et al. 2005, Li, Huang et al. 2008). The
excessive activation of N-methyl-D-aspartate receptors (NMDARs) and its
interaction with Tat have been shown in numerous studies (Haughey, Nath et al.
2001, Li, Huang et al. 2008, Green and Thayer 2016). The overactivation of NMDR
induces reactive oxygen species (ROS) production representing an important Tatmediated neuronal damage pathway, which may lead to synapse loss and,
ultimately, neuronal death (Figure 3) (Sengpiel, Preis et al. 1998, Fitting,
Ignatowska-Jankowska et al. 2013).
In addition to ROS induction, HIV-1 Tat can enhance the release of
calcium from intracellular storages, as well as interfering with other death receptors
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such as LRP receptors and dopamine transporters (Figure 3) (Haughey, Holden
et al. 1999, Rao, Ruiz et al. 2014). The Tat-induced intercellular calcium
homeostasis is mediated by a cascade of events involving metabotropic receptors,
PKC, tyrosine kinase, and zinc-binding sites on the NMDA receptor (Haughey,
Nath et al. 2001, Rao, Ruiz et al. 2014).

Figure 3: HIV-1 Tat-mediated neurotoxicity; schematic
represents the hypothetical mechanism underlying Tat neurotoxicity by 1) binding
to the NMDR receptor, 2) inducing IP3-mediated release of intracellular calcium,
3)binding to LRP receptors and inducing nitric oxide synthesis, 4) interfere with
dopamine reuptake. Adapted from (Rao, Ruiz et al. 2014)

Moreover, Tat can selectively target and activate metabotropic
glutamate receptors-group I (mGluRs) (Neri, Musante et al. 2007). This group of
receptors plays a crucial role in Tat neurotoxicity by increasing the release of Ca2+
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from IP3-sensitive intra-terminal stores (Haughey, Holden et al. 1999).
Metabotropic receptors are a family of neurotransmitter receptors, so-called Gprotein coupled receptors, with a vast range of ligands (Purves D 2001, MichaelTitus, Revest et al. 2010). These receptors are mostly monomeric proteins with
seven transmembrane segments, the protein N terminus is a ligand-binding site
located in the extracellular side, and its C terminus is on the intercellular region,
which

interacts

with

G-proteins

(Michael-Titus,

Revest

et

al.

2010).

Neurotransmitters which are binding to metabotropic receptors such as glutamate
are the most important excitatory neurotransmitters of CNS. Glutamate binding to
mGluRs activates G-proteins, which can interact with effector proteins and
enzymes, or directly interact with ion channels to regulate postsynaptic ion
channels (Purves D 2001). mGluRs are expressed extensively in neurons; thus
far, eight subtypes for them have been characterized in neurons. mGluRs activate
a wide variety of cell signaling pathways in neurons and are implicated in several
neurodegenerative diseases, including Alzheimer’s disease (AD), Parkinson’s
disease (PD) and Huntington’s disease (HD) (Ribeiro, Vieira et al. 2017).
Collectively, Tat stimulates neuronal excitation through elevating the
Ca2+-dependent release of neurotransmitters, which may cause Tat-induced
neuronal death (Neri, Musante et al. 2007).

Tat-mediated neuronal death
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There is a complicated molecular and biochemical network that
governs the neuronal dysfunctionality in HIV dementia. The early studies showed
that Tat could be a key trigger of apoptosis in different cell types, specifically in
CD4+ T cells and neurons (McCloskey, Ott et al. 1997, Kruman, Nath et al. 1998).
Some evidence indicates that the mechanism of apoptosis in both cell types is very
similar, involving death receptors activation and increase of chemokines and
cytokines,

followed

by

calcium

dysregulation,

mitochondrial

membrane

depolarization and ultimately caspase activation (RÉGULIER, REISS et al. 2004).
A significant elevation in caspase-3 activity, Ca2+ influx, membrane
depolarization, and ROS accumulation in mitochondria accompanied by cell death
elevation have been reported in hippocampal neurons in culture exposed to Tat
(Kruman, Nath et al. 1998). Furthermore, impaired mitochondrial dynamics have
been reported in the post-mortem brains of patients with HAND (Avdoshina, Fields
et al. 2016). Indeed, mitochondria play a critical role in neuronal survival through
ATP synthesis and maintain energy homeostasis as well as the control of ROS
production and Ca2+ homeostasis (Gleichmann and Mattson 2011). It has been
shown that Tat depolarizes mitochondria and increases their fission, which causes
dysfunctional mitochondria population and disruption of energy and, ultimately,
neuronal impairments (Rozzi, Avdoshina et al. 2018).
In addition to cell death receptor activation, Tat can enter neurons in
a lipid rafts dependent manner disturbing neuronal membrane integrity through
cholesterol depletion (Bagashev and Sawaya 2013). Along with disrupted lipid rafts
in HIV dementia, the CNS of HIV patients can be characterized by increased
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sphingomyelinase activity and elevation in ceramide that can subsequently result
in neuronal death (Popik, Alce et al. 2002, Haughey, Cutler et al. 2004).
Together with biochemical and physiological investigations of Tatinduced apoptosis, molecular studies also demonstrated that Tat is capable of
modulating host gene expression to induce the production of inflammatory
cytokines and chemokines as well as indirect regulation of gene expression
through modulating NF-kB activity (Spector, Mele et al. 2019). Studying the global
effect of Tat on the genome of the host sheds light on the mechanism of the
pathogenesis of HIV-1 infection.

HIV-1 Tat protein modulates host genes’ expression
In addition to its role to transactivate viral genome transcription,
much of the function assigned to Tat depends on transducing uninfected bystander
cells and reaching their nucleus to regulate the gene expression in host cells
(Jeang, Xiao et al. 1999). Early studies indicated a wide range of cellular processes
which were modulated by Tat, and exhibited the influence of this protein on cellular
genome including the DNA damage repair system, cell recruitment and apoptosis
(Izmailova, Bertley et al. 2003, Giacca 2005, Imai, Nakata et al. 2005, Clark, Nava
et al. 2017). A lengthy list of the genes has been introduced as a target for Tat,
including multiple genes coding for cytokines, cell cycle-related proteins, mRNA
processing factors, and enzymes, suggesting the crucial role of Tat to prepare cell
environment for viral genome replication and disease progression (Reeder, Kwak
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et al. 2015). Three different mechanisms have been suggested by which Tat
regulates cellular genes: i) via binding to the so-called TAR-like sequences in the
5’-UTR of nascent RNA and activate transcription via Tat-mediated transcription
factor assembling; ii) interact with the gene regulatory factors which directly bind
the promoter region of the target gene and modulate transcription; iii) interaction
with key transcription factors and regulate the target gene transcription; however,
the mechanism of interaction between Tat and cellular genome has not been
characterized precisely (Clark, Nava et al. 2017).
Apart from its function in modulating the transcription of the cellular
genes, Tat involves in post-transcriptional gene regulation through interaction with
non-coding RNAs (Barichievy, Naidoo et al. 2015).
Although scientists estimate that 70% to 90% of the mammalian
genome is transcribed, only 3% of mammalian transcriptome are protein-coding
RNAs (Djebali, Davis et al. 2012). The non-coding RNAs are consisting of a
considerable amount of not translated RNAs that only a few of them have been
functionally characterized so far (Kashi, Henderson et al. 2016). Within a broad
category of non-coding RNAs, long non-coding RNAs (lncRNAs) constitute the
most significant class of non-protein-coding RNAs (Derrien, Johnson et al. 2012).
The neuronal development and processing depend on the
simultaneous expression of multiple genes and non-coding RNAs. Numerous
studies have confirmed the significant role of lncRNAs in neuronal progression and
their implication in neurodegenerative disorders. It is well established that the
dysregulation of these regulatory elements can interfere with healthy brain
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development and function (Wan, Su et al. 2017). Therefore the study of lncRNAs
mechanism will be valuable for the early diagnosis and designing therapeutics for
neurodegenerative disorders (Wan, Su et al. 2017).

The role of long non-coding RNAs in neurodegenerative
disease progression
Generally speaking, lncRNAs modulate cell biological processes,
including expression of adjacent genes, affecting different epigenetic states, and
regulation of genes in cis or trans (Shi, Zhang et al. 2017, Kopp and Mendell 2018).
Numerous studies have shown the vital role of lncRNAs in cancer, stroke, and
neurological disorders (Wan, Su et al. 2017). In addition, other studies have shown
the significant impact of lncRNA dysregulation on the development and
progression of neurodegenerative diseases including Alzheimer’s disease (AD),
Parkinson’s disease (PD), Huntington’s disease (HD), multiple system atrophy
(MSA) and amyotrophic lateral sclerosis (ALS). However, to our knowledge, to
date, very few studies have been performed to examine the association of HANDs
with lncRNAs dysregulation and the role it plays in the pathogenesis of HIV-1
(Wan, Su et al. 2017).
lncRNAs are defined as not translated RNAs with at least 200
nucleotides length, which are located mostly between protein-coding genes, and
a few of them extend to both exonic and intronic regions of various protein-coding
genes (Khalil, Guttman et al. 2009, Derrien, Johnson et al. 2012). It has become
evident that this class of RNAs is playing a central regulatory role in a wide range
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of biological processes including cell proliferation, immunity, development and
nuclear organization (Goff and Rinn 2015, Perry and Ulitsky 2016, Atianand,
Caffrey et al. 2017, Postler, Pantry et al. 2017). Based on their mechanism of
action, lncRNAs are grouped in four classes: antisense RNAs, large intergenic
non-coding RNAs (lincRNAs), intronic lncRNAs, and overlapping lncRNAs
(Postler, Pantry et al. 2017). lncRNAs can regulate neighbor genes in a cis or transregulatory manner and consequently contribute to the protein content of the cell
(Joung, Engreitz et al. 2017). The role of lncRNAs in regulating the genome
expression and its interaction with other macromolecules such as nucleic acids
and proteins demonstrate the relevance of these molecules for pathological
conditions (Carninci, Kasukawa et al. 2005, Salviano-Silva, Lobo-Alves et al.
2018). The role of lncRNAs has been validated in neuronal developmental,
function, maintenance, and differentiation (Wei, Luo et al. 2018). Increasing
evidence implicated the role of lncRNAs in the pathogenesis of neurodegenerative
diseases such as Alzheimer’s disease, Huntington disease, and multiple sclerosis
(Kazemzadeh, Safaralizadeh et al. 2015, Zhou and Xu 2015, Luo and Chen 2016).
Moreover, it has been established that lncRNAs can regulate synaptic plasticity by
monitoring and regulating the transcriptional and post-transcriptional events (Wei,
Luo et al. 2018). Therefore, it is not surprising that dysregulated lncRNAs perturb
neuronal homeostasis, modulating multiple survival pathways, and proceed with
neurodegenerative disease progression.
A wide range of biological functions associated with lncRNAs and
their interaction with other macromolecules, bring them to the spotlight of the
17

pathological studies, specifically in response to environmental stimuli such as viral
infection.

Long non-coding RNAs in viral infections
Viral infection strongly induces host genome modification and
consequently alters cell transcriptome profile. Transcriptome analysis of infected
cells with different species of viruses has led to the identification of several viral
and cellular lncRNAs whose expression has been modulated as a result of viral
infection (Fortes and Morris 2016). The existence of viral lncRNAs for several
viruses, including HIV-1, has been known for years. It has shown that they regulate
the viral life cycle by enhancing viral gene expression, promoting viral replication
and genome packaging (Ludwig, Ambrus et al. 2006, Landry, Halin et al. 2007,
Kobayashi-Ishihara, Yamagishi et al. 2012, Wang, Zhao et al. 2017). Several
reports indicated that the HIV-1 genome is transcribed in the antisense direction
to express various lncRNAs species (Ludwig, Ambrus et al. 2006, Landry, Halin et
al. 2007, Kobayashi-Ishihara, Yamagishi et al. 2012). Beyond virally encoded
lncRNAs, it has been shown that the expression levels of lncRNAs encoded by the
host been altered upon infection with a variety of viral pathogens (Fortes and
Morris 2016). Given that HIV highjacks the host transcription machinery, it is not
surprising that HIV has a direct effect on lncRNAs expression. However, so far
there are a few characterized differentially expressed host-encoded lncRNAs upon
HIV infection, including NEAT1 (nuclear enriched abundant transcript 1), NRON
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(noncoding repressor of nuclear factor of activated T cells), GAS5 (growth arrestspecific transcript 5), and HEAL (LINC02574-201 or HIV-1 enhanced lncRNA)
(Imam, Shahr Bano et al. 2015, Lazar, Morris et al. 2016).
The limited number of papers covered the global effect of HIV-1
infection on the host-encoded lncRNAs and a potential interaction between these
regulatory host factors and viral proteins. Most of the studies specifically focused
on the previously characterized lncRNAs, rather than employing host
transcriptome screening, which gives us a very narrow panel of genes.
Considering the interplay between HIV-1 Tat protein and host genome, it remains
critical to investigate if Tat can modulate host-encoded lncRNAs expression to
manipulate host cells' immune responses and accomplish its life cycle.
The current research investigated the capacity of Tat to alter hostencoded lncRNAs, as well as the functional consequences of such alterations on
neuronal homeostasis. Utilizing a combination of molecular, cellular, and genetic
approaches, I identified a novel lncRNA that can alter neuronal survival pathways
in response to HIV-1 Tat protein.
Exploring clinically relevant lncRNAs in disease progression is a
novel therapeutic approach that can shed light on therapeutic strategies to prevent
the severe complications of viral invasion in CNS.
The role of lncRNAs in HAND progression has remained unclear,
although some studies have addressed the differential expression of lncRNAs in
HIV infected T-cells (Wan, Su et al. 2017). Considering the significant impact of
lncRNAs in disease progression and the vital role of HIV-1 Tat protein on genome
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expression, this study mainly focuses on the Tat-mediated alteration and role of
lncRNAs in HIV/NeuroHIV.
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2 CHAPTER 2:
MATERIALS AND METHODS

Ethics Statement.
All protocols followed the guidelines for the use of laboratory animals
and were approved by the Institutional Animal Care and Usage Committee at
Temple University.
This study used brain tissue of doxycycline induced GFAP promoterdriven HIV-1 Tat transgenic mice generously provided by Dr. Johnny He to the
Comprehensive NeuroAIDS Center (Kim, Liu et al. 2003). Briefly, mice were
divided into two groups (+DOX) and (-DOX) with four animals per group. The
doxycycline-induced Tat (iTat) animals were injected i.p. with doxycycline Hyclate
(DOX) (Sigma-Aldrich) at the dosage of 80mg/kg/day for seven days. The control
group was injected with saline (0.09% NaCl) in the same manner as their Dox
treated counterparts. After seven days, both groups of mice were sacrificed, and
brains were extracted/dissected into regions of interest (i.e., hippocampus,
cerebellum, brain stem, and frontal cortex) (Cotto, Natarajaseenivasan et al. 2018).
Total RNA was isolated from each brain region using Trizole reagent (Invitrogen,
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ThermoFisher, Carlsbad, CA), as previously described (Cotto, Natarajaseenivasan
et al. 2018).

Rat embryonic cell culture
Embryonic rat neurons were cultured using dissociated hippocampi,
dissected from E18 rat embryos in cold DPBS (Invitrogen). Tissues were then
digested using 0.25% trypsin and 1% DNase at 37º C for 17 min. The digested
tissues were dissociated in warm Neurobasal complete medium (Invitrogen)
containing 2% serum, 2% B-27 (Invitrogen), two mM Glutamax (Invitrogen) and
100 U/ml penicillin and 100 U/ml streptomycin. The cells were plated at a density
of 2 x 106 per well onto 20 μg/ml poly-d-lysine (PK; Sigma), and 1.2 mg/mL Laminin
(Gibco, Thermo Fisher, Carlsbad, CA) coated 6-well plates. The media were
changed to complete media without serum 24 h after plating. The media were
refreshed twice a week for ten days by replacing 40% of the medium from each
well. For treatment, neurons were exposed to HIV-1 Tat protein at 50 ng/ml (101,
Immunodiagnostics Inc, Woburn, MA), every 24 h for 48 h.

Construct preparation and cell treatment
To transduce neurons with viral constructs including Ad-Null, Ad-Tat
(101 a.a), Ad-U1, Ad-U166, and Ad-U1R, neurons were incubated for 48 h with
provided viruses. To produce viral constructs for transduction, cDNA was cloned
from HIV strain 89.6 or amplified lncRNA-U1 into compatible restriction sites of the
shuttle plasmid pDC515(IO) and rescued by co-transfecting with pBHGfrtDeltaE1,
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E3FLP in 293 IQ cells (Microbix Corporation, Mississauga, Ontario Canada). The
AD was plaque purified, amplified, and then purified on cesium chloride (CsCl)
gradient centrifugation. Plaque purified virus was dialyzed against high salt and
MgCl2 for further purification since CsCl does not generate entirely pure
preparations. Collected viral particles were diluted for concentration measurement
at OD260, and the virus concentration was calculated based on the number of
particles/ml.
The Ad-U166 and Ad-U1R constructs were prepared and verified by
PCR amplification. The Ad-U166 and Ad-U1R full transcripts were cloned into
pAdenoG plasmid and packaged as an adenoviral vector by Applied Biological
Materials, Inc. (Richmond, BC, Canada).

RNA preparation and expression analysis
Following treatment, total RNA was extracted using Trizol
(ThermoFisher, Carlsbad, CA) extraction protocol followed by RNA cleaning
protocol using Direct-zol™ RNA MiniPrep Plus (Zymo Research, Irvine, CA, USA)
according to the manufacturer's protocol. Total RNA sequencing (80 million reads,
2x75 PE) was performed by Applied Biological Materials Inc. The RNA-seq
analysis was performed as described in the previously published paper from our
laboratory (Ahooyi, Shekarabi et al. 2018). Briefly, version 6.0 annotation of Rattus
norvegicus (Rnor 6.0) was applied to identify all non-coding RNAs, including microRNAs and lncRNAs. The log2 of RPKM (Reads Per Kilobase per Million mapped
reads) was used to calculate fold changes for the Tat treated neurons versus
23

untreated control neurons. The full gene and transcript sequences for the selected
list of lncRNAs were downloaded from the rat genome database (RGD;
http://rgd.mcw.edu) (Shimoyama, De Pons et al. 2014).
To measure the decay rate of lncRNA-U1 in the presence or absence
of Tat, primary neurons were transduced with either of Ad-Null, Ad-Tat or Ad-U1
for forty-eight hours, and subsequently treated with Actinomycin D (Sigma, ST.
LOUIS MO) (2 µM) to inhibit transcription over eight hours. After 8, 4 and 2 hours
of treatment with Actinomycin D, total RNA was extracted and utilized for ensuing
qPCR analysis. To determine the rate of decay, lncRNA-U1 expression was
normalized to its basal expression in non-treated controls.
The Tat mutant (36,72,86) plasmids were provided by our laboratory
resources (Comprehensive NeuroAIDS Center). In brief, each mutant was
amplified using plasmid specific primers after cloning in pDC515 (IO) plasmid. 293Hek cells were then transduced with Ad-Tat (Tat-101) and transfected with each
mutant (Lipofectamine 3000; Sigma; NY, USA). Forty-eight hours after
transfection, cells were lysed, and total RNA was extracted for subsequent cDNA
synthesis and qPCR analysis.

Q-PCR validation of selected lncRNAs
cDNA synthesis from total RNA was performed with High Capacity
cDNA Reverse Transcription Kit (Thermo Fisher Scientific, Burlington, ONT,
CANADA) according to the manufacturer’s protocol. Primers were designed
considering the position of exon junctions in the genomic DNA, primer specificity
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and efficiency were checked by RT-PCR using Q5 High-Fidelity PCR Kit (New
England Biolabs, Ipswich, MA). All qPCR reactions were performed with the
LightCycler® 96 (Roche, Baltics, UAB) with either the Luna Universal qPCR Master
Mix kit (New England Biolabs, Ipswich, MA) or SYBR™ Green master mix (Applied
Biosystems, ThermoFisher), according to manufacturer’s protocol. Relative
quantification was measured normalizing expression of all genes with actin as a
reference gene. Primer sequences for amplifying different amplicons of lncRNAU1 and reference genes are shown in Table 1.
Table 1: The list of primers which designed to amplify lncRNA-U1 as well
as reference genes based on the rat genome

Gene cloning and sequencing
To confirm the accuracy of the PCR products, amplified fragments
separated on 2% agarose gel, were extracted using the QIAquick Gel Extraction
Kit (QIAGEN, Germantown, MD) and cloned in Invitrogen One Shot Top 10
chemically competent cells. Plasmids were extracted via QIAGEN miniprep kit and
submitted for Sanger sequencing (GenWise).
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Isolation of protein and Western blot analysis
Neurons in culture were washed with PBS twice and lysed in RIPA
buffer (50 mM Tris–HCl, pH 7.5, 150 mM NaCl, 0.5% NP40, 1:100 protease
inhibitor cocktail (Calbiochem, San Diego, CA), plus mammalian protease inhibitor
cocktail (Sigma-Aldrich, MO, USA). The protein concentration was determined by
the Bradford method (BioWorld, Columbus, OH). Equal amounts of proteins were
separated on SDS-PAGE and transferred to Odyssey nitrocellulose membrane (LiCor, Lincoln, NE) by wet transfer (Bio-Rad, Philadelphia, PA). The following
primary antibodies were used for western blotting: anti-GPCR GPR7 antibody
(1:1,000, Abcam, Cambridge, MA), anti-GAPDH (1:2,000, Santa Cruz, sc-32233),
anti-BCL-2 antibody (1:1000, Santa Cruz, sc-7382) , anti-BAG3 antibody (1:1000,
Proteintech, 10599-1-AP ), anti-p62 antibody (1:1000, Proteintech, 18420-I-AP),
anti-LC3 antibody (1:1000, Cell signaling, 3868), anti-ß3 tubulin antibody (1:1000,
Santa Cruz, ), anti-cleaved-caspase-3 antibody (1:1000, Cell signaling, 9661 ),
anti-MCU (1:1000, Abcam, ab121499).

Immunolabeling and microscopy.
Primary neurons in two-well chamber slides were washed with PBS
and fixed in 4% paraformaldehyde for 15 min and blocked in 5% BSA in PBST.
The neurons were probed with the following antibodies anti-GPCR GPR7 (1:200)
(1:1,000, Abcam, Cambridge, MA), and anti- β3-tubulin (1:500) overnight in 4˚C
and washed with cold PBST. Alexa Fluor Secondary antibodies donkey anti-mouse
IgG 484 and donkey anti-rabbit IgG 568 have been applied for fluorescent labeling
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(ThermoFisherScientific,

Eugene,

OR).

VECTASHIELD

medium

(Vector,

Laboratories, Burlingame, CA) was used for DAPI labeling and mounting. Leica
fluorescent microscope (Leica Microsystems, IL.) was used for imaging.

Simultaneous measurement of Ca2+ Uptake and ΔΨm in
the permeabilized cell system
Primary neurons were washed in Ca2+ free PBS, pH 7.4. Cells (7x106
cells) were suspended and permeabilized with 40 μg/ml digitonin in 1.5 ml of
intracellular medium (ICM) composed of 120 mM KCl, 10 mM NaCl, 1 mM KH2PO4,
20 mM HEPES-Tris, pH 7.2 and 2 μM thapsigargin to block the SERCA pump. All
measurements were performed in the presence of 5 mM succinate. The
simultaneous measurement of ΔΨm and extra-mitochondrial Ca2+ ([Ca2+]out)
clearance as an indicator of [Ca2+]m uptake was achieved by loading the
permeabilized cells with JC-1 (800 nM) and Fura2-FF (0.5 μM), respectively.
Mitochondrial uncoupler, carbonyl cyanide m-chlorophenyl hydrazine (CCCP,
2µM) was added as indicated to collapse the mitochondrial membrane potential.
Fluorescence was monitored in a multi-wavelength excitation dual-wavelength
emission fluorimeter (HORIBA Scientific, Piscataway, New Jersey) as described
previously (Mallilankaraman, Cárdenas et al. 2012, Shanmughapriya, Rajan et al.
2015).

Measurement of spontaneous cytosolic Ca2+ in live
neurons.
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Embryonic rat neurons were grown on 25 mm glass coverslips and
loaded with Fluo-4/AM (30 min) in loading buffer 2% BSA (1X salt solution, 2%
BSA, 0.18% m/w dextrose, 1mM Hepes/NaOH,0.05 mM sulfinpyrazone, 0.003%
v/v Pluronic acid) (Madesh, Hawkins et al. 2005). Cytoplasmic Ca2+ was recorded
(510 Meta; Carl Zeiss, Inc. Heidelberg, Germany) at 488 excitations using a 63x
oil objective. Images have been quantified and analyzed using ImageJ (Abràmoff,
Magalhães et al. 2004).

Measurement of mitochondrial oxygen consumption rate
(OCR).
Rat primary neurons were cultured on 96 well (XF96) microplate at
the concentration of 3x104 cells per well (Seahorse Bioscience, Billerica, MA) and
transduced with Ad-Null, Ad-Tat or Ad-U1. Forty-eight hours after transduction,
neurons were subjected to OCR measurement at 37° C in an XF96 extracellular
flux analyzer (Seahorse Bioscience). The XF96 extracellular flux assay kit was
calibrated using calibration solution (Seahorse Bioscience) in a non-CO2, 37° C
incubator overnight, mitochondrial complexes were sequentially inhibited with a:
10µM oligomycin, b: 10µM FCCP, c: 1 µM rotenone/antimycin A. Basal and
maximal OCR, ATP coupled respiration, spare capacity and proton leak were
normalized to total protein and analyzed.

Mitochondrial superoxide (mROS) measurement
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Twelve-day old neurons grown on 25 mm coverslips (Fisherbrand,
Pittsburg, PA) were transduced with AdNull, Ad-Tat, or Ad-U1. Forty-eight hours
after treatment, cells were incubated with mitochondrial oxygen free radical
indicator MitoSOX red (Life Technologies, Eugene, OR) for 30 min at 37° C.
Coverslips were mounted for confocal imaging in an open perfusion micro
incubator (PDMI-2; Harvard Apparatus). Images were obtained at 561 nm
excitation by using a 63X oil objective of a Confocal microscope (810; Carl Zeiss,
Inc.).

Cell death assay
Rat hippocampal neurons were grown in 96 well plates (3x104
cells/well). Seventy-two hours after transduction with AdNull, AdTat or AdU1, cell
death was measured using the SYTOX Green cell death assay (Invitrogen). Briefly,
cells were incubated at 37° C for 15 min and fluorescent emission was assessed
at excitation/emission of 504/523 nm via spectrophotometer to determine
damaged cells versus live cells.

Statistical analysis
All the experiments were done at least three biological repeats.
Statistical comparisons between control and treatment samples were performed
using Student’s t-test. The Microsoft excel version 2019 was used to calculate
statistics and p-value less than 0.05 considered statistically significant.
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3 CHAPTER 3:
RESULTS

HIV-1 Tat alters expression of lncRNAs in neurons
To assess the effects of HIV-1 Tat on host-encoded lncRNA
expression, I used the results of previously performed RNA-seq analysis in our
laboratory on primary neurons derived from embryonic rat (E18) hippocampal
tissue (Ahooyi, Shekarabi et al. 2018). A long list of altered lncRNAs upon
exposure to HIV-1 Tat protein for three days had been screened based on specific
criteria. Among differentially expressed lncRNAs, those with transcript lengths of
greater than 1000 base pairs and above two-fold changes in expression (up/downregulated) were selected for validation.
RT-PCR and qRT-PCR analyses were conducted using primers
designed to validate the result of RNA-Seq and to confirm the Tat-mediated
differential expression of the selected list of lncRNAs in neurons (Table 2). Of the
altered lncRNAs, I focused on LOC102549805 (lncRNA-U1) because of the
promising results based on the RT-PCR analysis (Supplementary Figure 1).
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Table 2: the list of selected up/down regulated lncRNAs for verification
Down-regulated

Up-regulated

List-ID

Name

Chr

D1

R-XR-358378

11

D4

R-XR-001838970

7

D5

R-XR-352076

2

D8

R-XR-359468

14

D11

R-XR-352483

3

D13

R-XR-596953

18

D15

R-XR-001838113

5

U1

R-XR_353837

5

U2

R-XR_001837727

4

U4

R-XR_596763
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3.1.1 Tat induces the long non-coding RNA, LOC102549805, and a
novel splicing variant
The previously uncharacterized lncRNA LOC102549805 (lncRNAU1), located on chromosome 5q12 of the rat genome, was identified utilizing RGD
(RGD: 7711861), as well as NCBI databases (Shimoyama, De Pons et al. 2014).
The full-length genomic sequence and established full-length transcript of lncRNAU1 are 5038 bps and 2104 bps, respectively, and include three exons with 1703,
112, and 288 bps (Figure 4A top panel, Supplementary doc. 2). Results from RTPCR using a specific primer set indicated the expression of a minor splice variant
for lncRNA-U1 in neurons exposed to either soluble Tat protein (50 ng/ml) or
transduced with Adeno-Tat (Figure 4B, C & D). Both amplified fragments using
lncRNA-U1 forward (U1F) and reverse primers (U1Rev) were purified from the
agarose gel, cloned, and sequenced to verify their specificity. Sequencing
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confirmed the identity of the amplified fragments and revealed that the novel splice
variant contained an additional 66 bps (Figure 4A bottom panel and Figure 4B).
This variant was referred to as U166, provided that it differs from the identified
lncRNA-U1 by 66 bps (Shimoyama, De Pons et al. 2014). Analysis utilizing NCBI’s
Basic Local Alignment Search Tool (BLAST) revealed that the extra 66 bps
constitute the intronic sequence in the immediate 5՛ end of the second exon (Figure
4A bottom panel, Supplementary doc.2).
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Figure 4: Validation of the Tat-mediated lncRNA-U1 overexpression using RT-PCR and qRT-PCR. A)
Schematic representation of genomic and cDNA structures of lncRNA-U1 isoforms. B) RT-PCR was carried out using lncRNAU1 primer pair with the total RNA prepared from Ad-Tat/Ad-Null (MOI: 2) transduced rat primary neuronal culture.
Representative agarose gels show two different bands amplified in HIV-1 Tat samples vs. control. The lower MW band (U1)
corresponds to lncRNA-U1. The higher molecular weight (MW)33
band (U166) corresponds to the minor lncRNA-U1 splice variant,
C) the result of qRT-PCR revealed lncRNA-U1 overexpression upon treatment with recombinant Tat protein (50ng) and D)
Ad-Tat transduced neuron for 48 hrs. (***: p-value<0.0001and **: p-value<0.001)

To verify the Tat-mediated splice variants of lncRNA-U1 and their
alteration, a set of exon-specific forward primers were designed to assess the
expression of lncRNA-U1 isoforms in rat neurons exposed to Tat (Figure 5). The
annealing position of each forward primer has been determined on the schematic
figure 4A lower panel. To accurately quantify the expression of both lncRNA-U1
and lncRNA-U166, two different, forward primers (U1-1, U1-4) with an identical
reverse primer were chosen (Figure 5). The U1-1 forward primer quantifies the
expression level of the U166 isoform by amplifying the target lncRNA from the exon
junction between the first exon, and the additional 66 bps (U166) added to 5' of the
second exon and the last exon. The U1-4 primer was designed to amplify 285
nucleotides of the last exon to quantify lncRNA-U1 expression, regardless of the
different splice variants.

Figure 5: Representative agarose gel for exon specific lncRNA-U1 primers;
Agarose gel representing RT-PCR results for the exon-specific primers, comparison of the
expression of lncRNA-U1 isoforms.
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qRT-PCR

indicated

that

neurons

transduced

with

Ad-Tat

demonstrated an increased expression of lncRNA-U1, and/or U166 by
approximately 4-folds (Figure 6A). Remarkably, the expression of the U166 isoform
was nearly undetectable compared to lncRNA-U1 in control samples (i.e.,
untreated neurons or Ad-Null transduced neurons) (Figure 6B). These results
demonstrated the capacity of Tat to induce elevated expression, as well as splicing
variation, for the target lncRNA-U1.

Figure 6: HIV-1 Tat protein elevates the expression of lncRNAU1; A) q-PCR analysis measuring changes in gene expression based on the fold
changes in U166 isoform and the whole lncRNA-U1 expression. B) The relative ratio
of basal expression of U166 and total lncRNA-U1 expression (***: p-value<0.0001and
**: p-value<0.001).
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3.1.2 Full-length Tat protein increases the lncRNA-U1 stability
To further investigate variation in lncRNA-U1 expression, I examined
its stability following transcriptional inhibition and its expression in response to
various Tat mutants. Specifically, I first measured lncRNA-U1 expression in AdTat transduced neurons following transcriptional inhibition with Actinomycin D (2
µM). Following 1.5 hours of treatment, qPCR revealed lncRNA-U1 levels in
untreated neurons was reduced by 50%. Conversely, neurons expressing Tat,
increased lncRNA-U1 expression up to 50% after 2 hours, followed by a decline
observed at 4 hours post-treatment, suggesting that Tat not only overexpressed
lncRNA-U1, but also stabilized it (Figure 7A). In this experiment, Ad-Null treated
samples which are supposed to express the basic level of lncRNA-U1 shows the
half-life of lncRNAU1 in the normal condition. As shown in figure 7A, there is a
significant decline in the level of exogenously overexpressed lncRNA-U1 after four
hours of treatment with Actinomycin D, in dispute to Ad-Tat treated samples.
To identify the specificity of Tat mutants in up-regulating or
stabilizing lncRNA-U1, Hek-293 cells were transfected with different Tat mutant
constructs (i.e., Tat-36, Tat 72, Tat 86) and lncRNAU1 levels were subsequently
measured by qPCR. While Tat-36 and Tat-72 did not induce lncRNA-U1
expression, Tat-86 significantly increased lncRNA-U1 comparable to Ad-Tat (Tat
101) (Figure 7B).
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Figure 7: HIV-1 Tat protein increases the lncRNA-U1 stability; A)The
stability and half-life of lncRNA-U1 were determined using Actinomycin D to inhibit
transcription in Ad-Null/Tat/U1 (MOI: 2) treated samples. qPCR analysis following
transcriptional inhibition indicated a lncRNA-U1 half-life of 2 hrs and 4 hrs in Ad-Null and
A-U1 transduced neurons, respectively. However, in Tat expressing neurons, lncRNAU1 was increased 2-3 folds during this same period (i.e., 2-4 hours), and remained
elevated throughout the experiment’s duration. B) the representative gel agarose shows
that the result of RT-PCR confirmed the expression of lncRNA-U1 in the Hek-293 human
cell line. B)The Hek -293 cells transfected with Tat mutant (36-72-86) as well as Ad-Tat
for 48 hrs. The result of q-PCR showed overexpression of lncRNA-U1 upon expression
of Tat full length (***: p-value<0.0001, **: p-value<0.001, and *: p-value<0.01).
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lncRNA-U1 is a cis-regulator of NPBWR1
Numerous studies have reported that cis-regulatory effects of
lncRNAs impact transcription of nearby genes (Briggs, Wolvetang et al. 2015, Yin,
Yan et al. 2015, Anderson, Anderson et al. 2016, Kotzin, Spencer et al. 2016, Kopp
and Mendell 2018). In this study, I reviewed all recorded genes for quantitative trait
loci (QTLs) in the 5q region of the rat genome (RGD:7711861) to assess the
potential influence of lncRNA-U1 on nearby genes. QTLs are the genomic regions
mapped by identifying a correlation between molecular elements and observed
traits (Innocenti, Cooper et al. 2011, Grundberg, Small et al. 2012, Westra, Peters
et al. 2013). Thus, QTL studies usually indicate the association between genetic
markers and a target phenotype, which is relevant in pathological studies.
Therefore, the list of the genes belonging to quantitative trait loci (QTLs) on
chromosome 5q (i.e., the location of lncRNA-U1) of the rat genome was compared
to the list of differentially expressed genes identified via RNA-seq analysis (Figure
8). In turn, the neighboring NPBWR1 (Neuropeptide B/W receptor 1) gene which
is found to be upregulated by higher than two-fold in response to Tat exposure
based on our obtained data from RNA-Seq analysis determined as the closest
gene to lncRNA-U1. NPBWR1 with a full transcript of 990 bps was located about
211 kbp downstream from the lncRNA-U1 sequence and was the nearest coding
gene in the lncRNA-U1 vicinity based on the gene map. The result of qRT-PCR
analysis confirmed the increased expression of NPBWR1 when neurons were
exposed to either soluble Tat protein or transduced with Ad-Tat for 72 hours
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(Figure 9A & B). Western blot analysis also validated the significant upregulation
of NPBWR1 protein upon Tat expression in primary hippocampal neurons (Figure
9C).

Figure 8 Workflow diagram; schematic shows the procedure for
characterizing QTLs in the lncRNA-U1 region. Briefly, the results of RNA-seq was compared
with the list of genes in each QTL in the same region as lncRNA-U1 to generate a list of
differentially expressed genes. The data indicated that NPBWR1 was the closest gene to
U1 and was therefore selected for further study.
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Figure 9: NPBWR1 expression alteration. A) the bar chart represents
results of qPCR analysis demonstrating the increased expression of NPBWR1 in rat primary
neurons transduced with Ad-Tat (MOI: 2, 72 hrs) and B) recombinant Tat protein (50ng). C)
the representative Immunoblotting gel shows an increase in NPBWR1 protein upon Tat
expression (left panel). Immunoblotting Quantification and significance (p value<0.005) (right
panel) (***: p-value<0.0005 and **: p-value<0.005).
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3.2.1 lncRNA-U1 mediated overexpression of NPBWR1 is isoformspecific
To investigate the potential regulatory effects of lncRNA-U1 on
NPBWR1 gene expression, the full transcripts of lncRNA-U1, the lncRNA-U166,
and the U1 reverse complement (U1R) were cloned for delivery into primary rat
neurons using adenovirus (Figure 10 A). Consistent with results in response to Tat,
qRT-PCR, and immunoblotting analyses confirmed increased protein expression
of NPBWR1 after neurons were transduced with Ad-U1 (Figure 10 B & C). The
upregulation of NPBWR1, in response to Ad-Tat or Ad-U1, was also validated via
immunocytochemistry (ICC) (Figure 10D).
Notably, these data not only confirmed the increased expression of
NPBWR1 but also indicated that lncRNA-U1 overexpression alters the distribution
of NPBWR1 from a non-aggregated cytosolic form to condensed aggregates within
the neuronal membrane (Figure 10D).
However, U166 did not affect NPBWR1 RNA or protein levels (Figure
11A & B). Besides, when lncRNA-U1 expression in neurons was knocked down
via co-transduction with both Ad-Tat and Ad-U1R, expression levels of NPBWR1
RNA and protein showed no significant increase (Figure 11A & B). Consistent with
the effect of Tat, these results showed that lncRNA-U1 could directly increase the
expression of NPBWR1. Furthermore, knockdown of lncRNA-U1 via U1R,
inhibited Tat’s capacity to increase expression of NPBWR1. Taken together, these
results demonstrated the potential regulatory role of lncRNA-U1 on the expression
of the NPBWR1 gene.
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Although the precise role of NPBWR1 is unknown in vivo, it has been
shown to play a role in neuronal homeostasis and metabolism in vitro (Tanaka,
Yoshida et al. 2003, Sakurai 2013). Specifically, NPBWR1 contributes to cellular
responses to hormones and neurotransmitters, and in generating Ca2+ (Kiselyov,
Shin et al. 2003).
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A

Figure 10: lncRNA-U1 induces NPBWR1 expression independent of Tat; A) qPCR showed upregulation
of NPBWR1 in lncRNA-U1 induced primary neurons, independent of Tat expression. qPCR analysis indicated a 2-fold
increased expression of NPBWR1 when primary neurons were transduced with Adeno-U1 (MOI:2) for 72h. B)
Immunoblotting confirmed the overexpression of NPBWR1 upon lncRNA-U1 up-regulation in primary neurons. C) ICC
confirmed increased NPBWR1 expression in primary neurons upon Tat/U1 treatment; the result of immunoblotting revealed
the formation of protein aggregates in the cell borders upon manipulating lncRNA-U1 expression in neurons (***: pvalue<0.0001and **: p-value<0.001)
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A

B

Figure 11: lncRNA-U1 induces NPBWR1 expression in an isoformspecific manner; A) q-PCR analysis compared the NPBWR1 expression in neurons
transduced with Ad-U1, Ad-U166, Ad-U1R as well as Tat and co-transduction of Tat and
U1R revealing a correlation between lncRNA-U1 overexpression and changes in NPBWR1
expression. U166 splice variant did not, however alter NPBWR1 expression. B)
immunoblotting analysis showed no lncRNA-U1 minor splice variant and confirmed the
results from the qPCR analysis(***: p-value<0.0001and **: p-value<0.001, *: pvalue<0.01).
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lncRNA-U1 modulates neuronal homeostasis by inducing
Ca2+ flux
Given the capacity for lncRNA-U1 to alter NPBWR1 expression,
along with NPBWR1's proposed role in calcium regulation, next, I investigated
whether lncRNA-U1-mediated increased expression of NPBWR1 led to
perturbation in cytosolic Ca2+ transients. To measure Ca2+ concentration in
neurons, the green-fluorescent calcium indicator, Fluo-4, was utilized with live-cell
microscopy. A sharp increase in the levels of cytosolic [Ca2+]c was observed in
primary rat neurons transduced with either Ad-Tat or Ad-U1 (Figure 12). A
tremendous amount of studies reported cytosolic Ca2+ overloading as a
consequence of viral protein Tat expression in different cell types and some of
them also investigated its effect on the mitochondrial function as the most
vulnerable organelle to cytosolic Ca2+ fluctuations (Self, Mulholland et al. 2004, ElHage, Bruce-Keller et al. 2008, Fitting, Zou et al. 2014, Krogh, Wydeven et al.
2014, Hu 2016).
To assess whether mitochondria respond to the increase in [Ca2+]c,
I measured mitochondrial Ca2+ uptake employing Seahorse analysis. Neurons
transduced with Ad-Tat or Ad-U1 showed significant increases in mitochondrial
calcium uptake [Ca2+]m in response to 10 µM Ca2+ (Figure 13 B-E). Data also
revealed that the mitochondrial membrane potential (ΔΨm) was collapsed (Figure
13E), and the level of ATP was significantly declined (Figure 13F) in response to
either of Ad-Tat or Ad-U1.
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Figure 12: lncRNA-U1 elevated the level of Ca2+; Confocal
microscopy using Fluo-4 indicated that Ad-U1 and Ad-Tat transduction
increased cytosolic Ca2+ in primary neurons (***: p-value<0.0001).
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B
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Figure 13: lncRNA-U1 overloaded mitochondrial Ca2+ ;A-D) Mitochondrial Ca2+ uptake was dysregulated
upon transduction of neurons with Ad-Tat or Ad-U1. Increased Ca2+ clearance was observed in neurons expressing AdTat and Ad-U1. E) Mitochondrial membrane potential ΔΨm collapsed in neurons transduced with Ad-Tat or Ad-U1. F) The
Ad-U1 neurons had lower levels of ATP production compared to Ad-Null (***: p-value<0.0001, **: p-value<0.001, and *: pvalue<0.01).
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Although the mitochondrial calcium uniporter (MCU) mediates
calcium transport into mitochondria, reports suggest MCU-mediated Ca2+ uptake
might result in elevated mitochondrial ROS (mROS) (Kirichok, Krapivinsky et al.
2004, Mallilankaraman, Doonan et al. 2012, Dong, Shanmughapriya et al. 2017).
To assess the potential for MCU to mediate mitochondrial Ca2+ uptake that was
observed in response to lncRNA-U1, I investigated changes in mROS production.
Accordingly, Ad-Tat/Ad-U1 transduced neurons were incubated with Mitosox red
reagent and monitored using confocal microscopy for superoxide production in the
mitochondrial matrix. My analyses indicated that the production of mROS in the
mitochondria increased significantly in Ad-Tat and Ad-U1 transduced neurons.
Specifically, I observed superoxide accumulation in the neuronal processes in both
Ad-Tat and Ad-U1 transduced neurons (Figure 14). Moreover, the western
analysis confirmed the increased expression of MCU in response to Ad-U1 (Figure
15).
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Figure 14: Confocal microscopy confirmed ROS production upon Ad-Tat and AdU1 transduction (***: p-value<0.0001).
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Figure 15: lncRNA-U1 may alter Ca2+ loading in mitochondria via
MCU overexpression. Immunoblotting showed alterations in the levels of MCU
expression in primary neurons upon overexpression of lncRNA-U1(***: p-value<0.0001)
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Having demonstrated increased mROS and a dynamic shift in
calcium from the cytoplasm [Ca2+]c to the mitochondria [Ca2+]m, I next evaluated
six different mitochondrial parameters: mitochondrial O2 reduction rate (basal
oxygen consumption rate (OCR)), non-mitochondrial O2 reduction rate, proton
leak, ATP production, maximal respiration, and spare respiratory capacity using
the XF96 respiration analysis. In both Ad-Tat and Ad-U1 transduced neurons,
significant reductions in basal OCR were noted (Figure 16A); in addition, blocking
proton channels and inhibiting ATP synthesis by oligomycin treatment revealed
significant decreases in ATP coupled respiration (Figure 16B). Similarly,
uncoupling oxidative phosphorylation via FCCP indicated maximal OCR was
significantly impaired following expression of Tat or lncRNA-U1, while disruption
of the electron transport chain with rotenone confirmed these observed alterations
in metabolic activity were specifically due to variations in mitochondrial respiration
(Figures 16C-F). Moreover, analyses of Ad-Null transduced samples confirmed the
validity of Tat or U1 induced mitochondrial alterations. Overall, findings suggest
that lncRNA-U1 overexpression can induce Ca2+ flood in neuronal mitochondria
that could be mediated by MCU and are associated with increased mROS. In turn,
lncRNA-U1-dependent mitochondrial dysregulation inhibits multiple bioenergetic
mechanisms crucial for neuronal homeostasis.
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Figure 16: lncRNA-U1 overexpression associated with mitochondrial dysfunction; A-F) Quantification of
basal oxygen consumption rate (OCR), maximal OCR, and ATP coupled respiration, spare capacity of the mitochondria and
proton leak show impaired mitochondrial respiration in Ad-Tat, Ad-U1 expressing neurons. Ad-Tat and Ad-U1 dysregulated
mitochondrial bioenergetics. A) Measurements were conducted after oligomycin (a), FCCP(b), and rotenone/Antimycin A (c)
were added as indicated by dashed vertical lines. B-F) Measurement of OCR in neurons expressing Ad-Tat and Ad-U1 for 48
h showed decreased basal OCR, maximal OCR levels and ATP coupled respiration . G) Non-mitochondrial respiration did not
show significant changes in neurons transduced with either Ad-Tat or Ad-U1(***: p-value<0.0001, **: p-value<0.001, and *: pvalue<0.01)
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LncRNA-U1 induces neuronal death via induction of
autophagic and apoptotic pathways
To determine the downstream consequences of lncRNA-U1
overexpression, cell viability in response to increased lncRNA-U1 was assessed.
Initial results using the SYTOX Green assay showed a significant increase in cell
death in neurons transduced with Ad-U1 (Figure 17A). In addition, western blot
analysis confirmed the activation of the autophagy pathway as indicated by
increased LC3-II and decreased p62 in neurons transduced with Ad-U1, and to a
lesser degree Ad-Tat (Figure 17B, C & D).
Moreover, increased levels of pro-apoptotic proteins (i.e., cleaved
caspase-3) and decreased anti-apoptotic proteins (i.e., Bcl-2 and BAG3) were
observed in neurons transduced with Ad-U1 or Ad-Tat (Figure 18). Taken together,
these data suggested lncRNA-U1 induced neuronal death by both autophagic and
apoptotic cell death pathways.
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A

B

Figure 17: lncRNA-U1 overexpression decreased neuronal viability through
cell death pathway activation; A) SytoxGreen assay indicated increased cell death in the Ad-U1
transduced neurons. B) Immunoblotting showed autophagy activation as determined by increased
LC3-II and decreased p62, when neurons expressed Ad-Tat or Ad-U1, in the absence or presence
of Bafilomycin 50 nM. (***: p-value<0.0001and **: p-value<0.001, *: p-value<0.01)
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Figure 18: Immunoblotting showed apoptosis activation; in neurons exposed to the
Ad-Tat or Ad-U1 for 72 h, the apoptosis marker cleaved-caspase3 was significantly increased, while the
anti-apoptotic markers Bcl2 and BAG3 decreased significantly. (***: p-value<0.0001, **: p-value<0.001,
and *: p-value<0.01)
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Notably, the lncRNA-U1 knock out had a reverse effect on the
autophagy marker p62 (Figure 19). Transducing neurons with both Ad-Tat and AdU1R simultaneously revealed that in the absence of lncRNA-U1, the level of p62
is equal to the control sample. Moreover, the same result for anti-apoptosis marker
Bag3 was observed under the same condition (Figure 19). Remarkably, this result
showed that lncRNA-U1 Knock-down inhibited Tat’s capacity to decrease the
expression of Bag3 and had a reverse effect on apoptosis pathway activation in
neurons. These results depicted the direct role of lncRNA-U1 on the alteration of
expression of Bag3 as well as p62, while no significant alteration was detected in
neurons which were treated with Ad-U1R.
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Bag3
P62
B3-tubulin
LC3-I
LC3-II

Figure 19: lncRNA-U1 knock-down can reverse the effect of HIV-1 Tat protein;
Immunoblotting on neurons transduced simultaneously with Ad-Tat and Ad-U1R demonstrated in
the absence of lncRNA-U1 Tat does not make significant changes in the level of Bag3 and p62.
However, it didn’t show significant changes in the level of LC3-II. (***: p-value<0.0001and *: pvalue<0.01)
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In vivo validation of lncRNA-U1 expression in Tat
transgenic mice
To determine if the lncRNA-U1 is a species-specific or a conserved
murine lncRNA, I assessed its expression in HIV-1 Tat transgenic mice. Total RNA
extracted from brain tissue of doxycycline (Dox)-inducible GFAP promoter-driven
HIV-1 Tat transgenic mice was employed for RT-PCR and qRT-PCR analysis
(Kim, Liu et al. 2003). First, using RT-PCR, lncRNA-U1 was amplified by applying
the same primer sets designed for the rat sequence. The RT-PCR amplified
fragment was then cloned and sequenced (Figure 20A), indicating almost a 100%
similarity between mouse and rat sequences (supplementary file 3).

BLAST

analyses of the amplified sequence in the NCBI database calculated an 80%
similarity between lncRNA-U1 and Mus musculus chromosome 1, clone RP23309D5 sequence (Birren, Anderson et al. 2005). After confirming the expression
of lncRNA-U1 in the mouse, total RNA from four different brain regions
(hippocampus, prefrontal cortex, cerebellum, and brain stem) of Tat- transgenic
mice were isolated and utilized for cDNA synthesis. qRT-PCR analyses on the four
different Tat transgenic mice treated with DOX versus no DOX confirmed the
overexpression of lncRNA-U1 in Tat expressing mice (Figure 20B).
Interestingly, my results revealed that expression levels of lncRNAU1 were increased in the hippocampus and cortex, while I could not determine
significant alteration on lncRNA-U1 in the cerebellum. The lncRNA-U1 expression
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was down-regulated in the brain stem in the presence of Tat. Remarkably, the
elevated expression of lncRNA-U1 was highest in the hippocampus, followed by
the cortex (Figure 20B).

Figure 20: lncRNA-U1 is upregulated in doxycycline-induced Tat
transgenic mice. A) RT-PCR confirmed expression alterations of lncRNA-U1 in the Tat
expressing mice. B) q-RT PCR analysis confirmed increased expression of lncRNA-U1 in
three different brain regions (hippocampus, prefrontal cortex, cerebellum) of Tat expressing
transgenic mice indicated more significant increases in the hippocampus compared to other
brain regions. No changes were observed in the brain stem. (***: p-value<0.0001and *: pvalue<0.01)
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lncRNA-U1 a conserved sequence between rat, mouse, and
human
RT-PCR analysis using the human 293-Hek cells and neuronal
culture confirmed the expression of lncRNA-U1 in the human genome (Figure 21
A & B). The accuracy of the amplified fragments was confirmed using the pairwise
BLAST tool for the gel-purified cloned and sequenced bands, however, using the
BLAST tool I could not find any similar sequence in the established human genome
version 38 (GRCh38) (Figure 22, Supplementary file 4) (Marx 2013). The result of
qRT-PCR confirmed the Tat-mediated overexpression of lncRNA-U1 in human
neurons upon exposure to either of Ad-Tat or recombinant Tat protein (50ng)
(Figure 21 C).
The result of sequencing also confirmed the similarity between rat,
mouse, and human samples, despite a slight difference in the 5’ end of amplified
fragment between humans and two other sequences (Figure 22). Remarkably, my
observation also confirmed the extra 66 bps (belongs to lncRNA-U166) fragment
as part of the amplified sequence in both mouse and human samples. These
results, along with my previous observations, indicate that lncRNA-U1 can be a
conserved sequence between species that HIV-1 Tat induces its expression.
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Figure 21: RT-PCR Analysis demonstrates lncRNA-U1 overexpression
in Human Neuronal Cells Treated upon exposure to Ad-Tat; A) representative gel
agarose shows the lncRNA-U1 amplification in human embryonic neuron upon exposure to
Ad-Tat using rat specific primers. B) representative gel agarose shows lncRNA-U1
amplification in AdTat treated human neuronal cells using lncRNA-U1 exon specific set of
primers, designed based on the rat sequence. C) the result of qRT-PCR confirmed lncRNAU1 overexpression in neurons treated with recombinant Tat protein for 48 hrs. ( **: pvalue<0.001)
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human U1-1-F5
Consensus
Rat U1 with 66-2
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human U1-1-F5
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241
320
(240) -TACAGCAGGAGAGTTCAGTGCAGAAAGTGGAGCTAATTTTCCTTGGACCTTGGGGCCAGCAAGAATTTTTTTC--ACAG
(28) -NNGGNCNNTCTAGATGCATGCTCNANCGGCCGCCAGTGT--GATGGATAT------CTGCAGAAATCGNCCTTTCACAG
(86) TTACAGCAGGAGAGTTCAGTGCAGAAAGTGGAGCTAATTTTCCTTGGACCTTGGGGCCAGCAAGAATTTTTTTC--ACAG
(241) TACAGCAGGAGAGTTCAGTGCAGAAAGTGGAGCTAATTTTCCTTGGACCTTGGGGCCAGCAAGAATTTTTTTC ACAG
321
400
(317) CTCATGTTCACGGGGCTATATACTAAGAGAGAAGACTCATATCAGAGGGAAAAGAAATAAAAAACAAGCAGGAAATCTTG
(99) CTCATGTTCACGGGGCTATATACTAAGAGAGAAGACTCATATCAGAGGGAAAAGAAATAAAAAACAAGCAGGAAATCTTG
(164) CTCATGTTCACGGGGCTATATACTAAGAGAGAAGACTCATATCAGAGGGAAAAGAAATAAAAAACAAGCAGGAAATCTTG
(321) CTCATGTTCACGGGGCTATATACTAAGAGAGAAGACTCATATCAGAGGGAAAAGAAATAAAAAACAAGCAGGAAATCTTG
401
480
(397) GAACTCTTGGATGCTCTGATGAAGCCAGCAACTGAATGCCAAAGACCACTCACCATTTCCAGACTGATGACTGGGTCTAC
(179) GAACTCTTGGATGCTCTGATGAAGCCAGCAACTGAATGCCAAAGACCACTCACCATTTCCAGACTGATGACTGGGTCTAC
(244) GAACTCTTGGATGCTCTGATGAAGCCAGCAACTGAATGCCAAAGACCACTCACCATTTCCAGACTGATGACTGGGTCTAC
(401) GAACTCTTGGATGCTCTGATGAAGCCAGCAACTGAATGCCAAAGACCACTCACCATTTCCAGACTGATGACTGGGTCTAC
481
560
(477) ATCCAGAGGCATCAGGCACAATTGTTGGAACCCTGGTGGAAGAGACCCTTCCTGGTACTGTTAACCACTTCAACAGTCCT
(259) ATCCAGAGGCATCAGGCACAATTGTTGGAACCCTGGTGGAAGAGACCCTTCCTGGTACTGTTAACCACTTCAACAGTCCT
(324) ATCCAGAGGCATCAGGCACAATTGTTGGAACCCTGGTGGAAGAGACCCTTCCTGGAACTGTTAACCACTTCAACAGTCCT
(481) ATCCAGAGGCATCAGGCACAATTGTTGGAACCCTGGTGGAAGAGACCCTTCCTGGTACTGTTAACCACTTCAACAGTCCT
561
640
(557) CAAGGTGGATGATATTGCGGCCTTGGTGTATGTGTTTGGTGTGAAACCTGCAGACACCCCACTTCCCAGGGACTCCTGCT
(339) CAAGGTGGATGATATTGCGGCCTTGGTGTATGTGTTTGGTGTGAAACCTGCAGACACCCCACTTCCCAGGGACTCCTGCT
(404) CAAGGTGGATGATATTGCGGCCTTGGTGTATGTGTTTGGTGTGAAACCTGCAGACACCCCACTTCCCAGGGACTCCTGCT
(561) CAAGGTGGATGATATTGCGGCCTTGGTGTATGTGTTTGGTGTGAAACCTGCAGACACCCCACTTCCCAGGGACTCCTGCT
641
720
(637) GCTGCCATGTGCCCATCAAACCTGGACCATGGTTTGGATCTCAGAACCCATGTCTGGTAGTTAACAATTCTCTCTCTCTC
(419) GCTGCCATGTGCCCATCAAACCTGGACCATGGTTTGGATCTCAGAACCCATGTCTG--AAGGGCGAATTCCAGCACACTG
(484) GCTGCCATGTGCCCATCAAACCTGGACCATGGTTTGGATCTCANAACCCATGTCTG--AAGGGCGAATTCCAGCACACTG
(641) GCTGCCATGTGCCCATCAAACCTGGACCATGGTTTGGATCTCAGAACCCATGTCTG AAGGGCGAATTCCAGCACACTG
721

Figure 22: lncRNA-U1 sequence alignment between Rat, mouse and human. The sequence of gene
LOC102549805 (lncRNA_U1) from rat genome database with Gene ID: 102549805 in NCBI database (updated on 13-Aug2019) has been used as a reference sequence to blast with human and mouse amplified fragments (Refer to figures 20 &21).
The result of the alignment between all three sequences showed 100% similarity between nucleotide 320 to 760 of
LOC102549805 transcript and the amplified fragments.
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4 CHAPTER 4:
DISCUSSION

In this study, I demonstrated association of a novel host-encoded
lncRNA

with HIV-1 Tat protein in neurons, both in-vitro and in vivo. Also, my

results indicated a regulatory role for this previously uncharacterized lncRNA on
the activation of neuronal survival pathways upon Tat expression.
Given its potential contribution to HIV neuropathogenesis and
HAND, it is increasingly relevant to determine Tat’s capacity to alter neuronal
lncRNAs as well as the functional consequences of such alterations on neuronal
homeostasis. My findings illustrated a Tat-induced elevation of lncRNA
LOC102549805 (lncRNA-U1), along with its splicing variant (lncRNA-U166).
Although increased co-expression of a nearby gene NPBWR1 was also observed
in response to Tat, subsequent experiments suggested lncRNA-U1 might directly
mediate this pattern of expression. Furthermore, results indicate that Tat may
protect lncRNA-U1 from degradation, provided that increased levels of lncRNA-U1
were observed following transcriptional inhibition. Interestingly, elevated levels of
lncRNA-U1 were observed in neurons expressing the two exon,Tat-86, or fulllength Tat (101), but not in response to its mutant derivatives, Tat-36 or one exon,
Tat-72, suggesting U1 variation is specific to full-length Tat proteins. Despite the
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role of Tat-72 in facilitating the shuttling of Tat in and out of the nucleus by direct
interaction with nucleophosmin (Spector, Mele et al. 2019), my study did not
indicate any particular link between Tat-72 and lncRNA-U1 overexpression.
Altogether these results indicate the existence of the second exon of Tat is
essential to induce lncRNA-U1 expression.
Furthermore, increased lncRNA-U1 induced the accumulation of
mitochondrial Ca2+, potentially modulated by MCU, resulting in mitochondrial
dysfunction, as indicated by increased mROS, depleted mitochondrial membrane
potential,

and

decreased

ATP

production.

Furthermore,

the

adverse

consequences of lncRNA-U1 were associated with decreased neuronal viability,
as well as the activation of both autophagy and apoptotic pathways. Thus, my
results identified lncRNA-U1 as a novel downstream target for Tat and
demonstrated the consequences of increased lncRNA-U1 in disrupting neuronal
homeostasis.
In addition to discovering upregulated expression of lncRNA-U1 in
response to HIV-1 Tat, current evidence suggested lncRNA-U1 might also be
mediating increased co-expression of the NPBWR1 gene. Similar to the effect of
Tat, exogenous overexpression of lncRNA-U1 directly elevated the expression of
NPBWR1, while the U1R construct was capable of inhibiting the Tat-induced
increase in NPBWR1. NPBWR1, a member of G-protein coupled receptors
(GPCRs), has been shown to induce Ca2+ mobilization from the cytosol to
mitochondria (Tanaka, Yoshida et al. 2003). In line with its possible role, my data
confirmed an elevated level of [Ca2+]c transition to [Ca2+]m. Results also indicated
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that this transition could be due in part to MCU, an inward rectifying channel that
has a high Ca2+- carrying capacity that has been suggested to drive mROS
production in response to variations in calcium (Kirichok, Krapivinsky et al. 2004,
Mallilankaraman, Doonan et al. 2012, Petrungaro, Zimmermann et al. 2015, Dong,
Shanmughapriya et al. 2017). Consistent with this finding, immunoassays
demonstrated elevated level of MCU protein and increased mROS. Thus, data
suggest that lncRNA-U1-dependent increased expression of NPBWR1 is
associated with variation in the distribution of calcium, with transfer from the
cytosol to mitochondria potentially modulated by MCU. This study highlights the
effects of Tat on lncRNA-U1 and indicates novel crosstalk between lncRNAs and
GPCRs in neurons.
As discussed earlier, Tat can selectively target and activate
metabotropic glutamate receptors- group I (mGluRs) (Neri, Musante et al. 2007),
which causes Ca2+ from IP3-sensitive intraterminal stores (Haughey, Holden et al.
1999). NPBWR1 as a G-protein coupled receptor, with specified ligands, namely
Neuropeptide B/W can mediate the excitatory role of Tat in neurons, which may
disturb neuronal plasticity and can be a potential player in HANDs progression.
Neurotransmitter B/W binding to NPBWR1 potentially activates G-proteins, which
can trigger activation of the postsynaptic ion channels cascades (Purves D 2001).
Metabotropic glutamate receptors (mGluRs) are expressed extensively in neurons
and are implicated in several neurodegenerative diseases, including Alzheimer’s
disease (AD), Parkinson’s disease (PD) and Huntington’s disease (HD) (Ribeiro,
Vieira et al. 2017). To our knowledge, this is the first report on the possible role of
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NPBWR1 in dysregulation of neuronal homeostasis in response to HIV-1 Tat
protein. Thus, I am suggesting this receptor be studied further utilizing the gene
knock-out and knockdown strategies to investigate its potential role in HAND
progression. Moreover, given that this study has been operated on rat embryonic
neuronal culture, these results need to be validated in both in-vivo study and
clinical patients sample.
Findings also revealed the functional consequences of lncRNA-U1mediated dysregulation of calcium. In this context, HIV-1 Tat protein has been
shown to alter mitochondrial membrane potential and generate ROS, potentially
through alterations in MCU (Thangaraj, Periyasamy et al. 2018). Moreover, Ca2+
accumulation in mitochondria has been shown to impair numerous aspects of
neuronal homeostasis, ranging from regulation of ATP production to cell survival
pathways (Murphy, Fiskum et al. 1999, Zhu, Yu et al. 2000, Penna, Espino et al.
2018). Accordingly, my observations revealed that exogenous overexpression of
lncRNA-U1 in primary rat neurons modulated basal and maximal oxygen
consumption rate, ATP coupled respiration and spare respiratory capacity. In
addition, lncRNA-U1 impaired mitochondrial membrane potential and induced
significant elevations in mROS. These findings also can predict the possible role
of lncRNA-U1 in neuronal lipid homeostasis through interaction with lipid species
and developing lipid peroxidation. Lipid homeostasis disturbance has been shown
to be an important consequence of HIV infection in both infected and uninfected
cells (Haughey, Cutler et al. 2004, Bandaru, Mielke et al. 2013, Funderburg and
Mehta 2016, Ahooyi, Shekarabi et al. 2018).
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Thus, my results suggest a novel mechanism by which Tat stimulates
neurotoxicity via elevations in lncRNA-U1, causing an accumulation of
mitochondrial calcium, potentially due to activation of NPBWR1 and MCU (Figure
23). This process is associated with impaired bioenergetic pathways, as well as
depleted mitochondrial membrane potential and the elevation in mROS. As a
result, imbalances in autophagy and apoptotic pathways ensue, subsequently
contributing to compromised neuronal viability.
Consistent with this proposed model (Figure 23), I observed distinct
alterations in proteins implicated in autophagy and apoptosis, as well as decreased
viability. In particular, lncRNA-U1 significantly decreased BAG3 and BCL-2. This
phenomenon is also consistent with our earlier observation of Tat-induced BAG3
suppression (Ahooyi, Torkzaban et al. 2019). BAG3 is a molecular co-chaperone
protein known for its vital role in proteostasis and its vital activity in protein quality
control (PQC) system integrity (Klimek, Kathage et al. 2017). Besides its role in
PQC, BAG3 captured massive attention because of its involvement in the apoptotic
pathway. BAG3 participates in apoptotic inhibition by binding to BCL-2 and forming
an anti-apoptotic complex (Bonelli, Petrella et al. 2004, Das, Linder et al. 2018).
Conversely, lncRNA-U1 increased cleaved caspase 3, a protein critical for
apoptosis (Brentnall, Rodriguez-Menocal et al. 2013). Meanwhile, elevations in
LC3-II, crucial modulators of autophagy were observed (Tanida, Ueno et al. 2008).
The simultaneous transduction of neurons with both Tat and lncRNAU1 reverse complement which showed no significant alteration in the level of Bag3
as well as other cell death pathway markers indicate either a direct or indirect role
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of lncRNA-U1 in regulating cell survival pathways. The role of HIV-1 Tat protein in
the inactivation of neuronal death pathways has been well-established (Kruman,
Nath et al. 1998, Fields, Dumaop et al. 2015), however, the regulator and mediator
of activating these vital cell pathways is yet to be studied. Remarkably, my
observations indicated the regulatory role of lncRNA-U1 on the Tat-mediated
disturbance of neuronal homeostasis by modulating the expression of BAG3,
which has a critical role both in cell survival and PQC pathways.
Although my observations did not detect a significant alteration in the
level of LC3-II, which is the marker of autophagosomes formation in Tat-treated
lncRNA-U1 knock-down neurons, the compensatory effect of lncRNA-U1 on p62
and Bag3 is significantly notable.
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Figure 23 Schematic showing the hypothetical downstream effects of lncRNA-U1 overexpression in
primary hippocampal neurons. A) Schematic representation of normal signaling in neurons before the increased expression
of lncRNA-U1. B) Increased lncRNA-U1 expression alters the neuronal environment by changing the abundance of NPBWR1
followed by increased mitochondrial Ca2+ due to increased MCU channel expression. Ultimately, neuronal homeostasis is
altered, leading to the activation of both apoptosis and autophagy pathways.
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4.1.1 Conclusion remarks
Based on the current findings, I conclude that the Tat-mediated induction of
lncRNA-U1 results in a series of consequences that significantly compromise
neuronal homeostasis. Thus, I provide evidence for a novel mechanism of Tatinduced neurotoxicity. Results illustrated that Tat-mediated lncRNA-U1 increase
elevates the expression of NPBWR1, a GCPR that plays a crucial role in neuronal
homeostasis and metabolism by altering Ca2+ signaling in neurons. In addition,
lncRNA-U1 was found to disrupt neuronal calcium distribution, potentially due to
NPWR1 activation, characterized by calcium accumulation in mitochondria,
potentially modulated by MCU. Such calcium dysregulation was associated with
compromised mitochondrial functioning, impaired bioenergetic pathways as well
as the generation of mROS.
Consequently, cell viability was significantly impaired.

Taken together, these

results warrant further examination of the role of lncRNAs, particularly of lncRNAU1,

in

mediating

the

neuropathological

processes

of

HIV.

Moreover,

understanding these newly discovered pathways could provide novel therapeutic
targets in people living with HIV (PWH), including those suffering from HAND.
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5 SUPPLEMENTARY FILES

Supplementary Figure 1: representative gel agarose for the selected
list of lncRNAs

Supplementary Figure 1 Representative agarose gel indicates the result
of RT-PCR analysis on a selected list of differentially expressed lncRNAs upon exposure
to HIV-1 Tat protein. Most of the designed primers for different lncRNAs amplified nonspecific bands, which were not reliable for qRT-PCR verification. lncRNA-U1 specific
primers amplified specific bands in the expected size, which were chosen for further
verification using qRT-PCR analysis.
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Supplementary 2: Whole-genome sequence of lncRNA-U1 based on
the NCBI database;
Exon 1 showed in green, red: exon two and yellow: exon 3. Purple indicates
the extra 66 bp in U166 isoform. The areas with no color represent introns.

>NC_005104.4:13163282-13168319 Rattus norvegicus strain mixed chromosome
5,

1
101
201
301
401
501
601
701
801
901
1001
1101
1201
1301
1401
1501
1601

TATAAAAATT GCTTGTTATA GCCATTCAGG GTTGCCTTCT AGTCACTTGC
CACAGGAGGT TGATTGAGGA TCAATCCCTG ATGCACCAGA AGAAATAAAT
CTCTTGCATT TGCATCAAAT TCCATTCTCA TGTCTCACTT GGGGTGGGAG
GAGTGTCTCC CAGTAGATAA GACTCACTTT GAATCTTACA TTTGGTGTGT
TGGCCAGCAA GCAAGGCCCC CTATGAGATT TTAAGGAATG GTGGTCGGTG
AAACAGCTCA AGCTTGATGT CATGTACCAT GGTTGTCTGT ATCTATGTTG
TGTGTATCCA TGTTTTCTAT CTTGCTTTTG GTTTGCTCAT GAGCATCTGT
AAGGCTTAGA GAGTCTCTGG CCTTGTACAG TCAAATTGCA GCTGGCAGAC
ATGCCTTAAA GTTGTGACCA GGTAAGTCTG TGACTGCAGG GAGTTTGGAG
GATGCTTCAT GCCCCCACAC CTGGAGGGAG TCAGGAGGAC TCTGCTCTTT
TTGGAACATG TTAGACTCAA TAACAGCATA AGTTGGCCAA GTCACCTGAT
TACATGGTTT CTGTGCCCAT GGCAGGGGCA AGCTGTCTGT GTATTGATTG
TCTTTCTCTT TGTTTTTGGA CTTCAGTATC AGCAGGAGCC AATCGAGTCT
TGCTCTGCAA GGGTGAGCTG TTTGAATTTT GATTGTCTTT CTCTGTGTTC
TTGGACTTCG ACTTAAGCTA TTTTTGGACA TGAGACAGAC TGAATCTAAC
CTATTAAACA TCCTAGTTAA CCACTGGAGG GAGGTTGGGG AAAGAGGAGA
AAACTTGTCA GTAGTAGTAA AGAAGGGAAG GTTAGTTACT TTCTGCTCCT
CCAAATTGCC CACCTTTGGA GTAGGGTGGC CACCTGTAGA GACCTTTGAC
TTTCAGGTGA TCTAAGAAAT AAAGGAAAGA GTCTTTAGAC TAGCATCCCT
CAGCCACCCA GACCAAGTGC CCTATATAGT TACCCAGAAG GATTTAGTAA
AGGACCTCAT CCCTTCCCTT GGATAAAAGC TTTTTTTGTC TCCAAGACTG
TCCCAGGTCC TGGTCATGAA GGAGAAGAAT CTCATAGAGA ACAACGAGTC
TGTGAAGAAC ATCATCATCT AGGACCCTTC CACAGCAGTT CTGATACTGA
TGGATCCTCC ACCCCCTTAC CTCCCTACCA TGGTCCCAGT TCCCACAGCC
CCTCCTCAAG GATCTCCCTT GAGCCCTCAT ACAGCATGCC TTTATCCCCC
ACTTCTTCTG GTCCCAGCAA GGCGGAGGGT GGGGAAGGAC CCTCAGAACT
GGGACTGGCC ATGGGAACCT GGAGCAAAAG GGCCACTTCA TCTGATACAA
CAGTGGCCCA CCCCCTCTGA TCCTGCAGGC CCATAGATGA GGATTTCAAT
CAGGCCATGC AATATTAGCC TTTCTTTTCA GCTGACTTGT ATAACTAGAA
GGCCCAATAC CCCCCTTTTC AGATAACATC AAGGGGCTGA TTAATCTCAG
ACTGTTTTAT TTACTCATCA GCCCACCTGG GATGATAGCC AACAACTCAT
GAGAGTGCTC TTCATGACTG AAGATTGAGA GAAGATAGCA GGAAGCCAGA
AAAAATGTCC CCTCAGATAT GGGGGCACCA ACAATTGACC AGGCTGCCAT
TGACAGGGGA TTTCTGCTGA CTAGACCTGA CTGGGACTTT AATACAGCAG
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1701
1801
1901
2001
2101
2201
2301
2401
2501
2601
2701
2801
2901
3001
3101
3201
3301
3401
3501
3601
3701
3801
3901
4001
4101

GAGGTAAGGA TCACCTGAAG GTCTATCACC AGATTCCATT GGCAGGGCTC
AAGGGAGTTG AAGGATGACC CAGCCATTTG ACCAAGGTAC ATGAAGTTAA
GCAGGGCCAG ATGAGCACCC TTAACCTTTC TAGAGTGGCT CTTGGGAGGA
ATTCCACCAA TATACACCCT ATGACCCAAG CAGTGAGGAG CACAAAGCTA
CTGTAACTTT GGCTTTCATA GACTAGACTA GTAGAGATAT CAGGAAAAAG
CTTCATGGGC TAGAGGGACT ACAGGATAAA TCTTTGAGGA TTTAGTACAG
GTTTCTGAGA TAGTCTACCA TAACAGGGAG ACAGAGAAGG AGCAAAAAAA
AAAAAAAGAG AGAGAGAAAA GAAGATAAAA GGGAGATTGA AAAATATGAC
AGGAAAGGAA TTTACAGAAA ATCTTGGGTA CAGTAGTTAG GGAAAGGAGA
GAAGAGAGAC TACAACCAAA GAGAAACAGA AAACCCCTTG AAAAGGACCA
GTGTGCATAT TGCAAGGAGA GGGGCCACTG GGCCTGAAAG TTTCCCAACA
ACCAGAAGCC AGGGGCAGGA AATTCCAGGC CTTGGGTAAA GCACCTGCAA
AGGTGAAGGT GTTAGCCCTG AGGGAAGAGA GCAAATAGGG AGGACAGGGT
TCAGACTCCC TCCCCAAGCC CAGGGTAACT TTGAAAGTGG GAGGGAAGCC
CAACCAATTC TTGATAAATA CTGGGCCCAA TACTCAGTTC TCCTCCAAAC
TGATGGGCCA GTCTCCAGCA AAAAAGGTCC AAGAAGCCAC TGAGACTAAA
CAGTATTCAT GGACTACCTG AAGAATTGTA GACCTGGGTG TGGGCTGGGT
ATCCCACTCA TTCATGGTCA TCCCTGACTG CCCTTATCCC TTGCTCAAGA
GATATTTGCT TTCCAAAATG GGATCTCAGA TCCACTTCCT TCCCAAGGGC
CATCAACTGA TGGGACCTGC TGAAGAACCT GTCCAGGTTC TTACTATTAG
GCTGGAGGAC AAATATAAAT TGTTAGAGAT TAATACCCAA AAGACAGAGG
ATATTGCTTG GTGGCTGGGA AAGTTTCTTC TTACTTGGGC TGAAATGGCT
GGGCTAGGTC ATGTGTATCT ATAGCCTGTG TATGTGGAGC TTAAGACCTA
GGTTGATCCT GTCTCAGTGT ACCAGCACTT GATGTCGTGG TGGGCACAAG
AAGGAATTAA GCCACACATC TCATGGCTTC TTCACTTTGG GGTGTTGCTT
AGTGCTGATA TGCCTGGAAC ATACTGCTCC TGCCAGATTA GAAGCTGGGC
AGTAATGATT ATCTCCCAGT CCAGCACTTA AGAGATGTAA ACCATGATAG
AGTGGCTGAC ATCCACTTTA CAGTGCCTAA CCCTTACCGT CTGTTGAGTT
CTTTGTCACC TTCCAGAATT TGGTACACAG TTTTAGACTT GAAAGGTGCT
TTCTTCTGCC TGACCTTGGC ATCCCAAAGT CAAGAATACT TCACCTTTGA
ATGGAAAGCC CCAGAGGATG GGATCACCAG TCAGCTGACA TGGACTAGAT
TATCCACTGG TTGGGGTCAA TCTGGCCACC TTGCTGCCCA ATCCCAACTT
GGAGCCACCA CGACACAAGT ATCAAATACT GGAAGAAGCC CATGGGTGGA
GGAAAGACCT CTCTGACCGA ACCCTTCCAG GAGCTGAGGC TACCTGGTTT
ACAGACAGGA GAAGTTTTCT TCATGAAGGT CAGATAGGGA GCTGCCGTGG
TGGATAGCCC AAATGTCATC TAGGCTGGCT GAAATGCTAA CTCCCCACAC
ACCCCCTTTC TCCACAGTTC AGTGCAGAAA GTGGAGCTAA TTTTCCTTGG
ACCTTGGGGC CAGCAAGAAT TTTTTTCACA GCTCATGTTC ACGGGGCTAT
ATACTAAGAG AGAAGACTCA TATCAGAGGG AAAAGAAATA AAAAACAAGC
AGGAAATCTT GGAACTCTTG GATGCTCTGA TGAAGCCAGC AACTGTGAGT
ATTATTCATT ACCTGGGACA TCAGAAGCAA TAACTAGGCA GATCAAGTGG
CTCAAGAAGT GGCTATGCAG GAGCCTGTCC TGGTTATGGA CCTACAAGAG
ACAACAGCTG GGAAATAGTA CTGGACTAAG AAATGGTCTC AATTAGTATA
TACTGAAAAA AAGAGGACTC ACATTGCTAG CCACCCTATC CACTACTGCC
TAGAAAAGCA AAGACAATGG TGCACTCAAG GGAAAAACTA TACTCCCCAG
AAAACAAGCT GAGGAATTAC TTGACCAAAT GCATAGATGC AATTAGGGGA
TAAGAAGCTC AGCTAAGCAG TCAAAGGATC TAAGGTATAA GTAATGAACC
TTAGGTTTTT AACCAGAGAG ACAGTAGAAC AGTGTAAGGT ATGTCAGCAA
GTAAACGCTT ATACAACCAA GAGAAAACAG GGCAAGAGAC CTAAAAGAGA
ACGACCTGGG GTATATTGGG AGGTCGATTT CACAGAAGTT AAGTCAGGAA
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4201
4301
4401
4501
4601
4701
4801
4901
5001

AATATGGTTA CAAATGCCTC CTAGTGTTTT CTTTAGATAC TTTCTCTAGA
TTGGTTGAGG CTTTCCCTAC CAAGCCAGAA ACAGCTACCC TGGTAGCCAA
GAAGATATTA AAAGAAATTT TCCTGAGGTT CGGGGTGCCC AAGTTAATTG
GACAATGGTC CTCCTTTTTT TCCAAGGTAA GTCAGGGATT GGCAAAGATA
TTGAGAACTA ATCAGAAGCT CCATTGTGCA TACTGTTCCC AGAGCTCAGG
GCAGGTAGAG AATGAACAGA AACCTAAATT AGACCTTAAT TAAATTGACC
TTGGAGACTG GTGCTGACTG AGTGGTGCTC CTTCCCCAGC CCTGTTCCAA
GCCTGGAACA TCCCCTACCA TTTTAACTTG ACCCCTTTGA GATCCTGTTT
GGCTCCCTAA CTCCCTTGGT GTTCCCCCTG AACCATCCCC CTGCCCCCAG
GTTTCCCAAC TCATTGATAG GAACCTCTTC TTGAGGCTCC AAGCCTTTCA
GTCAATCCAA CATGAGATTT GGCTCAAACT GTCTTCCTTA CATGCTCCAG
GAATGCCAAA GACCACTCAC CATTTCCAGA CTGATGACTG GGTCTACATC
CAGAGGCATC AGGCACAATT GTTGGAACCC TGGTGGAAGA GACCCTTCCT
GGTACTGTTA ACCACTTCAA CAGTCCTCAA GGTGGATGAT ATTGCGGCCT
TGGTGTATGT GTTTGGTGTG AAACCTGCAG ACACCCCACT TCCCAGGGAC
TCCTGCTGCT GCCATGTGCC CATCAAACCT GGACCATGGT TTGGATCTCA
GAACCCATGT CTGGTAGTTA ACAATTCTCT CTCTCTCT

_
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Supplementary 3:
Comparison of 450 bp of lncRNA-U1 sequence amplified by lncRNA-U1 primer between rat and Tat-expressing
mice, showing interspecies similarity.

TGM3F-M13F(-21)_A04.ab1
Consensus
U1 cDNA
TGM3F-M13F(-21)_A04.ab1
Consensus
U1 cDNA
TGM3F-M13F(-21)_A04.ab1
Consensus
U1 cDNA
TGM3F-M13F(-21)_A04.ab1
Consensus
U1 cDNA
TGM3F-M13F(-21)_A04.ab1
Consensus
U1 cDNA
TGM3F-M13F(-21)_A04.ab1
Consensus
U1 cDNA
TGM3F-M13F(-21)_A04.ab1
Consensus
U1 cDNA
TGM3F-M13F(-21)_A04.ab1
Consensus

(1) -------------------------------------------------------------------------------(2241)
2321
2400
(2321) CCAACAACTCATGAGAGTGCTCTTCATGACTGAAGATTGAGAGAAGATAGCAGGAAGCCAGAAAAAATGTCCCCTCAGAT
(1) ---------------------------------------NNNNNNNNNNNNNNNNNNNNNNNNNNANNGGNCNNTCT-AG
(2321)
A G C TC A
2401
2480
(2401) ATGGGGGCACCAACAATTGACCAGGCTGCCATTGACAGGGGATTTCTGCTGACTAGACCTGACTGGGACTTTAATACAGC
(41) ATGCATGCTCNANC---------GGCCGCCAGTGTGATGG-ATATCTGCAGAAATCGNC---------CTTTCA--CAGC
(2401) ATG
GC C A C
GGC GCCA TG A GG AT TCTGC GA
C
CTTT A CAGC
2481
2560
(2481) AGGAGCTCATGTTCACGGGGCTATATACTAAGAGAGAAGACTCATATCAGAGGGAAAAGAAATAAAAAACAAGCAGGAAA
(100) ------TCATGTTCACGGGGCTATATACTAAGAGAGAAGACTCATATCAGAGGGAAAAGAAATAAAAAACAAGCAGGAAA
(2481)
TCATGTTCACGGGGCTATATACTAAGAGAGAAGACTCATATCAGAGGGAAAAGAAATAAAAAACAAGCAGGAAA
2561
2640
(2561) TCTTGGAACTCTTGGATGCTCTGATGAAGCCAGCAACTGAATGCCAAAGACCACTCACCATTTCCAGACTGATGACTGGG
(174) TCTTGGAACTCTTGGATGCTCTGATGAAGCCAGCAACTGAATGCCAAAGACCACTCACCATTTCCAGACTGATGACTGGG
(2561) TCTTGGAACTCTTGGATGCTCTGATGAAGCCAGCAACTGAATGCCAAAGACCACTCACCATTTCCAGACTGATGACTGGG
2641
2720
(2641) TCTACATCCAGAGGCATCAGGCACAATTGTTGGAACCCTGGTGGAAGAGACCCTTCCTGGTACTGTTAACCACTTCAACA
(254) TCTACATCCAGAGGCATCAGGCACAATTGTTGGAACCCTGGTGGAAGAGACCCTTCCTGGTACTGTTAACCACTTCAACA
(2641) TCTACATCCAGAGGCATCAGGCACAATTGTTGGAACCCTGGTGGAAGAGACCCTTCCTGGTACTGTTAACCACTTCAACA
2721
2800
(2721) GTCCTCAAGGTGGATGATATTGCGGCCTTGGTGTATGTGTTTGGTGTGAAACCTGCAGACACCCCACTTCCCAGGGACTC
(334) GTCCTCAAGGTGGATGATATTGCGGCCTTGGTGTATGTGTTTGGTGTGAAACCTGCAGACACCCCACTTCCCAGGGACTC
(2721) GTCCTCAAGGTGGATGATATTGCGGCCTTGGTGTATGTGTTTGGTGTGAAACCTGCAGACACCCCACTTCCCAGGGACTC
2801
2880
(2801) CTGCTGCTGCCATGTGCCCATCAAACCTGGACCATGGTTTGGATCTCAGAACCCATGTCTGGTAGTTAACAATTCTCTCT
(414) CTGCTGCTGCCATGTGCCCATCAAACCTGGACCATGGTTTGGATCTCAGAACCCATGT-CTG-AAGGGCGAATTCCAGCA
(2801) CTGCTGCTGCCATGTGCCCATCAAACCTGGACCATGGTTTGGATCTCAGAACCCATGT
G A
AATTC
C

2881
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Supplementary 4:
Comparison of 450 bp of lncRNA-U1 sequence amplified by lncRNA-U1 primer between rat and human neuronal
culture, showing interspecies similarity.

human U1-1-F5
U1 cDNA#2
Consensus
human U1-1-F5
U1 cDNA#2
Consensus
human U1-1-F5
U1 cDNA#2
Consensus
human U1-1-F5
U1 cDNA#2
Consensus
human U1-1-F5
U1 cDNA#2
Consensus
Consensus

(159) CAC----AGCTCATGTTCACGGGGCTATATACTAAGAGAGAAGACTCATATCAGAGGGAAAAGAAATAAAAAACAAGCAG
(2477) CAGCAGGAGCTCATGTTCACGGGGCTATATACTAAGAGAGAAGACTCATATCAGAGGGAAAAGAAATAAAAAACAAGCAG
(2481) CA
AGCTCATGTTCACGGGGCTATATACTAAGAGAGAAGACTCATATCAGAGGGAAAAGAAATAAAAAACAAGCAG
2561
2640
(235) GAAATCTTGGAACTCTTGGATGCTCTGATGAAGCCAGCAACTGAATGCCAAAGACCACTCACCATTTCCAGACTGATGAC
(2557) GAAATCTTGGAACTCTTGGATGCTCTGATGAAGCCAGCAACTGAATGCCAAAGACCACTCACCATTTCCAGACTGATGAC
(2561) GAAATCTTGGAACTCTTGGATGCTCTGATGAAGCCAGCAACTGAATGCCAAAGACCACTCACCATTTCCAGACTGATGAC
2641
2720
(315) TGGGTCTACATCCAGAGGCATCAGGCACAATTGTTGGAACCCTGGTGGAAGAGACCCTTCCTGGAACTGTTAACCACTTC
(2637) TGGGTCTACATCCAGAGGCATCAGGCACAATTGTTGGAACCCTGGTGGAAGAGACCCTTCCTGGTACTGTTAACCACTTC
(2641) TGGGTCTACATCCAGAGGCATCAGGCACAATTGTTGGAACCCTGGTGGAAGAGACCCTTCCTGG ACTGTTAACCACTTC
2721
2800
(395) AACAGTCCTCAAGGTGGATGATATTGCGGCCTTGGTGTATGTGTTTGGTGTGAAACCTGCAGACACCCCACTTCCCAGGG
(2717) AACAGTCCTCAAGGTGGATGATATTGCGGCCTTGGTGTATGTGTTTGGTGTGAAACCTGCAGACACCCCACTTCCCAGGG
(2721) AACAGTCCTCAAGGTGGATGATATTGCGGCCTTGGTGTATGTGTTTGGTGTGAAACCTGCAGACACCCCACTTCCCAGGG
2801
2880
(475) ACTCCTGCTGCTGCCATGTGCCCATCAAACCTGGACCATGGTTTGGATCTCANAACCCATGTCTG--AAGGGCGAATTCC
(2797) ACTCCTGCTGCTGCCATGTGCCCATCAAACCTGGACCATGGTTTGGATCTCAGAACCCATGTCTGGTAGTTAACAATTCT
(2801) ACTCCTGCTGCTGCCATGTGCCCATCAAACCTGGACCATGGTTTGGATCTCA AACCCATGTCTG A
AATTC
2881
2960
(3601)
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