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1 Description of the Problem & Scientific Background

1.1 Human Immunodeficiency Virus

HIV, or Human Immunodeficiency Virus, belongs to the family Retroviridae and is
grouped to the Lentivirus genus. The primary classification of HIV is into HIV-1 and HIV-
2 type, based on molecular characteristics and differences in viral antigens. It has been
estimated, through epidemiology studies that, HIV first appeared in between the years of
1920 and 1940." Approximately 39 million people are living with HIV as of 2022 and
around 630,000 people dying from causes related to HIV and AIDS.?2 HIV-1 has been
identified as the main cause of the acquired immunodeficiency syndrome (AIDS). The
most frequent and common way of becoming HIV-1 positive is sexual transmission at the
genital mucosa or needle sharing. Transmitted viruses are typically macrophage-tropic
and do not possess the ability to induce multinucleated syncytia in cell culture.?

Before the development of antiretroviral therapy (ART), AIDS was undoubtably fatal for
anyone contracting it. These antiretroviral drugs mostly targeted enzymes such as

integrase, reverse transcriptase, and protease in the process of HIV-1 replication.*

ART has been used for more than 20 years as treatment for HIV infections. It is a very
effective type of therapy, especially when used appropriately resulting in almost complete
or complete suppression of the HIV replication. This allows for the improvement of the
immune function of an infected individual and significantly decreases the risk of
developing AIDS. Itis important however that once ART is started it should not be stopped
as the virus would undoubtably come back within a short time.>



1.2. Structure of HIV-1 Virion

Lentiviruses contains of a protein core withing which there is a diploid, single-stranded
genome. The core of HIV-1 contains four nucleocapsid proteins, p24 (icosahedral capsid
protein — CA), p17 (myristoylated matrix protein — MA), p9, and p7 (nucleocapsid proteins
— NC), each of which is proteolytically cleaved from a 53-kD Gag precursor by the HIV-1
protease.b
The viral core, that is surrounded by lipid proteins consists of RT, integrase (IN), protease
and nucleocapsid proteins (NC), as well as 2 copies of positive strand viral RNA. All of
this is surrounded by icosahedral capsid protein (CA). Furthermore, the matrix protein
(MA) is found below the surface of the lipid bilayer, surrounding the virion. Within the lipid
bilayer, are the viral envelope glycoproteins, external surface glycoprotein (SU) and the

transmembrane glycoprotein (TM)."

1.3 HIV-1 entry into nucleus

In order for HIV to effectively infect a cell target, it has to introduce its genetic
material into the cytoplasm of the cell. In this process, the main prerequisite is the initial
attachment of HIV-1 envelope protein (Env) to CD4+ receptors on the surface of target
cells. The development of HIV-1 attachment inhibitors has been driven by structural
studies which have explained the “lock and key“ structure of the trimeric gp120 Env spikes
present on virions with CD4+ receptors existing on the surface of target cells.
Furthermore, the introduction of a crucial phenylalanine (F) residues in the outer part of
CD4+ protein into the sunken pocket in gp120 produces a high-affinity interaction
between the two.”:8

There have been many studies which were able to identify a handful of monoclonal
antibodies against HIV-1 that have the ability to neutralize primary isolates of HIV-1 in

vitro and hence prevent infection in models such as non-human primates. However, even



though the monoclonal antibodies might prevent virus infection in animal models, the
dose amounts of the antibody would have to be significantly higher to exhibit any clinical
effects in HIV-infected individuals.®-° Primary isolates are virus isolates that have been
minimally split in primary cells, and it is believes that they might more closely resemble

the virus found in people infected with HIV-1, than the virus that is split."

Following the initial phase of HIV entry, the second phase entails the engagement of HIV-
1 coreceptors. The initial attachment of trimeric gp120 to CD4 initiates a conformational
change in the envelope that acts as a promoter of attachment/binding of the virion to a
specific subgroup of chemokine co-receptors. These receptors consist of seven domains,
spanning the entire membrane, and they typically help hematopoietic cells (type of stem
cells) to travel down specific chemokine gradients to inflammation sites. There are 12
different chemokine receptors which work as HIV-1 coreceptors in cultured cells — only
two of them are generally used in vivo (CCR5 and CXCR4).8.12

Lastly, the third phase is the fusion of the virion. With the attachment of surface gp120,
CD4 and chemokine coreceptors, a significant conformational change in gp41 (second
HIV-1 env protein) is generated. The assembly of this protein is in a form of a trimer
located on the virion membrane. Once this coiled protein springs open and project three
peptide fusion domains that hit the lipid bilayer of the target cell. The trimers of gp41
subsequently fold back onto themselves thus forming a hairpin structure. An inhibitor
called enfuvirtide, managed to prevent the formation of this hairpin structure which is
crucial for a successful fusion. The fusion consequently leads to introduction of HIV-1 viral

core into the cytoplasm.813

1.4 Integration and its mechanisms

Integration is an essential step in the process of retroviral replication cycle. Having
passed the NPC (nuclear pore complex), the PIC (pre-integration complex) arrives to the
complex nucleus periphery and can create a functional provirus. There it can find the

environment which has anchoring sites for chromosomes.'#'5 The process of integration



is mediated by IN (integrase protein) — encoded by the virus, and alongside reverse
transcriptase, viral RNA and other viral core proteins is inserted into the cells during the
infection process. Following the synthesis of viral DNA by reverse transcription it is
strongly bound to IN and other proteins as an NPC that is transported to nucleus for

integration.'®

Viral DNA entry into the chromosomes is catalyzed by an enzyme called (HIV) integrase
which binds to viral DNA ends. Following the integration of proviral DNA, it is subsequently
replicated parallel with cellular DNA in the process of cell division. Provirus is utilized as
a transcription template of viral RNA. Majority of the full-length viral RNA is utilized as
genomic RNA in progeny virions, while the rest can be translated with the aim of yielding

viral proteins.®

There are two key enzymatic reactions which are carried out by IN — strand transfer
reactions for stable insertion of HIV-1 genome into chromatin and 3’ end viral DNA
processing. It is possible for both the processing and oligonucleotide matching HIV-1 DNA
ends integration to be replicated in vitro when only IN is present. Furthermore, in studies
that employed hybrid viruses with modified integration preferences, the main role of

integrase (IN) in selection of integration site has been supported.'>1”

Tetramers of integrase correlate with growing viral DNA for the formation of functional
integrase-viral DNA complex called intasome. This complex is associated with many
cellular factors that allow the correct alignment of pre-integration complex in the nuclear
space and relative to cellular chromatin.'®'8 The C-terminal domain (CTD), among all the
retroviral integrase proteins, has the least sequence preservation. It contains four lysine
residues which are acetylated by histone acetyltransferases. This is a type of post-
translational modification (PTM), which controls integrase strand transfer activity, HIV-1

integration and eventually the reduction in viral replication.’
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1.5 LEDGF/p75 overview

LEDGF/p75 is crucial in HIV-1 integration and has a role as a cellular cofactor.
This activity involves its simultaneous involvement with the host chromatin and viral
integrase enzyme. LEDGF/p75 mutants that are missing their chromatin or integrase-
binding activity are acutely effective in their HIV-1 cofactor function. Replacement of the
chromatin binding domain of LEDGF/p75 by heterologous chromatin binding domain
leads to proteins supporting HIV-1 DNA integration.??
LEDGF/p75 is a growth-factor associated protein, that has roles in transcriptional

regulation and cellular survival.?®

However, the HIV-1 integration site distribution observed in LEDGF/p75-deficient cells
expressing these figments is altered and defined by the specificity of the added chromatin
binding domain. These findings indicate that the role of LEDGF/p75 chromatin-binding
domain is to provide a tight interaction to the preintegration complex with the host
chromatin.

Additionally, LEDGF/p75 perseveres tightly bound to the chromatin throughout all cell
cycle phases.??

1.6 LEDGF/Integrase interaction

In the past decade, it has been concluded that host factors may play a significant
role in HIV-integration targeting. A host factor called LEDGF/p75 (lens epithelium-derived
growth factor/transcription cofactor p75) has been shown to have a crucial role in the
process of integration.?3

Initial research based on this interaction indicated that an interaction between HIV-1 IN
and LEDGF/p75 might play an important role in retroviral integration. The following study
has shown observations that the N-terminal zinc binding domain as well as the central
core domains of IN have a role in its interaction with LEDGF/p75. Both domains are crucial

for the process of IN nuclear localization and association of condensed chromosomes



and IN during mitosis. In the event of overexpression of LEDGF/p75, IN’s core domain
fragment was enlisted to the mitotic and nucleic chromosomes with a delivery pattern trait
of a full-length protein. This implies that IN holds the determining factor for a LEDGF/p75
interaction. The outcomes determined that LEDGF/p75 is important in nuclear (creation

of nuclear complex) and chromosomal targeting of HIV-1 IN.2425

Furthermore, research done solely on LEDGF/p75 factor obtained data, which suggests
that this factor can have an impact on the choice of target sites in cells during HIV-1
integration. LEDGF/p75-regulated genes recognized by transcriptional profiling have
been shown to be the preferred integration targets, which tracks with the notion that
LEDGF/p75 bound genes are favored during HIV-1 integration. This has been shown
through a LEDGF/p75 knockdown which provided unsurprising results — HIV integration

was increased in target DNA containing higher G-C content.?6:27

Additionally, there are other studies which made similar conclusions, observing that there

is a LEDGF/p75 reduction which has solid negative effects in viral replication.?’

1.7 LEDGEF interactions with IWS1, MLL1, PAF1 host factors

After the role of LEDGF was ascertained as important in HIV-1 integration and is
a crucial cofactor of IN, further research showed that it particularly regulates HIV
transcription in proviral reactivation and latency.?® Latency is a process whereas virus
transcription and production are activated to induce immune or virus-mediated cell

apoptosis.?®

LEDGF/p75 and IWS1 interaction

Host factor IWS1 has been identified as a novel LEDGF/p75 interaction
associate.® By using several different methods and experimental approaches, a IWS1
and LEDGF/p75 interaction has been established and confirmed.



Another paper reported the role of LEDGF/p75 and IWS1 interaction in HIV latency.
Furthermore, they identified a complex consisting of LEDGF/p75, IWS1 and Spt6 which
can bind repressed HIV genomes which overall aids the process of HIV latency. This
occurs through the inhibition of viral expression and management of histone occupancy
on the long terminal repeat (LTR). The complex has also been shown to play a role in
nonproductive infections in proliferating lymphocytes. During their return to the resting
state, the latent infected could be beneficial to the viral reservoir. Through these findings
it is clear that there is a crucial role IWS1 has in HIV-1 integration, but it is also important

in post-integration silencing of HIV-1.31
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Figure 4: LEDGF AND IWS1 TND structures determined by NMR spectroscopy.3?
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One of the studies done on protein interactions has shown that the transcription
elongation factor TFIIS N-terminal domains (TNDs) and conserved unstructured
sequences - TND-interacting motifs (TIMs) are key elements in a network of interactions
linking through the important members of the transcription elongation machinery.3?

Nuclear magnetic resonance (NMR) spectroscopy is a useful technique used for
determination of the molecular structure at the atomic level. Furthermore, it can detect
conformational and phase changes, solubility, and diffusion potential.3® A series of NMR
studies conducted in 2021, have shown that IWS1 possesses the highest number of
interactions with other TNDs and TIMs in comparison to other factors among which are
both LEDGF and PAF1. It is important to mention, that IWS1 has both a TND and a part
of TIMs which can possibly bring several TND and TIM-containing factors together all at

once. Because of these observations, focus was primarily on IWS1 as a model for

10



establishing selectivity in TND-TIM interactions, and to focus on importance and
sufficiency of these interactions within cells.

Motifs which are known to bind IWS1 and LEDGF homologs share many similarities and
thus using this data from other species can help discover associated motifs in humans
which bind TNDs — TIMs.3?

In this study, a proteome-wide search provided findings such as — three TIMs in IWS1,
whereas one of them is a motif that binds LEDGF and HRP2, and two members of the
PAF1 complex — PAF1 and LEO1.

There are a handful of proteins in this network including IWS1, SPT6, LEO1 and PAF1
have multiple TIMs. This opens the possibility that TND- and TIM-containing factors may
participate in dynamic higher-order structures, such as oligomers, or nucleate higher

concentrations of their binding partners at biologically active sites.3?

Furthermore, IWS1 gene is a Polymerase Il (Pol IlI) elongation factor that was first
discovered in S. cerevisiae yeast as a crucial protein interacting with Spt. The human
IWS1 interacts with a homolog of Spt6 — SUPT6h and is key crucial for cell viability. It has
been reported that IWS1 interacts with nuclear mMRNA export factor - REF1/ALY, and that
the depletion of IWS1 causes the nuclear retention of bulk mRNA in HelLa cell line. Hence,
it seems that the interaction of SUPT6h with Pol || CTD Ser2p mediates co-transcriptional
recruitment of IWS1 and numerous mRNA processing and export factors to their receptive

genes.343%

LEDGF/p75 and MLL1 interaction

It has been established that there is a solid connection between LEDGF/p75 and
MLL1 as they both have rather comparable roles in provirus reactivation.?
MLL1 depletion has been shown to decrease proviral reactivation and hints at MLL1 has
a role as predominant methyltransferase at the proviral long terminal repeat and might
aid in its transcriptional activity in latency reversal process. In contrast to both LEDGF/p75
and PAF1, MLL1 is non-essential for proviral latency reservation. It has however been
shown that activated provirus has accelerated reentry into the latent state as a result of

11



MLL1 depletion, which solidifies its function in proviral transcription activation during the

reversal of latency.?8

MLL has been known to encode a histone methyltransferase forming a ternary complex
with LEDGF/p75 and tumor suppressor menin — MEN1. Furthermore, it is commonly
targeted by chromosomal translocations. Various stable genetic rearrangements result in
the formation of new fusion proteins linked through both adult and childhood de novo
acute leukemias, and therapy-related acute myeloid and lymphoblastic leukemias.

The LEDGF/p75 binding part of MLL1 can be found in C-terminal fusions (MLLn-fusion),
which allows for tethering of these fusion complexes to MLL1 target genes, resulting in
leukemic transformation.3®

This LEDGF/p75-MLL1-menin complex has been structurally characterized; however, the
published x-ray data only revealed a part of the ternary complex. Subsequently, it was
identified that there is another menin-independent MLL1 binding site on LEDGF/p75. Both
sites have been shown to be important for MLL fusion mediated transformation and signify
valuable novel therapeutic targets.®” It is important to note, that although LEDGF/p75
dependent chromatin tethering is crucial for MLL1 fusion driven leukemia and HIV-1
integration, a direct connection to H3K36me3 marks has not yet been ascertained.
Besides HIV integrase and the MLL1-menin complex, LEDGF/p75 interacts with various

cellular proteins via its integrase binding domain (IBD).3¢
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Figure 5: MLL1-menin-LEDGF/P75 ternary complex; red is MLL1, beige is menin and grey is LEDGF/p75 IBD.3
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MLL1 gene and its main fusion partners include numerous protein-protein interaction
(PPI), that have a critical role in gene expression regulation in normal physiology as well
as in leukemia initiation and maintenance. Furthermore, wild-type MLL1 (WT MLL1) in
another allele has been discovered to be key for MLL-r leukemia. Thorough biological,
biochemical, and biophysical studies (namely X-ray crystallography and NMR) of alike
PPls have been executed and significant process has been accomplished in
understanding their structures and structure-function relationships as well as

mechanisms for leukemogenesis.3®

Human MLL1 is a member of the MLL/KMT2A family of lysine methyltransferases (KMT),
including MLL2 (KMT2D), MLL3 (KMT2C), MLL4 (KMT2B), MLL5 (KMT2E), SET1A
(KMT2F), and SET1B (KMT2G). Other proteins that belong to this family also have roles

as key regulators in gene transcription as well as in physiology and diseases.*®

Although it is mainly known as a lysine methyltransferase (KMT), its predominant role is
as a transcription factor; it has been discovered to bind thousands of gene promoters and
play a role in their gene expression. Furthermore, it has an overall role in positive
regulation of transcription of numerous essential genes in mammals (e.g. clustered Hox
genes that mediate differentiation of multiple tissues as well as hematopoietic system

during the process of embryogenesis.3®

LEDGF/p75 and PAF1 interaction

The interaction between LEDGF/p75 and PAF1 has been established to be direct,
whereas it occurs for both the LEDGF/p75 and PAF1 exogenously expressed in
HEK293T cells and bacteria, and LEDGF/p75 and PAF1 endogenous complex in latently
infected cells. Through additional truncation analysis conducted it has been shown that
LEDGF/p75’s integrase binding domain (IBD) and PAF1’s C-terminal region are
necessary to mediate their association.

Initially, PAF1 was identified to be an elongation factor in promotion and regulation

of Pol Il transcription in many organisms which led to further research on its role in HIV
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transcription and latency, which has shown that PAF1 is non-essential for proviral
transcription in reversal of HIV latency. Overall, it has been demonstrated that
LEDGF/p75-associated PAF1 complex has a key role in establishment and perseveration
of HIV latency by suppressing proviral transcription, and that LEDGF/p75 works upstream
of PAF1 and might be useful in recruitment of PAF1 in order to suppress long terminal
repeat activity in HIV latency. 28 Additionally, another study has concluded that PAF1
plays a definitive role in the defense of host cells in the process of viral infection, but it is

likely that PAF1 is more active in this role in other viruses than in HIV-1.40

In an innate immune response, the organism depends on the primary detection of
pathogens by host pattern recognition receptors. This can then initiate numerous
signaling pathways that culminate in responsive gene expression aimed to prevent or
fight the infection.*!

PAF1 complex, or polymerase associated factor 1 complex is becoming progressively
more implicated in a response similar to the mentioned one at the level of gene
expression, which is a direct result from its crucial roles in transcriptional elongation,
histone modification and chromatin remodeling, Alongside PAF1, other key members in
this nuclear complex are LEO1, CTR9 and CDC73.42

PAF1C regulation of gene expression influences the ability of cells to exhibit an
antimicrobial response. More specifically, it has been observed that the depletion of PAF1
disrupts interferon-related signaling and leads to increases in viral replication in some
viruses. Furthermore, PAF1 and other complex members have been found to act as
restriction factors for HIV-1.4143

Research has shown that PAF1 displays significant negative correlations with levels of
cell-associated HIV RNA and might be a contributing factor in controlling viral expression
and ongoing replication during anti-retroviral therapy (ART). However, it is not included
in the interferon-a treatment in vivo, in contrast to most of other recognized anti-HIV-1

restriction factors.43

Furthermore, it has been observed that PAF1C expression restricts HIV-1. Specifically, it

restricts infection of a monocytic cell line and is expressed in primary CD4+ T cells,
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monocytes, and macrophages. This results in less viral transcripts in early and in late
stages of infection, as well as less integrated proviral DNA.

It has been shown despite the slight chance that it might be important in this process,
PAF1’s cell cycle activity was not the reason for the viral restriction.

One of two possibilities for PAF1C’s role in viral restriction would have to start with having
PAF1 interact with RNA polymerase |l which leads to its involvement in transcription,
elongation, and degradation. As there is a significant amount of PAF1C found in the
nucleus it is possible that its activity in gene transcription may increase expression of anti-
viral factors. PAF1 complex seems to inhibit early events of viral life cycle from reverse
transcription to integration step.*

1.8 SPADs/LADs

During the process of HIV-1 integration transcriptionally active SPADs (speckle-
associated domains) are preferred, in comparison to LADs (lamina-associated domains),

a heterochromatin which is unpreferred.*®

Across many cell types, it has been shown that HIV-1 significantly favors integration into
SPADs, specifically around 30% of integrations happened within a SPAD while a big part
of other sites was delivered to the nearby chromatin. Targeting of HIV-1 pre-integration
complex to nuclear speckles (NS) clarifies the integration site preference it possesses, as
an important preference for integration into SPADs of the human genome. This is a
trafficking pathway shown to be dominant in several cell types and it has vital importance

for preferred HIV-1 integration targeting into SPADs.46

The integration into SPADs hugely depends on CA-CPSF6 interaction however, which is
crucial for the entire process of HIV-1 integration.*® Furthermore, CPSF6 is key in
enabling HIV-1 entry into the nuclear interior well past the nuclear periphery. In the case
where this interaction does not occur, the pre-integration complex uncharacteristically

localizes to the nuclear periphery and targets LADs for HIV-1 integration.4”48
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HIV-1 does not favor integration into LADs chromatin areas, consisting of sparse gene
regions and transcriptionally silent genes that work together with lamina at the nuclear
periphery. It has been shown that LADs are discrete in their function and precisely defined
chromatin units. There is a tiny number of genes within LADs that are transcribed by Pol

Il which suggests that transcription and localization within LADs are compatible.*

2 Description of Aims and the Research Question

The main aim of my project is to investigate and test the role of the host cofactor
—-IWS1, MLL1, PAF1 in HIV-1 integration targeting into the nucleus, and down the line
see if they interact with LEDGF/p75 during that process. It has been assessed that most
of these genes have high percentages to which they can be knocked out, which is useful
for further experiments and determination if these genes/factors play an important role
during HIV-1 integration targeting.

Another aim would be seeing if there is an interaction with integrase or both
LEDGF/integrase. It is well established that an interaction between LEDGF and integrase
exists — targeting intasome to the middle of the genes. Small molecule inhibitors of
LEDGF/p75-integrase interaction reduce the activation potential of resulting integrated
proviruses, indicating that there might be a clinical potential for drugs altering integration
landscape.

By doing different types of experiments the role of host factors potentially interacting with

LEDGF/p75, integrase or both can be evaluated.

Proposed methods for this research topic would be doing a lentiviral (lentiCRISPR)
transduction with adherent cells and generating knockdown cell lines from this
experiment. Furthermore, the cell lines are infected with the virus and after they start
growing normally in selection media (medium with puromycin), the knockdown of each
cell line can be validated through immunoblotting, and lllumina sequencing (Next-

generation sequencing method) down the line.
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3 Presentation of the methods

Cell culture

The cells which used for all experiments are HEK293T cells (mammalian derivative
kidney cell line). Cells are cultured from passage 7 or 8 (P7 or P8) and are split every 2-
3 days around a confluency of 70-80%, in 100 mm cell culture plates. HEK293T cells are
washed with 1xPBS (Thermo Fisher Scientific), trypsinized (0.25% v/v) (Corning) and
resuspended in complete DMEM. A complete DMEM (CDMEM), is DMEM (Gibco)
supplemented with 4.5 g/L D-Glucose, L-Glutamine and Sodium Pyruvate as well as heat-
inactivated Fetal Bovine Serum, FBS, (Gibco) and 100xPenicillin Streptomycin Solution
(Corning) . Cells are maintained for up to 3 weeks and are kept in a 37°C 5% CO2

humidified incubator.

CRISPR-Cas9 Transient Knockdown

An sgRNA (Horizon Discovery, Synthego) is reconstituted in 1xTE buffer (IDT) and
spinned down. The sgRNA is then used alongside Cas9 (Synthego) to make an sgRNP
(single guide ribonucleoprotein) complex. Cells are heat treated in a 37°C heating plate
for 15 minutes. HEK293T cells are trypsinized and pelleted. The pellet is then
reconstituted in the Nucleofector solution (Lonza). Fresh CDOMEM (DMEM supplemented
with FBS and antibiotics) is plated in a 6-well plate (Thermo Fisher Scientific) and pre-
incubated in the 37°C 5%CO2 humidified incubator. sgRNP complex mix is then spinned
down and entire contents is added to the HEK293T pellet and Nucleofector solution. The
entire mix is transferred in a nucleofector cuvette (Lonza) making sure there is no bubble
formation. Cuvette is put into the Amaxa Nucleofector device (Lonza); Q-01 program is
selected and applied. After nucleofection, 500 uL of pre-warmed CDMEM is added into
the cuvette and everything is transferred to a 6-well plate using single-use pipettes
(Lonza). Plate is incubated at 37°C in 5%CO2 humidified incubator for 72h. Cells can then

be harvested and editing efficiency can be analyzed through immunoblotting.
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Lentiviral Transductions

The cells used for transfections are modified HEK293T cells — hHL6 cells. A 100
mm plate at a confluency of ~70% is used. A desired number of cells is pelleted in a
multifuge (Thermo Fisher Scientific). A bottle of DMEM (Gibco) supplemented with 4.5
g/L D-Glucose, L-Glutamine and Sodium Pyruvate, is warmed up in a 37°C water bath.
By using the formula: V=MOI x CN / VT X 1000, volume of lentiviral particles can be
calculated. Once the cells are trypsinized and pelleted, Edit-R All-in-one Lentiviral sSgRNA
particles (Horizon Discovery) are thawed on wet ice and brought into the hood. Calculated
amounts are pipetted into 1.7 mL tubes (Eppendorf) using micropipettes (Thermo Fisher
Scientific), transduction medium is added, and samples are resuspended gently. Tubes
are put in the 37°C 5% CO2 humidified incubator with open caps for 1h. Every 15min
tubes are closed, taken into the hood and lightly flicked. Following the incubation,
CDMEM is plated in each well used, and is also added to each tube, from which after
mixing is transferred into the well. Plate is incubated in 37°C 5% CO2 humidified incubator
for 5-6h. After the incubation, medium is carefully removed, new medium is added and
resume incubation at 37°C 5% CO:2 humidified incubator for 48h. 48h post-transduction
medium is replaced with selection medium — supplemented with 4.5 g/L D-Glucose, L-
Glutamine and Sodium Pyruvate as well as 1.5 ug/mL puromycin (10 mg/ml) (Gibco).
Selection medium is replaced every 48-72h and cells are split when necessary. Once
cells are growing normally in the selection medium, cells are expanded to freeze a
sufficient number of aliquots for future use. Freezing media used is a mix of Dimethyl
Sulfoxide, DMSO, (Sigma-Aldrich) and ice-cold FBS (Gibco). Cell pellet is resuspended
in the freezing media and aliquoted in a cryovial (Sigma-Aldrich).
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Cell lysis

In order to determine how effective a knockdown truly was following a CRIPR-
Cas9 transient knockdown, immunoblotting is conducted. Cells are first harvested,
pelleted and put on wet ice immediately. Following, is the cell lysis with the RIPA buffer
(Radioimmunoprecipitation assay buffer) which contains Tris-HCI pH 7.4 (0.5 M), NaCl (5
M), EDTA (0.5 M), IGEPAL CA-630 (100% v/v), SDS (10% w/v), 1 capsule of cOmplete
Mini EDTA-free protease inhibitor (Sigma-Aldrich) and ddH20 — for a total volume of 10
mL. Lysates are then incubated on wet ice for 30 minutes and vortexed (Fisher Scientific)
every 10 minutes. Following the incubation period lysates are centrifuged (Eppendorf) at
maximum speed (21,000xg) for 10 minutes at 4°C, after which the supernatants are
transferred to new tubes on ice. A part of the supernatant is saved for BCA assay
(Bicinchoninic acid assay) and remainder is stored at -80°C. BCA Assay is performed to
determine the total protein concentration of the samples. Protein standards are prepared
(A-1) in various concentrations for the final volumes of 2000, 1000, 750, 500, 250, 125, 25
and 0 ug/mL, and stored at RT — Pierce™ BCA standards (Thermo Fisher Scientific) and
deionized water. Standards and samples are pipetted in duplicates into a 96-well plate
(Thermo Fisher Scientific). A Pierce™ BCA working reagent (Thermo Fisher Scientific)
(reagent A : reagent B = 50:1) is added to all wells and the plate is incubated at 37°C for
30 minutes in a tabletop incubator. Following incubation, absorbance is measured at 562

nm in a microplate reader.

SDS-PAGE and Western Blot

Using the results from the BCA assay analysis, volumes required for each sample
for SDS-PAGE can be calculated. All the samples need to have 30 ug of total protein
concentration. Based on that data mixtures containing the lysate, 4.25x sample buffer —
consisting of 5 uL beta/2-mercaptoethanol, 10 uL 1M DTT and 85 uL 4x Laemmli Smaple
Buffer (BioRad), and UltraPure water can be made (up to a total of 20 uL). Once made,
samples are boiled in a heating block (Thermo Fisher Scientific) at 100°C for 10 minutes.
Samples are then centrifuged (Sigma-Aldrich) at 16,500xg for 30 seconds at RT. The
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protein gel box is assembled next, using a pre-cast Bolt™ 4-12% Bis-Tris Plus gel (12-
well) (Thermo Fisher Scientific) and filling the center of the box with 1xXMES SDS running
buffer, made from 20x MES SDS Running Buffer (Thermo Fisher Scientific) and water,
and let it overfill to the sides approximately 5 cm. The samples are then loaded using the
gel pipette tips, starting with the protein ladder — Precision Plus Protein Dual Color
Standard (BioRad) . Once all samples are loaded the gel is first run at 100V until the
samples reach the middle of their run and then switch to 200V. Using a pre-cut Trans-
Blot Turbo Transfer Pack (BioRad) — with mini format 0.2 um PVDF. The gel is gently
placed in between two pre-cut membranes and the blot is run in a Trans-Blot machine
(BioRad) — Mini gel > High MW.

Blocking and antibody incubation

Fresh Milk A — Blotting-Grade Blocker (BioRad) is prepared (1g in 20 mL) and Milk
B — Blocking-Grade Blocker (BioRad) (2.5g in 20 mL) — used for non-specific binding and
store it in 4°C fridge. The membrane from the transfer sandwich is removed and placed
in a gel box in which Milk A is added. The blot is then incubated for 1h on a tilted shaker
at RT. After the incubation is over, Milk A is removed and Milk B with the appropriate
concentration of the antibody (1:10,000; 1:2,500) is added and incubated in the cold room
overnight (on a tilted shaker). After 12-18 hours milk is removed and wash the membrane
is washed 3x with 10 mL of PBST (Phosphate-Buffered Saline with Tween20). After the
last PBST wash, and and add appropriate secondary antibody is added to 10 mL of Milk
B in the gel box and everything is incubated for 1 hour. Following the incubation, 3x PBST
wash is repeated. A 1:1 Pierce™ ECL Western blotting Substrate detection solution with
reagents A and B (Thermo Fisher Scientific) is pipetted over the membrane right before
imaging with a GelDoc (BioRad). For the imaging: Chemiluminescence (for samples) >
manual exposure time > Colorimetric (for marker) > auto exposure time > gallery > select
the sample sand marker photo > merge > print and save to USB. After imaging, 3x wash
with PBST is done and the membrane is stripped using 10 mL of Restore™ PLUS
Western Blot Stripping Buffer (Thermo Fisher Scientific) for 10 minutes on the tilted
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shaker at RT. Washing steps are repeated and membrane is blocked again with Milk A
for 1 hour. Following the Milk A incubation, Milk B and appropriate concentration of
loading control antibody (beta-actin) is added. The membrane is stained overnight and
imaging steps are repeated the next day. Analysis is done using ImagedJ to see the

depletion level of the proteins.

hEF1a } SMARTchoice

promoters

Figure 6: map of Edit-R All-in-one Lentiviral sgRNA vector.®

Transduction of cells with Edit-R All-in-one Lentiviral sgRNA particles -
mechanism

The Edit-R All-in-one Lentiviral sgRNA (single-guide RNA) vector has a human
codon-optimized form of S. pyogenes cas9 (csn1) gene and the marker for puromycin
resistance (PuroR). Both of them are presented as a bicistronic transcript (encoding two
independent proteins) with a 2A peptide sequence linker controlled by a single promoter
(as seen on the graphic above). The location of PuroR is purposefully upstream of Cas9
coding region and not on 3’ end, as to prevent any additional amino acids being added to
the C-terminus and hence preserving the complete Cas9 endonuclease activity. The
expression of gene-specific sgRNA is controlled by the human U6 promoter, and the
optimized sgRNA scaffold utilized in Edit-R All-in-one Lentiviral sgRNA can additionally
improve the efficiency of the gene knockout. There are two existing promoter options
(hEF1alpha and mCMV) for the selection of Cas9 nuclease vector with the most active

21



promoter for specific cells of interest. These sgRNAs are specific to the gene of interest
or choice. Its crRNA (CRIPSR RNA) region contains 19-20 nucleotides which are identical
to genomic DNA target site, followed by non-variable sRNA scaffold that consists of S.
pyogenes tracrRNA (trans-activating CRISPR RNA) sequence. The genomic DNA target
of interest has to be directly upstream if PAM (Protospacer Adjacent Motif). The principal
PAM nucleotide sequence of S. pyogenes is NGG. 49

4 Other key methods in overall project
p24 assay

HIV p24 antigen, mentioned in the subchapter 1.3 Structure of the HIV-1 virion, is
the most abundant HIV-1 protein and is key for capsid assembly (the capsid surrounds
the genetic material of the virus). p24 antigen can be detected by an assay and the aim
of this method it to diagnose early HIV-1 infection, in a clinical setting, during the period
where HIV-specific antibodies are not yet detectable. It is important to mention however
that these p24 assays have low sensitivity which has shown to not be useful in
observation of HIV-1 throughout the course of infection.

Following this observation, the development of high sensitivity p24 assays began
— one of which has been named digital enzyme-linked immunosorbent assay (ELISA), as
it is based the microscopic well capture and digital camera platform. This high sensitivity
assay has the ability to allow detection for very low-level concentrations of p24 antigen.
The lowest limit of quantification being 0.01 pg/mL (picogram/milliliter) and lowest limit of
detection 0.003 pg/mL. With the development of this assay and taking in consideration its
high sensitivity, the detection of early HIV-1 infection has been made easier. Moreover,
p24 assay is also being applied for the measurement of in vitro HIV-1 latency

reactivation.®0
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Luciferase Assay

Luciferase assay has the goal of determining if a protein of interest can either
activate or suppress the expression of the target gene. Unlike some other assays (e.g.
ChiIP, EMSA), luciferase is assay can establish a functional connection between the
presence of a protein and the amount of gene product being produced. It is however
unable to verify if the protein directly interacts with DNA itself — the protein could implicitly
affect transcription through activation or suppression of another protein or protein
complex that affects the transcription process.

This assay is used for bioluminescence by numerous organisms in nature. In the
lab however, a construct in which the regulatory region of a target gene is fused with the
DNA coding sequence for luciferase is produced. A separate DNA construct encodes the
protein which is theorized to affect transcription. A transfection is conducted with e.g.
HEK293T cells, using both constructs. If the protein can upregulate transcription of the
target gene, cells will express luciferase; if there is downregulation, luciferase expression
will be decreased. This is assessed ~2-3 days after the initial cell transfection.
Subsequently, cells are lysed, and the cell contents are transferred into a reaction tube.
When the appropriate substrate is added, luciferase will be able to catalyze a reaction
which produces light, which will then be detected with a luminometer — device that
precisely quantifies the amount of light produced in a reaction tube. The quantity of light
produced offers a quantitative measure of the effect the protein has on expression of the

target gene.>’

Sequencing — background and Next-generation sequencing

Although the next-generation sequencing is the method to be used in this research,
it is crucial to mention Sanger sequencing as the pre... method. It was developed in 1977,
with the first mention of it in 1975. This method used specific chain-terminating
nucleotides that do not contain a 3'-OH group; hence no phosphodiester bonds can be
formed by DNA polymerase, leading to termination of the developing DMA chain at that
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site. The dideoxynucleotides triphosphates (ddNTPs) are fluorescently or radioactively
labeled for detection in automated sequencing machines or gels (for sequencing),
respectively.

Furthermore, although it is a quite slow method in comparison to next-generation
sequencing (NGS) many improvements have been made in its methodology and
automation which allows it to still be utilized as one of the most suitable sequencing

methods for numerous experiments especially on a smaller scale.®?

When it comes to second generation sequencing or next-generation sequencing (NGS),
one of the most popular technologies is lllumina sequencing. The basis of this technique
is known under a name “bridge amplification” where DNA molecules that contain
appropriate adapters ligated on each end are utilized as substrates for repeated
amplification synthesis reaction on a solid support e.g. glass slide. This solid support
contains oligonucleotide sequences which are complementary to a ligated adapter. Oligos
on the slide are spread out so that the DNA — subjected to repeat rounds of amplification,
generates clonal clusters containing approximately 1000 copies of each oligonucleotide
fragment. Each individual glass slide can support millions of parallel cluster reactions.
Moreover, during the synthesis specifically modified nucleotides which correspond to
each of the four bases, with their individual fluorescent label are then integrated and
detected.

Nucleotides also work as synthesis terminators for every reaction and are released after
detection for the next round of synthesis. The repetition of the reactions reaches around
300 or more rounds in total; the utilization of fluorescent detection amplifies the speed of

detection as a result of direct imaging, in contrast to camera-based imaging.

This type of sequencing — lllumina, aids numerous protocols from genomic sequencing
and targeted sequencing to RNA sequencing, and CHIP-seq and methylome methods.
Different sequencing machines offer different levels of throughput, some of which include
MiniSeq, NextSeq and HiSeq models. The most commonly used one, in the experiments
such as the ones performed in this paper, is NextSeq, which can provide 120GB with 400

million reads at 2x150bp read length.%?
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5 Workflow of the research

Project workflow:
HIV-1 U3 viral
plasmids transfection

p24 assay
Nucleofection HIV-1 Luciferase Genomic DNA Nlumina ]
of HEK-293T Infection Assay isolation Library IIIumm_a IntSec—|
Do D3 D5 D6 preparation Sequencing analysis

Immunoblotting

and Image)
quantification

This entire part of the experiment has been done/will have been done by my colleague.
Essentially both his nucleofected cells and my transduced KO cells are to be used for

both the HIV-1 infection and in other steps that follow in this project.

Workflow of my work:

DAY 0 DAY 1 DAY 3-12 WEEK 2-3 WEEK 3

Plate Transduction + Puromycin Immunoblot HIV-1

HEK293T media change selection and ImageJ; infection
modified cells after 6hrs + cell expansion freezing cells in BSL2+

The cells used in the lentiviral transduction experiment were modified HEK293T cells
(human embryonic kidney cells which express the SV40 large T antigen). Since this
modification was conducted by collaborators who have not published their results yet, |
am unable to disclose what the exact edit is. However, the morphology and overall

behavior of the cells is almost identical to HEK293T.
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CRISPR mechanism and relevance

CRISPR (clustered regularly interspaced palindromic repeats)-Cas9 (CRIPSR
associated protein) system is a bacterial and archaeal adaptive defense mechanism that
works to identify and silence incoming foreign nucleic acids. At the point of infection by a
bacteriophage or any other foreign elements, a host organism can integrate short
sequences from the genetic invaders, names protospacers, into a specified region of the
genome (locus) among short palindromic DNA repeats of various lengths. Several
spacer-repeat units are grouped at the CRISPR locus to form the CRISPR array. The
entirety of the locus including the array is transcribed by RNA polymerase into primary
transcript (pre-crRNA), followed by processing into a small mature crRNAs that include
sequences corresponding to the foreign, invading DNA. The crRNAs guide a
multifunctional protein or a protein complex with a goal to cleave corresponding target
DNA adjacent to PAMs. This way the organism acquires a way to shield itself from any

later infections. %3

When it comes to engineering a CRISPR-Cas9 platform for mammalian gene
editing, Streptococcus pyogenes has been widely studied. There are only three steps in
total which are necessary for targeted DNA cleavage at specific target sites adjacent to
PAM — 1) endonuclease Cas9, 2) mature crRNA which programs Cas9, processed from
transcription of CRIPSR locus and array that complexes with 3) additionally CRISPR
locus-encoded RNA (tracrRNA). Another option would be crRNA fusing to tracrRNA and

thus creating a chimeric structure called sgRNA .54

Following the site-specific dsDNA cleavage, the cell can repair this break in one of two
ways — either through a non-homologous end joining (NHEJ) or homology directed repair
(HDR). The first is often flawed as it can result in small insertions and deletions (indels)
that can result in nonsense mutations leading to gene disruptions that produce gene
knockouts. This endogenous DNA break repair process combined with the highly
controllable S. pyogenes CRISPR-Cas9 system, which permits a readily engineered

platform to permanently disturb gene function.%6:57
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Figure 7: CRISPR-Cas9 system, where Cas9 nuclease is programmed by crRNA (green): sgRNA to cut both
genomic DNA strands 5’ of the PAM.#°

Western Blot mechanism and relevance

Western blotting is an essential technique in molecular biology which is regularly
used in various areas of research. The main role of a western blot is identification of
specific proteins from an intricate mixture of proteins extracted from cells. The main steps
in this technique are the following — 1) separation by size, 2) membrane transfer, and 3)
staining the target protein with appropriate primary and secondary antibody for
visualization.%8
A western blot functions by separating a mix of proteins through their molecular weights
(measured in kiloDaltons or kDa) and type through gel electrophoresis (SDS-PAGE). The
gel is then transferred to a membrane on which the specific bands for each protein can
be observed, followed by antibody incubation with appropriate specific antibodies which
are supposed to detect the protein of interest. This antibody can then be detected through
imaging with a GelDoc machine. It is expected that only a single band is visible for the
specific protein of interest. It is important to always include a control in case the protein
of interest might not be visible in a specific sample — this is especially relevant for

knockout cell lines. In case the knockout was successful, a band will not be visible.
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5 Results

To choose a specific guide RNA, or more specifically single-guide RNA, a transient
CRISPR-Cas9 nucleofection was conducted using a set of 3 sgRNAs. Following the
nucleofection, on day 3 immunoblotting was conducted and the best knockdown was

chosen as the sgRNA which would be used in the lentiviral transduction — for this a
LentiCRISPRv2 sgRNA was used.

LEDGF 75kDa (1.309)

50 50
37 B-Actin 42kDa (110000) 37‘ B-Actin 42kDa (1.10000)

&
&
&P

¢ ST
S LS B F &S
S ey LT W I S L
S 1SS S ——— N so [ - 3
| - B-Actin 42kDa (1.10000)

L [ RS B-Actin 42kDa (1.10000)

Figure 8: Immunoblotting of sgRNAs was conducted following a transient nucleofection using a variant of HEK293T
cells. The genes of interest were IWS1, LEDGF, PAF1 and MLL1. All the blots include a marker, sgRNA and non-
targeting control.
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Figure 9: Immunoblotting of LentiCRISPR sgRNAs was conducted following a lentiviral transduction using a variant
of HEK293T cells. The genes of interest were the same as in the nucleofection. All the blots include a marker, sgRNA
and non-targeting control.
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Figure 10: ImageJ analysis of western blots for the following genes of interest — IWS1, PAF1, LEDGF and MLLA1,
including a non-targeting control for comparison —results are from the transient nucleofection. Figure 11: ImageJ
analysis of western blots for the genes of interest—results are from the lentiviral transduction. The graph shows
significant depletion levels in all genes of interest, particularly in IWS1.

From these results it can be observed that in the nucleofection there was always one out
of three which was depleted the most, which can then be optimized for use in other
experiments. The levels between the nucleofection and transduction of the same sgRNAs
in all host factors are overall comparable and the depletion levels are low enough that all
generated cell lines can be used for the HIV infection and other steps leading up to

lllumina sequencing.

6 Discussion

From repeated measurements, the results indicate that the knockout cell lines from
all host factors of interest have been effectively knocked out, especially IWS1. There is
an exception of the factor PAF1, where in several subsequent immunoblotting the levels
went up indicating that it was not stable at 3.45%. In order for results to be reliable it is

important to have a stable knockout cell line, and thus optimization is important.

Identifying HIV-1 host factors and characterizing them is a very important objective in HIV-
1 biology. One method that has made and continues to make a difference is CRISPR-
Cas9 gene editing technology®® — in this paper utilized through a CRICPR-Cas9
nucleofection and LentiCRISPR transduction. This method is especially useful in studying

function and mechanisms to learn more about the host factors and their potential future

29



roles. IWS1, PAF1 and MLL1 knockout cell lines that were generated could be useful in
further studies of the mechanism of HIV-1 integration and in establishing a relationship

between a genotype and phenotype.

Host factors have key roles in viral pathogenesis and replication, which makes them
promising targets for next-generation therapeutics development.®% Although in this paper
the focus is not on the work with antiretroviral drugs, it is important to mention one
example. One of the HIV-1 host factors — CCR5 is a binding site for the FDA-approved
antiretroviral drug Maraviroc which works to prevent the binding of the viral envelope and
thus inhibiting viral entry.61.62

To be able to reach this step at one point, it is important to conduct additional experiments
including HIV-1 infection of the knockout cell lines to observe how stable they are when
the virus is present and subsequently mapping integration sites to ensure if there was any
change in integration site targeting by having knocked out these specific genes. In case
there is a significant change this could help in development of next-generation

therapeutics that inhibit viral entry.

Since the knockouts were successful as seen in very significant depletion levels from
ImagedJ analysis, my overall conclusion is that they should be utilized for further analysis
to see if they play any important roles during HIV-1 integration targeting, by mapping of
integration sites to observe if there is any change in integration site targeting by having

knocked out any of these host factors.
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