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Abstract

The human apolipoprotein B mRNA editing enzyme catalytic polypeptide 3 (APOBEC3,
A3) are a family of proteins consisting of seven enzymes, A3A, B, C, D, F, G and H, which
function as cytosine deaminases. The enzymes’ purpose in the cell is to mutate viral DNA during
infection hindering or stopping replication of viruses such as human papillomavirus, herpes
simplex virus, and HIV-1. Several of the A3 enzymes have also been implicated in contributing to
cancers such as head and neck and breast cancers by mutating cellular genomic DNA, making the
ability to control A3 expression an attractive target for cancer therapy. The A3 enzymes are
regulated by small fragments of RNA called miRNA. In this thesis, twenty-four miRNAs were
identified for their predicted silencing of A3 mRNA, cloned into expression vectors, and tested in
a dual luciferase assay to determine their silencing ability. Three miRNAS, hsa-miR-1207-5p, hsa-
miR-1227-3p, and hsa-miR-548a-5p, indicated a possible silencing interaction and I was able to
show a significant silencing of A3C by hsa-miR-1207-5p. This thesis contributes to the study of a
family of human immune proteins that are not only important in the innate immunity against
viruses that infect millions of people each year, but are also molecular drivers of cancers. This
research advances our understanding on miRNA control of the human APOBEC3 family and the

potential for miRNA to be used as therapeutic agents against disease.
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Introduction

Human cells have evolved numerous ways to defend themselves against viral invaders, one
example is the human APOBEC3 (A3) class of enzymes. The A3 enzymes are part of the cell’s
innate immune response to viruses and are constantly expressed in many tissues at differing levels.
When a susceptible virus invades the cell, the A3 enzymes are incorporated into viral particles and
cause DNA damage by converting the cytosine in DNA to uracil. These mutations inhibit viral
replication and stop the virus from infecting more cells. The A3 enzyme’s ability to mutate DNA
can also be problematic for our own cells. In cancers such as head and neck and breast cancer A3
enzymes are expressed at abnormally high levels. It is hypothesized that the high levels of A3
expression leads to a higher mutation rate of the cells genome and a faster progression of the

cancer. This leads to a more severe outcome for the cancer patient.

The expression of A3 enzymes in the cell are controlled by microRNAs (miRNA). These
small RNA fragments bind to the messenger RNA (mRNA) transcripts that encode for the protein
and inhibit translation of the mRNA into protein. For a cell, miRNAs are essential for normal
function, it is important for a cell to maintain control over the proteins it expresses and the ability
to quickly inhibit translation of proteins allows the cell to respond to environmental changes. Since
miRNAs are such an important part of protein expression, they need to be highly regulated to avoid
protein mis-regulation. When disease strikes such as cancer, the expression of miRNAs can change
which leads to abnormal expression of the proteins the miRNAs regulate such as A3 enzymes.
However, using miRNAs as a way to control cellular protein expression could be a way to treat

diseases with over expression of proteins, such as oncogenic proteins in cancer.

The goal of my research was to develop a library of miRNAs predicted to interact with

A3 enzymes and test the miRNAs using a dual luciferase assay to determine the miRNA’s ability
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to interact with the A3 enzymes. This research would increase our understanding of how miRNA
regulation of A3 enzymes works. This research would also serve as a potential avenue for future
research in developing a therapeutic technique miRNA drug for those whose suffer from cancers

with A3 involvement.

APOBECS3:

The human A3 enzyme family consists of seven enzymes: A3A, A3B, A3C, A3D, A3F,
A3G and A3H, which are all encoded on chromosome 22 (1). These genes arose from gene
duplication events in primate ancestors (2). The A3 enzyme genes belong to a large gene family
which also include activation induced cytosine deaminase (AID), APOBEC1, APOBEC2, and
APOBECA4. This large family of genes is highly conserved in vertebrates, with APOBEC]1 and A3

enzymes being unique to mammals. AID, A3, and APOBECI all perform similar functions by

NH, 0
N N + HQO
"NHs

N O
H

Figure 1. The process of cytosine (left) being deaminated into uracil (right).
APOBEC3 enzymes are able to catalyze this reaction on mRNA strands (71)

acting as cytosine deaminases (2). Cytosine is one of the four bases found in DNA, the others being
thymine, guanine, and adenine. Structurally, cytosine is very similar to another nucleotide found
in RNA called uracil. In double stranded DNA or RNA, adenine binds to thymine or uracil in RNA

and cytosine binds to guanine (3). Cytosine deaminases such as the APOBEC/AID enzymes bind
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cytosine in DNA remove the amine group, replacing it with an oxygen molecule and converting it
into uracil Figure 1 (3). When the DNA is replicated, uracil templates for an adenine instead of
the guanine that cytosine templates. This mutation can alter protein coding or regulatory function
of the affected DNA. In genomic DNA, DNA repair machinery recognizes the uracil and reverts
it back to cytosine. In heavily mutated genomic DNA however, the repair mechanisms can be

overwhelmed, and permanent DNA damage can occur.

An enzyme that is related to the A3 enzymes and shares a similar cytosine deaminase
activity is Activation-induced cytidine deaminase (AID). AID is an enzyme that is active in B cells
during secondary antibody diversification during an immune response. AID causes random
mutations in the genes that encode for antibodies and allows for a wide range of antibodies to be
created (4). This is important for the adaptive immune response as it allows for antibodies to be
selected that specifically bind the antigen the body is facing. This mutation does come with a risk
of damaging the B cell’s genome and can lead to B cell lymphomas. Since AID and APOBEC3
enzymes can cause mutations in cells due to their cytosine deaminase activity, it is important to

study both as a breakthrough about one can lead to a breakthrough in the study of the other.

While all A3 enzymes share the same function of being cytosine deaminases, the enzymes
differ in the preferred sequence context of the cytosine, and the number of deaminase protein
domains (1,5). A3A, B, C, D, F, and H prefer to interact with cytosines that follow thymine while
A3G prefers cytosines that occur after another cytosine. (3). A3A A3C, and A3H have a single
cytosine deaminase domain, while A3 B, D, F, and G have two functional domains (3,6). These
functional domains are called zinc coordinating domains (ZCD). In A3 ZCDs, a zinc ion is bound

by histidine and two cysteines, and is able to interact with a cytosine, oxidizing it into an uracil

3).
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Figure 2. Expression of A3 enzymes in various tissues (7). Tissues with important immune functions and
activity show high levels of A3 expression.

The A3 enzymes are widely expressed in many tissues at different levels of expression
Figure 2, with immune tissues such as the spleen and peripheral blood mononuclear cells showing
high levels of A3 expression. A3C is expressed in the most tissues, while A3A and A3G are highly
expressed in lung tissue (4,7). The A3 enzymes are also found in differing locations inside the cell.
A3B is found in the nuclear compartment of the cell, while A3A, H and C are found cell wide.

A3D, F, and G are found in the cytoplasm of the cell (6,4,8,7).

The role of the A3 enzymes in our innate immune response is to restrict the replication of
viruses. It is hypothesized that the evolution of the A3 gene family is closely tied to viral evolution,
especially to the retroviruses that our primate ancestors faced (9). These viral evolution events
have led to the existence of the seven members of the human A3 family. Each member while

similar in function and structure exhibits differences as described below.
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A3A is expressed in the nucleus and cytoplasm of cells. The A3A enzymes have been
described to restrict the replication of DNA viruses such as human papillomavirus (HPV), herpes
simplex virus type 1 (HSV-1), and hepatitis B virus (HBV) by causing high levels of mutations in
the viral genomes (10,62). The role of A3A in restricting HPV is especially important as HPV
infections are widespread in the United States, infecting nearly 78 million people and can lead to
cancers affecting both men and women (11). In contrast to several other A3 members, A3A is not
known to have a significant role in restricting HIV-1 replication. In addition to these beneficial,
viral restriction roles, A3A has also been implicated in driving mutation in some cancers and has

also been shown to damage DNA in mitochondria (62).

A3B is found only in the nucleus of cells. When a cell goes through mitosis A3B is rapidly
imported into the new cells’ nuclei, this location of A3B means it can defend against viral DNA
within the nucleus (63). There is evidence that A3B inhibits the replication of HPV, HSV-1, and
HIV-2. (12,64). Since A3B is found in the nucleus, A3B can access the cells genomic DNA and is
the A3 protein most strongly linked to mutation in human cancers, most notably, breast cancer

(21,65).

A3C is found throughout the cell and A3C along with A3F, A3G, and A3H can form
structures that localize into specific subcellular structures. (2) These A3 enzymes can be found in
two forms in the cell, an active low molecular mass form (LMM) and an inactive high molecular
mass form (HMM). A3C binds with proteins and ribonucleotides in these structures and is
inactivated until cytokine signals from viral infections activate it (2). There is evidence that A3C
can restrict HPV, HIV-1, and human herpes viruses such as Epstein-Barr virus, however it is the

weakest A3 enzyme against these viruses (67,68). A very small percentage of the human
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population, however, contains a variant that is more effective as an antiviral protein, this

mutation causes A3C to form a dimer with itself (67).

A3D has seven splice variants described, more than any other human A3 protein. These
variants are found throughout the cell, with four containing functional cytosine deaminases (69).
The A3Dvl1 variant has two functional deaminases, Cytosine Deaminase 1 and 2 (CD1, CD2)
while A3Dv2 only has CD1 and A3Dv6, and A3Dv7 contain CD2. All variants show antiviral
activity against HIV-1 and foreign DNA restriction, however the antiviral activity of A3D is
weaker compared to some other A3 enzymes (69). Hepatitis B and HIV-1 have been shown to be
restricted due to A3D (2). Two of the variants A3Dv2 and A3Dv6 are found in the nucleus and

can have the potential to mutate cellular DNA.

A3F is found in the cytoplasm of cells and like A3C can be found in LMM and HMM
forms (2). A3F can be co-expressed with A3G in CD-4 positive immune cells, and when these
cells are infected with HIV-1, both A3F and A3G can be found in the same viral particles (70).
Inside the viral particle, A3F stimulates A3G activity by forming an oligomer with A3G, this new
structure is a more active mutagen than either enzyme alone (70). While A3F is weaker in antiviral

activity compared to A3G, A3F is more resistant to viral proteins such as Vif (70).

A3G is found in the cytoplasm of cells and like A3C and A3F can be found in LMM and
HMM (2). A3G was the first A3 protein to be characterized as a viral restriction factor, for its
ability to restrict the replication of HIV-1. HIV-1 is a virus that has infected 37 million people
worldwide, 1.2 million people in the United States, and has killed 22 million people since the
discovery of the virus (13,14). The role of A3G restriction of HIV-1 replication shown in Figure
3, is well characterized, and can be applied to the other A3 enzymes that restrict HIV-1. A3

enzymes target HIV-1 genetic material by being packaged in the viral particles as they begin to
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assemble inside the cell. When the viral particle attaches and enters a new cell, the viral genome
and A3 enzymes are released. The A3 enzymes can deaminate viral genome cytosine into uracil,
and if enough mutations occur the virus may become defective and unable to replicate (15). HIV-
1 can stop A3 from targeting its genome by producing viral infectivity factor (Vif). Vifis a
protein that will attach itself to the A3 enzymes and mark them for destruction (12). Studies have
shown that HIV with nonfunctional Vif have much lower infection rates and replication because

of the A3 mediated inhibition. (12).
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Figure 3 APOBEC3 enzymes limit HIV-1 replication. APOBEC3 enzymes of HIV
infected cells are packaged into viral particles and travel with the virus to a new cell. When
the virus enters the newly infected cell, A3 enzymes mutate cytosines to uracils on the viral
cDNA causing damaging levels of genomic mutation. (15).

A3H is found in both the cytoplasm and nucleus of the cell, it can also be found in LMM
and HMM forms in the cytoplasm (2,16). A3H has seven major haplotypes I-VII, as well as four
different splice variants. (17,18,19) It is unclear why so many variations exist, but it is thought that

geographic distribution of different populations and the viruses they faced led to the different
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types. (17,18). Of the seven haplotypes, haplotype II, V, and VII are the best able to restrict HIV-
1 that lacks Vif. Haplotypes I and VI could also have antiviral activity but they are poorly
expressed in healthy cells (19). The other haplotypes are structurally unstable and do not exist in
a biologically stable form in the cell at any appreciable levels. A3H haplotype I can appear in the

cell nucleus while the other haplotypes appear in the cytoplasm of the cell (19).

Cancer and APOBEC3:

Cancer is characterized by the presence of cells that grow and divide rapidly without
control. This uncontrolled growth can lead the formation of tumors and colonization of other
tissues by the cancer. According to the American Cancer Society, cancer is the second most
common cause of death in the United States after heart disease (20). Cancer is most common in
tissues that have rapidly dividing cells such as skin or immune tissue; it is also common in tissues
that interacts with harmful chemicals such as the liver and lung (20). Internal factors such as
hormones can cause cancer as well as normal cell DNA replication events in where the cells
machinery makes a mistake, turning off cancer stopping genes or turning on pro cancer genes.
Environmental factors called carcinogens can also cause cancer. Examples of common
carcinogens are tobacco smoke, radiation, ultraviolet light, lead, and processed meat. These factors
can lead to the mutation of cellular DNA or interfere with cell growth and death signals, causing

the cell to begin to divide uncontrollably.

Cells growth is not the only thing affected in cancer, often cellular processes such as protein
regulation are also affected. In certain cancers such as neck and head and breast cancer, A3A and
A3B enzymes have been shown to be present in abnormally high levels (21,22,23). It is
hypothesized that these enzymes could be the cause of certain cancers or help the progression and

mutagenesis of these cancers (21,22,23).
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Figure 4. A hypothesized process on how APOBEC enzymes can lead to increase cellular
DNA mutations and cancer development (22). During a disease such as cancer, the cell loses
control of its normal protein expression leading to mis regulation of proteins such as A3. When
over expressed the A3 proteins can mutate cellular genomic DNA, causing the cancer to
progress more quickly.

The A3 enzyme’s ability to mutate DNA can be problematic for our cells. Because A3B
and A3H-I are localized in the nucleus there is a chance they can mutate the cellular genome.
Additionally, during mitosis, A3A, C and H can access cellular genomic DNA and potentially
mutate it. (8). These mutations in cellular DNA can cause the cell to lose control of its growth and
division. APOBEC3 mediated genomic mutation occurs when the cell loses control over the
regulation of these enzymes, likely as a result of an earlier oncogenic event (Figure 4). Increased
expression of A3 enzymes that can access genomic DNA in the nucleus such as A3A or A3B can
lead to increased cellular DNA mutations which can overwhelm the cellular DNA repair processes

and lead to permanent mutations (22,23).

When treating cancer, a cancer with a slower mutation rate has a more favorable prognosis
than one that rapidly mutates (24). A rapidly mutating cancer can become resistant to
chemotherapy making treatment more difficult for the patient. The phenotype of the cancer can
also change making it more likely to fragment and colonize other tissue (23,24). Because A3

enzymes can cause mutation in cancers, by learning how APOBEC3 enzymes levels are mis
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regulated in cancerous tissues, we could better understand cancer progression and aid in the

development of anticancer therapeutics (21,22,23,6).

MicroRNAs:

To be able to grow and perform its function a cell must control the expression of the
proteins it produces. There can be global regulation from outside sources that activate transcription
factors which control the expression and transcription of genes. This mechanism can be used to

control large amounts of genes and their products. A more fine-tuned regulation of a specific

(TE ) Polll
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Fig 5. The creation of miRNAs and the RNA induced silencing complex
(RISC) protein binding and regulation of mRNA. RISC binds the 3’'UTR
region of the mRNA, and leading to translation repression and signaling
the mRNA for degradation. Adapted from (11).
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protein can occur with the use of miRNAs. MiRNAs are small fragments of RNA that regulate
protein expression by binding to the messenger RNA (mRNA) on the 3’ untranslated region (3’
UTR) and signaling the mRNA for degradation. Figure 5 shows the process of miRNA maturation
and silencing of the target mRNA strand. In most cases, miRNA binding causes the destabilization
or degradation of the mRNA (25). This destabilization stops protein from being produced from
that mRNA, making it a way a cell can control how much protein is produced by each strand of
mRNA. MicroRNAs are transcribed from noncoding regions of genomic DNA by RNA
polymerase II (25). Once the miRNA is transcribed, it folds into a hairpin structure, allowing the
nuclear proteins Drosha and DGCRS to bind (25). This protein complex processes the miRNA and
cuts it into a smaller hairpin around seventy nucleotides long (25). The miRNA then is exported

from the nucleus to become activated in the cytoplasm.

Once the miRNA is in the cytoplasm it is bound by Dicer and TRBP (25). These proteins
remove the hairpin loop on the miRNA, converting the miRNA molecule into single strands. Once
the hairpin is removed the miRNA forms a complex with the RNA Induced Silencing Complex
(RISC) (60,61). RISC is a protein complex that is made up of RNA binding proteins, which help
stabilize the miRNA and allow it to bind to its 3’UTR mRNA target, leading to its inhibition of

transcription (26, 60,61).

The miRNA uses a seed site, located from nucleotides 2-7 of the miRNA to bind to the 3’
UTR of the mRNA. (25,27). The miRNA can bind fully or partially to the targeted mRNA using
the seed site region, and how tightly it binds can lead to different outcomes. Close matches can
lead to mRNA degradation while weak matches can lead to inhibition of translation initiation, but
not mRNA destruction (25,27). The miRNAs dependance on these seed sites and complementary

regions in the mRNA 3’ UTR allows for target prediction.
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Thousands of miRNAs have been described across many different species, because of this,
miRNAs follow a naming nomenclature in which related miRNAs use letters in the suffix to
differentiate them, while miRNAs that are identical but are transcribed from different areas of the
genome, an additional number is used (28,29). For example, for a human miRNA the prefix /sa is
used followed by mir and the number the miRNA in sequential sequence based on discovery such
as hsa-mir-1, hsa-mir-2 and so on. (28,29). This convention is not always followed and miRNA
sequences that are nearly identical can have a letter or number suffix added such as, isa-mir-1a or
hsa-mir-1-1. A miRNA identified in an organism and then later discovered in a different organism
can be named the number but with the species prefix. Because each miRNAs transcript can give
rise to two mature miRNAs, one from each side of the pre miRNA hairpin loop, (5 or 3’), the
suffix Sp or 3p can be added to the end of the name (28,29). This naming nomenclature allows

many unique miRNAs of to be described and easily identified.

Losing the ability to control gene expression is a hallmark of many diseases such as cancer.
In head and neck, lung, ovarian, and breast cancers, studies have found altered levels of miRNAs
in the cancer tissue (30,31,32). This can lead to abnormal protein levels that can worsen the
outcome of the disease. Because miRNAs are so important to the cells ability to regulate protein
levels, the miRNAs can be targets for therapeutic approaches to diseases where abnormal protein

expression is present.

Using miRNAs as therapeutic agents presents a few challenges as miRNAs are not stable
in the bloodstream, they are negatively charged so they are not easily absorbed by cells, and they
need to target specific cells to avoid systemic toxicity (32,33). For tumors that are easily accessible
a local injection can be used but for harder to reach tumors the miRNAs would have to be injected

intravenously (32,33). To help stabilize the miRNA in the bloodstream and facilitate uptake viral
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vectors could be used to target tumors cells. These have drawbacks as they will eventually initiate
an immune response to the viral vector. Non-viral vectors such as nanoparticles, exosomes, and
even metals such as gold could be used as well but face challenges such as systemic toxicity and
need more research to be developed (24). In animal trials however, the addition of miRNAs that
regulate oncogenes reduced the growth of tumors (32). MicroRNAs show great potential in
treating cancer and with more efficient delivery systems for the miRNAs being developed they

will become important tools in cancer therapy.

APOBEC3 and miRNAs:

Many proteins present in cells, including A3 enzymes are regulated by microRNAs (26).
In cancers that have abnormal levels of A3 enzymes, altered levels of miRNA control could be a
contributing factor. Since human A3 enzymes have important roles in limiting viral infections and
enhancing certain cancers, it is important to identify the miRNAs that regulate them. Once a library
of miRNAs that interacts with the A3 enzymes mRNA is created, it can be used to better
understand A3 regulation, and potentially be used as therapeutic targets to treat A3 mediated

cancers.

I hypothesize that the A3 family is regulated by miRNAs, each member by a different

repertoire of miRNAs.

Experimental summary:

To test my hypothesis three to four miRNAs identified to interact with each A3 enzyme
were predicted using three miRNA databases. The miRNAs were then amplified from HeLa cell
genomic DNA and cloned into pcDNA 3.1 (Invitrogen) expression vectors. All seven A3 3° UTRs

were cloned into a psi-Check-2 (Promega) vector that encodes two luciferase enzymes. To test the
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regulatory effects of the miRNAs, HeLa cells were transfected with the psi-Check-2 expression
vector with the A3 3 UTR as well as pcDNA 3.1 vector encoding the miRNA. A dual luciferase

assay (Promega) was performed to quantify the miRNA silencing for each A3.

Methods:

Identifying candidate miRNAs and their sequences:

To find candidate miRNAs listed in Table 1, A3 3’UTRs sequences were entered into three
miRNA databases, microrna.org, mirdb.org, and mirwalk (34,35,36,37,38). The database at
microrna.org identifies predicted matches by using the miRanda algorithm (39). The miRanda
algorithm matches optimal sequence complementarity between miRNAs and a specific mRNA
sequence, giving a score based on the match of base pairs. It also estimates the free energy needed
to form a miRNA:mRNA complex. Mirdb is a miRNA database that mines literature for miRNAs
as well as allowing submissions of new miRNAs (35,37). This data base integrated an algorithm
that uses RNA sequences and cross-linking immunoprecipitation data to determine miRNA and
mRNA targeting efficiencies (35,32). The last database mirwalk accesses miRNA information
from other data bases such as mirdb, and NCBI, it then uses the TarPmiR algorithm to identify
potential interactions between miRNAs and mRNAs (40). The TarPmiR algorithm predicts
binding through deep machine learning from data derived from crosslinking, ligation, and
sequencing experiments (41). These databases each use different algorithms to predict binding
efficiency of miRNAs to the 3> UTR of mRNA and the miRNAs with the highest predicted
efficiency for interacting, across all three databases were chosen. Full sequences for the identified

miRNAs were then found on GenBank by NIH and then identified in the genome on the University
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of California Santa Cruz Genome Browser (42). The identified sequence, with extra base pairs on

both sides for the creation of a primer, was then copied from UCSC Genome Browser and entered

into Primer3Plus. Forward and reverse primers were then identified from the miRNA transcript by

the Primer3Plus identification tool (43).

Sequencing miRNAs in pMiniT 2.0 vectors:

In order to amplify and sequence the candidate miRNAs, the identified primers were

ordered from Integrated DNA Technologies. The miRNAs were then amplified from HeLa
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Figure 6. PCR confirmation of miRNA sequences in
pcDNA 3.1 vectors. miRNAs show in this figure are (top left
band), hsa-miR-3135b, the six bands on the top right Asa-
miR-3130-5p, and the bottom hsa-miR-3192-5p. The
samples were then sent to Genewiz to for sequencing.

genomic DNA by PCR following the
recommended protocol for Q5 polymerase (NEB)
(44). The resulting PCR products were tested for
successful amplification by running on a 1%
agarose gel and imaged Figure 6. To determine if
the miRNAs were successfully amplified, the PCR
products were purified and transformed into
pMiniT 2.0 vectors following the protocol from
NEB (45). The plasmids were then purified and
sequenced by GeneWiz and the resulting

sequences were compared to their original primer

sequence.
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Cloning miRNAs into pcDNA-3.1 expression vectors:

To prepare the miRNAs for use in the dual luciferase assay, successfully sequenced
miRNAs in pMiniT 2.0 vectors were excised by EcoRI and BamHI (NEB) and ligated into pcDNA

3.1 expression vectors with Instant Sticky-End ligase (NEB) Figure 7. The plasmids were then

purified and sequenced by GeneWiz to confirm correct sequence and orientation.

P |

5428 bp

Figure 7. The pcDNA 3.1 vector from Invitrogen, the miRNA constructs
will be cloned into (72).

Cell culture conditions:

HeLa cells used in the experiment are grown in a 37° C incubator at a 5% CO2 atmosphere.

The cells are plated on a tissue cell culture plate in Dulbecco’s modified eagle media (DMEM),
with 10% fetal bovine serum.
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Optimization of transfection conditions:

In order to determine the optimal cell number for the assay, HeLa cells were counted on a
Luminocyte hemocytometer and differing densities of cells were then seeded into flat bottom 96
well plates. After a 24-hour period, the Hela cells were transfected with 100ng of pEGFP-N3
plasmid, which encodes GFP (Green Fluorescent Protein), by following a polyethylenimine (PEI)
transfection procedure (46). After a 48-hour period, The Hela cells were removed from the plate
and resuspended in DMEM medium 10 pl of cells were mixed with 10 ul of trypan blue and
immediately loaded onto a Luminocyte hemocytometer. Total number of alive cells, dead cells,
and cells fluorescing green under UV light were counted and percent dead and percent fluorescing
were calculated. The data was analyzed to determine the optimal cell number for maximal
transfection efficiency and minimal cell death and the amount was used for the rest of the

experiments.

To determine the optimal amount of plasmid DNA to be transfected; HeLa cells were
plated in a flat bottom 96 well plate and transfected with 80, 90, 100, 110, and 120ng of pEGFP-
N3 plasmid DNA using the same methods above. After a 48-hour period the cells were counted as
above, and the optimal amount of plasmid DNA was determined and used for the rest of the

experiments.

To determine the optimal time for plasmid encoded protein expression, using the conditions
for cell concentration and DNA amount from above, HeLa cells were plated and transfected into
a flat bottom 96 well plate. Cells were then counted at 24, 48, 72, and 96 hours after transfection

to find the optimal time to allow the cells to express the most fluorescent proteins.
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Testing miRNA constructs:

To test the ability of the miRNAs to silence A3, a dual luciferase assay was performed.
The assay was performed by seeding Hela cells in a 6 well flat bottom plate. After 24 hours the
HeLa cells were transfected with a 950 ng of pcDNA3.1 vector containing miRNA and 150 ng of
psi-Check-2 A3 3° UTR. After 48 hours the HeLa cells were scraped from the wells and

resuspended in 225 pl of serum free DMEM. An equal amount of Dual-Glo®

luciferase reagent
(Promega) was mixed in and the mixture was allowed to incubate at room temperature for ten
minutes (47). 150 pul of the cell and luciferase mixture was added in triplicate to a flat bottom 96
well plate, which was read by a Flouorskan Ascent FL luminometer (Thermo Labsystems), to
determine the amount of firefly luciferase present. Next, 75 uL of Dual-Stop and Glo® (Promega)
was added to each sample in the 96 well plate to determine the Renilla luciferase level (47). After
allowing the plates to incubate for ten minutes at room temperature, the Renilla luciferase levels

were measured in the luminometer. A ratio of Renilla luminescence over firefly luminescence was

created to determine the ability of the miRNA to interact with the A3 3 UTR.
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Figure 8. The psi-Check-2 vector that the A3 3’ UTR constructs were cloned into. The A3 3> UTR
is fused to the sea pansy or Renilla luciferase, while the firefly luciferase is independently expressed.
The miRNAs are predicted to silence the A3 3° UTRs and decrease the expression of Renilla
luciferase compared to the firefly.

Data analysis:

All data was added and organized in Microsoft Excel worksheet 365. Graphs and statistical
tests were done in GraphPad Prism 8.4 software suite. When comparing two samples an unpaired
parametric T test was used with a confidence interval at ninety-five percent. When comparing
multiple samples, a one-way ANOVA with multiple comparisons was used with a confidence

interval at ninety-five percent.
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Results:
Identifying candidate miRNASs:

To create a library of miRNAs predicted to target A3 enzymes, the three algorithms were
used to create an expansive list of miRNAs and their predicted efficiency. Of the many miRNAs
predicted to target the A3 enzymes, the miRNAs with the highest predicted target efficiency were
chosen to be cloned. A total of twenty-four miRNAs were successfully cloned into pcDNA 3.1
vectors and sequenced confirmed, Table 1. Many of these miRNAs are predicted to interact with

multiple A3 enzyme and were all tested in the dual luciferase assay with their predicted targets.
Optimization of dual luciferase assay:

To determine the optimal conditions for the dual luciferase, multiple cell numbers, different
DNA concentrations, and different times allowed for expression were tested. I determined that the
optimal concentration of HeLa cells to seed per well was determined to be 1.7*10* cells per mL in
200 pL of medium Figure 9. At this concentration the number of cells that expressed GFP
fluorescent was the highest, and there was a small percentage of dead cells. For the amount of
plasmid DNA to add to transfect with, 110ng was chosen Figure 9. This amount of plasmid DNA
showed a high level of transfected positive or green cells compared to other amounts and the
number of dead cells was acceptable. The optimal time for the HeLa cells to express the luciferase

proteins was 48 hours from transfection. Figure 9.
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Table 1. MicroRNAs predicted to interact with A3s and successfully cloned into pcDNA 3.1

vectors.
APOBEC3
miRNA A3A A3B A3C A3D A3F A3G A3H
hsa-miR-30b- - - miRwalk miRwalk miRDB - miRwalk
3p miRwalk
hsa-miR-373- - - - miRDB miRDB - -
5p miRwalk
hsa-miR-505- miRwalk miRDB miRwalk - miRwalk - -
5p
hsa-miR- - microRNA.org miRwalk - miRDB - -
518a-5p
hsa-miR-527 - - miRwalk - - - -
hsa-miR- microRNA.org | microRNA.org miRwalk microRNA.org | microRNA.org miRwalk -
548p microRNA.org
hsa-miR-622 miRwalk miRwalk - miRwalk miRwalk miRwalk -
hsa-miR-636 - - - - miRwalk - miRwalk
hsa-miR-890 (73) microRNA.org - miRwalk miRwalk - microRNA.org
miRDB miRDB miRDB
hsa-miR- microRNA.org | microRNA.org | microRNA.org | microRNA.org | microRNA.org miRDB miRwalk
1207-3p miRDB miRDB miRDB microRNA.org miRDB
hsa-miR- miRwalk - miRwalk miRwalk miRwalk - miRwalk
1227-5p miRDB
hsa-miR- miRwalk - - miRwalk miRwalk - -
1285-5p miRDB miRDB
hsa-miR- microRNA.org | microRNA.org - miRwalk microRNA.org | microRNA.org -
3130-5p miRDB miRwalk
hsa-miR- miRDB (73) miRwalk miRwalk miRwalk miRDB -
3135b miRwalk miRDB miRDB
miRwalk
hsa-miR- - - - miRwalk miRwalk - miRDB
3173-5p microRNA.org
hsa-miR- miRwalk - - - - - -
3192-5p
hsa-miR- - - - - microRNA.org - -
4261 miRwalk
hsa-miR- - - miRwalk miRwalk miRDB miRwalk miRwalk
4283 miRDB miRDB miRwalk
hsa-miR- miRwalk - - - - miRwalk -
4294
hsa-miR- miRDB - - - miRwalk miRwalk -
4297 miRDB
hsa-miR- - - - - miRwalk - -
4314
hsa-miR- - - miRwalk microRNA.org - - miRwalk
4316 miRwalk
hsa-miR- miRwalk (73) - - miRwalk miRwalk -
4522 miRDB
hsa-miR- - - miRDB miRwalk miRwalk - miRDB
6778-3p miRwalk
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Figure 9. Optimization of transfection conditions. A. Optimal cell density results. Hela cells were transfected
with GFP and allow to express proteins for forty-eight hours and then counted for expression of GFP. The
optimal density of cells to be plated, 1.7* 10 cells/ml in 200uL of medium. B. Optimal plasmid DNA transfected
results. Hela cells were transfected with GFP and allow to express proteins for forty-eight hours and then counted
for expression of GFP. The optimal amount of DNA to be added is 110ng based on average percent of green cells
and average percent of dead cells. C. Optimal time for plasmid expression results. Hela cells were transfected
with GFP and allow to express proteins for forty-eight hours and then counted for expression of GFP. The optimal
time to measure the cells for expression of proteins is forty-eight hours after transfection.
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Testing A3 3" UTR constructs expression

To confirm that the psi-Check-2 plasmid with the A3 enzymes worked they were tested in
the dual luciferase assay using the optimized assay conditions Figure 10. Two different amounts
of A3 3’ UTR plasmids were added to test for scaling and to determine if changing the amount of
DNA would change the luciferase expression. In general, the relative luminescence for the A3

3’UTR plasmids was similar in the two levels tested, which was expected. Some of the A3 3’UTR
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Figure 10. A. Relative luminescence of A3 enzymes in the psi-Check-2 vector at differing concentrations. Hela
cells were transfected with A3 3’UTR containing psi-Check2 vectors at 110 and 15ng per well and allowed to
express proteins for forty-eight hours, after which the cells were collected, lysed and dual luciferase light levels
measured. Relative luminescence was determined by the ratio of the Renilla luciferase over firefly luciferase. B.
Relative luminescence of A3A, A3B, A3F, and A3H 3” UTRs in the dual luciferase assay. Hela cells were
transfected with A3A, B, F and H 3’UTR containing psi-Check2 vectors at 110 and 15ng a well. The cells then
were allowed to express proteins for forty-eight hours, after which the cells were collected, lysed and dual
luciferase light levels measured. Relative luminescence was determined by the ratio of the Renilla luciferase over

firefly.

constructs showed higher relative luminesce values when more of the 3’UTR plasmid was
delivered to the cell, but the difference was not significant. Of the seven A3 enzymes, A3A, A3B,
A3G and A3H showed the highest relative luminescence expression. The A3F plasmids had a very
low relative luminescence compared to the other A3 enzymes. This was driven by low Renilla

luminescence levels, compared to the other A3 constructs, but comparable firefly luminescence
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levels. This suggests that HeLa cells may express endogenous miRNAs that bind the A3F 3’UTR
to meditate silencing. As a consequence, I predict that it may be more challenging to identify

miRNAs that silence A3F, compared to the others A3 enzymes.

Testing miRNA constructs:

A3A: To determine which miRNAs could silence A3A, the twelve miRNA constructs that were
predicted to target A3A from Table 1 were tested with the A3A 3° UTR plasmid. The relative
luminescence of the A3A 3’UTR-plasmid without an added miRNA was compared to the
luminescence in combination with each of the identified twelve miRNAs as seen in Figure 11.
Additionally, the miRNA hsa-miR-4297 was included to be an example of a miRNA that did not
silence A3A. Five miRNAs showed potential targeting, as demonstrated by decreased relative
luminescence compared to the empty vector (p)cDNA) control. The assay was repeated with these
five miRNAs; Figure 11B and has miR-1227-5p appeared to have a lower relative luminance when
compared to the no miRNA control. This miRNA was tested a final time Figure 11C. However,

no significant difference between the control and Asa-miR-1227-5p was observed.
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Figure 11 A. Relative luminescence for selected miRNAs and A3A. Hela cells were plated and transfected with A3A
3” UTR in psi-Check-2 vectors and pcDNA 3.1 plasmids containing miRNAs. After forty-eight hours the cells were
collected, and Iuciferase levels were measured B. The p value for the difference between pcDNA and Asa-miR-1227-
5p is 0. 0550. C. Relative luminescence for A3A and hsa-miR-1227-5p versus the control. Hela cells were plated and
transfected with A3A 3° UTR in psi-Check-2 vectors and pcDNA 3.1 plasmids containing hsa-miR-1227-3p. After
forty-eight hours the cells were collected, and luciferase levels were measured.
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A3B: To evaluate which miRNAS could silence A3B, the eight of the highest scoring miRNAs
for predicted for interaction with A3B 3’ UTRs from Table 1 were tested. The relative
luminescence of the A3B 3’UTR-plasmid without an added miRNA was compared to the
luminescence in combination with each of the identified eight miRNAs, with hsa-miR-505 used as
a non-silencing control Figure 12. Four miRNAs were retested for potential silencing due to their
decreased relative luminescence compared to the pcDNA control Figure 12B. The replicate testing

showed there was no significant difference between the pcDNA control and the four miRNAs.
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Figure 12. Relative luminescence for all miRNAs predicted to interact with A3B. Hela cells were plated and
transfected with A3B 3° UTR in psi-Check-2 vectors and pcDNA 3.1 plasmids containing miRNAs. After forty-
eight hours the cells were collected, and luciferase levels were measured. B. Replicate testing of chosen miRNAs.

A3C: The twelve miRNAs that were predicted to silence A3C from Table 1, were tested with
A3C 3’ UTR. The relative luminescence of the A3C 3’UTR-plasmid without an added miRNA
was compared to the luminescence in combination with each of the identified twelve miRNAs as
seen in Figure 13. Five miRNAs showed potential targeting, as demonstrated by decreased relative

luminescence compared to the pcDNA control. The assay was repeated with these five miRNAs,



Dietrich 28

with hsa-miR-548a-5p as a non-silencing control figure 13B. A single miRNA, hsa-miR-1207-5p
appeared to have a lower relative luminance when compared to the pcDNA control. To confirm
this interaction, hsa-miR-1207-5p was retested for its ability to silence APOBEC3C. When tested
a final time (Fig 13C), I observed a 33% reduction in relative luminesce, compared to the no

miRNA control. The difference was statistically significant p = 0.002, t test.
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Figure 13. A. Relative luminescence for all miRNAs predicted to interact with A3C. Hela cells were plated and
transfected with A3C 3° UTR in psi-Check-2 vectors and pcDNA 3.1 plasmids containing miRNAs. After forty-
eight hours the cells were collected, and luciferase levels were measured. B. Replicate testing of chosen miRNAs.
C. Relative luminescence for A3C and hsa-miR-1207-5p versus the control. The experimental value was
significantly different p < 0.005.
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A3D: To determine which miRNAs could silence A3D, fourteen miRNA constructs that were
predicted to interact with A3D from Table 1 were tested in the dual luciferase assay with A3D 3’
UTR. The relative luminescence of the fourteen miRNAs with the A3D 3” UTR was compared to
the relative luminescence of the A3D 3° UTR plasmid without an added miRNA Figure 14A. Four
of the miRNAs were tested again because they demonstrated decreased relative luminescence
compared to the pcDNA control, with Asa-miR-373 used as a non-silencing control Figure 14B.
The miRNA hsa-miR-548a-5p had a p value of 0.1083 from the control and was tested a final time.
No significant difference in the relative luminescence values between the control and Asa-miR-

548a-5p Figure 14C was observed.
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Figure 14. Relative luminescence for all miRNAs predicted to interact with A3D. Hela cells were plated and
transfected with A3D 3° UTR in psi-Check-2 vectors and pcDNA 3.1 plasmids containing miRNAs. After forty-
eight hours the cells were collected, and luciferase levels were measured. B. Relative luminescence for selected
miRNAs and A3D. P value of the difference between pcDNA and hsa-miR-548a-5p is 0.1083. Hela cells were
plated and transfected with A3D 3° UTR in psi-Check-2 vectors and pcDNA 3.1 plasmids containing miRNAs.
After forty-eight hours the cells were collected, and luciferase levels were measured. C. Relative luminescence
for hsa-miR-548a-5p and control for A3D 3° UTR. Hela cells were plated and transfected with A3D 3” UTR in
psi-Check-2 vectors and pcDNA 3.1 plasmids containing ssa-miR-548a-5p. After forty-eight hours the cells were
collected, and luciferase levels were measured.
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A3F: To evaluate which miRNAs could silence A3F, twenty-two miRNAs from Table 1 that were
predicted to interact with A3F and were tested with the A3F 3° UTR plasmid. The relative
luminescence of the A3A 3’UTR-plasmid without an added miRNA was compared to the
luminescence in combination with each of the identified twenty-two miRNAs as seen in figure
15A. Of those twenty-two miRNAs, three miRNAs demonstrated decreased relative luminescence
compared to the pcDNA control and were tested again along with miRNA /hsa-miR-6778 as a non-
silencing control figure 15B. The miRNA miR-548a-5p, had a significantly lower relative
luminescence value than the control with p equal to 0.0017 (Fig 15B) and was tested a final time.
The final test however, failed to observe a significant difference between the pcDNA control and

the miRNA figure 15C.
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Figure 15. A. Relative luminescence for all miRNAs predicted to interact with A3F. Hela cells were plated and
transfected with A3F 3” UTR in psi-Check-2 vectors and pcDNA 3.1 plasmids containing miRNAs. After forty-
eight hours the cells were collected, and luciferase levels were measured. B. Relative luminescence for selected
miRNAs and A3F. P value of the difference between pcDNA and hsa-miR-548a-5p is 0.017. C. Relative
luminescence for Asa-miR-548a-5p and control for A3F 3 UTR.

A3G: The eight miRNAs predicted to silence A3G from Table 1 were tested with A3G 3° UTR
in the dual luciferase assay. The relative luminescence of the eight miRNAs with the A3G 3 UTR
was compared to the relative luminescence of the A3G 3” UTR plasmid without an added miRNA,

and two miRNASs Asa-miR-4283 and hsa-miR-3135b, were found to have relative luminescence
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values significantly lower from the control with p values of 0.0021 and 0.0043 respectively Figure
16A. These two miRNAs along with two others demonstrating decreased relative luminescence
compared to the pcDNA control were tested again Figure 16B. However, retesting showed none
of the miRNAs demonstrating any significantly lower relative luminescence compared to the

control.
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Figure 16. A. Relative luminescence for all miRNAs predicted to interact with A3G. miRNAs hsa-miR-4283 and
hsa-miR-3135b, have relative luminescence values significantly different from the control with p values of 0.0021
and 0.0043 respectively. Hela cells were plated and transfected with A3G 3’ UTR in psi-Check-2 vectors and
pcDNA 3.1 plasmids containing miRNAs. After forty-eight hours the cells were collected, and luciferase levels
were measured. B. Relative luminescence for selected miRNAs and A3G. Hela cells were plated and transfected
with A3G 3” UTR in psi-Check-2 vectors and pcDNA 3.1 plasmids containing miRNAs. After forty-eight hours
the cells were collected, and luciferase levels were measured.

A3H: To determine which miRNAs could silence A3H, nine miRNA constructs that were
predicted to interact with A3H from Table 1 were tested in the dual luciferase assay with A3H 3’
UTR. The relative luminescence of the A3H 3’UTR-plasmid without an added miRNA was

compared to the luminescence in combination with each of the identified twelve miRNAs as seen
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in figure 17A. Five of the miRNAs showed potential targeting and were tested again. However,

none of the miRNAs were shown to target the A3H 3” UTR. Figure 17B.
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Figure 17. A. Relative luminescence for all miRNAs predicted to interact with A3H. Hela cells were plated and
transfected with A3H 3’ UTR in psi-Check-2 vectors and pcDNA 3.1 plasmids containing miRNAs. After forty-
eight hours the cells were collected, and luciferase levels were measured. B. Replicate testing of chosen miRNAs.

Discussion:

The objectives of this project were to create a library of miRNAs that were predicted to

regulate translation of the human APOBEC3 cytosine deaminases, clone these miRNAs into

mammalian expression vectors, design and optimize a luciferase assay to test the miRNAs and

identify miRNAs that silence the APOBEC3 proteins via the 3> UTR of the miRNA. These

objectives were important in testing my hypothesis that the A3 family is regulated by miRNAs,

each member by a different

repertoire of miRNAs.
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A total of twenty-four miRNAs were identified as candidates and cloned into plasmid
vectors. These miRNAs are the beginning of a library of potential targets for A3 enzyme
regulation. Many of candidate microRNAs were predicted to interact with multiple A3 3’UTRs,
however, this experiment was unable to show significant interaction from these miRNAs. This
does not mean there is no interaction and more optimization of the assay could yield more
conclusive results, The objective to create a library of miRNAs however was successful and this
library of miRNAs will need to be tested more with potentially different assays before any

definitive conclusion can be made.

Even with the challenges presented by the assay, three miRNAs did show results that
indicated the possibility of an interaction, Asa-miR-1207-5p, hsa-miR-1227-3p, and hsa-miR-548a-
5p. These three microRNAs were predicted to interact with the most A3 3> UTRs and showed
promising yet inconclusive results in the experiment with Asa-miR-1207-5p potentially silencing
A3C, , hsa-miR-1227-3p requiring more tests to discern any silencing with A3A, and Asa-miR-

548a-5p potentially silencing A3D and A3F.

The miRNA hsa-miR-1207-5p is a twenty-nucleotide long miRNA, whose gene is located
on chromosome 8 (48). This miRNA was predicted to interact with all seven A3 3’ UTRs. In this
thesis, the most likely interaction was shown with A3C. This interaction was tested three times
and significance decrease in relative luminescence was found once. This miRNA has significance
for viral infection, as it has been demonstrated to decrease expression of Colony Stimulating Factor
1 (CSF-1) (49). This mis-regulation of CSF-1 can be caused by severe SARS-CoV-2 infection,
which lowers hsa-miR-1207-5p allowing CSF-1 to become overexpressed and cause inflammation
(49). In the lung cancer cell line A549, hsa-miR-1207-5p reduced proliferation and invasion into

tissue by the cancer cells by targeting HBEGF mRNA, which codes for a growth factor protein
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(3,50,51). In prostate cancer the expression of Asa-miR-1207-5p serves as a biomarker for a more
aggressive strain of the disease but its function in the disease is unknown (52). As a potential
candidate for all seven A3 3° UTRs hsa-miR-1207-5p remains an attractive target for more research

in its ability to regulate A3 enzymes.

The miRNA hsa-miR-1227-3p is a nineteen-nucleotide long miRNA, whose gene is located
on chromosome 19 (53). We predicted an interaction between A3A, C, D, F, and H and Asa-miR-
1277-3. The miRNA only showed potential silencing with A3A, but this was not reproducible.
Hsa-miR-1277-3p has been described to target the mRNA of proteins important for the progression
of human disease, such as the transport protein gene SEC23A, protein kinase gene PRKAB2, and
Bone Morphogenetic Protein 4 (BMP4) gene (54,55,56). The over expression of hsa-miR-1277-
3p can alter glioblastoma cancer phenotypes through the downregulation of SEC23A gene
expression causing extracellular vesicle to form and invade surrounding tissue (55). In
hepatocellular carcinoma cells, BMP4 induced cell proliferation was promoted by the suppression
of hsa-miR-1277-3p, and cellular apoptosis was induced when the miRNA was overexpressed or
BMP4 was suppressed (54). In the disease Fetal Growth Restriction, Asa-miR-1277-3p is highly
downregulated and increased expression of its targets such as PRKAB?2 are indicated the pathology
(56). While we were unable to demonstrate interaction with any A3 3’UTRs, hsa-miR-1277-3p

will remain a high priority to test for any interactions.

The miRNA Asa-miR-548a-5p is twenty-one nucleotides long and its gene is found on
chromosome 8 (57). In this experiment Asa-miR-548a-5p was predicted to interact with the 3’
UTR of all the A3 enzymes except A3H. Of the six A3 3° UTRs, only A3D and A3F had any
potential interaction with hsa-miR-548a-5p. The miRNA showed silencing when first tested with

A3F, but the result was not reproducible. In hepatocellular carcinoma cell lines, hsa-miR-548a-5p
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has been shown to increase cellular proliferation (58). When the miRNA is present in high levels,
the anti-tumor gene TG737 is repressed, and cell apoptosis is prevented (58). If hsa-miR-548a-5p
is shown to interact with the A3 enzymes 3’ UTR, it could possibly be used to control the over

expression of ABOBEC3 enzymes in cancer cells.

The dual luciferase used in this experiment has been used by other research groups, for
example, to show that Asa-miR-9 inhibits NF- kB (59). In the above experiment, the researchers
used the cell line HEK293 (59). HeLa cells were used in this thesis as they had been demonstrated
by a previous lab member to have relatively consistent results when testing the APOBEC3 3’UTRs
and HeLa cells are able create and process their own miRNAs. However, each cell line would
endogenously express miRNAs, which could confer some natural regulation of the A3 3° UTR as
seen in from the low relative luminescence levels produced by the psi-Check-2 A3F 3’UTR
expression construct. The endogenous miRNAs expressed by the HeLa cells could interact with
the A3 3’UTR expression constructs affecting the results. Finding a different cell line could be a
potential pathway to optimize the assay. The Promega dual luciferase reporter assay used creates
a long-lasting reaction that can be used for up to two hours (47). This “slow” reaction may not
produce as much luciferase luminance as a faster flash reaction (47). Testing and using different
dual luciferase products are another way this assay could be optimized, and once fully optimized,

will serve as a valuable tool for identifying interaction between miRNAs and A3 3” UTRs.

This thesis built a plasmid library of miRNAs predicted to regulate the translation of human
APOBEC3 cytosine deaminases, cloned those miRNAs into expression vectors, designed and
optimized a luciferase assay to test the miRNAs, and assayed the miRNAs for their ability to
silence their A3. Of the twenty-four miRNAs tested, isa-miR-1207-5p, hsa-miR-1227-3p, and hsa-

miR-548a-5p are the most likely to interact with the A3 3’ UTRs based on the results presented in
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this thesis. These three miRNAs will be high priority targets for future research. Understanding
the interactions between miRNAs their mRNAs is important for understanding the role of

APOBECS3 proteins in cancer.
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