
 



Abstract: 

The recent boom in human polyomavirus discovery has led to a dramatic 

expansion of the Polyomaviridae family. A handful of these viruses have been shown to 

encode microRNAs (miRNAs). miRNAs are small non-coding RNAs that function to 

regulate gene expression. In the case of polyomaviruses, the miRNA controls the 

expression of their most important gene products, the tumor antigens (T antigens). It is 

still unclear, however, if many of the newly discovered polyomaviruses encode miRNAs. 

We used computational analysis to predict the potential to express miRNAs in the 

recently reported human polyomaviruses. The analysis predicted that Human 

Polyomavirus 12 (HPyV12) encodes a miRNA while the other polyomaviruses do not.  

This prediction was further validated via Northern blot analysis and cell culture assays. 

To address the miRNA-null viruses, the 3’ untranslated region (3’ UTR) of large T 

Antigen transcripts were inspected using a custom Python algorithm to identify possible 

human miRNA binding sites. 

Introduction: 

Polyomaviruses 

Polyomaviruses are small, nonenveloped, double stranded DNA viruses with an 

approximate 5 kilobase (kb) genome that encodes 5 – 8 gene products (Figure 1). These 

gene products are temporally separated into two transcriptional programs: the early genes 

(which code for enzymatic proteins) and the late genes (which code for structural 

proteins). The most notable of these gene products is the large T antigen, one of the early 

gene products. This multi-domain protein performs several functions that are vital to the 



virus’ life cycle. For example, the large T antigen participates in the initiation and 

unwinding of the viral genome during replication. Importantly, this protein has been 

shown to interact with the cellular tumor suppressors, p53 and pRb, thereby promoting 

cellular replication of the infected cell. Through this interaction with p53 and pRb, the 

large T antigen indirectly increases the expression of cellular DNA replication machinery, 

which the virus can then hijack for its own use. Importantly, interaction with p53 and 

pRb is also a primary driving force of tumorigenesis in humans and other animal models 

infected with certain members of the polyomavirus family (Decaprio & Garcea, 2013). 

This demonstrates the importance of the large T antigen in the virus life cycle and also 

shows the ability of polyomaviruses to manipulate host gene products to benefit the virus. 

However, as can be expected, the human immune system can clear the body of a virus 

infection once the immune system recognizes that this virus is present (Beutler, 2004). 

Polyomaviruses have developed a “stealthful” mechanism of avoiding recognition by the 

immune system. In a natural infection, polyomaviruses enter a period of minimal gene 

activity, known as persistence, which is associated with decreased levels of the large T 

antigen. As polyomaviruses transition from this persistent state to the lytic state there is a 

robust increase in the levels of the large T antigen (Cox & Sullivan, In press). How 

polyomaviruses regulate levels of the large T antigen during these transitions varies 

between viruses and much is still unknown about the mechanisms that control the large T 

antigen levels (Decaprio & Garcea, 2013).  

 

 



 

 

 

 

 

 

 

 

 

 

 

 

MicroRNAs 

MicroRNAs are small, noncoding RNA molecules that can function in transcript-

level gene regulation in nearly all eukaryotes. Sequences known as pri-microRNAs are 

transcribed by RNA polymerase and contain a pre-microRNA hairpin structure. In 

mammals, the hairpin structure is excised out of the pri-miRNA by an endonuclease 

known as Drosha and its binding partner, DGCR8 (this multiprotein complex is known as 

the microprocessor). Following export to the cytosol, the pre-miRNA is cleaved into a 

Figure 1. This figure shows the three main regions of the double-stranded DNA 
genome of polyomaviruses: the non-coding control region, the early genes and the late 
genes. In the early region, alternative splicing leads to different forms of the T antigen 
gene, whereas different start sites generate the different forms of the VP protein. 
Although this is the general landscape of the viral genome, not all proteins are found in 
all polyomavirus genomes. For example, the Agno protein has only been identified in 
two human polyomaviruses (figure from Decaprio & Garcea, 2013). 

 



22-nucleotide (22-mer) duplex by the endonuclease Dicer. One strand (known as the 

“guide” strand) is preferentially incorporated into the RNA-induced silencing complex 

(RISC) while the other strand (known as the “star” or “*”strand) is turned-over. RISC is a 

multi-protein complex that includes the Argonaute (Ago) protein, which can act to cleave 

mRNA transcripts that are bound in a perfectly complementary manner by miRNA-

loaded RISC (Figure 2, Kincaid & Sullivan, 2012). One of the major determinants of 

whether miRNA-loaded RISC will target a particular transcript is the binding of the 

miRNA seed sequence (typically nucleotides 2-8 of the 22-mer) to the 3’UTR of the 

mRNA transcript (Bartell, 2009). Perfect sequence complementarity between the miRNA 

and its target mRNAs will result in RISC-mediated cleavage of those target mRNAs. 

Whereas partial sequence complementarity leads to translational inhibition of the targeted 

transcripts. In the past two decades, many miRNAs have been discovered in eukaryotes 

that control gene regulation (Kincaid & Sullivan, 2012). 

Only recently has it been shown that viruses, and in particular polyomaviruses, 

encode miRNAs. In 2005 Sullivan et al. demonstrated that the prototypic member of the 

polyomavirus family, simian virus 40 (SV40) encodes miRNAs that regulate the levels of 

the T antigen transcripts (Sullivan et al., 2005). The SV40 miRNAs are encoded on the 

opposite strand of the early transcripts, bind to the T antigen transcripts with perfect 

sequence complementarity, and as a result, mediate the cleavage of these early transcripts. 

As alluded to earlier, this offers a practical method for regulating viral transcripts, as 

miRNA genes are small in size, allowing viruses to regulate transcripts without 

increasing the size of the genome (Sullivan et al., 2005). However, using miRNA as the 

solution to the problem of gene regulation appears to have only arisen in some of the 



known polyomaviruses. Of the twelve known human polyomaviruses, only three have 

been shown to encode miRNAs before the current study (Decaprio & Garcea, 2013). Two 

other human polyomaviruses have demonstrated the ability to encode other small non-

coding RNAs (Kincaid, unpublished data). However, the function of these small RNAs 

remains unknown. This leaves seven human polyomaviruses in which it is unknown 

whether or not their genomes encode miRNAs or other small non-coding RNAs.  

 

 

 

Figure 2. Typical miRNA biogenesis. Several pathways exist, however, the miRNAs 
discussed in this paper are generated through the topmost pathway (figure from 
Kincaid & Sullivan 2012). 



Viruses Using Host microRNAs? 

Surprisingly, in 2013, Gunasekharan et al. demonstrated that a human 

papillomavirus regulated its gene expression using miR-145 – a human miRNA 

(Gunasekharan et al., 2013). This, again, highlights viruses’ ability to take advantage of 

host machinery for their own benefit. In their paper, Gunasekharan et al. demonstrate that 

miR-145 targets an important papillomavirus mRNA. As levels of this mRNA decrease, 

there is an apparent decrease in papillomavirus genome amplification. As mentioned 

earlier, this could be a method that the papillomavirus uses to evade the human immune 

response (Gunasekharan et al, 2013). 

Papillomaviruses are small, nonenveloped, double-stranded DNA viruses that 

share many similarities with polyomaviruses. These include early and late expression 

regimes and early-expressed proteins that promote host cell proliferation while also 

targeting pRb and p53. These genomic similarities suggest the possibility that 

polyomaviruses also utilize host miRNAs to regulate their gene expression just as 

papillomaviruses do.  

 

Results: 

HPyV12 encodes miRNAs 

By performing computational analysis of the HPyV12 genome, using a miRNA 

prediction software called VMir, we have predicted a strong pre-miRNA candidate in 

HPyV12 (Grundhoff, 2006). To validate this prediction, the pre-miRNA hairpin 



candidate was synthesized and cloned into a heterologous expression vector. HEK293T 

cells were transfected with the miRNA expression vector. Northern blot analysis was 

then performed on the total RNA from the transfected cells. The results demonstrate that 

the predicted pre-miRNAs (5p and 3p arms of hairpin) are indeed detectable in the 

transfection study (Figure 3). These data appear to indicate a more stable 5p arm, 

suggesting that the 5p arm is preferentially loaded into RISC. However, pre-miRNA 

levels should be uniform using each of the three probes, which is not the case for these 

three blots. This suggests that levels of the 5p arm may appear greater in this blot than 

they actually are in the cell and that the cellular amount of the 3p arm is underrepresented 

in this blot. This Northern blot analysis is currently being repeated to confirm the 

presented data. To verify that the HPyV12 miRNAs are bona fide miRNAs, the pre-

miRNA hairpin was inserted into the 3’UTR of a Renilla luciferase reporter construct. 

Plasmids expressing Drosha and DGCR8 were co-transfected with the reporter construct 

into HEK293T cells. The results demonstrate that overexpression of Drosha and DGCR8 

resulted in further decrease of the reporter signal, suggesting that the biogenesis of 

HPyV12 miRNAs is dependent on the microprocessor. Here we see that reporter levels 

decrease by greater than 96% when Drosha and DGCR8 are transfected into the cell 

(compared to mock transfection). This is compared to a 56% decrease in the negative 

control. (Figure 4). If only one data point is removed from the mock samples, the 

decrease in the negative control signal changes to less than 35%. Still, this decrease was 

not expected from the negative control samples. A student T test demonstrates that the 

decrease seen in the negative control is not statistically significant. To determine if the 

HPyV12 miRNAs are biologically active, we inserted the complementary site antisense 



to the miRNAs into the 3’UTR of a Renilla luciferase construct. HEK293T cells were co-

transfected with the reporter construct and the HPyV12 miRNA expression vector. The 

results indicated robust downregulation (decreases of roughly 90% when compared to a 

mock infection) of the reporter construct (Figure 5), suggesting that at least one arm of 

the HPyV12 miRNAs is a bona fide, biologically active miRNA. However, a test 

demonstrating that the HPyV12 miRNA is unable to downregulate an irrelevant reporter 

has not yet been completed. Combined, these tests confirm that the miRNAs are 

processed in the same way that canonical miRNAs are processed and thereby suggests 

that at least one arm of this miRNA pair is functional and active. An experiment showing 

that these miRNAs fail to regulate a reporter containing a mutated miRNA binding site 

also remains to be done. However, the exact sequence of the miRNAs will have to be 

determined in order to reveal their seed sequences.  

 

 

 

 

 

 

 

 

Figure 3. HPyV12 encodes miRNAs A.) Diagram of probes used. Each sample was assayed with 
a probe that detects the 5p or 3p arm or terminal loop portion of the pre-miRNA. (B - D) Northern 
Blot analysis of the HPyV12 miRNAs. RNA harvested from cells transfected with mock 
(pcDNA3 vector denoted as “-”) and HPyV12-miR-1 expression vector (denoted as “+”) was 
analyzed with the indicated probes. Ethidium bromide staining of the low molecular weight RNA 
is shown as a loading control. Bands corresponding to the 5p and 3p miRNAs (black arrow) or the 
pre-miRNA (gray arrow) are labeled.  
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Figure 4. Reporter levels greatly decrease with the addition of excess Drosha and DGCR8. 
HPyV12-miR-1, within the 3’UTR of this reporter, is excised out by Drosha and DGCR8, 
suggesting that this miRNA is capable of going through the early steps of miRNA biogenesis. 
Mock refers to addition of empty pcDNA3 expression vector. Pos Ctrl is SV40-776 miRNA. 
Neg Ctrl is a standard Renilla luciferase reporter without the miRNA sequence. * denotes P < 
0.001 in a student T test. The difference seen in the Neg Ctrl column is not significant. 



 

 

 

 

 

 

 

 

 

 

 

 

Algorithm for Predicting Human miRNA Binding Sites in Polyomaviruses 

Although it is now evident that HPyV12 encodes a functional miRNA, many 

human polyomaviruses have not been shown to possess miRNA-mediated autoregulation 

of the early transcripts (Decaprio & Garcea, 2013). In an effort to explain this observation, 

I searched for human miRNA binding sites in the genomes of all known human 

polyomaviruses. To do this I wrote a Python script to process genomic data from these 

human polyomaviruses. I chose to only feed the 3’UTRs of the human polyomavirus 

Figure 5. Reporter levels greatly decrease with the expression of HPyV12-miR-1, 
demonstrating that this sequence can directly target miRNA binding sites in a 4x concatemer 
(4-Binding Site Reporter) 3’UTR and in the Wild Type large T antigen 3’UTR (WT Large T 
Antigen Reporter). HPyV12-miR-1 is successfully loaded into the RISC complex, allowing it 
to target specific binding sites. Negative controls are irrelevant miRNAs: A.) SV40 776 and 
B.) EBV BART-18. Mock refers to the addition of empty pcDNA3 expression vector. * 
denotes P < 0.001 in a student T test. 



large T antigen genes into this script. Polyomavirus-encoded miRNAs are typically 

encoded antisense to the coding region of the gene. However, I am searching for a human 

miRNA that is regulating the polyomavirus large T antigen transcript. Human miRNAs 

(as well as many other viral miRNAs) typically target the 3’UTR of transcripts (Lewis et 

al., 2003), thus I expect these miRNAs to target the 3’ UTR of virus transcripts as well.  

This algorithm identified many potential binding sites for human miRNAs. By 

matching these binding sites up with known information about their corresponding 

human miRNAs, I was able to construct a better image of which miRNA – binding site 

pairs may be relevant. The criteria chosen in screening for potentially meaningful 

miRNAs were 1. that the miRNA had greater than 1000 reads in a deep sequencing 

experiment and 2. that the miRNA had been shown to be a guide strand (typically more 

highly expressed than the passenger strand derived from the same pre-miRNA). This 

information was gathered from miRbase.org and resulted in nine potentially meaningful 

miRNAs, corresponding to seven human polyomavirus large T antigen 3’ UTRs (Table 

1).  

This Python program is attached as Appendix A. 

Search for virus-regulating host microRNAs 

To determine whether these miRNAs are able to regulate the levels of large T 

antigen in the virus, I measured expression levels of a luciferase reporter containing the 

3’UTR of the human polyomaviruses to be tested. This reporter was co-transfected with 

an expression vector containing the host miRNA potentially capable of regulating this 

reporter. Three cellular miRNAs were tested (hsa-miR-320, hsa-miR-374 and hsa-miR-



452) against two reporter constructs (Karolinska Institute Polyomavirus (KIPyV) for the 

first two and Merkel Cell Carcinoma Polyomavirus (MCPyV) for hsa-miR-452). The 

results demonstrate that these miRNAs do not significantly regulate the reporter 

transcripts (Figure 6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1. Top matches from the program. Nine unique human miRNAs paired with seven human 
polyomavirus large T antigen 3’UTRs. The seed sequence of the miRNA is included in brackets 
following the name. 



 

 

 

 

 

 

 

 

 

 

 

Discussion: 

The increasing use of deep sequencing has uncovered many newly found 

pathogens, including viruses. For many of these viruses there exists no experimental 

infectious system, making it difficult to develop and test anti-viral drugs. Others have 

proposed identifying virus-encoded miRNAs and utilizing antisense anti-miRNA drug 

strategies as a potential therapy (Seo et al., 2009). Five members of the polyomavirus 

family have been shown to encode miRNAs (Sullivan et al., 2005; Sullivan et al., 2009; 

Seo et al., 2008; Seo et al., 2009). Here we uncover a virus-encoded miRNA in the newly 

Figure 6. Luciferase based assays show relative increase in expression of reporter protein with the 
addition of corresponding miRNAs. This demonstrates that these host miRNAs are not effective in 
regulating levels of the viral large T antigen. Mock refers to the addition of empty pcDNA3 
expression vector. Negative control is an irrelevant miRNA, EBV BART-18 



discovered human polyomavirus, HPyV12. Utilizing computer prediction and using 

Northern blot analysis we demonstrated that HPyV12 encodes a miRNA (Figure 3). We 

then characterized the biogenesis of the pre-miRNA and assayed for its ability to be 

processed by the Drosha/DGCR8 complex and to regulate target transcripts containing 

large T antigen sequences, likely through a RISC-mediated mechanism (Figures 4 and 5). 

However, without a replication system for HPyV12, we were unable to test whether 

regulation of large T antigen via HPyV12-miRNA-1 results in regulation of viral life 

cycle in vivo.  

Using this evidence we are able to better map out which of the human 

polyomaviruses encode miRNAs and which ones do not (Figure 7). Interestingly, our 

data illustrates that several human polyomaviruses do not encode regulatory miRNA 

sequences. The mechanism by which they regulate genetic expression and replication 

remains a mystery. 

Perhaps the most striking example of viral-host interaction is the regulation of 

hepatitis C virus RNA by the human miRNA-122. This regulation results in effective 

replication of the virus within the cells of the liver (Jopling et al., 2005). This example 

illuminates the power that viruses can levy by taking advantage of host-encoded miRNAs. 

Additionally, the subsequent development of miRNA-122 silencing therapy in non-

human primates demonstrates the therapeutic power of discovering these relationships 

between human miRNAs and viral pathogens (Elmen et al., 2008). Here, through 

bioinformatic analysis, I have uncovered several potential human miRNA binding sites 

within the 3’ UTRs of the large T antigen genes encoded by human polyomaviruses. I 

then went about testing these miRNA-3’UTR pairs for regulatory activity. The results 



demonstrate that hsa-miR-320 and hsa-miR-374-5p are not effective in regulating 

expression levels of a reporter containing the 3’ UTR of the KIPyV large T antigen gene. 

These results also demonstrate that hsa-miR-452-5p is ineffective in regulating the 

expression levels of a reporter containing the 3’UTR of the MCPyV large T antigen gene. 

However, the results obtained for the three cellular miRNAs only represent a minute 

fraction of the possible pairs of human miRNAs and potential binding sites in the large T 

antigen genes of human polyomaviruses.  

As mentioned, our primary analysis uncovered numerous other human miRNA-

polyomavirus 3’UTR pairs that could be tested in further experiments. These tests should 

be exhausted for evidence that human polyomaviruses do not utilize human miRNA 

activity to regulate their life cycle. Although it is unknown if human polyomaviruses 

utilize human miRNAs, the use of human polyomavirus-encoded miRNAs in regulating 

life cycle has been well-documented (Sullivan et al., 2005; Sullivan et al., 2009; Seo et al., 

2008; Seo et al., 2009). Our evidence of the existence of a miRNA encoded in the 

HPyV12 genome helps us to better understand the prevalence of miRNA activity in 

human polyomaviruses and should spur on investigation of other, newly discovered 

human polyomaviruses. To date no disease pathologies have been associated with 

infection of HPyV12 in humans, limiting the likelihood that this miRNA will be useful in 

the development of therapies (Korup et al., 2013). Regardless, this study sheds further 

light on polyomavirus biology, yet at the same time, raises the question of why not all 

polyomaviruses encode miRNAs.  

 



 

 

 

 

 

 

 

 

 

Materials and Methods: 

Cell Culture & Luciferase Assay 

HEK293T cells were obtained from American Type Culture Collection and were 

maintained in DMEM supplemented with 10% FBS and pen-strep (Cellgro). In vitro cell 

culture assays of reporter-miRNA combinations were carried out after cells were 

transfected with pcDNA3.1 expression vectors containing the miRNA of interest, along 

with pcDNA3.1 vectors containing Renilla luciferase reporter sequences and pcDNA3.1 

vectors containing Firefly luciferase sequences as a transfection control. Cells were 

grown to ~80% confluency in a 24-well plate before transfection. Cells were co-

transfected with 2.5 ng of Renilla luciferase based 3’UTR reporter (pcDNA3.1dsRluc), 

Figure 7. Four human polyomaviruses encode regulatory miRNAs, six human 
polyomaviruses have not been shown to encode regulatory miRNAs and two human 
polyomaviruses encode other small non-coding RNAs. Abbreviations are as follows: BK 
polyomavirus (BKPyV), JC polyomavirus (JCPyV), Merkel Cell Carcinoma polyomavirus 
(MCPyV), Human Polyomavirus (HPyV), Trichodysplasia spinulosa-associate 
polyomavirus (TSPyV), Malawi polyomavirus (MWPyV), St. Louis polyomavirus 
(STLPyV), Washington University polyomavirus (WUPyV), Karolinska Institute 
polyomavirus (KIPyV) (Decaprio & Garcea, 2013; original data; Kincaid unpublished data). 



2.5 ng of firefly reporter (pcDNA3.1dsLuc2CP) and 500 ng of either empty vector 

(pcDNA3.1) or the indicated expression vectors containing the human miRNA inserts 

using 0.5 µL of the Turbofect transfection reagent (Thermo Scientific). Twenty-four 

hours later, cells were harvested and assayed with the Dual-Glo Luciferase Assay System 

(Promega). Luciferase activity was measured using the Luminoskan Ascent luminometer 

(Thermo Electronic). During the transfection process 194 µL DMEM (no FBS or pen-

strep) was mixed with the expression and reporter plasmids before addition of the 0.5 µL 

Turbofect. After letting these mixtures sit for 20 minutes, the solution was added directly 

to the cells. The cells were then rotated for 1 minute and placed back in the 37oC 

incubator for 24 hours. After 24 hours, the DMEM media was aspirated from the cells 

using a sterile glass pipette. 100 µL of the 1x Passive Lysis buffer were added to each 

well of the plate and the plate was rotated for 10 minutes. Following this rotation, 5 µL of 

each sample was transferred to an opaque-bottom 96-well plate. 20 µL of L substrate was 

added to each well, the wells were shaken for 10 seconds and then read by the 

luminometer. Following this, 20 µL of the S substrate were added, the wells were shaken 

and read again, as directed by the Promega protocol. The numbers provided by addition 

of the L substrate represent Firefly luciferase activity while those provided by the 

addition of the S substrate represent activity of Renilla luciferase. To control for 

differences in transfection efficiencies within each well, the Renilla luciferase numbers 

were divided by the Firefly luciferase numbers for that well. These levels of expression 

were then compared to the data provided by wells transfected with the empty expression 

vector (pcDNA3.1) to assess whether or not the miRNA had any effect on the expression 

of the Renilla luciferase reporter. 



Northern Blot 

During the Northern Blot analysis RNA was run on denaturing PAGE gels, 

transferred to a nitrocellulose membrane, probed with radiolabeled oligonucleotide 

probes, and visualized via phosphoscreen on a Phosphorimager (McClure et al., 2011a; 

Seo et al., 2008). 

Python Algorithm and microRNA Selection 

The program used to identify potential pairs of human miRNAs and human 

polyomavirus large T antigen 3’UTRs was written using Python 3.2 software 

(downloaded at https://www.python.org/download/releases/3.2/). This program is 

included in Appendix A. This program produced a list of 1303 potential pairs of human 

miRNA seed sequences and sequences found within the putative 3’UTRs of human 

polyomavirus large T antigen genes. By only using miRNAs with numbers below 600 (ex. 

hsa-miR-452 rather than hsa-miR-623) I narrowed this list down to 92 pairs. Then, using 

information published on miRBase.org, I selected only miRNAs that had produced 

greater than 1000 reads in a deep sequencing experiment. Finally, I removed all miRNAs 

that had been labeled as “star” strands on miRBase. These measures were taken to 

increase the likelihood that the miRNAs tested were biologically relevant in humans. 

This resulted in 33 human miRNAs, of which, in the interest of time, I selected 3 to test 

for this project.    

 

 

 



Bibliography: 

 
Bartel D.P. MicroRNAs: Target recognition and regulatory functions. Cell. 2009. 136: 

215–233. 
 
Beutler B. Inferences, questions and possibilities in Toll-like receptor signaling. Nature. 

2004. 430:257-263. 
 
Cox, J. E., Sullivan, C. S. Balance of stealth: the role of ncRNAs in the regulation of 

virus gene expression. In press. 
 
Decaprio, J.A., Garcea, R.L. A cornucopia of human polyomaviruses. Nature Rev. 2013. 

11:264-276. 
 
Elmen, J., Lindow, M., Shutz, S., Lawrence, M., Petri, A., Obad, S., Lindholm, M., 

Hedtjarn, M., Hansen, H. F., Berger, U., Gullans, S., Kearny, P., Sarnow, P., 
Staarup, E. M., Kauppinen, S. LNA-mediated microRNA silencing in non-human 
primates. Nature. 2008. 452(7089):896-899. 

 
Grundhoff, A., Sullivan, C. S., Ganem, D. A combined computational and microarray-

based approach identifies novel microRNAs encoded by human gamma-
herpesviruses. RNA. 2006. 12(5):733-750. 

 
Gunasekharan, V., Laimins, L. A. Human papillomaviruses modulate microRNA 145 

expression to directly control genome amplification. J. Virol. 2013. 87(10):6037-
6043. 

 
Jopling, C. L., Yi, M., Lancaster, A. M., Lemon, S. M., Sarnow, P. Modulation of 

hepatitis C virus RNA abundance by a liver-specific microRNA. Science. 2005. 
309:1577-1580. 

 
Kincaid, R. P., Sullivan, C. S. Virus-encoded microRNAs: an overview and a look to the 

future. PLoS Path. 2012. 8(12):e1003018. 
 
Korup, S., Rietscher, J., Calvignac-Spencer, S., Trusch, F., Hofmann, J., Moens, U., 

Sauer, I., Voigt, S., Schmuck, R., Ehlers, B. Identification of a novel human 
polyomavirus in organs of the gastrointestinal tract. PLoS One. 2013. 8(3):e58021. 

 
Lewis, B. P., Shih, I. H., Jones-Rhoades M. W., Bartel, D. P., Burge, C. B. Prediction of 

mammalian microRNA targets. Cell. 2003. 115(7):787-798. 
 
McClure, L.V., Lin, Y.T., Sullivan, C.S. Detection of viral microRNAs by Northern blot 

analysis. Methods Mol. Biol. 2001. 721:153–171. 
 



Melnick, J. L., Allison, A. C., Butel, J. S., Eckhart, W., Eddy, B. E., Kit, S. Levine, A. J., 
Miles, J. A. R., Pagano, J. S., Sachs, L., Vonka, V. Papovaviradae. Intervirol. 
1974. 3:106-120. 

 
Seo, G. J., Fink, L. H., O’Hara, B., Atwood, W. J., Sullivan, C. S. Evolutionarily 

conserved function of a viral microRNA. J. Virol. 2008. 82(20):9823-9828. 
 
Seo, G. J., Chen, C. J., Sullivan, C. S. Merkel cell polyomavirus encodes a microRNA 

with the ability to autoregulate viral gene expression. Virol. 2009. 383(2):183-187. 
 
Sullivan, C. S., Grundhoff, A. T., Tevethia, S., Pipas, J. M., Ganem, D. SV40-encoded 

microRNAs regulate viral gene expression and reduce susceptibility to cytotoxic 
T cells. Nature. 2005. 435:682-686. 

 
Sullivan, C. S., Sung, C. K., Pack, C. D., Grundhoff, A., Lukacher, A. E., Benjamin, T. L., 

Ganem, D. Murine Polyomavirus encodes a microRNA that cleaves early RNA 
transcripts but is not essential for experimental infection. Virol. 2009. 387(1):157-
167.  

 
 
 

 

Acknowledgements: 

I would first like to thank Dr. Chris Sullivan for allowing me to join his lab. 

Through this work over the last two years I have felt myself develop as a student, as a 

scientist and as a person. I thank him for all the scientific direction and for serving as a 

role model on how one should always think like a science-ninja. I would also like to 

thank my bay-mates in Club West Bay: Jen, CJ, Karen, Kris (and Matt). They all made 

the lab such a fun place and truly helped me get through the scientific punches in the 

belly that I’m all too familiar with by now. Thank you especially to Jen and CJ for your 

patience and your direction in the lab and also through the writing process. None of the 

work presented here would have been possible without them.  



Thank you also to Dr. David Hillis, Dr. Alan Cline, Dr. David Laude, Mark 

Hemenway, Dr. Arlen Johnson, Melissa Goessling, Dr. Ruth Buskirk, Dr. Shelley Payne, 

Dr. George Pollak, and everyone else involved in the Dean’s Scholars program 

(especially the students who I do not have enough room to name here). My college 

experience was incomparably enriched by the Dean’s Scholars program and I cannot 

thank enough all those involved in making this program so great.  

Lastly, I would like to thank my family. I love being in Austin and working hard 

in school, but it honestly means nothing without you all. Thank you especially to Ed for 

putting up with my smug-crankiness after tough days in lab and for sharing the best year 

of my life (so far) with me. I love you all so much and thank you again for your constant 

support.  

 

 
Appendix A: 

 

#  File: ProjectJen3UTR.py 

#  Description: This program all possible heptamers of DNA and searches for them in 
the 3'UTRs of all known polyomaviruses. 

#  Student Name: Patrick J. Hunt 

#  Date Created: 30 July 2013 

#  Date Last Modified: 25 Oct 2013 

############################################################ 

   
  def main(): 
 
  # List of 16,383 Heptamers as a text file  
  heptamers = open("Heptamers.txt", 'r') 
 
 



  # Opens each 3’UTR as a separate variable 
  BKPolyomavirus = open("BKV3UTR.txt", 'r') 
  JCPolyomavirus = open("JCV3UTR.txt", 'r') 
  WUPolyomavirus = open("WUV3UTR.txt", 'r') 
  KIPolyomavirus = open("KIV3UTR.txt", 'r') 
  MerkelCell = open("MCV3UTR.txt", 'r') 
  HPyV6 = open("HPyV63UTR.txt", 'r') 
  HPyV7 = open("HPyV73UTR.txt", 'r') 
  Trichodysplasia = open("TSV3UTR.txt", 'r') 
  Trichodysplasia2 = open("TSV3UTR2.txt", 'r') 
  HPyV9 = open("HPyV93UTR.txt", 'r') 
  MWPolyomavirus = open("MWPyV3UTR.txt", 'r') 
  MWPolyomavirus2 = open("MWPyV3UTR2.txt", 'r') 
  STLPolyomavirus = open("STLPyV3UTR.txt", 'r') 
  STLPolyomavirus2 = open("STLPyV3UTR2.txt", 'r') 
  HPyV12 = open("HPyV123UTR.txt", 'r') 
  SV40 = open("SV403UTR.txt", "r") 
  Murine = open("Murine3UTR.txt", "r") 
 
  # Reformats each genome as a string 
  genomeBKV = BKPolyomavirus.read() 
  genomeJCV = JCPolyomavirus.read() 
  genomeWUV = WUPolyomavirus.read() 
  genomeKIV = KIPolyomavirus.read() 
  genomeMCV = MerkelCell.read() 
  genomeHPV6 = HPyV6.read() 
  genomeHPV7 = HPyV7.read() 
  genomeTSV = Trichodysplasia.read() 
  genomeTSV2 = Trichodysplasia2.read() 
  genomeHPV9 = HPyV9.read() 
  genomeMWV = MWPolyomavirus.read() 
  genomeMWV2 = MWPolyomavirus2.read() 
  genomeSTL = STLPolyomavirus.read() 
  genomeSTL2 = STLPolyomavirus2.read() 
  genomeHPV12 = HPyV12.read() 
  genomeSV40 = SV40.read() 
  genomeMurine = Murine.read() 
 
  # Opens up each result file. 
  BKVResults = open ("1BKVUTRResults.txt", "w") 
  JCVResults = open ("1JCVUTRResults.txt", "w") 
  WUVResults = open ("1WUVUTRResults.txt", "w") 
  KIVResults = open ("1KIVUTRResults.txt", "w") 
  MCVResults = open ("1MCVUTRResults.txt", "w") 
  HPV6Results = open ("1HPV6UTRResults.txt", "w") 
  HPV7Results = open ("1HPV7UTRResults.txt", "w") 



  TSVResults = open ("1TSVUTRResults.txt", "w") 
  TSVResults2 = open ("1TSVUTRResults2.txt", "w") 
  HPV9Results = open ("1HPV9UTRResults.txt", "w") 
  MWVResults = open ("1MWVUTRResults.txt", "w") 
  MWVResults2 = open ("1MWVUTRResults2.txt", "w") 
  STLResults = open ("1STLUTRResults.txt", "w") 
  STLResults2 = open ("1STLUTRResults2.txt", "w") 
  HPV12Results = open ("1HPV12UTRResults.txt", "w") 
  SV40Results = open("1SV40UTRResults.txt", "w") 
  MurineResults = open("1MurineUTRResults.txt", "w") 
   
  #Runs through each heptamer one by one 
  for heptamer in heptamers: 
 
    heptamer = heptamer.rstrip("\n") 
 
 
    # This code can be used to print results where all heptamers are printed, even if the 
heptamer is not found (shows 0). 
    BKVResults.write (heptamer + ", " + str(genomeBKV.count(heptamer)) + "\n") 
    JCVResults.write (heptamer + ", " + str(genomeJCV.count(heptamer)) + "\n") 
    WUVResults.write (heptamer + ", " + str(genomeWUV.count(heptamer)) + "\n") 
    KIVResults.write (heptamer + ", " + str(genomeKIV.count(heptamer)) + "\n") 
    MCVResults.write (heptamer + ", " + str(genomeMCV.count(heptamer)) + "\n") 
    HPV6Results.write (heptamer + ", " + str(genomeHPV6.count(heptamer)) + "\n") 
    HPV7Results.write (heptamer + ", " + str(genomeHPV7.count(heptamer)) + "\n") 
    TSVResults.write (heptamer + ", " + str(genomeTSV.count(heptamer)) + "\n") 
    TSVResults2.write (heptamer + ", " + str(genomeTSV2.count(heptamer)) + "\n") 
    HPV9Results.write (heptamer + ", " + str(genomeHPV9.count(heptamer)) + "\n") 
    MWVResults.write (heptamer + ", " + str(genomeMWV.count(heptamer)) + "\n") 
    MWVResults2.write (heptamer + ", " + str(genomeMWV2.count(heptamer)) + "\n") 
    STLResults.write (heptamer + ", " + str(genomeSTL.count(heptamer)) + "\n") 
    STLResults2.write (heptamer + ", " + str(genomeSTL2.count(heptamer)) + "\n") 
    HPV12Results.write (heptamer + ", " + str(genomeHPV12.count(heptamer)) + "\n") 
    SV40Results.write (heptamer + ", " + str(genomeSV40.count(heptamer)) + "\n") 
    MurineResults.write (heptamer + ", " + str(genomeMurine.count(heptamer)) + "\n") 
 
  #These lines close all of the files 
  heptamers.close() 
  BKPolyomavirus.close() 
  JCPolyomavirus.close() 
  WUPolyomavirus.close() 
  KIPolyomavirus.close() 
  MerkelCell.close() 
  HPyV6.close() 
  HPyV7.close() 



  Trichodysplasia.close() 
  Trichodysplasia2.close() 
  HPyV9.close() 
  MWPolyomavirus.close() 
  MWPolyomavirus2.close() 
  STLPolyomavirus.close() 
  STLPolyomavirus2.close() 
  HPyV12.close() 
  SV40.close() 
  Murine.close() 
  BKVResults.close() 
  JCVResults.close() 
  WUVResults.close() 
  KIVResults.close() 
  MCVResults.close() 
  HPV6Results.close() 
  HPV7Results.close() 
  TSVResults.close() 
  TSVResults2.close() 
  HPV9Results.close() 
  MWVResults.close() 
  MWVResults2.close() 
  STLResults.close() 
  STLResults2.close() 
  HPV12Results.close() 
  SV40Results.close() 
  MurineResults.close() 
 
 
  print("Esta terminado.") 
 
main() 

 


