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Abstract

Canonical RNA polymerase 111 (pol 111) type 2 promoters contain a single A and B box and are
well documented for their role in tRNA and SINE transcription in eukaryotic cells. The genome of
Murid herpesvirus 4 (MuHV-4) contains eight polycistronic tRNA-microRNA encoded RNA
(TMER) genes that are transcribed from a RNA pol 111 type 2-like promoter containing triplicated
A box elements. Here, we demonstrate that the triplicated A box sequences are required in their
entirety to produce functional MuHV-4 miRNAs. We also identify that these RNA pol 11 type 2-
like promoters are conserved in eukaryotic genomes. Human and mouse predicted tRNA genes
containing these promoters also show enrichment of alternative RNA pol 111 transcription
termination sequences and are predicted to give rise to longer tRNA primary transcripts.
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1. INTRODUCTION

In eukaryotic cells, RNA polymerase 11 (pol I11) functions to generate a wide variety of
essential, abundantly transcribed, small noncoding RNA transcripts. These include tRNAs,
5S rRNA, U6 snRNA, RNase P RNA, short interspersed repeated DNA elements-encoded
RNAs (SINEs), and many others (Dieci et al., 2007). RNA pol Il transcription utilizes a
variety of promoter elements, often found intragenically, that can be categorized into three
distinct promoter systems: type 1 (internal A and C boxes paired with an intermediate
element), type 2 (internal A and B boxes), and type 3 (external, upstream elements
consisting of the distal sequence element, the proximal sequence element, and the TATA
box) (Dieci et al., 2007).

Transcription of eukaryotic tRNA genes uses the type 2 promoter system comprised of an A
box (TRGYNNARNNG) and a B box (RGTTCRANTCC), variably spaced from one
another by ~30-60bp in a gene-specific manner. This spacing variation reflects the inclusion
of intron sequences found in several tRNA genes (Dieci et al., 2007; Hamada et al., 2001,
Paule and White, 2000; Schramm and Hernandez, 2002). Transcription initiation in this
promoter system begins with TFIIIC recognition of the A and B box followed by sequential
accumulation of additional transcription factors, including the TFIIIB transcription factor
complex to position RNA pol Il at the start site of transcription. Initiation of transcription
typically begins ~7-20bp upstream of the A box promoter element (Orioli et al., 2011a;
Paule and White, 2000; Schramm and Hernandez, 2002). In mammals, canonical
termination of RNA pol 11 transcribed genes occurs at a run of four or more thymidine
residues in the coding DNA strand (Bogenhagen and Brown, 1981).

Of interest, there are several examples of viruses that utilize the RNA pol 111 type 2
promoter system in the production of small noncoding viral RNAs. These include the
adenovirus VA transcripts, the Epstein-Barr virus (EBV) EBER transcripts, and the pol 111
transcripts of Murid herpesvirus 4 (MuHV-4), commonly referred to as Gammaherpesvirus
68 or yHV68. During adenovirus infection, the VA transcripts are abundantly expressed and
serve to attenuate the interferon response by inhibiting the cellular PKR protein, allowing
for efficient viral mMRNA translation and high-titer virus production (Mathews and Shenk,
1991; Thimmappaya et al., 1982). The VA transcripts also interact with the miRNA
biogenesis pathway to competitively inhibit the functions of both Exportin-5 and Dicer.
Dicer processing of the VA transcripts yields miRNA-like, small RNA fragments ~22
nucleotides long that can be incorporated into RNA-induced silencing complexes (RISCs)
(Andersson et al., 2005; Aparicio et al., 2006; Lu and Cullen, 2004; Sano et al., 2006).
Currently, there are no known mRNA targets of the VA derived miRNAs. Additionally, the
EBER transcripts of EBV accumulate to high levels in infected cells and interact with
several cellular proteins including PKR, La, and ribosomal protein L22. However, the exact
role(s) of the EBERSs in the outcome of infection also remain unclear (Lerner et al., 1981;
Steitz et al., 2011).

The abundant RNA pol 11 transcripts of yHV68, which we will refer to as TMERs (tRNA-
miRNA encoded RNASs), were originally identified through their sequence and predicted
secondary structure homology to cellular tRNAs (Bowden et al., 1997). The yHV68 TMERs
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represent the first reported examples of RNA pol Il transcripts serving as primary-miRNA
(pri-miRNA) molecules (Pfeffer et al., 2005). Little is known about the biological
significance of the TMER genes. The tRNA-like portion of these transcripts is partially
processed through the cellular tRNA maturation pathway by the cleavage of the TMER
transcripts by RNaseZ!- and subsequent addition of nontemplated 3’CCA ends (Bogerd et
al., 2010; Bowden et al., 1997). However, the tRNA-like molecules do not appear to be
aminoacylated, and the incorporation of additional base modifications, common in cellular
tRNA maturation, has not been reported. Processing of the miRNAs from the TMER
transcripts has been shown to be dependent on Dicer cleavage and yields miRNAs that are
functional in repressing gene expression during virus infection (Bogerd et al., 2010; Diebel
etal., 2010).

vHV68 is a murid gammaherpesvirus widely used as a small animal model for the human
gammabherpesvirus pathogens EBV and Kaposi's sarcoma-associated herpesvirus (KSHV)
(Barton et al., 2011; Blaskovic et al., 1980; Simas and Efstathiou, 1998; Speck and Virgin
IV, 1999). During the original identification and analysis of the yYHV68 TMER genes it was
shown that these genes contained the classical RNA pol 111 type 2 promoter system
consisting of one A box coupled with one B box (Bowden et al., 1997). The TMER
transcripts were observed to be abundant during both lytic and latent infections (Bowden et
al., 1997; Ebrahimi et al., 2003; Martinez-Guzman et al., 2003; Simas et al., 1999). Upon
closer examination of the yHV68 TMER genes we found that they contained a complex
arrangement of three overlapping A box elements paired with a single B box (Diebel et al.,
2010). We refer to this RNA pol 111 type 2-like promoter system as the “triple A box” or
RNA pol 111 type 2(3a) promoter system. To differentiate between the individual A box
elements, we refer to the A boxes as either the Aq box, A, box, or Az box, with the A; box
positioned closest to the start site of transcription. The TMER genes of yHV68 are not the
only known examples of noncanonical RNA pol 111 type 2-like promoters. The rat vault
RNA gene contains multiple B boxes for optimal RNA pol 111 transcription while some
yeast snoRNAs and tRNA genes have been documented to use solely an A box or B box
(Guffanti et al., 2006; Vilalta et al., 1994). The TMER genes, however, are currently the
only known examples of RNA pol Il promoters that contain a set of three overlapping A
boxes.

Our previous work showed that the complete removal of the entire RNA pol 111 type 23a)
promoter system resulted in the loss of transcription of the TMER genes (Diebel et al.,
2010). However, the roles of the individual elements of the RNA pol 111 type 2(3a) promoter
system were unknown. To determine their contribution to TMER transcription, we
introduced replacement mutations into the individual A box elements in the TMER-1 and
the TMER-5 genes. We constructed each mutant promoter to retain at least one unaltered A
box element that could potentially pair with the unaltered B box, and we predicted that this
mutation strategy would leave a minimal RNA pol Il type 2 promoter intact with each A
box promoter mutation made. However, we found that mutating the individual A box
elements often eliminated our ability to detect both the full-length TMER transcripts as well
as mature processed miRNAs produced from those transcripts. This led us to speculate that
the RNA pol 111 type 2(3a) promoter may represent a previously unrecorded RNA pol 111
promoter system.
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To test this theory we looked for examples of the RNA pol 111 type 2(3a) promoter system in
predicted tRNA transcripts in cellular genomes and in RNA pol 11 transcripts of viral
genomes other than yHV68. By doing so, we found predicted tRNA genes in eukaryotic
genomes that contained the same RNA pol 111 type 2(3a) promoter arrangement found in the
vyHV68 TMER genes. Additionally, we found enrichment in alternative RNA pol 111
transcriptional stop sites in human tRNA genes containing the RNA pol 111 type 2(3p)
promoter. These same tRNA genes are predicted to produce slightly longer primary tRNA
transcripts as compared with predicted tRNA genes that do not contain the RNA pol 11 type
2(3a) promoter system. Interestingly, we did not detect the presence of the RNA pol 111 type
2(3a) promoter associated with the transcription of the EBER genes of EBV or with the VA
genes of adenoviruses. While these viral genes are known to be RNA pol 111 transcripts, they
do not form a predicted tRNA-like fold in their structure. Together, these data argue for the
existence of a previously unidentified RNA pol 111 type 2-like promoter system that contains
a complex arrangement of three overlapping A box elements coupled with a single B box.
This promoter is required for the production of mature processed yHV68 miRNAs and
appears to be evolutionarily conserved among eukaryotic tRNAs.

2. MATERIAL AND METHODS
2.1. RNA folding prediction and RNA modelling software

RNA secondary structures were predicted using the software RNAstructure 5.3 (Mathews et
al., 2004). Predicted RNA structures were modeled into jpeg format using the XRNA
software found at http://rna.ucsc.edu/rnacenter/xrna/xrna.html.

2.2. Plasmids

The construction of the pHV68-Left End Wildtype (pLE-WT) and pHV68-Left End miRNA
KO (pLE-KO) plasmids were described previously (Diebel et al., 2010). Construction of the
pLE-1AA1, pLE-1AA.3, pLE-5AA,, and pLE-5A;.,3 plasmids containing replacement
mutations within the A; box or the A, and Az boxes from either the TMER-1 or TMER-5
gene of yHV68 and the pLE-WT.HS, pLE-1AA4.HS, pLE-1AA,.3.HS was performed using
site-directed mutagenesis according to the manufacturer's protocol (Stratagene), using the
primers listed in Supplemental Table 1. After the generation of each A box mutant plasmid
or hard-stop mutant plasmid, the entire HV68 Left End insert was sequenced to confirm the
presence of the desired replacement mutations without any off-target mutations.

The pRL-TK plasmid encodes the renilla luciferase gene under the control of the HSV
thymidine kinase promoter and was used as a transfection control for dual luciferase assays.
The pGL3-Control plasmid (Promega) encodes the firefly luciferase gene under the control
of the SV40 promoter. All pGL3 target plasmids were constructed by inserting the
appropriate miRNA target sequence into the Xbal site in the 3" untranslated region between
the stop codon of the firefly luciferase gene and the SVV40 polyA tail sequence as previously
described (Diebel et al., 2010). Oligos used in the construction of the pGL3 target plasmids
were purchased from Integrated DNA Technologies (IDT) and are listed as Xbal M1-(X)
Target Forward or Reverse in Supplemental Table 1.

Gene. Author manuscript; available in PMC 2015 August 21.


http://rna.ucsc.edu/rnacenter/xrna/xrna.html

1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Diebel et al.

Page 5

2.3. Viruses and tissue culture

Mouse 3T3 fibroblasts (ATCC CRL-1658) were cultured in Dulbecco's Modified Eagle
Media (DMEM) supplemented with 10% FBS (Hyclone), 2mM L-glutamine, 10U/ml
penicillin, and 10ug/ml streptomycin sulfate. Mouse 3T12 fibroblasts (ATCC CRL-164) and
human 293 epithelial cells were cultured in DMEM supplemented with 5% FBS, 2mM L-
glutamine, 10U/ml penicillin, and 10ug/ml streptomycin sulfate.

yHV68 strain WUMS (ATCC VR-1465) and yYHV68A9473 were used for all infections
(Clambey et al., 2002). Virus stocks used for infection were passaged, grown, and titer
determined on 3T12 cells as previously described (Virgin et al., 1997). Infections used for
total RNA isolation were conducted in 6 well plates. One day prior to infection, 2mls of
2x10° cells/ml were plated per well, and the following day, the cells were either mock
infected or infected with yHV68 or yHV68A9473 at an MOI of 1. Cells were harvested for
total RNA isolation at 24 hours post-infection.

2.4. Transfections

All transfections were performed using Lipofectamine 2000 (Invitrogen), per manufacturer's
protocol. Transfections for the recovery of total RNA were conducted in 6 well plates. One
day prior to transfection, 2mls of cells were plated at 2x10° cells/ml in antibiotic-free media.
Each well was transfected with 2.2ug of each Left End plasmid and harvested for total RNA
isolation at 48 hours post-transfection. Transfections for dual luciferase assays were
conducted in triplicate in 24 well plates. One day prior to transfection, 500ul of cells were
plated at 1.6x10° cells/ml in antibiotic-free media. Each well was transfected with 100ng of
pRL-TK, 50ng of pGL3 (Control or target), and with 440ng of either the pLE-WT,
pLE-1AA1, pLE-1AA,3, pLE-5AA, pLE-5A).3, or the pLE-KO plasmid. Alternatively, 4
hours post-transfection with the pRL-TK and pGL3 plasmids, cells were infected at an MOI
of 1 with either yHV68 or yYHV68A9473 viruses. Forty-two to 48 hours post-transfection
cells were harvested and cell lysates used for the dual luciferase assays.

2.5. Total RNA isolation

Total RNA was extracted from cells using the mirVana miRNA Isolation kit (Applied
Biosystems), using the manufacturer's recommended protocol.

2.6. Small RNA northern blot analysis

A 12% denaturing polyacrylamide gel containing 7M urea was prerun at 60mAmps for 45
minutes. Total RNA samples were prepared as follows: for RNA isolated from infected
cells, 10ug of total RNA was combined with nuclease-free water (Fisher) and 2x gel loading
buffer 11 (Applied Biosystems) to a total volume of 32ul; for RNA isolated from transfected
cells, 15 — 20ug of total RNA was combined with nuclease-free water and 2x gel loading
buffer 11 to a total volume of 90ul. All RNA samples were heated to 95°C for 5 minutes
prior to gel loading and running at 30mAmps for 60-70 minutes. Gels were stained with
1pg/ml of ethidium bromide in 1x TBE for 5 minutes followed by destaining in 1x TBE for
2 minutes. Gel images were captured by a ChemiDoc XRS+ Molecular Imager (Bio-Rad) to
confirm equivalent loading and integrity of the RNA samples. RNA was then transferred to
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Zeta-Probe GT Genomic Tested Blotting Membrane (Bio-Rad) by semi-dry transfer at
500mAmps for 90 minutes in 1x TBE buffer followed by crosslinking of the membrane at
1,200 x 100pJ in a Stratalinker 1800 (Stratagene). The crosslinked membrane was
prehybridized in 12mls of formamide hybridization buffer (KPL) containing 60ul of 20ug/ul
sheared and denatured herring sperm DNA for 1 hour at 54 — 56°C. The 5’-biotinylated
RNA probes were denatured for 10 minutes at 68°C prior to hybridization. Probe sequences
are as follows: miR-M1-1 probe (5’-/biotinf/AAAGGAAGUACGGCCAUUUCUA-3%),
TMER-1 hard stop probe (5’-/dual biotinf/AAAGUUGGACCCACUUCC-3), and miR-
M1-7-3p probe (5’-/biotinf AAUAAAGGUGGGCGCGAUAUC-3’). Following
prehybridization, 12ul of 500ng/ul denatured RNA probe was added to the formamide
hybridization buffer mixture and the membrane was hybridized overnight at 54°C for the
miR-M1-1 probe, at 56°C for the miR-M1-7-3p probe, and at 58°C for the TMER-1 hard
stop probe.

Following hybridization the membrane was washed as follows: two times with 2x SSPE /
0.5% SDS for 15 minutes at room temperature, two times with 2x SSPE / 0.5% SDS for 30
minutes at 47 — 48°C, and a final time with 1x SSPE for 5 minutes at room temperature. The
hybridized probes were detected using the KPL blotting kit (no. 54-30-02) as in the
manufacturer's protocol using the AP-SA conjugate at a 1:7,000 dilution. The membrane
was exposed to Blue Lite Autorad Film (ISC Bioexpress) for 30 — 120 minutes.

2.7. Reverse ligation mediated RT-PCR

Ten micrograms of total RNA were combined with 50ng of either the RNA Linker Oligo or
the 5’P-RNA Linker Oligo (Supplemental Table 1) for ligation and RT-PCR amplification
of mature miRNA molecules as previously described, with minor modifications (Diebel et
al., 2010). Briefly, the RNA-Oligo mixtures were combined with 50U of RNasin (New
England BioLabs), 10U of T4 RNA Ligase 1 (New England Biolabs), 5ul of 10x T4 RNA
Ligase 1 reaction buffer and brought up to 50pl total volume with nuclease-free water. The
ligated RNA was then ethanol precipitated and resuspended in 100ul of nuclease-free water.
200ng of the ligated RNA was used as template for RT-PCR amplification with the
following cycling conditions: 30 minutes at 50°C, 15 minutes at 95°C, 35 amplification
cycles of 30 seconds at 94°C followed by 30 seconds at 48°C followed by 15 seconds at
72°C, and a single final incubation for 2 minutes and 30 seconds at 72°C. 18yl of the RT-
PCR product was run on a 3% TAE-agarose gel and RT-PCR products were visualized by
ethidium bromide staining. Primer sequences used in the RT-PCR amplifications are listed
in Supplemental Table 1. Sequence confirmation of maturely processed miRNA products
was conducted by cloning 4pl of the RT-PCR reaction using the TOPO TA Cloning Kit for
Sequencing (Invitrogen).

2.8. Dual luciferase assays

All dual-luciferase assays were conducted using the Dual-Luciferase Reporter Assay System
(Promega) as previously described (Diebel et al., 2010). Luciferase readings were collected
using the Bio-Tek Synergy HT microplate reader (BioTek) with the photo multiplier tube
(PMT) sensitivity set between 110 and 125. All data were analyzed by exporting the integral
value of the reading taken from each well.
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2.9. Determination of the 3A box promoter element consensus sequence in eukaryotes

All predicted tRNA sequences from the Genomic tRNA Database were downloaded as
FASTA files (Lowe and Eddy, 1997). Each FASTA file was then loaded in the Geneious
bioinformatics program and searched for the following 3A box motif (allowing for 2
mismatches): TRGYNNARNTGGTRGARNAGNNG (Drummond et al., 2012). A table of
all of the tRNAs containing the 3A box promoter element motif with two or fewer
mismatches were exported into an Excel file (Supplemental Table 2).

2.10. Best word frequency analysis

Based on a previously established protocol (Giuliodori et al., 2003), 150 bases up- and
downstream from the predicted start site of transcription of all predicted human and mouse
tRNA genes were analyzed for position-specific sequence enrichment. The background level
of random sequence enrichment in the human genome was determined using sequence from
chromosome 11 (build GRCh37) from position 118,391,300 to 118,744,099. This
background level was then used to normalize the sequence enrichment values found within
the human and mouse tRNA gene regions.

3. RESULTS

3.1. Features of the yHV68 RNA pol Il coding locus

The yYHV68 RNA pol 111 coding locus encompasses a region of the yHV68 genome that
spans from nucleotide position 127 to nucleotide position 5,585. This region contains eight
RNA pol 111 transcribed tRNA-miRNA polycistronic encoded RNAs (TMERs) and two
open-reading frames coding for the M1 and M2 proteins (Fig. 1A). Originally, each yHV68
TMER gene was predicted to be a viral tRNA-like (vtRNA) element (Bowden et al., 1997).
Two of the viral tRNAs (vtRNA4 and vtRNAG) are capable of being partially processed into
mature tRNA molecules through the identification of nontemplated 3’CCA additions
(Bowden et al., 1997). However, these vtRNAs, as well as viRNA3 and 5 are not
aminoacylated, leaving their biological role in yHV68 infection unknown (Bowden et al.,
1997). We later identified nine different pre-miRNAs encoded immediately downstream of
the viRNA genes (Pfeffer et al., 2005). Subsequent work on the yHV68 TMER genes has
clearly established a relationship between RNA pol 11 transcription of the yHV68 viRNAS
and miRNAs as a single polycistronic RNA molecule (Bogerd et al., 2010; Diebel et al.,
2010).

We previously identified a complex RNA pol 111 type 2-like promoter (RNA pol 111 type
2(3p)) consisting of a set of three overlapping A boxes coupled with a single B box
associated with each TMER gene (Diebel et al., 2010). Transcription of the yHV68 TMER
genes is predicted to initiate 7 nucleotides upstream from the left-most A box and terminates
at both canonical and noncanonical RNA pol Il transcriptional termination elements to
generate transcripts approximately 100 — 200 nucleotides in length (Fig. 1B) (Bogerd et al.,
2010; Diebel et al., 2010; Orioli et al., 2011b). The resulting yHV68 TMER transcripts
consist of three structural domains. A 5 vtRNA followed by two stem-loop structures
containing the miRNA sequences (Fig. 1,B, C). The 5° vtRNA portion of the molecule is
cleaved from the stem-loops by the 3’ tRNA processing enzyme, RNaseZ!, liberating the
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stem-loops for further processing by Dicer to generate mature miRNA molecules (Bogerd et
al., 2010). The use of RNA pol Il transcription to produce pri-miRNA transcripts
containing a 5’ tRNA-like domain and a requirement for RNaseZL to liberate pre-miRNA
hairpins is unique to the miRNA maturation process of yHV68 (Bogerd et al., 2010). Here
we focus on the role of the individual A box promoter elements within the RNA pol 11 type
2(3p) System in the transcription and processing of two of the YHV68 TMER genes;
TMER-1 and TMER-5, which give rise to the most biologically active yHV68 miRNAs
during lytic infection and the most abundantly cloned miRNAs during latent infection in
vitro (miR-M1-1, miR-M1-7-5p, and miR-M1-7-3p) (Diebel et al., 2010; Pfeffer et al.,
2005).

3.2. Requirements of the RNA pol Il type 2(3p) promoters in the transcription of the yHV68
TMER-1 and TMER-5 genes

The RNA pol 111 type 2 promoter system is classically defined as two internal promoter
elements; a single A box and a single B box (Paule and White, 2000; Schramm and
Hernandez, 2002). Recently it was shown that positions T1, G3, A7, and G11 of the A box
(TRGYNNARNNG) are fixed and invariant in highly transcribed tRNAs within the human
genome (Fig. 2A) (Canella et al., 2010; Hamada et al., 2001). Scanning the yYHV68 genome
for A box consensus sequences in the yHV68 TMER genes demonstrated each TMER gene
to contain a set of three overlapping A boxes with each individual A box containing no more
than one mismatch from the A box consensus (Fig. 2A). Combining the overlapping A box
promoter elements into a single 3A box consensus yields
TRGYNNARNTGGTRGARNAGNNG, a sequence closely matching the consensus
sequence of the A box region from the eight yHV68 TMER genes,
TAGCTCAATTGGTAGAGCRNCAG (Fig. 2A and Supplemental Fig. 1). When comparing
the 3A box consensus sequence of the YHV68 TMER genes to the constructed 3A box
consensus sequence, only the A at position 19 and the G at position 20 are mismatched.
These positions represent fixed bases within the Az box and A, box individual promoter
elements, respectively. When looking at the individual yHV68 TMER genes, two of the
TMER genes do contain both an A at position 19 and a G at position 20, while the other six
TMER genes contain a single mismatch at either position 19 or 20. None of the TMER
genes are mismatched at both positions. Assuming that the triplicated A boxes have the
ability to function independently of one another, this demonstrates that each TMER gene has
at minimum two completely functional A boxes at the sequence level.

To test whether the TMER genes of yHV68 can use their various A box promoter elements
independently of one another, we generated A box replacement mutations consisting of an 8
nucleotide substituted stretch in the pLE-WT plasmid using site-directed mutagenesis to
alter the A; box or the A, and Az boxes of the TMER-1 and TMER-5 genes. Each pair of
replacement mutations eliminated either the consensus A; box, while leaving the A, and As
boxes intact, or vice versa, to generate plasmids pLE-1AA; and pLE-5AA; (A1 box mutated
in the TMER-1 and TMER-5 genes) and pLE-1AA,.3 and pLE-5AA,.3 (A, and Az boxes
mutated in the TMER-1 and TMER-5 genes) (Fig. 2B). To test the capacity of the mutated
promoters in transcription, we transfected these plasmids into 293 cells for total RNA
isolation at 48 hours post-transfection followed by northern blot analysis, using probes
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antisense to miRM1-1 or miR-M1-7-3p. As a control for TMER transcription, northern blots
included total RNA from 293 cells 24 hours post-infection with either yHV68 or the viral
mutant yHV68A9473, which lacks the section of the yHV68 genome that includes the
TMER genes (Figs. 2C and 2D) (Clambey et al., 2002). Three bands were observed for both
the TMER-1 and the TMER-5 transcripts. The top band represents the full-length ~200nt
transcript product, the middle band at ~130nt represents the TMER transcripts ending at the
alternative transcriptional stop site at the base of the first stem-loop, and the bottom band, at
~60nt, represents stem-loop 1 after being processed into pre-miRNA by RNaseZ\. This
same banding pattern is seen with the total RNA collected from 293 cells transfected with
the pLE-WT plasmid (Figs. 2C and 2D). Mutation of either the A1 box or the A, and A3
boxes of the TMER-1 gene eliminated our ability to detect TMER-1 transcripts suggesting
an intact RNA pol I11 type 2(3a) promoter system is required for the transcription of
TMER-1 (Fig. 2C). The northern blot probed with the miR-M1-7-3p probe revealed that the
pLE-5AA; plasmid construct lost the ability to produce the TMER-5 transcript while the
pLE-5AA,.3 plasmid construct did not. Therefore, the TMER-5 promoter system can
function through the use of the A1 box promoter alone, coupled with the B box. However,
no processed stem-loop 1 band (~60 nucleotides) is detected in the cells transfected with the
pLE-5AA,.3 plasmid, suggesting that the A,.3 box mutation in the TMER-5 gene inhibits
the processing of the TMER-5 transcript, but not the transcription from the TMER-5 gene.
Both the pLE-1AA,.3 and the pLE-5AA, .3 replacement mutations result in an alteration in
the predicted secondary structure of their associated TMER transcripts (Supplemental Fig.
2). While we do not detect transcription of TMER-1 from the pLE-1AA,3 plasmid,
TMER-5 transcripts from the pLE-5AA plasmid have likely lost their ability to be
recognized by RNaseZl 5,3 resulting in a failure to produce the pre-miR-M1-7 molecule.

Here we show that the A box promoter element is essential in the production of both the
TMER-1 and the TMER-5 genes while the A, and Az boxes are also necessary for the
transcription of the TMER-1 gene but not the TMER-5 gene. It is worth noting that our Al
box substitution also introduces a single canonical RNA pol 111 stop sequence which may
disrupt transcription following initiation. However, it has been demonstrated previously that
the canonical run of Ts may not be sufficient for termination of RNA pol 11 transcription. In
fact there are over 50 predicted human tRNAs that contain one or more runs of four or more
Ts within the mature tRNA sequence with at least two of those tRNAs found in the “highly
expressed” category of tRNAs (Canella et al., 2010). Further, it has been experimentally
shown that tRNAK3 can be expressed despite containing a run of four Ts between the A and
B box promoter elements (Scherer et al., 2007; Westaway et al., 1998). Therefore,
termination may or may not be the explanation for why these A1 box substitution mutations
fail to function in transcription. The A boxes between TMER-1 and TMER-5 are identical in
the pLE-1AA,.3 and pLE-5AA,.3 plasmids, but only transcription of the TMER-5 gene is
functional. This data suggests that sequence context surrounding the TMER genes
influences RNA pol 111 type 2(3a) promoter system function. Next, we sought to determine if
there is a loss of miRNA production from the TMER-1 and the TMER-5 genes in the
replacement mutation plasmids by measuring processed TMER-1 and TMER-5 associated
miRNAs using biological function output and the RLM-RT-PCR assay.

Gene. Author manuscript; available in PMC 2015 August 21.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Diebel et al. Page 10

3.3. A box promoter elements within the TMER-1 and TMER-5 genes are required for the
production of biologically functional miRNASs

Northern blot analysis of RNA from pLE-1AA; and pLE-1AA. 3 transfected cells revealed a
loss of TMER-1 primary transcript products. Northern blot analysis of pLE-5AA
transfected cells also showed a loss of TMER-5 primary transcripts, while analysis of RNA
harvested from pLE-5AA,. 3 transfected cells revealed a loss in the processing of the
TMER-5 transcript, but no loss in the production of the TMER-5 primary transcript. To test
for the presence TMER-1 and TMER-5 derived miRNAs, we performed RLM-RT-PCR
analysis on the total RNA isolated from the 293 cells transfected with the mutant left end
plasmids (Diebel et al., 2010).

Using the same total RNA that was collected for use in the northern blot analyses, each total
RNA sample was ligated to either a 5° RNA linker or 3° RNA linker molecule and used as
template for a RTPCR reaction using primers to detect fully processed yHV68 miRNAs
miR-M1-1 and miR-M1-10 (encoded by TMER-1), or miR-M1-7-3p and miR-M1-12
(encoded by TMER-5). Detection of the cellular miRNA, hsa-miR-15a, was used as an
endogenous cellular control. Total RNA from yHV68 and yHV68A9473 infected 293 cells
served as positive and negative controls for the production of viral miRNA. Only RNA
samples from 293 cells infected with yHV68 or transfected with the pLE-WT plasmid
contained detectable viral mMiRNA products. The cellular miRNA, hsa-miR-15a, was
detected within all RNA samples tested (Fig. 3A).

We then tested yHV68 miRNA sensor plasmids of miR-M1-1, miR-M1-10, miR-M1-7-3p,
and miR-M1-12 for evidence of miRNA mediated downregulation of firefly luciferase
expression using “perfect target” firefly luciferase sensor constructs. These sensors each
contain the complete complement miRNA binding site in the 3’UTR region of the firefly
luciferase gene found in the pGL3-Control plasmid (Fig. 3B). All firefly luciferase values
are normalized to the transfection control plasmid, pRL-TK, which expresses the renilla
luciferase gene and is not targeted by the yHV68 miRNAs.

Dual luciferase assays were conducted in both 3T3 and 293 cells. Infection of cells
transfected with the pGL3 sensor plasmids led to a downregulation of firefly luciferase
expression ranging from 10% — 35% in 3T3 cells and 10% — 70% in 293 cells (Fig. 3C).
miR-M1-7-3p conferred the greatest reduction and miR-M1-12, the least. This is consistent
with the reported abundance of each miRNA detected during infection in previous studies
(Reese et al., 2010; Zhu et al., 2010). Within the cells transfected with the pLE-WT plasmid,
we saw a similar pattern of reduction. Overall, levels of downregulation during transfection
were slightly higher than those seen during infection, similar to previous findings (Diebel et
al., 2010). Interestingly, in both cell types tested, when either the A; box or both the A, and
Az boxes were mutated in TMER-1 and TMER-5, biological activity of the corresponding
downstream miRNAs was not detected. Therefore, even though each A box mutation retains
at least the minimal RNA pol Il type 2 promoter element in both the TMER-1 and TMER-5
genes, the corresponding miRNAs were not detected. This is likely due to a lack of pri-
miRNA transcription for the pLE-1AA,, pLE-1AA.3, and the pLE-5AA; plasmids and to a
lack of processing of the pri-miRNA transcript from the pLE-5AA,. 3 plasmid.
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After establishing the requirement of the fully intact RNA pol 111 type 2(3a) promoter system
in the production of miRNAs from the TMER genes, we searched for the RNA pol I11 type
2(3a) promoter system within predicted tRNA genes from the mouse and human genomes to
analyze the evolutionary origin of this promoter system outside of the YHV68 genome.

3.4. The RNA pol lll type 23a) promoter system is highly conserved and is associated with
noncanonical transcriptional stop elements and longer transcripts in eukaryotic genomes

To detect whether organisms other than yHV68 harbor the RNA pol 111 type 2(3a) promoter
system, we searched the sequences of all the predicted tRNAs from the Genomic tRNA
Database using the Geneious bioinformatics program (Drummond et al., 2012; Lowe and
Eddy, 1997). Analyzing only the tRNAs from the mouse genome, we found that 45 of the
433 predicted mouse tRNAs contained 3A box promoter elements with two or fewer
mismatches when compared to the constructed 3A box promoter consensus sequence (Fig.
2A). This represents 10.4% of all of the predicted mouse tRNAs. Interestingly, a similar
frequency of predicted tRNAs containing the RNA pol 111 type 2(3a) box consensus
sequence was apparent in the human genome. Here, 124 tRNAs out of a total of 1,256
predicted tRNAS (9.9%) had two or less mismatches compared to the constructed 3A box
consensus sequence (summarized in Supplemental Table 2). Alignment of all the eukaryotic
tRNAs that contained the 3A box promoter element revealed a highly conserved consensus
(Supplemental Figure 1B).

To determine whether the presence of the 3A box promoter element is associated with
previously undefined sequence context characteristics of tRNA genes, we employed a best
word frequency analysis on the sequence surrounding all predicted human and mouse
tRNAs. This analysis was based on a previous study which showed that there is sequence
conservation among yeast tRNAs upstream from the transcriptional start site in the form of
T-rich elements and TATA-like sequences (Giuliodori et al., 2003). Because there may be
sequence context requirements in the function of TMER gene promoters, we sought to
determine whether sequences surrounding 3A box containing tRNAs were distinct from the
combined average sequence of all the human or mouse tRNAs combined. To do this, we
downloaded the predicted human and mouse tRNA sequences from the UCSC Genome
Browser, adding 150 additional bases up and downstream from the predicted start site of
transcription of each tRNA gene. We then searched these sequences using a 9 base sliding
window to determine the most common 6 base word within each 9 base window. After
determining the most common 6 base word per 9 base window, we tabulated the occurrence
of this word and any 6 base words containing one mismatch to the most common word per
position and divided this sum by the total number of words per each window position to
generate the “Best Word Frequency”. To accurately reflect the amount of sequence
enrichment per position, we randomly picked 352,800 bases of sequence from human
chromosome 11 for best word frequency analysis. This region of human chromosome 11
was chosen to set a background best word frequency level because it is not enriched for any
particular type of genetic element. We found that the average background 6 base best word
frequency per 9 base window in this region of the human genome is 0.024025298. We
subtracted this value from each position of the best word frequency analysis on the human
and mouse tRNA genes generated above and displayed the results in Figure 4.
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As displayed in Figure 4, peaks representing the highest frequency correspond to the A box,
B box, and the termination sequence regions of the mouse and human tRNAs. Interestingly,
the 3A box subset of tRNAs contain a much broader and more highly enriched sequence
near the A box promoter and a narrower and more distal peak for the termination sequences.
The conservation of the B box promoter element is nearly identical between the two data
sets. In regards to the termination sequences, this data suggests that the 3A box containing
tRNA genes have a greater likelihood to produce longer primary tRNA transcripts.
Specifically, when looking at all of the human tRNASs together, the position with the highest
best word frequency beyond the B box region lies at base 80 downstream from the predicted
start site of transcription which represents a sequence of “TTTTTT” with a score of 0.0712
(Fig. 4). Considering only the human tRNAs that have the RNA pol 111 type 235y promoter
system, the best word frequency at base 80 is only 0.0326 and represents a sequence of
“TTATTT”, a RNA pol Il alternative transcriptional stop site (Orioli et al., 2011b). An
additional peak at base position 104 is visible in human tRNAs containing the RNA pol 1l
type 2(3a) promoter system which has a score of 0.0468 and represents a canonical
termination sequence of “TTTTTT” (Fig. 4). Similar results can be found in the predicted
tRNAs from the mouse genome. When comparing all of the mouse tRNAs together, the
position with the highest best word frequency beyond the B box region lies at base 81
downstream from the predicted start site of transcription and represents the canonical
termination sequence of “TTTTTT” with a score of 0.1763 (Fig. 4). Considering only the
mouse tRNAs that have the RNA pol 111 type 2(3a) promoter system, there still remains a
strong peak at base position 81, with another strong peak appearing at base position 93. Both
positions represent canonical termination sequences of “TTTTTT” and have scores of
0.1038 and 0.0760, respectively.

The negative correlation between canonical transcriptional stop elements and 3A box
containing tRNAs is intriguing due to the similarity with the yHV68 TMER genes. These
features may serve as a hallmark for TMER-like transcripts in cellular genomes and could
aid in identification of TMER-like transcripts within genomes other than yHV68. To
determine whether a canonical termination sequence nearer to the start site of transcription
could negatively impact transcription of the yHV68 TMER genes, we constructed a version
of the TMER-1 transcript containing a “hard stop” run of Ts in place of the alternate stop
sequence 92 bases downstream from the transcriptional start site of the TMER-1 gene. We
then tested the ability of this construct to transcribe a truncated version of the TMER-1
transcript.

3.5. Incorporation of canonical transcriptional stop sites near the tRNA domain of TMER-1
does not alter the function of the RNA pol lll type 23a) promoter system

Based on the observation that there are conserved sequence context variations in tRNASs
containing the 3A box promoter element, particularly in the RNA pol 111 transcriptional
termination sequences of both human and mouse tRNAs, we sought to determine the role of
the termination sequences on transcription of yHV68 TMER-1. To do this, we inserted point
mutations into the yHV68 TMER-1 gene to convert the alternative transcriptional stop site
(position 222 in the YHV68 genome, Fig. 5A) to a series of canonical transcriptional stop
elements (AACTTTATCCCTATAGTG to AACTTTTTCCTTTTTGTG). We created this
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mutation in the pLE-WT, pLE-1AA,, and the pLE-1AA,.3 plasmid constructs, generating
the “hard stop” (HS) mutant plasmids pLE-WT.HS, pLE-1AA;.HS, and pLE-1AA,,3.HS.
Using these plasmids we investigated the mutant TMER-1 genes for their ability to generate
primary transcripts.

The impact on transcription imposed by the insertion of the hard stop sequences in TMER-1
was investigated by northern blot analysis of total RNA isolated from 293 cells transfected
with the various left end plasmids. To conduct these northern blots we used a probe
designed to anneal to the region between the tRNA domain and the first alternate stop or
hard stop sequences of the TMER-1 transcript (TMER-1 hard stop probe) (Fig. 5A).
Northern blot analysis revealed that the hard stop sequences were efficient in terminating the
transcription of the TMER-1 gene in the pLE-WT.HS plasmid construct (Fig. 5B). However,
TMER-1 transcription was undetectable in the pLE-1AA1.HS lane and scarce in the
pLE-1A,.3.HS lane, which suggests that the hard stop insertion in these constructs is not
sufficient to rescue TMER transcription in the context of the mutated A boxes. To confirm
the functioning of the hard stop mutation within the left end plasmid constructs we
performed a RLM-RT-PCR assay to detect the presence of mature processed miRNAs miR-
M1-1 and miR-M1-10 using the same total RNA used for the northern blot analysis as the
starting material for these assays. RLM-RT-PCR analysis revealed that only the pLE-WT
plasmid had the ability to produce miRNAs from the TMER-1 gene, as expected (Fig. 5C).
Taken together, these data suggest that the function of the RNA pol Il promoter system and
the location of the transcriptional stop sequences appear to function independently of each
other in the yYHV68 TMER-1 gene.

4. DISCUSSION

Here we show that the RNA pol 111 type 2(3a) promoter system is required for the
production of miRNAs from the YHV68 TMER genes. This is due, in part, to the dual roles
of the promoter sequences in the production of tRNA transcripts. First, at the level of
transcription, the promoters are required for the recruitment of the transcription factor
TFHIC, while second, at the level of the tRNA molecule itself, their sequence makes up the
conserved D- and T-loops universally conserved within tRNA structures (Orioli et al.,
2011a). Therefore, even though transcription was detected from the TMER-5 gene when the
A, and Az boxes were mutated, no biologically functional miRNAs were detected. This may
be due to the structural change to the tRNA-like domain of TMER-5, which could interfere
with TMER-5 processing by RNaseZ". However, the same A box mutations in TMER-1
results in the complete loss of detectable transcription, despite a similar predicted secondary
structure (Supplemental Figure 2). This data suggests that the regulation of TMER
transcription may go beyond both the promoter sequence requirements and the potential
TMER transcript structure making it possible that these RNA pol Il transcription units may
be subject to regulation not yet appreciated, including at the level of primary transcript
stability. However, similar A box mutations in the other 6 TMER transcripts of yYHV68 are
predicted to result in either a complete loss of transcription of the TMER gene or a lack or
processing of the TMER gene as shown here for TMER-1 and TMER-5.
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The impact of positive selection on genetic information is important in conservation through
evolution. Here we found that the RNA pol 111 type 2(3a) promoter system can be found in
beyond the murine gammaherpesvirus genome. One reason this may be is that this promoter
may be required, or may enhance, the transcription of its associated tRNA gene. However, a
general role for the requirement of the RNA pol 111 type 2(3a) promoter system in
transcription of human tRNA genes does not appear to exist. A recent study identifying
RNA pol Il transcription factors and the RNA pol 11 transcription machinery on human
tRNA genes revealed that not all human tRNA genes appear to be transcribed at the same
rate (Canella et al., 2010). In this work, Canella et al., categorized human tRNAs into four
groups: tRNAs with a high transcription level, moderate transcription level, low
transcription level, and then those tRNAs not predicted to be transcribed at all based on
RNA pol 111 and RNA pol 11 transcription factor occupancy at these genes. Using this data,
we searched for human tRNAs that contained the RNA pol 111 type 2(3a) promoter system to
test for enrichment of tRNA genes with the RNA pol 111 type 2(3a) promoter that would
correlate with one of the above categories. We found that human tRNAS containing the
RNA pol 111 type 2(3a) promoter system included 17 in the highly transcribed, 7 in the
moderately transcribed, 15 in the lowly transcribed, and 14 in the group of tRNAs not
predicted to be transcribed. Thus the transcription potential of human tRNA genes is not
linked to the presence of the RNA pol 111 type 2(3a) promoter system. This also suggests that
the RNA pol 111 type 2(3a) promoter system may be conserved in a biological role beyond
functioning solely as a promoter for transcription.

We also found that human and mouse tRNAs are embedded in a very similar sequence
context. That is, the 3A box promoter element containing tRNAs from the human and mouse
genome are similar in context to one another, but different from the rest of the tRNA genes
in these genomes. Most intriguing is that fact that the transcriptional termination sequences
are diminished in the tRNAs that contain the 3A box promoter elements. This would result
in tRNA transcripts with similar properties to the TMER genes of yHV68. Namely, a tRNA
leader sequence followed by a longer 3’ tail. Finally, human 3A box promoter element
containing tRNAs also appear to be enriched in alternative transcriptional stop elements,
similar to that of the yHV68 TMER genes.

When we investigated the consequence of an enhanced transcriptional stop (hard stop) in the
vyHV68 TMER-1 gene, we found no impact on the previously established transcription
conditions of these genes. The wildtype promoters still functioned, while the mutant A box
promoters did not. Therefore, the combination of alternative stop sequences or longer tRNA
transcripts with the RNA pol 111 type 2(3a) promoter system is not required for promoter
function. While there is an association between alternative transcriptional stops and tRNA
genes containing the RNA pol 111 type 2(3a) promoter, it is not yet clear whether this motif
will facilitate the identification of cellular TMER genes predicted to be present in cellular
genomes.

Previous research has shown that the yHV68 miRNAs are transcribed and processed without
the use of viral specific enzymes. This raises the significant possibility that cellular genes
may also be transcribed and processed to produce functional miRNA molecules from tRNA-
miRNA discistronic (TMER) RNA pol I11 transcripts (Bogerd et al., 2010; Diebel et al.,
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2010). Beyond the processing of the yYHV68 miRNAs, there is a growing body of evidence
that small RNAs are derived from tRNA-like sequences and that the production of these
small RNAs is dependent on cleavage of the tRNA-like molecule by the tRNA processing
enzyme RNaseZl. These small RNAs, known as tRFs or tsRNAs, have recently been shown
to have the ability to function as bona fide miRNA molecules, knocking down the
expression of target mMRNA molecules (Maute et al., 2013). These RNAs can also control
translation indirectly through the apparent selective loading of RISC complexes that control
the expression of target mMRNAs directly (Haussecker et al., 2010; Lee et al., 2009).
Importantly, these RNAs appear to play key roles in the progression of the cell cycle
(Haussecker et al., 2010; Lee et al., 2009). Other evidence directly links the processing of
tRNA by RNaseZ" to result in RNaseZ!- mediated cleavage of the target mMRNA using
processed tRNA fragments (Elbarbary et al., 2009a, 2009b). Initially, it was shown that pol
I11 transcription of tRNA stemloop constructs could generate synthetic sSiRNAs to target a
gene of interest and processing of the siRNA was hypothesized to use the RNaseZ- tRNA
processing enzyme (Scherer et al., 2007).

Together these data show that the yYHV68 TMER genes serve as alternative pri-miRNA
transcripts with features that are evolutionarily conserved. These genes can be transcribed
and processed using conserved cellular tRNA processing machinery independent of viral
infection to produce mature, biologically functional miRNAs. These observations suggest
that endogenous cellular tRNA-miRNA dicistronic transcripts may also exist and may also
rely on the transcription and processing features described for yHV68 miRNA biogenesis.
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Abbreviations

5P 5 monophosphate

AP-SA Alkaline phosphatase conjugated streptavidin
A deletion or change from wildtype

DMEM Dulbecco's Modified Eagle Medium

EBER Epstein-Barr virus encoded RNA
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EBV Epstein-Barr virus

EDTA Ethylenediaminetetraacetic acid

FBS fetal bovine serum

yHV68 Gammaherpesvirus 68

hsa Homo sapiens

HS hard-stop

IDT Integrated DNA Technologies

jpeg Joint Photographic Experts Group
KO knockout

KPL Kirkegaard & Perry Laboratories, Inc.
KSHV Kaposi's sarcoma-associated virus
MOl multiplicity of infection

MRNA message RNA

miRNA microRNA

MuHV-4 Murid herpesvirus 4

NTC non-template control

pLE-KO pHV68-Left End miRNA KO plasmid
pLEWT pHV68-Left End Wildtype plasmid
PMT photo multiplier tube

polyA poly-adenosine

pre-miRNA precursor-microRNA

pri-miRNA primary-microRNA

pRL-TK plasmid containing the renilla luciferase gene whose transcription is

driven by the HSV thymidine kinase promoter

PKR protein kinase R

pol polymerase

RISC RNA-induced silencing complex

RLM-RTPCR reverse ligation-mediated — reverse transcription — polymerase chain
reaction

RNase P ribonuclease P

RNase Z- ribonuclease Z (long form)

rRNA ribosomal RNA

RT-PCR Reverse transcription — polymerase chain reaction
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SDS sodium dodecyl sulfate

SINE short interspersed repeated DNA elements-encoded RNAs

SNRNA small nuclear RNA

SNORNA small nucleolar RNA

SSPE (1x) 150mM sodium chloride, 10mM monosodium phosphate, 1.25mM

EDTA,pH 7.4

SVv40 simian virus 40

TAE 40mM Tris base, 20mM acetic acid, and 1ImM EDTA

TBE 89mM Tris base, 89mM Boric acid, 2mM EDTA, pH 8.5

TFINB transcription factor 111 B

TFIHIC transcription factor 111 C

TMER tRNA-microRNA encoded RNA

tRF tRNA-derived RNA fragment

tRNA transfer RNA

tRNAKS3 transfer RNA for lysine (#3)

tSRNA tRNA-derived small RNA

UCsC University of California, Santa Cruz

UTR untranslated region

VA viral associated

VtRNA viral tRNA-like

WT wildtype

WUMS Washington University Medical School
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Figure 1. Genomic organization and predicted secondary structures of the yHV68 TMER genes
(A) Schematic of the left end of the yHV68 genome containing all eight of the RNA pol 111

transcribed TMER genes. The TMER genes are represented as grey arrows labeled 1
through 8. The protein coding transcripts M1 and M2 are shown as black arrows. Locations
of the yHV68 encoded miRNA genes are shown as dashed lines and labeled miR-M1-(1-15).
*miR-M1-11 is the only yYHV68 miRNA that is not directly embedded within a predicted
TMER primary transcript (Reese et al., 2010; Zhu et al., 2010). The miRNA genes are
labeled here as found on the miRBase website (Kozomara and Griffiths-Jones, 2011). (B)
Detailed schematics of the TMER-1 and TMER-5 transcripts. Shown are the predicted start
and stop sites of transcription along with the predicted RNaseZL cut site (underlined) and
alternative transcriptional stop sites (marked with an asterisk). Positions of the A box
promoter elements are shown in light gray and the B box promoter elements in dark gray.
miRNA locations associated with these TMER transcripts are shown by red boxes and
nucleotides. The boundaries of the three structural domains of each transcript are detailed
below the schematics. (C) Predicted secondary structures of the TMER-1 and the TMER-5
transcripts. The positions of the TMER associated miRNAs are highlighted in red.
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Figure 2. RNA pol 111 type 2(3a) A box promoter element requirements in the transcription of
the yHV68 TMER-1 and TMER-5 genes

(A) The A box promoter element consensus sequence, the overlapping A box configuration,
and the 3A box consensus sequence and its comparison to the yHV68 TMER gene A box
consensus sequence is shown. Bases within the A box promoter elements that are
highlighted red are invariant in highly expressed human tRNAs (Canella et al., 2010). The
underlined R and N bases in the TMER 3A box consensus sequence represent differences
between this consensus sequence and the constructed 3A box consensus sequence above it at
positions where the bases are predicted to be invariant. (B) Schematic detailing the wildtype
and mutant sequences of the RNA pol 111 type 2(3a) promoter sequences found within the
TMER-1 and the TMER-5 genes. Red underlined bases represent replacement mutations
created within each TMER gene. Below each sequence is a schematic of the resulting
potential RNA pol I11 promoter. Light grey boxes represent wildtype A box promoter
elements while red boxes represent mutated A box promoter elements. Dark grey boxes
represent wildtype B box promoter elements. (C, D) Northern blot analysis of yHV68
TMER-1 and TMER-5. (C) Blot probed using a 5’-biotinylated probe designed to hybridize
antisense to the miR-M1-1 sequence. (D) Blot probed using a 5’-biotinylated probe designed
to hybridize antisense to the miR-M1-7-3p sequence. Two non-specific bands in the miR-
M1-7-3p blot are starred to the right of the blot. Below each blot is the ethidium bromide
stained 5S rRNA band from each gel photographed to gauge both RNA quality and loading
prior to transfer. Labeled below each gel is the infection or transfection condition from
which the total RNA was isolated.
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Figure 3. Mutation of the 3A box promoter elements inhibits the production of mature miRNAs
(A) RLM-RT-PCR of the viral miRNAs of TMER-1 and TMER-5. 293 cells were either

infected with yHV68 or yHV68A9473 or transfected with the various Left End plasmid
constructs followed by total RNA isolation and RLM-RT-PCR analysis. The human miRNA
hsa-miR-15a is an endogenous cellular control for the RLM-RT-PCR assay. NTC — non-
template control. (B) Schematics of the pGL3 firefly luciferase reporter system. A single
copy of the miR-M1-1, miR-M1-10, miR-M1-7-3p, and miR-M1-12 were each individually
cloned into a Xbal cut site located between the firefly luciferase coding region and the
polyA signal in the pGL3-Control plasmid. (C) Dual luciferase reporter analysis with the A
box mutant plasmids in 3T3 and 293 cells. The pGL3 luciferase reporter target is labeled
below each graph. In infected samples, results are shown as a ratio of firefly luciferase
expression in YHV68 infected cells divided by firefly luciferase expression in yHV68A9473
infected cells. In transfected samples, results are shown as a ratio of firefly luciferase
expression in pLE-WT or A box mutant plasmids divided by the firefly luciferase expression
in the pLE-KO transfected cells. All firefly luciferase values were normalized to the renilla
luciferase transfection control readings prior to the comparative analysis shown on the
graphs. Readings below the dashed line represent translational repression by the
corresponding viral miRNA. Data represents the average of two experiments with each
experiment conducted in triplicate. Error bars represent one standard of deviation.
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Figure 4. Sequence context comparison of human and mouse tRNAs with and without the 3A
box promoter element

Histograms represent the most common 6 base word within a 9 base sliding window (Best
Word Frequency) starting at 150 bases upstream from the predicted transcriptional start site
and ending at 150 bases downstream from the predicted transcriptional start site. Any point
above the dotted line at zero is considered to have sequence enrichment at that position. The
A box and B box promoter regions and the termination regions are highlighted in light grey.
The left histograms represent the best word frequency of all human and mouse tRNAs. The
right histograms represent the best word frequency of human and mouse tRNASs containing
the type 2(3a) A box promoter element (black line) overlaid on top of the best word
frequency of all human or mouse tRNAs (grey line).
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Figure 5. The impact of canonical RNA pol 111 termination signals near the predicted tRNA
domain of TMER-1 on transcription and miRNA production from the TMER-1 gene

(A) Schematic of TMER-1. Shown is the location and sequence of the hard stop mutation.
The alternative transcriptional stop location in wildtype TMER-1 is underlined in the
wildtype sequence. The hard stop sequences and locations generated in the hard stop mutant
plasmids are underlined and in red below the wildtype sequence. The location of the hard
stop probe use for northern analysis of TMER-1 in this figure is shown as a blue line below
the TMER-1 diagram. The sequence of the TMER-1 hard stop probe in shown in blue from
3’ to 5’. (B) Northern blot for TMER-1 using a probe immediately downstream from the
tRNA region of the TMER-1 transcript. Non-specific bands are indicated with asterisks.
Below each blot is the ethidum bromide stained 5S rRNA band from each gel photographed
to gauge RNA quality and loading prior to transfer. Labeled below each gel is the
transfection condition from which the total RNA was isolated. (C) RLM-RT-PCR for viral
miRNAs associated with the transcription of YHV68 TMER-1. The human miRNA, hsa-
miR-15a is included as a cellular control for the RLM-RT-PCR assay. NTC — non-template
control.
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