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tRNA genes protect a reporter gene
from epigenetic silencing in mouse cells
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Itis a well-established fact that the tRNA genes in yeast can function as chromatin barrier elements. However, so far there
is no experimental evidence that tRNA and other Pol lll-transcribed genes exhibit barrier activity in mammals. This study
utilizes a recently developed reporter gene assay to test a set of Pol lll-transcribed genes and gene clusters with variable
promoter and intergenic regions for their ability to prevent heterochromatin-mediated reporter gene silencing in mouse
cells. The results show that functional copies of mouse tRNA genes are effective barrier elements. The number of tRNA
genes as well as their orientation influence barrier function. Furthermore, the DNA sequence composition of intervening
and flanking regions affects barrier activity of tRNA genes. Barrier activity was maintained for much longer time when the
intervening and flanking regions of tRNA genes were replaced by AT-rich sequences, suggesting a negative role of DNA
methylation in the establishment of a functional barrier. Thus, our results suggest that tRNA genes are essential elements
in establishment and maintenance of chromatin domain architecture in mammalian cells.

Introduction

RNA polymerase III (Pol III) transcribes genes involved in
diverse cellular functions, including translation (5S rRNA,
tRNA), splicing (snRNAs) and signal recognition (7SL).! In
mammals, through SINE activity, Pol III has also played a major
role in genome evolution.>? Pol IIl-transcribed human A/x and
murine B2 SINEs can be co-regulated with nearby genes, pos-
sibly providing an additional level of control of gene activity.*® In
yeast, tRNA genes prevent the spread of heterochromatin at the
mating type locus and centromere repeats, and orphan B boxes
associate with the Pol III subunit TFIIIC to create chromosome-
organizing clamps."°

The structure of Pol III promoter elements varies with a par-
ticular gene type. In type I and II, conserved basal promoter ele-
ments (i.e., A, B and C boxes) are located within the transcription
unit. A and B boxes are found in #RNA genes and related SINEs;
A and C boxes are found in RN5S (55) genes (see Fig. 1B). The
B box interacts with TFIIIC and sets up a platform for association
of TFIIIB and Pol III." The 11 bp B box is conserved through-
out eukaryotes: four nucleotides are invariant and essential, while
the remaining residues tolerate limited base changes.'** In the
tRNA secondary structure, the B box forms a portion of the clo-
verleaf T-loop domain. Thus, sequence variation in the B box in
tRINA genes is restricted by dual functional constraints.
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Besides basal promoter elements, the factors determining
the efficiency of transcription of Pol III genes are not entirely
understood. Some SIVEs are more transcriptionally-active than
others, which may be due to recent expansion. Similarly, £RINA
genes in mammalian cells are transcribed with different efficien-
cies.’!® Sequences outside of the transcription unit and promoter
of tRNA and RN5S (55) genes appear to influence transcription
efficiency despite relatively low levels of sequence conservation in
the flanking regions of Pol III-transcribed genes." Some Pol I11-
transcribed genes have upstream TATA boxes that facilitate
recruitment of TFIIIB.Y

Mammalian genomes carry a large number of interspersed
Pol I1I-dependent genes. For example, the haploid human genome
contains > 500 intact ZRNA genes, -1,000 tRNA pseudogenes,
> 1,000 interspersed RN5S (5S) related genes'® and more than a
1,000,000 Alus and MIRs, although most MIRs are degenerated
and most Alus are inactive.?**? By analogy to families of mobile
elements that have evolved to perform diverse functions in their
2326 it is possible that Pol I1I-transcribed genes have
adopted novel genomic functions in mammalian genomes, one

host genomes,

of which may be to help to establish and maintain chromosome
domain boundaries by barrier activity.

Barrier elements play an important role in genome function.
Without these elements, flanking chromosome domains can
induce long-range changes in chromatin structure that can alter
gene expression with adverse consequences to the organism.”
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Figure 1. (A) Schematic diagram of the eGFP reporter gene cassette for targeting a candidate barrier element fragment into the RL5 ectopic site in
mouse MEL cells. The red arrow indicates direction of transcription of Pol lll-transcribed genes tested for barrier activity. Size of the YAC/BAC silencer
element is ~8 kb, LCR/eGFP transgene is ~1.4 kb, loxP sequence is 33 bp. The YAC/BAC silencer element is a sequence with a high GC content and

417 CpGs. (B) Structure and genome-wide copy number of interspersed Pol Ill-transcribed genes incorporated into the cassette shown in (A). Size data
refers to that used in constructs in this study. Copy number estimates refer to the mouse haploid genome for RN5S (5S) and to the human genome for
Alu and tRNA genes. Estimate does not include pseudogenes. RN5S copy number in clustered tandem arrays is highly variable; hundreds of consensus
and 5S-related sequences are interspersed in the human and mouse genome.'®*® A, B and C boxes are essential promoter elements. (C) Mean eGFP
fluorescence of cassettes tested for anti-silencing/barrier activity four weeks post-transfection: p212, no silencer element; pYB, with silencer element;
a mouse RN5S (5S) gene; a human Alu element; a single mouse tRNA (Glu) gene. RL5 corresponds to fluorescence background of untransfected cells.
Human y- and a-satellite DNAs were used as positive and negative controls for barrier activity.>

The Drosophila Gypsy insulator and the chicken B-globin HS4
fragment (cHS4) are classic barrier elements that include bind-
ing sites for Su(Hw) or USF/CTCEF, respectively. These binding
sites are believed to tether the flanking chromosome region to
the nuclear membrane or nuclear matrix.?® Such tethering could
sterically restrict access to a chromatin region, thus isolating and
protecting the region by a mechanism that may be independent
of transcription. It has been also demonstrated that barrier ele-
ments result from nucleosome-depletion or nucleosome exclusion
because of a bias in nucleotide composition.”” The number, cat-
egories and distribution of barrier elements in different genomes
is not well-characterized, but given their proposed importance
in maintaining chromosome architecture and appropriate
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transcriptional patterns throughout the genome, it is likely that
barrier elements are quite abundant and of variable constitu-
tion.’*3? For example, several thousand ETCs (extra TFIIIC
sites or orphan B boxes) loci have been identified in the human
genome.'*"'® By analogy to their demonstrated properties in
yeast,*'*% mammalian ETCs as well as £RIVA genes may also act
as barrier elements and regulate local chromatin structure.
Recent studies demonstrated apparent overlap in the chro-
mosomal distribution of Pol III- and Pol II-transcribed genes in
human cells, suggesting functional interplay between the Pol II
and Pol III transcriptional machineries.'*>!*% Strikingly, tran-
scriptionally active Pol IIT genes and Pol II promoter regions
share similar epigenetic signatures that are not present in
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transcriptionally-inactive Pol IIT genes. This suggests that Pol 11
occupancy may enable Pol III occupancy, or, conversely, active
transcription by Pol III promotes a chromatin environment that
is permissive for Pol II recruitment. In other words, as suggested
above and previously described in yeast, Pol III genes may act
as barrier elements that prevent heterochromatin spreading and
maintain an open, transcriptionally permissive chromatin struc-
ture in mammalian cells.

Herein, we ask whether zZRNA genes can function as barrier
elements in the mouse genome. For this purpose, we exploited a
recently developed reporter gene assay for a barrier element func-
tion in mouse MEL cells*® and tested a series of Pol III-transcribed
genes and tRNA gene clusters with variable promoter structures
and intergenic regions for ability to prevent heterochromatin-
mediated reporter gene silencing at the ectopic RL5 site.*>*® The
results are consistent with the hypothesis that mammalian tRNA
genes may protect a local chromatin structure against a distal
silencing activity, as has been observed previously in yeast.

Results

An experimental system for studying barrier activity of Pol ITI-
transcribed genes. A previously described experimental sys-
tem for targeting transgene cassettes to the RL5 site in murine
erthryoid leukemia (MEL) cells®*?¢ was adapted by us to detect
barrier activity of mammalian genomic DNA repeats.*® Using
this system, DNA fragments with potential barrier activity were
inserted between an eGFP reporter gene and a heterochromatin-
forming bacterial/yeast artificial chromosome vector sequence
(YAC/BAC) with silencing activity (Fig. 1A). The reporter gene
in this cassette is under control of the human B-globin locus
control region (LCR) and the B-globin promoter, which, in the
absence of a silencer element, achieves and maintains a consti-
tutive high-level transcriptional activity of the eGFP reporter at
the RL5 ectopic site for many months in culture (p212, Fig. 1C).
However, when the cassette carries the upstream silencer ele-
ment, the reporter gene is strongly and stably repressed (pYB,
Fig. 1C), and the repressed state is associated with accumula-
tion of H3K9me3.** The silencer element in this cassette has sev-
eral regions of high CpG density; these regions and/or cryptic
transcription may nucleate heterochromatin and induce gene
silencing.

In our initial study, three Pol III-transcribed genes were cloned
into the transgene cassette and inserted into RL5: a complete, sin-
gle mouse tRNA(Glu) gene derived from a cluster on chrl:173.0
Mb; a consensus-matched mouse RN5S (55) gene and a recently
active human A/u repeat (Yb lineage) (Fig. 1B). Because the
promoter elements of these genes are identical with the Pol III

promoter consensus sequences,”’ >

all three genes are expected
to be transcriptionally competent. The genes were placed in the
same orientation at RL5. The gene-containing constructs, posi-
tive (p212) and negative (pYB) control constructs (i.e., with and
without a silencer element) were transfected into MEL cells, and
gancyclovir-resistant clones were selected. Correct insertions into
the same RL5 ectopic site were confirmed by PCR using spe-

cific primers as previously described in reference 34. Reporter
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gene activity was quantified by measuring eGFP fluorescence.
As positive and negative controls for barrier activity, y- and
a-satellite DNAs were inserted between the silencer element and
eGFP.** At four weeks post-transfection, reporter gene activity
was moderately increased when the cassette carried the RN5S
gene (Fig. 1C). However, the effect of RN5S was not so strong as
for y-satellite DNA. A single ZRNA gene and an A/u element have
relatively weak, if any, barrier activity in this context (Fig. 1C).
However, this does not exclude that £RNA genes in mouse cells
have barrier activity, because not all single tRNA genes function
as barrier elements in yeast.” While anti-silencing activity of the
RNS5S gene deserves further analysis, due to recent findings that
RNS5S genes may function as origins of replication (Larionov V,
unpublished data), and that origins of replication protect trans-
0 in this work we have focused on the tRNA genes.
Protection of a reporter gene by multiple zZRNA genes. In

gene silencing,

yeast, tDNA becomes a robust insulator when part of a cluster.”
Therefore, cassettes with two and four tRNA genes were con-
structed and tested at RL5 to determine whether such repeats
have a stronger barrier activity. The cluster of ZRNA genes cod-
ing for Leu, Asp, Gly and Glu was PCR-amplified from murine
chrl:173.0 Mb locus as a 2 kb fragment and cloned into pYB
vector (Fig. 2A and B). These four genes contain the internal
promoter consensus A and B boxes and are predicted to be com-
petent for transcription and for forming a cloverleaf secondary
structure in the tRNA gene product.’”*" The individual RINA
genes in this cluster are separated by 400-500 bp of intervening
sequence (IVS) and the PCR product includes 182 and 69 bp of
left- and right-flanking endogenous DNA, respectively (4 tRNA,
Fig. 2B). A two copies derivative of this cassette was also con-
structed that carries only the Gly and Glu tRNA genes (2 tRNA,
Fig. 2B). A eGFD reporter gene assay indicated that the four and
two copies tRNA gene clusters conferred significantly higher
expression than the single ZRNA(Glu) gene after four weeks in
culture (Fig. 2C). A weaker performance of the four copies clus-
ter, Leu + Asp + Gly + Glu, in de-repressing the eGFP reporter
gene could be explained by the transcriptional interference
between the tRNA(Leu) gene and the eGFP transgene.”” This
tRNA gene, present in the four but not in the two gene cluster,
is transcribed toward the LCR, opposite to the other three £RINA
genes (Fig. 2B).

The presence of three identical copies of the Leu + Asp +
Gly + Glu cluster in the mouse genome makes it impossible to
distinguish tRNA transcripts from the cassette at RL5 from
those derived from tRNA genomic loci. We examined histone
modification profiles and occupancy of the tDNA cassette by
transcription machinery at RL5 by a chromatin immunoprecipi-
tation (ChIP) assay. To distinguish the tDNA cassette at RL5
from the endogenous (genomic) tDNA clusters, a special pair of
primers was used for ChIP analysis, one of which was designed
from a vector sequence present in the cassette (Table S1). At the
tRNA(Gly) gene sequence, the histones have strongly enriched
signals for H3K4me2 and H3K4me3 (Fig. 3A; probe 2). Similar
enrichments for H3K4me2 and H3K4me3, markers for tran-
scriptionally active chromatin state and open chromatin, were
observed in the eGFP transgene (Fig. 3A; probe 3). H3K9me3,
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Figure 2. (A) Description of the 2 kb tRNA cluster from murine chr 1:173.0 Mb locus. Three identical copies of this cluster are present in the mouse
genome. B and A boxes in each tRNA is highlighted in blue. Consensus A and B boxes are highlighted in red. Red arrows show relative transcriptional
orientation of tRNA genes in the mouse genome. There are 222 CpG dinucleotides in the 2 kb fragment (GC = 68%), 22 of them localized in tRNAs.

(B) Black lines between or outside of four and two tRNA genes indicate native intervening sequence, IVS or end endogenous genomic flanking DNA
(in bp). The red arrows indicate direction of transcription of tRNA genes toward eGFP transgene. (C) Mean eGFP fluorescence of cassettes tested for
anti-silencing/barrier activity four weeks post-transfection. pYB with silencer element, no gene inserted; p212, no silencer element; a two tRNA genes

cluster (2 tRNA); a four tRNA genes cluster (4 tRNA).

a marker for silent chromatin, was associated with the vector
YAC/BAC DNA sequence (Fig. 3A; probe 1). This is in agree-
ment with spreading of heterochromatin from the vector DNA.**
These results suggest that tRNA genes allow a transcription-
ally permissive chromatin conformation in adjacent transgene
sequences by arresting the spreading of transcriptionally inactive
chromatin from the vector sequence. Moreover, the observed pat-
tern of histone modifications is very similar to that described for
active tRNA genes,” suggesting that ZRNA genes in the 2 tRNA
construct are also transcribed. This hypothesis was checked in
more direct experiments. Figure 3A summarizes ChIP data for
cells carrying the tRNA construct using antibodies to TFIIIB
(Brf1), TFIIIC or RNA Pol III and probes for the tRNA(Gly),
the pYB vector sequence (negative control) or an endogenous
chromosomal copy of the same tRNA gene (positive control) or
endogenous 55 DNA (positive control). ChIP data demonstrate
a significant enrichment of RNA Pol IIT and lower but detectable
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enrichment of TFIIIC and TFIIIB in close proximity to the
tRNA(Gly) gene, indicating occupancy with Pol III machinery at
RLS5. (A relatively low enrichment with mouse chromatin com-
pared with that observed with human chromatin® is due to the
fact that these antibodies were raised against human Pol III). To
summarize, our results demonstrate that the tRNA gene cluster
that recruits the Pol IIT holoenzyme complex functions as a bar-
rier element.

tRNA genes with AT-rich intervening sequences (IVS) pro-
vide prolonged barrier activity. In the endogenous four tRNA
gene cluster, the tRNA coding and promoter regions comprise
only ~15% of the total 2 kb fragment. The remaining 85% of the
cloned mouse DNA segment is GC-rich, with 68% GC content
and >200 CpG dinucleotides lying within the three intergenic
(1,580 total bp) and two flanking DNA regions (251 total bp)
(Fig. 2B). When the intergenic DNA was reduced to three
segments of approximately 100 bp, barrier efficiency was not
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Figure 3. ChIP analysis of tRNA gene cassettes inserted into the RL5 locus. (A) ChIP analysis of lysine 4-dimethylated and trimethylated histone H3
(H3K4me2 and H3K4me3) and lysine 9-trimethylated histone H3 (H3K9me3) with the cassette carrying two tRNA genes. Positions of primers for the
cassettes are as follows: (1) YAC/BAC vector backbone; (2) the tRNA(Gly) gene; (3) eGFP coding region. ChIP analysis was performed using antibodies for
Brf1/TFIIB, TFIIC and RNA Pol Ill with the cassette carrying two tRNA genes. The endogenous genomic 55 RNA genes as well as genomic copies of the
tRNA Gly gene on chromosome 1 that can be amplified using a specific pair of primers (Table S1) were included as positive controls. (B) ChIP analysis
of H3K4me2, H3K4me3 and H3K9me3 with the cassette carrying a cluster of 4 tRNA genes with A boxes deleted. Sequences of all primers as well as for
two control loci, the murine B-major globin locus and the murine amylase locus, are presented in Table S1.

reduced, with eGFP expression level similar to the entire four
tRNA genes cassette (4 tRNA vs. 4 tRNA /VS, Fig. 4A and B).
These results show that the barrier activity does not depend on
the IVS length.

The entire four tRNA genes cluster protects eGFP reporter
gene expression against silencing, but the barrier effect was
mostly eliminated by 8 weeks post-transfection (4 tRNA,
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Fig. 4B). Similar results were observed for the two tRNA genes
construct with a longer time frame (2 tRNA, Fig. 4B) and for
the 4 tRNA /VS construct, which lacks most but not all of the
GC-rich intergenic/flanking DNA (4 tRNA VS, Fig. 4B).
A plausible explanation may be that the large number of CpG
sites in the IVS sequences facilitate heterochromatization and
silencing of the reporter gene, and that the same process silences
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Figure 4. Dependence of tRNA barrier activity on length and content of flanking and intergenic DNA. (A) Schematic of the constructs: 2 tRNA; 4 tRNA;
4 tRNA IVS® (Four tRNA genes with deletion of 80% of native IVS, leaving a residual 100 bp GC-rich DNA; 4 tRNA AT-IVS and 2 tRNA AT-/VS (with switch-
ing out GC-rich intervening (IVS) and flanking sequences for AT-rich DNA in 4 tRNA and 2 tRNA constructs). The same AT-rich DNA was used for all

AT variants. The AT control construct is made up of AT IVS variants, AT-2, AT-1, AT-R (~300 bp) present in AT intervening sequences and flanks of the
constructs: 4 tRNA AT-IVS, 2 tRNA AT-1VS, AT glu and AT gly. AT gly and AT glu constructs represent a single tRNA gene with AT-rich flanking sequences.
(B) eGFP fluorescence of cells carrying cassettes with two or four tRNA genes without and with reduced intervening sequences as well as with AT-rich
intervening sequences or flanks only was measured after four, eight and 12 weeks post-transfection. eGFP fluorescence of cells carrying single tRNA
genes with AT flanks was also analyzed. p212 (after eight weeks post-transfection) was used as a positive control (no silencer element). pYB (after four
weeks post-transfection) was used as a negative control (no barrier element).

the reporter gene even when the IVS is truncated to ~100 bp. a result, the number of CpG dinucleotides decreased to 28.
Therefore, the cassette was constructed so that the intergenic  Reporter gene assays showed that this construct and the intact
and flanking sequences in the four tRNA genes cluster were four tRNA genes cluster protected eGFP expression to a similar
completely substituted with approximately 100 bp AT-rich/ extent at 4 weeks post-transfection (4 tRNA vs. 4 tRNA ATV,
CpG-poor DNA (4 (RNA AT-IVS, Fig. 4A and Table S1). As Fig. 4B). However, protection by the 4.RNA A7-/VS construct
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was maintained at the same level for at least 12 weeks and did not
gradually decrease over time as observed for the constructs with
a native IVS (Fig. 4B). Importantly, a construct containing just
~300 bp of AT-rich sequence without tRNA sequence completely
failed to protect eGFP expression from silencing (AT control,
Fig. 4A and B); therefore, AT-rich sequences have no intrinsic
short- or long-term barrier activity in and of themselves in this
assay. A stable eGFP expression was observed at an even higher
level, close to the unsilenced level of the p212-positive control
even after 12 weeks post-transfecion, when native IVS sequences
were substituted by AT-rich IVS in the two tRNA genes con-
struct (2 tRNA AT-IVS, Fig. 4A and B and Table S1).

Encouraged by the results obtained with 2 tRNA A7-/VS and
4 tRNA AT-1VS constructs, we analyzed a single copy tRINA gene
(Gluor Gly) in which the native GC-rich flanking DNA sequences
were replaced by AT-rich DNA. These cassettes (AT gly, AT glu)
did not protect eGFP expression from silencing (Fig. 4A and B).
Therefore, a relatively strong barrier activity of the 2 tRNA cas-
sette, which carries one copy of the tRNA(Gly) and tRNA(Glu)
genes, likely reflects a synergistic effect between the two Pol III
transcription units, and that a threshold exists before significant
barrier activity is detected in this system. Collectively, the data
obtained with the tRNA genes constructs carrying synthetic
AT-rich IVSs indicate importance of the genomic context for
function of tRNA genes as barrier elements and suggest a nega-
tive effect of CpG methylation on barrier activity of tRNA genes
in mammalian cells.

Barrier activity of orphan B boxes. zRNA genes are classi-
fied as type II Pol I1I-transcribed genes, because their promoter
regions that recruit the Pol III transcription machinery include
two highly conserved essential motifs, boxes A and B, which lie
within the tRNA coding region. In yeast, the B box appears to
directly bind TFIIIC and possess barrier activity when ampli-
fied independent of the A box or other gene sequences.”'*%
Nevertheless, in mouse cells, the four tRNA genes cluster,
deleted for the A boxes but retaining the remainder of the cod-
ing sequences, including four B boxes and native IVS (4 tRNA
A'B*, Fig. 5A), is an ineffective barrier element, resulting in a
very low level of eGFP expression close to the level of the nega-
tive control construct (pYB vs. 4 tRNA A B*, Fig. 5B). Thus, in
our reporter assay system, box A in the endogenous tRNA gene
cluster is essential for effective barrier activity. ChIP analysis
did not reveal any enrichment for H3K4me2 and H3K4me3 in
the 4 tRNA A B* sequence (Fig. 3B). Instead, H3K9me3 was
associated with this sequence as well as with the vector sequence
(Fig. 3B). ChIP analysis also did not reveal any enrichment of
RNA Pol III in close proximity to the £RNA(Gly) gene, indicat-
ing that inactivation of the A boxes abolished gene transcription
(data not shown).

To investigate if multiple orphan B boxes surrounded by
AT-rich flanking DNA have barrier activity in mouse cells, cas-
settes carrying four or six orphan B boxes were constructed and
tested (A74B, AT 6B, Fig. 5A). None of them showed significant
eGFP protection (Fig. 5B). Thus, clusters of B boxes, even in an
AT-rich DNA surrounding, cannot provide barrier activity in our
barrier activity assay.
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Distribution of tRNA genes near protein-coding genes in
the human genome. Given the potential of Pol III promoters
to influence the expression of nearby Pol II genes, we decided
to see whether we could detect any selection of co-occurrence
of tRNA genes near protein-coding loci in the human genome,
which is annotated much better than the mouse genome. We first
found that £RINVA genes and pseudogenes are enriched in GC-rich
genomic segments (Fig. 6), which are also known to be gene-
rich.*% A similar trend was also found for micro-RNA genes and
small nucleolar RNAs (snoRNAs) but was less pronounced for
other RNA gene categories (Fig. 6). Moreover, in agreement with
the recently published data,'>>!®!® tRNA genes are concentrated
closer to the 5" end of genes compared with other RNA gene cat-
egories (Fig. 7A). The density of £RNA genes within 2 kb of the
transcription start site of protein-coding genes is more than two
times higher than in the next 2 kb from the transcription start
site. Interestingly, accumulation of tRNA genes is specific to the
transcription start sites (T'SS) of Pol II genes (5' end); the tRNA
gene density is two-fold lower near 3' ends of Pol II genes, and
the difference is highly significant (Fig. 7B). Note that the 5'/3'
ratio is independent of variable gene density and other biases in
the genome.

Since many, especially older, RNA pseudogenes are often
fragmented, we re-analyzed the data by joining closely located
RNA genes coding for the same product into one, and the results
remained very similar (Fig. S1). Altogether, these results indicate
that £RNA genes are enriched in gene-rich regions and are often
close to TSS of protein-coding genes.

Discussion
Previous studies in yeast showed that tRNA genes regulate chro-

7,9,10,33,46 Herein
o

we present evidence for a similar phenomenon in the mouse

matin structure and function as barrier elements.

genome, which contains approximately 1,000-times more puta-
tive RNA Pol IlI-transcribed genes and potential orphan B boxes
than the yeast genome. Our results show that 2 and 4 tRNA
genes clusters exhibit barrier activity when inserted into an
ectopic chromosomal site in mouse cells. Using another experi-
mental system, Kamakaka and co-authors came to a similar con-
clusion that tDNAs function as insulators in human cells (Dr.
Kamakaka, personal communication).

A single copy of a tRNA gene did not demonstrate a signifi-
cant barrier activity in the barrier activity assay used here. This is
similar to yeast cells, where often a single copy of the tRNA gene
is not able to function as barrier but becomes effective in two or
more copies.” This observation may explain a clustering of #RINA
genes in the human genome, specifically in 5' upstream regions
of annotated Pol II TSS.'* A molecular mechanism by which
actively transcribed ZRINA genes act as barriers for heterochroma-
tin remains to be determined. Based on the studies in yeast, insu-
lation by #RINA genes may require interaction of Pol III factors
with chromatin remodeling and histone-modifying enzymes and
a spatial organization of these loci involving TFIIIC-mediated
tethering to the specific nuclear territory (reviewed in ref. 47).
It is quite possible that tDNA insulation in mammals occurs by
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Figure 5. Analysis of tRNA constructs lacking A boxes. (A) Schematic of the constructs with four tRNA genes (4 tRNA); four tRNA genes lacking A boxes
(4 tRNA A'B); four or six orphan B boxes within AT-rich DNA sequence (AT 4B, AT 6B). The A box deletion was created by replacement of seven conserva-
tive nucleotides in a consensus sequence. (B) eGFP fluorescence of cells carrying the cassettes with different constructs was measured after four or
eight weeks post-transfection. p212 was used as a positive control (no silencer element). pYB was used as a negative control (no barrier element).

a similar mechanism. The results of our study also demonstrate
that a genomic context strongly influences the relative strength of
barrier activity associated with z£RNA genes. In particular, inter-
genic CpG dinucleotides and/or high GC content DNA con-
sistently suppresses the barrier activity of adjacent ZRNA genes.
This suggests that the GC-rich IVS sequences of tRNA genes
may undergo methylation that negatively affects their potential
barrier activity. Consistent with this, the tRNA genes clusters
with AT-rich IVS DNA sequences exhibit robust and long-term
barrier activity. Though additional experiments are required to
confirm that loss of barrier activity is indeed caused by IVS DNA
methylation, our findings suggest that a genomic context plays a
role in determining which tRNA genes are constitutively active in
dividing cells and can function as barriers, and which genes are
either irreversibly silenced or conditionally-activated.

In yeast, complete tRNA genes are not required for bar-
rier activity, which can be also observed for tandem clusters of
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synthetic B boxes.*?3 In the barrier activity assay used here, four
orphan B boxes in the context of the native high GC-content
IVS DNA sequences lacked barrier activity. No sustained bar-
rier activity was observed with synthetic arrays with four or six
orphan B boxes either, even in the context of AT-rich IVS DNA
sequences. However, these results do not rule out the possibility
that clusters with a bigger number of B boxes (that have poten-
tially a higher affinity to TFIIIC) may create strong barriers.

It is tempting to speculate on the role diverse classes of Pol I1I-
transcribed genes may play in modulating local chromatin con-
formation. Interspersed tRNA-derived SIVE elements constitute
a major class of Pol III-dependent genes that has active and inac-
tive members. By analogy to active and inactive ZRNA genes,
it is possible that transcriptionally-competent SINEs and those
that are not transcribed but are capable of binding TFIIIC and
localized near Pol III-transcribed loci potentially might have bar-
rier activity. Because some nucleotide substitutions in the Pol III
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Figure 6. GC content of 100 kb segments
around human RNA genes. We calculated

the GC content of from 5'and 3' 50 kb-long
sequences flanking the RNA genes. The
histogram of the GC distribution is compared
with the whole genome (gray), calculated

as 100 kb long, non-overlapping segments.
Vertical bars represent graphical visualization
of averages for a given RNA gene group and
the whole genome.

consensus binding sites are tolerated," in
silico identification of functional SINEs is
difficult. However, if identified, transcrip-
tionally-competent SINE clusters could be
tested for barrier activity using the assay
described in this study.

In the Drosophila genome, a small
fraction of the putative 14,000 insulator
sites identified by ChIP shows cell-type
regulation.’” In human cells, the same has
been demonstrated for a fraction of tRNA
genes." If some SINEs are similarly under
regulation, a significant source of gene
modulation is available for mammalian
cells.

Our data on computational analysis
of distribution of Pol III-driven genes in
the human genome are in agreement with
experimental results on Pol III occupancy
in the genome."*’8 A considerable frac-
tion of Pol I1I-occupied loci in the human
genome is localized at the 5' region of pro-
tein-coding genes, with a tendency to be
concentrated within 2 kb of the transcrip-
tion start site. While we cannot exclude
that Pol II transcription may enable Pol 11T
occupancy, these results support the
hypothesis that Pol III-transcribed genes
contribute to a local chromatin architec-
ture permissive for transcription by Pol II.
At the same time, a genome-scale analysis
revealed a complex link between Pol III
occupancy and gene expression. Not all
genes with Pol IIT occupancy are tran-
scribed.’® Also, a significant fraction of
Pol ITI-occupied loci in the human genome
is localized in the promoter regions of
housekeeping genes with a high CpG con-
tent'® that may undergo methylation, lead-
ing to inactivation of the barrier element.
This indicates that the Pol II-occupied
loci, along with their flanking regions,
represent complex regulatory elements.
These regulatory elements can be distant
from a particular gene, e.g., the LCR of
the B-globin locus, and can be associated

www.landesbioscience.com
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Figure 7. Distribution of Pol Il-transcibed genes in the human genome. (A) RNA Pol Il gene distance from transcription start of Pol Il genes. The
density of RNA genes near transcription start sites of RefSeq genes is plotted according to their absolute distance from the starts. (B) Ratio of RNA
gene density near 5' and 3' ends of Pol Il genes. We compared the distribution of RNA genes near 5' vs. 3' ends of protein-coding genes within six
discrete intervals (0-2 kb, 2-4 kb, 4-6 kb, 6-8 kb, 8-10 kb and >10 kb). Black dashed line indicates 573" ratio of 1 (random expectation); blue and red
lines indicate two-fold and four-fold ratios, respectively. Marks at the bottom indicate statistical significance using the Fisher exact (binomial) test
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with transcription factors and/or insulator proteins that provide a
balanced gene regulation. For example, co-occurrence of Pol II1-
occupied loci and a known insulator protein, CTCF, has been
described in human genome-wide ChIP assays.”® Besides struc-
turing DNA looping, CTCF protects DNA from methylation.
Therefore, its binding to Pol III-transcribed loci may provide a
prolonged barrier activity.

This study demonstrates that £RNA genes in an AT-rich con-
text can be engineered to protect specific regions in a mouse
chromosome from epigenetic silencing, a result that has impor-
tant implications for gene expression experiments in mammalian
cells. Previous studies showed that cHS4,% human replicators,*
and +y-satellite DNA> can also protect a cloned transgene from
silencing. However, sometimes these elements do not provide
a stable barrier activity over long periods of cell growth in cul-
ture” or may be cell-type dependent.*® Therefore, new barrier
elements need to be identified and characterized for achieving
a stable transgene expression in mammalian cells. To explore
this possibility, synthetic £RNA genes-derived barrier elements as
well as other known barrier elements are now being incorporated
into a human artificial chromosome (HAC)-based gene delivery
vector with a conditional centromere (Larionov V, unpublished
data).>®*! Ultimately, we expect to develop a HAC-based system
that achieves consistent regulated expression of full-size human
genes with minimal risk of uncontrolled epigenetic silencing of
Pol II-dependent transcription units.

Materials and Methods

Targeting and constructs. The targeting method and its modifi-
cations were described by Feng and co-authors*?*® and Kim and
co-authors.* The use of inverted loxP sites increases the efficiency
of targeting, since excision is prevented and results in recovery
of targeted constructs in two orientations. For simplicity, here
we refer only to clones in orientation A unless otherwise noted.
Correct targeting is determined by PCR across the recombina-
tion junctions and results in a single insertion of the cassette into
a defined locus at mouse chromosome 4 flanked by the Mapl7
and 7all genes. Recovery of random background insertions is
rare due to gancyclovir selection for HyT'K loss and lack of posi-
tive selection for transfected plasmids.

Queried DNA was inserted into the M/ul site in the pYB vec-
tor. Orientation of tRNA genes was maintained in all constructs
so that transcription was toward the YAC/BAC module, with the
exception of the tRNA(Leu) gene as noted above. “A” orientation
results are reported here. Owing to an orientation-dependent
suppression of expression at the RLS5 site,> “B” orientation eGFP
expression was uniformly low. Pol IIT genes were PCR amplified
from total genomic DNA (see Table S1 for primers). Variants
inserted to the pYB vector were constructed by PCR from liga-
tions of end-digested PCR products amplified with primers con-
taining restriction enzyme sites added to their 5' ends. Primer
pairs data used for constructing tRNA gene variants are available
upon request. An AT-rich sequence was derived from a human
chromosome 6 alphoid centromeric repeat lacking the CENP-B
box that induces seeding of heterochromatin. The sequence was
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PCR amplified with specific primers (Table S1). These regions
are not known to contain motifs for DNA binding proteins.

Fluorescence quantification. eGFP fluorescence was mea-
sured for ~1-2 x 10* cells for each targeted cell line or controls on
a FacsCalibur machine using CellQuest for acquisition control
and Flow]Jo for analysis.** A minimum of three cell lines was ana-
lyzed for mean GFP fluorescence for each construct at 4 weeks
post-transfection or also at 8 and 12 weeks for longer term assays
as needed.

Tissue culture. Murine erythroid leukemia (MEL) suspension
cells with the RL5 site were maintained in DMEM (Invitrogen
11965) with 10% FBS (Hyclone). For electroporation, 100 ug
of pYB construct and 50 ug of Cre expression plasmid in 100 ul
1/10* T E, were added to 700 ul PBS in 0.4 cm cuvettes and were
co-electroporated at 230 V and 1,000 uF in a BioRad GenePulser
Xecell. Selection for loss of HyI'K following Cre-mediated cas-
sette exchange was begun 48 h post-electroporation with 10
uM Gancyclovir and dilution into 96-well plates. Gancyclovir-
resistant clones were expanded, washed in PBS and resuspended
to ~10° per ml for FACS analysis.

Chromatin immunoprecipitation (ChIP) assay. ChIP assay
was performed using ChIP assay kit (Upstate, New York) accord-
ing to the manufacturer’s instructions. Briefly, 6 x 10° cells were
fixed with 1% formaldehyde for 10 min at 37°C. After serial
washings, cells were resuspended to 1 x 10° cells per 200 pl
of SDS Lysis Buffer and sonicated for 30 sec with subsequent
30 sec intervals for 16 min at 4°C using a Bioruptor (Cosmo
Bio). Immunoprecipitated DNA was obtained with antibodies
to lysine 4-di- and tri-methylated histone H3 (H3K4me2 and
H3K4me3), lysine 9-tri-methylated histone H3 (H3K9me3)
(Upstate, New York), antibodies 4289, 1900 and 128 that recog-
nize human TFIIIC, Pol III and Brfl, respectively,”>* and was
quantitated by real-time PCR using the icycler IQ (Bio-Rad).
The sequences of primers are listed in Table S1.

Sequence analysis. We used the human genome NCBI Build
36.1 and hgl8 version of the USCS annotation database® to
analyze the distribution of RNA genes in the human genome.
Coordinates of RVA genes and pseudogenes were obtained from
the “rnaGene” table; protein-coding genes were extracted from
the RefSeq annotation tables in the database. We have excluded
the category of miscellaneous RNAs from the analysis and split
the tRNA category into gene and pseudogenes using information
in the “rnaGene” table. To compare distribution of RNA genes
and protein-coding genes for each RNA gene in the rnaGene
table, we calculated its nucleotide distance from the closest 5' end
of a protein-coding gene (RefSeq). We also calculated RNA gene
distances to the closest 3' end of a gene as a control (which, in
some cases, is the same gene as 5' gene). No distinction was made
whether the #RNA gene is inside or outside the protein-coding
genes, only absolute distances to 5' and 3' ends were considered.
After obtaining 5" and 3' distances to coding genes, we compared
the distribution of RNA genes near 5' vs. 3' ends of protein-cod-
ing genes within six discrete intervals (0-2 kb, 2—4 kb, 4-6 kb,
6-8 kb and >10 kb). For each of the intervals, we compared the
number of tRNA genes within and outside this interval for both
5" and 3' distance using the Fisher exact (binomial) test. All plots
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and statistical tests were obtained in the R statistical package

(www.r-project.org).
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