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Argonaute 2 Binds Directly to tRNA Genes and Promotes Gene

Repression in cis

Jessica L. Woolnough, Blake L. Atwood, Keith E. Giles

UAB Stem Cell Institute, Department of Biochemistry and Molecular Genetics, The University of Alabama at Birmingham, Birmingham, Alabama, USA

To further our understanding of the RNAi machinery within the human nucleus, we analyzed the chromatin and RNA binding
of Argonaute 2 (AGO2) within human cancer cell lines. Our data indicated that AGO2 binds directly to nascent tRNA and 58
rRNA, and to the genomic loci from which these RNAs are transcribed, in a small RNA- and DICER-independent manner. AGO2
chromatin binding was not observed at non-TFIIIC-dependent RNA polymerase III (Pol III) genes or at extra-TFIIIC (ETC)
sites, indicating that the interaction is specific for TFIIIC-dependent Pol III genes. A genome-wide analysis indicated that loss of
AGO2 caused a global increase in mRNA expression level among genes that flank AGO2-bound tRNA genes. This effect was
shown to be distinct from that of the disruption of DICER, DROSHA, or CTCF. We propose that AGO2 binding to tRNA genes

has a novel and important regulatory role in human cells.

he RNA interference (RNAi) machinery has several important

functions that are conserved from fission yeast to humans. In
the cytoplasm of eukaryotic cells, Argonaute proteins promote
degradation and/or translational repression of specific mRNAs
through tethering by a complementary small RNA (1). The nu-
clear functions of the RNAi machinery appear to be diverse across
species and include roles in promoting heterochromatin forma-
tion, regulating alternative splicing, and promoting insulator
function (2-5). The ability of both Argonaute 1 (AGO1) and
AGO?2 to alter splicing in human cells depends upon small RNAs
derived from exonic sequence, which tether Argonaute proteins to
nascent transcripts (3, 6). Tethering of each Argonaute protein
was shown to be capable of recruiting a histone lysine methyl-
transferase, which altered the RNA polymerase II (Pol II) elonga-
tion rate and thus facilitated alternative splicing. This interaction
between Argonaute proteins and the transcriptional apparatus is
conserved in Drosophila melanogaster (7).

Despite the similarities between Argonaute proteins, AGO2 is
the only human Argonaute protein believed to have the endonu-
clease activity (Slicer) due to a unique amino-terminal region (8—
10), and Ago2 but not AgoI gene deletions are embryonic lethal in
mice (11). AGO2 was shown to promote transcriptional gene si-
lencing in a microRNA (miRNA)-dependent manner (12) and to
affect nucleosome occupancy at certain transcription start sites
through interaction with the SWI/SNF complex (13). Further-
more, AGO1 has been shown to interact with actively transcribed
genes and enhancer regions (14, 15). Recent work has identified
expanded binding capabilities of AGO2, which include binding to
longer RNAs such as pre-miRNAs (65 to 75 nucleotides [nt]) and
full-length tRNAs (~75 nt) (16-20). To wit, AGO2 was recently
shown to functionally interact with DICER in human nuclei but
was unable to load duplex small interfering RNA (siRNA), indi-
cating that nuclear RNAI processes may proceed through a mech-
anism distinct from that observed in the cytoplasm (21). These
findings indicate that AGO2 may have roles beyond classical RNAi
and that AGO1 and AGO2 may have divergent roles in the mam-
malian nucleus.

tRNAs are highly structured and highly modified RNA poly-
merase III (Pol III) transcripts that comprise roughly 15% of all
transcripts in the cell (22). tRNA genes use a type 2 Pol III pro-
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moter which contains gene internal binding sites for the Pol III
transcription factor, TFIIIC, and upstream contacts for the Pol I1I
transcription factor, TFIIIB. The 55 rRNA genes use a type 1 Pol
IIT promoter, which also requires TFIIIC and TFIIIB binding
and additionally requires TFIIIA. Other Pol III genes, such as
U6 and RNase P, utilize a type 3 Pol III promoter which, unlike
type 1 and 2 promoters, is external and utilizes TFIIIB but not
TFIIIC or TFIIIA (23, 24). In humans, there are 631 tRNA gene
sequences (522 tRNA genes and 109 tRNA pseudogenes) that
are dispersed across all chromosomes and are often found in clus-
ters. Interestingly, only about half of these are actively transcribed,
as evidenced by binding of the essential Pol III transcription fac-
tors: TFIIIC, TFIIIB, and Pol III (24, 25). Furthermore, the expres-
sion levels of individual tRNA genes vary among cell types and
cellular conditions (24, 26-28).

Over the past 25 years it has come to light that tRNAs, as well as
their gene sequences, have roles beyond translation (22). In yeast,
mice, and humans, TFIIIC-bound tRNA gene sequences have
been shown to function as both enhancer-blocking and barrier
function chromatin insulators (29-31). Interestingly, the RNAi
machinery has also been linked to chromatin insulator function in
D. melanogaster, where it has been shown that AGO2 binds to
insulator proteins and is critical for Fab-8 insulator function (4).
In addition to roles in chromatin insulation, studies in yeast have
shown that actively transcribed tRNA genes can repress neighbor-
ing Pol IT gene transcription in a mechanism termed tRNA gene-
mediated (tgm) silencing (32-34). Despite extensive work in
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FIG 1 Human Argonaute 2 binds to actively transcribed tRNA genes. (A) Bar graph representing the percentage of AGO2 peaks intersecting with K562
annotated Broad ChromHMM regions for three independent trials of AGO2 ChIP-seq (trials 1 and 2 [Millipore, catalog no. 04-642]; trial 3 [Abcam, catalog no.
ab57113) (see Materials and Methods). (B, top) Pie charts of AGO2 peak binding normalized to total base pair coverage for each annotated region. All annotated
Broad ChromHMM regions are combined into “Other” category. All “tRNA” and “5S” regions that intersected with Broad ChromHMM regions were removed
from the “Other” category. (B, bottom) Bar graph showing observed number of AGO2 peaks intersecting with tRNA genes from three independent trials of
AGO?2 ChIP-seq compared to the average number of randomly chosen peaks intersecting with tRNA genes across 1,000 randomized trials. The observed number
of peaks and average number of peaks across 1,000 randomized trials is indicated by gray number next to each bar. (C) Venn diagram depicting the overlapping
tRNA peaks across the three independent trials of AGO2 ChIP-seq. (D to F) Meta-analyses showing the binding of Pol III (RPC32; scaled by 0.25), BRF1, TFIIIC
(110-kDa subunit; scaled by 0.25), AGO?2 (trials 1 and 2 [Millipore, catalog no. 04-642]; trial 3 [Abcam, catalog no. ab57113]), IgG, and Input across 631
tRNAscan-SE tRNA gene sequences (D), 109 tRNAscan-SE annotated pseudogenes (E), or 1,284 Repeat Masker annotated pseudogenes (F) (see also Materials
and Methods). The y axis indicates the coverage scaled according to tRNA reads per total million mapped reads (RPM). The x axis indicates the position in base
pairs, with position +1 indicating the first nucleotide of the tRNA. (G) Binding profile heat maps of indicated protein binding across 631 tRNAscan-SE annotated
tRNA gene sequences (y axis). The location of tRNAscan-SE annotated pseudogenes are indicated by horizontal black lines on the panel labeled “Pseudo”. Thick
lines above heat maps indicate the average tRNA gene size, with the left end representing the +1 position and the right end representing the average 3’ end site
(3"). Increasing intensity of color represents increasing read coverage. The coverage density for each heat map was internally scaled according to the 1st to the 99th
percentiles. (H) Venn diagram depicting the overlap between AGO2 tRNA peaks (combination of all three trials) and TFIIIC tRNA peaks.
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yeast, it remains unknown whether tgm silencing is conserved in
metazoans.

In this study, we expanded on the role of AGO2 in the human
nucleus. We show that AGO2 interacts with nascent tRNA and the
genes from which they are transcribed. The combination of
AGO2, TFIIIC, and Pol III at active tRNA genes promotes the
suppression of flanking Pol II genes in a distance-dependent man-
ner, which functions in addition to the role of TFIIIC as a genomic
insulator. We conclude that the AGO2/TFIIIC/Pol III-mediated
suppression of neighboring Pol II genes represents a novel regu-
latory mechanism that likely contributes to cell type specificity.

MATERIALS AND METHODS

Cell culture and transfections. All experiments were carried out in K562
and HEK293T cells. Culturing and transfection conditions were carried
out essentially as previously described (5). The lentiviral shRNA con-
structs were acquired from GE Dharmacon (GIPZ lentiviral RHS4531-
EG271611).

Immunoprecipitation. (i) ChIP-seq. Chromatin from human K562
cells was harvested and sonicated, and chromatin immunoprecipitation
(ChIP) was performed as previously described (90), with the exception
that the cross-linking was performed with 0.5% formaldehyde. Immuno-
precipitations were performed with two separate AGO2 antibodies (Ab-
cam, catalog no. 57113, and Millipore, catalog no. 04-642). An IgG ChIP
was carried out as a negative control (Abcam, ab37355). A 1% aliquot of
chromatin was also sequenced without immunoprecipitation and used as
the input control.

(ii) RNA immunoprecipitation (RIP)-RT-QPCR. Cells were lysed in
LB50 buffer (10 mM Tris-HCI [pH 7.5], 50 mM NaCl, 1% Triton X-100,
1 mM EDTA) supplemented with 1X Halt protease inhibitor cocktail
(Thermo Scientific) and RNaseOUT (Invitrogen). The nuclei were pel-
leted at 5,000 X gand then resuspended in 5ml of 1 X phosphate-buffered
saline (PBS). Formaldehyde was added to a final concentration of 1.2%,
and the cells were rotated at room temperature for 15 min. Cross-linking
was quenched by adding glycine to a final concentration of 0.125 M.
Nuclei were pelleted, washed once with 1X PBS, and resuspended in ra-
dioimmunoprecipitation assay buffer. Nuclei were then sonicated in a
Bioruptor 300 (Diagenode) for 60 cycles of 30 s on and 30 s off. Sonicated
product was spun at 17,000 X g for 15 min to remove the insoluble frac-
tion, and the supernatant was saved. The immunoprecipitation was per-
formed as previously described (90), with the following exceptions. After
the immunoprecipitation and final wash, beads were resuspended in
TE elution buffer (1 X Tris-EDTA, 1% sodium dodecyl sulfate, RNase-
OUT [Invitrogen], 4 g of proteinase K) and incubated at 45°C for 1 h.
Supernatant was then harvested and resuspended in TRIzol. Reverse
transcriptase quantitative PCR (RT-QPCR) was carried out as previ-
ously described (5).

AGO2 Binds tRNA and Regulates Gene Expression

RT-QPCR. RNA was harvested from K562 cells at 48 h posttransfec-
tion using TRIzol (Life Technology), and the RT-QPCR was carried out as
previously described (5).

RNA Pol III inhibition studies. 293T cells were treated with a 25 uM
concentration (i.e., a 1:1,000 dilution of a 25 mM stock) of an RNA Pol I1I
inhibitor (Millipore, catalog no. 557403 EMD) under normal growth con-
ditions for 4 h. Control cells were simultaneously incubated with an equal
volume (5 pl) of dimethyl sulfoxide (DMSO). After the incubation, ChIP,
RT-QPCR, and Western blotting were performed as described previously.

High-throughput sequencing. ChIP-seq was performed on an Illu-
mina Hi-seq 2000 at the NIDDK sequencing center and the Stem Cell
Institute at UAB.

Data analysis. (i) Bioinformatics. High-throughput sequencing
FASTQ data were separately aligned to both hg18 and hgl19 human ge-
nomes using Bowtie2 with default parameters (36). Both hg18 and hg19
aligned ChIP-seq and PAR-CLIP-seq data were analyzed to ensure simi-
larity across the two genome annotations. Only hgl8 aligned data are
shown. Bowtie2 default parameters map each individual read once to the
best possible mapping location. In the instance of a tie between two or
more mapping locations, the read will be randomly assigned to one of the
tied locations. The Bowtie2 default parameters in regard to mapping to
repetitive loci are restricted by options ‘-R’ and *-D,” which are set at 15
and 2, respectively. The -R option is an upper limit on the number of seed
extensions that can fail in a row before Bowtie2 stops searching for better
alignments and increasing this number increases the likelihood that
Bowtie2 will report a correct alignment for a read that aligns many places.
The -D option sets the maximum number of times Bowtie2 will attempt to
align a read with repetitive seeds, and increasing this number increases the
likelihood that Bowtie2 will report a correct alignment for a read that
aligns many places. To ensure proper reporting of alignments, all AGO2
ChIP-seq experiments were aligned with the default settings as well as with
50 and 50 for -R and -D, respectively. These parameters did not affect the
overall results and reads mapped with the default settings are shown. The
Bowtie2 output SAM file was converted into the BAM format using
the SAMtools view option (37). For all ChIP-seq data, PCR duplicates
were removed, meaning that all identical reads were collapsed to one
single read. This is a common and established processing step for ChIP-
seq data (38—40). For all PAR-CLIP-seq data, PIPE-CLIP analysis was
performed to identify reliable T—C mutations in BAM files as previously
described (41). RNA-seq was aligned using Tophat2 under default param-
eters, with an ~99% read alignment (42). We align to a custom hg18 build
that contains a single copy of the 43-kb human rRNA gene, as previously
described (43). For all RNA-seq, reads were not collapsed unless specifi-
cally stated. For single end reads, the total FASTQ data set was first filtered
using FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/) to re-
turn reads with a Qual score of =20 at 80% of the positions. RNA-seq data
were processed by the Cufflinks pipeline (42, 44). BAM data were con-
verted to BED format using the BEDtools bamToBed option (45). Ran-

FIG 2 AGO2 binds to tRNA genes and 55 rRNA genes but not to other Pol III and TFIIIC binding sites. (A and B) Meta-analyses showing the binding of Pol III,
BRFI1, TFIIIC, AGO2, and Input across 60 active 5S rRNA genes (A) or 1,222 inactive 5S rRNA genes (B) (see also Materials and Methods). The y axis indicates
the coverage scaled according to 55 rRNA reads per total million mapped reads (RPM). The x axis indicates the position in base pairs, with position + 1 indicating
the first nucleotide of the 55 rRNA. (C) Binding profile heat maps of indicated protein binding across active and inactive 5S rRNA gene sequences. Thick lines
above heat maps indicate the average tRNA gene size, with the left end representing the +1 position and the right end representing the average 3’ end site (3").
Increasing intensity of color represents increasing read coverage. The coverage density for each heat map was internally scaled according to the 1st to the 99th
percentiles. (D and E) Meta-analyses showing the binding of Pol III, BRF1, TFIIIC, AGO2, and Input across 29 active U6 genes (D) or 1,659 inactive U6 genes
(E) (see also Materials and Methods). The y axis indicates the coverage scaled according to U6 RNA reads per total million mapped reads (RPM). The x axis
indicates the position in base pairs, with position +1 indicating the first nucleotide of the U6 RNA. (F) Screenshots from the Integrative Genome Viewer (IGV)
for Pol III, BRF1, TFIIIC, AGO?2 trial 2, and Input across a tRNA gene, vault RNA genes (VTRNA), and an RNase MRP RNA gene (RMRP) (86). The scale is
indicated above each screenshot. The gene size and directionality is indicated by the blue box below each screenshot. (G) Screenshots from the IGV for Pol 111,
BRFI1, TFIIIC, AGO?2 trial 2, and Input across hY RNA genes and RNase P RNA (RPPH1). The scale is indicated above each screenshot. The gene size and
directionality is indicated by the blue box below each screenshot. (H) Meta-analysis showing the binding of Pol III, BRF1, TFIIIC, AGO2, and Input across 6,749
extra-TFIIIC (ETC) sites (see also Materials and Methods). The y axis indicates the coverage scaled according to reads per total million mapped reads (RPM). The
x axis indicates the position in base pairs with position “Mid” being the middle of the ETC peaks. (I) Meta-analysis showing the binding of Pol III, BRF1, TFIIIC,
AGO2, and Input across 100 potentially active Alu elements (see Materials and Methods). The y axis indicates the coverage scaled according to reads per total
million mapped reads (RPM). The x axis indicates the position in base pairs, with position 0 indicating the start of the Alu element annotation.
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domly chosen loci were generated by BEDtools shuffleBed. Gene ontology
analyses were performed using the online tool DAVID (46).

(ii) Visualization. For meta-gene analyses, the coverage of each nu-
cleotide across the tRNA genes was determined using coverageBed against
aBED file of 631 hg18 tRNAscan-SE tRNA gene annotations (47-51) and
the “~d” option of the BEDTools Suite (45). In each case, the coverage was
aligned at the +1 position and scaled according to reads per million
mapped reads (RPM). Average coverage across all tRNA genes was gen-
erated by the BEDTools groupBy tool. The groupBy output was visualized
using a line graph in Microsoft Excel. Binding profile heat maps were
generated essentially as previously described, except without binning the
genes (52). Briefly, the coverage of each nucleotide across the tRNA genes
was determined using coverageBed against a BED file of the tRNAscan-SE
tRNA gene annotations and the “~d” option of the BEDTools. In each
case, the coverage was aligned at the +1 position and scaled according to
the RPM. Outputs were converted to data matrices using a custom script
and then visualized using conditional formatting options in Microsoft
Excel (2010 version). All heat maps are internally scaled from 0 to the 95th
percentile, unless otherwise noted. Line graphs, scatter plots, and bar plots
in Fig. 1 to 6, with the exception of Fig. 6G and H were made using
Microsoft Excel. The box-and-whisker and bar plots in Fig. 6 and 7 were
generated using the ggplot2 package (version 1.0.0) with color palettes
from the RColorBrewer package (version 1.0-5) in the R statistical envi-
ronment (53-55). In all box plots, the black line in the middle of the box
represents the median, the top and bottom of the box represent the 75th
and 25th percentiles, respectively, and the upper and lower whiskers rep-
resent the 95th and 5th percentiles, respectively.

(iii) Linear regressions. Linear regressions for AGO2, Non-AGO2,
CTCF, and Random in Fig. 6C to F were calculated using the built-in
linear regression function in Microsoft Excel (2013 version). The regres-
sion lines shown in Fig. 6C to F were tested for significant interaction by
means of analysis of covariance (ANCOVA) testing run in R statistical
environment. An interaction model was generated by assigning type
(AGO2 or Non-AGO?2) to the categorical variable, distance to the depen-
dent variable, and fold change to the y response variable. This model was
tested for differences in slopes and y intercepts by using the built-in Im()
function in R.

(iv) Data acquisition. All acquired data were taken from the Gene
Expression Omnibus (56). ChIP-seq data for TFIIIC, Pol III, and BRF1
were sample sets GSM935343, GSM509047, and GSM935595, respec-
tively. Small RNA immunoprecipitation-sequencing (sRIP-seq) data for
endogenous AGO2 and IgG were data sets SRR529100 and SRR529099,
respectively, from a previously published manuscript (3). Human PAR-
CLIP-seq data were taken from previously published manuscripts (57—
59). Specifically, wild-type (WT) AGO2 from Fig. 3 was a concatenation
of data sets SRR189784 and SRR189785. The HuR data were a concatena-
tion of data sets SRR189777 and SRR189778. The noDice PAR-CLIP-seq
was data set SRR1241607. The small RNA-seq data sets were acquired
from the GSE24565 series on GEO. ChIP-seq peaks for CTCF were ob-
tained from a previously published manuscript and were sample set
GSM749668 (60). RNA-seq data for CTCF knockdown and control were
from a previous publication and were sample sets GSM1081540 and
GSM 1081538, respectively (61). RNA-seq data for DICER knockdown,
DROSHA knockdown, and control were from a previous publication and
were sample sets GSM 1550537, GSM 1550539, and GSM 1550536, respec-
tively (62). TFIIIC ChIP-seq data for K562 and HeLa S3 analyzed for Fig.
7A were sample sets GSM935343 and GSM 935342, respectively. RNA-seq
for K562 and HeLa S3 cells analyzed in Fig. 7A were sample sets
GSM958731 and GSM958739, respectively. tRNAscan-SE tRNA gene an-
notations, UCSC gene annotations, RepMasker annotations, Broad
ChromHMM annotations, and ENSEMBL gene annotations were all
downloaded through Galaxy from the UCSC table browser (63, 64). The
631 hg18 tRNAscan-SE tRNA gene annotations include both functional
tRNA genes and tRNA pseudogenes (47-51) The tRNAscan-SE pseudo-
gene data set (n = 109) is a set of tRNA sequences included within the
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tRNAscan-SE tRNA gene set that are annotated as pseudogenes. The Rep-
Masker pseudogene data set (1 = 1,284) are tRNA repeats that are anno-
tated by RepeatMasker (http://repeatmasker.org) but are not annotated as
putative tRNA genes by tRNAscan-SE (50, 65).

Accession number. All ChIP-seq and control data sets (see Fig. 1), as
well as RNA-seq and additional metadata (see Fig. 5 and 6), are available at
the Gene Expression Omnibus under accession number GSE68813.

RESULTS

Human Argonaute 2 binds to actively transcribed tRNA genes.
To investigate the chromatin binding preferences of AGO2, we
performed AGO2 ChIP-seq in K562 cells using two different, well-
established monoclonal antibodies (see Materials and Methods)
(66-70). Peaks were called using MACS for each trial (see Mate-
rials and Methods) (71). Replicates 1 and 2 for monoclonal anti-
body 1 (trials 1 and 2) had 1,236 and 7,364 peaks, respectively.
Replicate 1 for monoclonal antibody 2 (trial 3) had 991 peaks. The
difference in peak number between trials 1, 2, and 3 reflects the
difference in total numbers of mapped reads per trial, which were
2,541,318, 12,066,168, and 4,398,595, respectively. To understand
where AGO2 binds in the genome, the peaks from each trial were
intersected with Broad ChromHMM annotations for K562 cells.
All three trials showed similar binding across each annotation and
were highly enriched for heterochromatin (Fig. 1A). Upon closer
inspection of AGO2 peaks, we noticed that many fell within an-
notated tRNA genes and 55 rRNA genes. These genomic regions
were not separately classified within the Broad ChromHMM an-
notation but instead were dispersed throughout various regions.
To quantify this observation separately, AGO2 peak enrichment
for tRNA genes, 55 rRNA genes, and all other Broad ChromHMM
annotations was calculated by comparing the base pair coverage
for each AGO?2 enriched region to the total base pair coverage of
that annotation. AGO2 peaks were found in a high proportion of
tRNA genes and 5S rRNA genes compared to any other Broad
ChromHMM annotation (Other) (Fig. 1B, top). Furthermore,
when the observed number of AGO2 peaks found within tRNA
genes was compared to the number expected at random (average
of 1,000 random trials), the observed peaks were highly enriched
in all three trials (P < 0.0001, Fig. 1B, bottom). Considering that
trial 1 and trial 3 had lower numbers of mapped reads than trial 2,
we expected that trial 2 would have peaks at tRNA genes that were
not called in trial 1 and trial 3 due to the overall difference in
coverage. Accordingly, intersection of peaks across all trials
showed trial 2 had 80 peaks that did not overlap with peaks from
trial 1 and trial 3 (Fig. 1C). However, for the peaks called in trial 1
and trial 3 (n = 32 and n = 28, respectively) there was high overlap
with the peaks called for trial 2 (>85%) (Fig. 1C). Meta-analysis of
AGO2 binding across all tRNAscan-SE annotated tRNA gene se-
quences (see Materials and Methods) revealed enrichment of
AGO?2 compared to negative controls in the three independent
trials (Fig. 1D). We applied the same meta-analysis to ChIP-seq
data sets for known Pol III factors (GEO accession numbers:
BRF1, GSM935595; TFIIIC, GSM935343; and Pol III,
GSM509047) and found the expected binding profiles for these
factors at tRNA genes, validating our analytical approach (Fig.
1D). TFIIC (110-kDa subunit) was centered just downstream of
the B-box, its well-established binding site. BRF1, a subunit of the
TFIIB complex, was bound just upstream of the +1 position
(+1). Pol III binding was seen ~100 bp upstream of the +1 po-
sition to ~100 bp downstream of the average mature 3’ end.
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FIG 3 AGO2 binding is small RNA independent and is mediated through longer tRNA transcripts. (A to C) Meta-analyses showing the binding of AGO2
sRIP-seq, IgG sRIP-seq, and AGO2 PAR-CLIP-seqin WT 293T cells, AGO2 PAR-CLIP-seq in noDice 293T cells, and HuR PAR-CLIP-seq in WT 293T cells across
631 tRNAscan-SE tRNA gene sequences (A), 109 tRNAscan-SE annotated pseudogenes (B), or 1,284 Repeat Masker annotated pseudogenes (C) (see Materials
and Methods). (D) Binding profile heat maps of indicated protein binding across 631 individual tRNA genes. Conditional formatting was scaled according to a
0-RPM minimum to 75-RPM maximum for PAR-CLIP-seq and according to the 1st to the 99th percentiles for ChIP-seq. The PC panel on the left hand side of
each heat map indicates tRNA genes exhibiting a PIPE-CLIP-identified T-to-C mutation (in red). The location of tRNAscan-SE annotated pseudogenes are
indicated by horizontal black lines on the panel labeled “Pseudo”. Significance was tested using the chi-square test comparing the observed number of tRNAs
exhibiting a PIPE-CLIP verified mutation with the expected number of PIPE-CLIP verified mutations based on 1,000 randomized trials. (E) Venn diagram
showing intersection between tRNAs exhibiting AGO2 PAR-CLIP signal (average coverage per base pair of tRNA gene greater than or equal to 1 RPM). (F)
Binding profile heat maps of indicated protein binding across active and inactive 55 rRNA gene sequences (y axis). Thick lines above heat maps indicate average
5S rRNA gene size with the left end representing the + 1 position and the right end representing the average 3’ end site (3'). Increasing intensity of color represents
increasing read coverage. The coverage density for each heat map was internally scaled according to the 1st to the 99th percentiles. PC panel on the left hand side
of each heat map indicates tRNA genes exhibiting a PIPE-CLIP-identified T-to-C mutation (in red). (G) Meta-analysis showing the binding of AGO2 and HuR
by PAR-CLIP-seq across 60 active 5S rRNA genes (see Materials and Methods). The y axis indicates the coverage scaled according to 5S rRNA reads per total
million mapped reads (RPM). The x axis indicates the position in base pairs, with position +1 indicating the first nucleotide of the 55 rRNA.
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FIG 4 AGO2 binds to nascent tRNAs. (A) Bar graph representing the log, , fold enrichment of AGO2, Pol I1I, and TFIIIC ChIP-QPCR in Pol IIl inhibitor-treated
cells (Inhib) and DMSO-treated cells (Ctrl). Significance for the reduction of enrichment upon Pol III inhibitor-treated cells was calculated by using a Student
ttest (*, P < 0.05). (B) Bar graph of RT-QPCR from inhibitor-treated cells normalized to 28S rRNA and presented as a percentage of control for four tRNAs and
AGO2. (C) Western blot for AGO2 in DMSO-treated cells and Pol III inhibitor-treated cells. The percentage of control is indicated below the blot images and was
calculated using ImageJ and normalized to the total protein levels, as measured by Ponceau S staining. (D) Meta-analysis illustrating the average coverage for
PAR-CLIP-seq experiments using anti-AGO2 (dark blue) and anti-HuR (orange) in WT 293T cells aligned at the mature 3’ end of the tRNA sequence (3'). The
shaded region indicates portions of a tRNA downstream of the mature 3" end. (E) Schematic depicting sequential steps in tRNA processing. The primary
transcript of non-intron-containing tRNAs is initially processed by cleavage of the 5" leader sequence by RNase P. This cleavage creates position +1 in the tRNA.
For intron-containing tRNAs, splicing is thought to precede 3" end processing. After the completion of transcription, the RNA is cleaved a second time at its 3’
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AGO?2 binding peaked at the center of the tRNA genes. To under-
stand whether this binding occurs exclusively at functional tRNA
genes, we analyzed all ChIP experiments across tRNAscan-SE an-
notated pseudogenes and Repeat Masker annotated pseudogenes
(see Materials and Methods) and found no enrichment for AGO2
or any of the Pol III factors (Fig. 1E and F) (72, 73).

In order to understand AGO2 binding on an individual tRNA
gene basis, we generated binding profile heat maps for AGO2 in all
three trials and found that AGO2 consistently bound to the same
subset of tRNA genes (Fig. 1G). The binding profile heat maps
indicated AGO2 binding occurring mostly at active tRNA genes,
which are marked by Pol 111, BRF1, and TFIIIC binding (Fig. 1G).
Consistent with this model, >95% of AGO2 tRNA gene peaks
overlapped with TFIIIC peaks (Fig. 1H). We also investigated
whether AGO2 binding shows preference for certain tRNA iso-
types, isoacceptors, or flanking sequences and found no correla-
tion (data not shown).

AGO?2 binds to tRNA genes and 5S rRNA genes but not to
other Pol III and TFIIIC binding sites. As observed in Fig. 1B, 55
rRNA genes had high proportion of AGO2 binding compared to
other annotated regions. Similar to tRNA genes, meta-analysis
and binding profile heat maps of AGO2 binding across all 5S
rRNA gene sequences revealed enrichment of AGO?2 at active, but
not inactive, 5S rRNA genes for all three trials (Fig. 2A to C).
Expected binding profiles for TFIIIC, BRF1, and Pol III were seen
for both active and inactive 55 rRNA genes (Fig. 2A to C). We next
sought to determine whether AGO?2 exhibited binding at other Pol
IIT genes. Analysis of ChIP-seq data for U6 RNA, vault RNAs
(VTRNA), RNase MRP RNA (RMRP), hY RNAs, and RNase P
RNA (RPPH1) exhibited no enrichment for AGO2 binding (Fig.
1D to G). Sites enriched for TFIIIC but not Pol III, called extra-
TFIIIC (ETC) sites, also showed no enrichment for AGO2 binding
(Fig. 1H). Furthermore, in light of reports indicating the expres-
sion and function of Alu- and Alu-related RNAs (74-76), we
sought to investigate whether AGO2 binds to the genes from
which these RNAs arise. Meta-analysis across potentially active
Alu elements, which contain an internal promoter similar to
that of tRNA genes, showed no enrichment for AGO2 binding
(Fig. 21).

AGO2 chromatin localization is small RNA independent and
is mediated through binding to tRNA. The well-characterized
mechanism of AGO2 binding involves tethering to target RNAs
through a small antisense RNA (2). In addition, there is evidence
for a variety of small RNA species that are derived from tRNAs
(reviewed in reference 77). To examine whether AGO2 binding to
tRNA genes occurs through tethering via a small tRNA-derived
fragment, we analyzed previously published sRIP-seq data to de-
termine whether AGO2 was enriched for small RNAs-derived
from tRNA sequence (3). Binding profile heat maps and meta-
analysis showed no enrichment for tRNA sequence compared to
negative control (Fig. 3A, gray and red lines). In addition, no
antisense tRNA sequences were found in the AGO2 sRIP-seq (data

AGO2 Binds tRNA and Regulates Gene Expression

not shown). These results suggest that AGO2 is bound to tRNA
genes through an uncharacterized mechanism in vivo.

Previous work has shown that AGO?2 is capable of binding
directly to long RNAs (18). To investigate this as a possibility, we
analyzed endogenous AGO2 photoactivatable ribonucleoside en-
hanced cross-linking immunoprecipitation, followed by deep se-
quencing (PAR-CLIP-seq) (58). Unlike sRIP-seq, which only al-
lows analysis of small RNAs (<35 nt), PAR-CLIP-seq can
demonstrate binding to any RNA, regardless of length. The bind-
ing of AGO2 was compared to HuR, which has an affinity for
AU-rich elements found within the 3’ untranslated region of
many mRNAs and tends to stabilize mRNAs, whereas AGO?2 is a
translational repressor (78). Meta-analysis of PAR-CLIP-seq sig-
nal across all tRNA genes showed strong enrichment for sense
tRNA sequence compared to HuR (Fig. 3A, dark blue and orange
lines). The analysis of the sRIP-seq suggested that AGO2 was not
enriched for small RNAs derived from tRNA sequences (Fig. 3A,
red line). Consistent with this, AGO2 was capable of binding to
tRNA in Dicer-null (noDice) 293T cells (59) (Fig. 3A, light blue
line). Furthermore, analysis of the sRIP-seq and PAR-CLIP-seq
data sets across tRNAscan-SE annotated pseudogenes, and Repeat
Masker annotated pseudogenes indicated that AGO2 binding was
exclusive to authentic tRNAs (Fig. 3B and C). A heat map of the
AGO2-bound tRNA genes indicated that AGO2 binding spanned
the entire tRNA, was depleted among the pseudogenes, and had a
similar distribution among active tRNA genes, as was observed
with AGO2 ChIP (Fig. 3D). A Venn diagram illustrated that 114 of
121 AGO2 ChIP-seq peaks were bound to active tRNAs that were
also bound by AGO2 via PAR-CLIP-seq (Fig. 3E; see also Materi-
als and Methods). Further analysis of the PAR-CLIP-seq data in-
dicated an authentic interaction with the 5S rRNA (Fig. 3F and G).
The binding of AGO2 to 55 rRNA molecules was expected given
the prevalence of ChIP-seq peaks within 5S rRNA genes, similar to
what we observed for tRNA genes and tRNA.

The combination of ChIP and PAR-CLIP of AGO?2 to these
type I and II Pol III genes (5S rRNA and tRNA genes) led us to
hypothesize that AGO2 binding to nascent transcripts creates a
chromatin tether, which allows detection by ChIP methods. To
test this hypothesis, we performed ChIP-QPCR for AGO2, Pol I1I,
and TFIIIC in cells treated with a Pol III inhibitor (see Materials
and Methods) or DMSO alone (Fig. 4A, Ctrl). In control cells,
AGO?2 binding was enriched at the two tRNA genes tested (P =
0.000681 and P = 0.00371). Treatment with a Pol III inhibitor
caused a specific and significant reduction in AGO2 ChIP enrich-
ment at the two tRNA genes tested (Fig. 4A), whereas Pol IIT and
TFIIC ChIP enrichments were unchanged, indicating that the
inhibitor does not affect PIC formation. RT-QPCR of control and
Pol III inhibitor-treated cells confirmed that the concentration of
inhibitor used specifically reduced tRNA levels by ~50%, while
not affecting AGO2 mRNA levels (Fig. 4B). Furthermore, AGO2
Western blot confirmed that protein levels of AGO2 were un-
changed upon Pol Il inhibitor treatment (Fig. 4C). A close exam-

end by RNase Z to liberate the 3’ trailer sequence. After the 5" and 3’ cleavage events, a nonencoded —CCA is added to the 3’ end, and the transcript is exported
from the nucleus. (F) RIP-QPCR for AGO2 and HuR presented as the fold enrichment compared to input (y axis) across mature, 3" unprocessed, and 5', 3’
unprocessed forms of two different tRNAs (x axis). Significance for enrichment compared to HuR was tested by using a Student ¢ test (¥, P < 0.05, n = 3). (G)
RT-QPCR levels of mature, 3" unprocessed, and 5', 3" unprocessed tRNA forms normalized to 18S rRNA for Mock-KD and AGO2-KD cells. (H) Meta-analysis
of average coverage of AGO2 and HuR PAR-CLIP-seq across all intron-containing tRNA genes aligned at either the 5’ or 3’ splice site (SS). A diagram of
intron-defining tags is depicted above the graph. No intron-defining tags were found in AGO2 or HuR PAR-CLIP-seq (data not shown).
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ination of the PAR-CLIP-seq data indicated that that AGO2 ap-
peared to be enriched from the +1 position to ~25 nt
downstream of the average mature 3" end. To examine this enrich-
ment more directly, we realigned the data from each mature 3’
end, rather than the +1 position, and found that AGO2 is indeed
enriched ~25 nt downstream compared to HuR (Fig. 4D, shaded
region indicates 3" unprocessed tRNA). tRNAs undergo extensive
processing prior to nuclear export and maturation (Fig. 4E). To
confirm directly that AGO2 was binding to both mature and un-
processed tRNA (as suggested by the PAR-CLIP meta-analysis and
the ChIP dependence on active Pol III transcription), we per-
formed AGO2 RNA immunoprecipitation, followed by quantita-
tive RT-PCR (RIP-RT-QPCR), on cross-linked nuclei using
primers that amplify 5" and 3" unprocessed tRNA, 3" unprocessed
tRNA, and mature tRNA. AGO2 RIP-RT-PCR was enriched for
both unprocessed and mature tRNA forms, but not for two mR-
NAs tested (Fig. 4F). To assess whether AGO2 binding to tRNA
had any effect on tRNA processing, we performed RT-QPCR in
Mock-KD and AGO2-KD cells using primers that amplify 5" and
3’ unprocessed tRNA, 3’ unprocessed tRNA, and mature tRNA.
This revealed that AGO2 knockdown does not drastically alter
processing of the two tRNAs tested (Fig. 4G). The human genome
contains 31 intron-containing tRNAs, which are thought to be
spliced in the nucleus prior to end processing of tRNAs in meta-
zoans (Fig. 4E) (79, 80). Although AGO2 was verified to interact
with spliced tRNA, we were unable to detect an interaction be-
tween AGO2 and the intronic region of any tRNA (Fig. 4H). We
conclude that AGO2 exhibits binding to both unprocessed and
mature, full-length, nuclear, tRNA but that this interaction does
not alter processing. This is consistent with the interaction form-
ing on nascent tRNA transcripts.

AGO?2 depletion leads to increased expression of genes in a
tRNA gene insulator region on chromosome 17. Some active
tRNA genes have been shown to possess chromatin insulator ac-
tivity (35, 81, 82). In addition, extensive work in yeast has dem-
onstrated that active tRNA genes can repress neighboring Pol II
genes through tgm silencing (34, 83, 84). To understand whether
AGO?2 plays a role in either of these processes, we focused on a
region on the p arm of human chromosome 17 that has been
previously characterized to have active tRNA genes that can act as
insulators (35). The nine annotated genes in this region are sepa-
rated by several clusters of tRNA genes that are capable of func-
tioning as both enhancer block and barrier function insulators
(35). To test whether AGO?2 has any effect on the expression levels
of the genes within this locus, we performed RNA-seq. The ex-
pression levels of all transcripts were analyzed using the Cufflinks
pipeline, and expression levels are represented as fragments per
kilobase of transcript per million mapped reads (FPKM) (44, 85).
Two replicates of RNA-seq from Mock-KD and AGO2-KD 293T
cells demonstrated similar results (Fig. 5A and B). Interestingly,
seven of the nine genes in the selected region of chromosome 17
showed a reproducible increase in expression upon AGO2 knock-
down (Fig. 5C, blue bars). One of the nine genes, ALOXE3, was
expressed at such a low level that FPKM could not be reliably
calculated (data not shown). Considering that AGO?2 is integral in
miRNA-mediated repression, we reasoned that these results could
be explained by derepression of miRNA-mediated targets. To test
this, we calculated the fold change in FPKM from previously pub-
lished DICER-KD and DROSHA-KD RNA-seq data sets (GEO
accession numbers: Mock-KD, GSM155053; DICER-KD,
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GSM1550537; and DROSHA-KD, GSM1550539) (62). Interest-
ingly, we found that neither DICER nor DROSHA knockdown
leads to the same effect on gene expression seen upon AGO2
knockdown (Fig. 5C, gray and gold bars). Since AGO2 binds
tRNA genes that have known insulator properties, we reasoned
that the effect on nearby gene expression upon AGO2 knockdown
could be similar or related to that of insulator disruption. Consid-
ering that CTCF is a well-characterized insulator protein that has
various binding sites throughout this region of chromosome 17
(Fig. 5C bottom, green boxes), we analyzed the fold change in
FPKM from previous published CTCF-KD data (Fig. 5C, green
bars). Interestingly, although CTCF-KD did cause some slight
changes in gene expression, it did not mimic the effect of
AGO2-KD (Fig. 5C).

AGO2 regulates the expression of Pol II genes that flank ac-
tive tRNA genes. We next sought to investigate whether the in-
crease in FPKM values seen throughout the p arm of chromosome
17 upon AGO2 knockdown was a general feature of all AGO2-
bound tRNA genes. To test this, we classified tRNA genes as either
“AGO2 bound” or “non-AGO2 bound”, based on ChIP-seq cov-
erage and then identified the FPKM (or microarray expression
level) of the nearest upstream and downstream gene from each
tRNA gene. We then compared the FPKM (or microarray expres-
sion level) of the genes near AGO2-bound or non-AGO2-bound
tRNA genes before and after knockdown of AGO2, DICER,
DROSHA, and CTCEF. Similarly to the genes analyzed on the p
arm of chromosome 17, the five genes with the highest fold
changes upon AGO2 knockdown across two trials showed little to
no change in gene expression upon knockdown of DICER,
DROSHA, or CTCF (Fig. 5D). The alignment of a subset of genes
from each RNA-seq trial is shown as an Integrative Genome
Viewer (IGV) screenshot (Fig. 5E) (86).

To confirm these results, we performed RT-QPCR on AGO2
knockdown (AGO2-KD) and DICER-deficient (noDice) (59)
cells using primers that amplify the two genes (SAT2 and NARF)
that had the highest fold changes and a standard deviation of <0.2
across the two trials of AGO2-KD RNA-seq (Fig. 5F). To ensure
specific reduction of targeted proteins, AGO2 and DICER were
probed by Western blotting in AGO2-KD and noDice cells (Fig.
5G). Consistent with our genome-wide observations, the expres-
sion levels of SAT2 and NARF were upregulated upon AGO2-KD
but not within the noDice cell line (Fig. 6F). AGO2 levels were
reduced to 16.7% of the wild type in our AGO2-KD cells (Fig. 6G).
When considering the closest gene to all AGO2-bound and non-
AGO2-bound tRNA genes, we found that the mean, median, 5th,
25th, 50th, and 75th percentiles of the fold changes in expression
level were greater for AGO2-bound tRNA genes than for non-
AGO2-bound tRNA genes across two trials (Fig. 6A, Mann-Whit-
ney U test, P = 5.60 X 10"%and P = 5.80 X 10~°). The AGO2
knockdown treatment caused 80 and 88% of all Pol II genes that
flank an AGO2-bound tRNA gene to increase in FPKM values
across two trials, while only 49 and 56% of Pol IT genes that flank
non-AGO2-bound tRNA genes had an increase in FPKM across
two trials (Fig. 6A). To confirm that the results were not solely a
consequence of derepression of miRNA targets, the fold change in
Pol II gene expression among genes flanking both AGO2-bound
and non-AGO2-bound tRNA genes was calculated as described
above for both DICER and DROSHA knockdown RNA-seq (Fig.
6A) (62). The pattern of gene expression was both quantitatively
and qualitatively different when comparing AGO2 knockdown to
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FIG 6 AGO2-KD, but not DICER-KD or DROSHA-KD, caused increased expression of Pol II genes near AGO2-bound tRNA genes. (A) Box-and-whisker plot
of the indicated fold change (knockdown/control) in FPKM of the closest gene to AGO2-bound tRNA genes (AGO2) compared to non-AGO2-bound tRNA
genes (Non-AGO2). (B) Box-and-whisker plot of the fold change (CTCF knockdown/control) in FPKM of the nearest upstream and downstream gene from
CTCF-bound sites (CTCF) and randomly chosen loci (Random). (C to E) Scatter plot of the fold change of the nearest upstream and downstream gene from an
AGO2-bound tRNA gene or a non-AGO2-bound tRNA gene for AGO2-KD RNA-seq (C), DICER-KD RNA-seq (D), and DROSHA-KD RNA-seq (E). Genes
that were the nearest neighbor to both an AGO2-bound tRNA gene and a non-AGO2 tRNA gene were treated as the nearest gene to an AGO2-bound tRNA gene
(AGO2, n = 684) and excluded from the non-AGO2-bound tRNA gene set (non-AGO2, n = 349). The distance is indicated in kilobases, and the fold change is
calculated as the log,[(KD + 1)/(control + 1)]. Linear regressions for both AGO2 and non-AGO2 were calculated using the linear regression function in
Microsoft Excel. The slope of the linear regression of AGO2 is —0.0012 for AGO2-KD (C), 0.0004 for DICER-KD (D), and 0.0003 for DROSHA-KD (E). The y
intercepts of the linear regression of AGO2 are 0.738 for AGO2-KD (C), —0.112 for DICER-KD (D), and —0.114 for DROSHA-KD (E). The slope of the linear
regression of non-AGO2 is 0.0003 for AGO2-KD (C), —0.0001 for DICER-KD (D) and —5 X 10~ ° for DROSHA-KD (E). The y intercepts of the linear regression
of non-AGO2 are 0.141 for AGO2-KD (C), 0.120 for DICER-KD (D), and 0.0154 for DROSHA-KD (E). Linear regressions were calculated based on the entire
data set. Regression lines were tested for significant interaction by means of ANCOVA testing run in R statistical environment (see Materials and Methods). The
P values for differences in the slopes of AGO2-KD, DICER-KD, and DROSHA-KD are 2.35 X 10>, 0.046, and 0.108, respectively. The P values for differences
in y intercepts of AGO2-KD, DICER-KD, and DROSHA-KD are 1.73 X 10~ '%,6.57 X 10>, and 8.3 X 102, respectively. (F) Scatter plot of the fold change of
the nearest upstream and downstream gene from a CTCF site or a random site (CTCF, n = 191,129 genes; Random, n = 191,129 genes) versus the distance from
the tRNA gene. A representative set of 2,000 randomly chosen genes from each set (CTCF or Random) is plotted. Randomly
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that of either DICER or DROSHA. When considering the closest
gene to AGO2-bound tRNA genes, the fold changes across all
percentiles were higher for AGO2-KD than for DICER- or
DROSHA-KD. Furthermore, the median fold change in expres-
sion level was not significantly higher for Pol II genes nearest to
AGO2-bound tRNA genes compared to Pol II genes nearest to
non-AGO2-bound tRNA genes (Fig. 6A, Mann-Whitney U test,
P = 0.63 and P = 0.02, note directionality). In addition, only 53
and 36% of the closest Pol II genes to AGO2-bound tRNA genes
were increased for DICER and DROSHA knockdowns, respec-
tively. We were unable to do a similar analysis at the 55 rRNA
genes due to the small number of Pol II genes that flank an AGO2-
bound 5S rRNA gene (data not shown).

We next investigated the effects on gene expression of nearby
genes when knocking down a well-characterized insulator pro-
tein, CTCF. An analysis similar to that in Fig. 6A was performed
for all CTCF binding sites (n = 94,668) after CTCF knockdown
(Fig. 6C; see also Materials and Methods for the GEO accession
numbers) (60, 61). The knockdown of CTCF did cause a signifi-
cant change in gene expression of Pol II genes that immediately
flank the CTCF binding sites (relative to a sample of Pol II genes
that flank 94,668 randomly chosen non-CTCF bound genomic
loci), but these changes were equally likely to be increases or de-
creases, and the median fold change was 1.0 (Fig. 6B, Mann-Whit-
ney U test, P < 2.20 X 107'%, 48% of genes increased for CTCF
versus 52% of genes increased for random sequence). Thus,
AGO?2 knockdown has an effect on gene expression that is distinct
from that of putative enhancer-blocking insulator sequences (the
CTCF binding sites).

AGO2-bound tRNA genes suppress Pol I gene expression in
cis. The increase in gene expression (FPKM) among genes that
flank AGO2-bound tRNA genes upon AGO2 knockdown sug-
gested a cis effect exerted by the actively transcribed tRNA gene
upon nearby Pol II genes, similar to tgm silencing in yeast (34, 83,
84). To address this possibility, we quantified the fold change in
each upstream and downstream Pol II gene as a function of its
distance from the nearest tRNA gene (Fig. 6C to F). This was done
for both AGO2-bound and non-AGO2-bound tRNA genes (or
CTCF and Random) for AGO2, DICER, DROSHA, and CTCF
knockdowns. A linear regression and two-way ANCOVA statisti-
cal analysis of the fold changes upon AGO2 knockdown con-
firmed a negative slope for AGO2-bound tRNA genes upon
AGO2-KD (slope = —0.0012), indicating that the magnitude of
the effect of the AGO2-bound tRNA gene on Pol II gene expres-
sion dissipated with increasing distance from the nearest tRNA
gene (Fig. 6C, P = 2.35 X 107>, 2-way ANCOVA comparing
AGO2-bound with non-AGO2-bound slope). The fold changes in
FPKM upon either DICER, DROSHA, or CTCF knockdown ap-
peared unrelated to the genes proximity to an AGO2-bound tRNA
gene or CTCF binding site (Fig. 6D to F, DICER-KD slope: 0.0004,

AGO2 Binds tRNA and Regulates Gene Expression

DROSHA-KD slope: 0.0003, CTCF-KD slope: —3 X 107°). The
absolute value of the slope of the inductions of FPKM as a function
of distance from an AGO2-bound tRNA gene was 3-fold greater
upon AGO2 knockdown compared to DICER knockdown, 4.3-
fold greater than DROSHA knockdown, and 485-fold greater than
CTCF knockdown. For genes near AGO2-bound tRNA genes, the
y intercept was only positive upon AGO2-KD and the magnitude
of difference from no fold change was ~6.5-fold greater than for
that of DICER- or DROSHA-KD. Furthermore, for genes near an
AGO2-bound tRNA gene, we only observed a negative slope upon
AGO2 knockdown. These data suggest that the effect of AGO2 on
FPKM levels is dependent on the distance from an AGO2-bound
tRNA gene, and predominantly suppressive to mRNA level. In
contrast, the miRNA-related proteins DICER and DROSHA and
the insulator protein CTCF affect FPKM levels independent of
distance from an AGO2-bound tRNA gene or CTCF site and are
equally likely to result in increased or decreased mRNA levels.

To further illustrate the distance dependence of the effect that
AGO2-bound tRNA genes have on Pol II gene expression, each
Pol II gene was binned according to its distance from AGO2-
bound tRNA genes and the number of genes that showed an in-
crease or decrease in expression was quantified (Fig. 6G). Genes
within 5 kb of an AGO2-bound tRNA gene were significantly
more likely to have increased than decreased expression (Fig. 6G,
first bin, note up/red versus down/gray bar; P = 3 X 10~%, chi-
square test). This tendency lessened with increasing distance from
an AGO2-bound tRNA gene and lost significance at bins at a dis-
tance greater than 30 kb away (Fig. 6G). This result was in contrast
to that seen for Pol II genes that flank non-AGO2-bound tRNA
genes, where the changes in FPKM were equally likely to be up-
regulated or downregulated upon AGO2 knockdown, and were
independent of distance from the tRNA gene (Fig. 6H).

The ability of tRNA genes to facilitate higher-order chromatin
structure and/or regulate the activity of nearby Pol II genes has
potential to be physiologically relevant in light of previous work
demonstrating that some tRNA genes have cell-type-specific ex-
pression patterns (24). To test whether variability in which tRNA
genes are active across cell types regulates nearby Pol II gene ex-
pression, we focused on tRNA genes that were differentially
bound by TFIIIC in HeLa S3 and K562 cells (GEO accession num-
bers: HeLa S3, GSM935342; and K562, GSM935343). We then
compared the FPKM of genes within 500 bp of these differentially
bound tRNA genes across the two cell types (K562 RNA-seq
[GSM958731] and HeLa S3 [GSM958739]). Only genes that
showed expression in at least one of the two cell types (FPKM >
0.5) and did not overlap with any constitutively expressed tRNA
genes were included. Two genes were within 500 bp of a tRNA
gene that was bound by TFIIIC in K562 but not in HeLa S3, and
both were repressed in K562 cells (Fig. 7A). Only one gene was
within 500 bp of a tRNA gene that was bound by TFIIIC in HeLa

chosen sites that overlapped CTCF sites were excluded from both data sets and genes that were the nearest neighbor to both a CTCF site and a random site were

treated as the nearest gene to a CTCF site (CTCF, n = 1,999) and excluded from the random site set (Random, n

= 1,965). The distance is indicated in kilobases,

and the fold change was calculated as the log,[(KD + 1)/(Control + 1)]. The slope of the linear regression of CTCF is —3 X 10~ and the y intercept is —3.5 X
1072, The slope of the linear regression of random sitesis —1.0 X 107, and the y interceptis 9 X 10~ *. Linear regressions were calculated based on the entire data
set. Regression lines were tested for significant interaction as described in panels C to E. The P value for the difference in slopes was 0.453. The P value for the
difference in y intercepts was 0.548. (G and H) Bar plot indicating the number of genes that are upregulated (y axis positive numbers) and downregulated (y axis
negative numbers) in 5-kb bins ranging from 0 to 40 kb distal from AGO2-bound tRNA genes (G) and non-AGO2-bound tRNA genes (H). Significance for the
number of genes showing upregulation in each bin was tested by chi-square test (¥, P < 0.05). The intensity of the log, of the average fold change in expression

(FC) is color-coded according to the scale in the upper right of each plot.
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FIG 7 Cell-type-specific tRNA gene expression correlates with Pol IT gene suppression. (A) Bar plot showing the FPKM of genes in K562 and HeLa S3 cells that
are within 500 bp of a tRNA gene that is differentially bound by TFIIIC in K562 and HeLa S3. The two genes bound by TFIIIC in K562, but not in HeLa S3, are
shown on the left, and the one gene bound by TFIIIC in HeLa S3, but not in K562, is shown on the right, as labeled at the top of the plot. (B) Bar graph
summarizing results of a gene ontology (GO) analysis generated by DAVID (60, 61) for genes within 500 bp of any tRNA gene. The x axis shows all functional
classifications with a P value of <0.05, ordered from left to right by increasing P value. The y axis shows number of genes represented within each functional
classification. (C) Active tRNA genes can regulate Pol II gene expression in two distinct ways. (i) The binding of TFIIIC to a tRNA gene can create both an
enhancer block and a barrier function insulator (49), and (ii) AGO2 binding to nascent tRNA facilitates the suppression of Pol II genes in a distance-dependent
manner. This is similar to the tgm-silencing phenomena described in S. cerevisiae (29, 63). In the illustration, the enhancer-blocking function is shown upstream
of the tRNA gene, and tgm silencing is shown downstream for clarity. In actuality, these processes occur independently of the orientation of the tRNA gene. Both
processes can occur upstream, downstream, in both directions, or not at all for any given tRNA gene.
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S3 but not in K562 cells, and it was expressed in K562 but fully
silent in HeLa S3 (Fig. 7A). For each of these three genes, juxtapo-
sition next to an active tRNA gene correlated with repression or
full silencing. To further probe the regulatory potential of tRNA
genes, a gene ontology (GO) analysis was run using DAVID for all
genes that are within 500 bp of a tRNA gene to identify enriched
functional classifications (46, 87). The number of genes within
each enriched annotation (P < 0.05) is illustrated in Fig. 7B. En-
riched functional classifications include cell morphogenesis dur-
ing differentiation, phosphate metabolic processes, neuron pro-
jection development, neuron differentiation, and protein amino
acid phosphorylation. Enrichment of these functional classifica-
tions is consistent with genes near tRNA genes being involved in
cell type specification.

DISCUSSION

Our results demonstrate that AGO2 localizes to human tRNA and
5S rRNA genes through direct binding (Fig. 7C). This is facilitated
by direct protein-RNA contact with nascent RNA, which allows
AGO?2 to be cross-linked to these gene loci in ChIP assays. AGO2
chromatin binding was specific to TFIIIC-dependent Pol III
genes, since it was not observed at non-TFIIIC-dependent Pol III
genes or ETC sites, which are bound by TFIIIC but not tran-
scribed. The loss of AGO2 at tRNA genes causes an increase in
FPKM values for genes throughout a previously characterized
tRNA gene insulator region (35). This result suggests that the
function of AGO?2 at these tRNA genes is distinct from simple
disruption of enhancer-promoter interactions, which would be
equally likely to cause increase or decrease in expression of nearby
genes. Genome-wide analysis indicates that the loss of AGO2
causes a global increase in expression of Pol II genes flanking
AGO2-bound tRNA genes and that this effect on gene expression
is distinct from that of non-AGO2-bound tRNA genes and from
the loss of CTCF in two ways: (i) loss of AGO2 specifically in-
creases Pol II genes that flank AGO2-bound tRNA genes, and (ii)
the magnitude of this increase lessens as a function of distance
from the nearest AGO2-bound tRNA gene. The effect on FPKM
values was also distinct from both DICER and DROSHA, indicat-
ing a novel mechanism not related to the traditional RNAi
pathway.

We observed binding of AGO2 both to the tRNA genes (ChIP-
seq and ChIP-QPCR) and to tRNAs themselves (PAR-CLIP-seq
and RIP-QPCR). Our results imply that AGO2 does not bind to
DNA directly but instead does so via interactions with nascent
tRNA. We did not observe antisense small RNAs that could po-
tentially target AGO2 to the tRNA species, and the direct binding
to tRNA is maintained in DICER knockout cells. Furthermore, a
careful analysis of the PAR-CLIP-seq data indicates that an excess
of PAR-CLIP-induced mutations, specific for the AGO2 binding
sites, exist throughout the tRNA. In addition, RIP-QPCR shows
enrichment for AGO2 binding to at least full-length tRNA com-
pared to HuR. Thus, we conclude that AGO2 is binding directly to
tRNAs. The binding of AGO2 to long RNAs without a targeting
small RNA is not without precedent. Work in vitro has shown that
recombinant, purified AGO2 can specifically bind to pre-miRNAs
and long unstructured RNAs (18, 20). Furthermore, it was shown
in vivo that AGO2 can immunoprecipitate a pre-miRNA in the
complete absence of DICER and miRNAs (18). The fact that
AGO2 binds only to active tRNA genes led us to conclude that
AGO2 must be interacting with nascent tRNA precursors or tRNA
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precursors shortly after the completion of transcription, which
was confirmed by our studies using an inhibitor of RNA Pol III.
According to this model, AGO2 would be in close physical prox-
imity to the chromatin and allow for cross-linking to the DNA and
subsequent detection by ChIP methods.

Many molecular details of this novel role for AGO2 remain to
be elucidated. TFIIIC-bound tRNA genes have been shown to
function as both an enhancer-blocking and barrier function insu-
lators in heterologous reporter constructs in humans (35). How-
ever, the effect on FPKM values of nearby Pol II genes is distinct
from that of a more well-established metazoan insulator protein,
CTCEF. Considering this, our results may be more consistent with
the phenomena of tRNA gene-mediated (tgm) silencing. This ef-
fect, which has been characterized in Saccharomyces cerevisiae,
causes the suppression of most Pol IT genes that are within 500 bp
of an active tRNA gene, requires factors distinct from those
needed for TFIIIC boundary element function, and also requires
nucleolar localization (32-34, 83, 84, 88, 89). It remains unclear
whether the human homologs to CBF5 and Mod5, yeast factors
required for tgm silencing, or nucleolar localization, are also re-
quired for our observations.

A great deal of additional work is required to fully understand
both the molecular mechanisms by which AGO2 recognizes
tRNAs and how these complexes promote genome-wide repres-
sion in cis. In addition, the cell-type-specific expression of tRNA
genes and its suppressive effect on nearby Pol II genes underscores
an unexpected layer of regulatory complexity that may be crucial
for many biological processes. Future studies should be aimed at
discerning the role of tRNA gene-mediated suppression during
normal differentiation.
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