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SUMMARY

Some Ts in nuclear DNA of trypanosomes and
Leishmania are hydroxylated and glucosylated to
yield base J (b-D-glucosyl-hydroxymethyluracil). In
Leishmania, about 99% of J is located in telomeric
repeats. We show here that most of the remaining J
is located at chromosome-internal RNA polymerase
II termination sites. This internal J and telomeric J
can be reduced by a knockout of J-binding protein
2 (JBP2), an enzyme involved in the first step of J
biosynthesis. J levels are further reduced by growing
Leishmania JBP2 knockout cells in BrdU-containing
medium, resulting in cell death. The loss of internal
J in JBP2 knockout cells is accompanied by massive
readthrough at RNA polymerase II termination sites.
The readthrough varies between transcription units
but may extend over 100 kb. We conclude that J is
required for proper transcription termination and
infer that the absence of internal J kills Leishmania
by massive readthrough of transcriptional stops.
INTRODUCTION

In 1993, a new DNA base, b-D-glucosyl-hydroxymethyluracil

(base J), was discovered in the nuclear DNA of the African

trypanosome Trypanosoma brucei (Gommers-Ampt et al.,

1993). Base J replaces about 1% of thymine (T) in the genome

and is predominantly present in repetitive DNA, such as telo-

meric repeats (Gommers-Ampt et al., 1993; van Leeuwen

et al., 1996, 1997, 2000). Base J was subsequently found in

the DNA of all other kinetoplastid flagellates tested (van Leeuwen

et al., 1998b) and in the related unicellular alga Euglena gracilis
(Dooijes et al., 2000), but not in other organisms, making biosyn-

thesis of J a potential target for chemotherapy of pathogenic

kinetoplastids (Borst and Sabatini, 2008).

Indirect evidence, reviewed in Borst and Sabatini (2008),

indicates that J is synthesized in two steps: in the first step,

T residues at specific positions in DNA are hydroxylated to form

hydroxymethyluracil (HOMeU); in the second step, a glucose is

attached to HOMeU, yielding J. Two enzymes are thought to

catalyze the first step. The first was initially identified as a protein

specifically binding to duplex DNA containing J (Cross et al.,

1999). This J-binding protein 1 (JBP1) was later found to affect

J levels (Cross et al., 2002) and to contain a thymidine hydroxy-

lase domain (Yu et al., 2007). The second putative hydroxylase,

J-binding protein 2 (JBP2), does not bind to J-DNA (DiPaolo

et al., 2005); in addition to its thymidine hydroxylase domain

(DiPaolo et al., 2005;Yuet al., 2007; Vainio et al., 2009), it contains

a SWI/SNF domain essential for its activity (DiPaolo et al., 2005).

Both JBP1 and JBP2 appear to belong to the new TET/JBP

subfamily of dioxygenases requiring Fe2+ and 2-oxoglutarate

for activity (Iyer et al., 2009; Tahiliani et al., 2009).

Whereas T. brucei can survive without J (Cliffe et al., 2009,

2010), Leishmania tarentolae, a pathogen of lizards easily

cultured in the lab, appears to require J because JBP1 knockout

(KO) cells are not viable (Genest et al., 2005). The KO of JBP2

initially did not result in detectable defects, but these cells lose

J; after >30 passages, only about 30% of J remains (Vainio

et al., 2009). When these cells are grown in bromodeoxyuridine

(BrdU), they lose more J and die (Vainio et al., 2009). The cause

of this BrdU-induced J loss, previously found in T. brucei (van

Leeuwen et al., 1998a), is not known, but it provides a tool to

test possible functions of base J. In Leishmania species, >99%

of all J is present in telomeric repeats (Genest et al., 2007), and

we therefore looked for a telomeric phenotype in L. tarentolae

JBP2 KO cells dying in BrdU. None were found. No other clue

to the cause of death was found either. The dying cells do not
Cell 150, 909–921, August 31, 2012 ª2012 Elsevier Inc. 909

https://core.ac.uk/display/82736005?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:p.borst@nki.nl
http://dx.doi.org/10.1016/j.cell.2012.07.030


stop in a defined phase of the cell cycle; they do not activate

a DNA damage response (P.B., S.V., P.-A.G., and H.G.A.M.v.L.,

unpublished data).

This deadlock was broken by Cliffe et al. (2010), who discov-

ered that a minor fraction of J in T. brucei has a well-defined

chromosome-internal distribution. High-throughput sequencing

confirmed the location of J in repetitive DNA but, in addition,

revealed chromosome-internal J peaks coinciding with RNA

polymerase (RNAP) II transcriptional initiation and termination

sites (Cliffe et al., 2010). The transcriptome of Leishmania and

other kinetoplastids is unusual with RNAP-II-directed polycis-

tronic transcription of long clusters of protein-coding genes

(El-Sayed et al., 2005b; Berriman et al., 2005; Jackson et al.,

2010). Mature messenger RNAs (mRNAs) are produced from

the primary transcripts by trans-splicing and polyadenylation.

Trans-splicing adds a capped 35 nucleotide sequence to the 50

end of each mRNA (Boothroyd and Cross, 1982; Van der Ploeg

et al., 1982; De Lange et al., 1983; Nelson et al., 1983; Sutton

and Boothroyd, 1986; Agabian, 1990). This spliced leader (SL)

or miniexon sequence is derived from a precursor transcribed

by RNAP II from a separate set of SL precursor genes (Kooter

and Borst, 1984; De Lange et al., 1984). The ribosomal RNA

(rRNA) (transcribed by RNAP I), tRNA, 5S RNA, and snRNA

genes (transcribed by RNAP III) are scattered between RNAP II

polycistronic transcription units (PTUs) (Padilla-Mejı́a et al.,

2009).

Although 99% of all J in L. tarentolae is in telomeric repeats

(Genest et al., 2007), we have shown that the remaining J is in

chromosome-internal positions, but we were unable to map

this internal J by standard cloning procedures (Genest et al.,

2007). We have now confirmed the presence of internal J at

RNAP II transcription termination sites in L. major and

L. tarentolae. We show that this internal J is strongly reduced

in JBP2 KO L. tarentolae cells. This loss of J is accompanied

by massive readthrough of normal RNAP II transcriptional termi-

nation sites.

RESULTS

Localization of Internal J in the Genome of L. major

For the initial mapping of internal J in Leishmania, we used

L. major because the genomic map of this species is the most

refined (Myler et al., 1999; Ivens et al., 2005) and has been

used for mapping transcripts (Myler et al., 2000; Belli et al.,

2003; Worthey et al., 2003; Martı́nez-Calvillo et al., 2003, 2004;

Monnerat et al., 2004) and chromatin modifications (Thomas

et al., 2009). The DNA of the L. major Friedlin strain was sheared,

and J-containing fragments were enriched by immunoprecipita-

tion with a specific anti-J-DNA antiserum (van Leeuwen et al.,

1997) or by binding of the DNA fragments to Strep(II)-tagged

JBP1 and retrieval of the bound fragments with streptavidin

beads (see Experimental Procedures). Both methods enriched

J-containing DNA fragments effectively, as shown by the high

signal-to-noise ratio of the results presented here (see Figure 1

and Data S1 available online). To simplify the presentation, we

mainly show the data obtained with the anti-J-DNA antiserum,

but all J peaks discussed here were also found by using the

Strep(II)-tagged JBP1.
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Our high-throughput sequencing locates the bulk of J in telo-

meric repeats, confirming earlier analyses (Genest et al., 2007).

In addition, we find internal J at three main locations. Prominent

internal J peaks occur where two RNAP II PTUs converge and

terminate (see Figure 1A for an example on chromosome 14).

Of the 38 convergent transcription termination regions in the

L. major genome, all but one had a J peak. A second location

where internal J peaks are found is where RNAP II transcription

starts in both directions. Although not all of these start regions

contain internal J (see Figure 1A and Data S1), 16 of the 58 do

contain a major internal J peak (see Figure 1B for an example

on chromosome 7). These divergent transcription start regions

are marked by two adjacent acetylated histone H3 (H3ac) peaks

(Thomas et al., 2009), and the internal J peak is invariably found

between these H3ac peaks. The size of the divergent start region

(as measured by the distance between paired H3ac peaks)

correlates with the presence of J because the 12 largest all

have a major J peak. Conversely, most start regions with H3ac

peaks close together have no J peak. A third major location of

J peaks is immediately adjacent to single H3ac peaks within

PTUs (see Figure 1C for an example on chromosome 4). The

relative location of the internal J and H3ac peaks is what one

would expect if these J peaks mark transcription termination

sites and the H3ac peaks represent a restart of transcription in

the same direction. In addition, scattered internal J peaks are

found throughout the genome.We assume that their appearance

in the middle of PTUs is an unavoidable mapping artifact due to

inaccuracies in the current genomic map. Modest J peaks were

also observed upstream of the SL RNA locus in chromosome 2

and flanking the rRNA gene clusters in chromosome 27.

Loss of Internal J Is Concomitant with Overall J Loss
in L. tarentolae

To study the effect of J loss, we switched to L. tarentolae, as all

mutants affecting J levels were made in L. tarentolae. Although

the assembly of the L. tarentolae genome is not yet as refined

as that of L. major, the overall genome organization of the two

species is very similar and so is the location of J. In fact, all major

internal J peaks in L. major can be found at corresponding posi-

tions in the L. tarentolae genome (see Figures 1A and 1D and

Data S1). As we have far more reads on J-DNA fragments from

L. tarentolae than from L. major, we also seemoreminor J peaks.

For instance, for the 58 divergent transcription start regions of

L. tarentolae, we find a major J peak in 22, a minor J peak in

18, and no J in 26.

We have previously shown that disruption of JBP2, one of the

genes involved in J biosynthesis, results in a gradual loss of J

(Vainio et al., 2009). When these JBP2 KO cells are cultured in

BrdU-containing medium (KO+BrdU), they lose additional J

and die (Vainio et al., 2009). We now find that the overall drop

in J levels in L. tarentolae JBP2KO is accompaniedby aprofound

decrease in internal J, as determined by high-throughput

sequencing of J-containing fragments (see Figure 2 and Data

S2). Under the conditions of these experiments, the overall J

levels in JBP2 KO cells, measured by quantitative dot blots,

varied between 30% and 37% of wild-type (WT) (n = 3). For

the corresponding samples of JBP2 KO L. tarentolae grown for

4 or 5 days in KO+BrdU, the J levels were 13%–16% of WT.
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Figure 1. Location of Base J in the L. major and L. tarentolae Genomes

(A–D) The location of base J in the L. major (A–C) and L. tarentolae (D) genomes wasmapped by deep sequencing. DNA fragments enriched for J were isolated by

either an immunoprecipitation with anti-J-DNA antibodies or by a pull-down with JBP1, sequenced, and mapped. As an example, we show the location of J on

chromosome 14 of L.major (A) and L. tarentolae (D). All L.major and L. tarentolae chromosomes are presented in Data S1. The upper row in (A) shows the genomic

map of L. major chromosome 14 with the blue bars representing the protein coding regions organized in long PTUs encoded by the top (transcription to the right)

or bottom strand (transcription to the left). The arrows indicate the transcriptional orientation of the PTUs. The green bars represent RNA genes. The next row

shows the DNA segments immunoprecipitated with an antiserum against acetylated histone H3 (Thomas et al., 2009), marking putative transcription start sites.

Underneath are two rows showing the localization and abundance (as the total number of reads within 100 bp consecutive bins) of J-containing fragments over

the entire chromosome by deep sequencing using either anti-J-DNA antiserum or Strep(II)-tagged JBP1 to enrich for J-containing DNA fragments. Red bars

indicate values going off-scale. (B) shows an example of an internal J peak between two histone H3ac peaks in a divergent transcription start region on chro-

mosome 7 of L. major, and (C) shows an internal J peak upstream of a histone H3ac peak within a PTU on chromosome 4. (D) shows the genomic organization of

L. tarentolae chromosome 14 and the localization and abundance of base J (using anti-J-DNA antiserum). See also Data S1 and Tables S1 and S2.
Nearly all of this J is present in telomeric repeats (Genest et al.,

2007), and indeed, these repeats are still prominently precipi-

tated in the KO+BrdU DNA samples (Data S2). In contrast, the

decrease in internal J looks far more pronounced than that of

overall J because many internal J peaks are substantially

reduced in the KO cells and disappear almost completely in

the KO+BrdU cells, implying >99% loss of internal J. However,

as the dot blots and the IPs are both semiquantitative (van

Leeuwen et al., 1997), the decrease illustrated in Figure 2 (and

Data S2) cannot be interpreted in a strictly quantitative fashion.

Loss of J Results in Massive Readthrough of RNAP II
Transcription Units
Because internal J is predominantly found at transcription termi-

nation sites and is lost from these sites in JBP2 KO mutants, we

tested whether the loss of J affects transcription termination. As

synthesis of mature mRNAs requires processing sequences that

might be underrepresented in abnormal RNA produced by read-

through of termination sites, we initially looked at the small RNA

fraction, as this might contain a complete set of antisense RNA

degradation products. The high-throughput RNA sequencing

method used in this analysis will capture all RNA degradation

products with 50-P and 30-OH ends. Because Leishmania
appears to have few (if any) microRNAs (miRNAs), most

sequences obtained by this analysis will be derived from degra-

dation of (pre-)mRNAs.

More than 99% of the small RNAs found in WT cells corre-

spond to the coding strand predicted from the preliminary map

of L. tarentolae (see Table S1). The result is a rough picture of

the primary transcript map of L. tarentolae, as reflected in small

degradation products (see Figure 2 and Data S2). However,

there is a striking change in strand specificity in the JBP2 KO

mutant (where 7% of all the small RNAs are antisense), and

this is exacerbated when these cells are grown in the presence

of BrdU (KO+BrdU) (9.6% is antisense). We attribute this

profound change primarily to readthrough of convergent tran-

scription termination regions, when these regions lose their J,

rather than false starts on the wrong strand. First, the area

between protein-coding genes at large convergent transcription

termination regions fills up with transcripts from both strands

(see Data S2 for an example on chromosome 14). Second, the

frequency of antisense small RNA fragments decreases with

increasing distance from the convergent transcription termina-

tion region. This is illustrated in Figure 3A, in which we plot the

average transcript level on the same strand before and after

the transcription stop site. Whereas this level drops to near
Cell 150, 909–921, August 31, 2012 ª2012 Elsevier Inc. 911
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Figure 2. Loss of J in L. tarentolae Leads to Transcriptional Readthrough

The location of protein coding units, RNA genes, the direction of transcription of the PTUs, and the location and abundance of base J on chromosome 30 of

L. tarentolae are presented as in Figure 1. Bars going up indicate the number of transcripts derived from the top strand; bars going down indicate the number of
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Figure 3. Transcription Readthrough upon Loss of JBP2

(A) Average PTU readthrough in JBP2�/� (KO, green) and JBP2�/� grown in the presence of BrdU (KO+BrdU, red) as compared toWT (blue). Curves show running

means of small RNA read counts across the transcription termination sites for all convergent PTUs, aligned by their stop sites, taking transcript orientation into

account. Negative x axis coordinates represent positions upstream of the stop site within the PTUs, and positive coordinates are downstream of the stop site. The

median read density within each PTU was adjusted to unity; hence, downstream transcription levels are values relative to intra-PTU levels.

(B and C) The presence of oppositely oriented RNAP III genes in the convergent transcription termination regions drastically decreases readthrough. Similar plots

as in (A), but now only for PTUs without RNAP III genes in corresponding convergent transcription termination regions or with RNAP III genes in the corresponding

convergent transcription termination regions on the same strand as the upstream PTU (B) and for PTUs with RNAP III genes in the corresponding convergent

transcription termination regions on the opposite strand (C). See also Figure S1.
zero in RNA from WT cells directly after the transcription stop

site, it remains high in the JBP2 KO and KO+BrdU samples

and then gradually tapers off. Finally, the amount and extent of

readthrough is generally inversely related to the amount of J at

the convergent transcription termination regions; i.e., the more

J is reduced, the more readthrough is seen and the further it

extends from the transcription stop site (see Data S2).

The transcript analysis of JBP2 KO cells presented here was

done with a KO clone analyzed >100 passages after its genera-

tion. This clone had lost nearly all internal J. To test whether

a more limited loss of internal J would also lead to (more modest)

readthrough, we made use of our observation that the JBP2 KO

cells lose J over time (Vainio et al., 2009). We isolated a fresh

JBP2�/� clone and analyzed overall J, internal J, and read-

through at the earliest time points (Figure S1). Although the P0

cells had already lost 20%–30% of overall J, the loss of internal

J at convergent transcription termination regionswas on average

only 20% and varied between undetectable and 50%. Neverthe-

less, very modest readthrough was already detectable at some

of these early time points (Figure S1). These results suggest

that physiological levels of internal J are essential for proper

control of transcription termination and that even a small

decrease results in readthrough.

Stable Antisense Transcripts
To test how loss of J affects the levels of mature mRNAs, we

analyzed all RNAs containing the 50-SL sequence by deep
transcripts derived from the bottom strand. J levels and small RNAs are plotte

plotted on a logarithmic scale also in bins of 100 bp. Red bars are off-scale. T

samples were normalized by the total number of reads in each library. Data S2 pres

S1 and S2.
sequencing (SL or processed RNA). InWT cells, the vast majority

(>99%) of SL-containing reads were restricted to the coding

strand (see Table S1). The antisense reads increased consider-

ably in the JBP2 KO mutant and further increased when this

mutant was grown in the presence of BrdU (see Figure 2

and Data S2). However, the proportion of antisense SL RNA

sequencing (RNA-seq) reads was lower than for small RNA-

seq reads, and they were less evenly distributed, although the

number of reads at each site was substantially larger than for

the small RNA reads. Hence, the readthrough reflected in small

RNA is often more prominent than that in SL RNA (see Figure 2

and Data S2).

The Effect of RNAP III Transcription on Readthrough
Although readthrough occurs at most convergent transcription

termination regions when J levels fall, the extent of readthrough

varies, and it is often asymmetric at individual termination sites

(see Data S2). The presence of RNA genes that are transcribed

by RNAP III (such as transfer RNAs [tRNAs] and small nuclear

RNAs [snRNAs]) in the strand-switch region is the main factor

determining these variations (Figures 3 and 4). When there are

no RNAP III genes at the transcription termination site or RNA

genes read in the same direction as the adjacent Pol II PTU,

readthrough is extensive. Conversely, if RNAP II meets RNAP

III head on, readthrough is modest. These results suggest that

RNAP II can pass an RNAP III transcription unit more easily if

the polymerases are traveling in the same direction. The
d on a linear scale in bins of 100 bp, and the levels of processed RNAs are

he broken vertical line marks the transcription start and stop sites. The RNA

ents the results for all L. tarentolae chromosomes. See also Data S2 and Tables
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Figure 4. Transcriptional Readthrough of

Individual RNAP II Termination Sites at

Convergent Transcription Termination

Regions

(A) Antisense reads mapping adjacent to conver-

gent transcription termination regions. The

number of antisense reads of small RNA mapping

to the 20 kb window (or less for shorter PTUs)

upstream (left side) or downstream (right side)

of the convergent termination site was divided

by the window length (in kb) and expressed

per million reads for each small RNA-seq library

of WT, KO, and KO+BrdU cultures. The conver-

gent transcription termination regions are clus-

tered in four groups with RNAP III genes in the

convergent termination region on both strands

(T and B), on the top stand only (T), on the bottom

strand only (B), or with no RNA genes. Each row

represents one transcription termination region.

Arrows at the top of bars indicate values that are

off-scale. The numbers in the middle refer to the

detailed maps of the termination regions listed in

Table S4.

(B) The ratio of antisense to sense reads from the

small RNA-seq libraries adjacent to the conver-

gent transcription termination sites. This analysis

uses the samewindows and symbols as in (A). See

also Tables S3 and S4.
readthrough at individual transcription stop sites is variable, as

illustrated in Figure 4A. The profound readthrough at transcrip-

tion stop sites without RNAP III genes is clear from Figure 4B,
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which plots the ratio of antisense over

sense small RNA. The ratio of antisense

over sense reads in the readthrough

area often reaches or exceeds unity.

This is true at some convergent tran-

scription termination regions, even for

the SL RNA-seq reads (data not

shown). It is remarkable that antisense

RNA is processed so efficiently into SL

RNA, suggesting that polypyrimidine

sequences required for SL addition and

polyadenylation are relatively frequent in

random RNA sequences and that these

processing signals are selected against

in sense RNA to allow proper mRNA

formation.

Whereas the presence of internal J

and RNAP III transcription units appears

to be the dominant factor in prevent-

ing the readthrough observed, there

are additional variations in the extent

and/or magnitude of readthrough. For

example, not all convergent transcription

termination regions lacking RNA genes

show readthrough in both directions

(see 10.2 in Figure 4), whereas some

termination regions with RNA genes
show readthrough in the direction opposite to that of RNAP III

transcription (see 05.2 and 03.3 in Figure 4). These differences

could be due to relative promoter strength, unrecognized
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The presentation of protein coding regions and J location is as in Figure 1. The small RNA sequence data are shown by vertical bars whose ends represents the

fraction of top-strand (values between 0 and 1) and bottom-strand (values between 0 and�1) reads in bins of 100 bp across the chromosome. The total number of

reads in each bin is indicated by the color of the bar, with warmer (i.e. redder) colors representing more reads per bin. See Data S2 for a quantitative presentation

of sense and antisense RNA.
RNAP III transcription units, or the presence of cryptic termina-

tors not related to J.

Readthrough in WT L. tarentolae at the Only J-less
Convergent Transcription Termination Region
The only convergent transcription termination region without

detectable J in WT cells is present around position 580,000 on

chromosome 28 (Figure 5). In this figure, we present the data

as the proportion of sense to antisense small RNA-seq reads

in bins of 100 bp across the chromosome to accentuate the anti-

sense RNA. It is obvious that the J-less convergent transcription

termination region shows substantial readthrough in WT cells

(also visible for chromosome 28 in Data S2 and convergent tran-

scription termination region 28.2 in Figure 4), supporting our

conclusion that J at transcription termination sites is needed

for proper termination. Despite the apparent absence of J at

this convergent transcription termination site in WT cells, read-

through appears to increase in L. tarentolae JBP2 KO (±BrdU)

mutants. Why a J-less stop should be affected by loss of J
elsewhere in the genome is not clear, and we return to this point

in the Discussion.

Antisense Transcripts at Transcriptional Start Regions
Although the bulk of antisense reads appears around convergent

transcription termination regions when J levels drop, there is

also an increase in antisense RNA at many transcription start

sites, as can be seen in Data S2. This increase is especially

obvious close to the transcription start site, as illustrated in Fig-

ure 6 in which we plot the antisense reads over the entire PTU

and in 5 kb windows at the beginning and end of each PTU, as

explained in Figure 6A. There is also a substantial increase in

antisense reads in the first 5 kb of the PTU, especially in those

divergent start regions losing base J. This is especially

pronounced in the KO+BrdU samples (Figure 6B), in which the

level of antisense SL RNA rises to the levels found at convergent

transcription termination regions. This appears to be due to an

increase in erroneous starts within and around divergent tran-

scription start regions rather than readthrough from adjacent
Cell 150, 909–921, August 31, 2012 ª2012 Elsevier Inc. 915
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Figure 6. Effects of Knocking Out the JBP2 Gene and Growth in BrdU of L. tarentolae on Antisense Transcript Levels

(A–C) Antisense transcripts due to premature starts or readthrough were quantified in WT, KO, and KO+BrdU cells. (A) shows a schematic representation of the

antisense quantification due to false starts (left side) or readthrough (right side). Normal (WT) transcription of the PTUs (blue bars) is indicated by the black arrows;

when base J is lost, J transcription initiation or termination is compromised, leading to transcripts starting upstream of the PTU or continuing downstream of the

PTU, as indicated by the red arrows. This is detected as antisense RNA in the PTU on the other side of the transcription start site (false starts) or transcription

termination site (readthrough). The antisense SL or small RNA mapped to the first or last 5 kb of the PTU on the other side of the transcription termination site is

used to measure, respectively, premature starts or readthrough (dashed red arrows). (B) shows the transcript levels of antisense RNA based on SL RNA-seq and

(C) on small RNA-seq (the combined values of three independent experiments). Read densities are expressed per kb normalized to one million reads. The first

block of bars in (B) and (C) represents the mean antisense read density over the entire PTU for all 183 PTUs. The effect of false starts is represented as the mean

antisense RNA read density in the first 5 kb of all PTUs next to a divergent transcription start site (second block) or of all 22 PTUs next to a divergent start site with
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PTUs because it is also observed at divergent start regions with

no upstream convergent transcription termination regions (e.g.

the left end of chromosome 30 in Figure 2). In contrast, the

increase in antisense RNA at transcription start sites is more

modest when measured by small RNA-seq (Figure 6C). This

difference could be due to enrichment of processed RNAs by

the SL RNA-seq method. Trans-splicing takes place during tran-

scription and favors the use of the most proximal SL acceptor

site (Ullu et al., 1993); this site is mapped by using the SL

RNA-seq method. Every false transcription start upstream of

a PTU will result in SL RNAs mapping upstream of this PTU,

scored as antisense RNA. Small RNA-seq, on the other hand,

maps RNA degradation products derived from the entire tran-

script, and these may largely overlap with sense transcripts, as

indicated in Figure 6A.

There is also an overall increase in antisense RNA in the

L. tarentolae JBP2 KO (±BrdU) mutant that cannot be readily ex-

plained by readthrough or relaxed strand specificity at divergent

transcription start regions. For example, chromosome 31 is tran-

scribed (almost) exclusively from one strand but nevertheless

displays an increase in antisense RNA (see Data S2). We return

to this increase below.

Does Readthrough Lead to Accumulation of Duplex
RNA?
The extensive readthrough at transcription stop sites when

internal J levels fall could lead to formation of duplex RNA. As

Leishmania does not have the machinery for processing of

duplex RNA associated with RNA interference (Robinson and

Beverley, 2003), any duplex RNA formed might accumulate.

We have tested this by looking for ribonuclease (RNase)-resis-

tant RNA, a time-honored method (Weissmann and Borst,

1963; Borst and Weissmann, 1965). None was found, although

duplex viral RNA added as internal control was readily recovered

(data not shown). Apparently, processing of nascent transcripts

is fast enough to avoid duplex RNA formation, or Leishmania is

able to rapidly degrade any duplex RNA formed by using

enzymes other than those involved in RNA interference.

Effect of Readthrough on Sense RNA
Transcriptional readthrough has been shown to interfere with

the synthesis of sense RNA in every prokaryotic and eukaryotic

model system tested (Shearwin et al., 2005). To verify this for

L. tarentolae, we analyzed the changes in the levels of sense

RNA in the L. tarentolae JBP2 KO mutant grown in the presence

or absence of BrdU relative to the WT RNA levels. No consistent

change was found. However, we found changes in individual

mRNA levels in the L. tarentolae JBP2 KO mutants spread

over the entire genome (data not shown). Remarkably, mRNA

levels (as measured by SL RNA-seq sense reads) in the mutant

cells went both up and down, with 306 genes showing >2-fold

decrease and 784 genes showing >2-fold increase SL RNA
a major J peak (third block). The fourth block is the mean antisense RNA read den

block represents the mean antisense RNA read density from the last (30) 5 kb of the

RNAP III transcribed genes. The antisense reads in the WT samples are in part

termination region on chromosome 28 (see Figures 4 and 5) and in part from incide

the L. tarentolae genome. See also Table S5.
expression in the KO mutant relative to WT. The alterations in

the KO+BrdU mutant were equally extensive.

We think that these widespread alterations are due not to the

acute effects of J loss and readthrough but to secondary effects.

After disruption of the second allele of the JBP2 gene, themutant

cells lose internal J slowly (Vainio et al., 2009), and after 15

passages, readthrough is still minimal (Figure S1). Only after at

least 100 additional passages does the internal J level go

down to the levels found here (Figure 2). This slow decrease of

internal J provides the Leishmania mutant with ample time for

adaptation, such as genome-wide increases and decreases

in transcript levels. This transcriptional chaos makes it impos-

sible to decide from our current data exactly how J loss kills

Leishmania.

DISCUSSION

The function of base J has long been elusive (Borst and Sabatini,

2008), but the data presented here show that J is essential for

proper termination of RNAP II transcription in Leishmania. J is

present at all 38 convergent RNAP II transcription termination

sites with only one exception. When one of the enzymes required

for J biosynthesis, JBP2, is eliminated, the internal J peaks

marking RNAP II termination sites decrease by an order of

magnitude, and significant readthrough becomes detectable

(Figure 2). This readthrough is exacerbated when the JBP2 KO

cells are grown in BrdU. Under these conditions, the J peaks

marking RNAP II termination sites disappear (nearly) completely

(Figure 2).

The requirement of base J for RNAP II transcription termina-

tion is supported by the results obtained for the unique transcrip-

tion termination site on chromosome 28 that is not marked by

base J (Figure 5). At this site, we observe antisense RNA (inter-

preted as readthrough) in the WT cells, strongly indicating that

proper termination of RNAP II transcription does not occur in

the absence of base J unless RNAP III transcription meeting

RNAP II stops the readthrough (Figures 3 and 4). We have scru-

tinized the one and only J-less readthrough region for proteins

encoded in the antisense RNA, but we found none. We cannot

rule out, however, that there might be useful noncoding RNAs

derived from the antisense RNA, as readthrough at this conver-

gent transcription termination region appears to be conserved in

three other Leishmania species (L. donovani, L. amazonensis,

and L. tarentolae) (P.J.M. and C.F., unpublished data). Read-

through at this site is not observed in L. braziliensis, however,

which has an intact RNA interference system (Lye et al., 2010).

Many (26 out of 58 in L. tarentolae) divergent transcription start

regions do not contain any detectable J (see Figure 1 for an

example), showing that J is not required for transcription initia-

tion in Leishmania. Nevertheless, transcription initiation is also

affected when J is lost (Figure 2) because loss of J results in an

increase of antisense SL-containing RNAs at transcription start
sity from the last (30) 5 kb of all PTUs around a transcription stop site. The fifth

50 PTUs contiguous with convergent transcription termination regions lacking

derived from the authentic readthrough of the J-less convergent transcription

ntal antisense transcripts, probably due to mapping errors not yet corrected in
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sites (Figure 6). Although this increase in ‘‘false starts’’ is most

pronounced at divergent transcription start regions containing

J, it also occurs at divergent start regions that lack J, as well

as at telomeric and ‘‘internal’’ transcription start sites. In addi-

tion, there appears to be a generalized low increase in antisense

transcripts all over the genome (Figures 2 and 6). It is possible

that there is always a low level of improper transcription initiation

in WT cells but that these antisense transcripts are rapidly

eliminated. Gross readthrough in the KO (±BrdU) mutants could

overtax this system and could result in the appearance of

increased antisense transcripts all over the genome. This

hypothesis is in line with the observation that �10% of tran-

scripts detected in nuclear run-on experiments with L. major

were antisense (Martı́nez-Calvillo et al., 2003) and with the pres-

ence of occasional antisense transcripts throughout the genome

in WT cells (Belli et al., 2003). The overtaxing hypothesis could

also explain the increased readthrough at the single convergent

RNAP II termination site (28.2) not marked by J when J levels

decrease (Figure 5). Finally, low levels of J, randomly located

throughout the genome, could suppress rare but normally occur-

ring antisense transcription. When this J is lost, a general

increase of antisense RNA will occur. Although we have no

evidence for this possibility, we cannot exclude it.

When cells lacking JBP2 are grown in BrdU, they lose addi-

tional J and die (Vainio et al., 2009). Our previous attempts

to pinpoint the cause of death were unsuccessful (P.B., S.V.,

P.-A.G., and H.G.A.M.v.L., unpublished data). The massive

readthrough demonstrated here may now provide an explana-

tion for J-less death. Readthrough interferes with sense RNA

synthesis in all systems studied thus far (reviewed in Shearwin

et al., 2005), and it seems plausible that it will also do so in

Leishmania.

How base J promotes RNAP II termination is not yet

known. In other eukaryotes, polyadenylation of precursor

mRNA initiates exonuclease activity by the exosome that will

eventually overtake RNAP II and terminate transcription

(reviewed by Richard and Manley, 2009). Leishmania, with its

long polycistronic transcription units, cannot use polyadenyla-

tion-coupled termination, and it may therefore have recruited J

as an alternative termination signal. We do not yet know how J

is recognized by the termination machinery. A simple mecha-

nism could involve the stalling of RNA polymerase at base J, re-

sulting in discontinuation of RNA synthesis. Recent work on DNA

synthesis has shown that some DNA polymerases may stall

extensively at unusual bases in the template strand (Flusberg

et al., 2010). Another obvious hypothesis is that JBP1, a thymi-

dine hydroxylase that tightly binds to duplex J-DNA (Cross

et al., 1999; Sabatini et al., 2002; Yu et al., 2007; Grover et al.,

2007), could provide the termination signal. This hypothesis is

made unattractive by our finding that there is not much JBP1

in the cell, only enough to cover �1% of the existing base J

(Toaldo et al., 2005). Another possibility is that the chromo-

some-internal regions with J cluster in the nucleus with telomeric

repeats containing J. This could create a ‘‘silencing domain’’

through which RNAP II would not be able to proceed. Although

telomeres are known to cluster in Leishmania (Dossin et al.,

2008), there is no evidence that base J is involved in this process.

We are testing whether chromosome-internal J colocalizes with
918 Cell 150, 909–921, August 31, 2012 ª2012 Elsevier Inc.
telomeric J by using themethodology previously used to demon-

strate clustering of telomeric repeats in Leishmania (Dossin et al.,

2008).

Although the KO of JBP2 results in a substantial loss of J and

concomitant readthrough, the loss is not complete. We therefore

relied on a pharmacological trick—growth in BrdU—to further

eliminate base J from transcription termination sites. BrdU inter-

feres with J synthesis in Leishmania, T. brucei (van Leeuwen

et al., 1998a), and T. cruzi (Ekanayake et al., 2011), but we

don’t know how. JBP1 does not detectably bind to oligonucleo-

tides containing BrdU, and the level of BrdU incorporation in

the experiments presented here is relatively low—less than 1%

replacement of T (P.B., S.V., P.-A.G., and H.G.A.M.v.L., unpub-

lished data). We have recently shown that growth of WT

L. tarentolae for 48 hr in a relatively high concentration of BrdU

(10 mM) results in a uniform loss of J at all positions in the

genome. Even broad, exotically shaped internal J peaks reduced

by 80% do not alter shape (P.B. and H.G.A.M.v.L., unpublished

data). A low T substitution by BrdU may therefore uniformly

reduce J peaks. This suggests that the J-insertion machinery

may require more than one unmodified T to act, even if J is

already present in DNA. These results make it unlikely that the

BrdU effect on J is due to the type of chromatin alterations found

by BrdU incorporation in yeast, which is highly dependent on

DNA sequence (Miki et al., 2010; Fujii et al., 2010).

Cliffe et al. (2010) have found J flanking RNAP II transcription

units in T. brucei and T. cruzi and presented preliminary data

that J is also present in this location in L. major. In a recent paper,

they analyzed the transcriptional alterations in T. cruzi that

follow the KO of JBP1 (which is viable in T. cruzi) or JBP2.

They also find widespread alterations in transcription following

J loss (Ekanayake et al., 2011), as we find in Leishmania, but

no readthrough of RNAP II termination sites. Instead, there is

a major increase in transcription initiation and a loosening of

chromatin structure at divergent transcription start regions

(Ekanayake et al., 2011). Whether there is also widespread

synthesis of antisense RNA in T. cruziwas not tested. Leishmania

and T. cruzi are distant relatives (Simpson et al., 2006; Stevens,

2008), comparable to frogs and apes. Hence, they may not

use J for the same functions. However, the difference may

seem larger than it is. We also see minor alterations at divergent

start regions (Figures 2 and 6), even at starts regions not

containing J. Suppression of transcription initiation and suppres-

sion of transcriptional readthrough may act through similar

mechanisms in that they both could involve the creation of

more repressive chromatin structures (Beisel and Paro, 2011).

It is possible that transcription initiation is normally limited

by association with telomeric clusters, as hypothesized here

for transcription termination sites. If such nuclear repressive

domains would be disrupted by loss of J, the precision of

transcription initiation might decrease. RNAP II transcription

initiation in Leishmania appears to be imprecise anyhow

(Martı́nez-Calvillo et al., 2003, 2004), and DNA chromatin marks

may be required to limit the position where the polymerase can

start. Besides J, these marks could involve histone variants,

which are known to mark the boundaries of polycistronic tran-

scription units in trypanosomes (Siegel et al., 2009; Wright

et al., 2010; Cliffe et al., 2010), and specific histonemodifications



(Thomas et al., 2009). The basic function of J may therefore be to

help in the formation of repressive chromatin.

EXPERIMENTAL PROCEDURES

Detailed protocols are described in the Supplemental Information.

J-DNA Isolation and Quantification

Leishmania were grown in SDM-79 medium, and JBP2 KO cells (Vainio et al.,

2009) were grown in 0.6 mM BrdU-containing medium for 5 days before

harvesting. Genomic DNA was isolated and quantified by using immunoblots

as described by van Leeuwen et al. (1997). For sequencing, the genomic DNA

was dissolved in water, sheared (Covaris) to fragments of �200 bp, and

precipitated with anti-J antibodies (van Leeuwen et al., 1997). For precipitation

with JBP1, biotin-tagged L. tarentolae JBP1 preattached to magnetic strepta-

vidin-coated beads were used.

Cloning, Expression, and Purification of Biotin-Tagged

L. tarentolae JBP1

The codon-optimized full-length L. tarentolae JBP1 gene (Heidebrecht et al.,

2011) was used as a template to fuse a 16 residue N-terminal peptide tag

required by the E. coli biotin ligase BirA for the enzymatic conjugation of

a single biotin (Schatz, 1993). Tagged JBP1 was purified from E. coli by using

streptavidin-coated magnetic beads (Dynabeads M-280, Invitrogen). The esti-

mated concentration of JBP1 on the beads was 0.1–0.2 mg per ml.

High-Throughput Small RNA, SL RNA, dsRNA, and DNA Sequencing

Genomic DNA was sheared into fragments of 100–1,200 bp (Nebulizer,

Illumina) and was made into a DNA sequencing (DNA-seq) library by using

the Genomic DNA Sample Preparation Kit (Illumina, San Diego, USA). Chro-

matin immunoprecipitation sequencing (ChIP-seq) libraries were prepared

with the Illumina sample preparation kit and modified in the use of Covaris

DNA Shearing (Covaris, MA, USA). Small RNAwas purified by using 15%poly-

acrylamide/urea/TBE gel electrophoresis and ligated to 50 and 30 small RNA

adapters, reverse transcribed, and prepared for sequencing. SL RNA libraries

were prepared by using an adapted protocol from Armour et al. (2009).

Samples were sequenced by using an Illumina Genome Analyzer IIx.

Genome Annotation

Version 5.3 of the L. major Friedlin genome sequence and annotation was

obtained from release 2.0 of TriTrypDB. The version 2 draft assembly of the

L. tarentolae Parrot (LtaP) genome sequence was graciously provided by

F. Raymond, B. Papadopoulou, M. Olivier, M.J. Tremblay, M. Ouellette, and

J. Corbeil at CIHR in Québec, Canada (Raymond et al., 2012). Structural anno-

tation was performed by reconciliation of three separate annotation efforts:

the Rapid Annotation Transfer Tool (RATT) (Otto et al., 2011), the AutoMagi

software (El-Sayed et al., 2005a), and Crossmatch (http://www.phrap.org/

phredphrapconsed.html).

Mapping of High-Throughput Sequencing Reads and J Peaks

Small RNA reads were aligned by using the Burrows Wheeler Aligner (Li and

Durbin, 2009) using the default parameters. ChIP-seq data were filtered to

remove all reads with a mapping quality equal or less than 21. The small

RNA data were filtered to remove the reads with a mapping quality value

less than 37 or reads that aligned with mismatches. For all data sets, reads

mapped to multiple sites in the genome were discarded. After mapping the

J-IP sequence reads to the L. major and L. tarentolae genomes, the number

of reads at each nucleotide position was used to define J peaks. A major

peak was defined as contiguous sequence with a read depth of 20 or greater

at each nucleotide and with a peak intensity of 100 or greater. Peaks due to

collapsed repetitive sequence were usually ignored.

Calculation of Average Readthrough Profiles

Custom R scripts were used to generate average readthrough profiles. For

this purpose, genome-wide positions of all read counts in 100 bp windows

were converted to coordinates relative to the nearest transcription termination
sites on the same strand, taking strand orientation of the reads and the

corresponding PTU into account. Mean read counts across the aligned tran-

scription termination sites were calculated with a running window covering

2% of the data.
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The data discussed in this publication have been deposited in NCBI’s

Gene Expression Omnibus (Edgar et al., 2002) and are accessible through

GEO Series accession number GSE32976 (http://www.ncbi.nlm.nih.gov/geo/
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