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In their Letter to the Editor, Andersson

et al. (2015) examined divergent and uni-

directional human promoter regions re-

ported in our February 2015 Molecular

Cell paper (Duttke et al., 2015) and

compared our results with data from their

concurrent studies (Andersson et al.,

2014; Core et al., 2014). They concluded

that the nature of our transcription start

site (TSS) data generated by the

50-GRO-seq method (Lam et al., 2013)

led to an inflation of the percentage of uni-

directional promoter regions, and further

suggested that unidirectional promoter

regions may not exist.

We appreciate the opportunity to

address these issues. To place this dis-

cussion in the context of our findings

(Duttke et al., 2015), it is first useful to

restate the four summary highlights of

our paper verbatim:

(1) Basal RNA polymerase II machin-

ery and core promoters are inher-

ently directional.

(2) Divergent transcripts arise from

their own core promoters at the

edge of open chromatin.

(3) Unidirectional promoters are

frequent and depleted of reverse

core promoter sequences.

(4) Reverse-directed core promoters

are associated with a unique chro-

matin signature.

Thus, our findings indicated that tran-

scription from human promoters does

not occur spontaneously in both direc-

tions, but is instead intrinsically direc-

tional because both unidirectional and
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divergent/bidirectional promoter regions

contain unidirectional core promoters. In

the Letter, Andersson et al. (2015) are in

agreement with conclusions #1 and #2

of the highlights and incorporate these

findings into the model shown in

Figure S1A of their Letter. They disagree

with conclusion #3 and do not address

conclusion #4.

Hence, the key question relates to

conclusion #3: are there human unidirec-

tional promoter regions that contain only

one forward-directed core promoter? In

this regard, it should be noted that in Ta-

ble S1 of Duttke et al. (2015), we had

analyzed the exosome knockdown

(hRRP40) CAGE data available at that

time (Ntini et al., 2013) and found approx-

imately 47% (3,188/6,828) unidirectional

promoters. These results indicate that

substantial unidirectional transcription

can be seen with TSS data generated by

exosome knockdown CAGE as well as

by 50-GRO-seq methods.

It therefore appears that the basis for

the different conclusions is largely in the

analysis of thedata. It is particularly impor-

tant to consider what is defined to be a

meaningful level of (reverse-directed)

transcriptional activity. In their work, An-

dersson et al. (2015) calculate the sum of

all reads anywhere within a window from

�100 to +50 relative to the DNase I hyper-

sensitive site (DHS) edge and derive a

library-specific cutoff based on read fre-

quencies in equally sized windows in

negative reference regions. For their

negative reference regions, the authors

chose inactive chromatin by excluding

anygenic regions aswell as any annotated
015 Elsevier Inc.
DHSs or enhancer regions. This strategy

yields a positive reverse-direction signal

in their new hRRP40 knockdown CAGE

data (Andersson et al., 2014) with three

reads across all three pooled replicates

totaling �45 million mapped reads. With

these criteria, about 18% of promoters

are found to be unidirectional. The lower

number of unidirectional promoters re-

ported in their Letter is based on pooling

not only replicates but also separate re-

sults obtained from different cell types

with different protocols.

We felt that it would be useful to address

the concerns of Andersson et al. (2015) by

analyzing their data (Andersson et al.,

2014; with results from the same cell

type) and by using their approach, with

two differences. First, we calculated TSS

activity by the maximal read count in a

10-nt window from �100 to +1 relative to

the DHS edge. (This is in contrast to the

sum of all reads in the window from

�100 to +50 relative to the DHS edge, as

in Andersson et al. [2015].) Based on our

previous observations (Duttke et al.,

2015), this criterion reflects the properties

of authentic TSSs. Second, instead of us-

ing inactive chromatin as the background

reference (as in Andersson et al., 2015),

we used 101-nt central segments of

open chromatin from intergenic DHS re-

gions (excluding promoters and genes)

that do not overlap with the DHS edges.

The analysis of the new hRRP40 knock-

downCAGEdataby this approach yielded

‘‘alternatively classified’’ promoter re-

gions. For comparison,we refer to thepro-

moter regions described in Duttke et al.

(2015) as the ‘‘original’’ promoter regions.
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With this approach, we found that 42%

of the alternatively classified promoter

regions (including annotated bidirec-

tional promoters) are unidirectional. This

percentage is similar to the 47% un-

idirectional observed with exosome

knockdown CAGE data and the 51% uni-

directional observed with 50-GRO-seq

data by using our original method of anal-

ysis (Duttke et al., 2015). To determine

whether the alternatively classified unidi-

rectional promoters are distinct from the

alternatively classified divergent pro-

moters, we compared their properties.

First, promoter sequence models (Frith

et al., 2008) show nearly the same high

peak scores for forward-directed tran-

scription in unidirectional and divergent

promoter regions, a lower but distinct in-

crease in the score for reverse-directed

transcription in divergent promoter re-

gions, and a nearly negligible increase in

the score in reverse-directed unidirec-

tional promoter regions (Figure S1A). Sec-

ond, examination of TFIIB ChIP-exo data

from HeLa cells (Venters and Pugh,

2013) reveals a strong bimodal pattern

for divergent promoter regions and a clear

unimodal pattern for unidirectional pro-

moter regions (Figure S1B). Third, the

chromatin signature, as seen in Promoter

State 2, is different in unidirectional versus

divergent promoter regions (Figure S1C).

This latter point was the fourth major

conclusion of our previous study (Duttke

et al., 2015) and was not described by An-

dersson et al. (2014, 2015) or Core et al.

(2014). These analyses show many signif-

icant differences between unidirectional

and divergent promoter regions and thus

provide some validation of the methods

that we used to classify them.

Thus, our further analysis of the data

has revealed distinct unidirectional and

divergent promoter regions. Depending

on the particular method of promoter

classification, the percentage of unidirec-

tional promoters in a single cell type has

been observed to vary from 18% to

51%. In this light, it is relevant to note

that two recent studies have reported

24.6% unidirectional transcription in

mouse macrophages (Scruggs et al.,

2015) and 23% unidirectional transcrip-

tion in human cells (HeLa or HEK293T)

(Mayer et al., 2015). As discussed above,

the percentages of unidirectional tran-

scription will vary with the methods of

detection and analysis. Nevertheless, it

can be seen that there is a substantial

fraction of unidirectional transcription in

all of these estimates.

From a more biological perspective, it

is important to consider whether there

are distinct functions for unidirectional

versus divergent promoters. In other

words, rather than debate whether a

handful of reverse-direction reads relative

to thousands of forward-direction reads

is ‘‘unidirectional’’ or ‘‘divergent,’’ it may

be more useful to determine if there is

an underlying basis for a promoter to be

unidirectional or divergent. It can be

seen that the features of the promoters

that we classify as unidirectional are

distinct from those of the promoters that

we classify as divergent (Figure S1;

Duttke et al., 2015). These differences in

DNA sequences, transcription factor oc-

cupancy, and chromatin modifications

may reflect differences in biological func-

tion. Hence, in the future, the classifica-

tion of promoters may not be as ‘‘unidi-

rectional’’ or ‘‘divergent,’’ but perhaps

rather as promoter class A, B, C, and so

on, where each promoter class has its

own distinct functional characteristics,

one of them being its degree of

unidirectionality.
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Figure S1. Classification and analysis of unidirectional and divergent promoter regions with exosome knockdown 
CAGE data from Andersson et al. (2014)

DHSs were classified based on exosome knockdown CAGE data (Andersson et al., 2014) and a thresholding approach 
similar to that used by Andersson et al. (2015). Our method requires that the maximum read count in a 10 nt window 
within 101 bp upstream of and including the DHS edge must be over the 95th percentile of that same value measured on 
a negative control set, defined as both strands of equally-sized windows in the centers of 7379 intergenic-annotating 
DHSs (14758 strand-specific regions) large enough to prevent overlaps with the DHS edge region (i.e., the background 
intergenic DHSs must be ≥ 303 bp). This value corresponds to 12 tags. We used the original promoter regions reported in 
Duttke et al. (2015) and classified those in which both 101 bp edge windows (forward and reverse) meet the threshold as 
divergent and those in which only the forward window meets the threshold as unidirectional. A. Position specific Markov 
chain sequence model (Frith et al., 2008) assessment of alternatively classified promoter regions. Average sequence model 
scores in 10 bp windows are shown anchored on respective DHS edges and calculated as described in Duttke et al. (2015). 
Divergent promoter regions (n = 1952). Unidirectional promoter regions (n = 1667). B. Comparison of Hela cell TFIIB 
ChIP-exo (Venters and Pugh, 2013) signal for original 5’-GRO-seq classified and exosome knockdown CAGE alternatively 
classified promoter regions. ChIP-exo reads were extended by the fragment length of 53 nucleotides as determined by 
peakzilla (Bardet et al., 2013), and average counts were plotted (single base positions in windows 500 bp upstream and 
downstream of DHS centers). Divergent original (n = 1741). Divergent alternatively classified (n = 1952). Unidirectional 
original (n = 2237). Unidirectional alternatively classified (n = 1667). C. Hidden Markov model-based chromatin state 
intersections as described in Duttke et al. (2015) for alternatively classified promoter regions. The plots show the fraction 
of each position intersecting a given state 2000 bp upstream and downstream of DHS centers.  Exosome knockdown CAGE 
reads were trimmed with fastx_trimmer from the fastx toolkit (http://hannonlab.cshl.edu/fastx_toolkit/commandline.html). 
Trimmed CAGE reads and those from the Hela TFIIB ChIP-exo were mapped with the default settings of Bowtie2 
(Langmead and Salzberg, 2012), disgarding all non-uniquely mapped reads.
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