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SUMMARY

Upon recruitment to active enhancers and pro-
moters, RNA polymerase II (Pol II) generates short
non-coding transcripts of unclear function. The
mechanisms that control the length and the amount
of ncRNAs generated by cis-regulatory elements
are largely unknown. Here, we show that the adaptor
protein WDR82 and its associated complexes
actively limit such non-coding transcription. WDR82
targets the SET1 H3K4 methyltransferases and the
nuclear protein phosphatase 1 (PP1) complexes to
the initiating Pol II. WDR82 and PP1 also interact
with components of the transcriptional termination
and RNA processing machineries. Depletion of
WDR82, SET1, or the PP1 subunit required for its nu-
clear import caused distinct but overlapping tran-
scription termination defects at highly expressed
genes and active enhancers and promoters, thus
enabling the increased synthesis of unusually long
ncRNAs. These data indicate that transcription initi-
ated from cis-regulatory elements is tightly coordi-
nated with termination mechanisms that impose the
synthesis of short RNAs.

INTRODUCTION

Mammalian genomes produce a large number of non-coding

RNAs (ncRNAs), in addition to mRNAs (Carninci et al., 2005).

ncRNAs are generated by bona fide genes but also as a conse-

quence of RNA polymerase II (Pol II) transcription of cis-regula-

tory regions, including promoters (Kapranov et al., 2007; Preker

et al., 2008) and enhancers (De Santa et al., 2010; Kim et al.,

2010; Koch et al., 2011). Generation of enhancer RNAs (eRNAs),

which include short species generated by bidirectional transcrip-

tion from enhancer centers and more infrequently long unidirec-
460 Molecular Cell 60, 460–474, November 5, 2015 ª2015 Elsevier In
tional transcripts (Natoli and Andrau, 2012), correlates with

enhancer acetylation and activity (Wang et al., 2011). Transcrip-

tion initiated at cis-regulatory elements was shown to cause

functional effects mediated either by the ncRNA (Wang et al.,

2008; Lam et al., 2013; Li et al., 2013; Melo et al., 2013; Ørom

et al., 2010) or by the act of transcription (Schmitt et al., 2005).

However, other studies showed this transcription to be unsup-

pressed noise (Hah et al., 2013).

Promoters and enhancers share similar mechanisms of tran-

scription initiation and common architectural principles,

including the presence of the same core promoter sequence el-

ements (Core et al., 2014) and their nucleosome depletion (Bar-

ozzi et al., 2014; Schones et al., 2008). The outcome of Pol II

recruitment to active cis-regulatory elements is determined by

the interplay between the mechanisms that control transcription

initiation, elongation, and termination and those that control the

stability of the nascent transcripts (Jensen et al., 2013). At pro-

moters, poly(A) signals (PAS) in the nascent divergent transcripts

(promoter proximal transcripts, or PROMPTs) are recognized

by the cleavage and polyadenylation specificity factor (CPSF),

resulting in transcript cleavage, transcriptional termination (Al-

mada et al., 2013; Ntini et al., 2013), and transcript degradation

by the nuclear exosome (Flynn et al., 2011). Both early termina-

tion and exosome-mediated degradation are stimulated by the

recognition of the 50 cap of the nascent PROMPT by a cap-bind-

ing complex (CBC) and its associated subunits (Andersen et al.,

2013; Hallais et al., 2013), pointing to a model whereby the prox-

imity of the PAS to the 50 cap determines the short length and the

instability of PROMPTs. Instead, in the mRNA coding direction,

PASs are depleted and their usage is suppressed (Almada

et al., 2013; Ntini et al., 2013). When Pol II reaches the gene 30

end, PAS recognition by CPSF triggers transcription termination.

In this case, however, the distance of the PAS from the 50 cap
and the associated CBC would explain why, differently from

PROMPTs, the cleaved pre-mRNAs are not degraded by the

exosome.

Whereas eRNAs, like PROMPTs, are capped, short and unsta-

ble molecules (De Santa et al., 2010; Andersson et al., 2014), it is

not knownwhether their instability is similarly linked to premature
c.

mailto:liv.austenaa@ieo.eu
mailto:gioacchino.natoli@ieo.eu
http://dx.doi.org/10.1016/j.molcel.2015.09.018
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molcel.2015.09.018&domain=pdf


transcription termination and why enhancer-initiated transcrip-

tion is biased toward the production of short RNAs.

Several studies (mainly in yeast) suggest a role of chromatin in

limiting pervasive non-coding transcription. First, chromatin

configurations that are non-permissive for transcription are

generated by chromatin remodelers (Hainer et al., 2015; White-

house et al., 2007), chromatin assembly factors (Marquardt

et al., 2014), and histone deacetylases (Carrozza et al., 2005;

Pinskaya et al., 2009). Second, in yeast, H3K4 methylation by

the SET1/COMPASS complex was shown to control transcrip-

tion termination (Terzi et al., 2011). SET1/COMPASS, the only

yeast H3K4 methyltransferase (Shilatifard, 2012), was linked to

a termination pathway responsible for termination of cryptic un-

stable transcripts (CUTs), the yeast equivalent of PROMPTs

(Porrua and Libri, 2015).

The mammalian SET family includes MLL1-4 and SET1A/B.

The SET1A/B complexes specifically contain CFP1, which is

required for H3K4me3 deposition at CpG islands (CpGi) (Thom-

son et al., 2010; Clouaire et al., 2012) andWDR82 (Lee and Skal-

nik, 2008; Wu et al., 2008), which recognizes Ser5 Pol II and me-

diates cotranscriptional SET1A/B recruitment and deposition of

H3K4me3 (Ng et al., 2003). WDR82 is also found in a protein

phosphatase 1 (PP1) complex that is directed to the nucleus

by the PP1 nuclear targeting subunit (PNUTS) (Lee et al.,

2010; van Nuland et al., 2013). In Drosophila, PNUTS is required

for PP1 recruitment to active transcription sites, where it also

dephosphorylates the Pol II carboxy-terminal repeat domain

(CTD) (Ciurciu et al., 2013). Overall, while WDR82 specifically

recognizes the initiating Pol II and mediates its association

with the SET1A/B and PNUTS/PP1 complexes, the functional

impact of tethering these two enzymatic activities to Pol II is

unknown.

Additional evidence points to the involvement of WDR82 and

PNUTS/PP1 in transcription termination. The S. cerevisiae

WDR82 and PP1 orthologs (as well as the PNUTS ortholog in

S. pombe) (Vanoosthuyse et al., 2014) are associated with the

cleavage and polyadenylation factor (CPF) (Dichtl et al., 2002;

He et al., 2003) and their absence causes polyadenylation and

termination defects (Cheng et al., 2004; Dichtl et al., 2004; Nedea

et al., 2008). Moreover, PP1 and PNUTS are components of the

molecular machinery processing the pre-mRNA 30 end in human

cells (Shi et al., 2009). A summary of the complexes mentioned

is shown in Figure S1A.

Here, we show that the depletion of WDR82, PNUTS, or

SET1A/B resulted in distinct but overlapping Pol II termination

defects affecting highly expressed genes and active enhancers

and promoters. Our data indicate that actively enforced early

transcription termination is an essential mechanism limiting tran-

scription of cis-regulatory sequences in mammals.

RESULTS

Wdr82 Depletion Reduced H3K4me3 at Non-CpGi
Promoters
We first depleted WDR82 in mouse primary macrophages using

retrovirus-mediated short hairpin RNA (shRNA) delivery. Consis-

tent with previous observations (Lee and Skalnik, 2008;Wu et al.,

2008), WDR82 depletion reduced SET1A protein levels without
Mole
affecting its mRNA (Figure S1B). Levels of RBBP5, a SET1 and

MLL core complex component, were not affected, while PNUTS

was upregulated (Figure S1B). The impact of WDR82 depletion

on H3K4me3 was analyzed by chromatin immunoprecipitation

sequencing (ChIP-seq). In untreated macrophages, 550 out of

the 15,662 (3.5%) constitutive H3K4me3 peaks were reduced

upon WDR82 depletion (MACS [model-based analysis of chIP-

seq] scoreR 100), while effects on histone acetylation weremin-

imal (Figure 1A and Table S1). Compared to the reduction of

H3K4me3 bulk levels reported in WDR82-depleted HeLa cells

(Wu et al., 2008), such limited effects are likely to occur because

macrophages divide poorly in culture, implying an overall lower

turnover of histones and their modifications compared to cycling

cells. In response to lipopolysaccharide (LPS) stimulation, how-

ever, 60.6% of the induced H3K4me3 peaks were reduced in

cells depleted of WDR82 (Figure 1A), indicating that most de

novo deposited H3K4me3 depends on SET1A/B. Instead,

WDR82 depletion had minimal consequences on LPS-inducible

histone acetylation (Figure 1A). Reduction of H3K4me3 corre-

lated with transcriptional activity, as indicated by 4-thiouridine

(4sU) labeling of nascent RNAs (Figure 1B, p = 1.6e-11,Wilcoxon

rank-sum test), indicating that genes with higher transcription-

related nucleosome turnover rely on SET1A/B to maintain

H3K4me3 levels.

Loss of H3K4me3 anti-correlated with the promoter G+C con-

tent (Figure 1C), and less than 20% of the genes with H3K4me3

loss contained a CpGi, as opposed to 65% of the genes that lost

H3K4me3 in Mll2�/� macrophages (Figure 1D) (Austenaa et al.,

2012). Genes (or gene clusters) in which H3K4me3 was lost

upon WDR82 depletion were frequently bracketed by CpGi-

associated geneswith unaffected levels of H3K4me3 (Figure 1E).

Consistent results were obtained with a distinct shRNA (shRNA

#2, Figures S1B and S1C). Antibodies for WDR82 did not

generate robust ChIP data, thus preventing the analysis of its

genomic distribution.

CpG islands enable constitutive and homogeneous gene

expression across tissues. Reciprocally, the absence of a CpGi

enables both tight gene regulation and broad dynamic range of

expression across tissues or upon stimulation (Bhatt et al.,

2012). Consistently, genes at which H3K4me3 required

WDR82 displayed broad expression variation across tissues

and were highly expressed in cells of the hematopoietic system,

while the expression of genes with MLL2-dependent H3K4me3

(mainly CpGi-containing genes, Figure 1) was constant across

tissues (Figure S1D).

Transcriptional Consequences of Wdr82 Depletion
WDR82 depletion altered the expression of a few hundred

poly(A)+ transcripts, although these effects were of limited

magnitude when compared to LPS-induced gene expression

changes (Figure S2A and Table S2). Because steady-state tran-

scripts do not reflect ongoing transcription, we used 4sU

incorporation (Rabani et al., 2011) to analyze nascent transcripts.

We identified 426 differentially expressed genes (DEGs) in

WDR82-depleted cells, with an overwhelming majority of upre-

gulated genes: 90.6% of the DEGs were more than 2-fold upre-

gulated at least at one time point, while 39.2% of them were

upregulated at all time points (Figure S2B).
cular Cell 60, 460–474, November 5, 2015 ª2015 Elsevier Inc. 461



Figure 1. Effects of WDR82 Depletion on Histone H3K4me3

(A) Constitutive and LPS-inducible H3K4me3 and H3K27Ac in WDR82-depleted macrophages.

(B) Correlation between gene transcription (4sU) and H3K4me3 changes in WDR82-depleted untreated macrophages.

(C) Correlation between G+C content at promoters and H3K4me3 changes induced by WDR82 depletion in untreated and LPS-treated macrophages.

(D) Histogram showing the fraction of genes with reduced or unaffected H3K4me3 in WDR82-depleted or Mll2�/� macrophages that contain a CpGi.

(E) Two representative ChIP-seq snapshots showing the effects of WDR82 depletion (dep) on constitutive or LPS-inducible H3K4me3.

See also Figure S1 and Table S1.
Visual browsing of the 4sU data revealed that the most com-

mon effect of WDR82 depletion was the occurrence of basal

(Figure 2A) or LPS-inducible (Figure 2B) extragenic transcription

at genomic regions that in wild-type (wt) macrophages were not

transcribed. In other instances, extragenic regions with low but

detectable transcription in normal macrophages showed either

a higher (Figure 2C) or a more extended (Figure 2D) 4sU signal.

RT-PCR validations (Figure S2C) confirmed the increased extra-

genic transcription outside of the boundaries of genes whose

expression was unaffected. The rescue of WDR82 expression

with an shRNA-resistant FLAG-tagged WDR82 (Figure S2D)

reversed PNUTS upregulation and the increased expression of

all extragenic RNAs tested. An shRNA that inefficiently depleted

WDR82 (shRNA #3) caused no effects on extragenic transcrip-

tion (Figure S2E and Table S3). Finally, an shRNA depleting

MENIN, a subunit of MLL1/2 complexes, was devoid of effects

at the genomic regions whereWDR82 depletion increased extra-

genic transcription (Figure S2E and Table S3).
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Increased extragenic transcription often occurred in the vicin-

ity of genes whose H3K4me3 was reduced by WDR82 depletion

(Figures 2A–2D). To determine the correlation between

H3K4me3 reduction and increased extragenic transcription,

we divided Ensembl genes based on (1) the presence of consti-

tutive or LPS-inducible H3K4me3, (2) the impact of WDR82

depletion on H3K4me3, and (3) the presence of a CpGi. Then

we analyzed the 4sU reads in a ±1.5 kb window centered on

gene transcription start sites (TSSs). WDR82 depletion had no

major consequences on transcription downstream of the TSS,

irrespective of its impact on H3K4me3 (Figures 2E and 2F).

Conversely, it significantly increased non-coding transcription

upstream of the TSSs of those genes whose H3K4me3 levels

were reduced (Figures 2E and 2F). The increase in upstream

non-coding transcription was stronger at genes with LPS-induc-

ible H3K4me3 and lacking a CpGi (Figure 2F). Figures 2G and 2H

describe the 4sU signal trends around TSSs in the different clas-

ses of genes. The one showing the highest dysregulation of
c.
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upstream non-coding transcription (non-CpGi genes with LPS-

induced and WDR82-dependent H3K4me3) (Figure 2H, bottom

left panel) also showed the highest level of genic transcription.

LPS-inducible, CpGi-negative genes are specifically character-

ized by a high dynamic range with low basal activity and high in-

duction by LPS (Bhatt et al., 2012), suggesting substantial de

novo recruitment of Pol II. Therefore, our data indicate that

following massive LPS-induced recruitment to CpGi-negative

promoters, Pol II in WT cells efficiently elongated inside the cod-

ing region, while the transcriptional activity in the extragenic re-

gions upstream of the promoter was minimal. In the absence of

WDR82, however, transcription of such extragenic regions was

greatly enhanced. The increased extragenic transcription was

usually not associated with changes in the downstream coding

region, suggesting that the absence of WDR82 specifically

impaired mechanisms that negatively regulate non-coding tran-

scription initiated at promoters.

WDR82 Depletion Increases the Synthesis of Extragenic
Transcripts
Attempts to characterize the nascent extragenic transcripts pro-

duced inWDR82-depleted cells using Cufflinks were not conclu-

sive (Figure S3), possibly because most of these transcripts are

long and unspliced RNAs that differ from the standard transcripts

for which Cufflinks was designed. Therefore, we resorted to

Spatial Cluster Identification of ChIP-Enriched Regions (SICER)

(Zang et al., 2009), an algorithm devised to detect extended re-

gions of signal enrichment and thus suitable to identify tran-

scribed extragenic regions (blocks). The number of extragenic

blocks retrieved by SICER in WDR82-depleted macrophages

largely exceeded the number of those identified in their matched

control (Table S4), indicating that the most common conse-

quenceofWDR82depletionwas the upregulation of transcription

outside of gene borders. In the analyzed window of time, the

number of regions with increased extragenic RNAs peaked at

45 min post-LPS stimulation (2,632 regions); at any time point,

only a negligible number of extragenic regions (<50) showed

reduced 4sU signals in WDR82-depleted cells (Figure 3A).

The genomic regions with increased 4sU in WDR82-depleted

cells had a median size between 6 and 7.5 kb, depending on the

time point, with some of them spanning more than 100 kb

(Figure 3B).

We next classified the extragenic regions where the 4sU signal

increased upon WDR82 depletion using a set of genomic anno-

tations (Figure 3C). We first determined the overlap with long

intervening non-coding RNAs (lincRNAs) (Guttman et al., 2009).

At 45 min, 10% of the regions in our dataset overlapped anno-

tated mouse lincRNAs. Almost none of these lincRNAs is anno-
Figure 2. Correlation between Reduced H3K4me3 and Increased

Macrophages

(A–D) Four representative snapshots showing 4sU-seq, H3K4me3, and H3K27Ac

(E and F) Impact of WDR82 depletion on nascent promoter-proximal transcrip

normalized across datasets. Genes were first divided based on the constitutive (E

presence of a CpGi and on H3K4me3 changes (reduction or no effect) in WDR8

inducible H3K4me3 are not shown because of their numerical exiguity (n = 3). p

(G and H) Cumulative distributions of 4sU-seq signals in control and WDR82-

constitutive (G) or LPS-inducible (H) H3K4me3.

See also Figure S2 and Tables S2 and S3.
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tated as expressed in macrophages. Among the remaining re-

gions, 9% of them overlapped super-enhancers (Whyte et al.,

2013), 9% overlapped active (acetylated) enhancers, and 17%

overlapped poised (H3K4me1-positive but not acetylated) en-

hancers (Creyghton et al., 2010; Rada-Iglesias et al., 2011).

Because many of these aberrant RNAs extended for several

kilobases, they overlapped different classes of enhancers. The

remaining regions (55%) were associated either with the 10 kb

region upstream of gene TSSs or with the 10 kb downstream

of gene transcription termination sites (TTSs) (Figure 3C).

The high frequency of increased transcription downstream of

TTS pointed to an inefficient transcription termination as the uni-

fying mechanism underlying widespread dysregulated extra-

genic transcription in WDR82-depleted cells. To explore this

possibility, we calculated the rates of synthesis and degradation

of genic and extragenic RNAs in WT andWDR82-depleted mac-

rophages (de Pretis et al., 2015). Comparison of 4sU-labeled

nascent transcripts and steady-state total RNA (Figure 3D),

showed that extragenic RNAs were characterized by a higher

degradation rate compared to the genic ones. WDR82 depletion

did not affect degradation rates; instead, it greatly increased the

synthesis of extragenic RNAs while causing low-magnitude ef-

fects at genic regions (Figure 3D).

Taken together, these data suggest that reduced WDR82

levels trigger transcription termination defects leading to the

increased synthesis of read-throughgenicRNAs, aswell as of un-

usually long extragenic transcripts at enhancers and promoters.

Correlation between Dysregulated Extragenic
Transcription and Gene Expression Changes
We next correlated the increased extragenic transcription with

the observed changes in gene expression (Figure S2). We gener-

ated strand-specific 4sU sequencing (4sU-seq) datasets to

unambiguously characterize the different types of genic or extra-

genic RNAs detected. We first focused on the genes showing

dysregulated transcription within 10 kb from their TSS or TTS.

In most cases, dysregulated non-coding transcription at a TSS

or TTS was not associated with detectable changes in the abun-

dance of the corresponding coding RNA; in those cases in which

gene expression changes were detected, they were nearly al-

ways increases (Figure 4A).

Next, we analyzed all extragenic regions associated with

increased transcription in WDR82-depleted cells and measured

the distance of each of them from the nearest gene whose tran-

scription was upregulated, unchanged, or downregulated.

Increased extragenic transcription occurred closer to genes

with increased transcription compared to unaffected ones

(Figure 4B).
Gene-Proximal Non-coding Transcription in WDR82-Depleted

sequencing data in control and WDR82-depleted (depl.) macrophages.

ts. 4sU-seq reads in ±1.5 kb relative to annotated TSSs were counted and

) or LPS-inducible (F) character of H3K4me3 and then classified based on the

2-depleted macrophages. (F) Genes without a CpGi and no changes in LPS-

values were computed using a Wilcoxon signed-rank test.

depleted macrophages in ±1.5 kb relative to annotated TSSs of genes with

c.



Figure 3. Increased Synthesis of Long Extragenic Transcripts and Genic Read-Through Transcription in WDR82-Depleted Macrophages

(A) Bar plot showing the number of extragenic regions detected by SICERwith an increased or decreased 4sU signal inWDR82-depletedmacrophages relative to

control cells.

(B) Size distribution of extragenic regions covered by upregulated transcription inWDR82-depletedmacrophages at 45min of LPS stimulation. Median, 25th, and

75th percentiles (percent.) are indicated by dashed lines.

(C) Classification of the non-coding transcripts induced in response to WDR82 depletion based on their overlap with annotated genomic features (lincRNAs,

super-enhancers, active enhancers, or poised enhancers). Regions not included in these categories (55% of total) were proximal to gene TSS or TTS (histograms

at the bottom).

(D) Genic and extragenic synthesis and degradation rates measured by comparing steady-state total RNAs and 4sU-labeled transcripts. The box plots indicate

synthesis and degradation rates in control and WDR82-depleted macrophages. The scatter plots on the right report changes in degradation and synthesis rates

for individual genes or extragenic regions in untreated macrophages.

See also Figure S3 and Table S4.
Finally, genes were classified based on the aberrant transcrip-

tion patterns detected at their boundaries in cells depleted of

WDR82. We observed four common patterns (Figure 4C). In

addition to promoter-divergent transcription and transcription

extending beyond the gene 30 end, we found abundant pro-

moter-convergent and antisense genic transcription. In all four

cases, changes in transcription of the associated geneswere un-

common and, if detected, they were nearly exclusively upregula-

tions (Figure 4C).

Aberrant Transcription from Highly Acetylated
Enhancers
We next focused on changes in extragenic transcription occur-

ring at gene-distal regions, mainly represented by putative en-
Mole
hancers (Figure 3C). Extragenic regions showing detectable his-

tone H3 lysine 27 acetylation (H3K27ac) were clustered together

based on their proximity on the linear genome and then ranked

according to their total level of H3K27ac (Whyte et al., 2013) (Fig-

ure 5A). Acetylation clusters were then used to determine corre-

lations among acetylation levels and other genomic signals:

nascent transcription (4sU), total and elongating Pol II (phos-

phorylated at Ser2 in the CTD) (Komarnitsky et al., 2000), and

H3K36me3 (which is associated with transcription elongation

and restricted to the body and 30 end of genes) (Bannister

et al., 2005). A correlation was detected between the levels of

enhancer acetylation and the increase in the 4sU signal in

WDR82-depleted macrophages (Figure 5A), the levels of acety-

lation being an accurate predictor of the increase in nascent
cular Cell 60, 460–474, November 5, 2015 ª2015 Elsevier Inc. 465



Figure 4. Correlation between Increased Extragenic Transcription and Gene Expression Changes in WDR82-Depleted Macrophages

(A) Number of genes associated with increased TSS- or TTS-proximal extragenic transcription or both. Data were obtained using strand-specific 4sU-seq in

macrophages stimulated with LPS (1 h). Colors indicate whether coding transcription was also affected.

(B) Distance (bp) between extragenic regions of increased non-coding transcription and the nearest genes whose transcription is upregulated, downregulated, or

unchanged. p values were computed using Wilcoxon rank-sum test.

(C) Four most common types of aberrant non-coding transcription (based on strand-specific 4sU data) occurring within 10 kb from borders of expressed genes in

cells depleted of WDR82. Colors indicate whether genic transcription was increased (red), reduced (green), or unaffected (gray). UT, untreated.
transcription upon WDR82 depletion (Figure 5B). While total and

Ser2-phosphorylated Pol II showed qualitatively similar trends of

induction in WDR82-depleted cells compared to control cells

(Figure 5A), the elongating Pol II isoform was several-fold more

enriched than the total Pol II at every level of acetylation. There-

fore, the increased 4sU signal due to WDR82 depletion was

accounted for mainly by enhanced elongation rather than new

initiation events. This result is consistent with the notion that

depletion of WDR82 rescues early terminated extragenic tran-

scription. The overall trend of H3K36me3 was similar to that of

Ser2 Pol II, although the overlap between increased Pol II and

H3K36me3 was only partial. Consistent with these data, 73.3%

of the extragenic RNAs induced in WDR82-depleted cells were

abrogated by treatment with 5,6-dichloro-1-b-D-ribofuranosyl-

benzimidazole (DRB), an inhibitor of the CTD Ser2 protein kinase

CDK9 (Figure S4 and Table S4).

To further clarify the link between enhancer acetylation and

increased extragenic transcription, we divided the pool of extra-

genic enhancers, identified by their association with the lineage-

determining transcription factor PU.1 (Ghisletti et al., 2010; Heinz

et al., 2010) and with H3K4me1, into acetylated and non-acety-

lated enhancers and determined their overlap with SICER blocks

upregulated upon WDR82 depletion (Figure 5C). We found that

(1) the acetylated regions associated with aberrant transcription

had higher levels of acetylation than those showing no defect

and (2) only 6.4% of the non-acetylated enhancers were associ-

ated with abnormally increased transcription compared to

20.4% of the acetylated ones.

We next used strand-specific 4sU-seq data to determine how

transcription extends from the enhancer core (summit of the

PU.1 peak) in control and WDR82-depleted macrophages. In

keeping with previous data (Kim et al., 2010), enhancers in con-

trol cells gave rise mainly to short and poorly abundant tran-

scripts, while in WDR82-depleted macrophages, aberrantly
466 Molecular Cell 60, 460–474, November 5, 2015 ª2015 Elsevier In
long and abundant extragenic transcripts extended for many ki-

lobases from the enhancer core (Figure 5D). Remarkably,

enhancer coreswere strongly depleted of PAS relative to the sur-

rounding genomic background (Figure 5D), pointing to their

possible role in eRNA biogenesis: depletion of PASs at enhancer

coresmay enable the initial Pol II elongation, but when Pol II tran-

scribes the PAS-rich enhancer-flanking regions, the nascent

eRNAs may be cleaved, resulting in transcription termination

and transcript degradation. In the absence of WDR82, such

termination signals are likely ignored, thus enabling Pol II elonga-

tion and the synthesis of extended transcripts. Representative

snapshots are shown in Figure 5E.

Increased Extragenic Transcription in SET1A/B-
and PNUTS-Depleted Macrophages
The effects of WDR82 depletion may be mediated by SET1, the

nuclear PP1 complex, or both. We therefore analyzed nascent

transcripts in macrophages depleted of SET1A/B (using an

shRNA targeting both SET1A and SET1B) or PNUTS (Lee et al.,

2010) (Figure S5A). SET1A/B depletion increased the transcrip-

tion of 534 extragenic regions in untreated macrophages and

836 extragenic regions after LPS (45min) (Table S5). Of these up-

regulated transcripts, 70.6% overlapped those upregulated by

WDR82 depletion. However, the genomic distribution of the up-

regulated transcripts was different (Figure 6A), because deple-

tion of SET1 increased transcription at TTS (48.3%), TSS

(34.2%), lincRNA genes (7%), and super-enhancers (10%) but

not at enhancers, which may relate to the very low levels of

H3K4me3 at canonical enhancers. The effects of PNUTS deple-

tion were quantitatively stronger, with 2,392 regions (49.4% TTS,

16.3% TSS, 10% lincRNAs, 17% enhancers, and 6% super-en-

hancers) showing upregulated transcription 45 min post-LPS

treatment and an overlap with the transcripts upregulated by

WDR82 depletion of 64.5% (Table S6). In both cases, only a
c.



(legend on next page)
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handful of regions showed downregulated transcription in

depleted cells. Changes in 4sU signals at TSS- and TTS-prox-

imal extragenic regions are shown in Figure 6B.

We next analyzed whether the enhancers showing increased

transcription uponWDR82 depletion were also more transcribed

in SET1A/B- and PNUTS-deficient cells. While the effects were

quantitatively weaker, they were qualitatively similar: depletion

of either SET1A/B or PNUTS resulted in increased transcription

at the same PU.1-associated enhancers at whichWDR82 deple-

tion caused the appearance of aberrant transcripts (Figure 6C).

The effects of the depletion of WDR82, SET1A/B, and PNUTS

were similar, with a high degree of overlap, but also substantial

differences. Such differences may relate not only to experi-

mental issues (i.e., the different effects of the residual protein

levels) but also to the distinct functional role of each depleted

protein. PNUTS depletion did not cause detectable H3K4me3

changes at promoters affected by WDR82 depletion (Fig-

ure S5B), ruling out a role of PNUTS in controlling SET1 activity.

To better clarify this issue, we analyzed the effects of the deple-

tion of each protein on the four most common patterns of gene-

proximal non-coding transcription. WDR82 and SET1 had the

strongest impact on anti-sense transcripts, while the effects of

PNUTS depletion were dominated by the increase in read-

through transcription at gene 30 ends (Figure 6D). The overall

higher number of 4sU SICER blocks in PNUTS-depleted cells

was mainly due to such read-through transcription. As with

WDR82 depletion (Figure 4A), dysregulated non-coding tran-

scription at TSS or TTS was not associated with changes in

the corresponding coding transcript (Figure 6E). Finally, a com-

mon trend in all depletion experiments was that the genes with

the highest transcriptional activity were those with the highest

occurrence of TSS-proximal extragenic transcription and read-

through transcription (Figure 6F). Therefore, the transcriptional

termination mechanisms enforced by WDR82, PNUTS/PP1,

and SET1A/B are critical in conditions of high transcriptional ac-

tivity. Representative snapshots are shown in Figure S5.

Abnormal Extragenic Transcription and Topological
Domains
An important issue is the identity of the mechanisms that deter-

mine transcription termination in the absence of WDR82. We hy-

pothesized that the elongating Pol II may be arrested by the

physical constraints imposed by the 3D folding of chromatin in

the nucleus. If this is correct, then the boundaries of the abnor-

mally transcribed regions should coincide with the borders of

the physical domains in which Pol II is transcribing. We deter-
Figure 5. Highly Acetylated Enhancers Generate Long and Abundant N

(A) Intergenic clusters of H3K27Ac regions in untreated (UT) and LPS-treated m

overlap with upregulated non-coding transcription (SICER blocks), total, or Ser2-P

of 100 regions each (y axis: percentage of overlap for each bin).

(B) ROC curves showing the performance of the H3K27Ac level in predicting inc

(C) Extragenic enhancers divided based on the presence of H3K27Ac and on the o

positive acetylated enhancers showed on average a higher level of H3K27Ac co

(D) Cumulative distributions of strand-specific 4sU signals in control and WDR8

summit of PU.1 peaks in H3K4me1-positive regions. Enhancers with (SICER +ve)

show the distributions of PAS, computed in 100 bp windows, in the same region

(E) Representative snapshots showing Ser2 Pol II and H3K36me3 at genomic re

See also Figure S4.
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mined the correlations between H3K27Ac and H3K4me3 reduc-

tion and increased non-coding transcription within topologically

associated domains (TADs) (Dixon et al., 2012; Nora et al., 2012).

Because TADs are cell invariant, we initially used the annotations

previously reported for 2,200 TADs in mouse embryonic stem

cells (ESCs) (Dixon et al., 2012). First, we analyzed the correlation

between H3K27Ac and reduced H3K4me3 within TADs. TADs

containing at least one peak of H3K4me3 in control cells were

divided into five groups based on H3K4me3 changes following

WDR82 depletion (TADs with no changes represent one group;

the other four groups consisted of TADs with reduced

H3K4me3 divided into quartiles of progressively higher hypome-

thylation). Consistent with the data shown previously, the num-

ber of H3K4me3 hypomethylated regions within the TADs corre-

lated with their overall level of acetylation (Figure 7A). Next, we

determined the correlation between H3K4me3 reduction and

increased extragenic transcription within TADs. The number of

SICER blocks induced by WDR82 depletion correlated with hy-

pomethylation within the TADs, indicating that H3K4me3 reduc-

tion and increased non-coding transcription tend to co-occur

within the same TAD (Figures 7B and 7C).

We also generated a HiC dataset in untreated macrophages.

The data obtained were similar to those from ESCs (Figures

7D–7F), thus confirming the correlation between H3K4me3

loss and increased extragenic transcription.

Next, we compared the distribution of 4sU signals in WDR82-

depleted cells with the physical contacts measured at two

selected loci using circularized chromosome conformation cap-

ture sequencing (4C-seq), which has a higher spatial resolution.

LPS stimulation did not determine major rearrangements in the

physical domain at most genomic locations we tested, including

the two shown here (S.M. and G.N., unpublished data). Using as

viewpoint the TSS of the Ccl2 gene, most physical interactions

occurred in an intergenic region located 50 of the gene, which co-

incides with the region of maximal induction of extragenic tran-

scription upon WDR82 depletion (Figure 7G). Remarkably, the

50 border of the Ccl2 physical domain coincided with the border

of the region of enhanced extragenic transcription. At the 30 of
the gene, aberrant transcription was of more limited intensity.

Nevertheless, also in this case, it precisely ended at the border

of the physical domain. In the case of the Jun gene (Figure 7H),

both physical interactions and enhanced extragenic transcrip-

tion were skewed to the gene desert 50 of the gene. Also in this

case, the limit of extragenic transcription coincided with the

border of the physical domain. Overall, these data indicate that

the augmented non-coding transcription in WDR82-depleted
on-coding Transcripts in WDR82-Depleted Macrophages

acrophages ranked based on their total acetylation level (upper panels). The

Pol II and H3K36me3 in the ranked regions was quantified for consecutive bins

reased transcription in WDR82-depleted cells.

verlap with regions of increased transcription inWDR82-depleted cells. SICER-

mpared to SICER-negative acetylated regions.

2-depleted LPS-stimulated macrophages. Distributions were centered on the

or without (SICER �ve) increased transcription are shown. The bottom panels

s.

gions where WDR82 depletion increased extragenic transcription.

c.



Figure 6. Aberrant Non-coding Transcription in Macrophages Depleted of SET1A/B or PNUTS

(A) Pie charts showing the overlap of non-coding transcripts induced in response to SET1A/B depletion (top) or PNUTS depletion (bottom) with annotated

genomic features.

(B) Histograms showing the enrichment for blocks of increased extragenic transcription in the vicinity of TSSs or TTSs in SET1A/B- or PNUTS-depleted mac-

rophages stimulated with LPS.

(C) Cumulative distribution of strand-specific 4sU-seq reads in SET1A/B- or PNUTS-depleted (depl.) macrophages at extragenic regions showing increased

transcription in WDR82-depleted macrophages. Data were centered on the summit of PU.1 ChIP-seq peaks in H3K4me1- and H3K27Ac-positive regions.

(legend continued on next page)
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cells tends to remain confined within the same chromatin spatial

domain as that of the cis-regulatory region it originated from.

Finally, because eRNAs were shown to control enhancer-pro-

moter looping (Li et al., 2013), we analyzed the impact of WDR82

depletion on the 3D organization of two genomic loci that are

characterized by increased non-coding transcription. For both

loci, we used one 50 probe and one 30 probe to maximize our

chances of detecting changes in the 3D organization (Figure 7I).

At both loci, the increase in extragenic transcription induced by

WDR82 depletion did not cause measurable alterations in

contacts.

DISCUSSION

This study indicates the existence of a network of regulatory

complexes that in mammalian cells enforce transcription termi-

nation at cis-regulatory elements. Three main pathways control

transcription termination in metazoans: the CPSF pathway,

which is responsible for termination at mRNA coding genes;

Integrator, which controls snRNA 30 end processing and termi-

nation (Baillat et al., 2005); and the 50 CBC-ARS2 pathway,

which is involved in snRNA termination and PAS-directed

termination of PROMPTs (Andersen et al., 2013; Hallais et al.,

2013). The CBC interacts with the 50 cap on the nascent tran-

script. In association with the nuclear exosome and the ARS2

subunit, which recruits CPSF (Hallais et al., 2013) via cleavage

factor II, the CBC stimulates PAS-directed termination and

degradation of PROMPTs (Andersen et al., 2013; Hallais

et al., 2013). Inside the coding regions, the relative depletion

of PASs and their suppression by U1 small nuclear ribonucleo-

protein particle recognition sites prevent cleavage and thus

enable transcript extension (Almada et al., 2013; Ntini et al.,

2013).

These three pathways are intertwined, as indicated, for

instance, by the role of both Integrator and CBC-ARS2 in snRNA

termination and the one of CBC-ARS2 and CPSF in PROMPT

termination and degradation. Although the mechanistic details

remain to be addressed, our data indicate the existence of a

network of complexes that affect termination mechanisms and

whose depletion causes compound termination defects.

The role of WDR82, PNUTS/PP1, and SET1 in the control of

transcription termination is consistent with data in yeast. The

yeast WDR82 ortholog (Swd2) and PP1 ortholog (Glc7) are

both CPF subunits (Dichtl et al., 2002; He et al., 2003), and their

deletion caused termination defects at a subset of Pol II-depen-

dent genes (Cheng et al., 2004; Nedea et al., 2008). In S. pombe,

a PNUTS ortholog (Ppn1) interacts with both Swd2 and Glc7

within the CPF (Vanoosthuyse et al., 2014).

The corresponding mammalian complexes show analogies

but also differences in both composition and function. The puri-
(D) Major patterns of aberrant non-coding transcription caused by WDR82, SET1

(E) Bar plots showing the number of genes associated with increased TSS- or TT

(coding) transcription was also affected. Downregulated genes were in all cases

(F) Plots summarizing the observed and the expected distributions of the expressio

at their 30 ends or increased promoter-divergent transcription. p values were com

mapped reads.

See also Figure S5 and Tables S5 and S6.
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fication of the 30 pre-mRNA processing complex resulted in the

retrieval of PNUTS and PP1 but not WDR82 (Shi et al., 2009);

moreover, a mass spectrometry analysis did not identify CPSF

subunits in WDR82 complexes (van Nuland et al., 2013). Never-

theless, by mining data from a proteomics screening (Malovan-

naya et al., 2011), we retrieved an interaction between WDR82

and a CPSF ancillary complex, cleavage factor I. Therefore, the

interaction of WDR82 and PNUTS/PP1 with complexes involved

in 30 end processing and transcription termination is conserved

from yeast to humans.

As regards SET1/COMPASS, in S. cerevisiae it favors early

Pol II transcription termination, leading to the synthesis of short

transcripts (small nucleolar RNAs and CUTs) (Terzi et al.,

2011). However, the termination complex involved, Nrd1-

Nab3-Sen1, has no obvious counterpart in mammals. It is likely

that the function of the Nrd1-Nab3-Sen1 complex is carried

out in metazoa by CBC-ARS2 (Porrua and Libri, 2015). Clari-

fying the relationship between CBC-ARS2 and the complexes

investigated here warrants further investigation. SET1/

COMPASS has also been implicated in promoting the synthe-

sis of anti-sense transcripts and in causing antisense RNA-

mediated coding gene repression (Castelnuovo et al., 2014;

Pinskaya et al., 2009). However, in our system, the synthesis

of antisense transcripts was increased, not reduced, upon

SET1A/B depletion, suggesting fundamental differences be-

tween yeast and mammals.

Another interesting mechanistic issue is the relationship be-

tween WDR82 and PAS-directed cleavage of nascent non-cod-

ing transcripts, which controls PROMPT termination (Almada

et al., 2013; Ntini et al., 2013). Enhancer cores were depleted

of PASs, suggesting that the high density of PASs encountered

by the elongating Pol II outside of enhancer cores may promote

transcript cleavage and early termination. Importantly, while

eRNAs were initially reported to be non-polyadenylated (Kim

et al., 2010), they can be detected by oligo-dT-primed RT-PCR

(Hah et al., 2013) and they are retrieved in the poly(A)+ fraction

in global nuclear run-on sequencing experiments (Core et al.,

2014): these discrepancies are likely explained by the inefficient

polyadenylation of eRNAs after cleavage, which may relate to

their fast degradation.

The proximity between regions of augmented extragenic tran-

scription and TSSs showing H3K4me3 reduction upon WDR82

depletion suggests a possible direct role of this histone mark.

However, PNUTS depletion did not cause H3K4me3 changes,

indirectly suggesting that H3K4me3 may not be an essential

component of the mechanisms limiting non-coding transcription

from cis-regulatory elements.

The aberrant extragenic transcription caused by WDR82

depletion was dissociated from strong effects on the transcrip-

tion of adjacent genes. When changes in coding gene
A/B, or PNUTS depletion at gene loci.

S-proximal extragenic transcription or both. The colors indicate whether genic

less than 1%, and numbers are not shown.

n levels (deciles) of genes showing either increased read-through transcription

puted using chi-square test. FPKM, fragments per kilobase of exons per million

c.



Figure 7. Relationship between Physical Domains and Increased Non-coding Transcription in WDR82-Depleted Cells

(A) Correlation between H3K27Ac levels and H3K4me3 hypomethylation within TADs. TADs in ESCs were derived from a previous publication (Dixon et al., 2012).

Only TADs showing at least one H3K4me3 peak in control macrophages were considered. Regions of H3K4me3 hypomethylation in WDR82-depleted mac-

rophages were divided into five groups (x axis): those showing no hypomethylated H3K4me3 peaks (0) and four quartiles of increasing level of H3K4me3

reduction (1st–4th). RPMM, reads per million sequenced reads per megabase.

(legend continued on next page)
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expression were observed, they almost invariably consisted of

increased transcription relative to control macrophages.

Although changes in gene expression were limited, there are

several additional reasons termination mechanisms limiting

non-coding transcription may have to be in place. First, the re-

combinogenic effects of transcription may cause genomic insta-

bility (Kim and Jinks-Robertson, 2012). Second, abnormal long

ncRNAs may promote ectopic recruitment of chromatin modi-

fying enzymes (Rinn and Chang, 2012), thus altering the genomic

distribution of histone marks. Finally, the increase in H3K36me3

associated with productive elongation may lead to de novo DNA

methylation (Baubec et al., 2015), which may affect the usage of

the underlying cis-regulatory information.

In conclusion, our data indicate that WDR82 is at the heart of

regulatory mechanisms enforcing transcription termination at

active promoters and enhancers, as well as at highly expressed

genes. Clarifying the mechanistic bases of the phenomena

described here will shed light on regulation of transcription termi-

nation in metazoa.

EXPERIMENTAL PROCEDURES

Mice, Cell Cultures, and Retroviral Infections

Macrophage cultures, retroviral infections, and LPS treatment were carried out

as described (Austenaa et al., 2012) using the murine stem cell virus (MSCV)-

based plasmid MSCV-LTR-miR30-Puro-resistance vector with either scram-

bled or gene-specific shRNAs. The sequences of the shRNAs and PCR

primers used are in Table S7. The project has been approved by the Italian

Ministry of Health and performed under the supervision of the Institutional

Committee for Animal Welfare.

ChIP-Seq

Either 10 3 106 to 20 3 106 (histone modifications) or 100 3 106 to 150 3 106

(Pol II) fixed macrophages were lysed with RIPA (radioimmunoprecipitation

assay) buffer and processed as described (Austenaa et al., 2012). The anti-

bodies used are shown in Supplemental Experimental Procedures.

RNA-Seq and 4sU-Seq

For poly(A) RNA-seq, RNA was isolated with RNeasy (QIAGEN) with DNase I

treatment and libraries prepared after oligo-dT selection using the TruSeq

RNA sample preparation kit. For 4sU experiments, macrophages were labeled

with 4sU (Sigma, 150 mM) for 45 min and the labeled RNA was isolated as

described (Rabani et al., 2011). A total of 40–100 ng of 4sU-labeled RNA

was used for cDNA-library synthesis.

4C-Seq and HiC

4Cwas carried out as described (van deWerken et al., 2012a) starting from 108

macrophages. Data were analyzed using the 4cseqpipe pipeline (van de

Werken et al., 2012b). HiC was carried out according to published protocols

(Belton et al., 2012).

Computational Methods

Short reads obtained from Illumina HiSeq 2000 runs were quality filtered ac-

cording to the Illumina pipeline. Detailed computational methods are

described in the Supplemental Information file.
(B) Correlation between H3K4me3 reduction and increased extragenic transcript

(C) Same as (B), but with aberrant extragenic transcription (y axis) measured as

(D–F) Same analyses as in (A)–(C), but repeated using HiC data from macrophag

(G andH) Representative snapshots of two genomic loci centered on the TSS (±25

and 4sU-seq data in control and WDR82-depleted (dep) macrophages are show

(I) 4C-seqwas carried out at the Lgals3 (left) andMpeg1 loci in control andWDR82

4sU-seq data (from a separate experiment) are shown.
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