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Nucleosomal organization at gene promoters is critical for transcription, with a nucleosome-depleted region (NDR)
at transcription start sites (TSSs) being required for transcription initiation. HowNDRs and the precise positioning of
the +1 nucleosomes are maintained on active genes remains unclear. Here, we report that the Drosophila nonspe-
cific lethal (NSL) complex is necessary to maintain this stereotypical nucleosomal organization at promoters. Upon
NSL1 depletion, nucleosomes invade the NDRs at TSSs of NSL-bound genes. NSL complex member NSL3 binds to
TATA-less promoters in a sequence-dependent manner. The NSL complex interacts with the NURF chromatin
remodeling complex and is necessary and sufficient to recruit NURF to target promoters. Not only is the NSL
complex essential for transcription, but it is required for accurate TSS selection for genes with multiple TSSs.
Furthermore, loss of the NSL complex leads to an increase in transcriptional noise. Thus, the NSL complex estab-
lishes a canonical nucleosomal organization that enables transcription and determines TSS fidelity.
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Chromatin structure and organization are fundamental to
the regulation of gene transcription. Chromatin at active
gene promoters is characterized by a distinct nucleosomal
organization (Lai and Pugh 2017). Transcription start sites
(TSSs) are embedded in a nucleosome-depleted region
(NDR), which enables preinitiation complex formation
(Workman and Roeder 1987; Dutta and Workman 2012).
The NDR is bordered by the well-positioned +1 nucleo-
some followed by a regular array of nucleosomes. This or-
ganization is thought to be required for transcription
initiation (Lai and Pugh 2017).

The standard model of transcription initiation is based
on genes that are activated in a tissue-specific manner
(Kadonaga 2012). The current model supports that TBP
binds to the TATA box at promoters of tissue-specific
genes, where the assembly of RNA polymerase II (Pol II)

is initiated and TFIIA, TFIIB, TFIID, TFIIE, TFIIF, and
TFIIH form the preinitiation complex. TBP–TATA-box
binding occurs at∼30 bp upstream of the TSS and thus de-
fines a sharp and precise TSS (Carninci et al. 2006; Yama-
moto et al. 2009; Ni et al. 2010). However, thismodel does
not represent the majority of genes, as multicellular or-
ganisms express a range of housekeeping genes that are
critical for homeostatic maintenance. Unlike tissue-spe-
cific genes, housekeeping genes have highly dispersed
TSSs that are scattered over up to 100 bp (Carninci et al.
2006; Ni et al. 2010). This difference in transcription initi-
ation patterns between housekeeping and tissue-specific
gene promoters are conserved across species including
fish, flies, and mammals (Carninci et al. 2006; Ni et al.
2010; Haberle et al. 2014).

The precise selection of TSS is dependent on the tissue
and developmental stage (Haberle et al. 2014) and thus
pose an important aspect of transcription regulation as6These authors contributed equally to this work.
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changes in TSS can affect RNA stability and the resulting
protein isoforms. Despite its importance, the nature and
the causative relationship of the DNA sequence and tran-
scription factors that direct TSS selection at housekeeping
genes remain poorly understood. Compared with focused
promoters of tissue-specific genes, dispersed housekeep-
ing gene promoters contain distinct sets of core promoter
motifs and binding proteins (Vo Ngoc et al. 2017). Dis-
persed promoters in Drosophila generally lack a TATA
box or Inr elements but rather contain motif 1, motif 6,
motif 7, and DRE (Rach et al. 2009; Vo Ngoc et al. 2017).
Although the TATA box initiates the binding of TBP
and then Pol II, it is still not clear what instructs Pol II
to initiate transcription at the dispersed promoters in
the absence of a TATA box or Inr elements. Likewise, dis-
tinct set of proteins are found on dispersed promoter: Mo-
tif 1-binding protein (M1BP) recognizes motif 1 and DREF
binds to DREs. Therefore, they are believed to be binding
to the dispersed promoters only. The difference in DNA
motifs, protein binding and transcription patterns be-
tween dispersed housekeeping and focused promoters ar-
gues for fundamental differences in the mechanisms of
transcription initiation.
The distinction between the twomajor types of promot-

ers could be a result of chromatin-modifying factors that
influence the local chromatinmodifications and organiza-
tion. Elegantwork in yeast, flies, andmammals has shown
the importance of chromatin remodeling complexes innu-
cleosome organization (Alkhatib and Landry 2011; Struhl
and Segal 2013; Lai and Pugh 2017). Chromatin remodeler
complexes can be broadly classified into four families
(ISWI, CHD/Mi- 2, INO80/SWR1, and SWI/SNF) based
on the protein domains of their catalyticATPase subunits.
Each remodeler has its characteristic molecular structure,
target genomic locations, and roles in cells. In higher eu-
karyotes, it is not yet clear which trans-acting factors are
responsible for the nucleosomal organization at TSSs.
How chromatin remodeling complexes work in concert
with other chromatin-modifying enzymes and transcrip-
tion machinery to facilitate the transcription process re-
mains an active area of research (Struhl and Segal 2013;
Lai and Pugh 2017).
The Drosophila nonspecific-lethal (NSL) complex is a

chromatin-modifying complex. It contains the histone
H4 Lys16 acetyltransferase MOF, as well as NSL1, NSL2,
NSL3,MCSR2,MBDR2,Z4,Chromator, andWDS (Mend-
jan et al. 2006; Raja et al. 2010). Underpinning its impor-
tance, loss of NSL complex members leads to lethality
during early development in flies (Raja et al. 2010), where-
as heterozygous mutations in NSL1 and NSL2 orthologs
KANSL1 and KANSL2 underlie intellectual disability in
humans (Koolen et al. 2012; Zollino et al. 2012; Gilissen
et al. 2014). The NSL complex binds to the dispersed
housekeeping gene promoters, and this feature is remark-
ably conserved from flies to human (Lam et al. 2012; Chel-
micki et al. 2014; Ravens et al. 2014). However, the
mechanism by which the NSL complex regulates house-
keeping gene expression remains unknown. Therefore,
studying how the NSL complex functions is an important
paradigm to understand how transcription factors specifi-

cally target the vast number of housekeeping genes and
mediate transcription in a way that is fundamentally dif-
ferent fromwhatwe typically associatewith tissue-specif-
ic or developmental genes.
Here, we report that the NSL complex is necessary to

maintain the stereotypical nucleosomal organization at
promoters. Upon NSL1 depletion, nucleosomes invade
theNDR at the TSS of NSL-bound genes.We also uncover
that binding of the NSL complex to TATA-box-less
housekeeping gene promoters is directed by AT-rich se-
quences. Accordingly, we can predict the in vivo NSL
complex binding by AT-rich sequences and chromatin
context. Mechanistically, we show that the NSL complex
recruits the NURF complex to maintain the nucleosome
pattern that is typical of dispersed promoters. This nucle-
osome pattern is important for gene regulation as its dis-
ruption leads to spurious TSS selection and an increase
in transcriptional noise. Our data illustrate how house-
keeping gene promoters can be targeted by the NSL com-
plex, which then impose a specific nucleosome pattern,
TSS selection, and transcription noise regulation in the
Drosophila genome.

Results

NSL complex loss leads to reduced nucleosome
patterning at target TSSs

Because the NSL complex is an important regulator for
the majority of active promoters (Lam et al. 2012; Chel-
micki et al. 2014), we sought to understand its roles in
establishing the chromatin landscape at promoters. To
study if theNSLcomplex is required for nucleosomal orga-
nization, we knocked down NSL1 and GST (control) in
DrosophilaS2embryonic cells andperformedmicrococcal
nuclease digestion followed by high-throughput sequenc-
ing (MNase-seq) (Fig. 1A; Supplemental Fig. S1A–C).
Many genes showed a decrease in the nucleosome signal
at +1 nucleosome position upon NSL depletion, mostly
pronounced at promoter regions (Fig. 1B,C). Nucleosome
occupancy changed around NSL-bound, but not around
NSL-nonbound,promoters (Fig. 1C).Weobserveadecrease
in the occupancy of the +1 nucleosome, concomitantwith
an increasedoccupancyat theNDR, indicatingan invasion
of the+1nucleosome into theNDR.Thiswas supportedby
nucleosome profiles in control and NSL1 knockdown,
showing an average shift of the +1 nucleosome toward
the TSS (Fig. 1D). Downstream from the +1 nucleosome,
the array also shifts toward the TSS. Themean 5′ end posi-
tion of the +1 nucleosome shifts upstream toward the TSS
in a NSL1 binding-dependent manner (Fig. 1E).
The NSL complex is required for the recruitment of

RNA Pol II (Lam et al. 2012); thus, changes in the nucleo-
somal organization could be a secondary consequence of
the loss of Pol II. To address this issue, we categorized
genes into three groups: (1) NSL-bound with Pol II loss,
(2) NSL-boundwithout Pol II loss uponNSL1 knockdown,
and (3) genes not targeted by NSL. The changes in the nu-
cleosomal organization correlated with NSL binding
(groups 1 and 2) and were present irrespective of Pol II
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Figure 1. NSL complex loss leads to reduced nucleosome patterning at target TSSs. (A) Heat map showing the nucleosome signal (see
Materials and Methods) on NSL-bound active genes (top), NSL-nonbound active genes (middle), and inactive genes (bottom), −500 to
+1000 bp of the TSS. Active genes had RNA sequencing (RNA-seq) reads covering their exons, whereas inactive genes had none. (B) Three
representative examples of nucleosome density (read counts normalized to sequencing depth using RPGC) in control (gray) and NSL1
knockdown (green). The +1 nucleosomes are shaded in yellow. (C ) Heat map depicting the difference in nucleosome densities in control
andNSL1 knockdown −500 bp to +1000 bp of the TSS of NSL-bound genes (top) andNSL-nonbound (bottom) genes. The y-axis represents
changes in nucleosome signal. The white vertical dashed lines denotewild-type nucleosome positions. The color scale bar indicates scat-
ter density. (D) Summary plot showing the nucleosome positions in wild-type (gray area) and NSL1-depleted (green line) cells. (E) Quan-
tification of the shift of the +1 nucleosomes in base pairs (left) for five groups ofMapCap TSSs (6281) with increasing (top to bottom) NSL1
log2 chromatin immunoprecipitation (CHIP)/input ratio (right). (F ) Heat map showing changes in nucleosome density uponNSL1 knock-
down forNSL-bound geneswith Pol II loss uponNSL1knockdown (top), NSL-bound geneswith no Pol II loss (middle), andNSL-nonbound
genes (bottom). The three groups were determined by first kmean clustering the promoters by the summed log2 enrichment of NSL3 and
MBDR2 in a window ±290 bp around the annotated TSS into NSL-bound and -nonbound. The promoters of the NSL-bound genes were
further subdivided into promoters that loose Pol II and that retain Pol II by kmeans clustering by the average difference of Pol II log2 en-
richment between control and NSL1 knockdown in a window ±145 bp around the annotated TSS. The summary plot depicts the average
nucleosome density of NSL-bound genes with Pol II loss (black) and NSL-bound genes without Pol II loss (red).
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loss. Group 3 genes failed to show any major changes (Fig.
1F). The subclassification ofNSL targets that lose or donot
lose Pol II does not depend on the wild-type Pol II levels
(Supplemental Fig. S1D). Thus, the NSL complex affects
the nucleosomal organization at promoters independent
of the changes in Pol II recruitment.

The NSL complex recruits the NURF complex and
maintains nucleosome pattern at promoters

AsNSL complexmembers have no chromatin remodeling
activity reported to date, we asked whether they function
with chromatin remodelers to position nucleosomes at
promoters (Supplemental Fig. S2A). We used a Gal4-
NSL3 reporter system (Raja et al. 2010; Lam et al. 2012),
in which tethering of Gal4-NSL3 to the promoter of a
UAS-driven luciferase reporter results in luciferase up-reg-
ulation in S2 cells (Fig. 2A). We performed RNAi against a
candidate set of chromatin remodelers (NURF301, ISWI,
BRM, INO80, andCHD3) (Supplemental Fig. S2B). Knock-
down of NURF301 caused a strong reduction in luciferase
activity, comparable with the reduction observed upon
MOF knockdown (Fig. 2A). Knockdown of ISWI led to a
milder decrease. Knockdown of BRM caused a strong
decrease in luciferase activity. However, the protein level
of MOF was severely reduced upon BRM knockdown,
which was not true in NURF301 and ISWI knockdowns
(Supplemental Fig. S2B). In contrast, INO80 and CHD3
knockdowns did not attenuateNSL3-mediated activation.
Thus, the NURF complex is required for NSL3-mediated
transcription activation.
To determine whether the NSL complex physically in-

teracts with the NURF complex, we immunoprecipitated
endogenous NSL complex members (NSL1, MBD-R2, and
MCRS2) fromnuclear S2 cell extracts using polyclonal an-
tibodies. Immunoprecipitation experiments successfully
enriched for the respectiveNSLproteins, theNSLcomplex
members (NSL1, NSL3, MCRS2, MBD-R2, and MOF)
(Fig. 2B), and all four members of the NURF complex
(NURF301, ISWI,NURF38, and p55) (Alkhatib and Landry
2011), albeit substoichiometrically (Fig. 2B). To validate
these results, we performed immunoprecipitation experi-
ments with an anti-Flag antibody in cell lines expressing
NSL2-Flag orMBD-R2-Flag, both of which coimmunopre-
cipitated endogenous NSL complex members as well as
the endogenous NURF complex members (NURF301,
NURF38, and ISWI), but not INO80 (Supplemental Fig.
S2C). We could specifically immunoprecipitate endo-
genous NSL proteins using antibodies raised against
NURF301 but not against INO80 and CHD3 (Fig. 2C). Al-
though ISWI antibody immunoprecipitated ISWI protein,
it failed to enrich other NURF complex members. Thus,
it was difficult to reach a conclusive interpretation from
the ISWI immunoprecipitation. Immunoprecipitation of
the chromatin remodeler INO80 exclusively pulls down
MCRS2 (Fig. 2C). Homologs of MCRS2 and INO80 have
been reported to form a complex in mammals (Cai et al.
2006; Chen et al. 2011), which is distinct from the
MCRS2–NSL complex (Cai et al. 2010). Consistently,
the recombinant NURF complex interacts in in vitro

pulldown assays with full-length recombinant NSL1 but
not with MCRS2 or MSL3 (Supplemental Fig. S2D).
Thus, the NSL complex biochemically interacts with the
NURF complex.
To address the relevance of these findings in vivo, we as-

sayed the genetic interactions between nsl1 and the
Nurf301, Iswi, andNurf38members of theNURFcomplex
in flies. Loss-of-function mutants of nsl1, Nsl3, Nurf301,
Iswi, Nurf38, and Mi-2 are lethal. However, heterozygous
nsl1 mutants, although shown to possess reduced NSL1
activity (Yu et al. 2010), are 100% viable (Fig. 2D, blue
bar). We therefore tested the ability of heterozygous nsl1
loss-of-function alleles, either nsl1J2E5 (Spradling et al.
1999) or nsl1e(nos)1 (Yu et al. 2010), to modify (enhance or
suppress) the partial silencing and lethality induced by
RNAi targeting Nsl3, Nurf38, Nurf301, Iswi, and Mi-2
(for details, see Materials and Methods). We observed a
strong negative genetic interaction between nsl1 and
Nsl3, as expected for members of the same complex. An
equally strong negative interaction was scored between
nsl1 and all tested NURF complex members, whereas no
genetic interaction was seen between nsl1 and Mi-2 (Fig.
2D). The negative genetic interaction was equally strong
in both males and females (Supplemental Fig. S2E). In fur-
ther support of our genetic analysis, when a previously
characterized dominant-negative IswiK159R allele (Corona
et al. 1999; Deuring et al. 2000) was used in combination
withaheterozygousnsl1mutant, a strongnegative genetic
interactionwasagainobserved (Fig. 2D).These findings in-
dicate that NSL1 and the NURF complex interact in vivo
in the same or parallel converging pathways.
We sought to determine whether this interaction is re-

quired only for a specific subset of genes or is a general
mechanism. Chromatin immunoprecipitation combined
with high-throughput sequencing (MNase-ChIP-seq) ex-
periments against NSL1 and NURF301 revealed that
21,138 (91%) of the 23,194 NSL1-binding sites were also
bound by NURF301. Conversely, 66% of the 32,232
NURF301-binding sites were co-occupied by NSL1, and
9004 (64%) of these cobound sites overlapped with
14,081 annotated TSSs in theDrosophila genome, where-
as only 605 (4%) and 2182 (15%) were bound by either
NSL1 or NURF301, respectively (Supplemental Fig. S2F,
G). Next, we used a CAGE-based approach (MAPCap)
(see the Materials and Methods) to map dominant TSSs
—i.e., the TSS with themost reads, at single-base-pair res-
olution for each gene—and sorted the genes by the dis-
tance to their closest upstream antisense TSS, within
2000 bp (Fig. 2E; Supplemental Fig. S6A). The nucleo-
somes aligned closely with both the sense and antisense
TSS, and both the sense and antisense TSS showed exten-
sive cobinding of NSL1 and NURF301. NSL1 and
NURF301 colocalized at the NDR upstream of the +1 nu-
cleosome, which ismost affected uponNSL1 knockdown.
When we overlaid the signal with TSS positions, the two
proteins bind in close proximity to the TSS (Fig. 2E). Sim-
ilar results were obtained when ChIP-seq data for
NURF301, ISWI, ACF1, andMi-2were analyzed (Contrino
et al. 2012; Feller et al. 2012). The NSL complex binding
sites coincide extensively with the NURF complex but
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Figure 2. TheNSL complex recruits theNURF complex andmaintains nucleosome pattern at promoters. (A) Luciferase activity (ratio of
Firefly luciferase/Renila luciferase) in a Gal4-NSL3 reporter system in knockdowns for GST (control, far left and right), NSL and NURF
complex members, BRM, INO80, and CHD3. Error bars, SD of three independent experiments. (B) Immunoprecipitation of the endoge-
nous NSL complex members NSL1, MBDR2, and MCRS2. Preimmune Sera (NSL1, MBD-R2) served as controls. The western blot was
probed by antibodies against the NSL andNURF complexes, other chromatin remodelers, and NXF1, a protein involved in mRNA export
(as a negative control). (C ) Immunoprecipitation of the chromatin remodelers NURF301, ISWI, INO80, and CHD3. Rabbit IgG served as a
control. The western blot was probed by antibodies against the NSL and NURF complexes. INO80 immunoprecipitates MCRS2, but not
other NSL complex members. NXF1 and RRP6 served as negative controls. (D) Bar chart showing of viability of flies when combining
knockdown of NSL3, NURF301, ISWI (dominant-negative mutant, marked with asterisk, and RNAi), NURF38, or Mi-2 with heterozy-
gous NSL1 mutant (blue bars) relative to RNAi/mutant alone (white bars). Heterozygous NSL1 mutant alone (blue bar) does not cause
lethality. The mean±SD of at least three independent crosses is shown. The numbers of flies counted are indicated by n. (E) Heat
maps displaying the input-normalized ChIP enrichments of NSL1 (orange) andNURF301 (purple) ±2 kb around theMAPCap TSS. Nucle-
osome signal is depicted in black.MAPCap TSS positions are indicated in red (Watson strand) and blue (Crick strand). (Right) Nucleosome
signals are overlaid with the ChIP combined with high-throughput sequencing (ChIP-seq) and TSS signal. (F ) ChIP-qPCR analyses for
NURF301 (top) and NSL1 (bottom) for knockdowns against GST (pale yellow), NSL1 (red), and NURF301 (blue). qPCR analysis was per-
formedwith primer sets positioned at the promoters (Pro) and ends (End) of indicated genes. Results are expressed asmean (±SD) of relative
percentage recovery of immunoprecipitated material over input material. (G) Schematic: LexA-NSL3 is used to activate expression of
lexO-luciferase reporter in transgenic flies. Bar charts: ChIP-qPCR experiments performed with NSL1 (left) and NURF301 (right) antibod-
ies and primer pairs specific for promoter and end regions of the reporter gene. Results are expressed asmean (±SD) of the relative percent-
age recovery of immunoprecipitated material over input material. (H) Summary plot depicting the nucleosome signal −500 to 1000 bp of
the TSS in wild-type (gray shaded area), NSL1-depleted (green), NURF301-depleted (orange), and INO80-depleted (purple) cells.
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notACF1 (in theACF–ISWI complex) orMi-2 (Supplemen-
tal Fig. S3A–C).
To understand the epistatic relationship between

NSL and NURF complexes, we performed ChIP follow-
ed by qPCR assays at selected target promoters under
either NSL1 or NURF301 knockdown conditions (Supple-
mental Fig. S2B,H,I). Knockdown of NSL1 compromised
NURF301 binding to these promoters, whereas knock-
down of NURF301 left NSL1 binding unchanged (Fig. 2F),
indicating that the NSL complex acts upstream of NURF
complex recruitment. To validate this result, we used flies
carrying a lexO-luciferase reporter transgene and another
transgene expressing lexA-NSL3. Tethering of NSL3
led to ectopic recruitment of NSL1, as well as NURF301
(Fig. 2G).
To determine whether recruitment of the NURF com-

plex couldexplain thedefects innucleosomalorganization
observed upon NSL1 knockdown, we depleted NSL1, and
the remodelers NURF301, and INO80 in S2 cells (Supple-
mental Table S1). MNase-seq experiments revealed that
nucleosomes displayed a similar shift toward the TSS
upon NURF301 knockdown (Fig. 2H; Supplemental Fig.
S4A; Kwon et al. 2016), whereas depletion of INO80 led
to a shift of nucleosomes away from the TSS. It has been
reported that nucleosomes at promoters display differen-
tial sensitivity to MNase digestion inDrosophila (Chereji
et al. 2016). To test if our results are robust in different
digestion conditions, we performed our MNase-seq with
various different MNase concentrations. Indeed, we can
obtain the same conclusion in all digestion conditions
(Supplemental Fig. S4B). Interestingly, only NSL1 knock-
down led to a change in nucleosome occupancies, indicat-
ing that the NSL complex plays an additional role in
maintaining the nucleosome pattern, consistent with the
NSL complex being upstream of NURF complex recruit-
ment. Thus, first, theNSL complex is important formain-
taining nucleosome occupancy at +1 nucleosomes, and
second, it recruits the NURF complex to position the nu-
cleosomes at active TSSs in the Drosophila genome.

The NSL complex targets TATA-less promoters
by recognizing AT content

Because the NSL complex appeared upstream of NURF
recruitment,wenext addressed how theNSL complex rec-
ognizes target promoters. Previous genome-wide correla-
tions suggested association of DRE sequence with NSL
target sites (Feller et al. 2012; Lam et al. 2012). However,
whether this or other elements could be specifically tar-
geted by the NSL complex remained unknown. For this
purpose, we performedDNA immunoprecipitation by iso-
lating and shearing Drosophila genomic DNA and incu-
bating it with recombinant NSL1, NSL3, MCRS2, and
GFP as controls (Supplemental Fig. S5A). The bound
DNAwas subsequently purified and sequenced. Peak call-
ing revealed that the GFP control enriched 3726, MCRS2
enriched only six, NSL1 enriched 1910, and NSL3 en-
riched 4614 regions (Supplemental Fig. S5B). The achieved
enrichment forMCRS2 andNSL1 remain very close to the
enrichment obtained by theGFP control. Only the enrich-

ments achieved with NSL3 are higher. Furthermore, 733
NSL1 regions overlapped with GFP regions, whereas
only 29 NSL3 regions did so. Our data do not provide any
positive evidence that MCRS2 binds specifically to
DNA, but they do not rule out that MCRS2 could bind
to DNA under a different condition as tested here. This
inconclusive result promoted us to remove MCRS2 from
further consideration. NSL1 regions have similar enrich-
ments as the GFP control and overlap extensively with
theGFP control, suggesting that the uncovered binding re-
gions for these two proteins are unspecific. Again, this
finding does not rule out that NSL1 binds specifically to
DNA. NSL3 binds to specific regions in the genome, char-
acterized by high AT content (Fig. 3A; Supplemental Fig.
S5C). We observed that the AT-rich sequences overlap
extensively with NSL3 binding in vivo (Fig. 3B). Interest-
ingly, AT-rich sequenceswere highly enriched on promot-
ers where TATA and other core promoter motifs were
absent (Fig. 3B).We calculated the partial correlation coef-
ficient of all 1024 5mers and found thatAT content, rather
than a specific motif, correlates best with NSL3 binding.
Next, we used our MAPCap TSS as a reference to test
whether the AT content is able to predict NSL targeting.
To this end, we used the AT content of 61 29-bp windows
around theMAPCap-based TSSs as predictors for NSL3 in
vivo binding.Wepartitioned the genome into training sets
and test sets, trainedour logistic regressionmodelwith the
genes in the training set, and applied the model to predict
NSL3 binding on genes in the test sets (10-fold cross-vali-
dation). In this setting, the model correctly predicted
79%of trueNSL3 targets and 76%of the non-NSL targets.
The high AT content predicts the in vivo binding site of
NSL3 for bins upstream of MAPCap TSSs. For bins over-
lapped with the +1 nucleosome position, high AT content
correlates with lack of NSL3 binding (Fig. 3C). Further-
more, our analysis revealed thatAT-rich sequence is a bet-
ter predictor thanDRE or other 5mermotifs (Fig. 3D,E; for
a ROC curve, see Supplemental Fig. S5D). This result sug-
gests that NSL3 recognizes AT-rich sequences in the ge-
nome. However, a comparison of the in vitro and in vivo
patterns of NSL3 binding at MAPCap TSSs showed that
in vitro binding ofNSL3 is correlatedwith theATcontent,
whereas in vivoNSL3 binds downstream from theATcon-
tent peak (Supplemental Fig. S5E), suggesting that in vivo
NSL3binding is further refined by local chromatin context
and other NSL complex members. Collectively, these re-
sults suggest that theATcontent contributes to the target-
ing of the NSL complex to housekeeping promoters that
lack canonical motifs such as TATA box or Inr.

The NSL complex is required for TSS selection

Consistent with our data, knockdown of NSL1 should
have a strong effect on gene expression, and this is indeed
what we observed in RNA sequencing (RNA-seq) experi-
ments. The analysis revealed that 5225 (53%) of the
9850 genes for which we could detect expression in either
control or NSL1 knockdown were significantly down-reg-
ulated at a false-discovery rate (FDR) of 10%,whereas only
774 (8%) were significantly up-regulated and 3851 (39%)
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were not significantly different (Supplemental Table S2;
Supplemental Fig. S6C,D). When considering the log2
fold change, 7643 genes were down-regulated (Fig. 4A), in-
dicating that the NSL complex is required for transcrip-
tion of the vast majority of active genes. Notably, there
was an overrepresentation of nuclear and mtDNA encod-
ed mitochondrial proteins among the genes that were
most down-regulated (Fig. 4A). The mammalian NSL
complex has been reported to be required for the expres-
sion of respiratory genes from both nuclear and mtDNA
(Chatterjee et al. 2016). To further investigate the effects

on transcription specific to the promoter regions where
nucleosome shift occurs, we used MAPCap analysis in
wild-type and NSL1-depleted cells (Supplemental Table
S3; Supplemental Fig. S6B): 4020 (64%) of the 6281 domi-
nant MAPCap TSSs were significantly down-regulated at
an FDR of 10%, whereas only 113 (2%) were significantly
up-regulated and 2148 (34%) were not significantly
changed. Clustering analysis revealed that theTSS expres-
sion and nucleosome changes correlate with NSL1 and
NURF301 binding (Supplemental Fig. S6C), indicating
that changes in the nucleosomal organization are

E
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Figure 3. The NSL complex targets TATA-
less promoters by recognizing AT content.
(A) Heat maps showing the normalized in vi-
tro DNA-binding signal of GFP, NSL1, and
NSL3 (left to right; blue) using Drosophila
genomic DNA. The heat maps are centered
around the in vitroNSL3 binding peak center
and ordered by binding intensity. AT con-
tents of the same regions are displayed on
the far right heat map (red). (B, far left) Bars
showing predicted NSL3 binding from AT
content (gray) and in vivo NSL3 binding as
detected by ChIP-seq experiment (black).
The first heat map depicts AT content,
whereas the second heat map shows in vivo
NSL3 binding. The following heat maps on
the right show occurrence of PWM hits for
core promoter motifs DRE, TATA, INR,
MTE, and DPE, respectively. For each motif,
a sequence logo and its preferred location are
indicated. The genes are clustered into four
groups along the y-axis: (1) genes predicted
to be bound and are bound in vivo, (2) genes
predicted to be bound but are not bound in
vivo, (3) genes predicted not to be bound
but are bound in vivo, and (4) genes predicted
not to be bound and are not bound in vivo.
(C ) Box plot showing 29-bp bins that are sig-
nificantly contributing to prediction ofNSL3
binding. The x-axis denotes the position
with respect to the MapCap TSSs. The
y-axis denotes the slope parameter values ob-
tained during the 10-fold cross validation to
predict NSL3 binding. The gray filled wiggle
line denotes the nucleosome signal. The
green line denotes the NSL3 in vivo binding.
The red horizontal line denotes a slope of
zero. Red boxes denote bins that successfully
predict behavior of NSL3 binding. t-test, P-
value < 0.05. (D) In vivo NSL3 binding is pre-
dicted using random sequences (black), DRE
(green), and AT-rich sequences (red) using
the method described in C. The percentage
of sequences making a correct prediction
are indicated on the x-axis. (E) Bar charts
showing t-statistics representing partial cor-
relation of the indicated elements to in vitro
binding of NSL3. The AT content (percent-
age against the log enrichments for all bins)
and frequencies of all 1024 possible 5mers

are calculated for 200-bp bins. The in vitro NSL3 log enrichment was linearly regressed against the AT content and the frequencies of
all possible 5mers used to calculate the partial correlation coefficient for the 5mers.
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Figure 4. TheNSL complex is required for TSS selection. (A) (dG) Differentially expressed genes as defined by DESeq2. (Heat map) Gene
expression changes in control (GST) and NSL1-depleted cells; yellow and blue indicate up-regulation and down-regulation, respectively,
compared with the average of all samples. (mito) Mitochondrial genes are marked as purple lines. (Bottom) The log2 enrichment of mito-
chondrial genes over the transcriptome as background. (B) The TSS signal obtained fromMAPCap is plotted for NSL-bound (gray area) and
non-NSL-bound (red line) genes. Signals for each gene are centered around the dominant TSS. The 10 percentile of signal accumulates
within 17 bp from the dominant TSS for the NSL-nonbound genes, whereas the 10 percentile is spread across 55 bp for the NSL-bound
genes. (C ) Representative examples showing theMAPCap andRNA-seq data for the control (GST; red tracks) andNSL1knockdown (green
tracks). (D) MA plot showing the changes in gene expression uponNSL1 depletion. Light blue denotes down-regulated genes, whereas red
denotes up-regulated genes. Genes displaying shifts in TSS selection uponNSL1 knockdown aremarked in purple. (E) Heatmaps showing
change in nucleosome occupancy for genes displaying TSS shift in NSL1 knockdown, with yellow indicating an increase and blue a
decrease in nucleosome signal. For each gene with a TSS shift event, one TSS of the gene is defined as down-regulated (red line in both
heat maps), whereas another TSS of the same gene is labeled as up-regulated (green line) in the same gene. The left heat maps are centered
at the down-regulated TSS (red). Heatmaps on the right are centered at the up-regulated TSS (green). NSL1 andNURF301ChIP-seq signals
are shown for these 418 genes.
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correlated with the down-regulation of TSSs in a NSL1-
and NURF301-dependent manner. Promoters targeted
by NSL1 and NURF301 show a broader TSS pattern
than do nonbound ones (Fig. 4B), which correlates with
the absence of core promoter motifs (Schor et al. 2017)
that are predominantly found in nonbound TSSs (Supple-
mental Fig. S6C).

If the TSS(s) are selected by the position of the +1 nucle-
osome, a delocalized +1 nucleosome may influence TSS
firing and selection. We noticed cases in which TSS pref-
erence changes uponNSL1 knockdown (Fig. 4C). To iden-
tify genes that change their TSS preference upon NSL1
knockdown, we devised a statistical analysis (see the Ma-
terials and Methods) that identified 418 genes with a sig-
nificant change in TSS usage at an FDR of 5%. Some of
these genes alter their promoter usage, and 251 (60%)
show changes in the TSS usage within a window of 200
bp, often with one TSS being favored whereas another is
repressed. We asked how this change in TSS usage alters
overall gene expression and found that six (1%) genes
were up-regulated, 249 (60%) genes remained unchanged,
and 162 (39%) genes were down-regulated (Fig. 4D).
Overall expression of most of these genes remained un-
changed, indicating that an alternate promoter or TSS
compensates for the depressed NSL1-regulated TSSs.
These genes were bound by both NSL1 and NURF301
(Fig. 4E). We therefore asked whether this change in TSS
preference could be a direct consequence of the changes
in the nucleosomal pattern upon NSL1 knockdown. For
each of the 418 genes, we identified the TSS that is fa-
vored inNSL1 knockdown as an up-regulated TSS, where-
as the TSS that showed reduced usage was marked as a
down-regulated TSS. The down-regulated TSSs aligned
with a local increase in nucleosome occupancy in their
NDRs (Fig. 4E), indicating that the disruption of the ca-
nonical nucleosomal organization leads to a down-regula-
tion of certain TSSs.

The usage of an alternate promoter could have impor-
tant consequences for the resulting mRNA. For example,
a shift in TSS usagewithin a promoter can result in chang-
es in 5′ untranslated region (UTR) length that may affect
posttranscriptional regulation of the resulting mRNA
(Hinnebusch et al. 2016; Leppek et al. 2018).We compared
the RNA-seq coverage in these regions from control and
NSL1 knockdown samples, focusing our analysis on genes
that had RNA-seq coverage within a window of ±200 bp
around the TSS. In cases when a downstream TSS was
up-regulated, we clearly observed a reduction of RNA-
seq coverage at the beginning of the 5′ UTR, indicating
shorter transcripts. Likewise, when an upstream TSS
was up-regulated, we observed more RNA-seq reads up-
stream of the 5′ UTR and hence a longer transcript (Fig.
5A). Consistently, the comparison of NSL1-mediated
changes in TSS usage with Ribo-seq data (Dunn et al.
2013) revealed that TSS shifts upon loss of NSL1 would
impact the 5′ UTR as well as the translated products in
cases in which a TSS shift occurred downstream (Fig.
5B; Supplemental Fig. S6E). Thus, the NSL complex can
influence TSS choice through canonical nucleosomal
organization.

Transcription noise increases in the absence
of the NSL complex

Our results suggest that the NSL complex creates a tran-
scription-competent nucleosome organization at its tar-
get promoters, enabling constitutive expression with
concomitant low transcription noise (Eldar and Elowitz
2010; Lehner 2010; Munsky et al. 2012; Sanchez et al.
2013; Sharon et al. 2014; Ravarani et al. 2016). Disruption
of this transcription-competent nucleosome organization
at the TSS should lead to a TSS that requires chromatin re-
modeling before transcription such that it cycles between
an off and an on state, which increases transcription noise
(Eldar and Elowitz 2010; Munsky et al. 2012). Therefore,
we asked whether the disruption of the nucleosome orga-
nization by the depletion of NSL1 results in an increase in
transcription noise. For this purpose, we performed single-
cell RNA-seq on control Drosophila S2 cells and cells de-
pleted of NSL1 using the 10× genomics emulsion-based
sequencing technology; 1753 cells and 4046 cells were se-
quenced for NSL-depleted and control samples, respec-
tively. We selected cells with more than 2000 expressed
genes and focused on a subset of genes thatwere expressed
in >50% of the remaining cells. To detect changes in tran-
scription noise. we used the BASiCS approach (Vallejos
et al. 2015). Because transcription noise is influenced by
transcription levels, we focused on 1008 genes that were
not differentially expressed upon NSL1 knockdown and
identified changes in transcription noise at an expected
FDR of 10%. We observed increased transcription noise
in most of these genes (Fig. 5C,D; Supplemental Fig. S7).
Furthermore, the majority of genes with increased tran-
scription noise wereNSL1 targets and displayed disrupted
nucleosome patterning upon NSL1 knockdown (Fig. 5C).
Thus, our data suggest that the NSL complex is involved
in suppressing transcriptional noise at target gene loci.

Discussion

In the present study, we set out to understand how tran-
scription initiation is regulated onNSL-bound promoters,
which are typically TATA-less housekeeping promoters
with a dispersed TSS pattern. We uncover here that the
NSL complex is required for maintaining the positioning
of the +1 nucleosome at NSL-bound gene promoters,
which is pivotal for not only effective transcription but
also TSS fidelity in Drosophila (Fig. 6).

We find here that the NSL complex recruits the NURF
chromatin remodeling complex to NSL target promoters.
In mammals, BPTF (NURF301 homolog) binds to promot-
er-associated H3K4me2/3 and H4K16ac via its PHD and
bromodomain, respectively, and the interaction is impor-
tant for the recruitment of the NURF complex (Ruthen-
burg et al. 2007, 2011). In Drosophila, two isoforms of
NURF301 exist: a longer isoform that encodes the C-ter-
minal PHDand bromodomain, aswell as a shorter isoform
that lacks the two domains. The shorter isoform thus is
unable to bind H3K4me3 or H4K16ac but is nevertheless
sufficient to target the NURF complex to the majority
of genes (Kwon et al. 2009), which then acts upon the
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+1 nucleosomes to properly position them. Our data sug-
gest a plausible explanation on how the NURF complex
may be recruited by transcription factors, such as the
NSL complex, in addition to the histone marks. It is
thus conceivable that the NURF complex interacts with

both the NSL complex and the histone marks for accurate
targeting to gene promoters.
Transcription stochasticity is known to play an instru-

mental role in processes such as cell differentiation, as
well as cellular homeostasis in response to external
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C

D

Figure 5. Transcription noise increases in the absence of the NSL complex. (A) Differential signal in RNA-seq comparing control and
NSL1 knockdown at 5′ UTR regions. Heat maps are centered at the down-regulated (left) TSS and up-regulated TSS (right) as in Figure
4C. Yellow denotes an increase in RNA-seq read counts, whereas blue denotes a decrease in RNA-seq read counts and thus represent
changes in the length of 5′ UTR. (B) Representative example showingMAPCap as well as RNA-seq data for control and NSL1 knockdown
samples. Ribo-seq data fromwild-type cells are provided (bottom). Ribo-seq data showupstreamORFs in the 5′ UTR region, where expres-
sion is reduced in NSL1 knockdown because of a shift in TSS selection. (C ) (Leftmost) Bars showing genes with increased (green) and un-
changed (blue) transcription variability. Differential variability was calculated using the BASiCS_TestDE function. The BASiCS_TestDE
function also corrects for changes in gene expression between control andNSL1knockdown. (middle and right). Heatmaps showingNSL1
binding and changes in nucleosome occupancies upon NSL1 knockdown on the same genes. (D) Violin plot showing the change in tran-
scription variability depicted by the green and blue bars in C.
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stimuli (Eldar and Elowitz 2010; Munsky et al. 2012).
TATA-containing promoters are believed to be noisier
and more important for fate determination, whereas
TATA-less promoters are considered to be less noisy and
involved in cellular homeostasis (Shalek et al. 2013). How-
ever, it was previously not clear how TATA-less house-
keeping genes regulate transcription noise levels. Our
work here reveals that the NSL complex plays a role in
the suppression of transcription noise at housekeeping
genes. We show that nucleosome occupancies at NDR in-
crease in the absence of the NSL complex. This increase
likely posits that nucleosome occupancy of a certain pro-
moter at a given time ismore heterogenous between cells.
Consistent with previous reports that showed that DNA
sequences with low nucleosomal affinity display lower
transcriptional noise (Dadiani et al. 2013; Sharon et al.
2014), our data suggest that the increase in heterogeneity
of nucleosome occupancy leads to an increase in tran-
scriptional noise as observed upon NSL depletion. More-
over, the NSL complex has been shown to facilitate the
recruitment of Pol II machinery (Lam et al. 2012). Thus,
it is also plausible that the NSL complex changes the dy-
namics of Pol II binding and initiation at chromatin and
thereby represses transcriptional noise at NSL-bound
genes. Our results have implication for further under-
standing how transcription noise can be regulated by tran-
scription factors on distinct types of promoters.

Variants in core promoter DNA sequence affect TSS fir-
ing pattern in differentDrosophila lines (Schor et al. 2017),
yet it is not understood how these changes in DNA se-
quence are translated to changes in TSS pattern. Our
MAPCap analyses inNSL1knockdowncells reveal impor-
tant insights into the crucial roles that the NSL complex
binding and nucleosome positioning play in ensuring effi-

cientTSS firing and selection. Formost genes, TSS firing is
compromised as nucleosomes invade the NDR in the ab-
sence of the NSL complex. Some genes compensate for
the reduced TSS firing by up-regulating TSS firing from
an alternative promoter of the same gene. This surprising
result suggests that neighboring TSSs within one gene
could rely on different mechanisms for initiation. It is
thus possible that different TSSsmay be preferred in differ-
ent tissues or stress conditions inwild-type cells. This TSS
preference shift may potentially be regulated by modulat-
ing nucleosome positioning or binding of the NSL com-
plex. The misregulation in TSS preferences upon NSL1
knockdown is not without consequence. The TSS shift
produces an RNA with altered 5′ UTR length and, in
some cases, an altered 5′ nucleotide. The altered UTR
length leads todifferentnumbersof upstreamopen reading
frames (uORFs) and RNA modifications in the UTR,
whereas a changed starting nucleotide affects the frequen-
cy ofm6Ammodification. uORFs andRNAmodifications
have well-known effects on RNA stability and translation
(Barbosa et al. 2013; Mauer et al. 2017), suggesting signifi-
cant changes in the cellular proteome in the absence of the
NSL complex.

Housekeeping TATA-less promoters are enriched in
DNA motifs such as motifs 1, 6, and 7 and DRE (Ohler
et al. 2002). Nevertheless, no single motif is enriched on
the majority of housekeeping promoters, raising the fol-
lowing questions: Is there an equivalent to TBP/TATA
box on housekeeping promoters, and how these promoters
are targeted specifically?Ourdata suggest that theATpref-
erence of NSL3 contributes to the targeting of the NSL
complex to these TATA-less promoters. In line with this
idea, we found that by using the AT content we can cor-
rectly predict 79% of true NSL3 in vivo targets and 76%
of the non-NSL targets. However, these results also sug-
gest that other targeting mechanisms have to act in paral-
lel to achieve the in vivo binding pattern of the NSL
complex. These targeting mechanisms could include
DNAbinding of otherNSL complexmembers and interac-
tions with other chromatin components such as histones
and their modifications. Because the NSL complex binds
to themajority of housekeeping promoters, our result sug-
gests that the recognition of AT-rich sequences by NSL3
contributes to the discrimination of TATA-less promoters
from the rest of the genome.

In summary, we show that the NSL complex functions
to maintain a prominent promoter nucleosome pattern
and subsequently guides TSS selection and suppresses
transcription noise on dispersed housekeeping promoters.
Our data also reveal that the NSL complex is recruited to
the majority of TSSs that lack canonical promoter motifs
such as the TATA-box and Inr by binding to AT-rich se-
quences. Taken together, this study provides a plausible
explanation to the long-standing questions of how
TATA-less promoters are recognized and transcribed.
Based on our data, we propose a model whereby the NSL
complex acts like a Swiss-army knife/platform to bring to-
gether the characteristic chromatin-modifying factors
that are typically observed at housekeeping genes and re-
quired for their proper transcription.

Figure 6. A schematic model. The NSL complex is required for
nucleosome positioning at dispersed promoters of housekeep-
ing genes. Genetic and biochemical analysis revealed that the
NSL complex recruits NURF chromatin remodeling complex at
target promoters. The NSL complex targets AT-rich sequences
in TATA-less promoters. Loss of NSL complex not only leads to
transcription down-regulation of targets but also affects the
choice of TSSs of highly expressed genes with multiple TSSs.
Loss of NSL complex also increases transcription noise at target
genes. Thus, NSL complex plays a crucial role in transcription fi-
delity in the Drosophila genome.
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Materials and methods

Drosophila rearing conditions and genetics

Unless otherwise specified, flies were reared on a standard corn-
meal fly medium at 25°C, 70% relative humidity, and 12-h
dark/12-h light cycle. For details regarding the genotypes, stocks,
and genetic crossing schemes used in this study, please refer to
the Supplemental Material.

Knockdown experiments in S2 cells

The double-stranded RNAs against the NSL complex subunits
and chromatin remodelers were designed to complement the
exon sequences of the respective proteins with a length of 250–
350 bp. These double-stranded RNAs did not show complemen-
tarity to other genes (with 18-bp seeds) besides the genes of inter-
est, which were determined by E-RNAi (Horn and Boutros 2010).
Double-stranded RNAs against the GST were used as a control.
Further details regarding synthesis of dsRNAs are provided in
the Supplemental Material.
For knockdown experiments, 2 mL of S2 cells at 1 million

cells per milliliter was plated in six-well dishes and left to attach
for 1 h. Ten micrograms of purified double-stranded RNA was
diluted with Schneider’s medium. The RNA transfection was
performed using Lipofectamine RNAiMAX reagent (Life Tech-
nologies), according to the manufacturer’s instructions. The dou-
ble-stranded RNAs weremixed with the transfection reagent and
kept for 15 min at room temperature before the mixture was add-
ed to the cells. The cells were harvested after 4 d, and cell num-
bers were counted.
The primers used for generating dsRNA are indicated in Sup-

plemental Table S4.

Luciferase assays

Briefly, 100 µL of cells at 1 million cells per milliliter was plated
on 96-well plates. Cells in each well were transfected with a plas-
midmixture of (1) 200 ng of pG5luc, which contains the firefly lu-
ciferase gene whose expression is controlled by UAS sequences;
(2) 2 ng of pRL-hsp70, which contains a constitutively expressed
Renilla luciferase gene; and (3) 50 ng of pAc5.1 vector containing
either Gal4DBD-tagged NSL3 protein or Gal4DBD alone. Trans-
fections were performed with X-tremeGENE DNA transfection
reagents (Roche). After 2 d of incubation, cellswere lysed (dual-lu-
ciferase kit, Promega), and luminescence was measured by using
a Mithras plate reader (Berthold). For further details, see the Sup-
plemental Material.

ChIP

Briefly, S2 cells were cross-linked using 1.8% formaldehyde in
crosslinking solution. After quenching with 125 mM glycine,
the cells were washed with Paro 1, Paro 2, and RIPA buffers.
The cells were then resuspended in RIPA buffer and were sheared
using a Branson sonicator and Covaris sonicator. After verifying
appropriate shearing, the chromatin was precleared using Protein
A/Protein G beads. Appropriate antibodies were added to the
chromatin and incubated overnight. Immunoprecipitation was
performed using either Protein A or Protein G. The beads were
washed thoroughly and reverse-crosslinked overnight at 65°C
and treated with Proteinase K and RNase A. The DNAwas puri-
fied using Minelute columns (Qiagen). For a detailed protocol,
please refer to the Supplemental Material.
The primers used for quantitative PCR are listed in Supplemen-

tal Table S5.

MNase-seq and Mnase-ChIP

Briefly, the cells were crosslinked with 1% formaldehyde in
crosslinking solution. The samples were quenched using
125 mM glycine. NP-40 was used for cell permeabilization. The
chromatin was then digested with MNase for 10 min at 25°C.
The reaction was stopped by the addition of EDTA, NaCl, and
SDS, and the samples were placed on ice. For ChIP, the following
steps were the same as thosementioned in the ChIP protocol. For
a detailed protocol, please refer to the Supplemental Material.

MAPCap

ProteinGmagnetic Dynabeads (Life Technologies) were prepared
with IPP buffer (50 mM Tris-HCl at pH 7.4, 150 mMNaCl, 0.1%
NP-40). We incubated 2.5 µg of anti-m7G antibody (SYSY 201
011) with the beads for at least 1 h in 4°C. The beads were finally
washed twice with IPP buffer. RNA extractions were performed
with a Direct-zol miniprep kit (Zymo Research). Abundant small
RNAs (<200 nt) were removed using a RNA clean and concentra-
tor kit (Zymo Research) and eluted in 100 µL TE buffer (10 mM
Tris-HCl at pH 8.0, 1 mM EDTA). RNA fragmentation was
performed using a Covaris E220 focused-ultrasonicator (duty
cycle, 10%; intensity, 5; power, 175 W; cycles/burst, 200; time,
140 sec). After sonication, the capped RNA was captured with
the antibody-coupled Protein G magnetic beads for 1–2 h in 4°C.
Then, the beads were washed three times with IPP buffer. RNA
3′ ends were repaired using PNK. Custom-made barcoded adapt-
ers were ligated to the RNAusingT4RNA ligase 1 for 1 h at 25°C.
Excess adapters werewashed awaywith IPP buffer, and RNAwas
purified by column purification. Isolated RNA was reverse-tran-
scribed and treated with RNase H. cDNA was column-purified
and circularized with CircLigase for 2–16 h. Circularized cDNA
was directly PCR amplified; the amplified library was finally
cleaned up using AMPure beads. For further information regard-
ing MAPCap analysis, please refer to the Supplemental Material.

Computational analysis

For a thorough description of theChIP-seq,MAPCap,MNase-seq,
scRNA-seq, gDNA-IP-seq, and RNA-seq analysis, please refer to
the Supplemental Material.

Data accession

All of the genome-wide data sets in this manuscript have been
deposited in Gene Expression Omnibus under accession number
GSE118726
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