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Cell type-specific transcriptional programs that drive differentiation of specialized cell types are key players in de-
velopment and tissue regeneration. One of the most dramatic changes in the transcription program in Drosophila
occurs with the transition from proliferating spermatogonia to differentiating spermatocytes, with >3000 genes ei-
ther newly expressed or expressed from new alternative promoters in spermatocytes. Here we show that opening of
these promoters from their closed state in precursor cells requires function of the spermatocyte-specific tMAC
complex, localized at the promoters. The spermatocyte-specific promoters lack the previously identified canonical
core promoter elements except for the Inr. Instead, these promoters are enriched for the binding site for the TALE-
class homeodomain transcription factors Achi/Vis and for amotif originally identified under tMACChIP-seq peaks.
The tMACmotif resembles part of the previously identified 14-bp β2UE1 element critical for spermatocyte-specific
expression. Analysis of downstream sequences relative to transcription start site usage suggested that ACA and
CNAAATT motifs at specific positions can help promote efficient transcription initiation. Our results reveal how
promoter-proximal sequence elements that recruit and are acted upon by cell type-specific chromatin binding
complexes help establish a robust, cell type-specific transcription program for terminal differentiation.
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Transcriptional regulation plays a central role in produc-
ing different cell types from the same genomic content.
Throughout embryonic development, cells make and re-
spond to cell fate decisions by turning on new transcrip-
tion programs required to generate progressively more
specialized cell types. Similar events drive differentiation
of specialized cells from proliferating precursors in the
adult stem cell lineages thatmaintain and repairmany tis-
sues throughout the life span. Understanding how cell
type-specific transcription is achieved forms the very
basis of understanding differentiation and development
in multicellular organisms.
Tissue and stage-specific transcription programs are es-

tablished by intricate interplay among promoter-proximal
and distal DNA elements, and protein complexes that in-
teract with them. Much recent work has focused on the
role of stage or tissue-specific transcriptional activators
and repressors acting upon distal enhancer elements to
control the time and place of expression of developmental
genes. However, evidence has emerged that variant forms

of core promoter motifs and their recognition factors can
play roles in cell type-specific transcription programs in
certain tissues (D’Alessio et al. 2009; Goodrich and Tjian
2010; Haberle et al. 2014; Danks et al. 2018).
Several canonical core promoter motifs and promoter

types have been identified and extensively studied. InDro-
sophila, TATA-box and/or downstreampromoter element
(DPE)-containing promoters tend to initiate transcription
from a narrow region (Hoskins et al. 2011; Chen et al.
2014). The TATA box is bound by the TATA-binding pro-
tein (TBP), while the DPE is bound by certain TBP-associ-
ated factors (TAFs) in the general transcription factor
TFIID to help precisely position RNA polymerase II for
transcript initiation (Goodrich and Tjian 2010). On the
other hand, promoters containing the DNA replication-
related element (DRE) and/or other Ohler motifs tend to
initiate transcription from a broad region and are thought
to be associated with housekeeping genes (Ohler et al.
2002; FitzGerald et al. 2006; Graveley et al. 2011; Chen
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et al. 2014). Recent work in Drosophila has shown that
thousands of enhancers exhibit a distinct preference for
one or the other of these promoter types (Zabidi et al.
2015; Rennie et al. 2018), suggesting that sequences near
the transcription start site can play key roles in gene-
selective transcriptional regulation. However, the extent
to which these canonical versus other core promoter
motifs contribute to cell type-specific gene regulatory pro-
grams in differentiating cells and the molecular mecha-
nisms by which they do so are not understood.

Male germ cell differentiation in Drosophila provides
an excellent opportunity to study cell type-specific tran-
scriptional regulation, as more than a thousand genes
turn on for the first time in development when male
germ cells become spermatocytes. In Drosophila, one
germline stem cell normally produces a new stem cell
and a gonialblast, which founds a clone of proliferating
spermatogonia through four rounds ofmitosis. The result-
ing 16 interconnected germ cells undergo a last round of
DNA synthesis; then, as spermatocytes, they entermeiot-

ic prophase (Fig. 1A). During this ∼3-d period the sper-
matocytes express the vast majority of genes needed for
later stages of male germ cell development. A recently de-
veloped heat-shock–Bam time course system (Kim et al.
2017) provided a way to obtain large quantities of germ
cells at similar stages and greatly empowered study of
the temporal events and molecular mechanisms that un-
derlie the dramatic, cell type-specific change in transcrip-
tional regulation that accompanies the transition from
spermatogonia to spermatocyte.

Genetic and biochemical studies have identified two
sets of cell type-specific proteins that regulate the sperma-
tocyte transcription program, the tMAC complex (Beall
et al. 2007) required for turning on most of the spermato-
cyte-specific gene expression program (Perezgasga et al.
2004; Doggett et al. 2011) and the testis-specific TAFs
(tTAFs) (Hiller et al. 2001; Hiller 2004) required for full
levels of expression of many genes in that program (Dog-
gett et al. 2011; Lu and Fuller 2015). tMAC interacts phys-
ically with Achi/Vis, two highly similar TGIF-related
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Figure 1. Transcriptional changes during
the transition from spermatogonia to sper-
matocyte in Drosophila. (A) Diagram of
Drosophila spermatogenesis with timeline
as spermatogonia differentiate into sper-
matocytes and the corresponding time
points after heat shock of hsBam;bam−/−

flies. (B) Composition of the tMAC and
MuvB core protein complexes. (Dark gray)
Shared components; (light gray at the same
position of the diagram) paralogs; (white)
nonhomologous components. (C,D) RNA-
seq (C ) and CAGE profiles (D) for all pro-
tein-coding genes expressed in testes from
bam−/− (enriched for spermatogonia
[X-axis]) and hsBam;bam−/− 72 hrPHS (en-
riched for maturing spermatocytes [Y-
axis]). Axes show read counts normalized
by DESeq2 rlog transformation. (Left)
Down-regulated genes. (Middle) Off-to-on
genes. (Right) Genes expressed from alter-
native promoters, with each gene represent-
ed by one data point in RNA-seq, and two
data points, corresponding to the alterna-
tive promoters, in the CAGE plot. (E–G)
RNA-seq and CAGE profiles for example
genes from each group. Y-axes show read
counts normalized by sequencing depth.
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TALE-class homeodomain proteins encoded by tandemly
duplicated genes that are required for transcription in
spermatocytes of tMAC-dependent genes (Ayyar et al.
2003; Wang and Mann 2003). In flies null mutant for
tMAC components, Achi/Vis, or tTAFs, germ cells arrest
as mature spermatocytes (Lin et al. 1996; White-Cooper
et al. 1998; Ayyar et al. 2003; Wang and Mann 2003; Per-
ezgasga et al. 2004; Jiang et al. 2007; Doggett et al.
2011). tMAC is a spermatocyte-specific version of the
widely expressed and evolutionarily conserved MuvB
core complex (Fig. 1B), which binds different protein part-
ners, includingmembers of the E2F, DP, Rb, andMyb pro-
tein families, to repress or activate key cell cycle and
developmental genes (Sadasivam and DeCaprio 2013; Fi-
scher and Müller 2017). The tMAC complex expressed
in Drosophila spermatocytes contains two proteins
shared with the MuvB core: p55 Caf1 (RBBP4 in humans)
and Mip40 (LIN37) (Fig. 1B, in dark gray). tMAC also con-
tains testis-specific paralogs of three of the other MuvB
core components: Aly (paralog of Mip130 [LIN9]), Tomb
(paralog of Mip120 [LIN54]), and Wuc (paralog of Lin52
[LIN52]) (Fig. 1B, in light gray). In addition, tMAC includes
the testis-specific proteins Topi and Comr (Fig. 1B, in
white). Among the known tMAC subunits, Tomb, Topi,
and Comr have predicted DNA-binding domains (Beall
et al. 2007). Despite the importance of tMAC for turning
on expression of most of the genes newly expressed in
spermatocytes, the mechanism by which tMAC carries
out this function is not known.
To investigate how the cell type-specific gene expres-

sion program for spermatocyte differentiation turns on,
weused RNA-seq tomap transcript levels, CAGE to quan-
titatively map transcription start site (TSS) usage (Shiraki
et al. 2003; Murata et al. 2014), and ATAC-seq to map
chromatin accessibility (Buenrostro et al. 2013) as pro-
liferating spermatogonia transition to differentiating
spermatocytes. Combining these data, we showed that
the promoters that turn on when germ cells become sper-
matocytes lack most of the canonical core promoter
motifs. Instead, these promoters are enriched for the
tMAC-ChIP motif and putative Achi/Vis-binding motif,
and require tMAC function to become open and accessi-
ble once germ cells become spermatocytes. Within the
local open region that tMAC creates, a good match to an
Inr sequence at position +1 of the transcript and ACA
and CNAAATT motifs at specific positions downstream
correlated with efficient usage of individual TSS. Our re-
sults reveal a robust cell type-specific and gene-selective
developmental transcription program orchestrated by pro-
moter-proximal elements and protein complexes that in-
teract with them.

Results

A third of the testis transcriptome uses a new promoter
as germ cells differentiate into spermatocytes

To follow changes in gene expression over differentiation,
male germ cells were induced to differentiate from sper-
matogonia to spermatocytes in vivo in a heat shock-Bam

time course system (Fig. 1A; Materials and Methods;
Kim et al. 2017). Briefly, in males mutant for the key dif-
ferentiation factor bam, spermatogonia undergo several
additional rounds of mitotic proliferation rather than dif-
ferentiate into spermatocytes (McKearin and Ohlstein
1995), were subjected to a brief pulse of Bam expression
under control of a heat-shock promoter. In hs-Bam;
bam−/− flies, a brief pulse of Bam expression can be in-
duced by 30 min of heat shock, which relieved the devel-
opmental arrest and caused accumulated spermatogonia
to initiate differentiation into spermatocytes relatively
synchronously. By 24 h after heat shock, the germ cells
had completed a final round of mitosis and premeiotic
DNA replication. By 48 h post-heat shock (“48 hrPHS”)
germ cells had progressed to young spermatocytes, a ma-
jority of the genes expressed specifically in spermatocytes
had begun to be expressed, and a small number of genes
up-regulated early in the spermatocyte stage had reached
a high level of expression. By 72 h post-heat shock
(“72 hrPHS”) the differentiating germ cells had become
mature spermatocytes and the majority of genes up-regu-
lated in spermatocytes had reached high levels of expres-
sion. By 96 h after heat shock, germ cells had begun to
initiate the first meiotic division. For this work, 48 hrPHS
and 72 hrPHS are of particular interest (Fig. 1A, bottom
panel). Note that as the samples were whole testes, they
contained both germ line and somatic cells. Also, new
spermatogonia that lack Bamcontinue to accumulate dur-
ing the time course after heat shock, so at later time points
the testes contained increasing numbers of spermatogonia
as well as differentiating spermatocytes.
RNA-seq and CAGE from testes from bam−/− flies and

hs-Bam;bam−/− flies 72 hrPHS detected expression of
9371 protein-coding genes (Fig. 1C,D). Analysis of how
transcript levels changed in the time course using these
data identified three classes of genes dynamically regulat-
ed as spermatogonia differentiated into spermatocytes
(see Materials and Methods).
One-thousand-one-hundred-fifty-five “down-regulated

genes” were expressed at least twofold less in either the
48 hrPHS sample or the 72 hrPHS sample than in
bam−/− testes, based on RNA-seq (Fig. 1C, left panel),
and contained CAGE clusters at the same genomic posi-
tions in bam−/− testis and in 72 hrPHS testis (Fig. 1D,
left panel). One example, PCNA (Fig. 1E), encodes a com-
ponent of the DNA replication machinery. PCNA protein
is abruptly down-regulated inDrosophilamale germ cells
after completion of premeiotic S phase (Insco et al. 2009).
The decrease in expression of the down-regulated genes
is likely an underestimate because after heat shock
new spermatogonia produced from bam−/− germline
stem cells accumulate over time.
One-thousand-eight-hundred-forty-one “off-to-on genes”

were expressed at negligible or low levels in bam−/− testes
but were up-regulated more than eightfold by 48 hrPHS or
>16-fold by 72 hrPHS based on RNA-seq (Fig. 1C, middle
panel) and contained CAGE clusters that appeared in 72
hrPHS testes but not in bam−/− testes (Fig. 1D, middle
panel). One example is fzo (Fig. 1F), which encodes a
mitofusin expressed in spermatocytes in preparation for
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the fusion of mitochondria to form the mitochondrial de-
rivative in haploid round spermatids (Hales and Fuller
1997).

Strikingly, 1230 “genes with alternative promoters”
were expressed in both bam−/− and 72 hrPHS testes (Fig.
1C, right panel) and contained CAGE clusters expressed
in bam−/− as well as new CAGE clusters that appeared
in 72 hrPHS, but not in the bam−/−. In other words, these
genes were expressed from a new promoter once sperma-
togonia differentiate into spermatocytes (Fig. 1D, right
panel, in which each gene has two corresponding CAGE
data points). One example is αTub84D, which encodes
the major α-Tubulin isoform expressed in male germ
cells. The RNA-seq and CAGE data show expression of
αTub84D in testes containing spermatocytes from a new
promoter ∼350 bp downstream from the promoter used
in testes containing spermatogonia but lacking spermato-
cytes (Fig. 1G). Taking the 1841 “off-to-on” and the 1230
“alternative promoter” genes together, >3000 genes
(∼30% of all genes expressed in testes at time points tak-
en) were expressed from a new promoter after spermatogo-
nia differentiate into spermatocytes.

The count of “genes with alternative promoters” is an
underestimate because we required the new 72 hrPHS-
specific CAGE cluster to be separated by at least 40 bp
from the old CAGE cluster used in bam−/− (Materials
and Methods). This excluded genes expressed from differ-
ent but overlapping promoter regions in 72 hrPHS com-
pared with bam−/− testes. For example, cyclin B1, which
is known to be expressed from a tMAC-independent pro-
moter in spermatogonia and a tMAC-dependent promoter
in spermatocytes (White-Cooper et al. 1998), had a new
CAGE cluster in the 72 hrPHS sample thatwas not detect-
ed in the bam−/− sample, was nevertheless not included
among the “genes with alternative promoters” (Supple-
mental Fig. S1).

Promoters expressed with differentiation lack canonical
core promoter motifs

Analysis of the distribution of CAGE signals within a pro-
moter can reveal information about how promoter-proxi-
mal sequence elements might influence usage of specific
TSSs. Traditionally, promoter width has been defined as
the region that includes all the TSSs for a promoter, amea-
sure sensitive to both the level of expression and the over-
all depth of sequencing. For this work, we used a different
metric that captures information about the distribution of
TSS usage: the “region of efficient transcription initia-
tion” (RETI), defined as the region within which 80% of
all transcripts initiated, obtained by trimming 10% of
the total CAGE signal off of both sides of the CAGE clus-
ter (Haberle et al. 2014) (see Supplemental Fig. S2 for how
RETI compares and correlates with canonical promoter
width).

The promoter regions of the “down-regulated genes”
were enriched for known core promoter motifs previously
associated with canonical narrow versus broad promoters
(Fig. 2A). The narrow promoters (RETI width < 11 bp) were
enriched for the initiator (Inr), TATA-box, andDPEmotifs

at the previously reported positions (Fig. 2A above dashed
line, Fig. 2G. P-value fromCENTRIMO all <1×10−50). The
broad promoters (RETI width ≥11 bp) showed enrichment
for the Ohler1, DRE (aka Ohler2), and Ohler5 motifs lo-
cated upstream of the TSS (P-value from CENTRIMO
all <1×10−9) (Fig. 2A [below dashed line], H). Also consis-
tent with a previous report (Rach et al. 2011), the narrow
promoters tended to have a more expansive accessible
region, suggesting less well-defined nucleosome position-
ing, whereas the broad promoters tended to have more
restricted accessible regions flanked by inaccessible re-
gions, suggesting well-defined nucleosome positioning
(Fig. 2I). In addition, the promoters showed different local
GC content (scored by occurrence of trinucleotides con-
sisting of either G or C in each position), with the region
immediately surrounding the narrower promoters tend-
ing to be more GC-rich than the region immediately
surrounding the broader promoters (Fig. 2A, right two
columns).

In contrast, the promoter regions of “off-to-on genes,”
which became expressedwith differentiation of germ cells
into spermatocytes, were not enriched for any of the ca-
nonical core promoter motifs except the Inr (Fig. 2B).
These promoters contained less G/C trinucleotide than
the promoters of the down-regulated genes and were
more AT rich.

For the “genes with alternative promoters” that began
to express transcripts from a new promoter once germ
cells differentiated into spermatocytes, the old promoters
used in the bam−/− samples resembled the promoters of
the down-regulated genes, having either TATA/DPE or
Ohler/DRE motifs, correlating with promoter width (Fig.
2C,E). However, the new alternative promoters that began
to express with differentiation into spermatocytes resem-
bled the promoters of the off-to-on genes, lacking all the
known core promoter motifs except for the Inr (Fig. 2D,
F). This held true whether the newly expressed alternate
promoter was located upstream of the old promoter, pre-
sumably outside of a region of active transcription in
bam−/− testes (Fig. 2D), or located downstream from the
old promoter, so within a region actively transcribed in
bam−/− testes (Fig. 2F).

tMAC promotes opening of promoter regions
in spermatocytes

Analysis of chromatin accessibility by ATAC-seq across
the differentiation time course revealed that the promot-
ers of the off-to-on genes were closed with little ATAC-
seq signal in bam−/− testis, in which germ cells continue
to proliferate as spermatogonia (Fig. 3A, bam−/−). By 48 h
after heat shock, as spermatocyte-specific transcripts
started to become expressed (Supplemental Fig. S3A),
ATAC-seq signal appeared at the promoter regions of the
off-to-on genes (Fig. 3A, 48 hrPHS). By 72 h after heat
shock, when the spermatocyte specific transcription pro-
gramwas fully active, the ATAC-seq signal became strong
and robust (Fig. 3A, 72 hrPHS).

Opening of chromatin at promoters for most of the off-
to-on genes required function of tMAC. In testes from flies
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mutant for the tMAC component Aly, most of the off-to-
on gene promoters remained closed, with little or no
ATAC-seq signal. Some of the off-to-on promoters did
show ATAC-seq signal in aly−/− testes (Fig. 3A, aly−/−),
consistent with the fact that transcription of some of
these genes were up-regulated in spermatocytes indepen-
dently of Aly function (Supplemental Fig. S3B). TheseAly-
independent genes tended to be up-regulated earlier in the
spermatocyte differentiation time course than the bulk of
the off-to-on genes, which were Aly-dependent (Supple-
mental Fig. S3C). Many of the genes up-regulated in sper-
matocytes independently of Aly function still required
action of the tMACcomponent Topi for their promoter re-
gions to become accessible to ATAC-seq (Fig. 3A; Supple-
mental Fig. S3A,B, topi−/−).
For the “genes with alternative promoters,” opening of

the new promoters that became expressed when sperma-
togonia differentiated into spermatocytes also required
function of tMAC. These promoters failed to open in
topi−/− and in most cases in aly−/− mutants, similar to
the promoters of the off-to-on genes (Fig. 3B,C). Again,
most of the new promoters showed a peak of enrichment
by ChIP for the tMAC component Aly, indicating that
tMAC acts locally to open the new promoter (Fig. 3B,C;
tMAC ChIP).

The tMAC complex appears to act locally at the off-to-
on and newly expressed alternative promoters to promote
chromatin opening. Plotting ChIP-seq data for the tMAC
complex component Aly from wild-type testes (Kim
et al. 2017) showed tMAC binding to the vast majority
of these promoters, with the peak of enrichment centered
on the promoter region (Fig. 3A; Supplemental Fig. S3A,B;
tMAC ChIP). The tMAC complex did not appear to bind
to all promoters, as there was little enrichment at the pro-
moters of down-regulated genes in the sameChIP-seq data
set (Fig. 3A; tMAC ChIP, top panel, orange).
Supporting a role for tMAC in modulating nucleosome

position or occupancy to promote promoter opening, in
many cases where the new alternative promoter was
within 500 bp upstream of the old spermatogonial pro-
moter (Fig. 3D, left panel), nucleosome position calculat-
ed from the ATAC-seq signal in bam−/− testes revealed
that the new alternative promoter was frequently located
within the region of DNA wrapped around the phased −1
nucleosome of the old promoter (Fig. 3D, right panel;
Supplemental Fig. S4). These data suggest that expres-
sion of the new promoters in spermatocytes might often
be accompanied by tMAC-dependent moving or remov-
ing of the −1 nucleosome that had flanked the old
promoters.
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Figure 2. Off-to-on genes lackmost canon-
ical core promoter motifs. (A–F, left col-
umn) CAGE signal for each promoter.
(Other columns) Occurrence and position
of indicated sequencemotif for the different
groups of genes. Genes were aligned by cen-
ter of RETI and sorted by increasing RETI
width. (A) Down-regulated genes. Dashed
line separates genes with narrow (<11-nt)
and broad (≥11-nt) RETI. (B) Off-to-on genes.
(C–F ) Genes with alternative promoters.
(G) Enrichment of TATA, Inr, or DPE in pro-
moters of down-regulated gene with narrow
RETI. (H) Enrichment of Ohler motifs in
promoters of down-regulated genes with
broad RETI. (I ) ATAC-seq signal at promot-
ers of down-regulated genes, aligned and
sorted as in A.

Cell type-specific promoters drive male germ cell differentiation

GENES & DEVELOPMENT 667

http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.335331.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.335331.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.335331.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.335331.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.335331.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.335331.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.335331.119/-/DC1


Spermatocyte-specific promoters contain tMAC
and Achi/Vis motifs

Searches by MEME-ChIP (Machanick and Bailey 2011)
found several motifs enriched in the promoter regions of
theoff-to-ongenes andnewlyexpressedalternativepromot-
ers. As the median ATAC-seq peak width for the off-to-on
genes was 219 bp (Supplemental Fig. S3D), a slightly wider
region of 300 bp centered in themiddle of theCAGEcluster
from each off-to-on gene was pooled for the motif search.
The most enriched was the tMAC-ChIP motif (E-value=
2.5×10−104 from MEME) previously identified as enriched
under ChIP-seq peaks for the tMAC component Aly (Kim
et al. 2017). The tMAC-ChIP motif was most often found
∼60 bp upstream of the 3′/downstream edge of the RETI
(Fig. 4A [middle column], B [bottom panel]), indicating
that most transcription initiation events leading to mature
mRNA occurred within an average of 60 bp downstream
from the tMAC-ChIP-binding site. The distance between
the tMAC-ChIP motif and the 5′/upstream edge of the
RETI was much more variable (Supplemental Fig. S5A).

The secondmost enrichedmotif was TGTCA (E-value =
1.9 × 10−101 from DREME), previously identified as bind-
ing motif for the TALE-class homeodomain proteins
Achi and Vis (Noyes et al. 2008). The Achi/Vismotif tend-
ed to lie between the tMAC-ChIP motif and the 3′/down-
stream edge of the RETI, with a broad distribution from
−50 bp∼−5 bp from the 3′ edge of the RETI (Fig. 4A [right
column], B [bottom panel]). Achi/Vis had previously been
shown to physically interact and collaborate with tMAC
to drive spermatocyte-specific gene expression (Ayyar
et al. 2003; Wang and Mann 2003). The tMAC-ChIP and
Achi/Vis motifs were not enriched near the promoters of
the down-regulated genes (Fig. 4A)

Together, our findings suggest that tMAC, recruited to
specific sites in the genome by DNA sequence motifs,
may create a local short stretch of open chromatin in
which transcription initiation can occur (Fig. 4C). Nucle-
osome positioning calculated from the ATAC-seq data
from 72 hrPHS testes showed that the average distance
from the dyad position of the −1 nucleosome to the
dyad position of the +1 nucleosome for the off-to-on

B

A

C

D

Figure 3. tMAC binds to and promotes
opening of promoters that become ex-
pressed in spermatocyte-enriched samples.
(A–C, left column) CAGE signal for pro-
moters newly expressed in hsBam;bam−/−

72 hrPHS testes aligned by center of the
RETI and sorted by RETI width. (Middle
columns) ATAC-seq signal in different con-
ditions. (Right column) tMAC ChIP-seq
signal data from (Kim et al. 2017). (Top
row) Average of data in panels below.
Heat map scale: Read counts were normal-
ized by library size, effectively 10-fold of
reads per million (RPM) (see the Supple-
mental Material). (A) Off-to-on genes.
(B,C ) Genes with alternative promoters
with new spermatocyte-specific promoters
upstream of (B) or downstream from (C ) the
old promoters. (D, left) CAGE signal for
genes in B sorted by increasing distance be-
tween old and upstream new alternative
promoters. (Right) Nucleosome positions
for the old, spermatogonial promoters sort-
ed in the same order. The darkest regions
indicate most likely nucleosome dyad
position.
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gene promoters was only 253 bp. Assuming 147 bp of
DNAwrapped around each nucleosome, that leaves an av-
erage nucleosome-free region of only∼100 bp at the off-to-
on promoters (Fig. 4B, top panel). This region contains the
tMAC and Achi/Vis binding motifs (Fig. 4B), with the ma-
jority of transcription initiation occurring within 60 bp
downstream from the tMAC-ChIP motif (cf. Fig. 4A,
CAGE column with tMAC-ChIP motif column).
Analysis of reporter transgenes for several off-to-on

genes confirmed that a small genomic region around the
TSS was sufficient to drive expression in spermatocytes.
For example, a reporter transgene containing 117 bp of ge-
nomic sequence from 91 bp upstream of to 26 bp down-
stream from the 3′ edge of the RETI of sa, one of the
testis TAFs, was sufficient to drive expression in sper-
matocytes but not in spermatogonia or somatic cells at
the tip of the testis (Fig. 5A). Likewise, for the testis
TAFs can and nht, 121-bp and 120-bp genomic regions
from 68 bp and 104 bp upstream of the 3′ edge of the
RETI, respectively, were sufficient to drive expression of
GFP in spermatocytes (Fig. 5B,C). Note that all of these
constructs ended at the translational start codon and
contained the full-length 5′ UTR of the respective gene
and may therefore maintain tissue-specific translational
regulation.

The reporter results are consistent with previously pub-
lished data from multiple genes showing that a short pro-
moter region is sufficient for spermatocyte-specific
expression in Drosophila (White-Cooper 2010). Notably
among these genes, the βTub85D promoter contains a
close match to the tMAC-ChIP motif within the con-
served 14-bp β2UE1 element (Fig. 5D) that was shown to
be required at a defined position upstream of the TSS for
spermatocyte-specific expression. Mutations within the
region that resembles the tMAC-ChIPmotif abolished ex-
pression of reporter transgenes in spermatocytes (Michi-
els et al. 1989).

Motifs downstream from the TSS correlate with efficient
TSS usage

Aligning the promoters of the off-to-on genes by the most
highly expressedTSS (the “dominant TSS”) positionwith-
in each promoter revealed two additional features. First,
transcription initiation preferentially occurred at trinu-
cleotides resembling the Inr motif: 36% of the dominant
transcript start sites initiated at TCA (the short form of
the Inr, with A as +1) (Fig. 6A, TCA column), followed
by 15% at TTA, 8% at ACA, 7% at CCA, and 5% at
GCA. Second, there was strong enrichment for the

B
A

C

Figure 4. Promoter-proximal tMAC-ChIP
and Achi/Vis motifs are enriched at certain
positions upstream of the off-to-on and new
alternative promoters. (A) CAGE signal and
occurrence of tMAC-ChIP and Achi/Vis
motifs. In all columns, promoters were
aligned by 3′ edge of the RETI and sorted
by RETI width. (B, top) Histogram of nucle-
osome dyad positions for all off-to-on gene
promoters, calculated from the ATAC-seq
signal from hsBam;bam−/− 72 hrPHS testes.
(Blue bars) Estimated span of 147-bp nucleo-
somal DNA centered around the most like-
ly −1 and +1 dyad positions (peaks in
histogram). Space between blue bars indi-
cates the open, nucleosome-free region.
(Bottom) Motif enrichment by position
from 3′ edge of the RETI for promoters of
off-to-on genes calculated by Centrimo
(P-value shown below the plot). (Red dotted
line) Overlay of tMAC ChIP signal averaged
across all off-to-on genes. (C ) Model of the
role of tMAC and Achi/Vis. They may pro-
mote transcription by creating an ∼100-bp
region of accessible DNA downstream
from tMAC-binding site, and therefore lim-
it the 3′ edge of RETI.
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trinucleotide ACAwith the first A at position +26, +28, or
+30 relative to the dominant TSS (defined as +1 following
convention) (Fig. 6A [ACA column], B [left panel]).

The precise positioning of the ACAmotif relative to the
dominant TSS raised the possibility that ACA may help
determine the positionwhere transcription efficiently ini-
tiates. Thiswas supported by comparing TSS usagewithin
each promoter as well as by comparing the level of expres-
sion of dominant TSSs across different genes.

For TSS within a given promoter, of the 1640 off-to-on
genes,1632hadmore thanoneTSSwithinthepromoterde-
tected byCAGE (more than twoCAGE reads at theTSSpo-
sition). For these promoters, individual TSS can be ranked
as the most used (dominant TSS), second most used, third
most used, and so on (Fig. 6C,E). Because Inr (TCA) alone
madeaTSSmorehighly ranked (Fig. 6C,E, cf. first and third
bars), TSSswithorwithoutTCAwereanalyzed separately.
For TSSs not starting at TCA, thosewith ACA at +26, +28,
or +30 tended to bemorehighly ranked than thosewithout
theACA (Fig. 6C, first and second bars). Likewise, for TSSs
starting atTCA, thosewithACApositioned at +26, +28, or
+30 tended to be more highly ranked than those without
the ACA (Fig. 6C, third and fourth bars).

When comparing dominant TSSs across different off-to-
on genes, for bothTCA-containing andTCA-lacking dom-
inant TSSs, those with ACA at +26, +28, or +30 weremore
highly expressed than those without ACA (Fig. 6D). The
TCA and well positioned ACA motifs both appeared to
contribute to TSS usage, with additive effects (Fig. 6D).
It is worth noting that as most of the off-to-on genes are
under similar upstream regulation and depend on tMAC
and Achi/Vis for expression (Perezgasga et al. 2004), it
was informative to compare levels of expression of domi-
nant TSSs across different genes to understand the contri-
bution of TSS downstream motifs.

MEME-ChIP analysis of the promoter regions from the
off-to-on genes identified a second downstream motif,
CNAAATT (E-value = 6.9×1071 from DREME) (Fig. 6A,
right column), most enriched in the off-to-on genes be-
tween +29 and +60 bp downstream from the dominantTSS
(Fig. 6B, right panel). This motif was very similar to what
was identified previously as the translational control ele-
ment (TCE)thatwasimportant for testis-specificexpression
of genes (Schäfer et al. 1990; Katzenberger et al. 2012). The
CNAAATTmotif appeared to be less prominent in the al-
ternative promoters expressed when germ cells advanced

B

A

C

D

Figure 5. Short stretches of promoter regions are suffi-
cient for spermatocyte-specific expression of tTAFs.
(Left) ATAC-seq, CAGE, and tMACChIP profile and rel-
ative positions of minimal promoter regions (light-blue
arrows) tested in the transgene reporters. (Right) Immu-
nofluorescence images of apical ends of testes from flies
carrying a transgenes in which the minimal promoter
(indicated by light-blue arrows in the left panel) drives
expression of GFP. The tip of testis is indicated by aster-
isks. (A) Sa. (B) Can. (C ) Nht. (D) βTub85D, with the 14-
bp β2UE1 element required for expression in spermato-
cytes (Michiels et al. 1989) indicated and the putative
tMAC-ChIP motif underlined in red.
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to spermatocytes andwas not enriched near the down-reg-
ulated promoters (Fig. 6A,H; Supplemental Fig. S5).
Presence of CNAAATT downstream also correlated

with more efficient TSS usage, similar to a well-posi-
tioned ACA (Fig. 6E,F). In both TCA-containing and
TCA-lacking TSSs, those with CNAAATT between +29
and +60 bp downstream tended to be more highly ranked

within the CAGE cluster than those without CNAAATT
(Fig. 6E). Moreover, comparing dominant TSSs across dif-
ferent off-to-on genes, those with CNAAATTwere on av-
erage more highly expressed than those without
CNAAATT. This was true for dominant TSSs that had
one or both of TCA and ACA at +26, +28, or +30 down-
stream, or for dominant TSS that did not have either

E
H

F

BA

C D

G

Figure 6. Well-positioned promoter proximal downstreammotifs ACA and CNAAATT facilitate efficient TSS usage in off-to-on genes.
(A) CAGE signal and occurrence of TCA, ACA, and CNAAATT motifs. Promoters in all columns were aligned by the most dominantly
used TSS within the CAGE cluster and sorted by RETI width. (B) Histogram of distance from the first base (underlined) in each ACA or
CNAAATT to the dominant TSS for all off-to-on genes. Y-axis values were normalized by total number of off-to-on genes. (C ) TSS rank
composition for TSSswith different combinations of TCAandACA.Rank 5+ includes the fifthmost used and all less frequently usedTSSs
within a CAGE cluster. (D) Expression level measured by CAGE for dominant TSSs with different combinations of TCA and ACA. P-val-
ues were calculated by t-test. (E) TSS rank composition for TSSs with different combinations of TCA andCNAAATT. (F ) Expression level
measured by CAGE for dominant TSSs with different combinations of TCA, ACA, and CNAAATT. (G) Model of role of ACA and
CNAAATT: The region enriched for ACA and/or CNAAATT may promote expression of TSS within a region upstream at the optimal
distance, and therefore limit the 5′ edge of RETI. (H) CAGE signals and occurrence of TCA, ACA, and CNAAATT motifs relative to
the 5′ edge of the RETI.
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TCA or ACA (Fig. 6F). The effects of the TCA, ACA, and
CNAAATT motifs appeared to be additive.

Together, the correlation of well-positioned TCA, ACA,
and CNAAATT with the level of expression from a given
TSS suggests that these motifs may play a role in deter-
mining at which potential start sites within the open re-
gion created by tMAC transcription can efficiently
initiate (Fig. 6G). Consistently, the 5′/upstream edge of
the RETI tended to be positioned at a fixed distance up-

stream of the ACA-dense and CNAAATT-containing re-
gions (Fig. 6H).

The novel motifs in off-to-on genes collaborate in
determining a narrow–high subgroup

A distinct population of off-to-on genes were expressed
from a narrow RETI (Fig. 7A, genes with width of RETI <
11 bp, same genes as black and gray in Supplemental

E

B

A

C

D

Figure 7. Off-to-on genes highly expressed from a narrow TSS region often had most or all of the motifs (tMAC-ChIP, Achi/Vis, TCA,
ACA, and CNAAATT) at optimal positions. (A) Division of off-to-on genes into four groups based on the width of RETI (X-axis) and level
of expression of the dominant TSS in the promoter measured by CAGE (Y-axis). (B) Bar plot showing for every combination of the motifs,
the proportion of the four groups. The eight panels correspond to the eight possible combinations of havingTCA (at +1), ACA (at +26, 28, or
30), or CNAAATT (between +29 and 60). Within each panel, the four bars correspond to four possible combinations of having the tMAC-
ChIPmotif (between−70 and −40), and/or the Achi/vis motif (between −50 and −20). (C ) Results from a logistic regressionmodel predict-
ing the likelihood of a promoter being narrow–high. (D) Enrichment of indicated motifs from the dominant TSS, calculated by Centrimo.
(Top) Broad–high. (Bottom) Narrow–high genes. (E) Model of howupstreamand downstreammotifs at certain positionsmay collaborate to
create the narrow–high promoters.
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Fig. S2E, bottom panel; black corresponds to genes in Sup-
plemental Fig. S2C, and gray corresponds to Supplemental
Fig. S2A), with the majority highly expressed compared
with other off-to-on genes. To understand how this group
of promoters correlates with the promoter motifs identi-
fied above, the off-to-on genes were divided into four sub-
groups: high dominant TSS expression from a narrow
RETI (“narrow–high,” the group of interest), low expres-
sion from a narrow RETI, high expression from a broad
RETI, and low expression from a broad RETI (Fig. 7A).
The analysis here focused on the expression level of dom-
inant TSS since it was more straightforward to determine
relative positions of functional motifs with respect to the
dominant TSS than to a cluster of TSSs. However, the
grouping based on dominant TSS largely agrees with
grouping based on overall promoter expression level mea-
sured by CAGE (Supplemental Fig. S6A).
A larger proportion of the dominant TSSs in the nar-

row–high group had match of the motifs identified above
(tMAC-ChIP, Achi/Vis, Inr, TCA, ACA, and CNAAATT)
at the optimal positions than any of the other groups (Sup-
plemental Fig. S6B). In fact, the more of the identified mo-
tifs located at the optimal positions a given dominant TSS
had, themore likely the promoter belonged to the narrow-
high group (Fig. 7B). To account for the small sample size
of genes with each combination of motifs, and to better
understand how having the motif combination correlated
with promoter type, a logistic regression model was built
based on what motifs each dominant TSS had and wheth-
er that promoter belonged to the narrow–high group. The
model offered two insights. First, all motifs contributed
significantly to a gene being narrow–high (P-values for
tMAC-ChIP, TCA, and ACA were all <1×10−10, for Achi/
Vis was 0.24×10−5, and for CNAAATTwas 0.5×10−3). Sec-
ond, the more motifs at optimal positions a promoter had,
the higher the probability that it would be narrow-high. A
promoter with all five motifs had a 92%±5.5% chance of
being narrow–high (Fig. 7C).
Plotting the positions of the best match for each motif

relative to dominant TSS for each promoter revealed that
the narrow–high group tended to have a longer overall dis-
tance from the tMAC-ChIPmotif and/or Achi/Vis motif to
the ACA and CNAAATT motifs (Fig. 7D). Based on the
model proposed earlier, tMAC may create an open stretch
of chromatin with defined width that limits the 3′ edge of
the RETI (Fig. 7E, top panel), and ACA and CNAAATT
may help determine the 5′ edge of theRETI (Fig. 7E,middle
panel). Therefore, having tMAC-ChIP motif further away
from ACA and CNAAATT motif may limit RETI to only
a narrow stretch of promoter region (Fig. 7E, bottom panel).

Discussion

Our results show that the dramatic gene-selective and
tissue-specific transcription program that turns on in
Drosophila spermatocytes is regulated by specialized
promoter-proximal motifs and local action of cell type-
specific protein players that act upon them. We identified
∼3000 promoters that require tMAC function to become

accessible and initiate active transcription as germ cells
transition to the spermatocyte state. Our findings from ge-
nome-wide analyses and selected reporter constructs are
consistent with published results that regulatory ele-
ments sufficient for expression in spermatocytes lie close
to the promoter regions in several genes expressed specif-
ically in spermatocytes (White-Cooper 2010).
One of the striking findings from our study is thatmany

genes expressed both in bam−/− mutant testes, in which
spermatogonia continue to proliferate, and in 72 hrPHS
testes, in which many germ cells have progressed to the
spermatocyte state, use an alternate promoter that turns
on only in the spermatocyte-containing sample. It is pos-
sible that the conditions for productive transcription initi-
ation are so different in spermatocytes compared with
spermatogonia that many genes evolved alternative pro-
moters to allow transcription in both cell types. Use of
promoters with distinct proximal motifs bound by cell
type-specific promoter-interacting factors such as we
describe here may contribute to down-regulation of
the old program as well as to turning on a new cell type-
specific differentiation program. Indeed, the DRE motif,
enriched at broad promoters down-regulated when sper-
matogonia transition to spermatocytes, is bound by the
DRE-binding factor protein DREF, which recruits the
TBP paralog TRF2 to facilitate transcript initiation (Hoch-
heimer et al. 2002). Because DREF protein is expressed in
spermatogonia but down-regulated as spermatocytes ma-
ture (Angulo et al. 2019), promoters that depend on the
DRE motif and DREF-TRF2 may no longer express effi-
ciently in late spermatocyte stages.
Function of the testis-specific tMAC complex is required

for the vast majority of both the off-to-on gene and alterna-
tive new spermatocyte-specific promoters to become open
and accessible as spermatogonia transition to the sperma-
tocyte state. Where a new alternative spermatocyte-specif-
ic promoter is located within the stretch of DNA that
wraps around the−1 nucleosome of the old spermatogonial
promoter (Fig. 3D), displacement of this −1 nucleosome is
likely a prerequisite for the expressionof thenewpromoter.
Together with the requirement for tMAC function for
opening and expression of the new alternative promoter,
this suggests that tMACmay play a role in remodeling nu-
cleosomes. It is not known whether tMAC opens local
chromatin by binding DNA that is transiently detached
from nucleosomes due to loosening or breathing of nucleo-
somal arrays or other chromosomal events, and then hold-
ing it in an open position, or whether tMAC can bind to
DNA wrapped around nucleosomes, similar to a pioneer
transcription factor. The tMACsubunitComrhas awinged
helix domain (White-Cooper 2010), and certain winged he-
lix domain proteins are able to bind DNA on one side and
allow simultaneous histone binding (Zaret and Carroll
2011). Although none of the core components of tMAC
have as yet been shown to have nucleosome remodeling ac-
tivity, genetic analysis in C. elegans suggests that
the generally expressed MMB/dREAM components (Syn-
MuvB genes in worms) can interact with and may recruit
components of the nucleosome remodeling and histone
deacetylase (NuRD) complex (Solari and Ahringer 2000).
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It is possible that many of the alternative new promot-
ers arose as a by-product of an ability of tMAC to promote
chromatin opening and/or transcription initiation at
many sites in the genome. In fact, mechanisms have
evolved to keep this propensity under restraint: We re-
cently showed that action of the multiple zinc finger pro-
tein Kmg expressed in spermatocytes is required to limit
activity of tMAC to its normal target genes. With loss of
Kmg function, tMAC binds to many additional sites in
the genome that are not previously annotated promoters,
with some of these being activated for transcription initi-
ation (Kim et al. 2017).

Our motif and TSS analyses suggest that the off-to-
on genes that express from a narrow region of efficient
transcription initiation differ from the canonical, previ-
ously described narrow promoters (Supplemental Fig.
S2). Among the down-regulated genes, most of the pro-
moters with a narrow RETI also had narrow total span
of CAGE signals, likely a result of TFIID precisely posi-
tioning Pol II for transcription initiation (Nogales et al.
2017). In contrast, most of the off-to-on genes with narrow
regions of efficient transcript initiation had a wide total
span of CAGE signals (Supplemental Fig. S2D,E). In other
words, although these off-to-on promoters had many us-
able and permissive TSS positions, they were dominantly
expressed from just a few TSSs within a narrow region,
likely facilitated by the upstream and downstream pro-
moter motifs and Inr at optimal positions.

Traditionally, there has been much focus on the impor-
tance of distal enhancer elements rather than promoters
in specifying cell type-specific transcription programs.
This view, however, may be somewhat biased by the in-
tense analysis of developmental regulatory genes like
evenskipped (Fujioka et al. 1999), the cell cycle regulatory
phosphatase string/cdc25 (Lehman et al. 1999), or the
close-range developmental signaling molecule BMP5
(Guenther et al. 2008, 2015), which are expressed and
function in several disparate places in the body. Because
the regionally expressed transcriptional activators and re-
pressors that combine to establish positional identity dif-
fer in different regions of the body, it stands to reason that
a gene that is expressed in different specific places, such as
Pitx1 in jaw, pituitary, and pelvis, would need to use dif-
ferent enhancer elements to specify activation in different
regions, with the regulatory input from the different en-
hancers perhaps feeding in to a common generic promot-
er. The situation and constraintsmay be quite different for
terminal differentiation genes that are only expressed in a
single tissue. In this case, as we showed here for differen-
tiation of male germ cells, it may be more possible for the
key regulatory sequences that specify cell type-specific
transcriptional activation to be built into the core promot-
er and promoter-proximal regulatory sequences.

Materials and methods

Fly strains and husbandry

Drosophila strains were maintained in standard molasses medi-
um at 22°C. For the bam heat-shock time course, male hs-Bam-

HA/CyO; bamΔ86,e/TM3,e,Sb and female ; ;bam1,e/TM6b,e,Hu
were crossed in molasses medium at 22°C, grown for 9 d, shifted
for 30 min to 37°C for heat shock, and then brought back for 48 h
(48 hrPHS) or 72 h (72 hrPHS) to 25°C before collection of hs-Bam-
HA/+;bam1/bamΔ86 flies for dissection. With the same cross
scheme, +/CyO;bam1/bamΔ86 flies were collected without heat
shock as bam−/− mutants (Kim et al. 2017). For tMAC mutants,
aly2/aly5p (White-Cooper et al. 2000) and topiZ0707/topiZ2139 (Per-
ezgasga et al. 2004) were used with crosses made at 25°C and
grown for 10 d.

RNA-seq library preparation and sequencing

One-hundred pairs of testes from <2-d-old male flies were used
per replicate. Library preparation was carried out using the
Ribo-Zero rRNA removal kit (Illumina MRZH116) and SMAR-
Ter stranded RNA-seq kit (Clonetech 634839). Sequencing was
donewithNextSeq 500with nine libraries pooled in each run.Ap-
proximately 34million to 40million reads were obtained per rep-
licate and each condition had two biological replicates (see the
Supplemental Material).

RNA-seq data analysis

Adapters and low-quality bases were trimmed with trimGalore
(0.4.1) (Martin 2011), andmapped toDrosophilamelanogaster ge-
nome build dm6 using STAR (2.5.3b) (Dobin et al. 2013). Reads
that fell within gene regions were counted with STAR using
Ensembl annotation BDGP6.84. Differential expression analyses
were carried out using DEseq2 (Love et al. 2014).

CAGE library preparation and sequencing

Three-hundred pairs of testes from <2-d-old male flies were
used per replicate. Total RNA (20∼50 µg) was sent to DNAform
(https://www.dnaform.jp/en/products/library/cage) for CAGE li-
brary preparation using published protocol nAnTi-CAGE (non-
amplifying–nontagging illumina CAGE) (Murata et al. 2014)
and sequenced using Illumina HiSeq with 75-bp single-end se-
quencing. Around 25 million to approximately 30 million reads
were obtained per replicate, and each condition had two biologi-
cal replicates.

CAGE data analysis

Low-quality bases were trimmed using TrimGalore (0.4.4_dev)
(Martin 2011) and mapped to Drosophila melanogaster genome
build dm6 using STAR (2.5.4b) (Dobin et al. 2013). The most 5′

mapped nucleotide of readswere counted using bedtools coverage
(2.27.1) (Quinlan and Hall 2010) and used as input into CAGEr to
build CAGE clusters (1.20.0) (see the Supplemental Material;
Haberle et al. 2015).

ATAC-seq library preparation and sequencing

ATAC-seq was carried out with a modified version of published
protocols (Buenrostro et al. 2015). For each technical replicate,
10∼20 pairs of testes from <1-d-old male flies were dissected
and lysed for incubation with transposase from the Nextera kit
(Illumina FC-121-1030) for 25 min at 30°C. Libraries from one
or two technical replicates done in parallel using testis from the
same crosswere combined as one biological replicate. Sequencing
was done with HiSeq 4000 with 75-bp paired-end reads. Ten mil-
lion to approximately 30 million reads were obtained for each
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biological replicate, and each condition had at least two biological
replicates.

ATAC-seq data analysis

Adapters and low-quality bases were trimmed using trimGalore
(0.4.1) (Martin 2011), mapped to Drosophila melanogaster ge-
nome build dm6 using bwa aln (0.7.10) (Li and Durbin 2009).
PCR duplicates were removed using Picard tools (1.130). Repro-
ducibility was checked across biological replicates and the repli-
cates were combined to plot heatmaps using DeepTools (3.3.0)
(Ramírez et al. 2016) and to calculate nucleosome positions using
NucleoATAC (0.3.2) (Schep et al. 2015).

Motif enrichment analysis

Motif discovery was done using MEME-ChIP (Machanick and
Bailey 2011) with 150 bp flanking the RETI center on both sides.
MEME-ChIP runs MEME for de novo long motif searches (Bailey
and Elkan 1994), DREME for de novo short motif searches (Bailey
2011), and CENTRIMO for positional motif enrichment of both
known transcription factor-binding sites and motifs found by
MEME and DREME (Bailey and MacHanick 2012). Motifs that
showed enrichment were further plotted on all groups of promot-
ers using Seqpattern (1.16.0) (Haberle et al. 2014) for visualiza-
tion. Positions of motifs in promoter regions were calculated
using Seqpattern, except for the tMAC-ChIP motif, where motif
occurrence was calculated by FIMO (Grant et al. 2011) in the
MEME suite with a cutoff of P-value 0.01. In cases where one pro-
moter had multiple matches, only the best match was kept.

Logistic regression model for narrow–high promoters

The logistic regression model was built in R with function glm()
with option family = binomial(link =“logit”). The independent
variables are for each motif whether the dominant TSS has the
motif at the optimal position (0 or 1) and the dependent variable
is whether the dominant TSS belonged to the narrow-high group
(0 or 1). All positions corresponded to the first nucleotide of the
motif except for TCA, where A is +1 by convention.

Data availability

All sequencing datawere submitted toGEOGSE145975 and anal-
ysis scripts are available at https://github.com/danrlu/Fuller_
Lab_paper.
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