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ABSTRACT

Ribosomal protein (RP) genes must be coordinately
expressed for proper assembly of the ribosome yet
the mechanisms that control expression of RP genes
in metazoans are poorly understood. Recently, TATA-
binding protein-related factor 2 (TRF2) rather than the
TATA-binding protein (TBP) was found to function in
transcription of RP genes in Drosophila. Unlike TBP,
TRF2 lacks sequence-specific DNA binding activity,
so the mechanism by which TRF2 is recruited to pro-
moters is unclear. We show that the transcription fac-
tor M1BP, which associates with the core promoter
region, activates transcription of RP genes. More-
over, M1BP directly interacts with TRF2 to recruit it
to the RP gene promoter. High resolution ChIP-exo
was used to analyze in vivo the association of M1BP,
TRF2 and TFIID subunit, TAF1. Despite recent work
suggesting that TFIID does not associate with RP
genes in Drosophila, we find that TAF1 is present at
RP gene promoters and that its interaction might also
be directed by M1BP. Although M1BP associates with
thousands of genes, its colocalization with TRF2 is
largely restricted to RP genes, suggesting that this
combination is key to coordinately regulating tran-
scription of the majority of RP genes in Drosophila.

INTRODUCTION

The tight coordinate regulation of the ribosomal protein
(RP) genes is common to all organisms (1). These regula-
tory mechanisms must ensure that each of the RPs are syn-
thesized in the appropriate amounts to assemble ribosomes
and at levels needed to meet the translational demands of
each cell (1). In bacteria, coordinate regulation is achieved
by organizing the RP genes into operons. In the yeast, Sac-
charomyces cerevisiae, transcription of the ribosomal genes
is coordinated by a collection of well-characterized DNA
binding proteins ((2) and references therein). Some of these

proteins like Rap1, which is bound to essentially all of the
RP promoters in S. cerevisiae, function at many genes in
addition to the RP genes indicating that the regulatory net-
work controlling the RP genes involves combinatorial con-
trol rather than a single master regulator. The evolution of
these mechanisms is quite fluid because the Rap1-binding
sites are absent from the RP genes in several strains of yeast
that are evolutionarily distant from S. cerevisiae (3,4). Se-
quence comparisons of RP genes from other eukaryotes in-
dicate there could be considerable diversity in the mecha-
nisms that regulate RP genes (5,6), a result that is somewhat
surprising given the functional conservation of the RPs.

Much less is known about the proteins that regulate the
RP genes in higher eukaryotes. Conserved sequences shared
among subsets of RP genes allude to several candidates but
few of these have been tested directly (3,5,7,8). One con-
served element whose function has been explored is the
DNA replication-related element (DRE) (7). Available evi-
dence indicates that the DRE-binding factor called DREF
activates RP genes in human cells (9). Other candidate pro-
teins implicated by the presence of conserved sequences in-
clude Sp1, NRF-2, Myc and YY1 (1,3,5,8,10).

Most of the sequences that have been implicated in reg-
ulating the RP genes are only present in a subset of RP
genes. One exception is a pyrimidine-rich sequence called
the TCT motif that encompasses the initiator of virtually
all RP genes found in Drosophila and humans (11). This
sequence might restrict RP genes from using the general
transcription factor, TFIID, since TFIID binds poorly to
RP gene promoters from Drosophila and swapping the TCT
motif for the initiator sequence of the adenovirus major
late promoter greatly reduces the affinity of TFIID for this
mutated promoter even though a TATA box is still present
(11,12).

Recently, the TATA-binding protein (TBP)-related fac-
tor called TATA-binding protein-related factor 2 (TRF2)
was shown to be directly involved in transcription of RP
genes (12). In addition to regulating RP genes, TRF2 is in-
volved in regulating the histone H1 gene (but not the genes
encoding core histones) and several genes involved in devel-
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opment (13,14). Like TBP, TRF2 associates with the gen-
eral transcription factors, TFIIB and TFIIA; therefore, it is
likely to provide a foundation much like TBP for assembling
a pre-initiation complex (15). However, there is no evidence
that TRF2 binds DNA and this lack of DNA-binding activ-
ity can be attributed to amino acid substitutions on the face
of TRF2 that is homologous to the DNA-binding face of
TBP (12,13,15,16). Thus, the mechanisms by which TRF2
associates with promoters are poorly understood. TRF2
has been detected in a complex that contains DREF, so the
DRE found in a subset of RP genes could recruit TRF2 via
DREF (17). An uncharacterized TRF2 complex has been
shown to exhibit selective binding for the canonical initiator
sequence and downstream promoter element (DPE) found
in many Drosophila promoters (14). Since these elements are
absent from most of the RP gene promoters, the recruitment
mechanism for TRF2 to those RP promoters lacking the
DRE is not known.

Here, we investigate the mechanism of transcriptional
control of RP genes in Drosophila to gain insight into their
coordinate regulation and how TRF2 associates with these
promoters. This investigation was prompted by the obser-
vation that over half of the RP genes have a conserved core
promoter motif known as Motif 1 (6). We recently identi-
fied a transcription factor called M1BP that associates with
Motif 1 (18). M1BP is member of the ZAD-Znf family of
zinc-finger proteins that has undergone a lineage-specific
expansion in arthropods and could be the counterpart of
KRAB-Znf family of proteins that are prevalent in mam-
mals (19). M1BP associates with over 1500 promoters and
most of these promoters drive constitutive expression of
housekeeping genes (18). Here, we show that M1BP ac-
tivates transcription of RP genes and that it could do so
by directly interacting with TRF2 and recruiting TRF2 to
the RP gene promoters. We also discover that although re-
cent evidence indicates TBP and TFIID are not involved
in RP gene transcription (12), TAF1, the largest subunit of
TFIID, associates with all of the RP gene promoters in cells.
The presence of TAF1 at RP gene promoters suggests the
involvement of a TAF complex lacking TBP in transcrib-
ing the RP gene network. The specificity of this regulatory
network appears to be defined in part by the combination
of M1BP and TRF2 which is largely restricted to the RP
genes. This work provides a mechanism for TRF2 recruit-
ment to RP gene promoters and implicates a novel combi-
nation of both well conserved transcription factors (TAF1,
TRF2 and DREF) and a lineage-specific transcription fac-
tor (M1BP), converging at core promoters to coordinately
regulate this network of essential genes.

MATERIALS AND METHODS

RNAi knockdown in S2R+ cells followed by chromatin im-
munoprecipitation

dsRNA was generated by in vitro transcription with T7
polymerase on templates flanked by T7 promoter se-
quences. A total of 6 × 106 cells were plated in a 10
cm culture dish in 6 ml of serum-free M3+BPYE media
(Drosophila Genome Resource Center) and were treated
with 180 �g of the indicated dsRNA for 1 h after which the

total media volume was brought up to 12 ml with a final fe-
tal bovine serum concentration of 10%. Following this treat-
ment, cells were allowed to incubate for the time specified
in the figure legends. Following completion of the knock-
down, cells were crosslinked with formaldehyde, chromatin
was prepared and immunoprecipitations were performed as
previously described (18). Percent recovery at designated ge-
nomic locations was determined by quantitative polymerase
chain reaction (qPCR). Primers for dsRNA generation and
qPCR are listed in the supplement. qPCR reactions were
assembled using Bioline SensiMix SYBR Hi-ROX (QT605–
20) master mix with reaction conditions matching the man-
ufacturer’s recommendations. qPCR and analysis was per-
formed using ABI StepOnePlus system. Reactions were
heated to 95◦C for 10 min, then underwent 40 cycles of 95◦C
for 15 s and 60◦C for 60 s with data acquisition taking place
during the 60◦C step.

Western blots

Formaldehyde crosslinked chromatin lysates from RNAi-
treated cells were heated to 75◦C for 10 min in sodium
dodecylsulphate-polyacrylamide gel electrophoresis (SDS-
PAGE) sample buffer (50 mM Tris-Cl, pH 6.8, 2% SDS,
10% glycerol and 100 mM dithiothreitol (DTT)). Crosslinks
were then reversed overnight at 65◦C. Samples were elec-
trophoresed on a 10% polyacrylamide gel, blotted to nitro-
cellulose and probed with antibodies against the indicated
factors.

Nuclear extracts and immunodepletion of M1BP

Nuclear extracts were prepared from 0–12 h Oregon R em-
bryos as previously described (20). Immunodepletion of nu-
clear extracts was performed as previously described (21).

In vitro transcription reactions and primer extension assay

In vitro transcription reactions and the primer extension
assay were performed essentially as previously described
(22). Twenty-five microliter reactions containing 125 �g nu-
clear extract, 32.5 mM HEPES (pH 7.6, K+), 20 mM KCl,
6.25 mM MgCl2, 0.05 mM ethylenediaminetetraacetic acid
(EDTA), 5% glycerol, 1 mM DTT, 1% PEG (Sigma prod-
uct number P2263, MW:15–20 kD), 10 �g/ml �-amanitin
(where indicated), 2 units Promega Recombinant RNasin,
20 ng/�l plasmid template and 4.8 ng/�l recombinant
M1BP (where indicated) were incubated at 24◦C for 30
min. After pre-initiation complex formation, ribonucleo-
side triphosphates were added to a concentration of 0.5 mM
and transcription occurred for 20 min at 24◦C. Reactions
were stopped by addition of 0.8% SDS, 16 mM EDTA, 160
mM NaCl, 0.2 mg/ml Torula yeast RNA and 0.08 mg/ml
Proteinase K and incubated for at least 5 min at room tem-
perature. Primer extension assays were then performed as
previously described (23) and analyzed on a 10% sequenc-
ing gel containing 8 M urea.

Expression and purification of M1BP

Rosetta(DE3)pLysS competent cells (EMD millipore) were
transformed with a previously reported M1BP expression
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vector (18). A total of 0.5 l of transformed cells were grown
in LB media at 37◦C to an OD600 of 0.4. Isopropyl �-D-
1-thiogalactopyranoside (IPTG) was added to a final con-
centration of 0.25 mM IPTG and incubated overnight at
11◦C. Cells were collected, resuspended and flash-frozen
with liquid nitrogen in 25 ml Lysis buffer (25 mM HEPES
(pH 7.6, K+), 300 mM NaCl, 10 mM imidazole, 10 mM �-
mercaptoethanol, 0.1% Triton X-100, 10 �M ZnCl2 with
Protease inhibitors and 1 mg/ml lysozyme). Cells were
thawed, incubated on ice for 15 min, sonicated and finally
cleared by centrifugation at 20 000 × g. One-half milliliter
of TALON(Clontech) resin previously equilibrated with ly-
sis buffer was added to the cleared lysate and incubated with
end-over-end mixing at 4◦C for 1 h. Resin was collected and
washed with lysis buffer for 15 min at 4◦C, then poured into
a column and washed with an additional 50 ml lysis buffer.
Samples were eluted from the column in Elution buffer (25
mM HEPES (pH 7.6, K+), 150 mM NaCl, 250 mM im-
idazole, 10 mM �-mercaptoethanol, 0.1% Triton X-100,
10% glycerol and 10 �M ZnCl2 plus protease inhibitors).
The samples were then dialyzed at 4◦C overnight in Elu-
tion buffer lacking imidazole. Samples were centrifuged at
16 000 × g for 10 mins at 4◦C and the supernatant was ana-
lyzed by SDS-PAGE and used in the indicated experiments.

Synthesis of radiolabeled TRF2

A DNA fragment encoding TRF2 was amplified from
S2R+ cDNA (See supplement for primer sequences). A
total of 100 ng of the T7-flanked TRF2 coding region
PCR product was added to the TnT Quick Coupled
Transcription/Translation System (Promega) rabbit retic-
ulocyte lysates and the reactions were carried out per the
manufacturer’s protocol. A parallel reaction was done with-
out adding the PCR template to produce a negative control
for the immobilized template pulldown experiments.

Immobilized template pulldown experiments

Oligonucleotides corresponding to −52 to +8 of RpL30
or −36 to +14 of RpLP1 were annealed in 1 mM EDTA,
10 mM Tris–Cl pH 8.0 and 100 mM NaCl. The annealed
oligonucleotides were purified from a polyacrylamide gel
to ensure only hybridized oligos were used in the pull-
downs. One oligonucleotide was biotinylated so that the
template could be bound to Streptavidin Dynabeads as per
the manufacturer’s protocol. Template bound beads were
equilibrated in binding buffer consisting of 25 mM HEPES
(pH 7.6, K+), 150 mM NaCl, 10 mM �-mercaptoethanol,
0.2 mM phenylmethylsulfonyl fluoride, 0.1% Triton X-100,
10% glycerol and 10 �M ZnCl2. A total of 3.5 �g of recom-
binant His-M1BP or control buffer and 10 �l 35S-TRF2 or
control (No PCR template) TnT reactions were added as in-
dicated. All components were incubated for 15 min at room
temperature, then washed extensively with binding buffer.
Beads were boiled in Laemmli sample buffer and the sam-
ples were analyzed by 10% SDS-PAGE. 35S-labeled TRF2
was detected with a phosphorimager.

Maltose-binding protein expression and pulldown experi-
ments

BL21DE3 Escherichia coli cells expressing maltose-binding
protein (Mal) alone or Mal fused to M1BP were grown to
an OD600 of 0.4–0.5, IPTG was added and proteins were
expressed in LB media overnight at 11◦C. Cells were lysed
cleared by spinning at 100 000 × g for 30 min. Mal was
bound to amylose resin and washed with a buffer consist-
ing of 50 mM HEPES, pH 7.6, 500 mM NaCl, 10% glyc-
erol, 1% NP-40 and 1 mM DTT. Mal-M1BP was bound
to amylose resin and washed with a buffer consisting of 25
mM HEPES, pH 7.6, 1 M NaCl, 200 mM KCl, 10% glyc-
erol, 0.1% NP-40, 10 �M ZnCl2 and 1 mM DTT. A total of
10 �l of each type of protein-bound resin was equilibrated
with several washes of pulldown buffer (25 mM HEPES,
pH 7.6, 0.1 mM EDTA, 12.5 mM MgCl2, 10% Glycerol,
100 mM NaCl, 0.1% CHAPS and 0.1% NP-40). Following
equilibration,100 �l of pulldown buffer, 2 �l of 35S-TRF2
and 20 �g bovine serum albumin was added to each sam-
ple. Mixtures were incubated for 15 min at room temper-
ature while rotating. Samples were washed for 5 min with
end-over-end rotation in 100 �l of pulldown buffer. Five
washes were performed for each sample. Beads were boiled
in Laemmli sample buffer and the samples were analyzed
by 10% SDS-PAGE. 35S-labeled TRF2 was detected with a
phosphorimager.

ChIP-exo

ChIP-exo was performed essentially as described in (24)
with minor modifications. Libraries were quantified by
qPCR and sequenced on an Illumina NextSeq 500. Base-
calls were performed using Bcl2FastQ version 2.16.0. Se-
quenced reads were masked for low-quality sequence, then
mapped to the Drosophila melanogaster dm3 whole genome
using bwa mem (versions 0.7.9a, 0.7.12) with the default pa-
rameters. Heatmaps were generated with Homer bioinfor-
matics software (25) and Java Treeview (26). Tables for com-
posite plots were generated with HOMER and plots were
visualized using R (27). Position weight matrices (PWM) for
Motif 1 and DRE were obtained by performing a MEME-
ChIP search of 200 bp regions centered around M1BP
ChIP-exo or DREF ChIP-seq peak centers as determined
by GEM using default settings (28). The PWM was fed into
the FIMO tool (29) to identify motif locations genome-wide
with a P-value cutoff <1E-04.

Bioinformatics

Our list of active genes was derived from the active gene list
provided in (30). RP genes were selected and isolated from
the list using their flybase annotation symbol. There are a
total of 87 RP genes. Eight have duplicate isoforms and we
eliminated one isoform of each duplicate if it lacked a TCT
motif (Parry et al. (11)) or a TRF2 ChIP-seq peak (n = 79).
RpL15 resides on Chr3LHet and, since our ChIP-exo data
were not mapped to those regions, it was removed from the
ChIP-exo heatmaps and composite plots thus bringing the
final RP gene number to 78. PRO-seq bedgraph files were
obtained from (31). Read pileups for heatmaps were per-
formed with the HOMER bioinformatics tool using the an-
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notatePeaks.pl script (25). Composite plots were generated
in R. Venn Diagrams were generated with BioVenn (32).
Heatmaps were generated with Java Treeview (26). STARR-
seq heatmaps were generated using deepTools (33).

Peak calling and ChIP-seq analysis

DREF ChIP-seq (GSM1535985) (34) and input control ex-
periment reads (34) were downloaded from http://www.ebi.
ac.uk/ena in fastq format. DREF and Input reads were
mapped to the dm3 genome in Galaxy with the bwa read
aligner using default parameters. The GEM peak caller (28)
was used to call peaks from the experiment and control bed
files. Genes having transcription start sites (TSSs) within
200 bp of peak centers were designated M1BP-, TRF2- or
DREF-associated.

Antibodies

The M1BP antibody was initially described and character-
ized in (18). The pre-immune sera comes from the same rab-
bit used to produce the M1BP antibody prior to injection
with purified M1BP. The TRF2 antibody was described in
(12). The TAF1 antibody was described in (35).

RESULTS

M1BP activates transcription of RP genes in cells

The conclusion that RP genes are highly expressed in co-
ordinate fashion in metazoans is based largely on extrap-
olation of measurements of steady state mRNA levels in
yeast (36). To more accurately assess RP gene transcrip-
tion levels, we calculated PRO-seq read densities for each
gene in Drosophila Schneider 2 (S2R+) cells (30). The re-
gion from the TSS to +100 bp was excluded to prevent bias
arising from genes that are highly paused, but lowly tran-
scribed (37). We ranked by PRO-seq reads per kilobase for
all genes in the active gene list provided in (30) and assessed
RP gene transcription activity relative to other actively tran-
scribed genes. A total of 62 RP genes appear in the active
gene list. The other 17 may have been filtered from the list
either because they were not active or because their proxim-
ity to other genes could confound the bioinformatic anal-
ysis of PRO-seq signals (see (30)). Of the 62 genes on the
list, 59 are transcribed in the top 10% of all active genes
with the other 3 genes falling in the next decile (Supplemen-
tary Figure S1). Thus, most of the RP genes are transcribed
at roughly equivalent high levels, suggesting that regulation
at the level of transcription is important for coordinate RP
expression. However, the factors involved in achieving this
high level of coordinate transcription are largely unknown.

Previous analyses identified a conserved sequence called
Motif 1 among the RP gene promoters (6) and we recently
discovered a protein we named M1BP that associates with
Motif 1 (18). To determine if Motif 1 and by extension
M1BP, is involved in transcribing RP genes, we used a lu-
ciferase reporter assay (Illustrated in Figure 1A) with the
promoter sequences (−500 to +50) from either RpLP1 or
RpL30. These RP gene promoters had previously served as
models for RP gene transcription (11,12). We also prepared
mutant counterparts with three point mutations in Motif
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Figure 1. Motif 1 is required for RP gene transcription in cells. (A)
Schematic of the RP gene luciferase reporter assay. Mutant RpLP1 and
RpL30 have three highly conserved nucleotides in Motif 1 mutated. The
wt and mutant Motif 1 sequences for both promoters are shown below the
illustration. The RpIII128 promoter lacks Motif 1 and serves an internal
control. (B) Firefly/Renilla luciferase ratio of relative light unit measure-
ments. Ratios are normalized to the wt Motif 1 sample for each promoter.
Error bars represent standard deviation (n = 3).

1 that are known to abolish M1BP binding (18). Follow-
ing transfection into Drosophila S2R+ cells, we saw >5-fold
decline in luciferase levels when Motif 1 was mutated (Fig-
ure 1B). This demonstrates that Motif 1 contributes to tran-
scription from RP gene promoters and implicates M1BP in
transcriptional activation of RP gene promoters.

To directly test the role of M1BP in RP gene activa-
tion, we performed in vitro transcription in nuclear extracts
which allowed us to determine the effects on RP gene tran-
scription of both mutating Motif 1 or depleting M1BP. Mu-
tating Motif 1 in the RpLP1 and RpL30 promoter caused
about a 2- to 4-fold decrease in transcription which approxi-
mates the effect seen in cells (Figure 2A and B, cf. lanes 2–4
with 5–7 and Figure 2C). �-amanitin inhibited transcrip-
tion of both promoters indicating that the transcription was
mediated by Pol II (Figure 2A and B, cf. lane 1 with lanes
2–4).

To determine if Motif 1 was functioning through M1BP,
we immunodepleted M1BP from the nuclear extract (Figure
3A). Immunodepletion of M1BP caused a decrease in RP
gene transcription (Figure 3B and C, lanes 1 and 2 versus
5 and 6). To establish that the immunodepletion of M1BP
itself, rather than some associated protein was responsible
for inhibiting transcription of the RP genes in vitro, we ex-
pressed and purified M1BP from E. coli (Figure 3D). Addi-
tion of recombinant M1BP to the M1BP-depleted nuclear
extract restored RP gene transcription to its normal level
(Figure 3B and C, cf. lanes 5 and 6 to lanes 7 and 8) indi-
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Figure 2. Motif 1 is required for transcription of RpL30 and RpLP1 in
vitro. (A and B) Primer extension analysis of transcripts produced from
the (A) RpL30 and (B) RpLP1 promoters (−500 to ∼+50) during tran-
scription in Drosophila embryo nuclear extracts. Transcription reactions
lacking �-amanitin were performed in triplicate. The bracketed region en-
compasses the M1BP-dependent TSS region and a portion of the TCT mo-
tif (Parry et al. (11). The M1BP-dependent transcription start sites (TSSs)
observed in vitro correspond to the TSSs detected in vivo using PRO-cap
(Kwak et al.(30)). (C) Quantification of bracketed TSS region transcripts
from (A and B). Error bars represent standard deviation (n = 3). Samples
have been normalized to the first wt replicate for each promoter. ‘*’ De-
notes an artifact band arising in the Motif 1 region following mutation.

cating that M1BP activates transcription of the RP gene in
vitro. Addition of recombinant M1BP to the mock depleted
extract had no effect on RP gene transcription suggesting
the M1BP is not limiting in the mock-depleted extract (Fig-
ure 3B and C, cf. lanes 1 and 2 to lanes 3 and 4).

M1BP recruits TRF2 to the RP gene promoter

Recently, the TBP-related factor, TRF2, was found to be
involved in transcription of RP genes (12). How TRF2 as-
sociates with promoters is enigmatic since, unlike its coun-
terpart TBP, TRF2 has not been observed to bind directly
to DNA. Motif 1, the binding site for M1BP, is typically
located within 50 nts of the TSS of RP genes, making it a
core promoter element (38). Hence, we investigated the pos-
sibility that M1BP might be recruiting TRF2 to RP gene
promoters by performing immobilized template pulldown
experiments with DNA template sequences corresponding
to the core promoter regions of two RP genes. RpLP1 and
RpL30 promoter sequences harboring normal or mutated
Motif 1 elements were immobilized on beads. Following
immobilization, purified recombinant M1BP and in vitro
translated S35-labeled TRF2 were added either together or

separately to the immobilized DNA and proteins that as-
sociated with the DNA templates were assessed by SDS-
PAGE. M1BP binds in a Motif 1-dependent manner to both
promoter sequences in the absence of TRF2 (Figure 4A, cf.
lanes 1, 4, 7 and 10), while TRF2 alone does not bind to
any of the promoter fragments (Figure 4B, lanes 2, 5, 8 and
11). In contrast, when M1BP is added together with TRF2,
TRF2 associates with the Motif 1-containing M1BP-bound
promoters (Figure 4A and B, lanes 3 and 9). Additionally,
we expressed Mal fused to M1BP and were able to pulldown
TRF2 indicating that TRF2 and M1BP interact in solution
as well as on DNA templates (Figure 4C and D). These re-
sults show that M1BP can recruit TRF2 to the promoter
but TRF2 is not required for M1BP to bind the promoter.

In order to determine if the immobilized template pull-
downs reflect the binding properties in cells, we depleted
TRF2 or M1BP using RNAi and monitored the association
of each protein with representative RP genes using chro-
matin immunoprecipitation. We found that TRF2 depletion
caused significant loss of TRF2 from RP promoters while
M1BP levels remained unchanged (Figure 4E and F). A
western blot confirmed that the RNAi worked as expected
since we observed the total cellular TRF2 levels decreased,
while the levels of M1BP and NELF-E remained unaffected
(Figure 4G). Depletion of M1BP using RNAi caused a de-
crease of both M1BP and TRF2 from RP genes (Supple-
mentary Figure S2). However, we were unable to conclude
that TRF2’s association was directly linked to M1BP pro-
moter binding in cells because depletion of M1BP also re-
sulted in loss of TRF2 from RP genes that were bound and
not bound by M1BP. Hence, the loss of TRF2 that occurred
when M1BP was depleted could be a direct effect of the loss
of M1BP or an indirect effect of the coordinate repression
of RP genes that likely occurs as depletion of M1BP dimin-
ishes the rate of cell proliferation (18).

ChIP-exo analyses of M1BP and TRF2 provides evidence
that M1BP recruits TRF2 to the majority of RP genes in vivo

Because of the pleiotropic effects that might accompany de-
pleting M1BP from cells, we turned to ChIP-exo analysis
to investigate the relationship between M1BP and TRF2
in cells. Recently, ChIP-exo analyses of factors associated
with the RP genes in yeast provided insight into the protein–
protein interactions that are involved in regulating these
genes (2). ChIP-exo analysis maps at near single nucleotide
resolution, the sites where a protein crosslinks to DNA by
treating immunoprecipitated protein–DNA adducts with
� exonuclease and subjecting the digested DNA to high-
throughput sequencing (24). Since � exonuclease digests the
DNA in a 5′ to 3′ direction and is blocked by protein–DNA
crosslinks, protein-binding sites are demarcated by sequenc-
ing tags on opposite strands that manifest as peak pairs.

M1BP-binding sites on the DNA in cells were readily de-
tected by ChIP-exo and are strikingly different from a mock
ChIP-exo pattern (Figure 5A). We called peaks and the data
confirmed that M1BP is highly enriched at RP gene promot-
ers when compared to all active genes (P < 0.0001, Fisher’s
exact test, two tailed). Composite plots using the TSS as a
reference point reveal a complex pattern of crosslinking that
extends from −150 on the top strand to +50 on the bottom
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Figure 3. M1BP is required for RP gene transcription in vitro. (A) M1BP-probed (top) and Rpb3-probed (bottom) western blot of purified His-M1BP
and undepleted, mock-depleted or M1BP-depleted nuclear extracts from 0–12 h embryos. A total of 10 or 30 ng purified His-M1BP and 20 or 60 �g of
each extract type was loaded for SDS-PAGE western blot analysis. (B and C) Primer extension analysis of transcripts produced from the (B) RpL30 or
(C) RpLP1 promoter in embryo nuclear extracts. The bracketed region denotes the same TSS region described in Figure 2A. Each transcription reaction
was performed in duplicate. Lanes 1 and 2: mock-depleted extract supplemented with dialysis buffer. Lanes 3 and 4: mock depleted extract supplemented
with recombinant M1BP. Lanes 5 and 6: M1BP-depleted extract supplemented with dialysis buffer. Lanes 7 and 8: M1BP-depleted extract supplemented
with enough recombinant M1BP to replace the amount that was immunodepleted. (D) Coomassie-stained SDS-PAGE analysis of purified, N-terminally
His-tagged M1BP expressed in and purified from Escherichia coli.

strand (Figure 5B). The M1BP pattern is unlikely to be due
solely to M1BP crosslinking directly to DNA since M1BP
has five zinc fingers which are predicted to be just enough
to bind the 15-nt long Motif 1 (Figure 5C). This ChIP-exo
pattern resembles the broad pattern recently described for
the yeast RP genes and was attributed to multi-protein com-
plexes crosslinking to DNA (2). ChIP-exo analysis of TRF2
revealed a more compact pattern of crosslinks than M1BP.
The majority of TRF2 crosslinks occurred immediately up-
stream from the TSS (Figure 5A and B). Comparison of the
composite plots of TRF2 and M1BP revealed striking over-
lap of the TRF2 ChIP-exo pattern with the M1BP peak pair
most proximal to the TSS. This type of overlap in ChIP-exo
patterns has been interpreted to reflect the overlap between
two factors binding in concert with one another (2), thus
the data provide evidence consistent with our binding as-
says which indicates that TRF2 interacts with M1BP.

DREF is enriched among RP genes lacking M1BP and could
provide an alternative mechanism for recruiting TRF2

TRF2 is present at almost all of the RP gene promoters yet
M1BP is detected at approximately two-thirds of them (Fig-
ure 5A). TRF2 was previously found to be in a complex
with DREF (17), so we wondered if the DRE (Figure 5D)
and by extension, DREF might function in recruiting TRF2
to those RP genes that lack M1BP. To explore this possi-
bility, we used previously published DREF ChIP-seq data
(34) and determined that DREF is enriched at RP genes
when compared to all active genes ((P = 0.0394, Fisher’s ex-
act test, two tailed). Notably, DREF was further enriched
among those RP gene promoters that lack M1BP (Figure
5A, P = 0.0009,Fisher’s exact test, two tailed). Thus, two
mechanisms appear to function to recruit TRF2 to RP gene
promoters.

ChIP-exo analysis detects TAF1 at RP gene promoters

Our ChIP-exo pattern for M1BP revealed a peak of
crosslinks on the bottom strand, 30–50 nts downstream
from the TSS (Figure 5B). Since this region of the promoter
was not required to bind M1BP to immobilized DNA, we
suspected that these crosslinks might involve another pro-
tein that interacts with M1BP. Crosslinking and cryoelec-
tron microscopy have shown that TAF1 contacts this region
of the promoter (39–41). Our ChIP-exo analysis reveals that
TAF1 is present at virtually all of the RP gene promoters
(Figure 6A). TAF1 also appears to be present at virtually
all genes with Pol II and most TRF2-associated promot-
ers (Supplementary Figures S3 and 4). On RP genes, the
downstream peak of TAF1 coincides well with the down-
stream peak of M1BP (Figure 6B, orange arrowhead) rais-
ing the possibility that this M1BP peak is the result of
M1BP crosslinking to TAF1 which is in turn crosslinked to
this downstream region.

Colocalization of M1BP and TRF2 is largely restricted to the
RP genes

Genomic analysis indicates that M1BP and TRF2 associate
with many genes (12,18). To determine if M1BP might func-
tion at other promoters by recruiting TRF2, we compared
the distributions of M1BP and TRF2. M1BP and TRF2
show far less co-occupancy among nonRP genes (Figure
6C and D). Thus, these two factors appear to have con-
verged on the RP genes to help drive their robust and coor-
dinated expression. However, the association of TRF2 with
the RP genes cannot be solely dependent on M1BP; oth-
erwise, TRF2 would be present at other M1BP genes. A
possible contributor to the specificity of TRF2 for M1BP-
occupied RP genes is the TCT initiator element that is
largely restricted to the RP gene promoters (11).
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Figure 4. M1BP recruits TRF2 to RP gene promoters. (A and B) Immobilized template pulldown assay. 35S-labeled TRF2 was synthesized in vitro using
Promega’s TnT T7 Quick Coupled Transcription/Translation System. His-M1BP was expressed in and purified from Escherichia coli. His-M1BP, TRF2
or TRF2 and His-M1BP were added to either RpLP1 or RpL30 template-bound streptavidin dynabeads containing either a wild-type (wt) or mutant
Motif 1 sequence (wtMotif 1 or mutMotif 1, respectively). Panel A shows coomassie-stained images from SDS-PAGE analysis of bound protein recovered
from RpLP1 and RpL30 immobilized templates. Panel B shows phosphorimager scans of the same gels in panel A. M1BP binds only to the wt Motif 1
template regardless of whether TRF2 is present in the reaction. TRF2 only binds to the wt Motif 1 promoter template when M1BP is present. (C and D)
Maltose-binding protein (Mal) and Mal-M1BP fusion pulldown assay. 35S-labeled TRF2 was synthesized as described above and added to either purified
and amylose resin-bound Mal or Mal-M1BP. Panel C shows coomassie-stained images from SDS-PAGE analysis of bound protein recovered after binding
and washing. Panel D shows the phosphorimage scans of the same gels in panel C. Recovery of TRF2 is increased with the Mal-M1BP fusion compared to
the Mal alone. (E and F) RNAi-mediated depletion of TRF2. Following 3 days RNAi knockdown using dsRNA targeting either lacZ (negative control) or
TRF2, cells were lysed and ChIP experiments were performed for TRF2 or M1BP. qPCR quantifications were normalized to lacZ RNAi signal at RpLP1.
Hsp70Bc lacks both factors and thus serves as a negative control. RpL28 and RpL4 lack M1BP. Individual data points are displayed as gray dots. Each
experiment was performed at least four-times. Error bars indicate standard deviation. P-values from two-tailed t-tests are provided for each promoter. (G)
Western blots from S2R+ chromatin lysates used for ChIP following 3 days RNAi. The RNAi targets are indicated above the blot images. lacZ RNAi
served as a negative control.

RP gene promoters act as enhancers of other RP genes

M1BP and TRF2, together with the TCT motif could play
an essential role in coordinating expression of RP genes.
A recent analysis of published STARR-seq (45) data con-
cluded that housekeeping promoters themselves act as en-
hancers (46). We initially analyzed the STARR-seq data to
see if we could detect enhancers that act upon the RP genes
but found that the RP gene promoters themselves function
as enhancers (Supplementary Figure S5). Thus, our analysis
suggests that RP genes promoters could serve as enhancers
of other RP genes, thus providing a way to coordinately reg-
ulate these promoters.

DISCUSSION

Here, we show that M1BP activates transcription of RP
genes in Drosophila and that it can do so by recruiting TRF2
to RP gene promoters in cells. These conclusions are based

on our demonstration that M1BP is detected in the core
promoter region of the majority of RP genes in cells and
that mutation of Motif 1 diminished the level of expres-
sion from RP reporter genes. Additionally, we have demon-
strated that M1BP activates transcription of RP gene pro-
moters in nuclear extracts. Also, we show that M1BP re-
cruits TRF2 to promoter DNA in vitro and that M1BP and
TRF2 colocalize on the RP gene promoters in cells. M1BP,
therefore, is the first sequence-specific DNA-binding pro-
tein that has been directly shown to activate RP gene tran-
scription in metazoans. DREF is possibly the only other
protein, but it remains to be determined if it activates RP
genes in vitro. Since these transcription factors associate
with a broad spectrum of genes, loss of function assays in
cells must be viewed with caution as it is difficult to dis-
tinguish between direct and indirect effects regardless of
whether the protein can be detected at a particular gene.
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Figure 5. M1BP and TRF2 co-occupy the majority of RP gene promoters. (A) M1BP, TRF2 and Mock ChIP-exo reads and DNA replication-related
element-binding factor (DREF) ChIP-seq reads mapped relative to the TSS of 78 RP genes and sorted by M1BP ChIP-exo reads summed in a 2 kb
window centered on the TSS. RP genes having Motif 1 or a DRE within 200 bp of the TSS are indicated in green in the far left panel or purple in the far
right panel, respectively. The arrow at the top of each heatmap marks the TSS. Eight paralogs lacking a TCT motif or TRF2 peak have been removed. (B)
ChIP-exo analysis of M1BP (green trace) and TRF2 (blue trace) for RP genes. Composite plots in single nucleotide bins were generated from the same RP
gene list used for the heatmap in panel A. (C and D) Logo representation of the Motif 1 or DRE position weight matrices (PWM) used to identify genomic
motif locations.

Mechanisms by which TRF2 associate with promoters
are not well understood. DREF was purified in a com-
plex with TRF2 but no direct measurement of TRF2 re-
cruitment to DNA by this complex was provided (17). An
uncharacterized TRF2 complex associates with promoters
bearing the DPE and canonical initiator (14), but RP genes
lack both of these DNA elements. Here, we provide a di-
rect mechanism that involves M1BP associating with its
cognate-binding site and interacting directly with TRF2.
Since there is little overlap between M1BP and TRF2 out-
side of RP gene promoters, it follows that additional cis-
elements are required for TRF2’s association with M1BP.
We suspect that the TCT motif, along with M1BP and
DREF, may be an additional key contributor to TRF2’s as-
sociation with gene promoters. Additionally, our ChIP-exo
data reveals that TAF1 is present at virtually all promot-
ers that are associated with Pol II including most promoters
that associate with TRF2. Therefore, since TAF1 recognizes
sequences at the initiator and the DPE (42,43), TAF1 could
be part of the currently uncharacterized TRF2-containing
complex that selectively binds the initiator-DPE-containing
promoters (14).

The total number of TRF2 peaks that we observe is con-
siderably lower than that reported previously (12). There

could be a couple reasons for this discrepancy. First, the pre-
vious study used 2–4 h embryos, whereas we are using S2R+
cells. It is possible that TRF2 functions at a broader spec-
trum of developmentally regulated genes in the early em-
bryo than in S2R+ cells. Additionally, the difference could
be due to the increased signal to noise ratio afforded by
ChIP-exo which results in more reliable peak detection.

Detection of TAF1 on RP gene promoters was unex-
pected because TAF1 is best known for being a subunit
of the general transcription factor, TFIID and biochemi-
cal evidence argued against TFIID being involved in RP
gene transcription (11). Moreover, previous analysis of the
PCNA promoter showed that immunodepletion of TFIID
with TAF1 antibody from a Drosophila transcription reac-
tion did not inhibit transcription of a TRF2-dependent pro-
moter (17). Our ChIP-exo data provide evidence for M1BP
being in close proximity to and potentially interacting with,
TRF2 and TAF1 on RP gene promoters. The ChIP-exo data
showed a peak of M1BP contacts downstream from the
TSS yet Motif 1 that binds M1BP typically resides upstream
from the TSS. Since the ChIP-exo data for M1BP and TAF1
display overlapping peaks in the +30 to +50 region, we
propose that M1BP is in contact with TAF1 and that the
ChIP-exo signal for M1BP in this region is a consequence of
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Figure 6. TAF1 is present at RP gene promoters. (A) Heatmaps display TAF1 ChIP-exo reads from S2R+ cells piled from −1 to +1 kb relative to RP gene
TSS. Rows represent individual genes and are sorted by M1BP reads summed in a 2kb window as in Figure 5A. The TSS position is indicated by the arrow
at the top of the panel. Duplicate genes were refined to a single isoform by removing eight paralogs lacking TRF2 or a TCT motif in the promoter. (B)
Composite plots for M1BP, TRF2 and TAF1 were generated from the same RP gene list used for the heatmap. The orange arrow highlights a TAF1 peak
that aligns with an M1BP peak. (C and D) Venn diagrams showing the overlap between M1BP and TRF2 peaks present at all active RP gene promoters
(n = 62) or all other active gene promoters (n = 5225). (E) Model depicting M1BP’s recruitment of TRF2 at RP gene promoters. At TATA-containing
promoters, TBP-bound TFIID engages with promoter sequences both up- and downstream of the TSS. At the majority of RP gene promoters, which lack
both a TATA box and initiator sequence, M1BP and TRF2 bind the core promoter upstream of the TSS. The asterisk(*) denotes a noncanonical TFIID
complex proposed to have TRF2 substituting for TBP.

M1BP crosslinking to TAF1 and TAF1 in turn crosslinking
to the +30 to +50 region. In contrast, the ChIP exo signals
for M1BP and TRF2 are shifted relative to each other by
∼10 nts suggesting that M1BP might position TRF2 on the
DNA adjacent to M1BP.

A unique feature of the RP gene promoters in Drosophila
and humans is the presence of the TCT motif located at
the TSS (11). What recognizes this motif is currently not
known. Since TAF1 is known to recognize the canonical
initiator element (11,40,44), its presence at RP gene pro-
moters raises the possibility that this TAF also recognizes
the TCT motif. DNAse I footprinting analysis of TFIID
binding to RP gene promoters indicated that binding was
extremely weak. However, close inspection of the DNase I
cutting patterns in the absence and presence of TFIID re-
veals the appearance of weak hypersensitive cut sites near
the TCT initiator (11). One possibility is that M1BP to-
gether with TRF2 enhance the affinity of TAF1 for the RP
gene initiator.

We propose that M1BP functions as a hub to recruit
TRF2 and TAF1 (Figure 6E). Since the only known TAF1-
containing complex in metazoans is TFIID, we propose that
TFIID still binds to RP gene promoters along with TRF2.
One possibility is that TRF2 displaces TBP at the RP gene
promoter. A recent model of TFIID bound to promoter
DNA indicates that TFIIA is involved in connecting TBP
to TAF1 (41). Since TRF2 associates with TFIIA (15), dis-
placement of TBP from TAF1 by TRF2 is tenable.

Our analysis of STARR-seq data indicates that RP gene
promoters can act as enhancers and that they are selective

in activating housekeeping gene core promoters and not
core promoters of developmental and stress activated genes.
The RP gene promoters more strongly activated the candi-
date RP gene promoter over all the other tested candidates.
This selectivity could establish a network in which active RP
genes and other housekeeping genes act reciprocally to acti-
vate each other. In addition, the selectivity of the enhancer
activity of these RP promoters would prevent them from
inadvertently activating nearby developmentally regulated
genes.
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