92-107 Nucleic Acids Research, 2022, Vol. 50, No. 1
https:Ildoi.orgl10.1093[narlgkab1177

Published online 13 December 2021

Dynamic modulation of enhancer responsiveness by
core promoter elements in living Drosophila embryos

Moe Yokoshi''f, Koji Kawasaki''’, Manuel Cambén? and Takashi Fukaya “1:3"

'Laboratory of Transcription Dynamics, Research Center for Biological Visualization, Institute for Quantitative
Biosciences, The University of Tokyo, Bunkyo-ku, Tokyo, Japan, 2Applied Mathematics Department, University of
Granada, Granada, Spain and 3Department of Life Sciences, Graduate School of Arts and Sciences, The University

of Tokyo, Bunkyo-ku, Tokyo, Japan

Received June 24, 2021; Revised November 08, 2021; Editorial Decision November 10, 2021; Accepted November 12, 2021

ABSTRACT

Regulatory interactions between enhancers and core
promoters are fundamental for the temporal and spa-
tial specificity of gene expression in development.
The central role of core promoters is to initiate pro-
ductive transcription in response to enhancer’s acti-
vation cues. However, it has not been systematically
assessed how individual core promoter elements af-
fect the induction of transcriptional bursting by en-
hancers. Here, we provide evidence that each core
promoter element differentially modulates functional
parameters of transcriptional bursting in develop-
ing Drosophila embryos. Quantitative live imaging
analysis revealed that the timing and the continu-
ity of burst induction are common regulatory steps
on which core promoter elements impact. We fur-
ther show that the upstream TATA also affects the
burst amplitude. On the other hand, Inr, MTE and
DPE mainly contribute to the regulation of the burst
frequency. Genome editing analysis of the pair-rule
gene fushi tarazu revealed that the endogenous TATA
and DPE are both essential for its correct expres-
sion and function during the establishment of body
segments in early embryos. We suggest that core
promoter elements serve as a key regulatory mod-
ule in converting enhancer activity into transcription
dynamics during animal development.

INTRODUCTION

Communication between enhancers and core promoters is
critical for the temporal and spatial specificity of gene ex-
pression. Enhancers are distal regulatory elements that con-
tain a cluster of binding sites for sequence-specific transcrip-
tion factors and co-activators, which usually span several
hundreds to thousands base pairs (bp) in length. Recent

quantitative imaging studies reported that enhancers are re-
sponsible for driving transcriptional bursting from their tar-
get genes (e.g. 1-3). However, little is known about the role
of core promoters in the process. Core promoters are short
segments of DNA, which typically range —40 to +40 rela-
tive to the +1 transcription start site (TSS). They serve as
a docking site for general transcription factors and RNA
polymerase II (Pol II) for the assembly of the pre-initiation
complex. Importantly, core promoters alone are not suffi-
cient to drive a high level of transcription, but they typically
require enhancer’s activation cues to facilitate the assembly
of active transcription machineries. Thus, core promoters
act as a ‘gateway to transcription’, converting enhancer ac-
tivity into gene expression (reviewed in 4).

Core promoters consist of several sequence motifs lo-
cated at fixed positions relative to the TSS. The TATA
box (TATA) (5) is typically located 25-30 bp upstream of
the TSS and directly interacts with TATA-binding protein
(TBP), a subunit of the transcription factor IID (TFIID)
complex. Initiator (Inr), motif 10 element (MTE) and
downstream promoter element (DPE) are sequence mo-
tifs downstream of TATA (6-8) and serve as an addi-
tional docking site for TFIID via direct interaction with
TBP-associated factors (TAFs) (9-13). In addition, core
promoters often contain binding-sites for sequence-specific
DNA binding proteins such as Zelda and GAGA factor
(GAF) in Drosophila (14-16). The precise composition of
core promoter elements varies substantially among Pol II-
transcribed genes (17-19), which is thought to play a key
role in determining the level of gene expression by changing
the responsiveness to enhancers (20-23). We previously re-
ported that swapping of entire core promoter sequence can
largely alter bursting activities (2). However, it remains to be
determined how individual core promoter elements modu-
late temporal dynamics of gene transcription in living mul-
ticellular organisms.

Importantly, quantitative measurement of enhancer re-
sponsiveness has been technically challenging with tradi-
tional bulk approaches because transcriptional output is
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controlled not only by core promoter sequences, but also by
combinatory effects of surrounding regulatory landscapes
such as enhancer strength and chromosome topology (re-
viewed in 24). Moreover, there is no universal core pro-
moter architecture, making it difficult to compare expres-
sion profiles of different genes. Here, we developed a live-
imaging system that permits unambiguous comparison of
the roles of individual elements using a standardized, op-
timized synthetic core promoter placed under the control
of a fixed enhancer. We have systematically analyzed a se-
ries of newly produced Drosophila MS2 strains that contain
a variety of core promoter modifications at different posi-
tions. Quantitative image analysis revealed that each core
promoter element differentially modulates the functional
parameters of transcriptional bursting in developing em-
bryos. Our data suggest that the timing and the continuity
of burst induction are common regulatory steps on which
core promoter elements impact. We also show that core pro-
moters use the upstream TATA to increase the amplitude
of transcriptional bursting upon activation by distal en-
hancers. On the other hand, Inr, MTE and DPE mainly con-
tribute to the regulation of the bursting frequency. In addi-
tion, promoter-proximal Zelda sites were found to facilitate
burst induction at the beginning of new cell cycle, adding
another layer of complexity to this process. To further dis-
sect the function of core promoter elements in the context of
endogenous genome, we combined genome editing and site-
directed transgenesis. Using the pair-rule gene fushi tarazu
(ftz), we show that both TATA and DPE mutations dramat-
ically change transcription dynamics throughout its expres-
sion domains, resulting in disrupted spatial patterning of
gene expression and misregulation of the downstream seg-
ment polarity gene engrailed (en). We therefore suggest that
core promoter elements serve as a key regulatory module
in converting enhancer activity into transcription dynamics
during animal development.

MATERIALS AND METHODS
Experimental model

In all live-imaging experiments, we studied Drosophila
melanogaster embryos at nuclear cycle 14. The following
fly lines were used in this study: nanos >MCP-GFP,
His2 Av-mRFP/CyO  (25),  DSCPyr-MS2-yellow-sna
shadow  enhancer  (25), DSCP,,7414-MS2-yellow-sna
shadow enhancer (this study), DSCP,,p,,-MS2-yellow-sna
shadow enhancer (this study), DSCP,,yrp-MS2-yellow-sna
shadow enhancer (this study), DSCP,,pp-MS2-yellow-sna
shadow enhancer (this study), DSCP,,g464-MS2-yellow-sna
shadow enhancer (this study), DSCP3,zeiia-MS2-yellow-sna
shadow enhancer (this study), DSCPyr-MS2-yellow-
rhoNEE (this study), DSCP,,r414-MS2-yellow-rhoNEE
(this study), DSCP,1,-MS2-yellow-rhoNEE (this study),
DSCP,yre-MS2-yellow-rhoNEE (this study), DSCP,,ppE-
MS2-yellow-rhoNEE (this study), lab Pryp- M S2-yellow-sna
shadow enhancer (this study), labPrr r4-MS2-yellow-sna
shadow enhancer (this study), DSCPy - MS2-yellow-gypsy-
sna shadow enhancer (this study), DSCPyp-MS2-yellow
No enhancer (this study), DSCPyr-MS2-yellow-14AB5
enhancer (this study), DSCP,,r474-MS2-yellow-14AB5
enhancer (this study), DSCP,ppg-MS2-yellow-14B5
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enhancer (this study), snaPryr-MS2-yellow-sna shadow
enhancer (this study), snaPr,,ir4-MS2-yellow-sna shadow
enhancer (this study), DSCP3yzeidgajmraTa-MS2-yellow-sna
shadow enhancer (this study), rhoNEE-rhoPry1-MS2-
yellow (this study), rhoNEE-rhoPr,ri74-MS2-yellow
(this study), rhoNEE-rho Pr,,ppp-MS2-yellow (this study),
Aftz-attP/TM6 (this study), ftz WT core promoter-ftz-
HA-24xMS2 (this study), ftz mTATA core promoter-
ftz-HA-24xMS2/TM6 (this study) and ftz mDPE core
promoter-ftz-HA-24xMS2 / TM6 (this study).

Plasmids

Plasmid construction is detailed in the supplementary ma-
terials.

Site-specific transgenesis by phiC31 system

All reporter plasmids were integrated into a unique landing
site on the third chromosome using VK00033 strain (26).
PhiC31 was maternally provided using vas-phiC31 strain
(27). Microinjection was performed as previously described
(28). In brief, 0—-1 h embryos were collected and dechori-
onated with bleach. Aligned embryos were dried with silica
gel for ~7 min and covered with FL-100-1000CS silicone oil
(Shin-Etsu Silicone). Subsequently, microinjection was per-
formed using FemtoJet (Eppendorf) and DM IL LED in-
verted microscope (Leica) equipped with M-152 Microma-
nipulator (Narishige). Injection mixture typically contains
~500 ng/pl plasmid DNA, 5 mM KCI, 0.1 mM phosphate
buffer, pH 6.8. mini-white marker was used for screening.

Core promoter modification at endogenous locus

First, endogenous f#z transcription unit was removed and
replaced with attP site by CRISPR /Cas9-mediated genome
editing. Two pCFD3 gRNA expression plasmids and pBS-
attP-dsRed donor plasmid were co-injected using nanos-
Cas9/CyO strain (29). Injection mixture contains 500 ng/l
pCFD3 gRNA expression plasmids, 500 ng/ul pBS-attP-
dsRed donor plasmid, 5 mM KCI, 0.1 mM phosphate
buffer, pH 6.8. Resulting fiz allele was balanced over TM6.
Subsequently, fiz-MS2 plasmid was integrated into the
attP site using Aftz-attP/TMG6 strain. Corresponding MS2
plasmid and p3xP3-EGFP.vas-int.NLS plasmid (addgene
#60948) were co-injected. Injection mixture contains 500
ng/pwl MS2 plasmid, 500 ng/pl phiC31 expression plas-
mid, 5 mM KCI, 0.1 mM phosphate buffer, pH 6.8. mini-
white marker was used for screening. Resulting f7z comple-
mentation alleles were balanced over TM6. After phiC31-
mediated integration, extra sequences derived from plasmid
backbone, ampicillin resistant gene and mini-white marker
gene were also incorporated into the f#z locus.

cDNA synthesis

Total RNA was extracted from 40 adults of Oregon-R us-
ing TRIzol reagent (Thermo Fisher) followed by chloro-
form purification and isopropanol precipitation. Three g
of total RNA was subjected to reverse transcription using
PrimeScript 1st strand cDNA Synthesis Kit (Takara).
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Preparation of probes for in situ hybridization

Antisense RNA probes labeled with digoxigenin (DIG
RNA Labeling Mix 10x conc., Roche) or biotin (Biotin
RNA Labeling Mix 10x conc., Roche) were transcribed us-
ing in vitro Transcription T7 Kit (Takara). Template DNA
for ftz probe was PCR amplified from genomic DNA using
primers (5-CGT AAT ACG ACT CAC TAT AGG GTG
GGG AAG AGA GTA ACT GAG CAT CGC-3') and (5'-
ATT CGC AAA CTC ACC AGC GT-3'). Template DNA
for en probe was PCR amplified from cDNA using primers
(5-CGT AAT ACG ACT CAC TAT AGG GCA TGA
ACT TGC TTT AGC ACA AAC ATT TCG-3') and (§'-
CAA CTA ATT CAG TCG TTG CGC TCG-3'). Template
DNA for sna probe was PCR amplified from genomic DNA
using primers (5-CGT AAT ACG ACT CAC TAT AGG
GCA GTT GGC TTA ACA GTA CTG-3') and (5-ACC
TGT CAC AGC CAC CTC AGC-3'). Antisense MS2 probe
was in vitro transcribed using T3 RNA polymerase (NEB).
Templated DNA was prepared by linearizing pBlueScript-
MS2 plasmid (30) with EcoRI.

Fluorescence in situ hybridization

Embryos were dechorionated and fixed in fixation buffer
(1 ml of 5x PBS, 4 ml of 37% formaldehyde and 5 ml of
Heptane) for ~25 min at room temperature. Vitelline mem-
brane was then removed by shaking embryos in a bipha-
sic mixture of heptane and methanol for ~1 min. Anti-
sense RNA probes labeled with digoxigenin and biotin were
used. Hybridization was performed at 55°C for overnight in
hybridization buffer (50% formamide, 5x SSC, 50 pg/ml
Heparin, 100 pg/ml salmon sperm DNA, 0.1% Tween-
20). Subsequently, embryos were washed with hybridiza-
tion buffer at 55°C and incubated with Western Blocking
Reagent (Roche) at room temperature for 1 h. Then, em-
bryos were incubated with sheep anti-digoxigenin (Roche)
and mouse anti-biotin primary antibodies (Invitrogen) at
4°C for overnight, followed by incubation with Alexa Fluor
555 donkey anti-sheep (Invitrogen) and Alexa Flour 488
goat anti-mouse (Invitrogen) fluorescent secondary anti-
bodies at room temperature for 1 h. DNA was stained
with DAPI, and embryos were mounted in ProLong Gold
Antifade Mountant (Thermo Fisher). Imaging was per-
formed on a Zeiss LSM 900 confocal microscope. Plan-
Apochromat 20x /0.8 N.A. objective was used. Images were
captured in 16-bit. Maximum projections were obtained for
all z-sections, and resulting images were shown. Brightness
of images was linearly adjusted using Fiji (https:/fiji.sc).

Cuticle preparation

Eggs were aged ~24 h at 25.0°C, and dechorionated with
bleach. Subsequently, vitelline membrane was removed by
shaking in 1:1 methanol: heptane for ~30 s. Samples were
then mounted in 1:1 lactic acid: Hoyer’s medium, and in-
cubated at 60°C for overnight. Images were acquired using
Optiphot-2 (Nikon) equipped with Moticam 10+ (Motic).

MS?2 live-imaging

Virgin females of nanos > MCP-GFP, His2 Av-mRFP/CyO
(25) were mated with males carrying the MS2 allele. The re-

sulting embryos were dechorionated and mounted between
a polyethylene membrane (Ube Film) and a coverslip (18
mm x 18 mm), and embedded in FL-100-450CS (Shin-
Etsu Silicone). Embryos were imaged using a Zeiss LSM
800 (Figures 1 and 4) or LSM 900 (Figures 2, 3, 5, 7, Sup-
plementary Figures S1, S3, S5, S6, S8 and S10). Temper-
ature was kept in between 23.5 and 25.0°C during imag-
ing. Plan-Apochromat 40x /1.4 N.A. oil immersion objec-
tive was used. In Figures 1, 2, 4, 7 and Supplementary Fig-
ure S5, a stack of 26 images separated by 0.5 wm was ac-
quired at each time point, and the final time resolution is
16.8 s/frame. In Figures 3, 5, Supplementary Figures S1,
S3, S6, S8 and S10, a stack of 20 images separated by 0.63
pm was acquired at each time point, and the final time res-
olution is 12.8 s/frame. Images were captured in 16-bit. Im-
ages were typically taken from the end of ncl3 to the onset
of gastrulation at ncl4. During imaging, data acquisition
was occasionally stopped for a few seconds to correct z-
position, and data were concatenated afterwards. For each
cross, three biological replicates were taken. The same laser
power and microscope setting were used for each set of ex-
periments.

Image analysis

All the image processing methods and analysis were imple-
mented in MATLAB (R2019a, R2019b MathWorks).

Segmentation of nuclei

For each time point, maximum projection was obtained
for all z-sections per image. His2Av-mRFP was used to
segment nuclei. 512 x 512 maximum projection images
were initially cropped into 430 x 430 (Figures 1, 4, 7) or
300 x 430 (Figures 2, 3, 5, Supplementary Figures S1, S3,
S8 and S10) to remove nuclei at the edge, and used for sub-
sequent analysis. In the analysis of r20NEE reporters (Sup-
plementary Figures S5 and S6), 512 x 512 maximum projec-
tion images were initially cropped into 300 x 500 to remove
nuclei outside of the expression domain. For nuclei segmen-
tation, we used two different methods. In the first method,
His2Av images were pre-processed with Gaussian filtering,
top-hap filtering, and adaptive histogram equalization, in
order to enhance the signal-to-noise contrast. Processed im-
ages were converted into binary images using a threshold
value obtained from Otsu’s method. Nuclei were then wa-
tershedded to further separate and distinguish from neigh-
boring nuclei. Subsequently, binary images were manually
corrected using Fiji (https://fiji.sc). In the second method,
His2Av images were first blurred with Gaussian filter to gen-
erate smooth images. Pixels expressing intensity higher than
5% of the global maxima in the histogram of His2Av chan-
nel were removed. Processed images were converted into bi-
nary images using a custom threshold-adaptative segmenta-
tion algorithm. Threshold values were determined at each
time frame by taking account of (i) the histogram distri-
bution of His2Av channel and (ii) the number and the size
of resulting connected components. Boundaries of compo-
nents were then modified to locate MS2 transcription dots
inside of nearest nuclei. In brief, pixels with intensity twice
larger than mean intensity of MS2 channel were consid-
ered as transcription dots, and new binary images were cre-

220z Aieniga4 /| uo Jasn e09101|qig - BpeURIS) ap pepisieAlun Aq | L0SSY9/26/L/0S/e[0nie/ieu/woo dno-olwspeoe//:sdny woJj papeojumoq


https://fiji.sc
https://fiji.sc

Nucleic Acids Research, 2022, Vol. 50, No. 1 95

Drosophila synthetic B
core promoter (DSCP) aTub84B
DSCP 3'UTR
TATA Inr MTE DPE i i
—ER yelow - —
L- sna shadow
c D WT minr mMTE mDPE
mMTE =) x10° x10° x10° x10°
. < 100 100 100 100
> 75 75 75 75
+ +8 T +33 § 50 50 50 50
TCJ‘AGTTGTGAATGAATGTTC‘GAGCcGAGCAGAcsf‘r € 25 25 25 25
Inr MTE  DPE & 0 0 0 0
= 0 10 20 30 40 0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
¢ * Time into nc14 (min)
crcarg] E
minr mDPE WT minr mMTE mDPE 0
& 15 2
€ 100 100 100 100 10 i
2 200 200 200 g
£ 200 300 E
3 800 300 400 300 5 E
S 400 400 500 400 0 Z
P4 0 10 20 30 40 0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
Time into nc14 (min)
F Output Amplitude Duration G Frequency H Onset of | Rate of
first burst burst induction
CAL) 0.6 sener
<8 ~t2r Lo 16 9 06 40pF T 05
g 1.6x10% 2 [ : o 23x10%
3 < c I 3 0.4
S 6 soxow 23 = 12 2 0 [ §30 E
gl £ & oo £ 50
2‘ ) i £ | g ’ | B OE) * g
N I S i Fo, + * + o o F o 20'2 + :
S ) g - 3 b B
g * i = 06 B 0.1 : i
s} 3¢ B
o 0 0 o 0
%ofWT 25 61 19 %ofWT 83 89 113 %ofWT 79 84 105 0246810 %ofWT 173 141 155 %of WT 57 86 39

=WT = minr =mMTE = mDPE Number of burst =WT = mir  =mMTE = mDPE

Figure 1. Inr, MTE and DPE mainly control bursting frequency. (A) Schematic representation of the Drosophila synthetic core promoter (DSCP). (B)
Schematic representation of the yellow reporter gene containing the 155-bp DSCP, the 1.5-kb sna shadow enhancer, and 24x MS2 RNA stem loops within
the 5 UTR. (C) Inr, MTE and DPE were mutated as indicated. (D) Representative trajectories of transcription activity of the MS2 reporter genes with
WT (left), mInr (middle left), mMTE (middle right) and mDPE DSCP (right) in individual nuclei. AU; arbitrary unit. (E) MS2 trajectories for all analyzed
nuclei. Each row represents the MS2 trajectory for a single nucleus. A total of 403, 435, 509 and 444 ventral-most nuclei, respectively, were analyzed from
three independent embryos for the reporter genes with WT (left), mInr (middle left), mMTE (middle right) and mDPE DSCP (right). Nuclei were ordered
by their onset of transcription in ncl4. AU; arbitrary unit. (F) Boxplots showing the distribution of total output (left), burst amplitude (middle) and
burst duration (right). The box indicates the lower (25%) and upper (75%) quantile and the open circle indicates the median. Whiskers extend to the most
extreme, non-outlier data points. A total of 403, 435, 509 and 444 ventral-most nuclei, respectively, were analyzed from three independent embryos for the
reporter genes with WT, mInr, mMTE and mDPE DSCP. Median values relative to the WT reporter are shown at the bottom. The P-values of two-sided
Wilcoxon rank sum test are shown at the top. AU; arbitrary unit. (G) Histograms showing the distribution of burst frequency. A total of 403, 435, 509 and
444 ventral-most nuclei, respectively, were analyzed from three independent embryos for the reporter genes with WT (top), mInr (upper middle), mMTE
(lower middle) and mDPE DSCP (bottom). (H, I) Boxplots showing the distribution of the timing of first burst (H) and the burst frequency normalized by
the length of time after the first burst (I). The box indicates the lower (25%) and upper (75%) quantile and the open circle indicates the median. Whiskers
extend to the most extreme, non-outlier data points. A total of 403, 435, 509 and 444 ventral-most nuclei, respectively, were analyzed from three independent
embryos for the reporter genes with WT, mInr, nMTE and mDPE DSCP. Median values relative to the WT reporter are shown at the bottom. The P-values
of two-sided Wilcoxon rank sum test are shown at the top.

ated for each time frame. The Euclidean distances between
the centroid of binarized transcription dot and all bound-
aries of segmented nuclei were calculated. Boundary of the
nucleus with the smallest Euclidean distance was modi-
fied in order to capture transcription dot within a nucleus.
Centroids of connected components in nuclei segmentation
channel were used to compute the Voronoi cells of the im-
age. Resulting binary images were manually corrected by us-
ing Fiji (https:/fiji.sc).

Tracking of nuclei

Nuclei tracking was done by finding the object with mini-
mal movement across the frames of interest. For each nu-

cleus in a given frame, the Euclidean distances between the
centroids of the nucleus in the current time frame and the
nuclei in the next or previous time frame were determined.
The nucleus with the minimum Euclidean distance was con-
sidered as the same lineage.

Recording of MS2 signals

3D raw images with all z-sections of MCP-GFP chan-
nel were used to record MS2 fluorescence signals. Using
segmented regions from max projected images of His2Av-
mRFP channel, fluorescence intensities within each nucleus
were extracted. 3D fluorescence values were assigned to
the nearest segmented regions of projected images. Signals
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Figure 2. TATA modulates bursting amplitude and frequency. (A) TATA was mutated as indicated. Modified core promoter was placed under the control
of the sna shadow enhancer as illustrated in Figure 1B. (B) Representative trajectories of transcription activity of the MS2 reporter genes with WT (left)
and mTATA DSCP (right) in individual nuclei. AU; arbitrary unit. (C) MS2 trajectories for all analyzed nuclei. Each row represents the MS2 trajectory for
a single nucleus. A total of 401 and 406 ventral-most nuclei, respectively, were analyzed from three independent embryos for the reporter genes with WT
(left) and mTATA DSCP (right). Nuclei were ordered by their onset of transcription in ncl4. AU; arbitrary unit. (D) Boxplots showing the distribution of
total output (left), burst amplitude (middle) and burst duration (right). The box indicates the lower (25%) and upper (75%) quantile and the open circle
indicates the median. Whiskers extend to the most extreme, non-outlier data points. A total of 401 and 406 ventral-most nuclei, respectively, were analyzed
from three independent embryos for the reporter genes with WT and mTATA DSCP. Median values relative to the WT reporter are shown at the bottom.
The P-values of two-sided Wilcoxon rank sum test are shown at the top. AU; arbitrary unit. (E) Histograms showing the distribution of burst frequency.
A total of 401 and 406 ventral-most nuclei, respectively, were analyzed from three independent embryos for the reporter genes with WT (top) and mTATA
DSCP (bottom). (F, G) Boxplots showing the distribution of the timing of first burst (F) and the burst frequency normalized by the length of time after
the first burst (G). The box indicates the lower (25%) and upper (75%) quantile and the open circle indicates the median. Whiskers extend to the most
extreme, non-outlier data points. A total of 401 and 406 ventral-most nuclei, respectively, were analyzed from three independent embryos for the reporter
genes with WT and mTATA DSCP. Median values relative to the WT reporter are shown at the bottom. The P-values of two-sided Wilcoxon rank sum
test are shown at the top.

of MS2 transcription dots were determined by calculating larger than a fitted region of 11 x 11 pixels due to a low-

an integral of fluorescence intensities around the bright- quality fitting, whole time-point data of corresponding nu-
est pixel within each nucleus using a 2D Gaussian fitting cleus was excluded from further analysis. (iii) The intensity
method as described below. (i) The xyz position of tran- of MS2 transcription dot was calculated as 2700, 1y from
scription site was determined as a brightest pixel in each nu- fitting parameters as an estimated integral value after sub-
cleus. (ii) A 2D Gaussian fitting was performed ina 11 x 11 tracting the local background (31). Subsequently, minimum
pixels region with a single z-plane centering the transcrip- MS?2 intensities were determined for individual trajectories
tion site to estimate a fluorescent dot intensity and local and subtracted to make the baseline zero.

background. Fitting was performed with the following for-

mula Detection of transcriptional bursting

(_( (=x)’ | 00)® )) A transcriptional burst was defined as a local change in flu-
I (x,y)= a+ Lexp o T2y orescence intensity. First, signal trajectories were smoothed

by averaging within a window of 5 timeframes. When a nu-
where « is the local background intensity, [y is the ampli- cleus had above-threshold transcription activity, burst was
tude of the peak fluorescence intensity, xo and y, are the considered to be started. Burst was considered to be ended
center of the peak, o, and o, are the spreads of the fluo- when the intensity dropped below 55% of the local peak
rescent dot. When the size of estimated fluorescent dot was value of each burst. Location of defined burst was then
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Figure 3. Engineering of an endogenous TATA-less core promoter. (A) Endogenous /ab core promoter contains Inr and DPE, but lacks TATA. The sna
shadow enhancer was used for the analysis. (B) Two nucleotides substitution was introduced to contain an optimal TATA. (C) Representative trajectories
of transcription activity of the MS2 reporter genes with unmodified (left) and modified /ab core promoter (right) in individual nuclei. AU; arbitrary unit.
(D) MS2 trajectories for all analyzed nuclei. Each row represents the MS2 trajectory for a single nucleus. A total of 344 and 348 ventral-most nuclei,
respectively, were analyzed from three independent embryos for the reporter genes with unmodified (left) and modified /ab core promoter (right). Nuclei
were ordered by their onset of transcription in ncl4. AU; arbitrary unit. (E) Boxplots showing the distribution of total output (left), burst amplitude
(middle) and burst duration (right). The box indicates the lower (25%) and upper (75%) quantile and the open circle indicates the median. Whiskers extend
to the most extreme, non-outlier data points. A total of 344 and 348 ventral-most nuclei, respectively, were analyzed from three independent embryos for the
reporter genes with unmodified and modified /ab core promoter. Median values relative to the unmodified /ab core promoter are shown at the bottom. The
P-values of two-sided Wilcoxon rank sum test are shown at the top. AU; arbitrary unit. (F) Histograms showing the distribution of burst frequency. A total
of 344 and 348 ventral-most nuclei, respectively, were analyzed from three independent embryos for the reporter genes with unmodified (top) and modified
lab core promoter (bottom). (G, H) Boxplots showing the distribution of the timing of first burst (G) and the burst frequency normalized by the length
of time after the first burst (H). The box indicates the lower (25%) and upper (75%) quantile and the open circle indicates the median. Whiskers extend
to the most extreme, non-outlier data points. A total of 344 and 348 ventral-most nuclei, respectively, were analyzed from three independent embryos for
the reporter genes with unmodified and modified /ab core promoter. Median values relative to the unmodified lab core promoter are shown at the bottom.
The P-values of two-sided Wilcoxon rank sum test are shown at the top.

moved 2 timeframes afterwards to better capture the cen- produced by each nucleus were measured. To determine am-
ter of individual bursting event. When the burst duration is plitude, the peak value during the burst was measured using
less than 5 timeframes, it was considered as a false-positive trajectories after smoothing by averaging within a window
derived from detection noise. It was confirmed that this fil- of 5 timeframes. The duration was determined by measur-

tering method does not affect quantification of the burst ing the length of each burst. Total output was measured by
duration (Supplementary Figure S4E and F). When signal taking the area under the raw trajectory. The amplitude and
trace exhibited continuous decreasing at the beginning of duration for each nucleus were determined by taking aver-
burst detection, it was also not considered as a burst. Same age of all analyzed bursts in a single nucleus. The rate of

method and threshold value were used for each set of exper- burst induction was determined as a frequency divided by a
iments. length of time after the initial burst for each active nucleus.
Description of bursting properties Fraction of instantaneously and cumulative active nuclei

From each trajectory, number of bursts, amplitude and du- For each time frame, nuclei with MS2 intensity above the

ration of each burst, and total integrated signal (output) threshold were considered as active. Threshold was deter-
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Figure 4. Zelda facilitates rapid induction of transcriptional bursting. (A) DSCP was modified to mutate GAGA site or add three optimal Zelda binding
sites. The sna shadow enhancer was used for the analysis. (B) Representative trajectories of transcription activity of the MS2 reporter genes with WT (left),
mGAGA (middle) and Zelda DSCP (right) in individual nuclei. AU; arbitrary unit. (C) MS2 trajectories for all analyzed nuclei. Each row represents the
MS?2 trajectory for a single nucleus. A total of 403, 458 and 458 most ventral-nuclei, respectively, were analyzed from three individual embryos for the
reporter genes with WT (left), mGAGA (middle) and Zelda DSCP (right). Nuclei were ordered by their onset of transcription in ncl4. Panel of WT is
the same as the panel in Figure 1E. AU; arbitrary unit. (D) Boxplots showing the distribution of total output (left), burst amplitude (middle) and burst
duration (right). The box indicates the lower (25%) and upper (75%) quantile and the open circle indicates the median. Whiskers extend to the most extreme,
non-outlier data points. A total of 403, 458 and 458 most ventral-nuclei, respectively, were analyzed from three independent embryos for the reporter genes
with WT, mGAGA and Zelda DSCP. Median values relative to the WT DSCP reporter are shown at the bottom. The P-values of two-sided Wilcoxon
rank sum test are shown at the top. Plot of WT is the same as the plot in Figure 1F. AU; arbitrary unit. (E) Histograms showing the distribution of burst
frequency. A total of 403, 458 and 458 ventral-most nuclei, respectively, were analyzed from three independent embryos for the reporter genes with WT
(top), nGAGA (middle) and Zelda DSCP (bottom). Plot of WT is the same as the plot in Figure 1G. (F, G) Boxplots showing the distribution of the timing
of first burst (F) and the burst frequency normalized by the length of time after the first burst (G). The box indicates the lower (25%) and upper (75%)
quantile and the open circle indicates the median. Whiskers extend to the most extreme, non-outlier data points. A total of 403, 458 and 458 ventral-most
nuclei, respectively, were analyzed from three independent embryos for the reporter genes with WT, mGAGA and Zelda DSCP. Median values relative to
the WT reporter are shown at the bottom. The P-values of two-sided Wilcoxon rank sum test are shown at the top. Plot of WT is the same as the plot in
Figure 1H and 1. (H) Autocorrelation analysis of MS2 trajectories of the reporter genes with WT and Zelda DSCP. A total of 403 and 458 most ventral
nuclei, respectively, were analyzed. Each trace indicates mean autocorrelation value from all analyzed nuclei. Random represents mean autocorrelation
value calculated from time-shuffled MS2 trajectories of the WT reporter. Autocorrelation values were calculated with 16.8 s timestep and normalized to 1
at the smallest lag time.

mined for each group of nuclei by calculating the 10% of 16.8 s timestep lags according to the time resolution of
the maximum MS2 intensity across all trajectories. live-imaging data (16.8 s/frame). All autocorrelation values
were normalized to 1 at the smallest lag time. Random data

. . . . was generated from time-shuffled MS2 trajectories of the

Mean MS2 intensity per actively transcribing nucleus WT reporter by using MATLAB rand function.

MS2 intensities in instantaneously active nuclei at each time

point were averaged. . . .

Computational reconstitution of f¢z expression

Newly synthesized fiz mRNAs were considered to be lin-

Autocorrelation analysis of MS2 signal early degraded with a half-life of 7 min according to pre-

Autocorrelation values were used to estimate a periodic- vious measurements in early embryos (32). Amount of f¢z
ity of each MS2 trajectory. First, MS2 trajectories were mRNA remained to be undegraded by the end of analy-
smoothed as described in the previous section. To extract sis was estimated using live-imaging data in Figure 7. Us-
periodicity, the first derivative of smoothed MS2 signal was ing segmentation mask, individual nuclei were false-colored
calculated to exclude general trends of signal changes dur- with the pixel intensity proportional to the level of intact f¢z

ing ncl4. The autocorrelation value was calculated with mRNA in a given nucleus. Resulting image was then colored
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Figure 5. Zelda compensates weak activity of TATA-less core promoters. (A) Schematic representation of mTATA and Zelda/mTATA DSCP. The sna
shadow enhancer was used for the analysis. (B) Representative trajectories of transcription activity of the MS2 reporter genes with mTATA (left) and
Zelda/mTATA DSCP (right) in individual nuclei. AU; arbitrary unit. (C) MS2 trajectories for all analyzed nuclei. Each row represents the MS2 trajectory
for a single nucleus. A total of 343 and 359 ventral-most nuclei, respectively, were analyzed from three independent embryos for the reporter genes with
mTATA (left) and Zelda/mTATA DSCP (right). Nuclei were ordered by their onset of transcription in ncl4. AU; arbitrary unit. (D) Boxplots showing
the distribution of total output (left), burst amplitude (middle) and burst duration (right). The box indicates the lower (25%) and upper (75%) quantile
and the open circle indicates the median. Whiskers extend to the most extreme, non-outlier data points. A total of 371, 343 and 359 ventral-most nuclei,
respectively, were analyzed from three independent embryos for the reporter genes with WT, mTATA and Zelda/mTATA DSCP. Median values relative to
the WT reporter are shown at the bottom. The P-values of two-sided Wilcoxon rank sum test are shown at the top. (E) Histograms showing the distribution
of burst frequency. A total of 371, 343 and 359 ventral-most nuclei, respectively, were analyzed from three independent embryos for the reporter genes
with WT (top), mTATA (middle) and Zelda/mTATA DSCP (bottom). (F, G) Boxplots showing the distribution of the timing of first burst (F) and the
burst frequency normalized by the length of time after the first burst (G). The box indicates the lower (25%) and upper (75%) quantile and the open circle
indicates the median. Whiskers extend to the most extreme, non-outlier data points. A total of 371, 343 and 359 ventral-most nuclei, respectively, were
analyzed from three independent embryos for the reporter genes with WT, mTATA and Zelda/mTATA DSCP. Median values relative to the WT reporter
are shown at the bottom. The P-values of two-sided Wilcoxon rank sum test are shown at the top.

and layered over the maximum projected image of His2Av-
mRFP.

RESULTS
Inr, MTE and DPE modulate bursting frequency

To quantitatively visualize how each core promoter element
regulates enhancer responsiveness in living Drosophila em-
bryos, we employed the MS2/MCP live-imaging method
(33,34). We constructed a reporter system in which the yel-
low gene was placed under the control of the Drosophila syn-
thetic core promoter (DSCP) (35), a modified even-skipped
(eve) core promoter containing TATA, Inr, MTE and
DPE at optimal positions relative to the TSS (Figure 1A,
Supplementary Figure S1A). The use of a standardized
core promoter architecture permits systematic compari-

son of individual elements in an unambiguous manner. A
24x MS2 RNA stem-loop sequence was engineered into
the 5" untranslated region (UTR) to enable visualization of
nascent RNA production with a maternally provided MCP-
GFP fusion protein. DSCP-MS2-yellow reporter gene was
placed under the control of a full-length 1.5-kb snail (sna)
shadow enhancer (Figure 1B), which drives expression in
the ventral region of early embryos (Supplementary Fig-
ure S1C) (36,37). It has been previously shown that the sna
shadow enhancer, but not the proximal primary enhancer,
is essential for the mesoderm invagination during gastru-
lation (36,37). Thus, the use of the sna shadow enhancer
provides a nice model for visualizing transcriptional regu-
lation by developmentally essential enhancers. In this syn-
thetic locus, sna shadow enhancer is located ~6.5 kb away
from the TSS, which is similar to the enhancer-promoter
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distance found at the endogenous sna locus (~7 kb). Trans-
genes were integrated into a specific genomic landing site via
phiC31-mediated transgenesis (26,38). Importantly, expres-
sion of the reporter gene was almost completely abolished
upon deletion of enhancer sequence from the synthetic lo-
cus (Supplementary Figure SIB-E), indicating that the in-
duction of transcription from DSCP is mediated by a linked
enhancer.

First, we examined the core promoter elements Inr, MTE
and DPE by introducing mutations that compromise their
direct interaction with TFIID (Figure 1C) (6,7,9,13,39).
Notably, the mutation at the +18 to +22 positions elimi-
nates MTE-dependent transcription without affecting DPE
function (7,13), allowing us to examine the individual con-
tributions of MTE and DPE in the same core promoter con-
text. Transcription activity was monitored from the entry
into nuclear cycle 14 (nc14), when the major wave of zygotic
genome activation starts to take place. To unambiguously
compare the activities of different reporter genes at the same
dorsal-ventral (DV) position, we focused on the ventral-
most nuclei, as defined by the location of ventral furrow
formation at the onset of gastrulation (Supplementary Fig-
ure S2A). MS2 signal intensity and background fluores-
cence were determined by performing a 2D Gaussian fit at
the z-plane corresponding to the highest intensity value for
each time point (Supplementary Figure S2B and C). Quan-
titative image analysis revealed that the sna shadow en-
hancer induces fewer number of transcriptional bursts from
the MTE mutant (mMTE) than the WT (Figure 1D, Sup-
plementary Movie S1). In comparison, even less frequent
bursts were observed when the Inr mutant (mInr) and the
DPE mutant (mDPE) were linked to the enhancer (Figure
1D, Supplementary Movie S1). This trend was clearly seen
when MS2 trajectories in all analyzed nuclei were visual-
ized as a heatmap (Figure 1E). These data suggest that each
of these elements individually contributes to the regulation
of transcriptional bursting, with Inr/DPE playing a major
role and MTE playing a more supplemental role. Similar
reduction of burst induction was also seen when enhancer-
promoter communication was attenuated by the insertion
of gypsy insulator (40) (Supplementary Figure S3), sup-
porting the idea that inefficient TFIID recruitment to the
core promoter region reduces responsiveness to enhancers.
We then analyzed individual bursting events and quanti-
fied their functional parameters, including amplitude, dura-
tion, and frequency (Supplementary Figure S2D). As seen
in individual MS2 trajectories (Figure 1D), the frequency
of transcriptional bursting and the total output were largely
diminished when each of these elements was mutated (Fig-
ure 1F and G, Supplementary Figure S4A). On the other
hand, the amplitude and the duration remained to be less
affected (Figure 1F, Supplementary Figure S4E and F), al-
though Inr and MTE mutations caused moderate yet signif-
icant reduction in these parameters (Figure 1F). It should
be also noted that DPE mutation increased variance of the
duration and the amplitude within a population (Figure
1F), implicating that the direct interaction between TFIID
and DPE helps to ensure production of homogeneous tran-
scriptional bursts. Importantly, all core promoter variants
exhibited significant delay in the onset of the first round of
transcription (Figure 1H), and substantial fraction of nuclei

remained inactive during the analysis even though the sna
shadow enhancer itself is in an active state as evidenced by
the profile of the WT reporter (Supplementary Figure S4B).
We next determined the rate of burst induction as a number
of bursts divided by a time length after the onset of first
burst for each active nucleus. There was an overall reduc-
tion in the efficiency of producing subsequent bursts after
the first round of burst in all core promoter variants (Fig-
ure 11). These data suggest that reduced bursting frequency
is attributed to (i) the initial delay of first burst and (ii) the
inefficient induction of subsequent bursts in response to ac-
tivation cues from distal enhancers. Essentially same results
were observed when the sna shadow enhancer was replaced
with another key developmental enhancer, rhomboid neu-
roectoderm element (rh0NEE) (41) (Supplementary Figure
S5). Furthermore, reduction of the bursting frequency was
also seen when DPE was mutated from the minimal 740 core
promoter linked to its cognate r70NEE enhancer placed in
a same distance as in the endogenous locus (Supplemen-
tary Figure S6). Overall, our data suggest that Inr, MTE
and DPE support rapid and consecutive induction of tran-
scriptional bursting, thereby facilitating the production of a
high level of nascent transcripts during early development.
Lastly, to obtain kinetic information underlying burst reg-
ulation, we examined the distribution of ON and OFF du-
ration of individual events (Supplementary Figure S7). We
found that OFF duration between two consecutive bursts
nicely fits to a single exponential distribution, suggesting
that burst initiation is driven by a single rate-limiting step.
On the other hand, ON duration of individual bursts did
not fit well to an exponential distribution, implicating that
multi-step kinetics are involved to turn the promoter off.

TATA modulates bursting frequency and amplitude

We next examined the role of the upstream TATA, which
we mutated according to previous characterization in order
to abrogate its function (Figure 2A) (7,21). Live-imaging
analysis revealed that the TATA mutation causes more pro-
found changes in overall transcription activity comparing
to other modifications (Figure 2B-E, Supplementary Fig-
ure S4C, Supplementary Movie S2). Importantly, the sna
shadow enhancer could only induce bursts with substan-
tially lower amplitude from the TATA mutant (mTATA)
(Figure 2D), suggesting that TATA mutation largely dimin-
ishes the number of Pol II released per burst. These results
are consistent with previous studies showing that TATA af-
fects the burst size and gene expression noise in yeast and
mammalian systems (3,42-48). Burst duration was largely
unaffected by the loss of TATA (Figure 2D, Supplementary
Figure S4F), indicating that the size of each burst is mainly
determined by the amplitude, but not the duration, of indi-
vidual activation events. There also was a clear reduction in
the frequency of transcriptional bursting when TATA was
mutated (Figure 2E). As seen for other modifications (Fig-
ure 1H and I), reduced frequency appears to be attributed
to delayed and inefficient burst induction (Figure 2F and
G, Supplementary Figure S4D). Strong TATA-dependency
was also observed when DSCP was placed under the control
of the rhoNEE (Supplementary Figure S5) or the minimal
sna and rho core promoters were linked to their cognate en-
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hancers (Supplementary Figures S6 and S8). We therefore
suggest that core promoters use the upstream TATA to en-
sure rapid and consecutive induction of strong bursts upon
activation by enhancers.

We then tested if the conversion of a natural TATA-less
core promoter into a TATA-containing core promoter has
an opposite effect. It has been previously shown that the
core promoter regions of the Drosophila homeotic (Hox)
genes are typically depleted of TATA (49). Indeed, the core
promoter of the Hox gene labial (lab) lacks an optimal
TATA motif (Figure 3A and B). When the lab core pro-
moter was placed under the control of the sna shadow en-
hancer, only weak and infrequent bursts were produced
(Figure 3C and D). We then introduced two nucleotides
substitution at the —28 and —30 positions to covert “TCT-
GAAA’ to an optimal TATA motif, ‘TATAAAA’ (Figure
3B). Intriguingly, this minimal modification dramatically
increased overall activities including the amplitude and the
total output of transcriptional bursting (Figure 3C-F, Sup-
plementary Movie S3). In addition, the timing of first burst
(Figure 3G, Supplementary Figure S9A) and the continu-
ity of subsequent bursts (Figure 3H) were also augmented,
resulting in a higher frequency of transcriptional bursting
(Figure 3F). These results support the idea that the up-
stream TATA helps to facilitate consecutive induction of
strong transcriptional bursting. Burst duration was only
moderately impacted by this modification (Figure 3E), im-
plicating that TATA does not largely alter the stability of
active transcription machineries at the core promoter re-
gion. We next examined if enhancers regulating the ex-
pression of natural TATA-less genes also exhibit strong
TATA-dependency. To this end, a well-characterized IABS
enhancer that regulates the expression of the TATA-less
Hox gene Abdominal-B (Abd-B) was linked to the mTATA
DSCP (50) (Supplementary Figure S10A). Similar to the
sna shadow and rhoNEE enhancers (Figure 2, Supplemen-
tary Figure S95), there was a clear reduction in the amplitude
and the frequency of transcriptional bursting (Supplemen-
tary Figure S10B-G), suggesting that IABS5 enhancer can
also utilize TATA to facilitate induction of strong bursts.
On the other hand, DPE mutation was found to preferen-
tially impact the bursting frequency (Supplementary Figure
S10B-G). These data support the idea that TATA and DPE
can differentially modulate bursting profiles under various
genomic configurations.

Promoter-proximal Zelda sites facilitate burst induction

In Drosophila, core promoters often contain binding sites
for sequence-specific DNA binding proteins, Zelda and
GAF (15,51), that are thought to recruit chromatin remod-
eling complexes such as NURF to increase chromatin acces-
sibility of regulatory regions (52-54). However, it remains
unclear how they modulate core promoter functions be-
cause previous studies have mainly focused on their roles at
enhancer regions (e.g. 30,53,55,56). DSCP contains a GAF-
binding site (GAGA) from the eve core promoter (Supple-
mentary Figure SIA) (57), but lacks any known Zelda bind-
ing motifs. To examine how promoter-proximal GAGA and
Zelda sites influence transcription dynamics, we either mu-
tagenized GAGA site or added Zelda sites (Figure 4A). We
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found that the GAGA mutant (nGAGA) exhibits only a
moderate reduction in the bursting amplitude and duration
(Figure 4B-D). On the other hand, addition of Zelda sites
led to rapid induction of strong bursts (Figure 4B and C,
Supplementary Figure S9B) and an overall increase in tran-
scription activities (Figure 4D and E, Supplementary Movie
S4). Especially, the timing of initial burst was found to be
dramatically accelerated in the presence of Zelda sites (Fig-
ure 4F, Supplementary Figure S9B), suggesting that Zelda
helps to increase the enhancer responsiveness by opening
up the promoter chromatin to allow subsequent TFIID re-
cruitment during the onset of ncl4. On the other hand, ad-
dition of Zelda sites only moderately increased the continu-
ity of burst induction after the first round of transcription
(Figure 4G). Intriguingly, we noticed that periodic patterns
of burst induction are present in the heatmap profile of the
Zelda reporter gene (Figure 4C). To examine if the addition
of Zelda sites actually facilitates to drive periodic transcrip-
tion, we detected repeating patterns in MS2 trajectories
by performing autocorrelation analysis. Although the un-
modified WT reporter also drives periodic bursts, our data
showed that the Zelda reporter gene exhibits even stronger
periodicity (Figure 4H, Supplementary Figure S11). At this
point, molecular mechanism underlying periodic bursts is
unclear, but these data suggest that it typically takes ~5-6
min for core promoters to be ready for responding to next
activation cue from distal enhancers once Pol I is released
for transcriptional elongation in this system.

Zelda can compensate weak activities of TATA-less core pro-
moters

It is known that key segmentation genes such as hairy and
paired lack TATA but contain promoter-proximal Zelda
sites in Drosophila (58). To dissect the role of Zelda in
the context of TATA-less core promoters, Zelda sites were
added to the mTATA DSCP reporter (Figure 5A). This
modification led to partial increase in the amplitude and the
duration (Figure SB-D, Supplementary Movie S5). In ad-
dition, this reporter gene exhibited substantial increase in
the frequency of transcriptional bursting (Figure SE). In-
triguingly, the onset of first burst from the Zelda/mTATA
reporter became even earlier than the unmodified WT re-
porter (Figure 5F), suggesting that Zelda can facilitate the
recruitment of TFIID to the core promoter region even in
the absence of TATA. The rate of burst induction also be-
came ~2-fold higher upon addition of Zelda sites (Figure
5G). When the same modification was introduced to the
WT DSCP, the rate of burst induction was only moderately
increased (Figure 4G), implicating that the burst induction
rate was already saturated when all the other elements were
present. Overall, our data suggest that the promoter open-
ing by Zelda can compensate low enhancer responsiveness
of TATA-less core promoters to facilitate rapid and consec-
utive induction of transcriptional bursting.

Core promoter modification at the endogenous fz locus

To explore how core promoter elements impact enhancer-
promoter communication at the endogenous locus, we next
focused on one of the best studied developmental pattern-
ing genes, fushi tarazu (ftz) (59-63). ftz is expressed in seven
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transverse stripes spanning across the anterior-posterior
(AP) axis and is regulated by multiple enhancers located
5" and 3’ of the transcription unit (64-68). The ftz core
promoter contains TATA, Inr and DPE elements (Figure
6A) (49). Reporter assays in Drosophila S2 cultured cells
have suggested that DPE, but not TATA, is specifically re-
quired for the activation of the ffz core promoter by the
homeodomain-containing transcription factor Caudal (49).
In this model, mutation of DPE is expected to most severely
affect ftz expression in stripe 5 and 6 because they are regu-
lated by Caudal-dependent enhancers (69). To test this idea,
we developed a genome engineering approach for visualiz-
ing impacts of core promoter modification at the endoge-
nous locus. First, the entire fzz transcription unit was re-
placed with attP site via CRISPR /Cas9-mediated genome
editing (Supplementary Figure S12A). Subsequently, a full-
length f#z transcription unit containing the modified fiz
core promoter and 24x MS2 sequence was integrated into
the attP site via phiC31-mediated transgenesis (Figure 6B,
Supplementary Figure S12A). Fluorescent in situ hybridiza-
tion assay revealed that f7z expression is diminished equally
across all seven stripes upon DPE mutation (Figure 6C), in-
dicating that the fzz core promoter uses DPE for respond-
ing not only to Caudal-dependent stripe 5 and 6 enhancers
but also to all the other stripe enhancers. Moreover, fzz ex-
pression was almost completely lost upon TATA mutation
(Figure 6C). As a consequence of irregular f7z patterning,
expression of the downstream segment polarity gene en-
grailed (en) was specifically lost from even-numbered stripes
in mTATA and mDPE embryos (Figure 6D). Cuticle prepa-
ration analysis further revealed that the misexpression of f¢z
and en leads to loss of even-numbered body segments in de-
veloping embryos (Figure 6E and F). We therefore suggest
that both TATA and DPE are required for the correct ex-
pression and the function of f¢z during Drosophila embryo-
genesis.

To elucidate the molecular basis underlying these phe-
notypes, we carried out live-imaging analysis of individual
ftz-MS2 complementation alleles. We focused on anterior
stripe 1/2 and posterior stripe 5/6 (Figure 7A, Supplemen-
tary Movie S6) because they are known to be regulated by
different enhancers located 5" and 3" of the gene (Supple-
mentary Figure S12A) (64,68). While both the mTATA and
mDPE fiz alleles failed to restore en expression and the for-
mation of body segments (Figure 6D and F), their MS2 pro-
files differ dramatically. The mDPE allele produced delayed
discontinuous but strong bursting activity (Figure 7B and
C), whereas the mTATA allele further led to an overall di-
minishment of MS2 intensity in all analyzed stripes (Figure
7B and C). As a consequence, the mTATA allele exhibited
a ~81-89% reduction in the total RNA production, while
the mDPE allele showed a more modest reduction (Figure
7D). We then characterized the functional parameters of
MS2 trajectories. As we previously reported (25), individual
bursting events were hard to be discerned due to the conti-
nuity of bursting activities (Figure 7B), suggesting that the
endogenous genomic configurations are highly optimized
for efficient production of transcriptional bursting within
a short period of time. To minimize ambiguity in defining
individual bursting events, we quantified the instantaneous
fraction of active nuclei (Figure 7E) and the mean MS2 in-

tensity in actively transcribing nuclei (Figure 7F). We found
that mutation of TATA and DPE both diminish the frac-
tion of active nuclei (Figure 7E) and also delay the onset of
transcription (Supplementary Figure S12B and C). Impor-
tantly, the level of MS2 intensity was more severely reduced
in the mTATA allele (Figure 7F), suggesting that the TATA
mutation reduces the number of Pol Il entering into produc-
tive elongation even when core promoter in an active state.
These profiles were similar to those of mDPE and mTATA
DSCEP linked to the sna shadow enhancer at the synthetic
locus (Supplementary Figure S12D and E). We therefore
suggest that DPE and TATA differentially regulate the en-
hancer responsiveness by changing the efficiency and the
strength of burst induction. Lastly, to determine how mis-
regulation of bursting activities affects the stripe formation,
we computationally reconstituted the spatial patterning of
ftz by calculating the total RNA production at each nucleus
and the fiz mRNA turnover rate in early embryos (half-life:
7 min) (32). Although the mDPE allele exhibited somewhat
stronger MS2 activities than the mTATA (Figure 7B-F),
both resulted in highly sporadic stripe patterns (Supplemen-
tary Figure S13). Thus, we concluded that the endogenous
configuration of fiz core promoter is essential for the uni-
form expression at the stripe regions to ensure proper con-
trol of downstream genes such as en during embryo segmen-
tation.

DISCUSSION
Molecular mechanism of burst regulation by core promoters

In this study, we provided evidence that each core promoter
element differentially modulates the responsiveness to en-
hancers in early Drosophila embryos. Our data suggest that
Inr, MTE and DPE mainly affect the frequency of tran-
scriptional bursting by changing the timing of first burst
and the continuity of subsequent bursts (Figure 1). On the
other hand, TATA mutation dramatically diminished over-
all transcription activity including the bursting amplitude
(Figures 2 and 3). Our genome engineering approach fur-
ther revealed that the endogenous fiz core promoter re-
quires both TATA and DPE to initiate rapid and produc-
tive transcription upon activation by stripe enhancers (Fig-
ures 6 and 7). We also show that each element can exert its
function independently of enhancer-promoter distances or
differential combinations of enhancer-promoter pairs (Sup-
plementary Figures S5, S6, S8 and S10). Importantly, re-
cent cryo-EM studies have revealed that TFIID recognizes
the core promoter in a stepwise fashion (11,12,70), with ini-
tial contact with Inr, MTE and DPE through TAF1/7 and
TAF2 subunits, followed by dynamic structural rearrange-
ment that facilitates recognition of the upstream TATA by
TBP. We speculate that the rate of initial TFIID loading
onto the downstream core promoter region mainly affects
the timing and the frequency, and the subsequent TBP load-
ing onto the upstream TATA helps to further increase the
bursting amplitude. Supporting this view, a recent biochem-
ical study suggested that downstream core promoter inter-
actions of TFIID increase the efficiency of transcription
reinitiation in yeast (71). It was also reported that TATA
and Inr can differentially modulate the burst size and the
frequency during PD1 expression in primary B-cells (72),
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Figure 6. TATA and DPE are both required for proper fiz expression and function. (A) fz core promoter contains TATA, Inr and DPE. (B) TATA and
DPE were mutated as indicated. (C) Fluorescent in situ hybridization of ftz. Embryos at late ncl4 are shown. yw embryo is shown as a control. fiz-MS2
constructs were integrated into the attP site at the Afzz allele. Images are cropped and rotated to align embryos (anterior to the left and posterior to the
right). Scale bar indicates 50 wm. (D) Fluorescent in situ hybridization of en. Embryos after germband extension are shown. yw embryo is shown as a
control. Images are cropped and rotated to align embryos (anterior to the left and posterior to the right). Brightness of each embryo was differentially
adjusted for visualization of en expression pattern. Scale bar indicates 50 pm. (E) Dark-field micrographs showing cuticle preparations of yw (left) and
Aftz (right) larvae. (F) Dark-field micrographs showing cuticle preparations of Aftz larvae containing WT (left), mTATA (middle) and mDPE fz-MS2

transgene (right).

although this study focused on their function as a nega-
tive regulator of transcription. More recently, it was re-
ported that the loss of TATA or downstream elements al-
ters entire conformation of TFIID by changing molecu-
lar spacing between TBP and TAFs (73,74). They further
showed that core promoters undergo two distinct PIC as-
sembly pathways depending on the initial conformation of
the promoter-bound TFIID. Thus, dynamic structural rear-
rangements of TFIID during the assembly of PIC can also
contribute to differential bursting profiles seen in this study.

As a limitation of current study, it is important to note that
we engineered core promoter elements by introducing mu-
tations that alternate entire sequences within individual mo-
tifs. Future functional studies are needed to fully elucidate
the roles of core promoters by analyzing intermediates be-
tween the most optimized and dysregulated motifs in the
context of various core promoter sequences. We believe that
our study will serve as a critical starting point toward un-
derstanding of how temporal dynamics of gene expression
is encoded in the eukaryotic genome.
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Figure 7. TATA and DPE differentially regulate fzz transcription. (A, left) False-coloring of nuclei at stripe 1 (cyan) and stripe 2 (blue). (A, right) False-
coloring of nuclei at stripe 5 (cyan) and stripe 6 (blue). The maximum projected image of a histone marker (His2Av-mRFP) is shown in gray. Images are
oriented with anterior to the left. Scale bar indicates 20 um. (B) Representative trajectories of transcription activity of f7z-MS2 complementation alleles
in individual nuclei. AU; arbitrary unit. (C) MS2 trajectories for all analyzed nuclei. Each row represents the MS2 trajectory for a single nucleus. A total
of 234, 236 and 227 nuclei at stripe 1, 248, 241 and 242 nuclei at stripe 2, 243, 238 and 240 nuclei at stripe 5, and 232, 239 and 240 nuclei at stripe 6 were
analyzed from three independent embryos for the f1z-MS2 with WT, mTATA and mDPE core promoter, respectively. Nuclei were ordered by their onset
of transcription in ncl4. AU; arbitrary unit. (D) Boxplots showing the distribution of total output. The box indicates the lower (25%) and upper (75%)
quantile and the open circle indicates the median. Whiskers extend to the most extreme, non-outlier data points. A total of 234, 236 and 227 nuclei at stripe
1, 248, 241 and 242 nuclei at stripe 2, 243, 238 and 240 nuclei at stripe 5, and 232, 239 and 240 nuclei at stripe 6 were analyzed from three independent
embryos for the f1z-MS2 with WT, mTATA and mDPE core promoter, respectively. Median values relative to the fiz-MS2 with WT core promoter are
shown at the bottom. The P-values of two-sided Wilcoxon rank sum test are shown at the top. AU; arbitrary unit. (E) Instantaneous fraction of actively
transcribing nuclei at each expression domain. A total of 234, 236 and 227 nuclei at stripe 1, 248, 241 and 242 nuclei at stripe 2, 243, 238 and 240 nuclei
at stripe 5, and 232, 239 and 240 nuclei at stripe 6 were analyzed from three independent embryos for the fiz-MS2 with WT, mTATA and mDPE core
promoter, respectively. (F) Mean MS2 intensity per actively transcribing nucleus at each expression domain. A total of 234, 236 and 227 nuclei at stripe
1, 248, 241 and 242 nuclei at stripe 2, 243, 238 and 240 nuclei at stripe 5, and 232, 239 and 240 nuclei at stripe 6 were analyzed from three independent
embryos for the ftz-MS2 with WT, mTATA and mDPE core promoter, respectively. Shades represent the standard deviation of the mean across active
nuclei at a given time.

220z Aieniga4 /| uo Jasn e09101|qig - BpeURIS) ap pepisieAlun Aq | L0SSY9/26/L/0S/e[0nie/ieu/woo dno-olwspeoe//:sdny woJj papeojumoq



The role of promoter-proximal Zelda sites in burst regulation

During early development of Drosophila embryos, a zinc-
finger DNA binding protein Zelda plays an essential role
in zygotic genome activation (75). At the enhancer regions,
it is well established that Zelda exerts its pioneering activ-
ity by lowering nucleosome barriers to assist subsequent re-
cruitment of transcription factors and coactivators (53,55).
Importantly, our data showed that the addition of Zelda
sites at the core promoter region augments both the ampli-
tude and the frequency of transcriptional bursting (Figures
4 and 5). In analogy to Zelda’s function at the enhancer re-
gions, it is conceivable that the promoter-opening by Zelda
contributes to the initial TFIID recruitment and the sub-
sequent TBP loading at the core promoter region. It has
been previously shown that Zelda is pre-loaded onto a thou-
sand of promoter regions prior to zygotic genome activa-
tion in early Drosophila embryos (15). Thus, it appears that
promoter-proximal Zelda sites increase the responsiveness
to enhancers by making core promoters poised for activa-
tion even before distal enhancers start to drive transcrip-
tion. We suggest that multi-layered mechanisms of Zelda
and other elements help to diversify the enhancer respon-
siveness of core promoters across the genome because there
are substantial variations in the composition of core pro-
moter elements among Pol II-transcribed genes. For exam-
ple, it is estimated that only a small fraction of protein cod-
ing genes contain TATA, both in human and Drosophila
(17-19). Importantly, our data showed that the TATA-less
core promoter of the Hox gene /ab is naturally depleted of
TATA to limit the level of total RNA production by reduc-
ing the amplitude of transcriptional bursting (Figure 3). As
suboptimal transcription factor binding sites are important
for tissue-specific gene activation by enhancers (76,77), sub-
optimal core promoter architectures might play a key role
in ensuring the spatial and temporal specificity of gene ex-
pression during animal development. Alternatively, it can
be possible that a subset of enhancers is capable of driv-
ing strong bursts even when TATA or other elements are
not present as suggested by previous enhancer trapping as-
say in Drosophila (21). In this regard, our data suggests
that the promoter-proximal Zelda sites can help to com-
pensate weak activities of TATA-less core promoters in the
Drosophila genome (Figure 5).

Drosophila TATA regulates minute-scale bursting activities

Regulation of transcriptional bursting by core promoter el-
ements seems to be a common mechanism conserved across
species. Analysis of actin family genes in Dictyostelium
cells also reported that swapping of entire promoter se-
quence can alter profiles of transcriptional bursting (78).
Previous studies showed that TATA mutation reduces the
burst size and gene expression noise in yeast and mam-
mals (3,42-48). Consistently, our data also showed that
TATA largely affects the amplitude of transcriptional burst-
ing (Figures 2 and 3). However, there seems to be a clear dif-
ference in a time-scale of bursting activities that TATA im-
pacts between species. In mouse and human cells, transcrip-
tional bursts are often separated by refractory period of
several hours (e.g. 79-82). Importantly, live-imaging anal-
ysis of HIV-1 reporter gene suggested that the mutation

Nucleic Acids Research, 2022, Vol. 50, No. 1 105

of TATA specifically affects hour-scale, but not minute-
scale, transcriptional bursting in HeLa cells (47). Recent
single-cell RNA-seq study also suggested that TATA affects
hour-scale bursting activities in mouse and human cultured
cells (3). In contrast, TATA clearly influenced minute-scale
bursting profiles in our Drosophila system (Figures 2 and
3). Thus, it appears that Drosophila embryos use TATA in
a different way from mammalian systems to regulate burst-
ing activities at a finer time-scale, which may help to control
dynamic ON/OFF patterns of gene expression during rapid
processes of early embryogenesis.
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