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ABSTRACT 

TP53 is a transcription factor that controls multi-
ple cellular pr ocesses, inc luding cell cyc le arrest,
DNA repair and apoptosis. The relation between TP53
binding site architecture and transcriptional output
is still not full y under stood. Here, we systemati-
call y e xamined in three diff erent cell lines the eff ects
of binding site affinity and copy number on TP53-
dependent transcriptional output, and also probed
the impact of spacer length and sequence between
adjacent binding sites, and of core promoter iden-
tity. P arado xically, we found that high-affinity TP53
binding sites are less potent than medium-affinity
sites. TP53 achieves supra-additive transcriptional
activ ation thr ough optimally spaced adjacent bind-
ing sites, suggesting a cooperative mechanism. Op-
timally spaced adjacent binding sites have a ∼10-bp
periodicity, suggesting a role for spatial orientation
along the DNA double helix. We leveraged these in-
sights to construct a log-linear model that explains
activity from sequence features, and to identify new
highly active and sensitive TP53 reporters. 
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GRAPHICAL ABSTRACT 

INTRODUCTION 

The transcription factor (TF) TP53 is a master tumour sup-
pressor that plays a crucial role in the regulation of cell
growth and division. Upon induction by diverse stress sig-
nals, TP53 becomes activated and binds to DNA to regu-
late the expression of genes involved in cell cycle regulation
and DN A repair. Typicall y, TP53 binds DN A as a tetramer
over a 20-bp binding site (BS) consisting of two decameric
half-sites (2 × RRRCWWGYYY, R = A / G, W = A / T and
Y = C / T) with an optional short spacer in between them
( 1 ). Since TP53 can bind hundreds of target genes with di-
v erse functions ( 2 ), selecti v e target gene regulation is impor-
tant for correct TP53 function. One working hypothesis is
that TP53 achie v es selecti vity by recognition of specific BS
variants ( 3–6 ). 

Certain TP53-responsi v e promoters hav e been used to
construct artificial reporter genes that are now widely used
to monitor the activity of TP53 in cells ( 7–11 ) and in trans-
genic mice ( 12 ). Such reporters have been invaluable for
v.steensel@nki.nl 
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ur understanding of the response of TP53 to a variety 

f stress signals. Howe v er, it is unclear whether these re- 
orters may be further optimised to achie v e increased sen- 
itivity. More accurate and sensitive detection of TP53 ac- 
ivity would allow measurements of subtle changes in TP53 

ranscriptional regulation in small cell populations, and po- 
entially identify and classify different TP53 mutations with 

ecreased transcriptional activity ( 13 , 14 ). Generating bet- 
er reporters requires a better understanding of the logic of 
romoter regulation by TP53 BSs. 
Genomic TP53 BSs show a highly varying degree of devi- 

tion from the optimal sequence ( 15 , 16 ). Ther efor e, se v eral
tudies have characterised the sequence r equir ements for 
P53 function in order to establish the relationship between 

P53 BS ar chitectur e and transcriptional activity. A study 

ased on TP53 reporter assays established that genomic 
P53 BSs can have up to 1000-fold differences in transac- 

ivation capacity and that genomic response elements con- 
aining two BSs ar e mor e acti v e than those with a single
S ( 17 ). It was also shown that TP53 BSs without a spacer
etween the decameric half-sites lead to more potent tran- 
criptional activation ( 9 ), and that the spacer length be- 
ween two adjacent TP53 BSs can influence transcriptional 
utput ( 9 , 18 ). Additionally, it was reported that TP53 tran- 
criptional activa tion correla tes positi v ely with TP53 bind- 
ng affinity at high TP53 le v els, whereas transacti vation at 
ow TP53 le v els can be e xplained by the torsional flexibility 

f the TP53 BS ( 13 , 14 ). More precisely, TP53 BSs with a
CATG’ sequence at the center of their decameric half-sites 
ere shown to be more torsionally fle xib le, allowing for sta- 
le binding of TP53 dimers ( 19 ) and leading to strong tran- 
criptional activation even at low levels of TP53 ( 13 ). 

Recently, two studies systematically probed the transac- 
ivation capacities of genomic TP53 BSs using massi v ely 

arallel reporter assays (MPRAs). In one, it was demon- 
tra ted tha t TP53 dri v es transcription autonomously (i.e. 
ithout requiring co-factors) and that the presence of a sin- 
le canonical TP53 BS is sufficient to dri v e strong acti vation 

 20 ). In another MPRA-based study, it was shown that co- 
actors and the sequence context of the TP53 BS can alter 
P53-dependent transcriptional activity substantially ( 21 ). 
While these functional studies re v ealed important links 

etween the ar chitectur e of TP53 response elements and 

ranscriptional activity, we are still lacking detailed under- 
tanding of the grammar underlying TP53-mediated tran- 
criptional activation. 

A more detailed understanding of the sequence r equir e- 
ents of TP53-dri v en transcription may be obtained by de- 

igning and probing synthetic sequences that do not exist in 

he genome. This allows for controlled and isolated evalua- 
ion of one BS sequence feature at a time without confound- 
ng factors. This approach was taken for se v eral other TFs 
reviously and has proven useful to understand how TFs 
ri v e transcription ( 22–24 ). We reasoned that this may also 

ncover rules that can be applied to design more sensiti v e 
eporters for the monitoring of TP53 activity. 

Here, we took such a fully synthetic approach to eval- 
ate the relation between TP53 BS ar chitectur e and tran- 
criptional activity. We systematically designed more than a 

housand TP53 reporters and performed MPRAs to probe 
he effects of TP53 BS affinity, BS copy number, BS spac- 
ng and core promoter-interaction on transcriptional out- 
ut. We find that all investigated features substantially al- 
er transcriptional output. The strongest effect on tran- 
criptional activity was caused by BS copy number and the 
pacer length between adjacent BSs, suggesting that TP53 

olecules can co-operati v ely dri v e transcription from adja- 
ent BSs, if positioned correctl y. To gether, our results pro- 
ide new insights into how TP53 dri v es transcription. We 
e v erage this knowledge to design optimised TP53 reporters 
ith substantially higher sensitivity than a commonly used 

eporter. 

ATERIALS AND METHODS 

P53 reporter library design 

o select TP53 BSs with a large range of binding affinities, 
e used a pre-built full-length TP53 No Read Left Behind 

odel ( 25 ) with a 24-bp footprint that includes 2-bp up- and 

own-stream of the canonical 20-bp TP53 BS. The binding 

nergy coefficients ( �� G / RT) underlying this model were 
reviously found to be highly consistent ( R 

2 = 0.84) with 

hose independently inferred from data for a C-terminal do- 
ain (CTD) truncation of TP53, providing confidence in 

ts quantitati v e predicti v e value. We used it to generate four
ynthetic BSs with minimal edits and model-predicted rel- 
ti v e affinities ranging from 6% (BS006) to 100% (BS100) 
sing a simple sequence sampling algorithm. Additionally, 
 zero-affinity BS was generated by mutating the C and G 

ases in the CWWG cores of both half-sites. BS sequences 
re shown in Figure 1 A. Four copies of the resulting fiv e 
Ss were then placed upstream of the core promoter. Also, 
Ss were combined with BSs that have one affinity higher 
r lower (e.g. BS100 with BS037 or BS006 with BS000) in 

ll possible combinatorial arrangements across the four po- 
itions (e.g. BS100–BS037–BS037–BS100-core promoter or 
S037–BS100–BS037–BS100-core promoter). 
Then, thr ee differ ent spacer sequences with lengths rang- 

ng from 0 to 10 bp were designed. Two thousand random 

equences with a GC content of 40–60% were generated 

sim.DNAseq function in R from package SimRAD (ver- 
ion 0.96)), these sequences were then scanned across all 
pacer lengths in combination with 4 bp of the left and right 
ide of the fiv e TP53 BSs using FIMO ( 26 ). Nine sequences
ithout any significant TF binding ( P -value threshold 1e-4) 
ere selected and placed in between the TP53 BSs (three dif- 

erent spacer sequences per reporter, times the three spacer 
equences). A similar approach was taken to generate three 
0-bp spacer sequences in front of the core promoter. 

The two core promoter sequences, minCMV ( 27 ) and 

inP (deri v ed from pGL4 (Promega, Madison, WI, USA)), 
ere placed downstream of the 10-bp spacer sequence, fol- 

owed by a S1 Illumina adapter sequence and a unique 13- 
p random barcode sequence (each unique construct was 

inked to fiv e different barcodes). All generated random bar- 
odes had a Le v enshtein distance of at least three with re- 
pect to one another and barcodes with an unbalanced GC 

atio were removed (create.dnabarcodes function from the 
 package DNABarcodes (version 1.2.2) ( 28 )). 
To include TP53-independent background controls, a 

crambled TP53 BS was generated while excluding un- 
anted TF binding using FIMO, and placed in all four BS 
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positions in front of the core promoter. Similarly, a scram-
bled 32-bp core promoter sequence was included as control.

To be able to compare the transcriptional le v els of the
synthetic TP53 reporters to commonly used TP53 reporters,
we included a frequently used TP53 response element as
a benchmark control. This TP53 response element is con-
trolling the GADD45A gene ( 7 ) and is commercially avail-
ab le (pGL4.38, Promega). The benchmar k response ele-
ment was also linked to the three selected spacer sequences
and the two core promoters. All reporter sequences were
completed with 18-bp primer adapter sequences (that were
also scanned using FIMO) in both flanks for cloning pur-
poses. The resulting sequence pool had a total length of on
average 237 bp (at least 205 bp up to 269 bp) and was or-
dered as oligonucleotide library from Twist Biosciences. 

Cloning of the TP53 reporter plasmid library 

First, the entry vector was constructed by adding a bcl-2
splice acceptor and four SV40 polyA-signals to a plasmid
backbone based on pSMART (Addgene #49157) contain-
ing a gr een fluor escent protein (GFP) open reading frame
followed by a SV40 deri v ed polyadenylation signal (PAS)
( 29 ). This step is done to reduce background signals deriv-
ing from the ORI ( 30 ). The oligonucleotide library was re-
suspended in TE buffer (Invitrogen) to a final concentration
of 20 ng / �l. 10 ng of the oligonucleotide library was then
PCR amplified (1 

′ 95 

◦C, 6 ×(15 

′ ′ 95 

◦C, 15 

′ ′ 57 

◦C, 15 

′ ′ 72 

◦C),
1 

′ 72 

◦C) by MyTaq Red mix (Bioline) using primers that add
overhangs with EcoRI (MT024, Supplementary Table S1)
or NheI (MT025) restriction enzyme sites. The PCR prod-
uct was then purified using CleanPCR (CleanNA) beads
at 1.8:1 beads:sample ratio, then digested with EcoRI-HF
(NEB, #R3101) and NheI-HF (NEB, #3131) by incubating
the PCR product at 37 

◦C for 1 h, and then again bead puri-
fied as before. 1 �g of the entry vector was also digested with
EcoRI-HF and NheI-HF and the linearised product was
purified from a 2% agarose gel using PCR Isolate II PCR
and Gel Kit (Bioline). The digested and purified reporter
pool was then ligated into 80 ng of the linearised entry vec-
tor using Takara ligation kit v1.0 (#6021; Takara) at a 1:3
(vector :insert) r a tio. The liga tion mix was then bead purified
as before and transformed into MegaX DH10B T1R Elec-
tr ocomp ™ Cells (Invitr ogen) using 1 �l of the ligation mix.
The library complexity was estimated from plated serial di-
lutions of the transformed cells to be ∼300 000 colony form-
ing units. Transformed cells were transferred to 200 ml stan-
dard Luria Broth (LB) plus kanamycin (50 �g / ml), grown
overnight and purified using a Maxi plasmid purification kit
(#12162; Qiagen). 

Reporter library transfection and cell culture 

MCF7 cells (ATCC HTB-22) and a polyclonal line of
MCF7-TP53-KO cells were a kind gift from Karin de Visser
(Netherlands Cancer Institute). MCF7-TP53-KO was gen-
erated using a sgRNA tar geting ex on 4, yielding > 90%
of +1 insertions ( 31 ). A549 cells (ATCC CCL-185), MCF7
cells and MCF7-TP53-KO cells wer e cultur ed in DMEM
medium (GIBCO) supplemented with 10% fetal bovine
serum (FBS, Sigma). U2OS (ATCC HTB-96) cells were cul-
tured in McCoy’s 5a Medium (Gibco) supplemented with
10% FBS (Sigma). All cells were routinely tested for my-
coplasm. Per transfection, 1 × 10 

6 cells wer e r esuspended in
transfection buffer (100 mM KH 2 PO 4 , 15 mM NaHCO 3 ,
12 mM MgCl 2 , 8 mM ATP, 2 mM glucose (pH 7.4)) sup-
plied with 1 �g of plasmid library and electroporated in an
Amaxa 2D Nucleofector using program E-014. After nucle-
ofection, cells wer e r esuspended in 2 ml complete medium
and plated in 6-well plates. For stimulation with Nutlin-3a,
8 �M of Nutlin-3a (MedChemExpress, #HY-10029) was
added directly after transfection. Twenty four hours after
transfection, cells were harvested and resuspended in 800
�l TRIsure (#BIO-38032; Bioline) and stored at –80 

◦C un-
til further use. Transfections were done in three independent
replicates on three separate days for MCF7 and MCF7-
TP53-KO cells and in two independent replicates on two
separate days for U2OS and A549 cells. 

RN A e xtr action, r everse tr anscription and bar code amplifica-
tion 

RNA extraction was done using the standard procedure
according to the TRIsure protocol. After RNA extrac-
tion, 2 �g of RNA was treated with DNase I for 30
min (#04716728001; Roche) and subsequently treated with
1 �l 25 mM EDTA at 70 

◦C for 10 min to inactivate DNase
I. cDNA was synthesised by addition of 1 �l gene-specific
primer targeting the GFP ORF (10 �M, MT165) and 1 �l
dNTPs (10mM each) followed by incuba tion a t 65 

◦C for
5 min. Then, the re v erse transcription reaction was set up
by adding 4 �l of RT buffer, 20 units RiboLock RNase
inhibitor (#EO0381; ThermoFisher Scientific), 200 units
of Maxima re v erse transcriptase (#EP0743; ThermoFisher
Scientific) and 2.5 �l of water. The reaction was then incu-
bated for 30 min at 50 

◦C followed b y heat-inactiv ation at
85 

◦C for 5 min. 20 �l of cDNA were then PCR amplified
(1 

′ 96 

◦C, 20 ×(15 

′′ 96 

◦C, 15 

′′ 60 

◦C, 15 

′′ 72 

◦C)) in a 100 �l
reaction using MyTaq Red mix and primers containing the
Illumina S1 and p5 adapter (MT397) and the Illumina S2
and p7 adapter (MT164). To generate input plasmid DNA
(pDNA) barcode counts that serve as normalisation con-
trol, the plasmid library that was used for the transfections
was linearised using EcoRI-HF and subsequently 1 ng of
linearised vector was PCR amplified as before using 8 cy-
cles. PCR products were pooled and purified by double-
sided bead purification using beads:sample ratios of 0.6:1
followed by 1.2:1 on the supernatant. The sequencing li-
brary was then sequenced using a 75 bp single-read NextSeq
High Output kit (Illumina). 

TP53 and CKDN1A western blotting 

70% confluent 10 cm dishes of A549, U2OS, MCF7 or
MCF7-TP53-KO cells were treated for 24 h with 8 �M
Nutlin-3a or DMSO before harvesting and resuspending in
100 �l protein isolation buffer (50 uL HNTG buffer (50 mM
HEPES pH 7.4, 150 mM NaCl, 0.1% Triton X-100, 10%
Glycerol), 50 ul RIPA buffer (50 mM Tris–HCl pH 7.4, 150
mM NaCl, 1 mM NaF, 1% sodium deoxycholate, 1% Tri-
ton X-100, 0.1% SDS), supplemented with cOmplete Pro-
tease Inhibitor Cocktail (Roche)). Resuspended cells were
then incubated for 30 min at 4 

◦C in a spinning wheel,
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ef ore centrifugation f or 20 min at 12 000 rpm at 4 

◦C. The
upernatant was kept at –80 

◦C until further use. Protein 

oncentration was determined using Pierce ™ BCA Protein 

ssa y Kit (In vitrogen). 50 �g of total protein per condition 

ere used as input for western blotting. Western blotting 

as performed according to standard procedures using the 
ollowing antibodies and dilutions: TP53 (DO-1, 1:500, Cell 
ignaling #18032, mouse), CDKN1A (F-5, 1:1000, Santa 

ruz Biotechnology, #sc-6246, mouse). 

eporter activity computation and normalisations 

aw barcode counts were clustered using starcode ( 32 ) us- 
ng a Le v enshtein distance of 1. Next, clustered barcode 
ounts were normalised by library size. To be more precise, 
 pseudocount of 1 was added to the barcode counts be- 
ore dividing this number by the total sum of all barcode 
ounts per sample per million. From these normalised bar- 
ode counts activities were computed by dividing the cDNA 

arcode counts by the pDNA barcode counts. The activities 
ere normalised by dividing the activities by the mean of the 
ctivities of the scrambled BS reporters per core promoter 
nd sample. Normalised activities were then averaged over 
he fiv e differ ent bar codes and finally over the independent 
eplicates. 

og-linear model of reporter activities 

o simplify the log-linear model, only reporters with four 
dentical BSs were considered. To accommodate the ob- 
erved spacing effects, the BS–BS spacer length was trans- 
ormed from simple bp to a helical positioning score as 
ollows: 

Helical position score = cos 
(

2 π

(
s − 5 

10 . 5 

))

here s denotes the BS–BS spacer length in bp. The BS– 

S spacer length was subtracted by fiv e to centre the co- 
ine function around a spacer length of 5 bp. After trans- 
ormation, a log-linear model was fit using the following 

xpression: 

log 2 ( reporter activity ) ∼

helical position score + BS affinity + 

( core promoter ∗ BS BS spacer sequence ) 

her e BS affinity, cor e promoter and BS–BS spacer se- 
uence were used as categorical variables. Models were fit 
sing the lm function in R from the stats package (version 

.6.2). 

ESULTS 

 reporter library to dissect TP53 regulatory logic 

ibrary design. To investigate the relation between TP53 re- 
ponse element ar chitectur e and transcriptional output, we 
esigned a barcoded reporter library consisting of > 1200 

nique TP53 reporters. The reporters were systematically 
esigned to capture a broad range of predicted TP53 bind- 
ng affinities. We selected four TP53 binding sites (BSs) with 

 predicted relati v e affinity of 6% (BS006), 14% (BS014), 
7% (BS037) or 100% (BS100) of the optimal BS, as esti- 
ated by computational modelling of in vitro binding assay 

ata ( 25 ) (Figure 1 A). The full 20-bp motif binds a TP53
etramer ( 33 ). We also included a BS with four mutations at 
he most essential positions, which served as ‘zero-affinity’ 
ontrol (BS000). We then designed the full TP53 reporter 
equences by placing unique combinations of the fiv e BS 

ariants into four different positions on the reporter (Figure 
 B). Mor e pr ecisely, BSs wer e only combined with BSs that
ave one affinity higher or lower (e.g. BS037 with BS014), 
hich also allows to investigate the effect of BS copy num- 
er using the BS006–BS000 combinations. The BSs were 
eparated by one of the three distinct BS–BS spacer se- 
uences that were designed to minimise predicted affinity 

 or an y known other TF (see Methods). We also varied 

he spacer length between individual BSs from 4–14 bp to 

est the relation between BS positioning and transcriptional 
utput. The resulting sequences were then coupled to one of 
wo differ ent cor e promoters (a minimal T AT A promoter 
deri v ed from pGL4, Promega) or a minimal CMV pro- 
oter ( 27 )). Downstream of the core promoter we placed 

 ∼2 kb transcription unit containing a unique 13-bp bar- 
ode that enabled the detection of all reporter constructs in 

arallel. Furthermore, we included reporters with scram- 
led BSs and scrambled core promoters, serving as neg- 
ti v e controls. To benchmar k our designed reporters, we 
lso included a frequently used and commercially available 
P53 reporter sequence (pGL4.38, Promega) ( 7 ), that con- 

ists of a genomic TP53 response element containing two 

P53 BSs. This sequence was coupled to the three spacer 
equences and two core promoters used in this study, yield- 
ng six benchmark reporters. The resulting library included 

225 different designs in total. To minimise biases caused by 

ndividual barcodes, we used five different random barcodes 
ith each design, the results of which were averaged. 
Probing multiple cell types and TP53 concentr ations . We 

r ansiently tr ansfected this libr ary into the three cell types 
549 (lung car cinoma), U2OS (osteosar coma) and MCF7 

br east adenocar cinoma) to probe the r eporters across dis- 
inct molecular backgrounds and TP53 concentrations. As 
 negati v e control, we transfected the library into a poly- 
lonal MCF7 TP53-knockout (TP53-KO) cell line ( 31 ) (Fig- 
re 1 C). Additionally, we treated the cells upon transfec- 
ion with Nutlin-3a (Figure 1 D). This compound inhibits 

DM2, which is a negati v e regulator of TP53, and thereby 

tabilises and activates TP53 ( 34 ). By Western blotting we 
onfirmed the near-absence of TP53 in the TP53-KO cells 
nd induction of TP53 le v els in the presence of Nutlin- 
a, the latter leading to activation of the TP53 target gene 
DKN1A (Figure 1 E). Twenty four hours after transfec- 

ion, we quantified the barcode abundancies in the mRNA 

y high-throughput sequencing. We next calculated the re- 
orter activity by normalising the barcode counts in the 
RNA to the barcode counts in the input plasmid DNA. 
he activities were then scaled per sample by calculating 

he enrichment over the background activity of the scram- 
led BS control reporters. This normalisation was done sep- 
rately per core promoter. 
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Figure 1. Systematic screening of TP53 reporter variants. ( A ) The 24-bp position weight matrix (PWM) underlying the TP53 affinity model ( 25 ), which 
was used to design fiv e TP53 BSs with a broad range of predicted binding affinities. ( B ) Scheme of the TP53 reporter design. TP53 BSs were placed at four 
positions, with the first BS positioned 10 bp upstream of the core promoter. TP53 BSs, BS–BS spacer length, BS–BS spacer sequence and core promoter 
were varied as indicated in the scheme. ( C ) The TP53 reporter plasmid library was transfected into A549, U2OS and TP53 proficient or TP53-KO MCF7 
cells. ( D ) Upon transfection the cells were treated with Nutlin-3a or vehicle control. ( E ) Western blot showing the protein levels of TP53 and CDKN1A in 
all tested conditions. Bottom panels show Ponceau S staining serving as loading control. ( F ) P airwise corr elations between the three independent replicates 
of the computed reporter activities. Reporter activities were computed from the barcode counts in the mRNA, and are displayed as fold enrichment over 
the mean of the scrambled BS controls per core promoter and condition. Only data for MCF7 cells are shown. Experiments in A549 and U2OS cells were 
performed in two independent biological replicates which correlated highly (Pearson’s R = 0.99 and 0.98 for A549 and U2OS, respecti v ely). ( G ) Reporter 
acti vities (av erage of the thr ee independent r eplicates) of all TP53 r eporters compar ed to the scrambled BS control r eporters in the tested conditions. Black 
horizontal lines indicate median values. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Overview of data . We performed the reporter assay as
three independent biological replicates for MCF7 cells and
two independent replicates for A549 and U2OS cells, which
all showed high pairwise correlations (Pearson’s R = 0.90–
0.99) (Figure 1 F). We averaged these replicates for fur-
ther downstream analysis. As expected, we observed a
clear correlation between cellular TP53 le v els and the re-
porter activities (Figure 1 G): the median activity of the
reporters carrying at least one functional BS was 6-fold
higher in the MCF7 TP53-WT cells compared to the TP53-
KO cells, and further increased 1.8-fold upon stimulation
with Nutlin-3a. Similarly, activity of TP53 reporters in-
creased 1.4- and 2-fold upon stimulation with Nutlin-3a in
A549 and U2OS cells, respecti v el y. Interestingl y, in TP53-
WT cells the activity of the individual reporters varied
more than 50-fold (Figure 1 G), indica ting tha t the pre-
cise design can have dramatic impact on the transcriptional
output. 
 

P ar ado xical effect of BS affinity on reporter activity 

BS affinity does not simply correlate with activity. To iden-
tify the determinants of activity, we first analysed the ef-
fect of BS affinity on reporter activity by comparing sets of
reporters that carry four BSs of the same affinity. Surpris-
ingly, the reporter activity did not show a simple correlation
with BS affinity (Figure 2 A): without Nutlin-3a treatment,
optimal activity was not obtained with the highest-affinity
BS100, but rather with BS014, which has 7-fold lower affin-
ity. This was observed across all three tested TP53-WT
cell types (Figure 2 A). BS014 also displayed activity above
background in MCF7 TP53-KO cells. This is likely due to
the presence of a small proportion of TP53-WT cells in
the polyclonal TP53-KO population (note the faint band in
the TP53 Western blot in the presence of Nutlin-3a, Figure
1 E). Interestingly, e v en the lowest-affinity BS006 showed
strong activation in MCF7 and A549, but not U2OS.
Possibly this can be explained by a lower level of TP53
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Figure 2. The impact of BS affinity and copy number on reporter activity. ( A ) Reporter activity per condition and BS, as indicated by the colour. Only 
reporters with four identical copies of the BS and a BS–BS spacer length of 11 bp between all BSs are displayed. Bars indicate the mean and error bars the 
standar d de viation of reporter acti vities across all BS–BS spacer sequences and cor e promoters. P-values wer e calculated using two-tailed pair ed Student’s 
t -test: significance le v els: *** P < 0.001, ** P < 0.01, * P < 0.05. ( B ) Impact of BS006 copy number on reporter activity in TP53-WT cells and TP53-WT 

cells stimulated with Nutlin-3a. Displayed is the mean and standard deviation of reporter activities across all BS–BS spacer sequences and core promoters. 
The arrows and numbers indicate the fold-change in reporter activity from one to two or two to three copies of BSs in the MCF7 + Nutlin-3a condition. 
P -values were calculated using two-tailed paired Student’s t -test: significance le v els: *** P < 0.001, ** P < 0.01, * P < 0.05. ( C ) Reporter activity as function 
of copy number and positioning of the BSs. The cartoon depicts the BS code of the r eporters; + (r ed) = BS006, 0 (black) = BS000, arrow = core promoter. 
Displayed is the mean of the minCMV reporter activities across all BS–BS spacer sequences. ( D ) Correlation of the data plotted in (C) between MCF7 
and A549 cells without stimulation (left panel) and with stimulation of Nutlin-3a (right panel). 
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ranscripts (Human Pr otein Atlas, https://v23.pr oteinatlas. 
rg/ENSG00000141510-TP53/cell+line ) and TP53 proteins 
DepMa p, https://depma p.or g/portal/do wnload/all/ , ( 35 )) 
n U2OS cells. Treatment with Nutlin-3a increased reporter 
ctivities across all BSs, with BS014 being the most acti v e 
n A549, U2OS and BS006 being the most acti v e in MCF7. 
hese results indicate that increasing the BS affinity does 
ot necessarily lead to higher transcriptional output. Possi- 
ly, at higher affinities BSs become saturated at basal TP53 

e v els, and the acti vity of the reporters appears to be com-
romised when occupancy by TP53 becomes too high. 
Low affinity of TP53 BS in the human genome . We won- 

ered how the affinities of the tested BSs compare to those 
f endogenous TP53 BS in the human genome. To address 
his, we used the same algorithm ( 25 ) to calculate affinities 
f TP53 BSs in a set of previously identified chromatin im- 
unoprecipitation (ChIP) peaks ( 20 ). Strikingly, the vast 
ajority of these endogenous BSs has e v en lower predicted 
ffinities for TP53 than BS006 (Supplemental Figure 1A). 
his is in agreement with earlier observations that endoge- 
ous BSs usually do not match the consensus TP53 BS ( 16 ). 
his may indica te tha t also in the nati v e genomic context

ow-affinity BSs function better than high-affinity BSs, al- 
hough it seems likely that cooperati v e interactions with 

ther TFs alter the effecti v e affinities in this context. 
Syner gy betw een BSs . Ne xt, we inv estiga ted the rela tion-

hip between the number of TP53 BSs and the transcrip- 
ional output. For this we focused on reporters with com- 
inations of BS006 and BS000. We first looked at the ef- 
ect of adding BSs from the pr omoter-pr oximal position. 
s expected, in MCF7 TP53-WT cells the transcriptional 

ctivity increased with the copy number of BS006 (Figure 
 B). A similar effect was observed in MCF7 cells treated 

ith Nutlin-3a, although the reporter activity was generally 

igher. Interestingl y, in cells stim ulated with Nutlin-3a, ad- 
ition of a second BS yielded on average a 3.8-fold increase 

https://v23.proteinatlas.org/ENSG00000141510-TP53/cell+line
https://depmap.org/portal/download/all/
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Figure 3. BS–BS spacer length affects transcriptional output periodically. ( A ) Activities of minCMV reporters in MCF7 cells (TP53-KO, TP53-WT and 
TP53-WT + Nutlin-3a) as a function of BS–BS spacer length, with four identical BSs as indicated. Activities are averaged across the three BS–BS spacer 
sequences. ( B ) Reporter activities (only BS014) per BS–BS spacer length, separately for the three BS–BS spacer sequences and the two core promoters. ( C ) 
Data shown in (B) for A549 and U2OS cells (average across BS–BS spacer sequence and core promoter). Data points in (A)-(C) were fitted using LOESS 
smoothing with a 95% confidence interval. ( D ) Model of adjacent TP53 tetramers on DNA at BS–BS spacer lengths of 5 bp (upper panel) or 11 bp (lower 
panel). The triangles indicate TP53 monomers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

relati v e to reporters with only one BS. Hence, the effect of
adding a second BS is supra-additi v e, suggesting that two
TP53 tetramers can synergise to boost transcriptional out-
put. A third BS increased the transcriptional activity fur-
ther, although not to the same extent, and reporters with
four BSs were on average equally active as reporters with
two BSs (Figure 2 B). This dose-r esponse r elationship was
slightly different in the absence of Nutlin-3a, where the ad-
dition of a third BS led to a relati v ely stronger transcrip-
tional incr ease (Figur e 2 B). We note that TP53 targets in
the human genome rarely have more than two BS (Sup-
plemental Figure 1B), and in such instances the spacing
of two BSs varies more widely than the spacing range we
used in our reporter set (Supplemental Figure 1C). Ne v er-
theless, as we will sho w belo w, studying arrays of up to four
BSs provides useful information for the design of improved
reporters. 

Positioning of BS affects activity. Ne xt, we inv estigated
the complete combinatorial pool of BS000–BS006 reporters
to test if the relati v e positioning of BS006 had an impact
on transcriptional output in MCF7 cells. Interestingly, in
the presence of Nutlin-3a the activity of reporters with the
same copy number of BSs showed up to 3.6-fold variation
in activity, depending on where the BSs are positioned (Fig-
ure 2 C). This indicated that not only the copy number, but
also the position of the BSs is important. In reporters with
only one BS, activity was highest if the BS was positioned
close to the core promoter. Similarly, in reporters with two
or three BSs, those with a BS immediately next to the pro-
moter were most acti v e. Hence, TP53 appears more potent
when the most proximal BS is placed 10 bp from the start
of the core promoter instead of 41 bp. 

Excessive BS density is counter-productive . The highest
activity was obtained with three rather than four BSs, but
onl y w hen the array of three BSs was interrupted by a zero-
affinity BS000 (i.e. ++–+ or +–++ in Figure 2 C), which ef-
fecti v ely increases the spacing between two functional BS
from 11 to 42 bp. These findings highly correlated with
the positional effects observed in A549 cells (Figure 2 D),
although for the latter the dynamic range in the Nutlin-
3a condition was r educed. Together, these r esults highlight
the importance of BS positioning and suggest that too
dense occupancy of TP53 can lead to reduced transcription
activity. 

Effects of BS spacing 

BS–BS spacer length impacts transcriptional output. To ex-
amine the effect of BS spacing further, we analysed the ac-
tivities of reporters with a BS–BS spacer length ranging
from 4 to 14 bp. Strikingly, this spacer length affected the
transcriptional activity in an a pparentl y periodic manner
for all of the four tested BSs (Figure 3 A). The highest tran-
scriptional activity was consistently achieved at a spacing of
5 bp, then decreased when bases were added until it reached
a minimum at ∼11 bp, and then increased again with ad-
ditional bases. This trend was consistently observed across
the two core promoters and the three spacer sequences used
in this study (Figure 3 B), and also across all three cell
types (Figure 3 C). The apparent ∼10 bp phasing might in-
dica te tha t the rela ti v e positioning of adjacent BSs on the
DNA helix is a key factor for achieving high transcriptional
activity. 

Possib le interpr etation of BS spacing effects . A TP53
tetramer binds to its BS as a dimer-of-dimers, with two
monomers on each side of the DNA double helix; the four
monomers and the DNA are roughly in a single plane ( 33 )
(Figure 3 D). At a 5 bp BS–BS spacer length, the centres of
two adjacent tetrameric BSs are a pproximatel y positioned
two and a half helical turns apart (because one full tetramer
BS is 20 bp). Moreover, the centre of the closest monomeric
BSs of two adjacent TP53 BSs are a pproximatel y one full
helical turn apart. Hence, we hypothesize that this position-
ing on the DNA is responsible for higher transcriptional
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Figure 4. Effects of core promoter and BS–BS spacer sequences. ( A ) Activities of reporters with scrambled BSs per core promoter. Basal reporter activities 
are displayed and are not normalised per core promoter like in all other figure panels. ( B ) Reporter activities of all TP53 reporters per core promoter in 
MCF7, A549 and U2OS cells treated with vehicle or Nutlin-3a. ( C ) Reporter activities of all TP53 reporters per BS–BS spacer sequence and core promoter 
in MCF7, A549 and U2OS cells treated with vehicle or Nutlin-3a. ( D ) Correlation of the reporter activities between the two minimal promoters per BS–BS 
spacer sequence in MCF7 cells. Solid line indicates proportional relationship with slope 1, dotted line indicates the proportional relationship with the slope 
of the mean fold-change of minCMV over minP reporters. Data points are fitted using linear regression with a 95% confidence interval, as indicated by 
the grey shaded dotted line. ( E ) Same as (D) but only for reporters with a constant spacer sequence between the BSs. Groups in (A), (B) and (C) were 
compared using Wilco x on rank sum test, significance le v els: *** P < 0.001, ** P < 0.01, * P < 0.05, ns: P ≥ 0.05. 
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ctivity, either by stabilising TP53 tetramers on the DNA, 
r by allowing for efficient interaction with the transcription 

achinery, possibly increasing transcriptional burst dura- 
ion or frequency ( 36 ). 

ffects of core promoter and BS–BS spacer sequences 

or e pr omoter choice affects basal r epor ter activity and in- 
ucibility. Ne xt, we inv estigated how the activity of the re- 
orters depended on the choice of core promoter. Inter- 
stingly, the scrambled BSs were more acti v e when cou- 
led to the minCMV promoter ( 27 ) compared to the mini- 
al T AT A promoter (minP, deri v ed fr om pGL4 (Pr omega,
adison, WI, USA)), demonstra ting tha t the minCMV 

romoter has a higher basal activity than the minP pro- 
oter (Figure 4 A). Howe v er, after normalisation of this 

asal activity, minCMV reporters with at least one func- 
ional TP53 BS were on average 1.8 and 1.6 times more ac- 
i v e than minP reporters in MCF7 cells and MCF7 cells 
timulated with Nutlin-3a, respecti v ely (Figure 4 B). This 
r efer ential cooperativity with minCMV was e v en more 
ronounced in A549 and U2OS cells (Figure 4 B). Thus, de- 
pite the higher basal activity of the minCMV promoter, it 
till allows for higher TP53-mediated transcriptional induc- 
ion. These results are contradicting a previous study show- 
ng that a minimal T AT A promoter is less leaky and more 
nducible than a minCMV promoter ( 37 ). 

BS–BS spacer sequences can modulate the core promoter 
ctivity. Even though we designed all BS–BS spacer se- 
uences to minimise the occurrence of other TF motifs, 
e observed systematic differences in reporter activities be- 

ween the three designed BS–BS spacer sequences (Fig- 
r e 3 B, Figur e 4 C). These r esults wer e concordant across
ll three tested cell types. When correlating the minP and 

inCMV reporter activities, we found that the BS–BS spac- 
rs linearly scaled the activities of all reporters in the library. 
pacer 3 boosted the activity of minP reporters compared 

o minCMV reporters, and spacer 2 increased minCMV re- 
orter activity compared to minP (Figure 4 D). Importantly, 
he BS–BS spacer sequence showed the same phenotype 
 hen onl y the 10 bp spacer in front of the core promoter was
aried and the spacer sequence between the BSs was kept 
onstant (Figure 4 E). This suggests that the 10 bp spacer 
equence dir ectly upstr eam of the cor e promoter alone may 
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affect the reporter strength. We considered that we inadver-
tently created a TF motif in some of the junctions of the
spacers and core promoters, but we did not find any known
TF motif in these junctions. 

Explaining TP53 reporter activity using log-linear models 

Log-linear model captures the relative importance of design
featur es . Next, we assessed the relative contributions of the
various tested features to the reporter activity. For this pur-
pose, we constructed a log-linear model that included BS
affinity, BS–BS spacer length (transformed to helical po-
sition), BS–BS spacer sequence and promoter identity, as
well as an interaction term between the latter two (Figure
5 A, B). The model was fit to the average reporter activity of
the three cell types, as we wanted to explore pan-cell type
effects. For simplicity we included only reporters with four
identical BSs in the model. The log-linear model captured
85% and 83% of the observed variances in reporter activ-
ity in cells treated with vehicle and Nutlin-3a, respecti v ely
(Figure 5 C, right panel). In both conditions, the helical po-
sition score had a significant positi v e contribution to the
log-linear model, confirming that BS spacing is important
for strong transcriptional activation (Figure 5 C, left panel).
As already observed in Figure 3 A, B, the helical position
has a stronger contribution to transcriptional output at high
le v els of TP53 (i.e. when stimulated with Nutlin-3a), sug-
gesting that this mechanism is particularly important when
multiple TP53 molecules bind at the same time to achie v e
high transcriptional output. Additionally, the models indi-
ca te tha t the lower affinity BSs BS014 and BS006 allow for
high transcriptional activity (Figure 5 C, left panel ; Figure
2 A). Finally, the models capture the importance of the BS–
BS spacer sequence and promoter identity observed in Fig-
ure 4 C-E and demonstrate the large contribution of these
featur es compar ed to the helical position and the BS iden-
tity (Figure 5 C, left panel). We note that all possible fea-
tur e combinations cover ed by the model were also present
in the reporter library. Hence, the model could not be used
to identify novel feature combinations that may be highly
sensiti v e to TP53 le v els. Rather, the value of the model is
that it shows that BS affinity, helical BS positioning and the
BS–BS spacer sequence and core promoter identity are all
important contributors to the transcriptional output; and
that the relati v e importance of these features depends on
the concentration of TP53. 

TP53 reporters with increased TP53 sensitivity 

Optimised r epor ter s outperf orm benc hmar k TP53 r epor ter s .
Finall y, we asked w hich r eporters ar e most optimal for prac-
tical purposes, i.e. to measur e r elati v e TP53 activity in a
standard r eporter assay. Her e, we consider ed both the signal
strength of the reporters in TP53-WT cells and the dynamic
range of their response to Nutlin-3a. Based on these two
measures we identified two sets of TP53-sensiti v e reporters
that can be used for different purposes. Reporter set A com-
prises three powerful reporters that are highly acti v e at basal
TP53 le v els (49–58-fold ov er background on average across
the three cell types) (Figure 6 A). Under these basal con-
ditions, reporters A1-A3 are on average 8.1 (A549), 9.2
(MCF7) and 21.7 (U2OS) times more acti v e than the set
of benchmark reporters (which produce signals 2.3–7.2-fold
over background in the three cell types) (Figure 6 B). How-
e v er, set A reporters show only marginal further activation
upon Nutlin-3a activation (Figure 6 A-B), indicating that
their activity approaches sa tura tion. Ther efor e, we also se-
lected three reporters (set B) that exhibit lower basal activity
than set A –– but still higher than all but one of the bench-
mark reporters –– and shows an additional 4.3–5.1-fold in-
crease in activity upon Nutlin-3a treatment (Figure 6 A; B1–
B3), and thus covers a broader dynamic range than set A.
In the presence of Nutlin-3a, set B reporters are on average
2.2 (A549), 2.3 (MCF7) and 1.5 (U2OS) times more acti v e
than the benchmark reporters (Figure 6 B). Thus, while re-
porters in set B are particularly useful to measure relati v e
TP53 activities across a large dynamic range including very
high TP53 le v els, set A reporters may be used to sense TP53
activity at basal levels with extremely high sensitivity. 

Optimal r epor ter s fit model pr edictions . The designs of the
identified set A and set B reporters are shown in Figure 6 C.
Set A reporters all carry four copies of BS014, confirming
that this BS is suitable to detect TP53 activity optimally at
basal TP53 le v els. Set B r eporters all contain thr ee or four
copies of BS006. Furthermore, set A and set B reporters
predominantly carried features with positi v e coefficients in
the log-linear model, highlighting that the choice of BS–
BS spacer lengths, BS–BS spacer sequences and core pro-
moter is critical to create sensiti v e TP53 reporters. The ex-
ception to this trend is reporter B2 with only three copies
of BS006, which was not taken into consideration in the
modelling. 

DISCUSSION 

Helical positioning defines transcriptional output. The re-
sults pr esented her e provide insights into the transcriptional
grammar of TP53 in the absence of other TFBSs. One of the
most striking findings is the effect of the relati v e position-
ing of adjacent TP53 BSs. We observed up to 4-fold differ-
ences in transcriptional activity only by changing the spacer
length between adjacent BSs from 11 bp to 5 bp. Addition-
ally, the BS–BS spacer length influenced the transcriptional
activity in an a pparentl y periodic manner, suggesting that
adjacent BSs need to be positioned in a favourable heli-
cal orientation with respect to each other in order to co-
operati v ely transcribe. Periodic helical position effects on
transcriptional activity have been observed previously for
other TFs ( 22 , 38 , 39 ). These insights help to understand
how TP53 dri v es transcription from adjacently positioned
TP53 BSs in a designed setting. Howe v er, it remains chal-
lenging to translate these findings to genomic TP53 re-
sponse elements because of the low number of genomic
TP53 response elements with adjacent BSs within the spac-
ing range explor ed her e, and because of the influence of con-
founding factors such as secondary TFBSs. 

Lo w-affinity BSs ar e str ong tr anscriptional activator s . In
contrast to previous studies that explored the relation be-
tween TP53 binding affinity and transcriptional activity us-
ing in vivo assays like ChIP-seq ( 20 , 21 , 40 ), we focus here on
affinities inferred from in vitro measurements. This has the
advantage of studying the direct effect of binding affinity
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Figur e 5. Lo g-linear model ca ptur es importance of design featur es. (A–C) Log-linear modelling to estimate r elati v e contributions of BS spacing, BS–BS 
spacer sequences and core promoter choice. ( A ) Equation of the log-linear model used to fit the reporter activities. Reporter activities were averaged across 
the three probed cell types. ( B ) Explanation of the transformation of BS–BS spacer length (bp) to the helical position score. ( C ) Right-side plots: scatter 
plots of measured reporter activities compared to reporter activities as predicted by the log-linear model. Adjusted R 

2 is calculated from R 

2 by adjusting 
for the total number of model features. Left-side plots: weights calculated by the log-linear model. Asterisks indicate P -values of the individual features, 
significance le v els: *** P < 0.001, ** P < 0.01, * P < 0.05, ns: P ≥ 0.05. 

Figure 6. Identifying reporters with high TP53 activity and sensitivity. ( A ) Scatter plot showing the differences in reporter activity in TP53-WT versus 
TP53-WT stimulated with Nutlin-3a. Displayed is the mean effect across the three tested cell types. Benchmark r eporters ar e indicated in red. The two 
sets of identified TP53-sensiti v e r eporters ar e denoted as A1–A3 and B1–B3. ( B ) Reporter activities of the three set A (light green) and three set B (dark 
gr een) r eporters versus the six benchmark r eporters (r ed) in the differ ent conditions. Displayed is the mean and standar d de viation across the reporters. 
P -values were calculated using two-tailed paired Student’s t -test: significance le v els: *** P < 0.001, ** P < 0.01, * P < 0.05. ( C ) Schematic r epr esentation of 
the design of the set A and set B reporters. 
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n an isolated manner without potential confounding fac- 
ors like indirect TF binding, chromatin environment, lo- 
ally changed TF concentrations or interactions with other 
Fs. While previous studies suggested that TF-mediated 

ranscriptional activity correlates positively with the affin- 
ty of the TFBS ( 24 , 41 ), our data suggest that the consensus
P53 BS (BS100) is less efficient in activating transcription 

han lower affinity sites (BS006, BS0014). Among all the 
ested reporters, optimal transcription at basal TP53 le v els 
nd strong induction upon TP53 stimulation was achie v ed 

y reporters with optimally spaced low-affinity BSs (6% rel- 
ti v e binding affinity). Interestingly, the full-length canon- 
cal TP53 BS does not exist in the genome, and according 

o our calculations the majority of genomic TP53 BSs have 
ery low binding affinity, in agreement with earlier observa- 
ions ( 16 ). Ther efor e , full-length canonical TP53 BSs , such
s BS100 or BS037 used in this study, might result in an 
nfavourably high binding stability (i.e. low of f-ra te), lead- 
ng to a suboptimal transcription le v el and insensitivity to 

hanges in TP53 concentration. For many TFs, low-affinity 

FBSs are commonly found in the genome and are thought 
o be an important hallmark of transcriptional regulation 

 42–45 ). The results presented here underline the functional 
mportance of low-affinity TFBSs. 

Alternative mechanisms influencing TP53 transcription. 
esides BS affinity, it is known that additional features, like 

orsional flexibility of the BS, can influence transcriptional 
P53 activity substantially. The consensus core sequence 

CATG’ allows for torsional flexibility and can bind dimers 
tabl y, w hile ‘CAA G / CTA G’ sequences cannot ( 19 ). This
eature allows ‘CATG’-containing BSs to elicit strong tran- 
criptional activation even at low TP53 concentrations. In 

his study, we only included BSs with ‘CATG’ and ‘CTTG’ 
ore sequences. Surprisingly, we found that BS014, the only 
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BS containing a ‘CTTG’ at one half-site, was strongly acti v e
in the basal TP53-WT condition. Even though we cannot
rule out that BS014 allowed binding of another unknown
TF because of the higher baseline activity in the TP53-KO
cells, it is possible that the ‘CTTG’ core rendered this BS
sensiti v e to low TP53 concentrations. The exact importance
of torsional flexibility and the core ‘CATG’ sequence on
transcriptional activity remains to be elucidated further. Be-
sides torsional flexibility, additional alternative mechanisms
could explain the phenotypes observed in this study. For
instance, changing the relati v e positioning of adjacent BSs
might alter the binding capacity of TP53 to half-sites ( 46 )
or create additional tetrameric TP53 BSs with long internal
spacer sequences ( 47 ) or partially overlapping BSs ( 48 ). Al-
though these alternati v e binding modes of TP53 have been
found to be less transcriptionally potent than the conven-
tional tetrameric spacer-less binding mode ( 9 ), they were
demonstrated to be functional in the human genome and
thus might alter TP53 binding and transcription from the
probed synthetic constructs. In future studies, it would be
interesting to systematically explore the role of these alter-
nati v e mechanisms. 

The effect of the number of BSs. We found that two TP53
BSs were on average 3.8 times more acti v e compared to one
BS, suggesting that TP53 molecules can cooperati v ely acti-
va te transcription. W hile a recent MPRA stud y suggested
that transcription from two TP53 BSs is sub-additi v e ( 18 ),
we and other TP53 reporter assay studies ( 9 , 17 ) observed
that TP53-dri v en tr anscription can be of supr a-additi v e na-
ture. This finding could be important for the interpretation
of the regulatory logic of genomic TP53 response elements.
While the majority of TP53 target genes ar e alr eady strongly
activated having only one TP53 BS ( 20 ), various canoni-
cal TP53 target genes like GADD45A , CDKN1A , BBC3 ,
MDM2 , BAX or DDB2 contain multiple adjacent TP53 BSs
in their promoter ( 9 , 49 ). Our findings suggest that having a
second BS drastically increases TP53 sensitivity and there-
fore might allow genes to be transcribed at higher rates than
genes with only one BS. 

New TP53 r epor ter s to detect TP53 activity. The two
sets of three reporters that we identified are more acti v e
than the commonly used benchmark reporters at basal
TP53 le v els as well as high TP53 concentrations, thus de-
tecting a larger dynamic range of TP53 activity. These re-
porters may thus be used as improved sensors of TP53 ac-
tivity. Potentially, these r eporters ar e also useful in detect-
ing activity of TP53 mutants with lowered transcriptional
activity, as reported before ( 13 , 14 ), or perhaps in the fu-
ture in combination with single-cell RNA sequencing. Al-
though in our design we aimed to minimise the probabil-
ity that the r eporters r espond to TFs other than TP53,
such imperfect specificity can ne v er be ruled out completely,
and ideally should be tested by depletion of TP53 when
the r eporters ar e used in other cell types than those re-
ported here. The use of barcoded reporters rather than flu-
or escent r eporters offers opportunities to multiplex a large
number of reporters, e.g. to probe the activity of multi-
ple TFs, in a single experiment. The combination of bar-
coded set A and set B reporters may also be used to achie v e
both high sensitivity (set A) and a high dynamic range
(set B). 
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