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Abstract 

The mitogen-activated protein kinase (MAPK) pathway is a central signaling cascade whose dysregulation contributes to numerous diseases. 
While its upstream regulation is well studied, the mechanisms by which MAPK activation leads to diverse transcriptional outcomes remain 
incompletely understood. To address this shortcoming, we mapped the target gene sets controlled by 22 RAF-inducible transcription factors 
using targeted Perturb-seq and integrated these data with time-resolved transcriptional profiling . Net work reconstruction revealed a topology 
dominated by two central hubs, EGR1 and FOS, which co-regulate partially overlapping target gene sets. In addition, we uncovered a positive 
feedback loop between EGR1, a canonical RAF–MAPK effector, and TCF7, a transcription factor typically linked to Wnt signaling. Through this 
interaction, TCF7 emerges as a transcriptional link that integrates MAPK and Wnt pathway inputs. Together, these findings define the architecture 
of RAF–MAPK-driven transcriptional regulation and demonstrate how cross-talk between oncogenic signaling pathways can be encoded in 
transcriptional networks. 
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Activated by diverse external cues—including growth factors, 
hormones, and stress—MAPK transmits signals from the cell 
surface to the nucleus, where MAPKs phosphorylate tran- 
scription factors and initiate defined transcriptional programs. 
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he mitogen-activated protein kinase (MAPK) signaling cas-
ade is a fundamental and evolutionarily conserved pathway
hat regulates proliferation, differentiation, and survival [ 1 ].
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This adaptability allows cells to translate a broad spectrum of
stimuli into context-specific responses. 

The MAPK pathway has long served as a paradigm for
studying signal-induced transcriptional programs [ 2 ]. Early
transcriptome studies after stimulation of the pathway led
to the concepts of immediate-early and delayed primary
genes that are activated by pre-existing transcription factors
[ 3 ] and share regulatory motifs in their promoters [ 4 , 5 ].
Many immediate-early genes are transcription factors, which
then induce secondary targets. Interestingly, delayed primary
genes often encode negative feedback regulators [ 6 , 7 , 8 ],
and the timing of primary response genes is strongly de-
termined by messenger RNA (mRNA) half-lives [ 9 ]. While
the kinetics of the transcriptome response to MAPK activa-
tion has been characterized in quantitative depth [ 3 , 6 , 8 ,
9 ], the wiring of how immediate-early transcription factors
induce secondary response genes and the understanding of
their interaction remain cryptic. A better understanding of
the topology of those transcriptional networks will be crucial
for understanding the coordinated regulation of oncogenic
pathways. 

Aberrant MAPK signaling is a hallmark of many diseases,
particularly cancer [ 10 , 11 ]. For example, driver Epidermal
Growth Factor Receptor (EGFR) gene mutations occur in
roughly 10%–35% of non-small cell lung cancers, most fre-
quently as exon 19 deletions or the L858R substitution in
exon 21 [ 12 ]. Activating mutations in Kirsten rat sarcoma
virus oncogene (KRAS) that lead to aberrant activation of the
MAPK signaling pathway are the most common with approxi-
mately 30% of all cancers carrying driver Ras mutations [ 13 ].
These are followed by B-Raf proto-oncogene (BRAF) muta-
tions which account for around 8% of cancer cases, especially
in melanoma and thyroid cancers [ 12 ]. Reverse engineering of
the transcriptional networks downstream of MAPK signaling
represents a promising approach to better understand how
physiological and pathological MAPK signals are integrated
into a cellular response. We have previously used systematic
perturbation data and reverse engineering to elucidate a small
seven-node transcription factor network downstream of Rat
s arcoma virus (RAS)/MAPK signaling that controls transfor-
mation and different aspects of cell growth [ 14 ]. Expansion
of similar approaches to larger networks has been hampered
by technical challenges for a long time. However, newly de-
veloped methods that combine CRISPR-based genetic pertur-
bation techniques with single-cell RNA-seq readout, such as
Perturb-seq [ 15 , 16 ], now enable simultaneous functional ge-
netic perturbation and investigation of the resulting transcrip-
tional response at scale. 

Here, we systematically analyzed 22 RAF/MAPK-inducible
transcription factors via targeted Perturb-seq (TAP-seq; [ 17 ])
to map the transcriptional programs downstream of the
MAPK effector kinase RAF1. We integrated the results with
time-resolved expression data to reconstruct the network
topology. This analysis revealed two central hubs, EGR1 and
FBJ murine osteosarcoma viral oncogene (FOS), which co-
regulate overlapping and partially orthogonal target modules.
Most notably, we discovered a functional transcriptional pos-
itive feedback loop between EGR1 and TCF7, a transcription
factor classically linked to Wnt signaling, despite their dis-
tinct induction kinetics. Pathway-level analysis demonstrated
that this transcriptional relationship enhances Wnt output,
establishing TCF7 as a transcriptional link of MAPK–Wnt
cross-talk. Together, these findings delineate the architecture
of RAF–MAPK-driven transcriptional programs and identify 
a transcriptional feedback loop between EGR1 and TCF7 as 
a candidate mechanism linking MAPK and Wnt pathway out- 
puts. 

Materials and methods

Reagents

See Table 1 . 

Biological resources

See Table 2 . 

Statistical analysis

For all experiments, the number of technical and/or biolog- 
ical replicates is listed in the figure legends or text. Pearson 

correlation was used to determine the r values. Wald- P -values 
were adjusted using Bonferroni correction method. Statistical 
analyses were performed using GraphPad Prism 9 (GraphPad 

Software) or the R language programming environment. 

Vector maps

The all-in-one Cas9 vector pMB1 [ 18 ], contain- 
ing the 10x Genomics capture sequence 1, 5′ - 
GCTTTAAGGCCGGTCCTAGCAA-3′ , in the stem-loop 

of the Cas9-tracr sequence [ 19 ], referred to here as pMB1- 
10x, was used for the Perturb-seq experiments ( Table 
1 ). The plasmid map is provided in GenBank format 
( Supplementary Data S1 ). 

HEK293 �RAF1:ER cell culture

HEK293 �RAF1:ER cells [ 20 ] containing a tamoxifen- 
inducible fusion of the kinase domain of RAF1 [ 21 , 22 ] re- 
viewed in [ 21 , 22 ] were cultured in complete DMEM low glu- 
cose without phenol red supplemented with 10% fetal bovine 
serum (Pan Biotech) and 1% antibiotics (pen/strep) ( Table 2 ).
For the RAF1 transcriptome time-course experiment shown 

in Fig. 1 B, cells were serum starved prior to 4OHT stimula- 
tion as described previously by Uhlitz et al. (2017) [ 9 ]. Lenti-X 

293T cells (Takara) were cultured in complete DMEM sup- 
plemented with 10% fetal bovine serum and 1% antibiotics 
(pen/strep). 

Bulk RNA-sequencing time series data generation

Total RNA was extracted with TRIzol. Sequencing libraries 
were prepared using Illumina TruSeq mRNA Library Prep 

Kit v2 and sequenced on Illumina HiSeq 2000. Raw reads 
were processed using the snakemake-workflows rna-seq-star- 
deseq2 pipeline, v1.2.0, and counts were subsequently ana- 
lyzed using DESeq2 in R. 

Cas9 library design

Target genes were selected based on RNA-seq data af- 
ter induction of HEK293 �RAF1:ER cells with 0.5 μM 4- 
hydroxytamoxifen (4OHT) at different time points (Fig. 1 ).
The single-guide RNA (sgRNA) library consisted of 4 sgR- 
NAs per gene with 10 non-target control sgRNA and 10 safe 
cutter sgRNAs that cut in gene-free regions of the genome to 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag718#supplementary-data
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Table 1. Reagents. Enzymes, antibodies, kits, instruments and chemicals used in this study, with supplier, supplier location and catalog number 

Reagent Company Location Catalog # 

Enzymes 
Phusion Flash High-Fidelity PCR Master Mix Thermo Fisher Scientific United States F548L 

Gibson Assembly Master Mix New England Biolabs United States E2611L 

AarI Thermo Fisher Scientific United States ER1582 
Titanium Taq polymerase Takara Bio United States 639209 
KAPA HiFi HS RM Roche Switzerland KK2601 
ORA qPCR Green ROX L Mix highQu Germany QPD0105 
Antibodies 
CD46 Antibody, anti-human, APC, REAfinity Miltenyi Biotec Germany 130-130-362
Kits 
Illumina TruSeq mRNA Library Prep Kit v2 Illumina United States RS-122-2001 
NucleoSpin Gel and PCR Clean-up Macherey-Nagel Germany 740609.250 
NucleoBond Xtra Midi kit for transfection-grade plasmid DNA Macherey-Nagel Germany 740410.50 
10x Genomics Chromium Next GEM Single Cell 3′ Reagent Kits 
v3.1 (Dual Index) with Feature Barcode technology for CRISPR 

Screening 

10x Genomics United States 1 000 268 

DNeasy Blood & Tissue Kit Qiagen Germany 69 506 
MiniSeq Mid Output Kit (300-cycles) Illumina United States FC-420-1004 
Quick-DNA 96 Kit Zymo Germany D3012 
RNeasy Mini Kit Qiagen Germany 74 106 
QuantSeq 3′ mRNA-Seq V2 Lexogen Austria 191.24 
RevertAid H Minus First Strand cDNA Synthesis Kit Thermo Fisher Scientific United States K1632 
Universal KAPA Library Quantification Kit Roche Switzerland 07960140001 
Instruments 
Illumina NovaSeq X Illumina United States NA 

Illumina HiSeq 2000 Illumina United States NA 

Illumina MiniSeq Illumina United States NA 

BD FACSAria II BD Biosciences United States NA 

TAPE Station Agilent United States NA 

LightCycler® 480 System Roche Switzerland NA 

Chemicals 
4-Hydroxytamoxifen Sigma–Aldrich Germany H7904-5MG 

CHIR99021 Sigma–Aldrich Germany SML1046-5MG 

Puromycin dihydrochloride Carl Roth Germany 0240.4 

Table 2. Biological resources. Cell lines, bacterial strains and plasmids used in this study, with repository, location and resource number 

Reagent Repository Location Resource # 

Cell lines 
HEK293 �RAF1:ER Derived from human embryonic kidney 293 (HEK293) cells by stable 

transfection of a tamoxifen-inducible �RAF1:ER fusion construct; 
originally described in Uhlitz et al., 2017. 

Lenti-X™ 293T Cell Line Takara Bio United States 632180 
Strains 
MegaX DH10β cells Thermo Fisher Scientific United States C640003 
Plasmids 
pMB1 Addgene United States 228363 
psPAX2 Addgene United States 12260 
pMD2.G Addgene United States 12259 
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ontrol for potential DNA double-strand break induced side
ffects. The sgRNA sequences were selected from the Brunello
enome wide library which was computationally optimized
or high on-target activity and reduced off-target effects [ 23 ].
our positive-control sgRNAs against the Raf-transgene were
esigned using CRISPick [ 23 , 24 ] ( Supplementary Table S1 ). 

as9 library cloning

he selected 20-nt target specific sgRNA sequences were
loned into the pMB1-10x library vector (Supplementary
ata S1) by Gibson Assembly [ 25 ]. sgRNA template se-
uences of the format: 5′ -GGAGAACCACCTTGTTGG-
N)20-GTTTAAGAGCTAAGCTGGAAAC-3′ were synthe-
 

sized in a pooled format on microarray surfaces (GenScript
Biotech, Inc.). Oligo pools were polymerase chain reaction
(PCR)-amplified using Phusion Flash High-Fidelity PCR Mas-
ter Mix (ThermoFisher Scientific) according to the manufac-
turer’s protocol with 1 ng/μl sgRNA template DNA, 1 μM for-
ward primer (5′ -GGAGAACCACCTTGTTGG-3′ ), and 1 μM
reverse primer (5′ - GTTTCCAGCTTAGCTCTTAAAC-3′ ) in
50 μl of total volume. The following cycle numbers were used:
1 × (98◦C for 3 min), 16 × (98◦C for 1 s, 54◦C for 15 s, and
72◦C for 20 s), and 1 × (72◦C for 5 min). PCR products were
purified using NucleoSpin columns (Macherey-Nagel). The li-
brary vector pMB1-10x was prepared by restriction digestion
with AarI (Thermo Fisher) at 37◦C overnight. The digestion
reaction was run on a 1% agarose gel followed by excision

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag718#supplementary-data
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of the digested band and purification via NucleoSpin columns
(Macherey-Nagel). 100 ng digested pMB1-10x and 2.4 ng am-
plified sgRNA library insert were assembled using Gibson As-
sembly Master Mix (NEB) in a 20 μl of reaction for 30 min.
The reaction was purified using P -30 buffer exchange columns
(Bio-Rad) that were equilibrated 5 × with H2 O and the eluted
volume was transformed into 20 μl of MegaX DH10β cells
(Thermo Fisher) by electroporation. Escherichia coli were re-
covered and cultured overnight in 100 ml of LB medium with
100 μg/ml ampicillin. The plasmid library was extracted us-
ing Midiprep (Qiagen). In parallel, a fraction of the transfor-
mation reaction was plated and used to determine the total
number of transformed clones. The coverage was determined
to be 1643 × clones per sgRNA ensuring even representation
of all library sgRNA sequences and their narrow distribution
( Supplementary Fig. S2 A). The quality of the cloned sgRNA li-
brary was determined by NGS on an Illumina MiniSeq (See be-
low). MAGeCK [ 26 ] was used for library alignment. Narrow
distribution of sgRNA sequences was confirmed with read
counts for 96% of sgRNA sequences falling within a single
order of magnitude ( Supplementary Fig. S2 A). 

Lentivirus production

Lenti-X 293T cells (Takara) were seeded at 65 000 cells per
cm2 in 10 ml of media (DMEM, 10% FBS, 1% pen/strep) in a
10 cm dish and incubated overnight at 37◦C, 5% CO2 . On the
next day, 5 μg sgRNA library plasmid, 2 μg psPAX2 (Addgene
#12260), 2 μg pMD2.G (Addgene #12259), and 36 μl of Tur-
bofect (Thermo Fisher) were mixed into 1.8 ml of serum-free
DMEM (Gibco), vortexed briefly, incubated for 20 min at
RT, and added to the cells. At 48 and 72 h post-transfection,
the supernatant was harvested, passed through 0.45 μm fil-
ters (Millipore), and 20 × concentrated using LentiX Concen-
trator (Takara) according to the manufacturer’s instructions.
Aliquots were stored at −20◦C. 

Knockout efficiency assessment with flow
cytometry

HEK293 �RAF1:ER cells were seeded in 12-well plates at
50 000 cells/ml. The cells were transduced with lentivirally
packaged gRNA construct targeting CD46 at a low multiplic-
ity of infection (MOI) = 0.2 and incubated at 37◦C, 5% CO2

for 48 h. After incubation, cells were selected with 2μg/ml
puromycin for 3 days. After 7, 10, 14, 18, and 20 days of
infection, the cells were stained with the anti-CD46 antibody
(Miltenyi Biotec), and the knockout efficiency was determined
via flow cytometry analysis of > 10 000 cells on a BD LSR-
Fortessa II flow cytometer. 

CD46 was used as a surrogate marker for perturbation ef-
ficiency because it is a ubiquitously expressed, non-essential
surface protein whose loss can be quantified sensitively by
flow cytometry. Similar strategies have been used previously
as technical readouts for perturbation efficiency in pooled
CRISPR screens [ 27 , 28 ]. 

Direct capture perturb-seq CRISPR screens

HEK293 �RAF1:ER cells were transduced with lentivirally
packaged sgRNA library at a MOI = 0.2 and 1000 × cov-
erage in two replicates. The low MOI and high coverage
were used to reduce the frequency of multiple-infected cells
thus only one gene was knocked out in each cell and en-
sure even distribution of the sgRNA library. This resulted in
the detection of one sgRNA in the majority of captured cells 
( Supplementary Fig. S2 B). The median number of analyzable 
cells per sgRNA varied between experiments, ranging from 75 

to 89 cells (Fig. 2 B). Cells were then cultured in DMEM low 

glucose without phenol red with 10% FBS (Pan Biotech) and 

1% pen/strep (Sigma–Aldrich) in a 37◦C incubator with 5% 

CO2 . Forty-eight hours after transduction, transduced cells 
were selected with puromycin (2 μg/ml) for 96 h. After se- 
lection, the top 20% mCherry positive cells were sorted 8 

days post infection using a BD FACSAria II flow cytometer to 

increase sgRNA capture efficiency by the 10x Genomics Gel 
Beads. A total of 3 million cells were sorted. For the Perturb- 
seq screen, 500 000 of the sorted cells were reseeded in full 
medium in three wells of a 12-well plate and incubated at 
37◦C, 5% CO2 . At day 10 post infection, the sorted cells were
stimulated with 0.5 μM 4OHT (Sigma–Aldrich, H7904) for 
6, 12, and 18 h. After the incubation time, the cells were har- 
vested followed by single-cell RNA sequencing (scRNA-seq) 
following the 10x Genomics Chromium Next GEM Single 
Cell 3′ Reagent Kits v3.1 (Dual Index) with Feature Barcode 
technology for CRISPR Screening protocol. 

Pooled proliferation CRISPR screen

The remaining 2.5 million sorted HEK293 �RAF1:ER cells 
from day 8 post infection were reseeded in full medium in 

a six-well plate and incubated at 37◦C, 5% CO2 . On day 18
post infection, 0.5 μM 4OHT was added for 48 h to induce the 
RAF1 transgene expression and apoptosis of the induced cells.
After 48 h, the dead cells were detached and removed with the 
medium. The living cells were reseeded in tamoxifen contain- 
ing medium and incubated at 37◦C, 5% CO2 for 48 h more to
increase the cell selection efficiency. Aliquots of 500 000 cells 
from the 48 h induction time point were taken. The cells were 
centrifuged, and the cell pellets were frozen down for later 
analysis via NGS. 

Genomic DNA extraction and PCR recovery of
gRNA sequences

The genomic DNA (gDNA) was extracted from the 
HEK293 �RAF1:ER cells using the Qiagen Genomic 
DNA extraction kit according to the manufacturer’s in- 
structions. Two nested PCR reactions were performed to 

amplify the sgRNA cassette from the extracted gDNA.
For the first PCR reactions, 5 μg gDNA, 0.3 μM forward 

(5′ -GGCTTGGATTTCTATAACTTCGTATAGCA-3′ ) and 

reverse (5′ -CGGGGACTGTGGGCGATGTG-3′ ) primer,
200 μM dNTP mix, 1 × Titanium Taq buffer, and 2 μl 
Titanium Taq polymerase (Takara) were mixed in 50 μl 
total volume. The PCR reaction was run using the fol- 
lowing cycles: 1 × (94◦C, 3 min), 20 × (94◦C, 30 s, 65◦C,
10 s, 72◦C, 20 s), and 1 × (68◦C, 2 min). For the second 

PCR reactions, 5 μl first-round PCR, 0.5 μM forward (5′ -
AATGATACGGCGACCACCGAGATCTACACACACTCT 

TTCCCTACACGACGCTCTTCCGATCTTCC- 
CTTG GAGAACCACCTTGTTGG-3′ ) and re- 
verse (5′ -CAAGCAGAAGACGGCATACGAGAT-(N)6 -
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATC-3′ ) 
primer where (N)6 is a 6 nt index for sequencing on the 
Illumina MiniSeq platform, 200 μM dNTP mix, 1 × Titanium 

Taq buffer and 2 μl Titanium Taq (Takara). PCR cycles were: 
1 × (94◦C, 3 min), 20 × (94◦C, 30 s, 55◦C, 10 s, 72◦C, 20 

s), and 1 × (68◦C, 2 min). The PCR product (325 bp) was 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag718#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag718#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag718#supplementary-data
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urified from a 1% agarose gel via NucleoSpin columns
Macherey-Nagel). NGS was performed on an Illumina

iniSeq using a MiniSeq Mid Output Kit (300-cycles) using
aired-end 150 strategy according to the manufacturer’s
nstructions. 

roliferation screen data analysis

he proliferation screen data analysis was performed using
AGeCK [ 26 ]. In short, sgRNA read count files were com-

uted from the raw CRISPR fastq files using the count func-
ion. The MAGeCK MLE command was then used to calcu-
ate the MAGeCK Beta score, Wald- P values, and false dis-
overy rates for enrichment and depletion of each guide at
ay 20 and day 22 after tamoxifen induction compared to the
lasmid library. Wald- P values were adjusted using Bonferroni
orrection method in R ( Supplementary Table S2 ). 

cRNA-seq screen data analysis

ell Ranger (10x Genomics) Version 6.1.1 was used for
cRNA-seq data processing ( https://www.10xgenomics.
om/support/software/cell-ranger/latest/analysis/running- 
ipelines/cr- gex- co ). Sequencing reads coming from the
ene expression library were mapped to the GRCh38-1.2.0
enome reference compiled by 10x Genomics for Cell Ranger.
uide RNA reads were mapped simultaneously to a sgRNA

eature reference. The combination of standard and targeted
NA-seq was processed by pooling the fastq files and sub-

equent Cell Ranger analysis, thereby avoiding duplicate
ounts for the same molecules as reads with the same UMIs
re collapsed. Count matrices were then used as input into
he Seurat R package [ 29 ] to perform downstream analyses.
ifferential expression was called based on pseudo bulks
sing the R-library glmGamPoi version 1.10.2 [ 30 ]. Cells
ith > 1 or 0 detectable sgRNA and sgRNAs with < 30 ana-

yzable cells were omitted from further analysis, resulting in
pproximately 10 000 analyzable cells per sample expressing
xactly one sgRNA and a median sgRNA UMI count of
6–84 (Fig. 2 B and Supplementary Fig. S2 C). 
Integration of UMAPs from different cell-cycle phases

howed that cells within the major clusters were represented
cross G1, S, and G2/M phases, suggesting that cell-cycle het-
rogeneity was not the dominant source of the observed vari-
tion ( Supplementary Fig. S2 D). Pseudo-bulk analysis of the
reviously identified RAF–MAPK targets (Fig 1 B) showed a
ormal distribution centered around zero in safe cutter con-
rols, whereas RAF1 knockouts displayed a clear shift toward
egative log2 fold changes (Fig. 2 E). These findings demon-
trate that the transcriptional changes observed in control
ells are specifically driven by RAF1 activation and not by
as9-induced double-strand breaks. Examination of individ-
al RAF1 sgRNAs confirmed that three guides were effective,
ith 12%–37% of RAF1-induced genes (identified by bulk
NA-seq) significantly deregulated ( Supplementary Fig. S2 E).
he fourth sgRNA was represented in fewer than 30 cells and
as excluded from analysis. Because target gene induction
as similar across time points, sgRNAs and time points were

ombined to define overall fold changes and applied Fisher’s
ethod to combine sgRNAs and time points resulting in a
combined P -value” to identify significantly deregulated tar-
ets, resulting in a core heatmap of candidate TFs (Fig. 3 C). 
Network inference

An initial core network was constructed as follows: (i) We
added edges connecting perturbed TFs that upon perturba-
tion had significant influence on the expression of another TF
in the network. To do so, we selected the “combined”P -values
(Fisher’s method, see above), performed multiple testing cor-
rection using the Benjamini–Hochberg method, and retained
edges with adjusted P -values below 0.05. Edges were signed
based on the negative sign of the fold-changes upon KO. (ii)
We filtered these edges based on consistency in timing, i.e.
those interactions where the regulator had earlier induction
than the target when RAF signaling was induced. For this step
we used the time-series transcriptome data (Figure 1 ), and for
each gene defined a half-maximal induction by selecting the
time points before and after half-maximal induction, and lin-
ear interpolation. (iii) We resolved feed-forward loops (A →
B → C and A → C) by removing the direct link A → C. 

Gene expression library amplification (TAP-seq)

TAP-seq was performed by using PCR amplification di-
rectly from pre-amplified complementary DNA (cDNA)
libraries, increasing sensitivity without loss of specificity
( Supplementary Fig. S4 A). This modification reduces con-
tamination risk, allows retrospective amplification of new
gene panels, and was applied here to 140 RAF1-responsive
genes ( Supplementary Fig. S4 B). For the generation of
suitable primers, we used the BAM file of an untar-
geted 10 × run (6 h 4OHT) in the TAP-seq R package
( https://github.com/argschwind/TAPseq ) and workflow that
is delineated in the package vignette [ 17 ]. Deviations from
the TAP-seq workflow were as follows: (i) We only used
the inner primer generation procedure, i.e. at 150–300 bp
from inferred poly(A) sites. (ii) Originally primers for one
major poly(A) site per gene were generated, instead we
generated primers for all top poly(A) sites amounting to
> 70% of the total poly(A) score (i.e. coverage) per gene.
(iii) Additional filter steps on poly(A) level, i.e. removal of
minor poly(A) sites in adjacent poly(A) signals within 100
bp, and on primer level, i.e. removal of redundant primers
within 500 bp of poly(A) signal and manual filter of badly
designed primer e.g. in non-expressed regions. The final
primer list is provided in the Supplementary Table S3 . Tar-
geted primers were ordered from IDT in desalted format with
5′ -GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT-
3′ as PCR handle at 5′ ends. 100 μl PCR was performed as
follows: 100 ng amplified cDNA (Step 2.3 of 10 × Genomics
3′ scRNA), 2.5 μl of 100 μM Pooled targeted Primer Mix, 4
μl of 10 μM partial Read 1 (sequence from 10 × Genomics
manual, ordered as normal (desalted) primer from IDT
5′ -CTACACGACGCTCTTCCGATCT-3′ , 50 μL KAPA HiFi
HS RM (Roche, KK2601). The PCR was performed with
the following cycle numbers: 1 × (95◦C, 3 min), 10 × (98◦C,
20 s, 67◦C, 60 s, 72◦C, 60 s), and 1 × (72◦C, 5 min). The
PCR product was cleaned using SPRIselect beads (Beckman
Coulter) as a double sided size selection (as described in the
Tips & Best Practices Section of a typical 10 × Genomics
procedure) with 0.6 × as first SPRI and 1.2 × as second
SPRIselect steps. For adding indices, maximally 10 ng of the
first cleaned PCR product were then mixed with 20 μl dual
Index TT Set A from 10 × genomics, 50 μl KAPA HiFi HS
RM (Roche, KK2601) in a 100 μl reaction. The PCR was
performed with the following cycle numbers: 1 × (95◦C, 3

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag718#supplementary-data
https://www.10xgenomics.com/support/software/cell-ranger/latest/analysis/running-pipelines/cr-gex-count
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag718#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag718#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag718#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag718#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag718#supplementary-data
https://github.com/argschwind/TAPseq
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag718#supplementary-data
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min), 1 × (98◦C, 45 s), 10 × (98◦C, 20 s, 54◦C, 30 s, 72◦C,
20 s), and 1 × (72◦C, 1 min). As the amplicons are bigger now,
we changed the SPRI concentration to 0.55 × as first SPRI
and 1.2 × as second SPRIselect steps. Library quality was
assessed using the TAPE station. The approach maintained
specificity in safe cutter controls while substantially increas-
ing the proportion of significantly deregulated genes in RAF1
knockouts and candidate TF perturbations, including EGR1
and FOS ( Supplementary Fig. S4 C). Therefore, targeted
amplification increased sensitivity for biologically relevant
RAF1-responsive transcripts and improved the ability to
resolve regulator-specific effects in the Perturb-seq screen. 

EGR1 and FOS knockout clonal line production

HEK293 �RAF1:ER single knockout clones for FOS and
EGR1 genes were generated using CRISPR–Cas9. Two
sgRNAs per gene were designed to target 500 bp se-
quences surrounding the 5′ end using CRISPOR [ 31 ].
The sgRNAs and their reverse complements were syn-
thesized and cloned into the px459 vector [ 32 ]. For
the EGR1 gene knockout, the following oligo sequences
were used: 5′ -CACCGGGCCATGTACGTCACGACGG-
3′ and 5′ -CACCGGGACAACTACCCTAAGCTGG-3′ 

targeting the promoter and the exon regions respec-
tively. For the FOS gene knockout, the following oligo
sequence was used to target the promoter region; 5′ -
CACCGGATTAGGACACGCGCCAAGG-3′ and the exon
region, 5′ -CACCGGAGAGAGGCTATCCCCGGCCG-3′ .
The oligo for FOS exon contains an added G at the 5′ end of
the gRNA to facilitate U6 promoter mediated transcription.
Cells were transfected with these vectors following the Lipo-
fectamine 2000 (ThermoFisher Scientific) and selected with
puromycin (250 ng/ml) for 36 h starting 24 h after transfec-
tion. Following selection, we performed clonal dilution. Cells
were seeded in 96-well plates and wells with individual clones
were screened via PCR to identify successful 5′ end deletions.
Positive hits were further validated at RNA and protein levels
using qPCR and Western blot, to confirm the absence of FOS
and EGR1 gene expression. 

Starting from single knockout clones of EGR1 and FOS,
double knockout clones were generated using Alt-R™ S.p.
Cas9 Nuclease V3 from IDT used with guides designed with
the manufacturer’s design tool ( https://eu.idtdna.com/site/
order/designtool/index/CRISPR_CUSTOM ) ( Supplementary
Table S4 ). Transfection was performed following the Lipo-
fectamine CRISPRMAX (ThermoFisher Scientific), using less
RNA amounts depending on the number of sgRNAs used per
transfection. Two days after transfection, clonal dilution was
performed. Isolation of gDNA was done with Quick-DNA-
96 Kits (Zymo), for PCRs KAPA HiFi HS RM (Roche) and
different primer sets spanning regions out and/or inside ex-
pected deletions were used. PCR product size was analyzed
with TAPE Station from Agilent. Clones with successful dele-
tions based on the PCR result were then analyzed using west-
ern blots with antibodies against FOS or EGR1 and pERK
antibody (Cell Signaling Technology) to identify clones that
lack expression of the respective TFs and still induce MAPK
signaling when the RAF1–CR3 kinase domain is activated
with 4OHT. KO clones were cultivated in low glucose DMEM
without Phenol red (Sigma–Aldrich) supplemented with stable
Glutamine (PAN-Biotech) and FBS (PAN-Biotech). 
Bulk RNA-seq

For bulk RNA sequencing of single and combinatorial EGR1 

and FOS knockout clonal lines cells were treated with 0.5 

μM 4OHT for 6, 12, and 18 h. To account for differences in 

cell density, two solvent control wells were collected each at 
first and last lysing time of the treatments. RNA isolation was 
done with RNeasy Kits from Qiagen without any DNA elim- 
ination. RNA concentration was measured with the Implen 

nanophotometer and 250–450 ng per sample were used for 
Library preparation with QuantSeq 3′ mRNA-Seq V2 (Lexo- 
gen). For Index PCR, 18 cycles were used according to the 
manual. Upon quantification with Universal KAPA Library 
Quantification Kit for Illumina (Roche) Libraries were pooled 

and sent for sequencing. 
For bulk RNA sequencing of TCF7 knockout cells af- 

ter MAPK and/or Wnt signaling activation, TCF7 and Safe- 
cutter knockout cells were made by transducing the cells with 

lentiviruses made from pMB1-sgTCF7-2 and pMB1-sgSafe- 
cutter-1 vectors without the 10 × Genomics capture sequence 
1 in the stem-loop of the Cas9-tracr sequence. The cells were 
selected with 2 μg/ml puromycin and incubated for 10 days.
After the incubation period, the cells were treated with 0.5 

μM 4OHT for 12 h, 10 μM CHIR99021 for 6 h, or the com- 
bination of both treatments. The cells were then harvested and 

the total RNA was extracted using the RNeasy Mini Kit (Qia- 
gen, 74106), according to the manufacturer’s instructions. The 
RNA was then quantified using a NanoDrop One, libraries 
were prepared using Watchmaker RNA Library Prep with Po- 
larisT Depletion according to manufacturer’s instruction, and 

subsequently sequenced on an Illumina NovaSeq X. Data were 
processed using the snakemake pipeline rna-seq-star-deseq2 

and subsequent analysis using DeSeq2 in R. 

Quantitative real-time polymerase chain reaction
(qRT-PCR)

HEK293 �RAF1:ER EGR1, TCF7, and Safe-cutter knockout 
cells were generated as before. For the MAPK and Wnt sig- 
naling pathway activation the cells were treated with 0.5 μM 

4OHT for 12 h and 10 μM CHIR99021 for 24 h. For the 
EGR1–TCF7 transcriptional positive feedback loop, the cells 
were then treated with 0.5 μM 4OHT for 1 h while the cells 
for checking the TCF7–EGR1 positive feedback loop were 
treated with 0.5 μM 4OHT for 12 h. 

Total RNA was isolated for qRT-PCR with a RNeasy 
Mini Kit (Qiagen, 74106) according to the manufacturer’s 
instructions, and quantified using a Nanodrop One. cDNA 

was prepared from total RNA using a RevertAid H Mi- 
nus First Strand cDNA Synthesis Kit (ThermoFischer 
Scientific, K1632). Quantitative PCR was performed us- 
ing ORA qPCR Green ROX L Mix (highQu, QPD0105) 
using a LightCycler® 480 System (Roche). Analysis was 
performed using the 2- ��Ct method. GAPDH was used as 
a housekeeping gene. The following primers were used: 
GAPDH_for: CTGGTAAAGTGGATATTGTTGCCAT, 
GAPDH_rev: TGGAATCATATTGGAACATGTAAACC, 
EGR1_for: CTTCAACCCTCAGGCGGACA, EGR1_rev: 
GGAAAAGCGGCCAGTATAGGT, TCF7_for: CTGAC- 
CTCTCTGGCTTCTACTC, TCF7_rev: CAGAACCTAG- 
CATCAAGGATGGG, AXIN2_for: CAAACTTTCGCCAAC- 
CGTGGTTG, AXIN2_rev: GGTGCAAAGACATAGCCA- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag718#supplementary-data
https://eu.idtdna.com/site/order/designtool/index/CRISPR_CUSTOM
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag718#supplementary-data
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rocessing of bulk, multiplexed QuantSeq data

cl2fastq (v2.20.0 by Illumina) was used to demultiplex and
onvert raw sequencing data to fastq files. We designed a
nakemake (v7.18.2) workflow in which BBMap’s BBDuk
v39.01) was used to trim adapters, STAR (v2.7.10b) to align
eads to the GENCODE GRCh38.p13 (v39) geneset, umitools
v1.1.4) to extract and deduplicate UMIs, and subread’s fea-
ureCounts (v2.0.6) to count mapped reads on gene level. 

esults

dentification of transcription factors up-regulated
y RAF1-induction

o identify transcripts that are up-regulated by RAF–MAPK
ctivation, we used a previously established HEK293 cell
ine, termed HEK293 �RAF1:ER, in which a tamoxifen-
nducible RAF1–CR3 kinase domain was introduced [ 21 ].
onsequently, RAF1 activity can be precisely regulated, al-

owing the identification of RAF1–MAPK response genes (Fig.
 A). In contrast to cell culture systems stimulated by growth
actors, this model of RAF–MAPK signaling is activated in-
ependently of the upstream G-protein RAS, thus minimizing
athway divergence and feedback mechanisms. We induced
AF activity with 4OHT over periods of 0.5–8 h and mon-

tored the changes in the transcriptome of the cells via bulk
NA-sequencing (RNA-seq). Over the full time series, we de-

ected a total of 1142 significantly up-regulated genes (Fig.
 B). From this dataset, 22 transcription factors (TFs) that were
p-regulated at different time points after RAF1 induction
ere selected for further analysis. The basal expression levels
f identified candidate TFs varied over several orders of mag-
itude and their level of up-regulation upon RAF1 induction
as independent of their basal expression level (Fig. 1 C). 
Pulsed induction of RAF1 (Fig. 1 D) further allowed the

ategorization of the candidate TFs into three distinct re-
ponse classes. The first class comprises classical immediate
arly genes that are rapidly induced upon signal induction and
hose mRNAs are rather short lived, resulting in rapid decay

fter the pulses ended. Examples of these transcripts are the
apidly induced EGR gene family members, FOS, FOSB, and
UNB, which increased to maximum mRNA levels directly
fter induction and decreased quickly after 4OHT removal.
he second class comprises rather rapidly induced, long-lived

ranscripts that are induced within the first 1–2 h and remain
igh even after the pulse has ended, termed immediate late
enes. These include, for instance, the transcripts of FOSL1
nd FOSL2. A third class of transcription factors is only in-
uced with delay. For several of those transcripts, the response
s limited to long pulses of induction. For instance, TCF7 is
nly induced after 4 h and reaches a maximum response after
 h of induction. We furthermore calculated the time when
he transcripts reach half-maximal expression by interpolat-
ng between the measured time points. We found that the se-
ected transcripts cover half-maximal induction times between
0 min and 5 h ( Table 3 ). 
The selected transcription factors exhibit distinct kinetics

n the RAF1-induced transcriptional response, encompass-
ng transcripts previously classified as immediate-early (IEG),
mmediate-late (ILG), delayed-early (DEG), and secondary
esponse genes (SRG) [ 9 ]. While these induction dynamics
uggest whether a factor acts early or late in the RAF re-
ponse, they do not reveal whether, or how, the induced TFs
functionally contribute to transcriptional network regulation
downstream of RAF–MAPK. Together, these results show that
RAF1 activation triggers a temporally ordered transcription
factor cascade composed of rapid immediate-early responders
and delayed secondary regulators, providing a framework for
downstream network architecture. To systematically define
the transcripts controlled by the 22 TFs listed in Table 3 , we
employed Perturb-seq [ 15 , 16 ]. 

Perturb-seq reveals the transcriptional targets of
RAF1-induced TFs

To identify the transcriptional targets of the selected 22
candidate TFs, we performed pooled CRISPR/Cas9 screens
with single cell RNA-seq read-out, via direct-capture Perturb-
seq [ 19 ], as well as pooled CRISPR screens with prolifera-
tion read-out (Fig. 2 A). For that purpose, we designed and
cloned a pooled sgRNA library, targeting the 22 candidate
TFs. In addition, the library contained 4 sgRNAs against the
4OHT-inducible RAF1 transgene as a positive control. The
sgRNA library was then transduced into HEK293 �RAF1:ER
cells at low multiplicity of infection (MOI = 0.2). Follow-
ing a 10-day period to allow for CRISPR/Cas9 gene editing
( Supplementary Fig. S1 ), RAF1 was induced by 4OHT for 6,
12, and 18 h, respectively, to capture time-resolved transcrip-
tion profile changes from each of the 22 perturbed candidate
TFs. Cells were then analyzed via scRNA-seq using “Feature
Barcode technology” (10X Genomics). 

Perturb-seq data passed stringent QC, with expected guide
representation, reproducible time-dependent transcriptional
separation, and appropriate performance of positive and neg-
ative controls (Fig. 2 B–E and Supplementary Fig. S2 ). More
specifically, integration of UMAPs from Perturb-seq experi-
ments at 6, 12, and 18 h after RAF1 induction revealed that
cells from the 12- and 18-h time points clustered separately
from those at 6 h (Fig. 2 C). This indicates that major tran-
scriptional changes occur between 6 and 12 h, highlighting
the temporal dynamics of the RAF1 response. To validate the
system, we compared RAF1-transgene knockout cells to safe
cutter control cells. RAF1 knockouts formed a distinct clus-
ter, clearly separated from the controls (Fig. 2 D), confirming
the absence of a transcriptional response to RAF1 induction
in these cells. 

These data established a robust framework for defining
functional regulators of the RAF1 transcriptional response.
Thus, the screen quality controls demonstrate that the ob-
served transcriptional phenotypes reflect specific perturbation
of the RAF1-responsive network rather than technical or cell-
cycle-driven variation. Taken together, these results demon-
strate the high technical quality of the generated Perturb-seq
data, which formed the basis for further analyses. 

Proliferation CRISPR screens after candidate TF
perturbation

We next asked whether knockout of individual transcription
factors affects cell growth, using a CRISPR/Cas9 prolifera-
tion screen performed in HEK293 �RAF1:ER cells with and
without RAF induction (Fig. 2 A and Supplementary Fig. S3 ).
Most TF knockouts showed no significant depletion or enrich-
ment compared to non-targeting controls. Guide RNAs tar-
geting FOS and EGR2 were significantly depleted under both
conditions, consistent with their known roles in cell fitness
[ 33 , 34 ]. In addition, knockouts of ELF4, FOSL1, FOSB, and

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag718#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag718#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag718#supplementary-data
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Figure 1. Transcriptional profiling of HEK293 �RAF1:ER cells following RAF1 induction. ( A ) Schematic structure of the 4OHT-inducible RAF1–CR3 kinase 
domain. ( B ) Maximum normalized log2 fold changes from bulk RNA-seq analysis of significantly up-regulated genes (FDR < 1%) after 0.5, 1, 2, 4 and 8 h. 
The 22 selected candidate TFs are indicated by their official gene symbols. ( C ) The maximal log2 fold expression change of the selected candidate TFs is 
plotted against their expression levels in non-induced HEK293 �RAF1:ER cells. Orange: Selected TFs, Blue: Other TFs, Gray: Other genes. ( D ) The 
time-resolved log2 fold expression changes of candidate TFs are shown after the indicated pulse lengths of 4OHT-mediated RAF1 induction. 
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Table 3. Selected candidate genes and their classification based on their response time to RAF1 induction [ 9 ]. IEG = immediate-early genes, 
ILG = immediate-late genes, DEG = delayed-early genes. SRG = secondary response gene 

Gene Symbol Name Class [ 9 ] 
Half-maximal induction 
(h:min) 

EGR1 Early Growth Response 1 IEG 0:17 
FOS Fos Proto-Oncogene, AP-1 Transcription Factor Subunit IEG 0:19 
EGR2 Early Growth Response 2 IEG 0:22 
EGR3 Early Growth Response 3 IEG 0:25 
EGR4 Early Growth Response 4 ILG 0:29 
JUNB JunB Proto-Oncogene IEG 0:33 
FOSB FosB Proto-Oncogene IEG 0:37 
NR4A1 Nuclear Receptor Subfamily 4 Group A Member 1 ILG 0:47 
KLF10 KLF Transcription Factor 10 DEG 0:49 
ID4 Inhibitor Of DNA Binding 4 DEG 1:05 
MXD1 MAX Dimerization Protein 1 DEG 1:13 
FOSL1 FOS Like 1 ILG 1:17 
CSRNP1 Cysteine And Serine Rich Nuclear Protein 1 SRG 1:19 
FOSL2 FOS Like 2 ILG 1:23 
ETV5 ETS Variant Transcription Factor 5 IEG 1:31 
EN2 Engrailed Homeobox 2 SRG 1:37 
ZNF26 Zinc Finger Protein 26 DEG 2:09 
BHLHE40 Basic Helix-Loop-Helix Family Member E40 DEG 2:15 
ARID3B AT-Rich Interaction Domain 3B SRG 3:03 
ELF4 E74 Like ETS Transcription Factor 4 SRG 3:10 
NPAS2 Neuronal PAS Domain Protein 2 SRG 3:16 
TCF7 Transcription Factor 7 SRG 5:08 
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Figure 2. Perturb-seq and proliferation screens in HEK293 �RAF1:ER. ( A ) Schematic of Perturb-seq screens (top panel) and proliferation CRISPR screens 
(bottom panel). ( B ) Median number and distribution of cells per sgRNA detected in the respective Perturb-seq samples. The dashed line indicates the 
cut-off at 30 cells per sgRNA. ( C ) UMAP integration of Perturb-seq samples from three different time points with two replicates each. ( D ) Distribution of 
the safe cutter sgRNA cells and the RAF1-knockout cells on the UMAP clusters. ( E ) Histograms of the log2 fold change of previously identified 
RAF/MAPK target genes (Fig. 1 ) between RAF1-knockout (red) and the safe cutter control cells (blue), relative to the non-target control cells. Dashed 
line: 6 h time point, Dotted line: 12 h time point, Solid Line: 18 h time point. Perturb-seq screens were performed in duplicate. 
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EGR3 also showed significant depletion, though to a lesser ex-
tent. By contrast, knockout of the �RAF1:ER transgene was
strongly enriched, but only upon RAF activation, in line with
previous reports that prolonged RAF–MAPK activation in
HEK293 �RAF1:ER cells induces apoptosis [ 20 ]. Overall, this
screen demonstrates that TF knockouts do not cause major
growth disadvantages, ensuring sufficient guide representa-
tion for subsequent Perturb-seq experiments ( Supplementary
Fig. S3 ). 

Number of deregulated target genes varies greatly
between TFs

Perturb-seq screens are powerful but limited by sequencing
costs, low sensitivity for weakly expressed genes, and small
effect sizes. To address this, we adapted Targeted Perturb-
seq (TAP-seq, [ 17 ]). We then combined the targeted and un-
targeted Perturb-seq data to optimally analyze the 140 se-
lected transcripts at high sequencing depth. In addition, it cov-
ers the entire transcriptome from the standard gene expres-
sion library. Figure 3 summarizes the results of a pseudo-bulk
analysis of the combined targeted and untargeted Perturb-seq
screens at 6, 12, and 18 h after RAF1 induction, analyzed sep-
arately for each sgRNA. Consistent with Supplementary Fig.
S4 C, negative control sgRNAs produced no significant dereg-
ulation, whereas RAF1 knockouts affected 500–1000 genes
across all time points (Fig. 3 A). The effects of TF perturba-
tions varied widely: EGR1 knockouts deregulated hundreds
of targets, while more than half of the investigated TFs had
little or no effect. Heatmap analysis (Fig. 3 B) confirmed that
RAF1 loss blocked induction of its targets, with most changes
evident by 6–12 h and minimal additional effects at 18 h, con-
sistent with known RAF1 induction kinetics [ 2 ]. These results
reveal that the RAF1-induced transcriptional cascade is hier-
archical, with EGR1 and a small number of additional TFs ex-
erting disproportionately large control over downstream gene
expression. 

Perturb-seq results are highly reproducible

To technically validate the Perturb-seq findings, we ana-
lyzed EGR1 and FOS single and double knockout clones
in HEK293 �RAF1:ER cells by bulk RNA-seq. The results
closely resembled the Perturb-seq screen results, showing con-
sistent directionality of regulation and strong correlations for
the 140 TAP-seq transcripts ( r = 0.69–0.8; Supplementary
Fig. S5 A and B). The stronger effects observed in the clonal
bulk RNA-seq knockout lines likely reflect the combination
of complete gene deletion and the homogeneous perturbation
across the population relative to pooled single-cell Perturb-
seq, in which variable editing efficiency can attenuate apparent
effect sizes. Combinatorial EGR1–FOS knockouts clustered
with the single knockout of FOS across both methods, sug-
gesting that FOS is epistatic to EGR1 in the regulation of the
RAF–MAPK response ( Supplementary Fig. S5 C). Although
the global profile of the double knockout resembled FOS loss,
it also uncovered a synergistic role of EGR1 and FOS in up-
regulating EGR2, EGR3, and EGR4, which were strongly in-
duced only in the double knockout ( Supplementary Fig. S5 D).
This suggests that the RAF–MAPK transcriptional program is
not simply additive, but contains both dominant and syner-
gistic regulatory relationships, allowing selective expression
of specific downstream genes such as the EGR family. 
De-novo construction of a TF core network
identifies a transcriptional positive feedback loop
between EGR1 and TCF7

A core heatmap of candidate TFs was constructed to anal- 
yse how the perturbation of each TF influences the tran- 
scriptional profile of the other candidate TFs (Fig. 3 C). Most 
TF knockouts also reduced their own transcript levels, con- 
sistent with nonsense-mediated decay of Cas9-induced stop- 
gain mutations [ 35 ]. In contrast, EGR1, FOS, and CSRNP1 

were up-regulated, likely reflecting auto-regulatory feedback 

in which loss of protein function enhances transcription of 
mutant mRNA. To further assess these self-target effects at 
the level of individual sgRNAs, we quantified the log2 fold 

change of each targeted transcript after perturbation with its 
corresponding sgRNA across the 6, 12, and 18 h time points 
( Supplementary Fig. S6 ). This analysis showed that target 
transcript changes were generally consistent across multiple 
sgRNAs per gene, while also revealing sgRNA-level variability 
in the magnitude and significance of the effect. Within the core 
network, EGR1 emerged as a central activator and FOS as a 
central inhibitor, often acting in opposition on shared targets 
such as JUNB, KLF10, ID4, and NR4A1. FOSL1 was oppo- 
sitely co-regulated, while EN2 was co-activated by both TFs.
These findings highlight EGR1 and FOS as orthogonal regula- 
tors, orchestrating the RAF1-driven transcriptional response. 

To assess biological plausibility, we integrated time-series 
RNA-seq data (Fig. 1 ), removing nine edges where target ac- 
tivation preceded upstream TF induction, most likely rep- 
resenting indirect inhibitory effects. The final network also 

included a putative feed-forward loop (EGR1 → JUNB → 

FOSB and EGR1 → FOSB), which could not be distinguished 

from a simpler model based on perturbation data alone. Ap- 
plying parsimony, we excluded such ambiguous loops, yield- 
ing a refined core network (Fig. 3 E). To contextualize these 
inferred TF–TF interactions, we compared the refined core 
network with regulatory interactions annotated in Omni- 
Path/DoRothEA ( Supplementary Fig. S7 ). Of the 23 inferred 

non-pruned interactions in the core network, 16 were rep- 
resented in OmniPath/DoRothEA, whereas seven were not 
found in these prior-knowledge resources. Among the anno- 
tated interactions, nine were supported by published experi- 
mental evidence and seven were listed as inferred interactions 
without associated experimental support. We then extended 

the analysis to target genes beyond the 22 candidate TFs. Fig- 
ure 3 F presents target genes co-regulated by the candidate TFs 
with the broadest regulatory impact, including EGR1, FOS,
JUNB, TCF7, KLF10, FOSB, NR4A1, and EGR4. Together,
the inferred core network identifies EGR1 and FOS as the 
principal opposing hubs of the RAF-MAPK transcriptional re- 
sponse, where EGR1 interacts with TCF7 in a positive feed- 
back loop. 

EGR1–TCF7 positive feedback loop links
RAF–MAPK and Wnt transcriptional programs

Among all nodes in the core network (Fig. 3 E), only 
one transcriptional positive feedback loop was identified—
between EGR1 and TCF7. EGR1 is a well-established down- 
stream effector of MAPK signaling induced by 4OHT in 

HEK293 �RAF1:ER cells, whereas TCF7, also induced by 
4OHT (Fig. 1 ), is best known as a transcription factor in 

the Wnt pathway. This suggested that TCF7 might function 

as a transcriptional link between MAPK- and Wnt-driven 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag718#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag718#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag718#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag718#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag718#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag718#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag718#supplementary-data
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Figure 3. Summary of Perturb-seq screen results and model of transcriptional interactions between candidate TFs. ( A ) Number of significantly 
deregulated transcripts (adjusted P -value < 0.05) following perturbation of the indicated candidate TF separated by sgRNAs and time points. ( B ) 
Heatmap of the log2 fold change of the 140 genes included in the modified TAP-seq for the perturbations with the strongest transcriptional response. 
The results from perturbed target genes separated by sgRNAs and time points are shown. Negative values indicate lower and positive values higher 
target transcript levels in the perturbed cells relative to cells expressing non-target control sgRNAs. ( C ) Core heatmap of candidate TF expression 
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induction time. ( F ) Summary of target genes that are directly or indirectly co-regulated by more than one candidate TF. 
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transcriptional programs through its transcriptional relation-
ship with EGR1. To test this, we activated Wnt signaling in
HEK293 cells with the GSK3β inhibitor CHIR99021, which
stabilizes β-catenin and activates canonical Wnt signaling
(Fig. 4 A). Expression analysis confirmed pathway specificity:
4OHT strongly induced EGR1 (188-fold) and TCF7 (5.8-
fold) but only marginally affected the Wnt marker AXIN2
(1.3-fold), indicating no activation of Wnt signaling (Fig. 4 B).
In contrast, CHIR99021 robustly up-regulated AXIN2 (8-
fold) and TCF7 (3-fold), consistent with Wnt activation, and
also increased EGR1 expression (5.2-fold). We next validated
the feedback loop by measuring EGR1 and TCF7 after their
respective knockouts. TCF7 loss modestly but significantly
reduced EGR1 expression, while EGR1 knockout lowered
TCF7 levels ( ∼0.7-fold), confirming mutual activation (Fig.
4 C). 

To assess whether publicly available chromatin-binding
data support this inferred regulatory relationship, we exam-
ined ENCODE ChIP-seq datasets for EGR1 and TCF7 at the
EGR1 and TCF7 loci and visualized these tracks together with
full-length RNA-seq coverage from control and 4OHT-treated
RAF1:ER cells ( Supplementary Fig. S8 ). At the EGR1 locus,
ENCODE ChIP-seq tracks showed promoter-proximal EGR1
occupancy, consistent with potential autoregulation, whereas
TCF7 binding was not evident in the displayed datasets. At
the TCF7 locus, promoter-proximal binding was observed for
both EGR1 and TCF7, providing external support for a po-
tential direct regulatory connection between EGR1 and TCF7.
Full-length RNA-seq coverage confirmed expression of the
corresponding transcripts in 4OHT-treated RAF1:ER cells.
Thus, the inferred EGR1–TCF7 feedback loop may constitute
a transcriptional bridge through which RAF–MAPK signaling
can potentiate Wnt-responsive gene expression, although di-
rect chromatin engagement and promoter-level regulation in
the RAF1:ER system remain to be experimentally validated. 

TCF7 contributes to the transcriptional integration
of MAPK and Wnt pathway outputs

To further test whether TCF7 contributes to the transcrip-
tional output generated by concurrent MAPK and Wnt ac-
tivation, we performed bulk RNA-seq following stimulation
with 4OHT, CHIR99021, or both ligands in combination.
Combined 4OHT and CHIR99021 treatment identified 364
Wnt signaling-associated genes that were synergistically in-
duced compared with either treatment alone ( Supplementary
Fig. S9 ). To determine whether this synergistic transcriptional
program depends on TCF7, we additionally compared cells
carrying TCF7-targeting sgRNAs with safe cutter control cells
under combined 4OHT and CHIR99021 treatment. Across all
364 synergistically induced Wnt signaling genes, TCF7 pertur-
bation produced a broad negative shift in expression (Fig. 4 D),
with 13 genes showing a significant change and 44 genes
exceeding a log2 fold-change threshold of ±0.2, collectively
indicating that TCF7 contributes to the transcriptional re-
sponse elicited by combined MAPK and Wnt pathway activa-
tion (Fig. 4 E). Finally, reanalysis of a public dataset [ 36 ] (GEO
GSE209899) showed that EGR1 overexpression in HeLa cells
not only induced TCF7 but also the bona fide Wnt target
DKK1, further supporting the transcriptional EGR1–TCF7
feedback loop as a mechanism of MAPK–Wnt integration
(Fig. 4 F). 
Collectively, our analyses reveal three principles of the 
RAF–MAPK transcriptional response. First, RAF1 activation 

induces a temporally ordered TF cascade; second, only a sub- 
set of induced TFs, most prominently EGR1 and FOS, domi- 
nate downstream regulatory control; and third, the transcrip- 
tional EGR1–TCF7 feedback loop connects RAF–MAPK sig- 
naling to Wnt-responsive transcription. These findings shift 
the focus from a broad list of induced genes to a compact reg- 
ulatory architecture, revealing how RAF–MAPK signaling is 
propagated through a TF hierarchy and transcriptionally cou- 
pled to the Wnt pathway via the EGR1–TCF7 feedback loop.

Discussion

The MAPK signaling cascade has long served as a model for 
how extracellular cues are translated into defined transcrip- 
tional responses. Immediate-early and delayed response pro- 
grams have been described in depth [ 3 , 6 , 8 , 9 ], yet how early
transcription factors interact to orchestrate downstream pro- 
grams has remained poorly understood. Here, we applied tar- 
geted Perturb-seq to systematically dissect the RAF–MAPK 

transcriptional network, uncovering key features of its archi- 
tecture. 

Several aspects of our results are consistent with well- 
established features of inducible MAPK transcriptional re- 
sponses. In particular, rapid induction of AP-1 and EGR fam- 
ily transcription factors downstream of ERK signaling has 
been documented extensively [ 37 ], and TCF/LEF factors are 
established mediators of canonical Wnt transcriptional out- 
put [ 38 ]. Likewise, broad cross-talk between MAPK/ERK and 

Wnt/β-catenin pathways has also been described in multiple 
developmental and cancer contexts [ 39 ]. Kim et al. identified 

a hidden positive feedback loop caused by cross-talk between 

the Wnt and ERK pathways, suggesting that such feedback 

mechanisms can contribute to sustained activation of both 

pathways in cancer [ 40 ]. It has also been shown that EGR1 

and TCF7L2 cooperate in a positive feedback loop that ampli- 
fies LCN2 expression and promotes aggressive cancer behav- 
iors in esophageal squamous cell carcinoma cells [ 41 ]. In ad- 
dition, aberrant activation of both the MAPK and Wnt path- 
ways is commonly observed in other cancers such as colorectal 
cancer or melanoma [ 42 , 43 ]. 

To reconstruct the network topology from our Perturb-seq 

data, we applied a parsimony principle, removing coherent 
feed-forward loops to derive the simplest model consistent 
with the data, similar to ARACNE-based approaches [ 44 ].
While coherent feed-forward loops are known to exist in tran- 
scriptional networks and may possess biologically significant 
functions [ 45 ], their removal aided in deriving a more stream- 
lined network structure. Comparison with prior regulatory 
knowledge showed that part of the inferred network was sup- 
ported by previously annotated interactions, whereas other 
edges were not present in the queried databases and therefore 
represent perturbation-derived candidate regulatory relation- 
ships. Our analysis confirmed prior knowledge that EGR1 and 

FOS are dominant hubs in the transcriptional RAF–MAPK re- 
sponse. Both factors control largely overlapping sets of target 
genes, often in an orthogonal manner. The observation that 
the EGR1–FOS double knockout largely resembled FOS loss 
suggests that FOS is epistatic to EGR1 for most targets, yet the 
synergistic regulation of EGR2-4 indicates a more nuanced in- 
terplay. This highlights how transcriptional networks combine 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag718#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag718#supplementary-data
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Figure 4. Characterization of MAPK and Wnt signaling pathways cross-talk through TCF7. ( A ) Simplified schematic of the MAPK- and Wnt-signaling 
pathways, including the transcriptional EGR1–TCF7 positive feedback loop. RAF–MEK–ERK pathway is activated by 4OHT treatment. Wnt signaling is 
activated by the GSK3B inhibitor CHIR99021. Created in BioRender. Böttcher, M. (2026) https:// BioRender.com/ 8k6fcao . ( B ) RT qPCR measurement of 
EGR1, TCF7, and AXIN2 mRNA levels after treatment of HEK293 �RAF1:ER cells with 0.5 μM 4OHT or 10 μM CHIR99021. Values represent the mean of 
biological replicates ( n = 3). ( C ) Validation of the transcriptional EGR1–TCF7 positive feedback loop identified in the Perturb-seq screens through RT 
qPCR measurement of EGR1 and TCF7 mRNA level fold change after perturbation of EGR1 and TCF7. Values represent the mean of biological replicates 
( n = 3). ( D ) Density plot showing the log2 fold-change distribution of all 364 synergistically activated Wnt signaling-associated genes in TCF7 knockout 
cells compared with safe cutter control cells under combined 4OHT and CHIR99021 treatment. ( E ) Heatmap of transcriptional changes detected by bulk 
RNA-seq in cells treated with 0.5 μM 4OHT for 12 h, 10 μM CHIR99021 for 6 h, or the combination of both treatments. Shown are synergistically 
activated Wnt signaling-associated genes that also display TCF7-dependent regulation under combined 4OHT and CHIR99021 treatment, as determined 
by comparing TCF7-targeting sgRNAs with safe cutter control sgRNAs. ( F ) Reanalysis of a RNA-sequencing dataset (GSE209899) showing DKK1 and 
TCF7 mRNA log2 fold changes after overexpression of EGR1 in Hela cells. Values represent the mean of biological replicates ( n = 3). ∗ Adj. 
P -value < 0.05, ∗∗ Adj. P -value < 0.01, ∗∗∗ Adj. P -value < 0.001. 
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ominant and redundant interactions to fine-tune cellular re-
ponses. 

Moreover, this study identified the transcriptional positive
eedback loop between EGR1 and TCF7. EGR1 is a canon-
cal MAPK effector [ 46 ], while TCF7 is classically linked to

nt/β-catenin signaling [ 47 ]. Signaling pathways often in-
eract with each other through a process known as pathway
ross-talk, which allows cancer cells to evade normal regula-
ory mechanisms. In the context of cancer, the MAPK path-
ay and the Wnt/β-catenin signaling pathway interact ex-

ensively [ 48 ]. Their mutual activation creates a direct tran-
criptional bridge between MAPK and Wnt pathways. Func-
ional assays confirmed that combined MAPK and Wnt ac-
ivation synergistically enhanced Wnt target gene expression,
ncluding DKK1, a well-established Wnt feedback regulator
 49 ]. Importantly, loss of TCF7 reduced this synergistic tran-
criptional response, supporting a functional role for TCF7
n integrating MAPK- and Wnt-dependent gene-expression
rograms. 
Our results indicate that the interplay between these two
transcription factors provides a mechanism by which MAPK
signaling can reinforce Wnt pathway activity, potentially
enhancing oncogenic transcriptional programs. The identi-
fication of the transcriptional EGR1–TCF7 positive feed-
back loop provides a specific example of this phenomenon,
where EGR1, a downstream transcription factor of the
RAF–MEK–ERK MAPK pathway, and TCF7, a key compo-
nent of the Wnt pathway, mutually reinforce each other’s ex-
pression. The EGR1–TCF7 circuit is supported by convergent
evidence across Perturb-seq, bulk RNA-seq validation and ex-
ternal ChIP-seq data. Characterizing the precise chromatin-
level mechanisms underlying this relationship represents a log-
ical next step. 

Taken together, these results add a new layer to MAPK–Wnt
cross-talk, which has largely been studied at the receptor, ki-
nase, or β-catenin level [ 48 ]. Here, we show that transcrip-
tional network design itself encodes inter-pathway communi-
cation, a principle that may extend beyond the specific factors

https://BioRender.com/8k6fcao
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studied here to other contexts where these pathways are co-
activated, such as colorectal cancer [ 50 ]. By defining the archi-
tecture of the RAF–MAPK transcriptional network and iden-
tifying the EGR1–TCF7 feedback loop as a transcriptional
bridge between oncogenic pathways, this work establishes a
framework for understanding how signaling diversity is en-
coded at the level of transcription factor networks. 
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