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ABSTRACT

Genome-wide mechanisms that coordinate expres-
sion of subsets of functionally related genes are
largely unknown. Recent studies show that recep-
tor tyrosine kinases and components of signal trans-
duction cascades including the extracellular signal-
regulated protein kinase (ERK), once thought to act
predominantly in the vicinity of plasma membrane
and in the cytoplasm, can be recruited to chromatin
encompassing transcribed genes. Genome-wide dis-
tribution of these transducers and their relationship
to transcribing RNA polymerase Il (Pol2) could pro-
vide new insights about co-regulation of function-
ally related gene subsets. Chromatin immunoprecip-
itations (ChlIP) followed by deep sequencing, ChiP-
Seq, revealed that genome-wide binding of epider-
mal growth factor receptor, EGFR and ERK pathway
components at EGF-responsive genes was highly
correlated with characteristic mitogen-induced Pol2-
profile. Endosomes play a role in intracellular traf-
ficking of proteins including their nuclear import.
Immunofluorescence revealed that EGF-activated
EGFR, MEK1/2 and ERK1/2 co-localize on endo-
somes. Perturbation of endosome internalization
process, through the depletion of AP2M1 protein,
resulted in decreased number of the EGFR contain-
ing endosomes and inhibition of Pol2, EGFR/ERK re-

cruitment to EGR1 gene. Thus, mitogen-induced co-
recruitment of EGFR/ERK components to subsets of
genes, a kinase module possibly pre-assembled on
endosome to synchronize their nuclear import, could
coordinate genome-wide transcriptional events to
ensure effective cell proliferation.

INTRODUCTION

Mitogen-activated protein kinases (MAPKSs) are a family
of highly conserved serine/threonine (Ser/Thr) kinases that
play an essential role in multiple cellular processes includ-
ing activation of gene expression in response to a variety
of extracellular stimuli. Importantly, altered MAPK sig-
naling has been recognized as a key contributor to inflam-
mation, cancer and other disorders (1). There are multiple
MAPK cascades and among those the extracellular signal-
regulated protein (ERK1/ERK?2) kinase pathways are per-
haps the most extensively studied (2). In a canonical view,
following stimulation by mitogens, cell surface receptor ty-
rosine kinase (RTKs), such as epidermal growth factor re-
ceptors (EGFR), activate small GTPases of the Ras and
Rho family in the vicinity of plasma membrane through
specific guanine-nucleotide exchange factors. Ras and Rho,
in turn, control the activity of down-stream kinase cascades
(e.g. BRAF—MEK— ERK) that reach their targets in mul-
tiple subcellular compartments including the nucleus. For
example, ERK is translocated to the nucleus where it phos-
phorylates nuclear proteins including transcription factors
(TFs), Pol2, chromatin remodeling complexes, histones and
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histones modifying enzymes (3). Phosphorylation of these
nuclear proteins regulates their functions by altering affinity
to nucleic acids, stability, cellular localization, interactions
with other proteins together leading to changes in gene ex-
pression (4). Remarkably, there is increasing evidence that
several RTKs themselves can translocate to the nucleus and
take part in transcriptional regulation directly at gene loci
(5). In some cases, RTKs and their known interacting part-
ners co-localize along target genes (6). Until now, genome-
wide co-localization of nuclear RTKs and their downstream
kinases has not been investigated.

Here, for the first time we used ChIP-Seq to simul-
taneously interrogate constitutive and mitogen-induced
genome-wide chromatin binding of EGFR and its down-
stream ERK pathway components.

MATERIALS AND METHODS
Cell culture

Hela-S3 cells were purchased from American Type Cul-
ture Collection and grown in Dulbecco’s modified Eagle’s
medium F-12 Ham media (Sigma; D8437) supplemented
with 10% heat-inactivated fetal bovine serum (FBS) and
penicillin-streptomycin at 50 IU /ml in a humidified 5% CO,
atmosphere at 37°C. Prior to EGF stimulation, cells were
starved for 48 h in serum-free medium and then were stimu-
lated for the indicated times with EGF (100 ng/ml) (Sigma;
E9644).

Total RNA extraction and quantitative(q)-PCR

Total RNA was extracted from cells using TRI1zol® Plus
RNA Purification Kit (Invitrogen) followed by on-column
PureLink™ DNase (Invitrogen) treatment. RT reaction was
performed using Superscript 111 (Invitrogen) with 1 pg of
total RNA according to manufacturer’s protocol. gPCRs
of cDNA and ChIP samples were carried out using Sen-
simix SYBR kit (Bioline) on Applied Biosystems 7900HT
Fast Real-Time PCR System as described (7). RT-qPCR
data were normalized to RPLPO mRNA expression using
AACt method. Primer pairs used are provided in Supple-
mentary Table S1.

Chromatin immunoprecipitation (ChIP) assay

About 1 x 107 cells were crosslinked with 1% formalde-
hyde for 10 min followed by formaldehyde quenching with
125 mM glycine for 5 min at room temperature. FBS was
added to 5% final concentration prior to harvest to avoid
cells aggregation and sticking to pipette tips. After harvest
cells were spun down at 1600 x g then washed with 5 ml
phosphate buffered saline (PBS), re-spun and cell pellets
were stored at —80°C. Frozen cell pellets were resuspended
in a 2 ml of hypotonic buffer A [10 mM HEPES, pH 7.9,
2 mM MgCl,, 2 mM KCl and NP-40 0.5% vol/vol] supple-
mented with protease and phosphatase inhibitors (Thermo;
78441) and suspension was kept for 5 min on ice then spun
down at 10 000 x g/4°C for 3 min. Nuclei pellets were resus-
pended in lysis buffer [12.5 mM Tris-HCI, pH 8.0, 2.5 mM
ethylenediaminetetraacetic acid (EDTA) and 0.1% Sodium
dodecylsulphate (SDS) vol/vol] containing protease and

Nucleic Acids Research, 2016, Vol. 44, No. 21 10151

phosphatase inhibitors (Thermo, 78441). Chromatin was
sheared in a Bioruptor Plus (Diagenode) using a 30 s on-off
cycle for 15 min at high intensity then centrifuged 12 000 x g
for 15 min at 4°C and aliquots were stored at —80°C. ChIP
assays were performed using Matrix-ChIP on polypropy-
lene plates (8,9). Alternatively, a modified Fast-ChIP pro-
tocol was used for the ChIP-Seq libraries (7). Briefly, a vol-
ume of chromatin (20-30 pl) with equivalent of 5 x 10°
cells was adjusted to 200 I with immunoprecipitation (IP)
buffer [150 mM NacCl, 50 mM Tris—HCI (pH 7.5), 5 mM
EDTA, NP-40 (0.5% vol/vol), Triton X-100 (1.0% vol/vol),
(pH 7.6)] containing protease and phosphatase inhibitors
(Thermo) and incubated with 5 g of a given antibody for
30 min in ultrasonic bath (Branson, B3510) at 4°C. Next,
the chromatin was cleared by centrifugation at 12 000 x g
for 10 min at 4°C and transferred to a new tube containing
20 pl of Dynabeads® Protein A (Life Technologies). Tubes
were then rotated at 4°C for 60 min on a rotating platform
(15 rotations per minute). Beads were separated on a mag-
netic stand and washed five times with 800 w1 of ice cold IP
buffer. DNA was recovered from beads by incubating with
50 wl elution buffer [0.5% SDS, 0.1M NaHCO3, 20mg/ml
Proteinase K] at 56°C for 30 min with mixing (1000 rpm) in
a ThermoMixer (Eppendorf). Samples were separated on a
magnetic stand, transferred to a polymerase chain reaction
(PCR) tube and then NaCl was added to final concentration
of 0.2M followed by overnight reverse crosslinking at 65°C
in a thermocycler. For input preparation, the same amount
of chromatin as in ChIP was used. After adjusting to 200 wl
with TE pH 8.0 buffer containing 20 mg/ml Proteinase K,
input samples were incubated overnight at 65°C in a ther-
mocycler. DNA for ChIP and input samples was cleaned
up with ChIP DNA Purification Kit (Active motif; 58 002)
according to manufacturer’s protocol and DNA concen-
tration was determined with Qubit dsDNA HS Assay Kit
(Life Technologies) while the respective size distribution
was measured with High Sensitivity DNA Analysis Kit on
Bioanalyzer 2100 (Agilent). Antibodies used in ChIP stud-
ies were as follows: non-specific rabbit IgG (I-1000, Vector
Labs), Pol2 (4H8) (Santa cruz; sc-47701), pEGFR (Tyr845)
(Cell signaling; 6963), pMek1/2 (Ser217/221) (Cell signal-
ing; 9121), pErk1/2 (Thr202/Tyr204) (Cell signaling; 4370).

ChIP-seq

ChIPed DNA was subjected to a second round of shear-
ing (10) on Covaris S220 AFA ultrasonicator (Covaris Inc.)
using the following parameters: Peak Incident Power (W):
175, Duty Factor: 10%, Cycles per Burst: 200, Treatment
Time (s): 120. Size distribution was assessed with High Sen-
sitivity DNA Analysis Kit on Bioanalyzer 2100. Sequencing
DNA libraries were prepared from up to 20 ng of DNA us-
ing TruSeq™ ChIP Sample Prep Kit (Illumina Inc.), accord-
ing to a standard protocol with slight modifications. Briefly,
DNA fragments were end repaired into blunt ends and sin-
gle ‘A’ nucleotide was added to the 3’ ends. Adenylated frag-
ments were ligated with Illumina’s indexed adapters and
then amplified during 18-cycles PCR for selective enrich-
ment. Finally, library fragments with insert length of about
120-200 bp were automatically selected using LabChip XT
DNA 750 Assay Kit and LabChip XT DNA sizing system.
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The quality and quantity of all libraries were assessed on
2100 Bioanalyzer using High Sensitivity DNA Kit (Agilent
Technologies) and by qPCR with Kapa Library Quantifica-
tion Kit (KapaBiosystems), respectively.

Samples were sequenced during single 50 bp read run on
Illumina HiSeq 2500 system in High Output mode (using
TruSeq SR Cluster Kit v3-cBot-HS and TruSeq SBS Kit
v3-HS) and Rapid mode (using TruSeq Rapid Duo Sam-
ple Loading Kit, TruSeq Rapid SR Cluster Kit and TruSeq
Rapid SBS Kit). Base calling, demultiplexing and genera-
tion of fastq files was carried on using Illumina RTA and
bcl2fastq software.

Post sequencing ChIP-seq data analyses

Sequences were mapped to the human genome assembly
(hg19) using Bowtie (11). Binding sites were detected with
MACS2 (12). Quality control metrics for ChIP-Seq data in-
cluding non-redundant fraction (NRF) and PCR Bottle-
neck Coefficient were computed with jChIP software (13).

Reads counting in gene regions was performed with HT-
seq (14) using Ensembl gene coordinates (GRCh37, release
75). Number of reads for each antibody and replicate were
normalized to equal 5 x 107. Genes with less than 30 reads
across all samples for a given antibody were discarded.
Genes with more than 4-fold variation between replicates
were also discarded.

ChIP-Seq data visualization

Two types of ChIP-seq data visualizations were used. The
plot centered on transcription start site (TSS) and a plot
depicting an average reads distribution along gene bodies
for genes exhibiting >2-fold binding induction upon EGF
stimulation. The TSS plot was made by taking fixed length
(in bp) around the TSS with genes in the orientation 5" to 3’
open reading frame (Ensembl gene coordinates; GRCh37,
release 75). The signal in the frame of 200 bp from all the
selected genes was used and then averaged. The second plot
was made by normalizing distance from TSS to transcrip-
tion termination site (TTS) for each gene, where the length
of a gene was scaled to fit 2000 bp. The TTS region was
estimated as 1000 bp distance from gene end. Addition-
ally, the margins of 1000 bp were included. Each gene was
then divided into 100 compartments in which the signal was
counted. The profile was then averaged over all the selected
genes and presented on a scale showing distance from TSS
to TTS as 3000 bp length, so that the normalized frame size
was 50 bp. In both visualizations, the plot was smoothed
using Running Median algorithm. Both profiles were gen-
erated using GenomicTools (15) and visualization was per-
formed in R.

Violin plots were generated for normalized gene length
and at the nearest peaks defined with bins spanning range of
200-250 and 2900-2950 bp for TSS and TTS, respectively.
Data are presented using log; scale for Y axis. Values equal
to zero were replaced with minimal, non-zero values to fit
log scale.

Functional analyses

Peaks for Pol2, pPEGFR, pMEK1/2 and pERK /2 were an-
notated with cis-regulatory elements from HelLa-S3 com-
bined genome segmentation based on data from ENCODE
project (16). Peak annotation was conducted by BED-
Tools (17). The occurrences of different cis-regulatory el-
ements within peaks were quantified with R-script. To
verify whether chromatin feature distribution is different
among peaks for studied factors random 622 peaks were
selected from HeLa-S3’s combined genome segmentation.
Distribution/counts of chromatin features in this dataset
(i.e. enhancer, promoter, CTCF binding and transcription
repression) were compared to counts of features in our
ChIP-Seq datasets with chi-square test.

Gene ontology (GO) terms over-representation among
selected genes was assessed with GOstats package (18). Se-
lected genes were those with at least 2-fold binding increase
upon EGF stimulation. P-values were corrected for mul-
tiple hypothesis testing using Benjamini—-Hochberg algo-
rithm (19).

Protein IP followed by liquid chromatography tandem mass
spectrometry (LC-MS/MS) analyses

Hela-S3 cells (1 x 107) were suspended in 1ml of cold IP
buffer containing cocktail of protease and phosphatase in-
hibitors (Thermo; 78441) and subjected to homogenization
at 4°C in a Bioruptor Plus (Diagenode) using a 30 s on-off
cycle for 10 min at low intensity followed by centrifugation
at 12 000 x g for 15 min in 4°C. IP reaction was performed
according to ChIP protocol and proteins were recovered
from beads by incubating them with 50 pl 0.1% Trifluo-
roacetic acid (TFA) for 3 min at room temperature. Samples
were transferred to a fresh Eppendorf tube and immediately
neutralized by adding 1M NH4HCO; solution to a final
0.1M concentration and then were reduced, alkylated and
trypsin-digested as described earlier (9). Liquid chromatog-
raphy tandem mass spectrometry (LC-MS/MS) analysis of
peptides was performed on a LTQ-Orbitrap Elite mass spec-
trometer (Thermo Scientific) coupled with a nanoAcquity
(Waters Corporation) LC system. Acquired MS/MS raw
data files were pre-processed with Mascot Distiller (version
2.5.1, Matrix Science) and searched against the SwissProt
Homo Sapiens database (release 2015.11).

Endosomal proteins knockdown and western blotting

Cells were transfected with Ambion Silencer Select siRINA
(Thermo) specific to dynamin 2 (DNM?2) (DNM2_1 - s4212
and DNM2 2- s4213), TSG101 (s14440), VPS28 (s27579)
and AP2M1 (AP2M1_1 - s3113 and AP2M1_2 - s3114) or
non-complementary (NC, 4390843) siRNA at final concen-
tration of 30 nM using Lipofectamine 3000. Twenty-four
hours after transfection cells were transferred to serum free
medium and 48 h after quiescence were challenged with
EGF (100 ng/ml) and transferrin-Alexa 647 (25 pg/ml,
Thermo), and either fixed for immunofluorescence stain-
ing or harvested at indicated time points. For western blots
cells were lysed then resolved by sodium dodecyl sulphate-
polyacrylamide gel electrophoresis and electrotransferred



to polyvinylidene fluoride (PVDF) membrane. Blotted pro-
teins were assessed by western blot analysis using the fol-
lowing antibodies: pEGFR (Tyr845) (Cell signaling; 6963),
pMekl1/2 (Ser217/221) (Cell signaling; 9121), pErkl/2
(Thr202/Tyr204) (Cell signaling; 4370), DNM2 (BD Bio-
sciences; 610245), TSG101 (Abcam; ab83), VPS28 (Abcam,;
abl10133), AP2M1 (BD Biosciences; 611350), ACTB (Ab-
cam; ab8226).

Immunofluorescence staining

HeLa-S3 cells were seeded on 12-mm coverslips in a 24-
well plate (5 x 10* cells/well). Prior to EGF stimulation,
cells were starved for 48 h in serum-free medium and then
were stimulated with EGF for 20 min (100 ng/ml), rinsed
with PBS and fixed with 3.6% paraformaldehyde in PBS
for 15 min at room temperature. Next, cells were permeabi-
lized with 0.1% Triton X-100 and blocked using 10% FBS
in PBS for 30 min. Cells were further incubated overnight
with primary antibodies against: pEGFR (Tyr845) (Cell
signaling; 6963), pMEK1/2 (Ser217/221) (Cell signaling,
9121), pERK1/2 (Thr202/Tyr204) (Cell signaling, 9101)
and EEA1 (BD Biosciences; 610457). Next day, cells were
incubated with donkey secondary antibodies anti-mouse
conjugated with Alexa Fluor 488 and anti-Rabbit con-
jugated with Alexa Fluor 555 (30 min) in 5% FBS pre-
pared in PBS. Nuclei were visualized by DAPI. Z-stack
images were acquired with Zeiss LSM710 microscope us-
ing 100x/1.40 oil immersion objective and 1024 x 1024
pixel resolution in ZEN 2009 software. At least ten 12-bit
images per experimental condition were captured. Images
were imported into MotionTracking/Kalaimoscope (http:
/lmotiontracking.mpi-cbg.de) to analyze the integral fluo-
rescence and number of vesicles positive for pEGFR (ex-
pressed in arbitrary units, AU) (20,21). Maximum intensity
projections of Z-stacks were exported as TIFF and for vi-
sual presentation arranged in Adobe Photoshop CS4 Ex-
tended software with only linear adjustments.

Statistical analysis

Statistical analyses were performed with a two sided #-test
to determine statistical significance between the groups. P-
values are represented in given figures as follows: * P-value
< 0.05; ** P-value < 0.01.

RESULTS

ChIP-Seq analysis of constitutive and EGF-induced genome-
wide binding of EGFR and ERK kinase components reveals
their colocalization with Pol2 complex

As a model we chose HeLLa-S3 since this cell line is the one
of the most extensively studied in the ENCODE project
(22) allowing to correlate genomic distribution of active
EGFR and ERK components with previously established
chromatin features in this cell line. In our previous study we
used an immediate early (IE) gene, EGRI, as a model locus
to study temporal MAPK kinases recruitment in cells stim-
ulated to proliferate with 10% FBS (23). Since proliferation
could be triggered by multiple mitogenic ligands present in
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FBS, we used EGF instead to profile mitogen-induced re-
cruitment of EGFR and ERK kinase components to chro-
matin. The timing of EGR1 mRNA increase after EGF
was similar to FBS response (Figure 1A) and either treat-
ment induced transient phosphorylation of MEK1/2 and
ERK1/2 (Figure 1B and Supplementary Figure S1). It has
been shown that many of the known cellular inducers of
the ERK pathway lead to simultaneous activation of both
ERKI1 and ERK2 (24), however the antibody we used rec-
ognizes both isoforms and we cannot distinguish which of
the isoforms is directly tethered to chromatin. Given the
85% identity in sequence for human ERK1 and ERK2 and
numerous efforts to establish differences between them, it
is thought that the functions of the two isoforms are sim-
ilar (25), presumably also in the vicinity of chromatin. IP
reaction followed by a mass spectrometry (MS) analyses
further confirmed the specificity of the anti-phospho an-
tibodies and their ability to pull down the studied factors
(Supplementary Table S2). Interestingly, the IP-MS anal-
ysis revealed that Pol2 and EGFR co-immunoprecipitated
in whole cellular extracts (Supplementary Table S2). Pol2,
pEGFR, pMEK1/2 and pERK1/2 binding to EGRI and
FOS, another IE gene, showed their highest recruitment
at the first exon following 20 min of EGF treatment (Fig-
ure 1C). For all factors patterns of recruitment at FGR/
and FOS in response to EGF was similar to FBS treat-
ment. As expected, these factors were not found at the
repressed B-globin (HBB) promoter but were abundantly
present at the constitutively highly active glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) promoter (Figure 1C).
As 20 min time point revealed highest binding of Pol2 and
active EGFR and ERK components at EGRI (Figure 1C)
this time point was chosen to compare their genome wide
distribution to that found in untreated cells.

ChIP-Seq experiments were done in biological duplicates.
On an average 65 million reads for each factor were mapped
to human genome and all libraries for specific antibod-
ies met ENCODE’s quality control metrics for ChIP-Seq
experiment including NRF and PCR Bottleneck Coeffi-
cient (26) (Supplementary Table S3). Inspection of reads
in IGV genome browser revealed, as expected, inducible
binding of Pol2 and MAPK cascade components to known
IE genes including EGRI and FOS, but no visible in-
duction at GAPDH gene and no binding at the HBB lo-
cus. There were also noticeable similarities in Pol2 bind-
ing to the above loci between our inducible dataset and
Pol2 tracks generated in growing HeLa-S3 cell line in EN-
CODE project (Figure 2). To further confirm binding speci-
ficity in our ChIP-Seq dataset, we evaluated recruitment of
these factors to the PHLDA2, SOCS3, TGM?2 and DNAJBI
loci that in ChIP-Seq exhibited small-to-moderate level of
EGF-induced binding of Pol2, pEGFR, pMEK1/2 and
pERK1/2 (Supplementary Figure S2 A). ChIP-qPCR con-
firmed inducible binding of all factors to selected loci with
a peak of recruitment at 20 min upon the EGF challenge
(Supplementary Figure S2 B).

Using MACS we identified 234, 251, 107 and 751 high
confidence (FDR < 0.05) differentially occupied peaks for
Pol2, pEGFR, pMEK1/2 and pERK1/2, respectively, af-
ter treatment with EGF (Supplementary Table S4). These
peaks were then aligned with known HeLa-S3 regulatory


http://motiontracking.mpi-cbg.de

10154 Nucleic Acids Research, 2016, Vol. 44, No. 21

>

. EGR1 mRNA EGE FBS
ko [min] 0 20 60 180 0 20 60 180
N C 3 T - B e - e
© O PERK1/2| v e - — . e
c 5 pMEK1/2 il B -
c X 14
)
= 0 -
0 15 30 45 90 180 [min]
BEGF mFBS
C 2kb 2kb 1kb 2kb
— B e — —
e)ﬁ)m ex2n1-|ntron1 prorﬂoter pror_noter
CHEHHH R [N IEIRTESTEE = P
EGR1 FOS HBB GAPDH
8.0 25.0 8.0 25.0
_ 60 20.0 - 6.0 20.0
=4 15.0 1 15.0
N 240 4.0
B 10.0 - 10.0
© 20 2.0
2 5.0 - 5.0
0.0 0.0 - 0.0 0.0
0 5 15203060 0 515203060 0 5 15203060 0 5 15203060 [min]
2.5 - 12.0 - 2.5 - 6.0 -
- 20 1 10.0 - 2.0 - 5.0 1
=
E g_ 15 4 8.0 - 15 - 4.0 4
8 = 6.0 - 3.0 -
a o 107 40 1.0 1 2.0 -
S 05 | 2.0 - 0.5 4 1.0 -
0.0 - 0.0 - 00 M B Bl - (|
0 5 15203060 0 5 15203060 0 5 15203060 0 5 15203060 [min]
1.5 1 8.0 - 1.5 1 2.5 4
= 2.0 4
o 5 6.0 -
% 1o 101 15
s = 4.0 4 10 4
S . 0.5 A 0.5 -
° 201 05 -
0.0 - 0.0 A 0.0 M-E-dill = (g
0 5 15203060 0 5 15203060 0 5 15203060 0 5 15203060 [min]
5.0 25.0 1 5.0 10.0 -
N 540 20.0 4 4.0 8.0
N o
é < 30 15.0 A 3.0 6.0 1
W s 20 10.0 - 2.0 4.0 -
S
1.0 5.0 - 1.0 2.0 -
0.0 0.0 - 0.0 0.0 -
0 5 15203060 0 5 15203060 0 5 15203060 0 5 1520 30 60[min]
BEGF EFBS mligG

Figure 1. EGF and FBS-induced EGR1 expression and co-recruitment of Pol2 with active kinases to EGR1, FOS, HBB and GAPDH /oci. (A) HeLa
S3 cells were treated with EGF (100 ng/ml) or 10% FBS and harvested at indicated time point then RNA extracted with Trizol followed by RT-qPCR
measurements. EGR1 expression was normalized to RPLPO mRNA (n = 3;+SD). (B) Cells were treated as in A and collected at indicated time point. A
total of 5 wg of whole cell extract was resolved by sodium dodecyl sulphate-polyacrylamide gel electrophoresis and electrotransferred to PVDF membranes.
Western blot analysis was performed using anti-pMEK1/2, anti-pERK1/2 and anti-B-Actin antibodies. (C) HeLa S3 cells were challenged with either EGF
(100 ng/ml) or 10% FBS and fixed with 1% formaldehyde at indicated time point. Chromatin was isolated and used in ChIP assays with unspecific IgG,
anti-Pol2, anti-pEGFR, anti-pMEK1/2 and anti-pERK /2 antibody. Isolated DNA was used as the template in qPCR analyses with primers designed
to amplify exonl of EGRI, exonl-intronl junction of FOS gene and promoters of the B-globin (HBB), and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). Data are expressed as a percentage of input chromatin (n = 3;+SD).
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Figure 2. ChIP-seq analysis of Pol2, EGFR and ERK kinases recruitment at selected loci in quiescent and EGF stimulated cells. BigWig input and ChIP-
seq files for a given factor and condition were imported to IGV and data range was set for 100 to underscore differences between factors level at given
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elements (Figure 3A), described in ENCODE as genome
segmentations (16), revealing a preferential Pol2 and ERK
kinases co-localization with promoter regions and less fre-
quent interactions with enhancers, insulators and hete-
rochromatin regions (Figure 3B). Differences in regulatory
elements counts in comparison with a random HeLa-S3
regulatory elements dataset were statistically significant for
all studied factors (maximum P = 2.2 x 10~'%; chi-square
statistic). Therefore, not unexpectedly, Pol2 and active ki-
nases were found predominantly at regions of active chro-
matin in EGF stimulated cells.

Next, using the HTSeq we estimated differential bind-
ing of studied factors to gene regions. Under the >2-fold
EGF induction threshold we found 127, 96, 69 and 140
genes inducibly occupied by Pol2, pEGFR, pMEK1/2 and
pERK1/2, respectively (Supplementary Table S5). Like the
known Pol2 binding pattern, EGFR and ERK cascade ki-
nases co-localized at TSS (Figure 4A) with a characteris-
tic bimodal distribution suggestive of divergent transcrip-
tion at promoters of activated genes (27,28). Further, pro-
files of MAPK pathway components were significantly cor-
related with EGF stimulated Pol2 binding at TSS with Pear-
son correlation coefficient of 0.889, 0.804 and 0.757 for
pEGFR, pMEK1/2 and pERK1/2, respectively (Supple-
mentary Figure S3). Average kinase binding profiles along

gene bodies as well as at TTS also resembled Pol2 tran-
scriptional complex distribution (Figure 4B). Specifically,
levels of a given factor found at TTS/TSS expressed as
ratio reached 1.44, 1.86, 2.02 and 1.35 for Pol2, pEGFR,
pPMEK1/2 and pERK1/2, respectively (Figure 4C). Pil-
ing up of Pol2 at the TTS is a well-known phenomenon
thought to reflect pausing of terminal transcriptional com-
plex and its disengaging from DNA template (29). Pol2-like
binding pattern and relatively higher kinases levels at TTSs
suggest EGFR-ERK cascade involvement in EGF-induced
processes at 3’ ends of target loci.

Gene ontology (GO) analysis of loci occupied by EGFR and
ERK pathway components identifies cytoskeleton associated
genes as targets

We calculated GO enrichment as way to gain further insight
into the biological role of EGFR and ERK cascade compo-
nents inducibly bound to chromatin encompassing target
genes (>2-fold increase by EGF). This approach identified
38 GO terms with adj. P-value < 0.05 for any factor studied
(Supplementary Table S6). We then narrowed down the list
to terms that were enriched for at least two factors yield-
ing 14 GO terms (Table 1). The top three out of four GO
terms were enriched for all four factors, and were related to
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DNA binding activities of transcriptional factors. These re-
sults are in agreement with EGF induced transcriptional ac-
tivation of IE genes that encode a functionally related class
of TFs (30,31). Unexpectedly, another class of enriched GO
terms included ‘actin binding’ genes annotated as interact-
ing with monomeric or multimeric forms of actin (32). Tra-
ditionally these genes have been regarded as constitutively
active and have been frequently used as control housekeep-
ing genes (33). Examination of individual ChIP-Seq pro-
files uncovered inducible binding of all factors to B-actin
(ACTB) and vy-actin (ACTG]I) loci (Figure 5A).

To validate the recruitment of MAPK pathway con-
stituents to ACTB and ACTGI genes, independent ChIP
analyses were performed with chromatin from cells chal-
lenged with EGF for 10, 20, 45 and 60 min (Figure 5B).
These independent measurements showed that active ki-
nases and Pol2 were inducibly recruited to first exons of
ACTB and ACTGI genes, whereas no induction in binding
was observed at HBB and GAPDH promoter regions used
as negative controls. Notably, while temporal initiation of
Pol2 and kinases binding to ACTB and ACTG1 was similar,
the pattern at ACTG1 was transient but sustained at ACTB
(Figure 5B). Different duration of binding in EGF-treated
cells at ACTB versus ACTGI suggested differences in pre-
cursor (pre)-mRNA processing. Therefore, next we mea-
sured mRNA and pre-mRNA abundances for these genes
in a course of EGF stimulation using RT-qPCR. Mature
ACTB and ACTG1 mRNAs increased significantly at 180
min and remained increased up to 360 min (Figure 5C).
The pre-mRNA levels of ACTB and ACTG1 reached their
highest levels at 45 min. In contrast to ACTGI, the level
of ACTB pre-mRNA did not decline to basal level and re-
mained relatively stable from 3 to 6 h with an average FC of
1.7 when compared to quiescent cells. These observations
suggest that stable presence of Pol2 and MAPK compo-
nents at ACTB gene might, in part, reflect differences in pre-
mRNA processing mechanisms and factors along these loci
in response to EGF treatment (Figure 5A).

Active EGFR, MEK1/2 and ERK1/2 co-localize on endo-
somes and their recruitment to EGR1 locus depends on the
endocytic protein, AP2M1

Endosomes appear to play a role in intracellular trafficking
of signal transducers (34). The remarkable temporal and
spatial similarity of EGFR and ERK kinase components
recruitment to target genes suggests that delivery of these
proteins is highly coordinated perhaps as a pre-formed sig-
naling complex. Ligand binding triggers internalization of
EGFR into endosomes which is a pre-requisite for the nu-
clear translocation of a fraction of the receptor (6). Using
immunofluorescence staining, we confirmed that EGF in-
duces activation of EGFR, visualized by its phosphoryla-
tion on Tyr845 with the same antibody as used in ChIP as-
say (Figure 6). Twenty minutes following EGF treatment,
most of the pEGFR signal overlapped with a marker of en-
dosomes, EEA1 protein (35). Importantly, at the same time
the signals of active MEK 1/2 and ERK 1/2 were also clearly
present in endosomes, in addition to the expected strong cy-
tosolic staining (Figure 6). We next wished to determine if
altering internalization and/or endosomal trafficking could
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influence the EGF-induced recruitment of EGFR and ERK
kinases to chromatin. To this end, we used siRNA to tran-
siently deplete endocytic proteins. To impair internaliza-
tion, we knocked down a canonical endocytic clathrin adap-
tor AP2M1 (36) (Supplementary Figure S4) which, as ex-
pected, decreased the number as well as the intensity of the
pEGFR containing endosomes (Supplementary Figure S5).
We attempted to knock down dynamin 2 (DNM?2), another
mediator of clathrin-dependent endocytosis of EGFR (37).
However, we only achieved a partial depletion of DNM2
protein in HeLa cells (Supplementary Figure S4) which was
not sufficient to impair internalization of EGFR (data not
shown), thus no changes in a transcriptional response to
EGF were expected. To perturb endosomal trafficking, we
knocked down two components of the ESCRT-I complex,
TSG101 and VPS28 which mediate endosomal sorting of
EGFR toward lysosomes (38) (Supplementary Figure S4).
We then measured EGR1 transcript level as an indicator
of the EGF-induced transcriptional program. Among these
three endosomal factors only AP2M1 depletion resulted in
a significant inhibition of EGR1 transcript expression (Fig-
ure 7A). ChIP analysis at EGRI gene revealed significant
inhibition of EGF-stimulated Pol2 and active EGFR and
ERK kinases recruitment upon of AP2M1 depletion (Fig-
ure 7B).

These data argue that EGFR-ERK canonical plasma
membrane signaling module persists intracellularly, partly
on endosomes. If the endosomal pool of this module is di-
minished by impaired internalization of EGFR this can im-
pact transcription and gene expression. Interestingly, affect-
ing later stages of endosomal trafficking to lysosomes, such
as ESCRT-dependent sorting of EGFR toward degrada-
tion, has no consequences for transcriptional regulation, as
shown before (31). In general, endocytic internalization and
localization of EGFR and ERK kinase module to endo-
somes appear to favor a coordinated delivery of this com-
plex to the nucleus, where it is then synchronously tethered
to target genes.

DISCUSSION

Our genome-wide analysis revealed that MAPK path-
way constituents including EGFR, MEK1/2 and ERK1/2
are coordinately tethered to clusters of functionally re-
lated genomic loci upon EGF mitogen stimulation with a
spatiotemporal binding pattern resembling Pol2. Alterna-
tion of endosomes formation through AP2M1 depletion
in EGF-stimulated cells suggest that these vesicles are in
part a repository for organizing nuclear delivery of EGF-
responsive signal transducers facilitating their synchronous
recruitment to target gene clusters.

Nuclear and chromatin co-localization of EGFR/ERK ki-
nases

Ligand-induced RTKSs nuclear localization and recruitment
to chromatin, previously unappreciated, is now well recog-
nized non-canonical phenomenon involving EGFR, IGF-1
and insulin (IR) receptors (39-41). Importantly, RTKs con-
tain nuclear localization signals that facilitate their nuclear
import (42-44).
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Figure 5. EGF-inducible EGFR and ERK pathway components binding at ACTB and ACTGI loci. (A) ChIP-seq overview of active kinases and Pol2
binding to ACTB and ACTGI genes depicted in IGV genome browser. Pol2 ENCODE ChIP-Seq data for HeLa-S3 growing cells (ID: wgEncodeBroad-
HistoneHelas3Pol2bStdSig) were included to show similarities in transcriptional complex binding between datasets. A vertical dotted line marks TSS. (B)
Time-course ChIP-qPCR measurements confirm EGFR and ERK pathway components binding to ACTB and ACTG! following EGF treatment. ChIP
analysis of sheared chromatin from a time course of EGF-treated (100 ng/ml EGF for 0, 10, 20, 45 and 60 min) HeLa-S3 cells was done using Matrix-ChIP
method in 96-well polypropylene plates as described (8). qPCR was performed using primers (Supplementary Table S1) spanning an area depicted in a
cartoon above each gene. ChIP data are expressed as DNA recovered as the percentage (%) of input DNA (n = 3; mean £SD). Statistical analysis of
differences between mean DNA recovery for a given factor in quiescent cells and EGF time points was performed using 7-tests. A P-value of < 0.05 (*) was
considered significant, **; P-value < 0.01. (C) Time-course RT-qPCR analyses of ACTB and ACTG] mRNA and pre-mRNA during EGF time course.
Cells were harvested at indicated time point, RNA extracted with Trizol, DNAze treated and submitted to RT-qPCR measurements. RNA expression was
normalized to RPLPO mRNA and presented as fold change of expression measured in quiescent cells (7 = 3; mean £SD). Statistical analysis of differences
between mean cDNA levels for quiescent cells and given EGF time point was performed using z-tests. A P-value of < 0.05 (¥) was considered significant,
**; P-value < 0.01. Gene cartoon depicts localization of primers amplifying either mature (RT, spanning exon-exon) or unspliced (pre-mRNA, spanning
exon-intron) form of transcript.

Table 1. Gene ontology (GO) analysis of loci occupied by EGFR and ERK pathway components

GO ID Term Pol2 pEGFR pMekl1/2 pERK1/2
GO0:0043565 sequence-specific DNA binding 0.0033 0.0006 0.0203 0.0126
GO0:0003690 double-stranded DNA binding 0.0271 0.0409 0.0203 0.0445
GO0:0017017 MAP kinase tyrosine/serine/threonine phosphatase activity 0.0271 0.0114 0.0131 0.0445
GO:0000979 RNA polymerase II core promoter sequence-specific DNA binding 0.0271 0.0108 0.0390 0.0445
GO:0003700 sequence-specific DNA binding transcription factor activity 0.0157 0.0013 0.0712 0.0375
GO0:0070412 R-SMAD binding 0.0853 0.0409 0.0203 0.0573
GO0:0001067 regulatory region nucleic acid binding 0.0229 0.0042 0.0592 0.0445
GO0:0003707 steroid hormone receptor activity 0.0466 0.0151 0.2169 0.0445
GO0:0044212 transcription regulatory region DNA binding 0.0271 0.0162 0.5346 0.0445
GO0:0044822 poly(A) RNA binding 0.0271 0.0524 0.3662 0.0082
GO0:0003779 actin binding 0.0197 0.0524 0.2613 0.0375
GO0:0005316 high-affinity inorganic phosphate:sodium symporter activity 0.0817 0.0409 0.0340 0.0445
GO0:0004586 ornithine decarboxylase activity 0.0817 0.0409 NA 0.0445
GO0:0030377 urokinase plasminogen activator receptor activity 0.0817 0.0409 NA 0.0445

Adjusted P-values < 0.05 are highlighted. NA: not available
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Figure 6. EGF-activated EGFR, MEK1/2 and ERK1/2 co-localize in endosomes. HeLa-S3 cells were maintained 48 h in serum-free medium and then
stimulated for 20 min with EGF (100 ng/ml). Cells were fixed with paraformaldehyde and subjected to immunofluorescence staining. Endosomes were
stained with EEA1 and nuclei are DAPI-labeled. Scale bar, 10 pm.
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Endocytosis plays an essential role in the transport of
RTKSs from the cell surface to the nucleus (45-47). Although
endocytosis typically leads to termination of signaling and
degradation of RTKs in lysosomes, in some cases active sig-
naling from endosomes continues after RTK internaliza-
tion (48). Spatiotemporal distribution of activated EGFR
within cell, mediated by endosomal transport, appears to be
important for EGF-induced MAPK signaling (49). Thus,
endosomes may serve as an accurate and controllable mod-
ule directing traffic of signaling complexes into various in-
tracellular locations, including the vicinity of nuclear pores
and further into the nucleus (50). Our data are consistent
with the notion that endocytic internalization may con-
tribute to a transcriptional response to EGF, as endosomes
maintain activated EGFR and its associated downstream
kinases prior to nuclear import (Figures 6 and 7 and Supple-
mentary Figure S5). Here, EGFR nuclear localization sig-
nal (42) could serve as a zip code directing, when needed,
pre-assembled signaling kinase modules to the nucleus. En-
dosome pre-assembled signaling complexes would provide
a repository to coordinately induce expression of function-
ally related gene subsets.

Once in the nucleus, how are components of
EGFR/ERK kinase signaling module recruited to
target genes? Recent gene-specific and genome-wide studies
of ERKs (51), INKs (52) and other kinases (53,54) have
revealed that binding of these proteins to transcribed genes
was either directed by a recognition of DNA motifs (53),
guided by the presence of specific substrate at promoter
(52), directly mediated by Pol2 complex (54) or perhaps
in some instances combination of these modes. Consistent
with these observations our study showed that most of
the Chip-Seq peaks were enriched with kinases upon
EGF stimulation within promoter regions of actively tran-
scribed genes and enhancers (Figure 3). Similar inducible
genome-wide effect was observed for CK2a, the catalytic
subunit of CK2, where kinase was found at promoters,
Pol2-transcribed coding genes and active enhancers in
testosterone-treated LNCaP prostate line (54). In sum,
published work and the current study indicate that genomic
kinase co-localization is largely linked to presence of Pol2
and its transcriptional machinery (51,53-55).

Role of chromatin-bound EGFR/ERK Kkinases in Pol2 tran-
scription

Here, for the first time we show that genome-wide binding
of active EGFR matches Pol2 profile. Chromatin-associated
RTKs exhibit transcriptional, co-activator and kinase ac-
tivities (56,57). Compartmentalization of kinase signals, al-
lows spatiotemporal control of substrates activities at spe-
cific sites. We speculate that at intracellular sites, includ-
ing chromatin, RTKSs’ role is to coordinate phosphorylation
events of their cognate downstream transducers to achieve
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spatiotemporal specificity (58). For example, compartmen-
talization of RTKs and downstream kinases allows spa-
tiotemporal control of substrates at target loci ensuring Pol2
productive mRNA synthesis (41).

From yeast to mammals MAPK pathway components
are recruited to chromatin where they directly target
multiple targets including Pol2 machinery (51,55,59-63).
Pol2 phosphorylation within the carboxy terminal domain
(CTD), composed of up to 52 heptapeptide repeats (YSPT-
SPS), regulates transcriptional complex processivity, inter-
actions with auxiliary proteins and transcription associated
processes (64). For example, ERK1/2 phosphorylates CTD
of Pol2 at serine 5, modification that takes place near TSS
(65). MAPK pathway activates the positive elongation fac-
tor, P-TEFD, at IE genes upon mitogen stimulation. MEK
inhibition by the inhibitor U0126 blocked association of the
two components of P-TEFDb, cyclin T1 and Cdk9 and de-
creased phosphorylation of serine 2 of the Pol2 CTD (66).
These examples support the notion that the Pol2-like pat-
tern of MAPK binding at TSS and in gene bodies (Figure
4) reflect their activity toward Pol2 CTD and Pol2 associ-
ated proteins.

Accumulation of active MAPK constituents at TTSs
(Figure 4B and C) suggests their involvement in 3’ end
related events at EGF regulated genes including mRNA
maturation and/or Pol2 recycling. Eukaryotic pre-mRNAs
are processed to their mature forms by a series of coor-
dinated co-transcriptional events including capping, splic-
ing, cleavage and poly(A) addition (67). Importantly, ~70%
of human pre-mRNAs contain more than one functional
polyadenylation signal that allows qualitative as well as
quantitative 3’ end adjustments by tuning the type as well as
amount of poly(A) mRNA, and ultimately protein synthesis
(68-70). For example, serum stimulation of quiescent cells
increased ERK mediated phosphorylation and polyadeny-
lation activity of poly(A) polymerase, an enzyme responsi-
ble for the synthesis of the poly(A) tails. (71). Thus, our ob-
servation that MAPK components accumulate near TTSs
suggest their direct involvement in linking external stim-
uli to 3’ end transcriptional regulation and gene expression.
EGFR and ERK kinases have many nuclear partners and
targets and thus their role extends beyond direct control of
Pol2 activity.

Subsets of genes directly targeted by EGFR/ERK kinases

Analysis of loci genes co-occupied by EGFR/ERK kinases
in response to EGF clustered by the means of GO, identified
genes encoding TFs involved in mitogenic responses and
MAPK phosphatases (Table 1 and Supplementary Table
S6) represented by dual-specificity phosphatases (DUSPs).
These findings are in line with previous transcriptomic gene
expression analyses after EGF challenge in HeLa cells (30).
Induction of DUSPs that inactivate ERKs may be part of

switched to serum free medium, and 48 h after quiescence, cells were treated with EGF (100 ng/ml) for 0, 45 and 180 min. Cells were harvested at indicated
time point then RNA extracted with Trizol followed by RT-qPCR measurements. EGR1 and AP2M1 expression was normalized to RPLPO mRNA (n =
3; £SD). (B) Cells were prepared as in A and challenged with EGF (100 ng/ml) for 0, 5, 20 and 60 min then fixed, chromatin isolated and sheared. Matrix
ChIP assay was done using antibodies to Pol2, pPEGFR, pMEK1/2 and pERK1/2. ChIP data are expressed as DNA recovery in percentage (%) of input
(means + S.D., n = 3). Statistical analysis of differences between mean DNA recovery for control and AP2M 1-depleted chromatin at given time point was
performed using #-tests. ChIP results are shown for PCR product depicted on gene cartoon. A P-value of < 0.05 (*) was considered significant.
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negative feedback loop (72). For example, recruitment of
one of these phosphatases, MKP-1, to insulin-responsive
genes follows IR/ERK kinases binding (41). Analysis of
our dataset also identified genes belonging to GO term
‘actin binding’ including ACTB and ACTGI (Table 1 and
Figure 5A). Llorens et al. (73) utilizing multiple expression
platform, including NGS, also showed their induction after
EGF treatment.

Identification of the above gene subsets as EGFR/ERK
kinases targets is not surprising given their involvement
in mitogenic responses. Thus, the parallel recruitment of
EGFR/ERK kinases to these loci provides means to coor-
dinate their expression ensuring effective initiation of cell
proliferation. Serum response factor (SRF) and its partner
Elk, which are ERK substrates, are known to regulate tran-
scription initiation of some of the genes represented in these
clusters (74,75) a fact that could account for their similar
kinetics of induction (Figures 1 and 5). But once induced
other factors are likely to come into play to regulate the
duration of the enhanced transcription as illustrated by the
differences between ACTB and ACGT1I (Figure 5). Interest-
ingly, it has recently been shown that b-actin can regulate
expression of its own locus and could be one such a factor
(76).

In summary, this study provides new details of how
mitogen-induced coordinated recruitment of EGFR/ERK
kinases to subsets of genes, which appears to involve en-
dosome trafficking, could orchestrate transcriptional events
to ensure effective cell proliferation. As such, it serves
as a groundwork to define specific molecular mechanisms
that mediate their chromatin binding and then drive tran-
scription. Better understanding of the these processes on a
genome-wide scale opens up exciting opportunities to iden-
tify novel targets to improve clinical outcomes of conditions
driven by aberrant mitogenic responses.
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