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Supplemental Figure 1, related to Figure 1. (A) WB analysis of MEK, ERK
and P90RSK phosphorylation levels in WT (G4, left) or RASlox/lox mESC (right)
untreated or treated with OHT or MEKi (PD0325901) for the indicated times.
CDK2 is added as a loading control. Note that RAS deficiency has a more
profound impact than MEK inhibition in reducing the phosphorylation of these
targets. (B) Time spent in mitosis (red) or interphase (white) of individual
untreated or OHT-treated RASlox/lox mESC 7 days after the addition of OHT.
Aynschronously growing cells infected with an H2B-EGFP expression virus
were imaged every 10 minutes for a total of 24 hours. Time in mitosis was
defined as the time between chromosome condensation and cytokinesis. (C)
OCT4 (red) and NANOG (green) immunofluorescence signal in untreated or
OHT-treated RASlox/lox mESC 7 days after the addition of OHT. Scale bar
(white) indicates 5µm. (D) Percentage of Alkaline Phosphatase (AP) positive
mESC colonies classified as differentiated, mixed or undifferentiated based on
the level of AP activity. 500 individual untreated or OHT-treated RASlox/lox mESC
were plated on gelatin-coated plates, fixed and stained for AP activity. At least,
150 individual colonies were scored 7 days after plating. Two independent
experiments were performed using two different mESC lines and analyzed by
triplicate. (E) mRNA levels of pluripotent (Oct4 and Nanog) and differentiation
(Afp, Foxa2 and Msx1) markers in untreated or OHT-treated RASlox/lox mESC
that were induced to differentiate into the mesendoderm lineage with Activin A
and Retinoic Acid (RA), as assessed by real-time PCR. Gapdh levels were used
to normalize gene expression. Two independent experiments were performed
and data is shown as the averaged level of triplicates. Error bars indicate SD.
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Supplemental Figure 2, related to Figure 1. (A) Cumulative growth curves
from cultures of 2 independent wt mESC lines (R1 and G4), as well as from
untreated or OHT-treated RASlox/lox mESC, indicating that the absence of Hand K-Ras in RASlox/lox mESC does not significantly affect their growth. (B)
Diameters of 3-day old EBs derived from 2 independent wt mESC lines (R1 and
G4), as well as from untreated or OHT-treated RASlox/lox mESC. (C) (F) mRNA
levels of pluripotent (Oct4 and Nanog) and differentiation (Foxa2 and Msx1)
markers in wild type mESC and in EBs derived from 2 independent wt mESC
lines (R1 and G4), as well as from untreated or OHT-treated RASlox/lox mESC as
assessed by real-time PCR. Gapdh levels were used to normalize gene
expression. Error bars indicate SD.
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Supplemental Figure 3, related to Figure 2. (A) ERF mRNA expression in
mouse tissues obtained from data available at the BioGPS bioportal (probeset:
1435561_at) (http://ds.biogps.org/?dataset=GSE10246&gene=13875). (B) ERF
mRNA expression obtained from (Boroviak et al. 2015), where the authors
performed transcriptome profiling across various stages of early embryonic
development (MOR: morula; ICM: inner-cell mass; EPI: epiblast; PrE: Primitive
Endoderm).
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Supplemental Figure 4, related to Figure 2. (A,B) Pie charts illustrating the
percentage of nuclear (green) or cytoplasmic (blue) ERF, as quantified by HighThroughput Microscopy (HTM), that is found in wt mESC (R1 and G4) treated
with 2i for 2 hrs (A) or in RASlox/lox mESC untreated or treated with OHT (96
hrs). An ERF-deficient (ErfKO) mESC line was used as an antibody control for
these experiments. The experiments were performed three times and a
representative one is shown. (C) Representative bright-field images from
cultures to untreated or OHT-treated RASlox/lox mESC infected with lentiviruses
expressing Cas9 and sgRNAs against ERF (sgErf_1 and sgErf_2) or a control
sgRNA, 7 days after the addition of OHT. Scale bar (black) indicates 20 µm.
This experiment was performed 5 times and a representative example is shown.
(D) Quantification of the time spent in mitosis or interphase of individual
untreated or OHT-treated ErfKO/RASlox/lox mESC 7 days after the addition of
OHT. Aynschronously growing H2B-EGFP transfected cells were imaged every
10 minutes for a total of 24 hours. Time in mitosis was defined as the time
between chromosome condensation and cytokinesis. The graphs indicate the
percentage of cells that during the course of the 24 hr video underwent mitosis
(grey), died (blue), or failed to enter mitosis (red). Note the increase in cells that
fail to enter mitosis in the absence of all RAS genes, which is rescued by ERF
loss. (E) Quantification of EB diameters from the experiment described in Fig.
2D. Data from two independent experiments using a different Erf targeting
sgRNA are shown. At least, a total of 30 EBs was scored for each condition.
a.u.: arbitrary units. n.s.: non significant; *** p<0.001. (F) Immunofluorescence
of NESTIN (green) and NANOG (red) in 11-day old EBs derived from untreated
or OHT-treated RASlox/lox mES cells infected with lentiviruses expressing Cas9
and sgRNAs against Erf or a control sgRNA and that were subsequently plated
on gelatin to induce spontaneous differentiation (as shown in Figure 2E). DAPI
was used to stain DNA. Scale bar (white) indicates 50 µm.
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Supplemental Figure 5, related to Figure 3. (A) Teratoma tumor volumes
quantified from the experiment shown in Figure 4C. Note that only one teratoma
could be obtained from OHT-treated and Erf+/+ RASlox/lox mESC, which was a
quimera of RAS proficient and deficient cells (see Figure 4E). (B)
Immunohistochemistry of panRAS, OCT4 and NESTIN expression in a
teratoma obtained from OHT-treated RASlox/lox mESC that had been infected
with a Erf-targeting sgRNA. An example region lacking panRAS staining that
had lost OCT4 expression and to expressed NESTIN is shown (zoomed-in
square). (C) Representative images from a Hematoxylin/Eosin staining of the
teratomas of the indicated genotypes, illustrating the presence of areas with
differentiation towards ectoderm, mesoderm and endoderm in each case. Scale
bar (black) indicates 100 µm.
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Supplemental Figure 6, related to Figure 4. (A) Western blot analysis
showing the expression levels of ERF in the immunoprecipitated bound regions.
A total of 0.3% of the sample was used for the Input and flow-through (Flow)
extracts. (B) Genomic Regions Enrichment of Annotations Tool (GREAT) for
Gene Ontology Biological Process corresponding to the closest genes
associated to the 1954 ERF-bound enhancers in RASless mESC. (C) Motif
analysis of ERF-bound regions in RASless mESC using MEME. The top
sequence motifs are shown together with the corresponding p-value and the
putative transcription factors (TFs) that bind to these sequences. (D) Graph
illustrating the fold change (FC) in expression between ERF-knockout and wild
type mESC for genes that are: (1) downregulated in RASless mESC and (2) in
close proximity to ERF-bound enhancer regions. (E) Representative ChIP-Seq
tracks of ERF at the Myc locus in RASless mESC. The Chip-Seq signal from
ERF-deficient mESC is also provided as a specificity control. The X-axis
corresponds to the genomic location and the Y-axis corresponds to normalized
ChIP-Seq signal-density. The ChIP-Seq track of P300 in mESC (GEO
accession number GSM918750) is provided for comparison with a reference
enhancer-associated mark. Known mESC enhancers are shown as blue boxes
in the bottom track. (F) Myc mRNA levels in untreated or OHT-treated wild type
(Erf+/+) and ERF-deficient (ErfKO) RASlox/lox mESC as assessed by qRT-PCR.
Myc levels were normalized to Gapdh expression. (G) Representative ChIP-Seq
tracks of ERF at the Jarid2 locus in RASless mESC. The Chip-Seq signal from
ERF-deficient mESC is also provided as a specificity control. The X-axis
corresponds to the genomic location and the Y-axis corresponds to normalized
ChIP-Seq signal-density. The ChIP-Seq track of P300 in mESC (Heintzman et
al. 2007) is provided for comparison with a reference enhancer-associated
mark. Known mESC enhancers are shown as blue boxes in the bottom track.
(H) Jarid2 mRNA levels in untreated or OHT-treated wild type (Erf+/+) and ERFdeficient (ErfKO) RASlox/lox mESC as assessed by qRT-PCR. Jarid2 levels were
normalized to Gapdh expression. (I) Graph illustrating the fold change (FC) in
expression between ERF-knockout and wild type mESC for genes that are: (1)
upregulated in RASless mESC and (2) in close proximity to ERF-bound enhancer
regions.
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SUPPLEMENTARY METHODS
Western blot
Cell pellets were lysed in 50mM Tris pH 7.9, 8M Urea and 1%Chaps and
incubated with shaking at 4ºC for at least 30 minutes. 20 μg of supernatants
were run and transferred for detection by using the corresponding antibodies.
See Supplementary Table S7 for a list of the antibodies used in this work.

Chromatin immunoprecipitation
mESC from ERF-knockout, untreated and OHT-treated RASlox/lox cells were
fixed in DMEM containing 10 mM Hepes, pH 7.6, 1% formaldehyde, 15 mM
NaCl, 0.15 mM EDTA and 0.075 mM EGTA, for 10 min at room temperature.
The reaction was quenched with 0.125 M glycine for 5 min. After washing with
PBS, cells were collected and the pellet lysed in 50 mM Hepes, 140 mM NaCl,
1 mM EDTA, 10% glycerol, 0.5% Igepal CA630, and 0.25% Triton X-100. After
centrifugation, isolated nuclei were washed once in 10 mM Tris pH 8.0, 200 mM
NaCl, 1 mM EDTA and 0.5 mM EGTA, then resuspended in 10 mM Tris pH 8.0,
1 mM EDTA, 0.5 mM EGTA and 0.5% N-Lauryl Sarcosine, and sonicated using
a Covaris S2 sonicator to an average chromatin size of 200 bp. Chromatin was
diluted with two volumes of 30 mM Tris pH 8.0, 1.5 mM EDTA, 150 mM NaCl
and 0.66% NP-40 and pre-cleared by adding ERF antibody and incubated at
4°C over-night. Protein G Dynabeads (Invitrogen) were blocked with BSA, and
50 μl of beads added to each condition. Following one hour of incubation at
4°C, beads were washed two times 20 mM Tris pH 8, 1 mM EDTA, 0.2% NLauryl Sarcosine, 1% NP-40, and 0.5 M LiCl. After a final wash with 10 mM Tris
pH 8.0, 1 mM EDTA and 50 mM NaCl, beads were resuspended in 20nM Tris
pH8, 1mM EDTA, 50nM NaCl and 0.05% NP40 and washed five times.
Crosslink reversal was performed in 100 mM sodium bicarbonate, 200 mM
NaCl, and 1% SDS. A total of 40 μg of RNAse was added to each sample and
the chromatin incubated for 1h at 37ºC. Then, 1 μg of proteinase K was added
to each sample, incubated for 2h at 55ºC and the cross-linking reversed at 65°C
for 16 hr. 10% of the input was treated in parallel. Finally, DNA was extracted by
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using a PCR-fragment purification kit (Qiagen).

Library construction
Fragmented DNA samples were converted into sequencing libraries with
"NEBNext Ultra II DNA Library Prep Kit for Illumina" (New England BioLabs).
Adapter-ligated libraries were completed by limited-cycle PCR and extracted
with a double-sided SPRI size selection. Libraries were sequenced on an
Illumina HiSeq2000 instrument by following manufacturer's protocols.

ChIP-Seq
ERF ChIP samples from ERF-knockout, OHT-untreated Raslox/lox mESC and a
pool of all the input DNAs were used as controls. Sequenced reads from ChIPseq experiments were mapped to the NCBI37/mm9 mouse genome assembly
with Bowtie (Langmead et al. 2009). Peak-calling was performed with MACS2
(Model-based Analysis of ChIP-Seq 2) (Zhang et al. 2008). Fragment length
estimated on the WT-OHT sample with “macs2 predictd” module was used for
“macs2 callpeak” enrichment analyses. Normalized genome-wide read densities
were converted with bedGraphToBigWig and visualized on the UCSC genome
browser (http://genome.ucsc.edu). Gene Ontology analyses were performed
with GREAT (McLean et al. 2010) and to identify the genes associated to ERFbound genomic regions we used the default association rule of the GREAT
pipeline (Basal+extension: 5000 bp upstream, 1000 bp downstream, 1000000
bp max extension, curated regulatory domains included). Annotation was
complemented

with

the

Nearest

Downstream

Gene

subroutine

from

PeakAnalyzer (Salmon-Divon et al. 2010), PeakAnnotator, which was used to
calculate the distribution of ERF peaks to the closest transcription start site
(TSS). The AnnotatePeaks.pl script from the HOMER package (Heinz et al.
2010) was used to analyse ERF peaks overlapping genomic features. Heatmap
representations were generated using as a reference a previously described
database of all mES cell enhancers (Hnisz et al. 2013) and represented with
seqMINER (Ye et al. 2011). The GEO accession IDs for the mESC enhancer
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data sets are GSM918750 and GSM1003750 for p300 and H3K4me1,
respectively. Finally, IntervalStats (Chikina and Troyanskaya 2012) was used to
calculate the statistical significance of the overlap between the ERF binding
sites found in RASless mESC and the previously reported dataset of mESC
enhancers (Hnisz et al. 2013). This analysis shows that 1324 out of 4297 the
ERF peaks (30,8%) have a P-value lower than 0,001 (***) of overlapping with
mESC enhancer sequences (vs randomly distributed); while 42,2% of the peaks
have a P-value lower than 0,01 (**) and 49,1% a P-value lower than 0,05 (*).
Two independent ChIP-Seq experiments were performed and although results
from one are shown, the overlap between the peaks obtained in both
experiments was over 95%.

Motif analysis
Representative motifs found in the sequences resulting from the ERFassociated peak calling were identified using DREME, which is available as part
of MEME Suite of motif-based sequence analysis tools (http://meme.nbcr.net).
DREME computes the (uncorrected) P value of Fisher's exact test to determine
the significance of the representation of each motif in the positive set compared
with that in the negative set. For each motif, the E-value was calculated with the
corrected P value. Motifs with an E-value of <0.05 were considered significantly
enriched. We then aligned those enriched motifs to sequences in the JASPAR
database using TOMTOM (P value cut-off of 5e-14) (Gupta et al. 2007).

Gene Set Enrichment Analysis
Gene set enrichment analysis of the expression changes associated to ERF
expression levels was carried out using prerranked GSEA (Barbie et al. 2009).

Microarray Analyses
WT and ERF-deficient RASlox/lox mESC (4 independent clones per genotype
from 2 independent RASlox/lox lines) were treated with OHT for 2 days. Total
RNA samples, obtained with Absolutely RNA Microprep Kit (Stratagene), were
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labeled with the "One-Color Microarray-Based Gene Expression Analysis, Low
Input Quick Amp Labeling" kit (Agilent) and hybridized to the Mouse Gene
Expression G3 60K microarray (Agilent design ID 028005). Washed
microarrays were scanned on a G2505C DNA microarray scanner (Agilent) and
their images analyzed by Agilent Feature Extraction Software (ver. 11.5).
Further information is provided at the NCBI GEO under the accession number
GSE99477.

Quantitative RT-PCR
RNA was isolated with Absolutely RNA Microprep Kit (Agilent Technologies)
and reverse transcribed into cDNA using the SuperScript III Reverse
Transcriptase kit for RT–PCR (Invitrogen). Real-time quantitative PCR was
performed with the SYBR-Select Master Mix (Applied Biosystems) on a
QuantStudio 6K machine (Thermo Scientific). GAPDH expression level was
used to normalize values of gene expression. Data are shown as fold change
relative to the sample control and at least two independent experiments in
triplicate were performed for each analysis. Primer sequences are available
upon request.

Flow cytometry analysis
To analyze cell cycle profiles by flow cytometry, 7-day untreated and OHTtreated RASlox/lox mESC were incubated with 20μM EdU for 30 min. Tripsinized
cells were fixed with 4% paraformaldehyde for 10 min and EdU incorporation
was

detected

by

the

Click-iT™

EdU

Alexa

Fluor®

Imaging

kit

(Invitrogen/Molecular Probes). DNA content was visualized with propidium
iodide (PI).

Untreated, OHT-treated or 2i treated RASlox/lox mESC with a

knocked-in mCherry reporter at the Nanog locus (Maza et al. 2015) were
trypsinized and the levels of NANOG expression were analyzed by flow
cytometry.
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Growth curves
mESC were seeded on feeders at a density of 75,000 cells per well in 12-well
plates and counted every 2 or 3 days using a Neubauer camera.

Live cell imaging
To evaluate mitosis entry and duration on mESC cells, exponentially growing
mESC were infected with lentiviruses encoding a histone H2B-EGFP fusion and
seeded on 8 wells μ-Slide (Ibidi, 80826) pre-treated with gelatin 0.1%. The day
after, control and RASlox/lox mESC that had been pretreated for 7 days with OHT
were imaged every 10 minutes for a total of 24 hours in a Leica DMI 6000 B
system.

Mitotic

events

were

scored

by

chromatin

condensation/de-

condensation. At least 40 individual cells were followed per condition
Immunohistochemistry
Tumor samples were fixed with 4% PFA and embedded in paraffin.
Subsequently, 5-µm sections were prepared and stained with H&E or performed
immunohistochemistry analyses by standard procedures to detect the
expression of panRAS, OCT4 or NESTIN (See Supplemental Table S7 for a list
of antibodies).
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