
Cortesi et al., Sci. Adv. 10, eadk5386 (2024)     27 March 2024

S c i e n c e  A d v a n c e s  |  R e s e arc   h  A r t i c l e

1 of 20

C A N C E R

Activation of endogenous retroviruses and induction of 
viral mimicry by MEK1/2 inhibition in pancreatic cancer
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While pancreatic ductal adenocarcinomas (PDACs) are addicted to KRAS-activating mutations, inhibitors of down-
stream KRAS effectors, such as the MEK1/2 kinase inhibitor trametinib, are devoid of therapeutic effects. However, 
the extensive rewiring of regulatory circuits driven by the attenuation of the KRAS pathway may induce vulnera-
bilities of therapeutic relevance. An in-depth molecular analysis of the transcriptional and epigenomic alterations 
occurring in PDAC cells in the initial hours after MEK1/2 inhibition by trametinib unveiled the induction of endog-
enous retroviruses (ERVs) escaping epigenetic silencing, leading to the production of double-stranded RNAs and 
the increased expression of interferon (IFN) genes. We tracked ERV activation to the early induction of the tran-
scription factor ELF3, which extensively bound and activated nonsilenced retroelements and synergized with IRF1 
(interferon regulatory factor 1) in the activation of IFNs and IFN-stimulated genes. Trametinib-induced viral mim-
icry in PDAC may be exploited in the rational design of combination therapies in immuno-oncology.

INTRODUCTION
Pancreatic ductal adenocarcinoma (PDAC) is the most lethal com-
mon solid malignancy, with a median survival time after diagnosis 
of 8 to 12 months and a 5-year survival rate lower than 10% consid-
ering all disease stages (1). As PDAC is predicted to become the sec-
ond leading cause of cancer-related deaths by 2040 (2), there is the 
pressing need to increase our understanding of this cancer to de-
velop rational approaches to therapy.

Although extensive molecular profiling studies carried out dur-
ing the past two decades allowed identifying the genetic and mo-
lecular bases of PDAC (3, 4), they did not translate into measurable 
changes in the overall survival, which has significantly improved 
only for the small fraction of patients who could undergo surgical 
resection (5).

KRAS-activating mutations (KRAS G12D, G12V, and G12R) are 
detected in 94% of PDACs (6, 7), and their role as essential founders 
and drivers in this cancer has been extensively validated (8). The 
early selection of KRAS mutations in PDAC precursor lesions, the 
pancreatic intraepithelial neoplasia (PanINs) (9), is explained by 
their ability to increase cellular fitness via various mechanisms (10), 
notably the rapid inactivation of acinar gene expression in response 
to damage, which prevents acinar enzyme release and the ensuing 
tissue injury, thus eventually preserving organ integrity (11).

Although PDAC is addicted to KRAS (12–14), blocking the con-
stitutively active KRAS–RAF–MEK [mitogen-activated protein ki-
nase (MAPK) kinase]–ERK (extracellular signal–regulated kinase) 

pathway by drugs targeting downstream KRAS effectors, such the 
clinically approved MEK1/2 kinase inhibitor trametinib, is devoid of 
significant effects in patients, and in vitro, it only reduces cell prolif-
eration without causing cell death, in part due to the induction of 
adaptive mechanisms during sustained treatment (15, 16).

While inhibition of KRAS effectors has limited, if any, clinical 
impact in PDAC, disabling the KRAS-ERK axis may expose vulner-
abilities of possible therapeutic relevance. For instance, increased ex-
pression of autophagy genes following KRAS-MEK1/2 inactivation 
suggested the possible synergy between trametinib and autophagy 
inhibitors, which in some cases resulted in clinical effects (13, 17, 18).

With these notions in mind, we set out to molecularly dissect 
how transcriptional regulatory networks driven by constitutively ac-
tive KRAS in PDAC cells are rewired following acute inhibition of 
MEK1/2 by trametinib. The most striking and unexpected finding 
was the identification of a transcriptional circuit rapidly activated 
upon MEK1/2 inhibition that directly caused the strong induction 
of endogenous retroviruses (ERVs) that escaped epigenetic silencing.

ERVs account for 9% of the human genome and include about 
half a million sequences divided into 100 families (19). About 90% 
of ERVs exist as single or “solo” long terminal repeats (LTRs) gener-
ated by recombination of the 5′ and 3′ LTRs of an integrated provi-
rus. Owing to the high density of transcription factor binding sites 
in LTRs (20) and their ability to drive transcription initiation, they 
were extensively coopted as enhancers and promoters controlling 
various transcriptional networks such as those involved in placenta-
tion (21), immune response (22), and oncogenesis (23–25).

Because of such a high regulatory potential, ERVs are subjected 
to stringent control and are extensively repressed. In somatic cells, 
ERV silencing is mainly enforced by DNA methylation and repres-
sive histone marks. In particular, ERVs are repressed by the local 
deposition of H3K9me3 by the methyltransferase SETDB1 (26–29), 
which is recruited upon DNA sequence–specific recognition of 
ERVs by KRAB domain–containing zinc finger proteins (KZFPs) 
(30–32) associated with the KAP1 (TRIM28) corepressor (33, 34).
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Nevertheless, despite actively enforced and efficient silencing, 
ERVs can elude repression. Because most of the binding sites for 
KZFP transcription factors are in internal ERV regions that are lost 
upon recombination of the 5′ and the 3′ LTRs (24), solo LTRs com-
monly escape H3K9me3-mediated repression. Silencing escape can 
also occur in the context of highly regulated developmental transi-
tions, thus allowing ERVs to acquire chromatin profiles characteris-
tic of active enhancers (35) and to contribute to endogenous gene 
regulation (21, 22).

Derepression of ERVs leading to increased expression of ERV-
derived double-stranded RNAs (dsRNAs) from both intact and solo 
ERVs (36, 37) can be induced by treatment with inhibitors of both 
DNA and histone methyltransferases (38–41). In these conditions, 
detection of ERV-derived dsRNAs by cytoplasmic viral sensors is 
interpreted as a sign of viral infection, resulting in a state of viral 
mimicry causing the induction of type I and III interferons (IFNs) 
(38, 39). The therapeutic relevance of viral mimicry for antitumor 
therapy (42, 43) relates to the ability of IFNs to stimulate immune 
responses both by inducing the expression of genes encoding com-
ponents of the antigen presentation machinery and by promoting 
the recruitment of innate and adaptive immune cells to the tumor 
microenvironment (40). In addition, the production of immuno-
genic ERV-derived peptides can determine antitumor adaptive re-
sponses, as shown in renal cancer (44).

Here, we described an unreported effect of trametinib, which in-
volves the induction of ERV expression in PDAC. We found that one 
of the earliest events caused by MEK1/2 inhibition by trametinib in 
all PDAC cell lines tested was the up-regulation of the ETS family 
transcription factor ELF3, which directly bound and activated a 
large number of retroelements escaping H3K9me3-mediated re-
pression. Increased expression of ERV-derived dsRNAs caused a 
robust IFN response that represented one of the strongest compo-
nents of the trametinib-induced transcriptional reprogramming in 
multiple PDAC cell lines. The viral mimicry caused by trametinib in 
PDAC may have practical relevance in the design of combination 
therapies in immuno-oncology, as indicated by the effects of the 
combined treatment with trametinib and an anti-PD1 immune 
checkpoint inhibitor in an immunocompetent PDAC mouse model.

RESULTS
Rapid induction of the IFN response by trametinib
Treatment of PDAC cells with trametinib at a concentration corre-
sponding to the Cmax, the maximal concentration that can be reached 
in patients’ blood (https://www.accessdata.fda.gov/drugsatfda_docs/
label/2023/217513s000lbl.pdf), did not affect viability over 3 days 
(fig. S1A), while it caused the sustained down-regulation of ERK1/2 
phosphorylation (fig. S1B).

We generated RNA-sequencing (RNA-seq) datasets in two low-
grade (CAPAN2 and CFPAC1) and two high-grade (MiaPaca2 and 
PANC1) PDAC cell lines that were sampled at multiple time points 
after trametinib treatment. Data clustered by cell line and time, with 
the 12- and 24-hour time points clustering together and separately 
from the 3-hour time point and untreated cells (fig. S1, C to F). 
While only a handful of genes were differentially expressed at 3 hours 
[log2 fold change (log2FC) ≥ 1 and false discovery rate (FDR) ≤ 0.001], 
the response was greatly amplified over time, with hundreds of dif-
ferentially expressed genes (DEGs) (Fig. 1, A and B; fig. S1G; and 
table S1) that included a core set of genes showing shared profiles 

either in cells of the same grade or across all cell lines tested (fig. S1H 
and table S2). Among them, the down-regulation of the ERK phos-
phatase DUSP6 and the ERK-regulated transcription factor ETV5 
was consistent with the efficient MEK1/2 inactivation (Fig.  1C 
and tables S1 and S2). Core up-regulated genes included the tran-
scription factor ELF3 and the chloride intracellular channel CLIC3 
(Fig. 1C and tables S1 and S2).

In addition to the expected down-regulation of ERK-dependent 
gene expression programs, a Gene Set Enrichment Analysis (GSEA) 
(table S3) showed a strong induction across multiple cell lines of two 
main groups of functional signatures related to cholesterol synthesis 
(see below) and to the IFN response (Fig. 1D), which was validated 
by a time-resolved quantitative reverse transcription polymerase 
chain reaction (RT-qPCR) on two IFN-stimulated genes (MX1 and 
RSAD2) (Fig.  1E). The IFN response was significantly induced in 
both low-grade cell lines and high-grade MiaPaca2 cell line, but the 
intensity of the response was of lower magnitude in the latter 
(Fig. 1E), as also indicated by the level of induction of representative 
IFN-stimulated genes in the RNA-seq datasets (Fig. 1F). A more ex-
tensive analysis confirmed the induction of IFN-stimulated genes in 
response to trametinib stimulation in a broad panel of PDAC cell 
lines, with an imperfect trend toward higher responses in low-grade 
than high-grade cells (Fig. 1G).

Requirement for the dsRNA sensing pathway for IFN 
induction by trametinib
Induction of IFN-stimulated genes was associated with the induc-
tion of signal transducer and activator of transcription 1 (STAT1) 
phosphorylation at Tyr701, which occurs in response to Janus kinase 
1 (JAK1)/TYK2 kinase activation upon IFNα/β receptor (IFNAR) 
triggering (Fig. 2A). Consistent with an autocrine and paracrine ac-
tivation of the IFN response, the IFNB1 gene was strongly induced 
in response to trametinib in the low-grade CFPAC1 and CAPAN2 
cell lines (Fig. 2B). Instead, MiaPaca2 cells contain a large deletion 
of the INK4/ARF locus that extends to the type I IFN gene cluster 
(45). However, in these cells, the type III IFN gene IFNL3 was in-
duced in response to trametinib (Fig.  2B), with its comparatively 
lower activation correlating with the mild induction of STAT1 Tyr701 
phosphorylation. Treatment with baricitinib, a JAK family kinase 
inhibitor, abrogated the induction of STAT1 phosphorylation by 
trametinib (Fig.  2C), thus confirming the involvement of the 
IFNAR pathway.

Induction of type I and type III IFN genes occurs in response to 
the detection of abnormal nucleic acids by specific sensors (46). In-
hibition of the single-stranded DNA (ssDNA) sensor cGAS by RU-
521 (47) was devoid of effects on the induction of IFN-stimulated 
genes by trametinib, while it efficiently inhibited IFNB1 induction by 
transfected ssDNA (Fig. 2D). Conversely, inactivation of the MAVS 
gene, which encodes a downstream effector of dsRNA sensors (46), 
abrogated trametinib-induced STAT1 phosphorylation and the as-
sociated induction of STAT1 protein levels (Fig. 2E), as well as induc-
tion of IFNB1 and the IFN-stimulated genes MX1 and RSAD2, 
without instead affecting expression of the IRF1 gene (Fig. 2F).

Trametinib treatment of three different primary human PDAC 
cell lines in vitro (Fig. 2G) and in mouse xenografts (Fig. 2H) simi-
larly resulted in the induction of IFNB1 gene expression concur-
rently with the down-regulation of the KRAS-MEK effector ETV5, 
indicating that an increased IFN response is a common consequence 
of MEK1/2 inhibition in PDAC.

https://www.accessdata.fda.gov/drugsatfda_docs/label/2023/217513s000lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2023/217513s000lbl.pdf
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Fig. 1. Activation of the IFN response upon trametinib treatment. (A) Bar plots showing the number of DEGs (up-regulated in red and down-regulated in blue) in low-
grade (left panel) and high-grade (right panel) PDAC cell lines after trametinib treatment with respect to untreated samples. (B) DEGs in low-grade and high-grade PDAC 
cell lines after trametinib treatment. RNA-seq normalized counts are shown as row z scores. The number of DEGs in the five clusters shown is as follows (from top to bot-
tom): 441, 721, 779, 633, and 57. (C) Genome browser snapshots showing RNA-seq profiles for selected up- or down-regulated genes in low- and high-grade PDAC cell 
lines after trametinib treatment. (D) GSEA plots showing the differential enrichment of the type I IFN signature in low- and high-grade PDAC cell lines treated with tra-
metinib for 24 hours versus untreated (UT) cells. (E) Expression of two IFN-stimulated genes, MX1 and RSAD2, was measured by RT-qPCR during a trametinib treatment 
time course. Values represent 2−ΔCq relative to the reference gene (C1ORF43). n = 3 independent biological replicates. Means ± SD are shown. Significance was assessed 
using one-way ANOVA and indicated as follows: *P ≤ 0.05, **P ≤ 0.01, ****P ≤ 0.0001. (F) RNA-seq data counts showing the expression of selected IFN-regulated genes 
in low- and high-grade PDAC cell lines. Data are reported as the log of count per million (CPM) after TMM normalization with EdgeR. (G) RT-qPCR analysis of the ETV5, GBP2, 
and MX1 genes in a panel of human PDAC cell lines after treatment with trametinib or vehicle for 24 hours. Values represent 2−ΔCq relative to C1ORF43. n = 3 independent 
biological replicates. Means ± SD are shown. Significance was assessed using t test and indicated as follows: *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001.
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CFPAC1 infected with lenti-V2 expressing a nontargeting (NT) or a MAVS-targeting sgRNA (n = 3). (F) RT-qPCR analysis of IFNB1 and selected IFN-stimulated genes in 
CFPAC1 transduced with nontargeting (NT) or MAVS-specific sgRNAs (n = 3) after treatment with trametinib or vehicle (72 hours). Values represent 2−ΔCq relative to 
C1ORF43. Means ± SD are shown. Two-way ANOVA (ns P > 0.05, *P ≤ 0.05, **P ≤ 0.01). (G) ETV5 and IFNB1 mRNA abundance in primary PDAC cell lines in vitro upon tra-
metinib treatment. Values represent 2−ΔCq to C1ORF43. n = 3. Means ± SD are shown. Two-way ANOVA (*P ≤ 0.05, **P ≤ 0.01, ****P ≤ 0.0001). (H) ETV5 and IFNB1 mRNA 
abundance in mouse xenografts of primary human PDAC cell lines before or after treatment with trametinib. Values represent 2−ΔCq versus C1ORF43. n = 3. Means ± SD 
are shown. Two-way ANOVA (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001).
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Trametinib treatment also induced the expression of a subset of 
IFN-stimulated genes involved in antigen presentation such as those 
encoding selected class II major histocompatibility complex (MHC) 
molecules and two of the genes (TAP1 and TAPBP) encoding com-
ponents of the peptide loading complex required for antigen loading 
onto class I MHC molecules (fig. S2A). However, it did not increase 
surface expression of class II MHC molecules (fig. S2B), a finding 
that may relate to the reported high level of autophagy of MHC mol-
ecules in PDAC (48).

Independence of the trametinib-stimulated IFN program 
from the cholesterol pathway
Previous reports linking altered cholesterol synthesis to the induc-
tion of IFNB1 and IFN-stimulated gene expression (49) prompted 
us to investigate the relationship between the cholesterol homeosta-
sis signatures up-regulated in three of the four analyzed trametinib-
treated cell lines (fig. S3A) and the activation of the IFN response.

The increased cholesterol homeostasis signature was accounted 
for by the increased expression of all genes encoding components of 
the cholesterol synthesis pathway generating cholesterol from acetyl–
coenzyme A, while genes encoding enzymes that generate geranyl 
or farnesyl isoprenoid groups from pathway intermediates, or that 
metabolize cholesterol into various hydroxylated derivatives, were 
not affected (fig. S3, B to D).

The main stimulus inducing the activation of cholesterol synthe-
sis is the reduced intracellular content of cholesterol, which is sensed 
at the endoplasmic reticulum membrane and results in cleavage-
mediated activation of the transcription factor SREBP-2, the master 
regulator of cholesterol synthesis genes (50). Analysis of cholesterol 
content in CFPAC1 and CAPAN2 cells showed a significant de-
crease at 12 hours after trametinib, with a subsequent trend to resto-
ration of prestimulation levels (fig. S3E). Addition of water-soluble 
cholesterol [cholesterol–methyl-β-cyclodextrin (Cholesterol-MBCD)] 
dampened trametinib-induced activation of the LSS gene, encoding 
the lanosterol synthase and even reduced it below basal levels 
(fig. S3F), suggesting that reduced cholesterol abundance after tra-
metinib is a driver of cholesterol synthesis in this system.

Reduced cholesterol abundance correlated with reduced expres-
sion of the low-density lipoprotein receptor (LDLR) at the RNA 
level and even more so at the level of the protein loaded on the sur-
face of cells exposed to trametinib (fig. S3, G and H).

Notably, addition of Cholesterol-MBCD or depletion of SREBF-
2 did not affect the induction of the IFN-stimulated marker gene 
RSAD2 (fig. S3, I and J), and reciprocally, inactivation of the JAK 
kinases by baricitinib did not affect activation of the cholesterol syn-
thesis gene LSS (fig. S3K), indicating that regulation of cholesterol 
synthesis and induction of the IFN gene expression program occur 
independently in trametinib-treated PDAC cells.

Induction of ERV-derived dsRNAs upon trametinib treatment
Since MAVS is a downstream effector of dsRNA sensors, its require-
ment for the induction of the IFN program hinted at the increased 
production of dsRNAs in response to trametinib. The overall abun-
dance of dsRNAs measured by staining of trametinib-treated cells 
with a dsRNA-specific antibody showed a progressive increase over 
time (Fig. 3A).

Consistent with these data, the expression of polyadenylated 
transcripts derived from transposable elements and, in particular, 
from many families of ERVs (including ERV1, ERVK, and ERVL) 

and, to a lesser extent, LINE1 retrotransposons was strongly in-
duced in the RNA-seq datasets from all tested cell lines except 
PANC1 (Fig. 3, B and C, and table S4), in which the IFN signature 
was not up-regulated after trametinib treatment (Fig. 1D). Among 
the dsRNAs induced by trametinib are those generated by the 
MLT1C49 and MER57B1 ERVs (Fig. 3D), retroviral sequences em-
bedded in antisense orientation in the 3′ untranslated regions of 
some IFN-stimulated genes, and thus able to generate dsRNAs and 
further amplify the IFN response (51). We also tested the induction 
of LTR family repeats in primary human PDAC cell lines. Both 
in vitro and in mouse xenografts, treatment with trametinib for 24 
or 48 hours resulted in the induction of LTR family repeats (Fig. 3, E 
and F). The analysis of a broad panel of PDAC cell lines confirmed 
that the induction of ERVs by trametinib is a widespread occurrence 
(fig. S4).

We next analyzed H3K27ac chromatin immunoprecipitation se-
quencing (ChIP-seq) datasets generated at the same time points 
(from 3 to 24 hours) after trametinib treatment to determine the 
enrichment of retrotransposon sequences in differentially acetylated 
genomic regulatory regions. These analyses showed that the abun-
dance of several ERV families and LINE1 retrotransposons in re-
gions where H3K27ac increased in response to trametinib was 
significantly higher than randomly expected, indicating increased 
activity (Fig. 3G). In keeping with these findings, increased H3K27ac 
positively correlated with increased expression in RNA-seq data 
(Fig. 3H).

Overall, these data show that trametinib treatment caused a 
strong induction of retroelements and in particular ERVs, leading to 
the increased production and abundance of dsRNAs.

Escape of trametinib-induced ERVs from 
H3K9me3-mediated silencing
We set out to determine the mechanism accounting for ERV activa-
tion induced by trametinib. The expression of all the tested compo-
nents of the KRAB-KAP1-SETDB1 pathway, which is responsible 
for the deposition of H3K9me3 at ERVs and their ensuing silencing, 
was steady over an extended treatment kinetics and thus substan-
tially unaffected by trametinib (Fig. 4A).

We next measured the global and locus-specific changes in 
H3K9me3 levels after trametinib stimulation. In keeping with the 
inactivation of the MEK1/2-ERK pathway and the ensuing loss 
of its stimulatory effects on gene activation, quantitative mass 
spectrometry–based analysis of histone posttranslational modifica-
tions showed a significant reduction of acetylation at 3 hours after 
treatment, with a more marked effect on multiply acetylated pep-
tides, such as diacetylated H3K9-K14 as well as tri- and tetra-
acetylated histone H4 tail peptides (Fig. 4B). On the contrary, H3K9 
methylated peptides as well as peptides bearing other repressive 
methylations (such as H3K27me3) were substantially unmodified 
during treatment (Fig. 4B).

To determine the genomic distribution of H3K9me3 during tra-
metinib treatment, we generated ChIP-seq datasets in CFPAC1 cells. 
Even with relaxed thresholds, the analysis of differential H3K9me3 
regions in all comparisons between trametinib-treated and untreated 
cells returned only 3 down-regulated peaks at 48 hours and 1 to 81 
up-regulated peaks depending on the time point, suggesting that the 
genomic distribution of H3K9me3 during trametinib treatment was 
extremely stable. As an additional analysis independent of the thresh-
olds used for differential peak calling, we divided H3K9me3 peaks 
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Fig. 3. Induction of ERVs and other repetitive elements by trametinib. (A) Immunofluorescence analysis of trametinib-treated CFPAC1 cells using the anti-dsRNA J2 
antibody. The box plot shows the quantification of dsRNA levels in the immunofluorescence calculated as mean cell intensity. n = 3 biological replicates. Means ± SD are 
shown. ***P ≤ 0.001, ****P ≤ 0.0001. (B) Expression levels of differentially expressed subfamilies of repetitive elements in RNA-seq data from low-grade and high-grade 
PDAC cell lines after trametinib treatment. Values are reported as row Z score of mean-centered CPM expression. (C) Expression of selected subfamilies of ERVs in CAPAN2, 
CFPAC1, and MiaPaca2 cells. (D) Expression of selected ERVs was measured by RT-qPCR in low- and high-grade PDAC cell lines after treatment with trametinib or vehicle 
(24 hours). Values represent 2−ΔCq relative to C1ORF43. n = 3 biological replicates. Means ± SD are shown. Significance was assessed using two-way ANOVA (*P ≤ 0.05, 
**P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001). Reverse transcriptase (RT)–minus controls are shown to exclude amplification of repeats in genomic DNA. (E and F) RT-qPCR 
analyses of selected ERVs in primary human PDAC cell lines in vitro (E) and in vivo (F) before or after treatment with trametinib or vehicle (24 hours). Values represent 2−
ΔCq versus C1ORF43. n  =  3 biological replicates. Means ± SD are shown. Significance was assessed using two-way ANOVA (*P  ≤  0.05, **P  ≤  0.01, ***P  ≤  0.001, 
****P ≤ 0.0001). RT-minus controls are shown. (G) Observed versus expected enrichment ratio of retroelement subfamilies in trametinib–up-regulated H3K27ac ChIP-seq 
peaks. We estimated the enrichment as the ratio between the amount of overlap with up-regulated H3K27ac peaks with the overlap obtained using all peaks. Enrichment 
was tested through Fisher’s exact test considering two significance thresholds (see Materials and Methods). (H) Intersection between the enrichment of the indicated 
retroelements at trametinib–up-regulated H3K27ac peaks (y axis) and their trametinib-induced expression in RNA-seq datasets (x axis).
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into quintiles of increasing signal strength in untreated cells and then 
determined the impact of trametinib treatment on each quintile. This 
analysis showed only minimal, if any, reduction of H3K9me3 across 
quintiles and, on the contrary, even a small increase in H3K9me3 in 
the first quintile (Fig. 4C). A time-resolved scatterplot analysis com-
paring signals in untreated versus trametinib-treated cells similarly 
showed no obvious differences induced by trametinib (Fig. 4D).

Although global and locus-specific levels of H3K9me3 were un-
affected, we investigated the abundance of this repressive modifica-
tion at trametinib-induced ERVs and other retrotransposons. This 
analysis revealed that repetitive elements at which H3K27ac was 
increased by trametinib, were not associated with detectable 
H3K9me3 levels; conversely, H3K9me3-positive ERVs did not show 
any basal H3K27ac and did not undergo any increase in acetylation 
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Fig. 4. Trametinib-induced retroelements escape H3K9me3-mediated silencing. (A) Western blot analysis of the abundance of the indicated components of the 
KRAB-KAP-SETDB1 ERV silencing pathway in CFPAC1 cells after trametinib treatment time course. Vinculin is shown as loading control. Molecular weight markers are in-
dicated on the right. The experiment is representative of n = 3 independent experiments. (B) Heatmap showing L/H ratios normalized on the average ratio at the 0-hour 
time point for the indicated modified histone tail peptides as measured by mass spectrometry in CFPAC1 lysates after treatment with trametinib or vehicle. (C) Normalized 
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upon treatment (Fig. 4E). Therefore, induction of ERVs and other 
retrotransposons by trametinib selectively occurred at repetitive el-
ements escaping constitutive H3K9me3 repression.

Activation of ERVs and IFN gene expression by the 
trametinib-induced ELF3 transcription factor
We next set out to identify the transcription factors responsible for 
trametinib-induced activation of H3K9me3-escaped retrotranspo-
sons. To this aim, we first identified transcription factor DNA bind-
ing motifs that were statistically overrepresented in regions that 
gained H3K27ac and contained trametinib-induced repetitive ele-
ments; then, we intersected overrepresented motifs with RNA-seq 
data to determine expression changes of the transcription factors 
recognizing the overrepresented motifs. Using this analysis, the only 
hits that were detected in common in all the three cell lines in which 
ERVs were induced by trametinib were IRF1 and ELF3, which be-
longs to a subgroup of the ETS transcription factor family with 
a distinct DNA binding specificity (Fig. 5A) (52). ELF3 expres-
sion was strongly induced by trametinib at the transcriptional and 
protein level in all PDAC cell lines (including PANC1, in which 
retroelements were not activated by trametinib), with pre- and post-
stimulation levels being higher in the low-grade relative to the 
high-grade cells (Fig. 5, B and C). ELF3 induction represented one 
of the earliest events induced by trametinib as it was clearly detect-
able at 3 hours after stimulation, reaching plateau levels at 12 hours 
(Fig. 5B).

To determine whether ELF3 binds ERVs and other retroelements 
induced by trametinib, we generated ChIP-seq datasets in untreated 
and trametinib-treated (24 hours) CFPAC1 cells. ELF3 bound 65,540 
and 77,904 sites before and after trametinib, respectively, and its 
overall genomic distribution was only minimally affected by treat-
ment (Fig.  5D, “All ELF3 peaks”). However, when considering 
trametinib-induced retroelements, a strong induction of ELF3 bind-
ing was observed that paralleled a similarly strong increase in 
H3K27ac (Fig.  5D), indicating that ELF3 binding was associated 
with the activation of these repeats. Notably, the affinity of ELF3 
motifs within trametinib-induced ChIP-seq peaks was significantly 
lower than that of motifs in constitutive peaks (Fig. 5E). This sup-
ports the dependence of de novo ELF3 binding on its increased ex-
pression following MEK1/2 inhibition. Two representative snapshots 
are reported in Fig. 5F.

To determine the role of ELF3 induction by trametinib in the tran-
scriptional activation of retroelements and in the activation of the IFN 
response, we used ELF3-null CFPAC1 cells previously generated by 
genome editing in our laboratory (45, 53). The lack of ELF3 globally 
and strongly attenuated induction of IFN-stimulated genes in re-
sponse to trametinib (Fig. 5G) and similarly reduced, yet not com-
pletely abrogated, the expression of trametinib-induced retroelements 
(Fig. 5H). Although a subset of retroelements was still expressed in 
ELF3-null cells, the abundance of the repeat-derived RNAs was sig-
nificantly lower than that measured in wild-type (WT) cells (fig. S5), 
thus likely explaining the impaired activation of the IFN response. 
Overall, these data indicate that the early induction of ELF3 instructs 
ERV activation and the induction of a viral mimicry response.

Enforcement of trametinib-induced viral mimicry by an 
ELF3-IRF1 feed-forward loop
Among the transcription factors induced by trametinib and with 
cognate DNA binding motifs overrepresented in regions that gained 

H3K27ac and contained trametinib-induced repetitive elements, we 
also retrieved IRF1.

Previous data showed that constitutively high ELF3 expression in 
low-grade PDAC cells contribute to maintain basal expression of 
IRF1 (45, 53). IRF1 was strongly induced by trametinib both at the 
RNA and the protein level (Fig. 6, A and B), with its expression in-
creasing over time in all cell lines except PANC1, in which a small 
expression spike at 3 hours (Fig. 6A) was paralleled by a transient 
increase in protein abundance (Fig. 6B). As shown in Fig. 2F, IRF1 
expression was not affected by the deletion of MAVS, indicating an-
other mechanism of transcriptional induction of this gene in re-
sponse to trametinib. Notably, IRF1 induction by trametinib was 
virtually entirely dependent on ELF3 (Fig. 6A), which is explained 
by the direct binding of ELF3 to the IRF1 promoter (45). Hence, 
increased IRF1 abundance represents a consequence of increased 
ELF3 expression.

To determine if IRF1 is required for the transcriptional response 
to trametinib, we analyzed previously generated IRF1-null CFPAC1 
cells (45). Notably, induction by trametinib of IFNB1 and the IFN-
stimulated gene MX1 were completely abrogated in IRF1-null cells 
(Fig.  6C). Consistent with these data, trametinib-induced STAT1 
Tyr701 phosphorylation (Fig. 6D) and the induction of the MLT1C49 
and MER57B1 repeat elements (Fig. 6E) were similarly abolished in 
IRF1- and ELF3-null cells.

Increased expression of both ELF3 and IRF1 upon treatment 
with trametinib was detected by RT-qPCR in a broad panel of PDAC 
cell lines (fig.  S6A), suggesting that their induction is a common 
response to trametinib. Moreover, the reanalysis of publicly avail-
able datasets obtained in several PDAC cell lines treated with the 
ERK1/2 inhibitor SCH772984 (17) showed that the induction of the 
ELF3-IRF1-ERV pathway and the ensuing activation of the IFN re-
sponse is a common outcome of MEK-ERK pathway inhibition in 
pancreatic cancer cells (fig. S6B).

We also tested whether MEK1/2 inhibition brings about the acti-
vation of this pathway in other tumors with a hyperactive RAS-
RAF-MEK axis. We found that colon cancer cell lines treated with 
trametinib (54–56) showed the consistent induction of ERVs, ELF3 
and IRF1, as well as the activation of an IFN response (fig. S6, C 
and D). A schematic representation of the transcriptional circuit 
instigated by exposure of PDAC cells to trametinib is reported in 
Fig. 6F.

Therapeutic effects of combined treatment with trametinib 
and anti-PD1
A possible implication of these data is that by inducing viral mim-
icry in tumor cells, trametinib may enhance their immunogenicity. 
At the same time, however, MEK1/2 inhibition may negatively affect 
T cell activation because of the role of the ERK pathway in normal T 
lymphocyte functions (57, 58). Nevertheless, such effects can be 
counteracted by treatments with various T cell agonists (59), thus 
suggesting that immune checkpoint inhibitors may neutralize the 
negative consequences of disabling the ERK pathway in T cells. 
Moreover, MEK inhibitors were reported to induce a stem cell mem-
ory phenotype in naïve CD8+ T cells, thus enhancing recall responses 
and antitumor activity (60).

Hence, while the possibility that trametinib-induced viral mim-
icry may augment the antitumor activity of immune checkpoint in-
hibitors exists, data available insofar are complex and not univocal, 
thus urging direct experimental investigation.
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We first addressed the effects of trametinib on the activation of 
primary human memory CD4+ and CD8+ T cells induced by anti-
CD3/CD28 treatment (fig. S7A). When using freshly isolated T cells, 
trametinib attenuated but did not abrogate T cell activation, exert-
ing comparatively stronger effects on CD8+ than on CD4+ T lym-
phocytes (fig. S7B). When T cells were restimulated 10 days later, 
trametinib was virtually devoid of effects on CD4+ T cells, while still 
reducing the activation of memory CD8+ T cells. Hence, repeated 
activation may attenuate, while not completely abolishing, the 
negative consequences of MEK1/2 inhibition on T cell activation 

(fig. S7B). No significant induction of ERVs was detected in acti-
vated T lymphocytes, either with or without trametinib (fig. S7C). 
Conversely, trametinib increased anti-CD3/CD28–driven induc-
tion of IRF1, particularly in CD4+ T cells (fig. S7C).

To determine the impact of trametinib on the response to im-
mune checkpoint inhibitors, we analyzed the effects of individual or 
combined treatments on the survival of immunocompetent mice 
transplanted with syngeneic PDAC cells generated from KPC mice, 
in which PDAC is driven by the targeted pancreatic expression of 
the KrasG12D allele and mutant p53 (Trp53R172H) (61).
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After orthotopic transplantation of PDAC cells, mice were sub-
jected to three treatment cycles, each consisting of three consecutive 
doses of trametinib given by oral gavage, followed by one intraperi-
toneal injection of the anti-PD1 antibody (Fig. 7A). In the condi-
tions used, mice showed no obvious signs of toxicity based on the 
measurement of their body weight (Fig.  7B). Treatment with tra-
metinib or anti-PD1 alone had overall marginal effects on the sur-
vival of transplanted mice (Fig.  7C). Conversely, the combined 
treatment resulted in strong and significant increase of survival 
(from a median of 36 days to 58.5 days, P < 0.0001) and 3 of 10 mice 
subjected to combined treatment were still alive at 91 days (Fig. 7C).

DISCUSSION
Here, we report a transcriptional regulatory circuit triggered by 
MEK1/2 inhibition that culminates in the induction of ERVs and a 
viral mimicry response with the strong induction of IFN-stimulated 
genes. In principle, the activation of this mechanism may create a 
window of opportunity during which the immunostimulatory ef-
fects of the trametinib-induced IFN response may synergize with 
immune checkpoint inhibitors in promoting recruitment and acti-
vation of immune cells in the tumor.

The notion that derepression of ERVs may boost the effects of 
immune checkpoint inhibitors in antitumor treatments has recently 
raised great interest (42, 43), particularly in the light of the evidence 
that disabling epigenetic mechanisms involved in the silencing of 
retroelements, such as DNA methylation (38, 39, 62) and H3K9 tri-
methylation (40, 63, 64), can increase the intrinsic immunogenicity 
of tumors.

What we show here, however, is an entirely different mecha-
nism of retroelement activation and induction of viral mimicry in 
PDAC. Specifically, we report a regulatory circuit that does not in-
volve any loss of epigenetic silencing and that instead entails the 

activation of repeats that escaped constitutive repression, yet were 
only marginally active in basal conditions. In response to MEK1/2 
inhibition, the rapid and strong induction of the ELF3 transcription 
factor resulted in retroelement binding and activation, and the ensu-
ing increase of ERV-derived dsRNAs triggered a MAVS-dependent 
IFN response. Therefore, the activation of this mechanism requires 
the presence of nonsilenced retroelements that, because of the lack 
of repressive chromatin modifications, are accessible and available 
for transcription factor binding. Notably, faulty repression of trans-
posable elements that are otherwise efficiently silenced in normal 
cells is a common event in tumors (43, 65, 66) and specifically in 
PDAC (67, 68), and our data indicate the possible exploitation of 
such intrinsic epigenetic silencing failure to increase tumor immu-
nogenic potential.

The viral mimicry response triggered by trametinib in principle 
provides the molecular bases for the synergistic effects of MEK1/2 
inhibition and anti-PD1 antibody administration that we observed 
on the survival of PDAC-bearing mice. The results reported here are 
in line with many previously reported and mechanistically un
explained observations linking MEK1/2 inhibitors (alone or in com-
bination with other kinase inhibitors) to tumor sensitization to 
immune checkpoint inhibitors in preclinical or clinical settings, 
both in PDAC (69, 70) and in other tumors with a hyperactive RAS-
RAF-MEK pathway such as melanomas (71, 72). On a cautionary 
note, however, it is important to stress that the trametinib dose used 
(and tolerated) in mice (3 mg/kg per day) (73), which is also the one 
used in our study, corresponds to a human equivalent of ca. 14 to 
16 mg/day, which is several-fold higher than the dose typically used 
in humans (ca. 2 mg/day). Hence, the possible translation to humans 
of our findings will require additional careful evaluations.

The detailed mechanistic analysis of the effects of trametinib on 
ERV expression and viral mimicry we report here has a number of 
implications. First, the effects we observed are particularly strong in 
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well-differentiated PDAC cell lines, possibly due to the higher basal 
and trametinib-induced expression of the transcription factor ELF3 
compared to high-grade cell lines, a finding in line with the distribu-
tion of ELF3 in PDAC tissues (53). On the other hand, the less dif-
ferentiated and quasi-mesenchymal tumor component, which is a 
quantitatively less abundant constituent of most PDACs, shows ex-
tensive DNA demethylation and constitutive activation of some re-
peat elements (68). Therefore, trametinib treatment may enhance 
the activation of the IFN response in the tumor component in which 
this program is poorly active in basal conditions. Second, it is im-
portant to notice that ERV activation and the viral mimicry re-
sponse are early events occurring hours after trametinib treatment, 
which may have practical implications for the administration sched-
ule of combined treatments with immune checkpoint inhibitors. 
Finally, as the activation of ERVs can also result in the production of 
immunogenic neoantigens (44), the ability of trametinib to induce 
the activation of nonsilenced ERVs may be exploited in the design of 
anti-PDAC vaccination strategies that have very recently shown 
promising clinical results (74).

MATERIALS AND METHODS
Cell lines and culture
The following human PDAC cell lines were used: CAPAN2 [KRAS 
G12V; American Type Culture Collection (ATCC), HTB-80], 
CFPAC1 (KRAS G12V; ATCC, CRL-1918), MiaPaca2 (KRAS G12C; 
ATCC, CRL-1420), PANC1 (KRAS G12D; ATCC, CRL-1469), 
PATU8988S [KRAS G12V; Deutsche Sammlung von Mikroorganis-
men und Zellkulturen (DSMZ)], HPAFII (KRAS G12D; ATCC), 
CAPAN1 (KRAS G12V; DSMZ), PSN1 [KRAS G12R; Interlab Cell 
Line Collection (ICLC)], AsPC1 [KRAS G12D; European Collec-
tion of Cell Cultures (ECACC)], BxPc3 (ATCC), PT45P1 (KRAS 
G13D; G3 from primary tumor, obtained from P. Allavena, Hu-
manitas, Milan), PATU8902 (KRAS G12V; DSMZ), and PATU8988T 
(KRAS G12V; DSMZ). In addition, human embryonic kidney (HEK) 
293T (ATCC, CRL-3216) were also used in this study. The following 
human primary PDAC cell lines were gifted by M. Kim [University 
of Texas MD Anderson Cancer Center (UTMDACC): PATC53, 
PATC69, and PATC124. Cells were maintained in Iscove’s modified 
Dulbecco’s medium (IMDM) + 10% fetal bovine serum (FBS) 
(CFPAC1), RPM1 + 10% FBS (PSN1, AsPC1, BxPc3, and PT45P1), 
RPMI + 15% FBS (CAPAN2), RPMI + 20% FBS (CAPAN1), 
Dulbecco’s modified Eagle’s medium + 5% FBS + 5% horse serum 
(PATU8988S and PATU8988T), Dulbecco’s modified Eagle’s medium 
(DMEM) + 10% FBS (MiaPaca2, PANC1, PATU8988S, HEK293T, 
PATC53, PATC69, and PATC124), and Eagle’s minimum essential 
medium + 10% FBS + 1 mM sodium pyruvate + 0.1 mM nones-
sential amino acids (HPAFII). Media were all supplemented with 
2 mM l-glutamine. All cell lines were authenticated by the Tissue 
Culture Facility of IEO using the GenePrint10 System (Promega) 
for the amplification of 10 short tandem repeat–containing loci, 
followed by Sanger sequencing. MAVS-, ELF3-, and IRF1-null 
CFPAC1 cells obtained by genome editing were described previ-
ously (45, 53).

Primary human T cell isolation, culture, and activation
Peripheral blood was collected from healthy donors at the Swiss 
Blood Donation Center of Lugano (Switzerland), with informed con-
sent (authorization number CE 3428 from the Ethical Committee of 

the Canton Ticino). Peripheral blood mononuclear cells (PBMCs) 
were isolated through gradient centrifugation (GE Healthcare, 
Ficoll-Paque Plus) and further enriched for CD4+ or CD8+ T lym-
phocytes by positive selection using magnetic beads (Miltenyi Bio-
tec), following the manufacturer’s protocols. Memory T lymphocyte 
subsets were then sorted on a SORP FACSymphony S6 (BD Biosci-
ences) based on the expression of the following surface markers: 
CD4+ (or CD8+) CD25– CD45RA– CCR7+/−. Sorted cells were cul-
tured in RPMI 1640 medium supplemented with 5% human serum, 
1% nonessential amino acids, 1% sodium pyruvate, 1% l-glutamine, 
penicillin, streptomycin, and 50 μM β-mercaptoethanol. T cell acti-
vation was performed as previously described (75, 76) using plate-
bound anti-CD3 antibody (0.7 μg/ml; clone TR66, recombinant, 
made in-house) (77) and anti-CD28 antibody (1 μg/ml, BD Pharmin-
gen) in 96-well NUNC plates (Thermo Fisher Scientific). After 48 hours, 
cells were removed from the stimuli and further expanded for up 
to 10 days in culture. Recombinant interleukin-2 (IL-2) (50 U/ml, 
made in-house) was added to the cultures starting from day 5.

Chemicals and treatments
Trametinib (Selleckchem, S2673) was diluted in dimethyl sulfoxide 
(DMSO) and used at a concentration of 20 nM for all the experi-
ments, with the exception of cumulative growth curves in which a 
2 nM concentration was used. The cGAS inhibitor RU.521 (Invivo-
Gen, inh-ru521) was diluted in DMSO and used at a concentration 
of 15 μg/ml. Baricitinib (Selleckchem, S2851) was diluted in DMSO 
and used at a concentration of 300 nM. Cholesterol-MBCD (Sigma-
Aldrich, C4951) was diluted in H2O and used at a concentration of 
0.25 mg/ml. MBCD (Sigma-Aldrich, C4555) was diluted in H2O 
and used at a concentration of 0.2375 mg/ml, which corresponds to 
the same concentration contained in Cholesterol-MBCD. Cells were 
plated in 96-well, 24-well, 6-well, 6-cm, or 10-cm plates 24 to 48 hours 
before treatment and treated for the indicated time at the reported 
concentration of drugs directly diluted in their own medium and 
then collected or fixed for the following analyses. In case of com-
bined treatments, drugs were used simultaneously.

Cell viability assays
Cells (5 to 10,000 per well) were seeded in 96-well plates. One day 
after, cells were treated with trametinib and viability after 72 hours 
of treatment was measured using CellTiter-Glo (Promega, G9242) 
and GloMax (Promega). Each population was normalized for its un-
treated counterpart.

Western blots
Preparation of cell lysates and Western blots was carried out as de-
scribed (45). Chemiluminescent horseradish peroxidase (HRP) sig-
nal was revealed using ECL Clarity Western Substrate or Clarity 
Max Western ECL Substate (Bio-Rad). For Western blot analyses, 
the following primary antibodies were used: phospho-p44/42 MAPK 
(Thr202/Tyr204) (Cell Signaling Technology, #9101), p44/42 MAPK 
(Cell Signaling Technology, #9102), phospho-Tyr701 STAT1 (Cell 
Signaling Technology, #7649), STAT1 (Cell Signaling Technology, 
#9172), MAVS (Abcam, ab264147), ESET (Cell Signaling Technol-
ogy, #93212), KAP1 (Abcam, ab10483), HP1α (Abcam, ab109028), 
HP1β (Santa Cruz Biotechnology, sc-20699), HP1γ (Abcam, ab217999), 
ELF3 (Sigma-Aldrich, HPA003479), IRF-1 (Cell Signaling Technol-
ogy, #8478), vinculin (Sigma-Aldrich, V9131), ELF3 (Sigma-Aldrich, 
HPA003479), and β-actin (Abcam, ab8227). Images were acquired 
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using a ChemiDoc imaging system (Bio-Rad). Band quantification 
was performed using Image Lab Software (Bio-Rad).

Real-time quantitative PCR
RNA was extracted using the Zymo Quick RNA Miniprep Kit 
(Zymo Research, R1055), TRIzol Reagent (Invitrogen, 15596026) 
for in vivo frozen samples, or Direct-zol RNA Microprep for T lym-
phocytes (Zymo Research, R2062), and 100 to 500 ng were reverse-
transcribed using ImProm-II Reverse Transcriptase kit (Promega, 
A3802). For the amplification of repetitive elements, a reaction con-
trol was assembled, which did not contain the reverse transcriptase 
enzyme. The PCR was assembled using the Fast SYBR Green Master 
Mix (Applied Biosystems, 4385612) and run on the QuantStudio 6 
Flex Real-Time PCR System (Applied Biosystems). C1ORF43 was 
used as reference gene based on the analysis of data from the Hu-
man BodyMap 2.0 Project. For T lymphocyte–specific analyses, 
UBE2D2 was used as reference gene.

The following primers were designed using Primer3:
C1ORF43_FW: 5′-GGATGAAAGCTCTGGATGCC-3′
C1ORF43_REV: 5′-GCTTTGCGTACACCCTTGAA-3′
MX1_FW: 5′-CACCGTGACGGATATGGTCC-3′
MX1_REV: 5′-GCACCCCTGTATACCTGGTC-3′
RSAD2_FW: 5′-TGGGTGCTTACACCTGCTG-3′
RSAD2_REV: 5′-GAAGTGATAGTTGACGCTGGTT-3′
ETV5_FW: 5′-GCGGCCTGTGATTGACAGA-3′
ETV5_REV: 5′-GGAACTTGTGCTTCAGCTAACCA-3′
GBP2_FW: 5′-TTGGAAGCAAGGCGAGATGA-3′
GBP2_REV: 5′-CCTCTTTGGCCTGTATCCCC-3′
IFNB1_FW: 5′-ATGACCAACAAGTGTCTCCTCC-3′
IFNB1_REV: 5′-GGAATCCAAGCAAGTTGTAGCTC-3′
IFNL3_FW: 5′-CTGTGTGTCTGACCCTTCCG-3′
IFNL3_REV: 5′-ACATAAATAGCGACTGGGTGACA-3′
IRF1_FW: 5′-CAACATGCCCATCACTCGGA-3′
IRF1_REV: 5′-TGCTTTGTATCGGCCTGTGT-3′
LSS_FW: 5′-CAGGAGAAGTGTCCCCATGT-3′
LSS_REV: 5′-CCCTCCATCTGGATTTCTCA-3′
LDLR_FW: 5′-CTCGCTGGTGACTGAAAACA-3′
LDLR_REV: 5′-TCGATGCTTGAGATGGAGTG-3′
SREBF-2_FW: 5′-AGAAGGAGAAAGGCGGACAA-3′
SREBF-2_REV: 5′-TTCCTCAGAACGCCAGACTT-3′
UBE2D2_FW: 5′-GATCACAGTGGTCTCCAGCA-3′
UBE2D2_REV: 5′-CGAGCAATCTCAGGCACTAA-3′
ELF3_FW: 5′-TCTTCCCCAGCGATGGTTTTC-3′
ELF3_REV: 5′-TCCCGGATGAACTCCCACA-3′
The following primers (51, 78) were used to amplify selected ERVs:
ERVK_FW: 5′-AGAGTCTAAACCACGAGGCACAA-3′
ERVK_REV: 5′-TTCTTTAACCTGCTTTTGAGGTTGT-3′
MLT1C49_FW: 5′-TATTGCCGTACTGTGGGCTG-3′
MLT1C49_REV: 5′-TGGAACAGAGCCCTTCCTTG-3′
MER57B1_FW: 5′-CCTCCTGAGCCAGAGTAGGT-3′
MER57B1_REV: 5′-ACCAGTCTGGCTGTTTCTGT-3′

Lipid extraction and cholesterol quantification
Cells (150 to 350,000 per well) were seeded in six-well plates. At the 
indicated time of treatment, cells were scraped and one-fifth were 
lysed in radioimmunoprecipitation assay (RIPA) buffer containing 
protease inhibitors for protein extraction and quantification. The re-
maining four-fifths were subjected to lipid extraction with methanol-
acetonitrile (1:1). Total cholesterol quantification was performed 

using the Cholesterol Quantitation Kit (Sigma-Aldrich, MAK043) 
with esterase option. The relative fluorescence intensity was mea-
sured at GloMax (Promega).

FACS measurements
For MHC-II, 250,000 cells were seeded in 60-mm dishes. At the in-
dicated time of treatment, cells were trypsinized and counted. Cells 
(150,000) were used for each labeling [not stained, immunoglobulin 
G (IgG)–Alexa Fluor 488 and pan–MHC-II–fluorescein isothiocya-
nate (FITC)], blocked, and stained with IgG1 Isotype Control-Alexa 
Fluor 488 (eBioscience, 53-4714-42) or FITC anti-human HLA-DR, 
DP, DQ Antibody (BioLegend, 361706). Fluorescence-activated cell 
sorting (FACS) analysis was performed on single-cell suspensions 
in phosphate-buffered saline (PBS). Samples were acquired on a 
FACSCelesta Cell Analyzer (BD Biosciences), and data were ana-
lyzed using FlowJo software.

For LDLR, 1 × 106 cells were seeded in 10-cm plates. At the 
indicated time of treatment, cells were trypsinized and counted. 
Cells (500,000) were used for each labeling [not stained, IgG-
phycoerythrin (PE) and LDLR-PE], blocked, and stained with IgG1 
Isotype Control-PE (eBioscience, 12-4714-82) or anti-human LDLR-
PE (BD Pharmingen, 565653). FACS analysis was performed on 
single-cell suspensions in PBS. Samples were acquired on a FACS-
Celesta Cell Analyzer (BD Biosciences), and data were analyzed us-
ing FlowJo software.

For T lymphocytes, sorted CD4+ and CD8+ T cell subsets 
were treated with trametinib or DMSO at days 0 and 10 after 
isolation. Cells were pretreated with trametinib for 1 hour, fol-
lowed by stimulation for 24 hours with plate-bound anti-CD3 
and anti-CD28 antibodies as described above. Surface expression 
of activation markers was analyzed by flow cytometry using 
FACSymphony A5 (BD Biosciences) and directly conjugated an-
tibodies anti-CD69 (BioLegend, clone FN50) and anti-OX40 
(BioLegend, clone Ber-ACT35). Cell viability was determined 
using a Fixable Blue Stain UV live/dead staining (Thermo Fisher 
Scientific). Flow cytometry data were analyzed using the FlowJo 
software.

shRNA-mediated depletion
The following short hairpin RNA (shRNA) sequences were used: 
5′-CCTCAGATCATCAAGACAGAT and 5′-CCTCAGATCATCAAGACAGAT 
targeting SREBF-2 and 5′-ACGCTGAGTACTTCGAAATGT specific 
for luciferase gene as a nontargeting control. The sequences were 
cloned into the pLKO.1 vector (Addgene #10878) using Eco RI and 
Age I cloning sites and verified by Sanger sequencing. Lentiviral 
particles were produced using calcium phosphate transfection of 
HEK293T cells with pLKO.1 and the packaging vectors pMD2.G 
(Addgene #12259) and psPAX2 (Addgene #12260). To obtain an 
SREBF-2–depleted polyclonal line, CFPAC1 cells were plated to 
near confluency and transduced twice with the lentiviral particles 
carrying pLKO.1-shSREBF-2 1 and 2 or the nontargeting shRNA 
vector. Cells were selected by puromycin and grown as bulk popula-
tion for downstream analyses.

Immunofluorescence analysis
Two-color immunofluorescence analysis was performed on CFPAC1 
cells grown onto glass coverslips. Briefly, paraformaldehyde-fixed 
cells were permeabilized with 0.5% Triton X-100, blocked, and in-
cubated with anti-dsRNA (J2) antibody (Nordic-MUbio, 10010200). 
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Nuclei were counterstained with 4′,6-diamidino-2-phenylindole 
(DAPI), and samples were mounted with glycerol mounting 
medium. CFPAC1 cells were imaged on a Yokogawa spinning 
disk field scanning confocal system (CSU-W1Nikon Europe 
B.V., Stroombaan 14, 1181 VX Amstelveen, The Netherlands) with a 
60×/1.25 NA (numerical aperture) oil immersion objective lens. 
Sixty-four fields of view (FOVs) per sample were acquired at the 
nuclear middle plane in z, because of an autofocus function on the 
DAPI channel. The J2 (Alexa Fluor 488) and the DAPI signals were 
acquired with a multi-band dichroic mirror and single-band emis-
sion filters on a Photometrics Prime BSI sCMOS camera. Images 
were made of 1024 × 1024 pixels with a pixel size of 110 × 110 nm. 
The J2 signal was quantified because of a custom ImageJ/Fiji macro. 
The DAPI channel images were pre-processed (Gaussian blur filter 
with sigma set to 30 pixels and background subtraction with rolling 
ball radius set to 100 pixels), and then the nuclei in each FOV were 
counted because of the Find Maxima function. The J2 channel im-
ages were background-corrected (rolling ball radius set to 100 pix-
els), and the total intensity in each FOV was quantified. The J2–Alexa 
Fluor 488 approximate mean cell intensity was then calculated as the 
total FOV intensity divided by the number of nuclei in each FOV for 
each replica.

Histone posttranslational modification mass 
spectrometry analysis
CFPAC1 cells (1.5 × 106 per plate) were seeded in 10-cm plates. At 
the indicated time of treatment, cells were scraped and collected. 
Nuclei were purified, and histone proteins were isolated as described 
(79). Approximately 4 μg of histone octamer was mixed with an equal 
amount of heavy isotope–labeled histones, which were used as an in-
ternal standard (80), and separated on a 17% SDS–polyacrylamide 
gel electrophoresis (PAGE) gel. Histone bands were excised, chemi-
cally acylated with propionic anhydride, and in-gel–digested with 
trypsin, followed by peptide N-terminal derivatization with phenyl 
isocyanate (PIC) (81). Peptide mixtures were separated by reversed-
phase chromatography on an EASY-Spray column (Thermo Fisher 
Scientific), 25 cm long (inner diameter 75 μm, PepMap C18, 2-μm 
particles), which was connected online to a Q Exactive Plus instru-
ment (Thermo Fisher Scientific) through an EASY-Spray Ion Source 
(Thermo Fisher Scientific), as described (81). The acquired RAW 
data were analyzed using EpiProfile 2.0 (82), followed by manual 
validation. For each histone modified peptide, a % relative abun-
dance (%RA) value for the sample [light channel (L)] or the internal 
standard [heavy channel (H)] was estimated by dividing the area 
under the curve of each peptide for the sum of the areas correspond-
ing to all the observed forms of that peptide and multiplying by 100. 
Light/heavy (L/H) ratios of %RA were then calculated and used for 
data display. L/H ratios are reported in table S5. The mass spectrom-
etry data have been deposited to the ProteomeXchange Consortium 
(83) via the PRIDE partner repository with the dataset identifier 
PXD043559.

RNA-seq sample preparation and sequencing
Total RNA from was extracted using the Quick-RNA Miniprep 
Kit (Zymo Research, R1055). RNA-seq was carried out using the 
SMART-seq2 protocol (84) with minor modifications, as described 
(45). Briefly, 10 ng of total RNA was reverse-transcribed using 
oligo(dT) primers and a locked nucleic acid–containing template-
switching oligo. The resulting complementary DNA (cDNA) was 

pre-amplified, purified, and tagmented using in-house made Tn5 
transposase (84). cDNA fragments generated after tagmentation 
were gap-repaired, enriched by PCR, and purified to create the final 
cDNA libraries. Single-read [51 base pairs (bp)] (for CAPAN2, 
CFPAC1, MiaPaca2, and PANC1 untreated and treated with tra-
metinib for 3–12–24 hours) and paired-end (for CFPAC1 WT and 
ELF3-KO (knockout) clones untreated and treated with trametinib 
for 24 hours) sequencing were performed on Illumina NextSeq 500 
and NovaSeq6000 platforms.

ChIP-seq sample preparation and sequencing
ChIP-seq was carried out as previously described (85) using 1 × 106 
cells for the H3K27ac and H3K9me3 ChIP and 20 × 106 cells for the 
ELF3 ChIP. The following antibodies were used: anti-H3K27ac 
(Abcam, ab4729), anti-H3K9me3 (Abcam, ab8898), and anti-ELF3 
antibody (rabbit polyclonal antibody generated in-house using a 
peptide corresponding to amino acids 1 to 150 of the human ELF3 
reference protein sequence). DNA libraries were prepared as de-
scribed (86) and sequenced (51 bp single-read) on Illumina NextSeq 
500 and NovaSeq6000 platforms.

In vivo studies
Patient-derived PDAC samples were obtained from consented pa-
tients under the Institutional Review Board (IRB)–approved pro-
tocol LAB00-0396 chaired by M. Kim (UTMDACC). NSG and 
C57BL/6J female mice were purchased from the Experimental Ra-
diation Oncology at MD Anderson Cancer Center and The Jackson 
Laboratory (strain #000664), respectively. All animal studies and 
procedures were approved by the UTMDACC Institutional Animal 
Care and Use Committee. All experiments conformed to the rele-
vant regulatory standards and were overseen by the IRB. For subcu-
taneous transplantation of human PDAC cells and trametinib 
treatment, tumor single-cell suspensions were resuspended in DMEM 
without phenol red (Sigma-Aldrich) and Matrigel (BD Biosciences, 
356231) (1:1 dilution) at a density of 1.5 × 106 cells/100 μl for early-
passage patient-derived pancreatic cancer cells (PATC53, PATC69, 
and PATC124). Cell suspensions were injected subcutaneously into 
the flank of 6-week-old NSG mice. Mice were monitored every 
7 days, and tumor measurements were calculated according to the 
following formula: tumor volume (mm3) = (W2 × L)/2, where W is 
width and L is length. Trametinib was purchased from Selleckchem 
(S2673) and resuspended in corn oil (MilliporeSigma, C8267) ac-
cording to the manufacturer’s protocol. Once tumors reached ap-
proximately 400 to 500 mm3, mice were randomized into two 
treatment groups. On the basis of trametinib half-life (73), the first 
group received two consecutive oral administrations of trametinib 
(3 mg/kg) at 0 and 24 hours, and tumors were collected at 28 hours 
for molecular analysis. The second group received three consecutive 
oral administrations of trametinib at 0, 24, and 48 hours, and tu-
mors were collected at 52 hours for molecular analysis. Mice were 
euthanized by exposure to CO2 followed by cervical dislocation. A 
necropsy form was filled in with mouse information, tumor size, 
and weight. Each primary tumor was flash-frozen in dry ice and 
kept at −80°C.

For orthotopic transplantation of mouse PDAC cells in synge-
neic models, cell lines from the KPC PDAC model were used. Brief-
ly, p48-Cre mice (11), LSL-KrasG12D (The Jackson Laboratory, 
#008179), and Trp53R172H (provided by G. Lozano, UTMDACC) 
were crossed. Spontaneous pancreatic tumors were harvested and 
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digested, and KPC cells were derived. The entire tumors were 
minced into small pieces with sterile blades and incubated at 37°C 
for 45 min with collagenase IV (Gibco)–dispase II (Roche), 2 mg/ml 
for enzymatic digestion. Cells were then centrifuged and further di-
gested with 0.25% trypsin (Gibco) for 5 min at 37°C to obtain a 
single-cell suspension. After expansion in DMEM (Gibco) supple-
mented with 10% FBS (Gibco) and penicillin/streptomycin (100 μg/
ml) (Gibco), tumor cells were enriched by FACS using an anti-EpCAM 
antibody. For orthotopic transplantation, 8-week-old C57BL/6J fe-
male mice were anesthetized using isoflurane (Henry Schein Ani-
mal Health). Analgesia was achieved with buprenorphine ER 
(0.1 mg/kg, twice daily) (Par Pharmaceutical) via subcutaneous injec-
tion, and skin was disinfected with chlorhexidine and 70% ethanol. 
A 0.5-cm incision was performed on the left flank through the skin/
subcutaneous and muscular/peritoneal layers. Pancreas was ex-
posed, and a 20-μl cell suspension [2.5 × 104 KPC cells per mouse 
suspended in 1:1 DMEM/Matrigel (BD Biosciences, #356231)] was 
injected using a 27-gauge Hamilton syringe. The pancreas was care-
fully repositioned into the abdominal cavity, and muscular/peritoneal 
planes were sutured individually by absorbable sutures (Ethicon). The 
skin/subcutaneous planes were closed using metal clips (Fine Sci-
ence Tools). Mice were monitored daily for the first 3 days for signs 
of illness and surgical wounds. Thereafter, orthotopic tumor forma-
tion has been evaluated twice/week by transabdominal palpation or 
magnetic resonance imaging (MRI) when needed. At day 7 after 
injection, mice were randomized into four treatment groups: vehicle 
as control, trametinib, anti-mouse PD1, and trametinib + anti-PD1. 
The anti-mouse PD1 antibody (Bio X Cell, #BP0146) was resus-
pended in 1× PBS and administered by intraperitoneal injection at 
the dose of 8 mg/kg on days 9, 15, and 21 after transplantation. Tra-
metinib was resuspended in corn oil (MilliporeSigma, #C8267) and 
administered by oral gavage at the dose of 3 mg/kg on days 7, 8, 9, 
13, 14, 15, 19, 20, and 21. At the end of treatment (day 22 after injec-
tion), at least n  =  9 mice per group were monitored for survival 
studies.

Statistical analysis
All statistical analysis present in Results were performed using 
GraphPad Prism V.9. One-way analysis of variance (ANOVA), two-
way ANOVA, and t test were used.

Computational methods
RNA-seq data analysis
Fastq raw reads were processed with FASTQC tool v0.11.9 for quality 
base check and to exclude any technical bias in the data. Sequences 
were then checked for the presence of the adaptors using trimmo-
matic_v0.39 (87) with the following settings: TRAILING:3, LEADING:3, 
ILLUMINACLIP: adapters.fasta:2:30:10, SLIDING-WINDOW:4:15, 
MILEN:30. Trimmed single-rend reads were then mapped onto 
the human genome GRCh38 assembly version using STAR-v.2.7.8a 
(88) with the following parameters: --limitSjdbInsertnsJ = 500,000, 
--alignIntronMax = 1,000,000, --alignIntronMin = 20. After unique-
ly mapped reads were retained, gene counts were retrieved using 
featureCounts on Gencode GRCh38 annotation (Ensembl 104 ver-
sion). Next, protein-coding genes were selected and processed with 
the edgeR_3.39 R package (89) for gene filtering, normalization, and 
differential testing. Specifically, low-expression filtering was per-
formed using the default setting of at least 1 CPM (count per mil-
lion) in n samples, where n corresponds to the smallest group size. 

TMM (trimmed mean of M value) normalization was applied to 
correct for both sequencing depth and RNA composition bias across 
samples. TMM-normalized CPM was used as expression unit. Anal-
yses were separately performed for low-grade cell line data and 
high-grade cell line data. Using generalized linear models and likeli-
hood ratio testing, we identified DEGs as those genes having abso-
lute log fold change > 1 and FDR < 0.001. Hierarchical clustering 
of DEGs was represented using the ComplexHeatmap R package 
v2.13.3 (90). Venn diagrams were generated using the eulerr (v7.0) 
and the VennDiagram (v1.7.0) R package. Gene set enrichment 
analyses were done with the GSEA tool (91) and carried out in the 
pre-ranked mode, using the decreasing log(fold change) in each 
comparison as a ranking metric.
ChIP-seq data analysis
Single-end reads were processed using Trimmomatic (v0.39) with 
the following settings: TRAILING:3, LEADING:3, ILLUMINACLIP: 
adaters.fasta:2:30:10, SLIDING-WINDOW:4:15, MILEN:30. Next, 
high-quality trimmed reads were aligned onto the human genome 
build GRCh38/hg38 using Shortstack v3.8.5 (92), an aligner tool to 
recover best-matched alignments from multi-mappers. In summa-
ry, Shortstack uses bowtie (93) to perform a first round of mapping 
to distribute uniquely and multi-mapped reads according to the 
maximum number of matches allowed. In a second step, each am-
biguous read is assigned to a location by estimating a probability 
that depends on the frequency of uniquely mapped reads in that 
region. Finally, the alignment with the highest probability is consid-
ered as the best candidate mapping for that read. Using Shortstack, 
we generally observed an appreciable increase in the amount of 
multi-mapping reads that could be recovered as “unique” in the final 
BAM, with H3K27ac ChIP and ELF3 ChIP samples having 5 to 8% 
more reads compared to standard mapping, while the multi-match 
read fractions in H3K9me3 data were even higher (10 to 15%). Thus, 
we ran Shortstack with the following settings: --mismatches 2 
--bowtie_m 100 --align_only --mmap u. Mapped reads were filtered 
to remove randomly placed multi-mappers and unmapped reads 
using samtools v1.16.9 (94).

Any read alignment matching hg38-blacklist regions (https://
github.com/Boyle-Lab/Blacklist/blob/master/lists/hg38-blacklist.
v2.bed.gz) was discarded using bedtools_v.2.30.0 (95), and duplicate 
reads were removed with the samtools “markdup –r” option. For the 
H3K27ac ChIP data, peaks were called using MACS2 v.2.2.7.1 (96) 
with the following parameters: --nomodel –extsize 250 –mfold 5 50 
–broad –broad-cutoff 0.01. For the ELF3 ChIP data, we run MACS 
in “narrow-peak” mode with parameters –nomodel –extsize 200 –
mfold 5 50 -q 0.01.

H3K9me3 islands were called using Sicer2 v1.0.3 (97) with the 
following settings: --window_size  =  200 –fragment_size  =  300 
-fdr = 0.01 –gap_size = 600. A corresponding input DNA from the 
same cell line was used as a control in peak detection in each set.

For each ChIP-seq sample, fragment pile-up in “read per mil-
lion” was generated using MACS2 callpeak with parameters –format 
BAM –nomodel –B –SPMR, with the –extsize parameter set as the 
same used in the calling step. The resulting BedGraph files from the 
ChIP were compared to that of the input to generate a signal profile 
in BigWig format for browser visualization.

All differential peak analyses were carried out using DiffBind R 
package v3.4.11 (98). Before differential testing, peaks/islands in 
each sample were merged and compared to build a consensus set of 
peaks taking regions with a minimum overlap of two samples in 

https://github.com/Boyle-Lab/Blacklist/blob/master/lists/hg38-blacklist.v2.bed.gz
https://github.com/Boyle-Lab/Blacklist/blob/master/lists/hg38-blacklist.v2.bed.gz
https://github.com/Boyle-Lab/Blacklist/blob/master/lists/hg38-blacklist.v2.bed.gz
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each dataset, and differentially enriched regions were detected for 
each time point versus control using the DESeq2 method (99). Dif-
ferentially acetylated regions were defined as those with absolute 
log(fold change) ≥ 1 and FDR ≤ 0.1 at 3 hours and absolute log(fold 
change) ≥ 1.5 and FDR ≤ 0.01 for later points. The identification 
of differential H3K9me3 islands was carried out using a relaxed 
log(fold change) threshold of 0.5 with FDR < 0.01. For ELF3 differ-
ential binding, we consider peaks with absolute log(fold change) ≥ 1 
and FDR ≤ 0.01.
Repetitive element analysis
Detection and quantification of repetitive elements were achieved 
using TEtranscript tool v.2.2.1 (100). According to the classification 
of RepBase (101), repetitive loci (“insertions”) are organized in 
Transposable Elements (TE) subfamilies of loci that are highly re-
lated at the sequence level but relatively distinct from other families. 
By taking advantage of the repeat sequence similarities in the same 
TEs, TEtranscripts distributes reads among closely related TE se-
quences to infer the expression at the TE subfamily level. The read 
counting can be run in the “unique” mode or in the “multi” mode. 
In the first approach, only uniquely mapped reads are used, while in 
the second one, both uniquely and multi-mapped reads are counted. 
In doing so, each ambiguous alignment is weighted with a value of 
1/n, where n is the number of multiple matches for a given read. An 
expectation/maximization (EM) step is also performed to define the 
maximum likelihood estimates for all TE insertions from multi-
alignments. The multi-mapper estimate is then integrated with the 
unique read count to calculate the relative expression count for that 
insertion. TE subfamily abundances are then computed by sum-
ming up the estimated counts from all insertions belonging to the 
same subfamily.

Single-end RNA-seq data were re-aligned with STAR-v.2.7.8a 
(88) on the hg38 genome with only few changes in parameter set-
tings: --outFilterMultimapNmax 500 –winAnchorMultimapNmax 
500, while other STAR parameters remained unchanged. The result-
ing BAM files were then processed by TEtranscript in the “multi” 
modality, using the same gene annotation (GTF file) integrated in 
primary RNA-seq analysis and a UCSC-RepeatMasker (v-4.1.1) 
GTF file for TE annotation. Subfamily-level counts were then pro-
cessed with the edgeR_v3.39 (89) R package for data normalization 
and differential testing, with the same statistical workflow as de-
scribed before (see the “RNA-seq data analysis” section). Differen-
tially expressed subfamilies in each cell line were defined setting an 
absolute log(fold change) threshold of 1 and FDR ≤ 0.05.
ELF3-KO data analysis
The ELF3-KO dataset was processed using the same RNA-seq work-
flow described in the previous section with some minor modifica-
tions. Specifically, sequencing reads were aligned with STAR-v.2.7.8a 
(88) on the hg38 genome using --outFilterMultimapNmax 500 –
winAnchorMultimapNmax 500 to recover multi-mapper alignments 
for TE quantification. Properly mapped pairs were then selected and 
processed by TEtranscript in the “multi” mode, using the same gene 
annotation and TE annotation GTF files as described previously. 
Subfamily-level counts were then processed and normalized with 
edgeR_v3.39 (89), and differentially expressed subfamilies were de-
fined imposing absolute log(fold change) ≥ 1 and FDR ≤ 0.05.
Enrichment of H3K27ac and H3K9me3 ChIP-seq signals in 
repeat subfamilies
To identify subfamilies significantly enriched in a given set of H3K27ac 
peaks (e.g., hyper-acetylated peaks at 24 hours of trametinib treatment), 

we assessed the overlap between peaks and RepeatMasker-v.4.1.1 
annotations, considering a match if the peak was located no more 
far than 1 kb from the repeat boundaries. A Fisher’s exact test was 
then performed by assessing the overlap of each subfamily for a spe-
cific set of peaks compared to all peaks. Fisher’s exact test P values 
were corrected for multiple testing using Benjamini-Hochberg meth-
od. For the H3K9me3 data, the total list of 5233 islands was divided 
into quintile groups based on the mean signal intensity (count per 
million reads) of each region in the untreated groups. According to 
the signal distribution in Fig. 3C, islands from the fourth and fifth 
quintile groups were tested for their overlap with different repeat 
subfamilies, as previously mentioned. Any subfamily with an ad-
justed Fisher’s exact test P value of less than 0.1 was considered sta-
tistically significant.
Transcription factor motif analysis
Statistically overrepresented TF motifs were identified using PSCAN 
(102) considering a motif score adjusted P value (Benjamini-Hochberg 
correction) of 0.01 or smaller. For the TF-motif database, we used a 
previously published collection of 4304 position weight matrices 
(53). Motifs were scanned in a window of 1 kb around the summit of 
hyper-acetylated peaks at 24 hours of trametinib treatment, focus-
ing on those peaks overlapping one or more repeats in subfamilies 
associated with hyper-acetylation at 24 hours. The same amount of 
repeat-overlapping H3K27ac peaks that were not differential across 
time points were included as a background for the enrichment test.
Meta-plot data and visualization
All meta-plots were generated using DeepTools_v3.5.1 (103). More 
specifically, BigWig files (reported in reads per bin, scaled to 1× cov-
erage) were generated using bamCoverage with the following set-
tings: --binSize 10 –normalizeUsing RPGC –effectiveGenomeSize 
2913022398 –extendReads 250. The “reads per bin” value was then 
averaged across replicates using Wiggle-tools (104) to obtain a mean 
normalized value in each time point. The resulting Wig files were 
reconverted in BigWig and processed in DeepTools for plot signal 
visualization.
Affinity of ELF3 binding
Probability distributions of the best match for three different ELF3 
motifs were generated using MEME-CentriMo v5.5.4 (105) to also 
assess the local enrichment in the top 500 constitutive (unchanged) 
peaks compared to the same number of top-induced peaks.
Gene set enrichment score
The IFN response signature (https://www.gsea-msigdb.org/gsea/
msigdb/human/geneset/HALLMARK_INTERFERON_ALPHA_
RESPONSE.html) was used to calculate an enrichment score per 
sample using GSVA R package with the “ssGSEA” option (https://
bioconductor.org/packages/release/bioc/html/GSVA.html).
Hierarchical clustering and heatmaps
Hierarchical clustering analysis was performed using the Complex-
Heatmap_v2.13.3 (90) R package using complete linkage method 
and Pearson correlation as distance metric.
Principal components analysis
Principal components analyses were generated in R using the 
“prcomp” function on the CPM-normalized data.
Genome browser tracks
Tracks for visualization in the IGV browser were generated using 
bedGraphTo-BigWig tool (106) and rescaled in reads per million (RPM).
Genomic datasets
Datasets are available in the Gene Expression Omnibus (GEO) data-
base (http://www.ncbi.nlm.nih.gov/geo) under the accession number 
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GSE238200. Additional RNA-seq datasets were obtained from Eu-
ropean Nucleotide Archive (ENA) database (http://www.ebi.ac.uk/
ena/) under the accession number PRJEB25806 (17) and from GEO 
database (http://www.ncbi.nlm.nih.gov/geo) under accession num-
bers GSE218404, GSE118548, and GSE78519 (54–56).

The complete list of datasets generated or used in this study is 
reported in table S6.

Supplementary Materials
This PDF file includes:
Figs. S1 to S7
Legends for tables S1 to S6

Other Supplementary Material for this manuscript includes the following:
Tables S1 to S6
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