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Integrator orchestrates RAS/ERK1/2
signaling transcriptional programs
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Activating mutations in the mitogen-activated protein kinase (MAPK) cascade, also known as the RAS-MEK-ex-
tracellular signal-related kinase (ERK1/2) pathway, are an underlying cause of >70% of human cancers. While great
strides have been made toward elucidating the cytoplasmic components of MAPK signaling, the key downstream
coactivators that coordinate the transcriptional response have not been fully illustrated. Here, we demonstrate that
the MAPK transcriptional response in human cells is funneled through Integrator, an RNA polymerase II-associated
complex. Integrator depletion diminishes ERK1/2 transcriptional responsiveness and cellular growth in human
cancers harboring activating mutations in MAPK signaling. Pharmacological inhibition of the MAPK pathway ab-
rogates the stimulus-dependent recruitment of Integrator at immediate early genes and their enhancers. Following
epidermal growth factor (EGF) stimulation, activated ERK1/2 is recruited to immediate early genes and phosphot-
ylates INTS11, the catalytic subunit of Integrator. Importantly, in contrast to the broad effects of Integrator
knockdown on MAPK responsiveness, depletion of a number of critical subunits of the coactivator complex Me-
diator alters only a few MAPK-responsive genes. Finally, human cancers with activating mutations in the MAPK
cascade, rendered resistant to targeted therapies, display diminished growth following depletion of Integrator. We
propose Integrator as a crucial transcriptional coactivator in MAPK signaling, which could serve as a downstream

therapeutic target for cancer treatment.
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The canonical mitogen-activated protein kinase (MAPK)
or extracellular signal-related kinase (ERK1/2) cascade is
one of the key signaling pathways that transmits growth
signals to the nucleus (Chen et al. 1992; Gonzalez et al.
1993; Karin and Hunter 1995). Following its activation,
ERK1/2 governs a multitude of transcription factors that
regulate expression of genes involved in fundamental cel-
lular processes, including proliferation, differentiation,
survival, and motility (Roux and Blenis 2004). Over 150
substrates of ERK1/2 have been identified, and, notably,
about half are localized in the nucleus (Yoon and Seger
2006). Perhaps the most studied response following ERK
activation is the phosphorylation of transcription factors,
including the ETS family members ELK1 and ETS1/2 (Da-
vis et al. 2000; Foulds et al. 2004), that promotes the ex-
pression of immediate early genes (IEGs) (Murphy et al.
2002; Foulds et al. 2004; Nelson et al. 2010). Despite the
identification of many of these substrates, the precise mo-
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lecular mechanism by which ERK1/2 activates the expres-
sion program of IEGs is strikingly unclear.

Approximately two-thirds of human cancers, including
skin, colon, lung, and pancreas; multiple myeloma; and
hairy cell leukemia, have aberrations in the ERK1/2 cas-
cade, largely due to activating mutations in signaling in-
termediates such as EGFR, KRAS, or BRAF (Davies et al.
2002; Garnett and Marais 2004; Dhillon et al. 2007; Bryant
et al. 2014). This understanding led to the development of
targeted inhibitors against kinase components of the
MAPK pathway that could be used for cancer therapy
(Roberts and Der 2007; Santarpia et al. 2012). However,
the rapid emergence of resistance toward these inhibitors
has hindered their therapeutic efficacy (Samatar and Pou-
likakos 2014). While these cytoplasmic pathways have
been the focus of many signaling studies, there is scarcity
of knowledge on how such signals are transmitted to the
transcriptional machinery beyond that of sequence-spe-
cific DNA-binding transcription factors.

© 2017 Yue et al. This article, published in Genes & Development, is
available under a Creative Commons License (Attribution 4.0 Internation-
al), as described at http://creativecommons.org/licenses/by/4.0/.
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We showed previously that the Integrator complex is re-
cruited to the IEGs to coordinate transcriptional initiation
and pause release during epidermal growth factor (EGF)
stimulation (Gardini et al. 2014). We demonstrated re-
cently that Integrator is also directed to enhancers, where
it facilitates transcription of enhancer RNAs (eRNAs) and
mediates their 3’ end processing (Lai et al. 2015). The func-
tions of Integrator at IEGs are clearly dictated by growth
factor stimulation; however, the signaling pathways that
converge on Integrator have yet to be defined. Here, we
show that Integrator is a critical downstream node of
ERK1/2 signaling in the nucleus. Inhibition of ERK1/2 ab-
rogates the stimulus-dependent recruitment of Integrator
and RNA polymerase II (RNAPII) to IEGs and their en-
hancers. While depletion of Integrator attenuates ERK1/
2-mediated transcriptional responsiveness of EGF signal-
ing, knockdown of MED1, MEDI12, or MED17 subunits
of Mediator complex did not alter EGF responsiveness of
most genes. Additionally, INTS11 knockdown diminish-
es the MAPK responsiveness and cellular growth in
A375 and A549, cancer cell lines with activating muta-
tions in BRAF and KRAS, respectively. Importantly,
depletion of INTS11 diminishes cellular proliferation in
A375 cells rendered resistant to MAPK inhibitors, high-
lighting a possible avenue to overcome drug resistance
by targeting INTS11 in cancer cells.

Results

Integrator is a key transcriptional coactivator for ERK1/2
signaling

We showed previously that depletion of Integrator catalyt-
ic subunit INTS11 or its largest subunit, INTS1, abrogated
EGF transcriptional responsiveness in HeLa cells (Gardini
et al. 2014). To dissect the signaling pathway that
mediates the EGF transcriptional response of IEGs, we
treated HeLa cells with an ERK1/2 (SCH772984) or MEK
(PD0325901) inhibitor prior to EGF stimulation and ana-
lyzed EGF-responsive gene expression using chromatin
RNA sequencing (ChromRNA-seq), which provides for
an enriched fraction of nascent RNAs. We found 106
genes that consistently respond (twofold induction; g-val-
ue <0.05) to EGF stimulation at the 20-min time point
(Supplemental Table S1; Supplemental Fig. S1A). Inhibi-
tion of MEK or ERK1/2 impaired activation of most
EGF-responsive genes (81 genes were concomitantly in-
hibited following ERK1/2 or MEK inhibition) (Fig. 1A,B;
Supplemental Fig. S1B; Supplemental Table S1). We vali-
dated that MEK or ERK1/2 inhibition reduced phosphory-
lation of RSK1, a downstream target of MAPK signaling.
(Supplemental Fig. S2A).

We next compared the diminished transcriptional re-
sponse incurred by MEK or ERK1/2 inhibition with that
following depletion of INTS11. While Integrator knock-
down (INTS11 knockdown using an inducible shRNA)
did not affect ERK1/2 activation (Supplemental Fig.
S2B), it mimicked the pharmacological inhibition of
MAPK inhibitors, resulting in the loss of EGF responsive-
ness in the same group of genes (Fig. 1A-C; Supplemental
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Fig. S1B). INTS11 depletion resulted in the loss of respon-
siveness of 77 out of 81 IEGs whose activation was also
diminished by inhibition of ERK1/2 and MEK (Supple-
mental Fig. S1B; Supplemental Table S1). Importantly, ec-
topic expression of INTS11 from constructs refractory to
the action of shRNAs rescued the transcriptional induc-
tion of a majority of EGF-responsive genes (70 out of 99
genes were rescued by INTS11 overexpression) (Fig. 1A,
C; Supplemental Table S1). Moreover, Integrator deple-
tion and MEK or ERK1/2 inhibition did not affect 106
randomly selected control genes unresponsive to EGF in-
duction (Fig. 1C). Two independent siRNAs against
INTS11 or their combination similarly diminished the in-
duction of EGF-responsive genes (Supplemental Fig. S3A).
As a complementary approach, either wild type ERK2 or
its constitutively active form (R67S and D321N) (Brady
et al. 2014) was ectopically expressed in HeLa cells, and
their responsiveness to EGF and INTS11 depletion was
measured. While ectopic expression of constitutively
active ERK2 increased the basal levels of NR4A1 and
EGR1 expression (compared with that of wild type
ERK?2), depletion of INTS11 diminished both the basal
and EGF-induced expression of NR4A1 and EGR1 (Supple-
mental Fig. S4A-D). These results are consistent with In-
tegrator playing a transcriptional coactivator function in
ERK-mediated transcriptional activation.

Next, we analyzed enhancer activation by measuring
the response of EGF-stimulated eRNAs at enhancers and
superenhancers (SEs). MEK or ERKI1/2 inhibition or
INTS11 knockdown diminished the EGF-induced eRNA
induction at enhancers and SEs, similar to that of pro-
tein-coding genes (Fig. 1D-F; Supplemental Fig. S2C; Sup-
plemental Tables S2, S3; data not shown). These results
demonstrate that Integrator functions as a critical coacti-
vator of ERK1/2-responsive IEGs within the initial wave
of transcriptional activation.

Integrator is recruited to chromatin
by activated ERK1/2

We next asked whether ERK1/2 signaling drives Inte-
grator recruitment following EGF stimulation. We
performed ChIP-seq (chromatin immunoprecipitation
[ChIP] combined with high-throughput sequencing) of
INTS11 and RNAPII before and after the treatment of
cells with ERK1/2 inhibitor (SCH772984). Inhibition of
ERK1/2 signaling diminished the immediate-early re-
cruitment of Integrator and RNAPII to EGF-responsive
IEGs (Fig. 2A,B). This was manifested by decreased occu-
pancy of Integrator and RNAPII at the 5’ end and body of
EGF-responsive genes (Fig. 2A-C). In agreement with our
previously reported effects of INTS11 depletion (Gardini
et al. 2014), analysis of the RNAPII traveling ratio indicat-
ed that ERK1/2 inhibition substantially decreased tran-
scriptional elongation following EGF induction (Fig.
2D). In addition, treatment of serum-starved cells with
ERK1/2 inhibitor prior to EGF stimulation similarly re-
sulted in increased pausing of RNAPII, as reflected by
the accumulation of RNAPII at the 5" end of EGF-respon-
sive genes and, to a lesser extent, at the control gene set
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(Fig. 2B,C). There was no change in transcriptional activ-
ity of either gene set following treatment of starved cells
with ERK1/2 inhibitor (Supplemental Table S4), consis-
tent with the increased residence of nonproductive
paused RNAPII at the 5 ends of both gene sets. Finally,
consistent with Integrator’s role in eRNA production,
ERK1/2 inhibition abrogated the recruitment of Integra-
tor and RNAPII to EGF-induced enhancers (Fig. 2E).
These results demonstrate that ERK1/2 signaling funnels
through the Integrator complex and promotes its recruit-
ment to IEGs. The impaired transcriptional response that
follows INTS11 knockdown indicates that Integrator is a
critical downstream component of MAPK signaling in the
nucleus.

Integrator fulfills a specific coactivation function
in MAPK signaling

In multicellular organisms, RNAPII associates with two
major multiprotein complexes: the Mediator complex,
which is conserved in unicellular eukaryotes, and Integra-
tor, which evolved later following the unicellular-to-
multicellular transition. We depleted two subunits of Me-
diator complex, MED1 and MEDI12, and assessed their
roles in EGF responsiveness genome-wide. In contrast to
INTS11 depletion, knockdown of MEDI or MED12 did
not significantly alter the EGF-mediated induction of
IEGs (Fig. 3A-D; Supplemental Figs. S5A, S6A, B). We
found that 16 of 81 MAPK-responsive genes decrease their
transcriptional induction following depletion of MED1 or
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Figure 2. Pharmacological inhibition of the MAPK pathway diminishes stimulus-induced Integrator recruitment. All experiments were
performed in at least two biological replicates. (A) The presence of ERK inhibitor (SCH772984) affects the dynamics of INTS11 and RNA-
PII recruitment at EGR1, FOSB, and NR4A1 loci. Diagrams of the EGR1, FOSB, and NR4A1 genomic regions are at the bottom. (B,C)
Average profiles of INTS11 (top) and RNAPII (bottom) recruitment at 106 EGF-induced genes (B) and 106 control genes that were random-
ly selected (see the Materials and Methods for more details). (C). ChIP-seq was performed before and after 20 min of EGF induction with or
without ERK inhibitor treatment. (D) The RNAPII traveling ratio at 106 EGF-induced gene loci was measured. The ratio was calculated as
log; of read density at the transcription start site (TSS)/read density over the gene body. All distributions were significantly different. P <
0.001, Kolmogorov-Smirnov test. (E) Average profiles of INTS11 or RNAPII recruitment at 57 EGF-induced enhancers (see the Materials
and Methods).

MEDI12 (Supplemental Fig. S6B; Supplemental Table 1). following depletion of MED1, MED12, or MED17 (Fig.
This overall lack of responsiveness is also reflected in a 3E; Supplemental Fig. S5B). Despite the lack of change
time course for EGF-induced transcriptional stimulation in most EGF-induced genes following depletion of
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Figure 3. Depletion of Mediator subunits does not significantly affect MAPK responsiveness. (A) Heat map representing the fold induc-
tion of 106 EGF-induced genes in HeLa cells following treatment with shCTRL or shRNA against INTS11, MED1, or MED12. All exper-
iments were performed in at least two biological repeats. Each lane represents the fold ratio of gene expression changes before and after 20
min of EGF stimulation. The heat map is ranked from the highest to the lowest fold induction of EGF-responsive genes. (B,C) EGF-induced
gene expression at EGR1, FOSB, and NR4A1 loci did not change by the presence of shRNA control or shRNA against MEDI (B) or MED12
(C), asrevealed by ChromRNA-seq. (D) Dot plots represent significant impairments of EGF-induced activation by INTS11 knockdown but
not by knockdown of MED1 or MED12. Average expression levels of 106 EGF-induced genes or control genes were measured by fold in-
duction after EGF treatment. (***) P <0.001 for all comparisons, t-test. (E) Knockdown of MEDI1 or MED12 does not affect EGF-induced
NR4A1 gene activation. The gene transcription level was measured before and after 5, 10, and 20 min of EGF induction using quantitative
RT-PCR (qQRT-PCR). Shown in the figure is the average from three independent experiments. Error bars represent SEM. (F) Heat map rep-
resenting the fold induction of 60 serum-induced genes after treatment with shCTRL or shRNA against INTS11 or MED12. Each lane
represents the fold ratio of gene expression changes before and after 20 min of serum stimulation. All genes were induced by at least two-
fold. FPKM > 1; g-value < 0.05. The heat map is ranked from the highest to the lowest fold induction of serum-responsive genes. (G) Serum-
induced gene expression at FOSB and NR4A1 loci was reduced by the presence of sShRNA against INTS11 or MED12. (H, top) Dot plots
showing that loss of INTS11 or MED12 abrogates the serum-induced transcriptional activation on serum-responsive genes. (Bottom)
There is no significant change in control genes. The serum-responsive genes are listed in Supplemental Table S5. (***) P <0.001, t-test.
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MEDI1, MEDI12, or MED17, we detected ERK1/2-depe-
dent recruitment of MEDI and MEDI12 following EGF
stimulation (Supplemental Fig. S7A-D). Since Mediator
is composed of >20 subunits, it is plausible that an unex-
amined component of the Mediator complex contributes
to the MAPK response of additional genes.

Importantly, consistent with previous reports (Donner
et al. 2010), depletion of MED12 significantly attenuated
transcriptional activation following serum stimulation,
which contains a milieu of growth factors, including
EGF (Fig. 3F-H; Supplemental Table S5). Depletion of
INTS11 similarly attenuated the serum response, indicat-
ing that while Integrator has a broad role in growth factor
signaling, Mediator subunits may exert their function on a
specific cytokine signaling pathway.

Activated ERK1/2 is recruited to the promoters of IEGs
and phosphorylates INTS11

To further examine the mechanism by which ERK1/2 sig-
naling leads to the activation of IEGs, we asked whether

active ERK1/2 is recruited to NR4A1, EGR1, and FOSB
in a signal-dependent manner. We used two different anti-
bodies directed to phosphorylated ERK1/2 (pERK) to as-
sess the chromatin residence of pERK. We observed a
robust and specific EGF-induced recruitment of pERK to
the transcription start sites (TSSs) of NR4A1, FOSB, and
EGR1 that diminished following inhibition of MEK (Fig.
4A,B). These results indicate that pERK is recruited to
the promoters of IEGs following activation of the MAPK
cascade.

To ask whether pERK can directly phosphorylate
INTS11, we isolated Integrator from a HeLa cell line sta-
bly expressing Flag-INTS11 and assessed phosphorylation
of INTS11 following EGF stimulation. While we did not
observe a signal corresponding to phosphoserine (data
not shown), we detected a phosphothreonine signal in a
molecular mass range close to Flag-INTS11 on an SDS-
PAGE following EGF stimulation that is lost after in-
hibition of MEK (Fig. 4C). To confirm that this signal
corresponds to INTS11, we immunoprecipitated the en-
dogenous protein using antibodies against INTS11 from

A PERK ChIP-gPCR (Antibody 1) Figure 4. Integrator is phosphorylated following
018 IgG_ MAPK induction, and phoshpho-ERK1/2 is recruited
S * Vehicle to EGF-responsive genes upon pathway activation. (4,
2 oa * Vehicle + EGF B) Phospho-ERK1/2 ChIP-gPCR (ChIP combined with
5 MEK inh qPCR) with antibody-1 (Cell Signaling Technology, no.
.42'3’0_05 MEK inh + EGF 4370) and antibody-2 (Invitrogen, no. 700012). The cells
8 I were collected before and after 20 min of EGF induction
& . I with or without the presence of MEK inhibitor
NRAA1-TSS EGR1-TSS FOSB-TSS EGR1 Downstream  EHD1-TSS (PD0325901). After ChIP, qPCR was performed with
primers located in the TSS region of the NR4A1,
B . EGRI1, and FOSB genes. The primer pairs located in
_ 015 P PERK ChiP-qPCR (Antibody 2) oG the TSS region of the EHD1 gene and ~3 kb downstream
g o o : xz::z:: + EGF from the transcription end site (TES) of the EGR1 gene
2 o1 F !T ’_\ [—‘ . MEK inh were used as negative controls. The average from at least
5 MEK inh + EGF three independent experiments is shown. (*) P < 0.05; (**)
£o0s P <0.01, t-test. (C,D) Western blots of immunoprecipita-
8 k I tion for exogenous expression of Flag-INTS11 in HeLa
o z . I h = I =z cells (C) and endogenous INTSI1 in A375
NR4A1-TSS EGR1-TSS FOSB-TSS  EGR1-Downstream  EHD1-TSS (BRAF_V600E) cells (D). Phosphorylated INTS11 protein
c INPUT Hela cots FlsgHINTSH1 P was detected by specific antibody against phosphothreo-

o T+ - 7 o - 7 -+ e nine (Cell Signaling, no. 9381).
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A375 cells with activated BRAF and measured the extent
of phosphorylation using phosphotheronine antibodies.
We detected two bands corresponding to INTS11 follow-
ing Western blot analysis using INTS11 antibodies (Fig.
4D). Moreover, we found a phosphothreonine signal at a
molecular mass similar to phosphorylated INTS11 (Fig.
4D). Importantly, treatment of A375 cells with MEK in-
hibitor resulted in loss of phosphorylation signal concom-
itant with the loss of the higher-molecular-mass band
corresponding to INTS11 (Fig. 4D). Taken together, these
results are consistent with phosphorylation of INTS11 by
PERK following EGF signaling.

INTS11 knockdown diminishes ERK1/2 responsiveness
in cancers with activated MAPK

We next asked whether INTS11 knockdown affects the
MAPK-mediated responsiveness in cancer cell lines with
activating mutations in the MAPK signaling pathway.
We treated A549 lung adenocarcinoma cells containing

Integrator is required for MAPK signaling

mutations in KRAS (homozygous G12S mutation) with
either ERK1/2 or MEK inhibitors (SCH772984 and
PD0325901, respectively) prior to stimulation with EGF,
similar to the protocols that we used for HeLa cells (Sup-
plemental Fig. S8A). Treatment of A549 with either inhib-
itor specifically diminished the EGF responsiveness of
most EGF-responsive genes (99 out of 112 EGF-responsive
genes diminished their responsiveness following treat-
ment with either ERK1/2 or MEK inhibitor) (Fig. 5A-C;
Supplemental Table S6; Supplemental Fig. S9A,B). Deple-
tion of Integrator displayed a loss of transcriptional induc-
tion following EGF stimulation similar to that observed
following treatment with MAPK pathway inhibitors (78
out of 112 EGF-responsive genes were concomitantly in-
hibited by INTS11 depletion or treatment with MAPK in-
hibitors) (Fig. 5A-C; Supplemental Figs. S3B, S9B).

We extended our analyses to A375 melanoma
cells, which contain an activating V600E mutation in
BRAF. We treated A375 cells with inhibitors targeting
mutant BRAF, MEK, and ERK1/2 to arrive at a set of

A o & & & S B o " " Figure 5. Integrator directs MAPK transcriptional
& Q‘—P é-\ & \,\é 36 [ = 17{ = 127 f— Vehicle responsiveness in cancers with MAPK-activating mu-
Y g S 50 20 2 B T tations. All experiments were performed in at least
J .M J MMN i ol Mmt Vehicle + EGF two biological repeats. (A—C) Lung adenocarcinoma
36[ ‘7( ter [ ERK inh cells (A549) with KRAS-activating mutation. (D-F)
2 2 : B Melanoma cells with the V600E BRAF mutation
J J ] ‘ Jmn i ERKinh+EGF (A375). Heat maps representing the activation of
36[ 17{ 127{ VEK inh EGF-responsive genes in A549 cells (A) or genes re-
2 0 B — sponsive to MAPK inhibitors in A375 cells (D) treated
[ ( MEKinh+EGF  with DMSO, ERK inhibitor (SCH772984), MEK in-
* 9 1297 _ hibitor (PD0325901), BRAF inhibitor (vemurafenib;
J o J - . o SINTSTI only in D), nontargeting siRNA, or siRNA against
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hyperactivated MAPK-responsive genes (299 genes) that
significantly diminished their transcription (reduction
by twofold; g-value < 0.05) upon treatment with the three
inhibitors (Fig. 5D-F; Supplemental Table S7; Supplemen-
tal Figs. S8B, S9C). Interestingly, the V60OE mutation in
BRAF rendered these cells nearly unresponsive to EGF
stimulation (Fig. 5E). Importantly, depletion of INTS11 re-
sulted in a significant cessation of MAPK-responsive tran-
scriptional activation in genes that responded to MAPK
pathway inhibitors (117 of 299 MAPK-responsive genes
diminished their expression) (Fig. 5D-F; Supplemental
Figs. S3C, S9D). This was specific, as 299 randomly cho-
sen control genes were unaffected following treatment
with MAPK pathway inhibitors or INTS11 knockdown
(Fig. 5F). A375 cells responded similarly to MAPK path-
way inhibition or Integrator depletion regardless of EGF
stimulation (Fig. 5E; Supplemental Fig. S8C,D). Overall,
BRAF-activated cells displayed a greater inhibition of
MAPK-responsive gene expression following treatment
with MAPK pathway inhibitors compared with that after
Integrator depletion (Fig. 5D; Supplemental Fig. S9D).
This most likely reflects the activation of a large number
of immediate-late genes due to the constitutive activa-
tion of the MAPK pathway in A375 cells. Nevertheless,

these results demonstrate that Integrator could be used
as a target in cancer cells with activating mutations in
the MAPK pathway to decrease ERK1/2-mediated tran-
scriptional induction.

Knockdown of INTS11 inhibits proliferation of cancers
with activated MAPK

We compared the effectiveness of MEK and ERK1/2 inhib-
itors with INTS11 knockdown for cellular growth sup-
pression in multiple cancer cell lines (Supplemental Fig.
S10). INTS11 depletion leads to a specific decrease in cel-
lular growth in HeLa cells, which is completely reversed
by ectopic expression of INTS11 refractory to the action
of shRNA (Fig. 6A). Treatment of HeLa cells with inhibi-
tors of MEK or ERK1/2 kinases displayed a similar
decrease in cellular growth (Fig. 6B). We next measured
cellular growth in KRAS mutant A549 cells following
knockdown of INTS11 or MAPK inhibition (Supplemen-
tal Fig. S10A,B). Both treatments resulted in a significant
reduction of cellular growth (Fig. 6C,D).

Next, we compared the loss of INTS11 and inhibition
of the MAPK pathway in A375 cells (Supplemental Fig.
S10A,B). We also assessed cellular growth following a

Figure 6. Integrator targeting inhibits growth of cancer
cells with MAPK mutations. (A-D) Cell growth curves
for Hela (A,B) or KRAS mutant lung cancer cell A549
(C,D) depleted of INTSI11 or treated with MAPK inhib-
itors. (A) This growth defect was fully rescued by restor-
ing the expression of INTS11 (rescue). (B) Blocking
MAPK signaling by treating cells with MEK inhibitor
(0.5 pM PDO0325901) or ERK inhibitor (1 pM
SCH772984) resulted in cell growth inhibition. (C,D)
In A549 cells, depletion of INTS11(C) or inhibition of
MAPK signaling (D) impaired cell growth. (E,F) IC50s
(concentrations of 50% growth inhibition) of RAF in-
hibitor (vemurafenib; E) and PI3K inhibitor
(LY294002; F) for BRAF V600E mutant melanoma cell
A375 (E) and RAF inhibitor-resistant line A375R (F)
(see the Materials and Methods for details). (G,H) Cell
growth curves for A375 (G) and A375R (H) cells. The
cells were transfected with nontargeting siRNA
(siCTRL) or siRNA against INTS11 (siINTS11) on day
0. Six hours after transfection, the cells were fed with
medium containing vehicle or RAF inhibitor (0.4 pM
vemurafenib) for up to 5 d. siRNA transfection was re-
peated on day 2. The average of three independent ex-
periments is shown. (**) P<0.01.
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similar treatment in A375 cells rendered resistant to
vemurafenib (A375R), the specific inhibitor of V600E
mutations of BRAF. Despite their resistance to BRAF in-
hibition, A375R cells displayed sensitivity to inhibition
of PI3 kinases (Fig. 6E,F). Importantly, while A375 and
A375R responded equally to INTS11 depletion, con-
comitant treatment of these cells with vemurafenib fol-
lowing INTSI11 depletion did not result in further
suppression of growth (Fig. 6G,H). These results are con-
sistent with the conclusion that BRAF and INTS11 par-
ticipate in the same signaling cascade and further
highlight targeting of INTS11 as a possible therapeutic
opportunity in the treatment of human melanoma re-
fractory to BRAF inhibition. Taken together, these re-
sults support the notion that cancer cell lines with
activating mutations in MAPK signaling are sensitive
to Integrator perturbations.

Discussion

Genetic aberrations in components of the MAPK cascade
underlie some of the deadliest human cancers, including
those found in the lung and pancreas. Despite tremendous
advances toward understanding the molecular basis of
MAPK signaling in the cytoplasm, our knowledge of
how the activation of ERK1/2, the last cytoplasmic com-
ponent of the pathway, is translated into a rapid and coor-
dinated transcriptional response in the nucleus is sorely
lacking. Although it is well known that ERK1/2 phosphor-
ylates a set of transcription factors, predominantly the
ETS-related family members, the precise molecular
mechanisms that lead to transcriptional induction have
not been elucidated. Previous studies have implicated
the transcriptional coactivators CBP/p300 or components
of the Mediator complex in MAPK signaling (Janknecht
and Nordheim 1996; Pandey et al. 2005; Wang et al.
2005; Jun et al. 2010; Galbraith et al. 2013). However,
these studies are generally limited to the analysis of a sin-
gle or a small number of MAPK-responsive genes in a spe-
cific cell line (Jun et al. 2010; Galbraith et al. 2013). Here,
we demonstrate that Integrator confers the ERK1/2 tran-
scriptional induction to a large repertoire of MAPK-re-
sponsive genes in multiple cancer cell lines, including
those with cancer-causing activating mutations in com-
ponents of MAPK signaling.

Our results point to the emergence of Integrator as a
critical node in the transcriptional response downstream
from growth factor signaling (Fig. 7). We show that in-
hibition of the MAPK cascade abrogates the stimulus-
dependent recruitment of Integrator. There are multiple
mechanisms by which Integrator could be recruited to
PERK1/2-responsive genes. Phosphorylation of a specific
transcription factor and/or RNAPII by ERK1/2 could re-
sult in increased recruitment of RNAPII and Integrator
to MAPK-responsive genes (Rowan et al. 2000). Concom-
itantly, subunits of Integrator could be the direct target of
MAPK signaling. Indeed, we show that INTS11 is phos-
phorylated by ERK1/2, and it is likely that other subunits
of the Integrator complex could be the target of the MAPK

Integrator is required for MAPK signaling

Growth factors

f(

(7

Figure 7. Model depicting Integrator’s role as a critical node in
MAPK transcriptional induction. Following growth factor stimu-
lation, ERK1/2 are phosphorylated at Tyr204/187 and then
Thr202/185 through the canonical RAS-RAF-MEK signaling cas-
cade. The phosphorylation of both tyrosine and threonine enables
the enzyme activation. Activated ERK1/2 translocate into the nu-
cleus and regulate the IEG response through phosphorylating re-
lated nuclear transcription factors. Integrator is phosphorylated
and recruited onto chromatin after the activation of MAPK sig-
naling, which is required for growth factor-stimulated gene
activation.

and other signaling pathways known to regulate gene
expression.

There has been evidence showing the association of
ERK1/2 with chromatin in mouse stem cells (Tee et al.
2014). Importantly, we show that activated ERK1/2 is re-
cruited to the promoter of IEGs in a signal-dependent
manner. Therefore, it is likely that following activation
of the MAPK pathway, ERK1/2 functionally associates
with Integrator and perhaps other components of the tran-
scriptional machinery at MAPK-responsive genes.

It is interesting that while both Mediator and Integrator
complexes play a transcriptional coactivation function in
response to serum stimulation, only Integrator plays a
broad role in EGF-induced MAPK signaling. Serum con-
tains a number of growth factors in addition to EGF.
Therefore, it is likely that Mediator functions in the
transcriptional responsiveness of important cytokine sig-
naling pathways that need to be further elucidated. More-
over, since Mediator contains >30 subunits, it is possible
that one or more subunits not examined in our study
may be important in MAPK signaling. Single-cell eukary-
otic organisms such as yeast do not possess Integrator.
Therefore, it is likely that during evolution, upon increas-
ing complexity of the genome, Integrator was designated
with specific coactivating functions that, in simpler sys-
tems, were performed by the Mediator complex.

We placed the Integrator complex as a critical compo-
nent of the MAPK pathway necessary for the induction
of IEGs. Targeting components of the MAPK pathway in
cancers with activating mutations using kinase inhibitors
have been plagued with the rapid emergence of resistance.
The identification of Integrator, especially its catalytic
subunit, INTS11, as a critical downstream component of
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this pathway opens the way to the development of small
molecule inhibitors to Integrator, which may overcome
the present therapeutic difficulties in targeting the
MAPK pathway in cancer.

Materials and methods

RNA-seq and CHIP-seq

RNA-seq and ChIP-seq were performed as described previously
(Gardini et al. 2014; Lai et al. 2015). Briefly, NEBNext Ultra
RNA and the ChIP-seq library preparation kit for Illumina
(New England Biolabs, E7420 and E6240) were used to prepare
the sequencing library. Sequencing was performed as a 75-base-
pair (bp) single-end run using the NextSeq 500 high-output kit
provided by the Oncogenomics Core Facility at the Sylvester
Comprehensive Cancer Center at the University of Miami Miller
School of Medicine.

RNA-seq analysis

RNA-seq data were aligned to human genome (hg19 version) us-
ing TopHat2 (Kim et al. 2013), and differential expression analysis
was performed using Cuffdiff 2.2.1 (Trapnell et al. 2010) with de-
fault parameters. The genes with differential expression (EGF-re-
sponsive genes) were considered significant when the g-value was
<0.05, fold change was >2, and FPKM (fragments per kilobase per
million mapped fragments) was >1 for protein-coding genes and
when FPKM was >0.5 (HeLa: 106 genes, A549: 112 genes) and
fold change was >1.6 for eRNAs. Genes responsive to MAPK in-
hibitors were defined as the common differentially expressed
genes in the treatments with ERK, MEK, and BRAF inhibitors
with g-value <0.05, fold change >2, and FPKM >1 (A375: 299
genes). Control genes were randomly selected from the group of
genes that were not differentially expressed in all conditions (g-
value > 0.05, fold change <2 or fold change > -2, and FPKM > 1).
To compare the genes affected by each condition, we first
checked whether there was at least a 50% reduction in the top
30% of EGF-responsive genes (HeLa or A549 cells) by fold induc-
tion, and, for the remaining 70% of genes, we followed the criteria
of g-value>0.05 and fold change <2 after EGF induction. For
A375 cells, we followed the criteria of 40% in gene expression af-
ter ints11 knockdown (see Supplemental Figs. 1, 6, 9; Supplemen-
tal Tables 1, 5, 6, 7). Heat maps were generated using SpotFire
with Decision Site for Functional Genomics (SpotFire, Inc.).

Gene set enrichment analysis (GSEA)

Gene expression in fold changes was obtained as described above,
and the entire list of expressed genes was preranked and imported
into the GSEA program (Subramanian et al. 2005) to perform
GSEAs.

Genome-wide identification of eRNA and SE RNA loci

For eRNA identification, we performed peak analysis from HeLa
H3K27ac ChIP-seq data after EGF stimulation (GSE68401) using
HOMER (Heinz et al. 2010) run in “histone” mode. ChromRNA-
seq from HeLa cells (vehicle and EGF) was used for transcriptome
assembly with Cufflinks version 2.2.1 (Trapnell et al. 2010) with
the following options: -N -u - -library-type fr-firststrand -g (RefSeq
GTF file provided as guide) -M (rRNA, tRNA, and 7SK RNA mask
file provided). We generated transcriptome assemblies for each of
these samples separately and then used Cuffmerge to combine all
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annotations. We then removed all spliced transcripts and any
transcript that overlapped or were in a window of =2 kb of known
RefSeq genes. Next, we used BEDTools (Quinlan and Hall 2010)
to retain all pairs of transcripts that were head to head in a win-
dow of 500 nucleotides. We further selected the pair of transcripts
whose TSS overlapped (500 bp) with H3K2.7ac peaks. This eRNA
annotation was merged with the RefSeq and used for all subse-
quent RNA-seq expression analyses. Seventy-five EGF-induced
eRNAs located within 300 kb from the nearest EGF-responsive
protein-coding genes were selected for analysis. For SEs, we
used wild-type uninduced RNA-seq as “input” data and wild-
type EGF-induced RNA-seq as “ChIP-seq” data. In total, 3051
peaks were detected, and, among them, 85 were called as SEs. Af-
ter manually removing protein-coding regions from the 85 SEs,
we had 36 bona fide SEs left. We combined these 36 SEs and
464 traditional enhancers to get the top 500 EGF-induced enhanc-
ers. They were ranked by their SE score: normalized peak score
based on the highest peak score and the total number of peaks
(3051). Next, we quantified tag counts at those 500 nonredundant
peaks from RNA-seq data of shINTS11-treated, ERK inhibitor-
treated, and INTS11 inhibitor-treated cells before and after EGF
induction. As in the previous step, we normalized the EGF-in-
duced tag to generate the SE score in the same way as wild-type
samples.

ChlIP-seq data analysis and RNAPII traveling ratio

ChIP-seq data analysis was performed as described previously
(Lai et al. 2015). Briefly, FastQ data were processed with Trim-
momatic (Bolger et al. 2014) to remove low-quality reads and
then were aligned to the human genome hgl9 using Bowtie 2
(Langmead and Salzberg 2012). The bigWiggle file was generated
with SAMtools and RseQC and then uploaded to the University
of California at Santa Cruz Genome Browser. The average pro-
file was generated with NGS Plot (Shen et al. 2014). RNAPII
traveling ratio calculations were generated as described (Rahl
et al. 2010). Briefly, RNAPII ChIP-seq density at the TSS (-30
bp to +300 bp) was divided by the read density over the rest of
the gene body plus an additional 1 kb beyond the transcription
end site (TES). The log (ratio) of genes (EGF, control, and ERK
inhibitor treatment) was calculated using all different isoforms
available in the Hgl9 RefSeq annotation table that were consid-
ered express (FPKM>1 in EGF treatment conditions) in our
analysis.

Antibodies

Antibodies used for CHIP and immunoblot included INTS11
(Bethyl Laboratories, A301-274A), INTS11 (Sigma, HPA029025),
RNAPII (Santa Cruz Biotechnology, sc-899), GAPDH (Santa
Cruz Biotechnology, sc-25778), phospo-ERK1/2 (Cell Signaling
Technology, nos. 4370 and 9101; and Invitrogen, catalog no.
700012), ERK1/2 (Cell Signaling Technology, no. 9102), MED1
(Bethyl Laboratories, A300-793A), MED12 (Bethyl Laboratories,
A300-774A), phospho-p90RSK (Thr359) (Cell Signaling Technol-
ogy, no. 8753), RSK1 (Cell Signaling Technology, no. 9333), phos-
phor-EGFR (pTyr1068) (Cell Signaling Technology, no. 3777,
EGFreceptor (Cell Signaling Technology, no. 4267), and phospho-
threonine (Cell Signaling Technology, no. 9381). Flag M2-conju-
gated beads (Sigma, A2220) were used for immunoprecipitation.

Cell lines

Melanoma cell line A375 and lung cancer cell line A549 were
purchased from American Type Culture Collection and
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maintained under suggested conditions. The RAF inhibitor-re-
sistant line (A375R) was derived from A375 by culturing the
cells in the medium containing RAF inhibitor (1 pM vemurafe-
nib) for at least 3 mo.

siRNA and plasmid transfections

Gene silencing was achieved by transfection of siRNAs (20 nM
final concentration) in Optimem medium (Invitrogen) using Lip-
ofectamine RN AiMax (Invitrogen, catalog no. 13778-100) accord-
ing to the manufacturer’s protocol. The siRNAs were purchased
from Ambion (siINTS11#1 [catalog no. 29894], siINTS11#2 [cata-
log no. 29895, and negative control siRNA [catalog no. AM4611])
and Qiagen (negative control siRNA [catalog no. 1022076]). Plas-
mid expression mutant ERK2 or wild-type ERK2 and empty vec-
tor were transfected into the cells using Lipofectamine 3000
(Invitrogen, catalog no. L3000015) according to the manufactur-
er’s protocol. The plasmid pBABEpuro-HA-ERK2-Mut was a gift
from Christopher Counter (Addgene, plasmid no. 53203) (Brady
et al. 2014).

Compounds

Vemurafenib ($1267), PD0325901 (S1036), SCH772984 (S7101},
and LY294002 (S1105), purchased from Selleck Chemicals, were
resuspended in DMSO.

RNA extraction and ChIP

The cells were maintained in 0.5% FBS-containing medium for
48 h and then subjected to EGF stimulation for 20 min by adding
100 ng/mL EGF (Thermo Fisher Scientific, PHG0311L). For inhib-
itor treatment, the cells were incubated in medium containing 1
BM vemurafenib, 200 nM PD0325901, or 1 uM SCH772984 for 3
h before collection. The chromatin-associated RNA fraction was
prepared as described previously (Lai et al. 2015). To prepare the
samples for ChIP, the cells were fixed with 1% formaldehyde
for 10 min in a culture dish followed by incubation in 0.125 M gly-
cine at room temperature to halt the fixation. The cells were
washed, scraped, and pelleted in cold PBS. ChIP was performed
as described previously (Lai et al. 2015).

Cell growth curve and RAF inhibitor IC50 (concentration
of 50% growth inhibition)

Exponentially growing cells were trypsinized and counted with a
Moxi Z miniautomated cell counter (ORFLO Technologies). The
cells were seeded into a 12-well plate at a density of 2 x 10* to
~4 x 10* cells per well and then treated after overnight incuba-
tion. Lung cancer cell line A549 and melanoma cell line A375
were transfected with nontargeting siRNA or siRNA against
INTS11 (shINTS11 #1 +#2). HeLa cells harboring an inducible
shRNA cassette were cultured in medium containing doxycy-
cline to knock down INTS11. The cells stably expressing Flag-
INTS11 refractory siRNAs were used to restore the INTS11 pro-
tein level. To test MAP kinase pathway inhibitors on cell growth
inhibition, A549 and HeLa cells were treated with MEK inhibitor
at 0.2 and 0.5 puM or ERK inhibitor at 0.5 and 1 uM, respectively.
A375 and RAF inhibitor-resistant line A375R were treated with
RAF inhibitor at 0.4 pM. The cells were trypsinized and counted
at days of treatment as indicted. To measure the growth inhibi-
tion effect of vemurafenib (IC50), the cells were plated into a
96-well plate and then treated with vehicle or RAF inhibitor for
3 d. PrestoBlu cell viability reagent (ThermoFisher Scientific, cat-
alog no. A13261) was used to measure cell viability according to

Integrator is required for MAPK signaling

the manufacturer’s protocol. GraphPad Prism software was used
to generate graphs and calculate IC50s.

Primers for ChIP-qPCR (ChIP combined with qPCR)

Primers for ChIP-qPCR were as follows: NR4A1-TSS forward (5'-
GAGCGCTTAAGAGGAGGGTC-3'), NR4A1-TSS reverse (5'-GC
ACTCCCCCAAGTTTCGTA-3'), NR4A1-TSS forward2 (5'-ACG
GAGCGCTTAAGAGGAG-3'), NR4A1-TSS reverse2 (5-CTCC
CGAAGTTCTTCTGTGC-3'), EGR1-TSS forward (5'-GTCCTG
CCATATTAGGGCTTCC-3), EGR1-TSS reverse: 5-TATTTG
AAGGGTCTGGAACGGC-3'), EGR1-TSS forward2 (5-TGCAG
ATCTCTGACCCGTTC-3), EGRI-TSS reverse2 (5-TCATCTC
CTCCAGCTTAGGG-3'), EGRldownstream (~3 kb from TES)
forward (5-AAAACCAAGGGCACGAGACA-3'), EGR1 down-
stream (~3 kb from TES) reverse (5'-GTTCAACACTCTCCGG
GACC-3'), FOSB-TSS forward (5-ATAAATACAGGCTGGCGG
GT-3'), FOSB-TSS reverse (5-AAGTCTTGGTTCCGCGTG
TC-3'), EHDI1-TSS forward (5-CCCCATTGGCTGATTCCAA
AT-3'), and EHD1-TSS reverse (5-CTTCCTAACCGCAGCAC
TTTC-3)

Accession numbers

All of the genome-wide data of this study have been deposited in
the NCBI Gene Expression Omnibus (GEO) database (GSE85089).
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