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LETTER TO TH E EDITOR

AP4 induces JNK1 and amiR-22-3p/FOSL1 feed-forward loop
to activate AP-1 and promote colorectal cancer metastasis

Dear Editor,
Colorectal cancer (CRC) is the third most deadly can-

cer worldwide [1]. The mortality of CRC has remained
high due to limited treatment options for metastatic CRC
(mCRC) [2]. Epithelial-mesenchymal transition (EMT)
is an important contributor to mCRC [2]. The c-MYC
proto-oncogene (MYC)-induced transcription factor AP4
(TFAP4/AP4) is a driver of EMT, thereby presumably facil-
itates mCRC [3, 4]. The mitogen-activated protein kinase
(MAPK)/c-JunN-terminal kinase (JNK)/activator protein-
1 (AP-1) pathway has been implicated in the regulation of
EMT and mCRC [5].
Here, we analyzed whether AP4 regulates compo-

nents of the MAPK/JNK/AP-1 pathway after MYC acti-
vation using CRC cells rendered AP4-deficient by a
clustered regularly interspaced short palindromic repeats
(CRISPR)/CRISPR-associated protein 9 (Cas9) approach.
The detailed methods are shown in the Supplementary
file. First, we grouped MYC-induced changes in mRNA
expression observed in the CRC cell line DLD-1 AP4
wild-type 1/pRTR-c-MYC-VSV (AP4-WT1 DLD-1/pRTR-c-

List of Abbreviations: 3’-UTR, 3’-untranslated region; AP-1, activator
protein-1; Cas9, clustered regularly interspaced short palindromic
repeats-associated protein 9; CDH1, E-cadherin 1;MYC, c-MYC
proto-oncogene; CRC, colorectal cancer; CRISPR, clustered regularly
interspaced short palindromic repeats; DOX, doxycycline; EMT,
epithelial-mesenchymal transition; FOSL1/FRA1, FOS-like
1/FOS-related antigen 1; JNK1, c-Jun N-terminal protein kinase 1; JUN,
c-Jun proto-oncogene; JUNB, c-JunB proto-oncogene; KO, knock-out;
MAP2K7, mitogen-activated protein kinase kinase 7; MAP3K13,
mitogen-activated protein kinase kinase kinase 13; MAPK,
mitogen-activated protein kinase; mCRC, metastatic colorectal cancer;
MDC1, mediator of DNA damage checkpoint 1;MIR22HG, MIR22 host
gene; MUT, mutant; NOD/SCID, non-obese diabetic/severe combined
immunodeficiency; qChIP, quantitative real-time polymerase chain
reaction-chromatin immunoprecipitation; qPCR, quantitative real-time
polymerase chain reaction; SMS, seed-matching sequence; t1/2, half-life
time; TCGA-COAD, The Cancer Genome Atlas Colorectal
Adenocarcinoma; TF, transcription factor; TFAP4/AP4, transcription
factor AP4/activating enhancer binding protein 4; VIM, vimentin; WT,
wild-type; ΔSMS, seed-matching sequence deletion.
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MYC-VSV) into 6 non-overlapping expression clusters
(Supplementary Figure S1A, left), with cluster 1 repre-
senting mRNAs down-regulated, and clusters 2-6 repre-
senting different patterns of mRNA up-regulated after
MYC activation. MAPK signaling pathway components
were strongly over-represented in cluster 6 (Supplemen-
tary Figure S1A, right). The AP4 targets MIR22 host gene
(MIR22HG) andE-cadherin 1 (CDH1) were down-regulated
after MYC activation in AP4-WT1 DLD-1/pRTR-c-MYC-
VSV cells (Supplementary Figure S1B). MAPK signaling
effectors, including c-Fos proto-oncogene (FOS), c-Jun
proto-oncogene (JUN) and c-JunB proto-oncogene (JUNB),
were over-represented in cluster 6. Additional MAPK sig-
naling pathway components. such as c-Jun N-terminal
kinase 1 (JNK1), mitogen-activated protein kinase kinase
kinase 1 (MAP3K1),mitogen-activated protein kinase kinase
kinase 13 (MAP3K13), mitogen-activated protein kinase
kinase 3 (MAP2K3),mitogen-activated protein kinase kinase
7 (MAP2K7) and FOS-like 1 (FOSL1) were found in clusters
3-5 (Supplementary Figure S1B). Interestingly, MAP3K13,
MAP2K7, JNK1 and FOSL1 were induced by MYC in an
AP4-dependent manner (Supplementary Figure S1C-D).
Notably, MAP3K13, FOSL1, JNK1 and MAP2K7 were

also up-regulated after activating AP4 for 48 or 72 hours
(Figure 1A) and showed AP4-binding sites (CAGCTG)
and AP4 occupancy (Supplementary Figure S2A). There-
fore, these genes presumably represent direct AP4 targets.
MAP3K13 and FOSL1 protein and phosphorylated JNK1
were up-regulated afterAP4 activation, whereas JNK1 pro-
tein levels remained unchanged (Figure 1B). Furthermore,
AP4 occupancy at the MAP3K13 and FOSL1 promoters
was confirmed by quantitative real-time polymerase chain
reaction-chromatin immunoprecipitation (qChIP) analy-
sis (Figure 1C). The nascent mRNA of MAP3K13 and
FOSL1 was decreased in AP4-deficient DLD-1 and SW480
cells (Supplementary Figure S2B). Ectopic AP4 induced
nascent MAP3K13 and FOSL1 mRNA in CRC cells (Sup-
plementary Figure S2C). Therefore, AP4 activates the
JNK1 pathway through a MAP3K13/MAP2K7/JNK1 cas-
cade. CRCs with liver metastasis are significantly more
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F IGURE 1 AP4 induces JNK1 and a miR-22-3p/FOSL1 feed-forward loop to activate AP-1 and promote colorectal cancer metastasis. (A)
DLD-1/pRTR-AP4-VSV cells were treated with DOX to induce AP4 expression for 0, 24, 48 and 72 hours. The mRNA expression ofMAP3K13,
FOSL1,MAP2K7 and JNK1 was analyzed by qPCR. Expression was normalized to GAPDH and untreated controls (0 hours DOX). (B) Western
blot analysis of FOSL1, MAP3K13 and JNK1 in DLD-1/pRTR-AP4-VSV cells after treatment with DOX to induce AP4 expression for 0, 24, 48
and 72 hours. α-Tubulin served as a loading control. (C) Validation ofMAP3K13 and FOSL1 as direct targets of AP4 via qChIP assay. The
predicted E-boxes (CAGCTG) inMAP3K13 and FOSL1 were analysed. DLD-1/pRTR-AP4-VSV cells were treated with DOX for 48 hours or left
untreated before immunoprecipitation with anti-AP4 or anti-rabbit-IgG antibodies. SNAI1 and 16q22 served as positive and negative controls,
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often FOSL1-positive [6], and MAP3K13 is up-regulated
in colon cancer tissues [7]. Thus, AP4-induced FOSL1
and MAP3K13 are presumably clinically relevant in CRC.
FOSL1 showed a trend towards a positive correlation with
AP4 in 471 primary CRC samples of The Cancer Genome
Atlas Colon Adenocarcinoma (TCGA-COAD) cohort and
in an independent patient cohort (GSE13294) (Supplemen-
tary Figure S2D). The dimerization of FOSL1 and c-Jun
proto-oncogene (JUN) results in the formation of AP-1 [8].
Consistently, AP-1 activity was induced by ectopic AP4
(Figure 1D, Supplementary Figure S2E). In addition, AP-
1 activity was significantly lower in AP4-deficient DLD-1
cells (Supplementary Figure S2F). Taken together, these
results show that AP4 activates JNK1 and AP-1 by directly
inducingMAP3K13 and FOSL1.

Next, we analyzed the relevance of JNK1 for AP4-
induced EMT. The JNK1 inhibitor DB07268 partially abro-
gated the induction of vimentin (VIM) and the repression
of CDH1 by AP4 in CRC cell lines (Supplementary Figure
S3A), indicating that AP4-mediated JNK1 activation con-
tributes to the induction of VIM and the CDH1 repression
by AP4 [3]. In addition, DB07268 significantly suppressed
AP4-induced migration and invasion (Figure 1E, Supple-
mentary Figure S3B-C). Furthermore, DB07268 largely
suppressed the AP4-induced proliferation of DLD-1 cells
(Supplementary Figure S3D). Therefore, JNK1 activation
mediates the induction of EMT, migration, invasion and
proliferation by AP4.
We have previously shown that AP4 represses the

tumor-suppressive miRNA miR-22-3p, which contributes

respectively. (D) The AP-1 activity was determined by a dual-luciferase assay in DLD-1/pRTR-AP4-VSV cell after treatment with DOX for 48
hours to induce AP4 expression combined with transfection of 3xAP-1pGL3 reporter vector. The activated AP-1 promotes the expression of
luciferase encoded by the reporter. (E) Cell migration (upper panel) was detected by a wound-healing assay in DLD-1/pRTR-AP4-VSV cells
treated with DOX (AP4 activation) for 48 hours and for the last 24 hours with DB07268 (20 μmol/L, JNK1 inhibitor). Cell invasion (lower
panel) was detected by a Boyden-chamber assay in DLD-1/pRTR-AP4-VSV cells treated with DOX (AP4 activation) for 48 hours and for the
last 24 hours with DB07268 (20 μmol/L, JNK1 inhibition) for 48 hours. (F) Scheme of the miR-22-3p seed, the seed-matching sequences and its
targeted mutation in the 3′-UTR of the FOSL1mRNA. The seed and seed-matching sequences are highlighted in red. (G) The direct targeting
of FOSL1 by miR-22-3p was validated by a dual-luciferase assay conducted 48 hours after SW480 cells were transfected with miR-22-3p mimic
and human FOSL1 3’-UTR reporter. The results were normalized to cells transfected with control mimic. (H) Western blot analysis of FOSL1
in DLD-1/pRTR-AP4-VSV cells transfected with miR-22-3p mimic and/or treated with DOX to induce AP4 expression for 48 hours. (I) qPCR
(left panel) and Western blot (right panel) analysis of FOSL1 in DLD-1 cells with the indicatedMIR22 status. For qPCR analysis, the expression
of FOSL1mRNA inMIR22-deficient DLD-1 cells was normalized to FOSL1 expression inMIR22-proficient DLD-1 cells. For Western blot
analysis, β-actin served as a loading control. (J) Dual-luciferase assay analysis of AP-1 activity in DLD-1 cells with the indicatedMIR22 status.
(K) qPCR analysis of the FOSL1mRNA decay rate inMIR22-deficient DLD-1 cells and FOSL1 ΔSMS DLD-1 cells after treatment with 10
μg/mL of Actinomycin D for the indicated durations to block gene transcription. The results were normalized to FOSL1 expression level at the
0-hour time-point in each cell line. (L) Western blot analysis of FOSL1 in DLD-1 cells or FOSL1 ΔSMS DLD-1 cells after transfection with
miR-22-3p mimic for 48 hours. (M) DLD-1/pRTR-AP4-VSV cells harboring wild-type FOSL1 or FOSL1 ΔSMS were treated with DOX for 0, 24,
48 and 72 hours. FOSL1 protein was determined by Western blot analysis. FOSL1 protein levels were normalized to α-Tubulin and untreated
controls (0 hour DOX) and are shown above the corresponding protein signal. α-Tubulin served as a loading control. (N) Cell migration (Left
panel) was detected by a wound-healing assay in DLD-1/pRTR-AP4-VSV cells transfected with FOSL1 siRNAs or/and treated with DOX (AP4
activation) for 48 hours. Cell invasion (right panel) was detected by a Boyden-chamber assay in DLD-1/pRTR-AP4-VSV cells transfected with
FOSL1-specific siRNAs or/and treated with DOX (AP4 activation) for 48 hours. (O) Formation of lung metastases by DLD-1
Luc2/pRTR-AP4-VSV cells, which were treated with DOX or/and transfected with FOSL1-specific siRNA pools for 48 hours, then injected into
tail-veins of NOD/SCID mice. Representative images of luciferase signals at the indicated time points after xenografting are shown. (P) The
quantification of the luciferase signals in (O) is shown by total photon flux. (Q) Quantification of H&E staining is shown by metastatic
nodules in the lungs from the four groups of mice in Figure S6A. (R) Formation of lung metastases by injecting DLD-1 Luc2/pRTR-AP4-VSV
cells into the tail veins of NOD/SCID mice. DLD-1 Luc2/pRTR-AP4-VSV cells were treated with DOX (AP4 activation) for 48 hours and for the
last 24 hours with DB07268 (20 μmol/L, JNK1 inhibitor) before the injection. Representative images of luciferase signals at the indicated time
points after xenografting are shown in Figure S6C. The quantification is shown as total photon flux. (S) Quantification of H&E staining is
shown as metastatic nodules in the lungs of indicated mice in Figure S6C. (T) AP4, miR-22-3p and FOSL1 form a coherent, regulatory
feed-forward loop to activate FOSL1. In parallel, AP4 activates the JNK1 pathway. FOSL1 and JNK1 activation leads to AP-1 activation, which
ultimately induces EMT and metastases in CRC. In panels (A), (C-E), (G), (I-K), (N) and (Q-S), mean ± SD (n = 3) are shown. * P < 0.05, ** P
< 0.01, *** P < 0.001. Abbreviations: AP4: transcription factor AP4; MYC: c-MYC proto-oncogene; MAP3K13: mitogen-activated protein
kinase kinase kinase 13; MAP2K7: mitogen-activated protein kinase kinase 7; JNK1: c-Jun N-terminal kinases 1; p-JNK1: phosphorylated c-Jun
N-terminal kinases 1; FOSL1: Fos-like 1; AP-1: activator protein-1; GAPDH: glyceraldehyde 3-phosphate dehydrogenase; SNAI1: snail family
transcriptional repressor 1; DOX: doxycycline; qPCR: quantitative polymerase chain reaction; ChIP: chromatin immunoprecipitation; 3’-UTR:
3’-untranslated regions; ΔSMS: seed-matching sequence deletion; NOD/SCID: non-obese diabetic/severe combined immunodeficiency; H&E:
hematoxylin and eosin; CRC: colorectal cancer; WT: wild-type; KO: knockout; MUT: mutant; gRNA: guide RNA; ns: not significant; t1/2: time
of half life; EMT: epithelial-mesenchymal transition; DMSO: dimethyl sulfoxide; Luc2: firefly luciferase 2; kD: kilodalton.
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to the up-regulation of mediator of DNA damage check-
point 1 (MDC1), a miR-22-3p target, by AP4 [9]. Since we
identified a miR-22-3p seed-match sequence (SMS) in the
FOSL1 3’-untranslated region (3’-UTR), we investigated
whether FOSL1 is also regulated by AP4 via repression of
miR-22-3p (Figure 1F). Indeed, a FOSL1 3’-UTR reporter
was repressed by ectopic miR-22-3p, and mutation of
the SMS rendered the reporter refractory to miR-22-3p
(Figure 1G). Ectopic miR-22-3p repressed FOSL1 (Sup-
plementary Figure S4A) and effectively decreased basal
and AP4-induced FOSL1 protein levels (Figure 1H, Sup-
plementary Figure S4B). Next, we generated MIR22-/-
(MIR22-knockout [KO]) and FOSL1 ΔSMS CRC cell lines
(Supplementary Figure S4C). FOSL1 mRNA and protein
expression were elevated in MIR22-deficient CRC cells
(Figure 1I, Supplementary Figure S4D).MIR22-deficiency
increased the activity of the FOSL1 3’-UTR reporter
in a miR-22-3p SMS-dependent manner (Supplementary
Figure S4E) and enhanced migration and invasion (Sup-
plementary Figure S4F). Furthermore, the intrinsic AP-1
activity was significantly higher in MIR22-deficient CRC
cells (Figure 1J, Supplementary Figure S4G). The half-life
(t1/2) of FOSL1 mRNA was prolonged in MIR22-deficient
and FOSL1 ΔSMS DLD-1 cells (Figure 1K). Ectopic expres-
sion of miR-22-3p failed to repress FOSL1 in FOSL1 ΔSMS
CRC cells (Figure 1L, Supplementary Figure S4H), which
showed increased basal FOSL1 expression, and attenuated
the up-regulation of FOSL1 by AP4 (Figure 1M). Therefore,
the direct targeting of FOSL1 by miR-22-3p is essential for
maintaining low levels of FOSL1 expression, which allows
FOSL1 to be induced by AP4 directly and indirectly via
repression ofMIR22.
Next, we determined whether FOSL1 mediates func-

tional effects of AP4 on CRC cells. Ectopic AP4 repressed
CDH1 and induced VIM in CRC cells, and silencing
FOSL1 partially compromised these effects (Supplemen-
tary Figure S5A). The positive effect of ectopic AP4 on
migration and invasion was largely abrogated by FOSL1
silencing (Figure 1N, Supplementary Figure S5B-C), indi-
cating that FOSL1 mediates these effects of AP4. Silencing
FOSL1 significantly repressed AP-1 activity and compro-
mised the effects of AP4 on AP-1 activity (Supplementary
Figure S5D). In addition, ectopic AP4 induced the prolif-
eration of DLD-1 cells, which was repressed by concomi-
tant siRNA-mediated silencing of FOSL1 (Supplementary
Figure S5E). Taken together, these results demonstrate that
the FOSL1-mediated activation of AP-1 by AP4 is required
for the effects of AP4 on EMT, migration, invasion and
proliferation.
miR-22-3p was shown to be significantly down-

regulated in primary CRCs, which displayed lymph
node metastasis, and ectopic miR-22-3p repressed lung
metastasis formation in a xenograft model [10]. Therefore,
deregulation of the miR-22-3p/FOSL1 axis by AP4 may

be clinically relevant for mCRC. Notably, AP4 activation
in non-metastatic DLD-1 cells allowed these to form
lung metastases in non-obese diabetic/severe combined
immunodeficiency (NOD/SCID) mice as determined by
non-invasive bioluminescence imaging (Figure 1O-P) and
histological analysis (Supplementary Figure S6A, right).
Therefore, AP4 activation is sufficient to convert CRC
cells from a non-metastatic to a metastatic state. Silencing
FOSL1 efficiently prevented the AP4-induced formation
of lung metastases (Figure 1Q, Supplementary Figure
S6A left). Therefore, FOSL1 mediates and is required for
the formation of AP4-induced metastases. Similar results
were obtained after the inhibition of JNK1 using DB07268
(Figure 1R-S, Supplementary Figure S6B-C).
In conclusion, AP4 activates JNK1 and induces FOSL1

directly, as well as indirectly, via repression of miR-22-3p.
AP4, miR-22-3p and FOSL1 form a coherent, regulatory
feed-forward loop. These regulations converge in the
activation of AP-1 (Figure 1T), which ultimately pro-
motes EMT, migration and invasion, thereby enhancing
metastasis formation. In the future, these findings may be
exploited for the prevention and/or treatment of mCRC.
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