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JMJD6 promotes melanoma carcinogenesis
through regulation of the alternative
splicing of PAK1, a key MAPK signaling
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Abstract

Background: Melanoma, originated from melanocytes located on the basal membrane of the epithelial tissue, is
the most aggressive form of skin cancer that accounts for 75% of skin cancer-related death. Although it is believed
that BRAF mutation and the mitogen-activated protein kinase (MAPK) pathway play critical roles in the pathogenesis of
melanoma, how the MAPK signaling is regulated in melanoma carcinogenesis is still not fully understood.

Methods: We characterized JMJD6 expression in melanoma tissue array by immunohistochemistry analysis. We used
human melanoma A375, 451Lu and SK-MEL-1 cell lines for in vitro proliferation and invasion experiments, and
xenograft transplanted mice using murine melanoma B16F10 cells by bioluminescence imaging for in vivo tumor
growth and pulmonary metastasis assessments. Endothelial tube formation assay, chicken yolk sac membrane
assay and matrigel plug assay were performed to test the effect of JMJD6 on the angiogenic potential in vitro
and in vivo.

Results: Here we report that the jumonji C domain-containing demethylase/hydroxylase JMJD6 is markedly
up-regulated in melanoma. We found that high expression of JMJD6 is closely correlated with advanced
clinicopathologic stage, aggressiveness, and poor prognosis of melanoma. RNA-seq showed that knockdown of
JMJD6 affects the alternative splicing of a panel of transcripts including that encoding for PAK1, a key component in
MAPK signaling pathway. We demonstrated that JMJD6 enhances the MAPK signaling and promotes multiple cellular
processes including melanogenesis, proliferation, invasion, and angiogenesis in melanoma cells. Interestingly, JMJD6 is
transcriptionally activated by c-Jun, generating a feedforward loop to drive the development and progression
of melanoma.

Conclusions: Our results indicate that JMJD6 is critically involved in melanoma carcinogenesis, supporting the
pursuit of JMJD6 as a potential biomarker for melanoma aggressiveness and a target for melanoma intervention.
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Background
Melanoma is the most aggressive form of skin cancer,
with a global incidence of approximately 200,000 new
cases per year. Although it represents only 4% of all skin
cancers, melanoma is correlated with approximately 80%
of skin cancer-related deaths [1]. Survival rates depend
on the clinical stage at the diagnosis, with 5-year survival
ranging from 15% to 60% in patients with distant and
local metastases [2].
Approximately 50% of melanomas harbor an active

mutation in BRAF, most commonly BRAFV600E muta-
tion [3]. RAF kinases are components of the mitogen-
activated protein kinase (MAPK) pathway. BRAFV600E

mutation renders the kinase constitutively active and en-
tails enhanced growth and invasion of melanoma cells
[4]. The MAPK pathway is initiated by receptor tyrosine
kinases (RTK), cytokine receptors, or G proteins, which
activate a class of intracellular protein serine/threonine
kinases including RAF [5], which dimerizes and phos-
phorylates/activates MEK1/2, which in turn phosphory-
lates and activates ERK1/2. The MAPK signaling
cascade leads to the phosphorylation of c-Jun, resulting
in transcriptional activation of cyclin D1 [6], which trig-
gers melanocyte proliferation and angiogenesis [7].
Moreover, MAPK can also influence other cellular pro-
cesses including apoptosis [8] and cell migration and
invasion [9, 10]. However, the regulatory mechanism of
the MAPK signaling pathway itself and the impact of
such regulation on melanoma carcinogenesis require fur-
ther exploration.
JMJD6 was originally identified as a membrane protein

and a putative receptor for phosphatidylserine acting in
phagocytosis [11]. Subsequent investigations including
studies by our own lab indicate that this jumonji C
domain-containing protein also functions in the nucleus
where it acts as a histone arginine demethylase or lysyl
oxidase to target histones [12] or non-histone proteins
including the tumor suppressor p53 [13]. Interestingly, a
more recent study showed that JMJD6 catalyzes lysyl-5-
hydroxylation of the splicing factor U2AF65, leading to
the alteration of alternative RNA splicing of a set of the
endogenous genes [14]. Jmjd6 ablation in mice results in
early postnatal lethality, growth retardation and multiple
developmental abnormalities due to impaired differenti-
ation during embryogenesis [15–17]. These findings sup-
port a multifaceted and important role for JMJD6 in cell
biology and animal development. Correspondingly,
JMJD6 has been implicated in various pathological states
including cancers [13, 18, 19]. However, a functional role
of JMJD6 in melanoma remains to be explored.
Alternative splicing is a process by which different

combinations of exons can be joined together to pro-
duce multiple mRNA isoforms from a single transcript,
generating proteins differing in structure, function, and

localization [20]. In humans, >95% of multi-exonic
protein-coding genes undergo alternative splicing [21].
Given that alternative splicing plays a key role in the
regulation of gene expression, aberrant splicing has thus
been implicated in a wide range of human diseases [22].
Alterations in alternative splicing are commonly re-
ported in various cancers with involving genes exempli-
fied by p53 and PTEN [23], BRCA1 [24], and PRMT2
[25] in breast cancer, TIMP1 and CD44 in colon cancer
[26], Bcl-xL and CD44 [27] in lung cancer, and calpain 3
in melanoma [28]. As a prominent etiological factor,
whether or not the MAPK signaling is regulated via
alternative splicing in melanoma is currently unknown.
In the current study, we found that JMJD6 is markedly

up-regulated in melanoma, and that high expression of
JMJD6 is closely correlated with advanced clinicopatho-
logic stage, aggressiveness, and poor prognosis of melan-
oma. We showed that JMJD6 regulates the alternative
splicing of a collection of transcripts including that en-
coding for PAK1, a key component in the MAPK signal-
ing pathway. We showed that JMJD6 positively regulates
the MAPK signaling and promotes the melanogenesis,
proliferation, angiogenesis, and invasion of melonama
cells. We demonstrated that JMJD6 is transcriptionally
activated by c-Jun, generating a feedforward loop to
drive the development and progression of melanoma.

Methods
Cell cultures
Human melanoma A375, SK-MEL-1 cell lines and mur-
ine melanoma B16F10 cell line were obtained from the
American Tissue Culture Collection (ATCC). Human
melanoma 451Lu cell line was obtained from the Beijing
Cancer Hospital. Cells were cultured in Dulbecco’s
Modified Eagle Medium (HyClone) supplemented with
1% penicillin-streptomycin and 10% fetal bovine serum
(FBS). HUVECs were cultured in Endothelial Cell
Medium (ECM, ScienCell) supplemented with 1%
penicillin-streptomycin and 1% endothelial cell growth
factors. Cells were incubated at 37 °C in a CO2 incubator
with a humidified atmosphere containing 5% CO2.

Transfection
The A375 and 451Lu cells were grown in a 6-well plate
to almost 70%-80% confluence, and transfected with
2.5 μg empty vector (pCMV-Tag 2B), FLAG-JMJD6,
FLAG-JMJD6H187A/D189A (JMJD6m), FLAG-c-Jun,
FLAG-PAK1 or FLAG-PAK1Δ15 plasmids using PEI
reagent (Polysciences) according to manufacturer’s in-
structions. JMJD6m was generated by using QuikChange
Lightning Site-Directed Mutagenesis Kit (Agilent). The
A375 and 451Lu cells were grown in a 6-well plate to
almost 30%-40% confluence, siRNA oligonucleotides
were transfected into cells using RNAiMAX (Invitrogen)
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with the final concentration at 25 nM. The sequences of
siRNAs were: siJMJD6#1, 5′-GAGGGAACCAGCAAG
ACGA-3′; siJMJD6#2, 5′-GUGUGGUGAGGAUAACG
AU-3′; siBRAF#1, 5′-CAUGAAGACCUCACAGUAA-3′
; siBRAF#2, 5′-UCAGUAAGGUACGGAGUAA-3′; siBR
AF#3, 5′-AGACGGGACUCGAGUGAUG-3′; sic-Jun#1,
5′-GAUGGAAACGACCUUCUAU-3′; sic-Jun#2, 5′-CU
GAUAAUCCAGUCCAGCA-3′ and siControl, 5′-UUC
UCCGAACGUGUCACGU-3′. All of the siRNAs were
synthesized by GeneChem Inc. (Shanghai, China).

Retroviral and Lentiviral production and infection
The retroviral plasmid vector, pBABE-JMJD6, pBABE-
JMJD6m, pBABE-PAK1, or pBABE-PAK1Δ15, together
with pVSV-G and pGag-Pol were co-transfected into
the packaging cell line 293T. Viral supernatants were
collected 48 h later, clarified by filtration, and concen-
trated by ultracentrifugation. Lentiviruses carrying
control shRNA (shControl), PAK1 shRNA (shPAK1),
JMJD6 shRNAs (shJMJD6) and Jmjd6 shRNAs
(shJmjd6) were purchased from Genepharma Inc. The
virus was used to infect 5 × 105 cells (30%-40% con-
fluent) in a 6-cm dish with 8 μg/ml polybrene.
Infected cells were selected by 5 μg/ml puromycin
(Merck). The sequences of shRNAs were: shPAK1: 5′-
CCGGGGTTTCAAGTGTTTAGTAACTCTCGAGAG
TTACTAAACACTTGAAACCTTTTTG-3′, shJMJD6#
1: 5′-CCGGGGAAAGGGCAGATGCTTTACACTCGA
GTGTAAAGCATCTGCCCTTTCCTTTTTG-3′, shJM
JD6#2: 5′-CCGGGGTGGCATGTTGTCCTCAATCCT
CGAGGATTGAGGACAACATGCCACCTTTTTG-3′;
shJmjd6#1: 5′- CCGGGGAGAGAGCTGATGCCTTA-
CACTCGAGTGTAAGGCATCAGCTCTCTCCTTTTT
G -3′; shJmjd6#2: 5′-CCGGGCGTTCTGGAACTGGG
ATTCACTCGAGTGAATCCCAGTTCCAGAACGCTT
TTTG-3′ and shControl: 5′-CCGGGAATCGTCGTAT
GCAGTGAAACTCGAGTTTCACTGCATACGACGA
TTCTTTTTG-3′.

Immunohistochemical analysis
Malignant melanoma microarray, containing 128 cases
of primary malignant melanoma and 64 metastatic ma-
lignant melanoma, was purchased from US Biomax
(Catalog number: ME2082b). Antigen retrieval was per-
formed by incubating the samples in 0.01 M sodium
citrate buffer at high pressure. Subsequently, the samples
were blocked in 10% normal goat serum in PBS and
then incubated with primary antibody solution contain-
ing anti-JMJD6 (1:100) at 4 °C overnight. After washing
with 0.01 M PBS buffer, the samples were incubated
with HRP-conjugated goat anti-mouse secondary anti-
bodies for 30 min at 25 °C, developed with DAB (3,3′-
diaminobenzidine tetrahydrochloride), and counter-
stained with hematoxylin. All specimens were examined

by two pathologists who were blinded to the clinical
data. In case of discrepancies, a final score was estab-
lished by reassessment on a double-headed microscope.
In scoring JMJD6 expression, both the intensity and
extent of immunopositivity were considered. Intensity of
immunopositivity was scored as follows: 0, negative; 1,
weak; 2, moderate; and 3, strong. Extent of immunoposi-
tivity was quantified according to the percentage of posi-
tively stained tumor cells: 0, <5%; 1, >5%-25%; 2, >25%-
50%; 3, >50%-75%; and 4, >75%. The final score was
determined by multiplying the intensity scores and the
extent scores, which yielded a range from 0 to 12.

Total RNA extraction and RT-PCR analysis
Total RNA was isolated from cells using TRIzol reagent
(Invitrogen). First strand cDNA was synthesized using
1 μg of total RNA, with the EasyScript First-Strand
cDNA Synthesis SuperMix (TransGen Biotech). Quanti-
fication of all gene transcripts was done by qPCR using
Power SYBR Green PCR Master Mix (Roche) and an
ABI PRISM 7500 sequence detection system (Applied
Biosystems). GAPDH was used as the internal control.
Primer sequences for human genes are as follows:
JMJD6 forward: 5′-AAACTTTTGGAAGACTACAAG
GTGC-3′ and reverse: 5′-CCCAGAGGGTCGATGTG
AATC-3′; GAPDH forward: 5′-CCCACTCCTCCAC
CTTTGAC-3′ and reverse: 5′-CATACCAGGAAATG
AGCTTGACAA-3′ and MITF forward: 5′-CCACCA
AGTACCACATACAG-3′ and reverse: 5′-ACATCATC
CATCTGCATACAG-3′. Primer sequences for mouse
genes are as follows: Jmjd6 forward: 5′-GGAGATATT
ACAGAAACCAGGAG-3′ and reverse: 5′-CTCCTG
TTTCAAGATCCTATACC-3′; and Gapdh forward:
5′-GACAACTTTGGCATTGTGGA-3′ and reverse:
5′-CATCATACTTGGCAGGTTTCTC-3′. PAK1 for-
ward: 5′-CACCAATGGGACCCCAGAACTT-3′ and
reverse: 5′-GCAGTTCTCTTCAATGCTGGACACA-3
′ for splice-specific RT-PCR. For quantification of PA
K1 and PAK1Δ15 mRNA expressions, TaqMan assays
were performed using TaqMan PAK1 probes or
PAK1Δ15 probes together with PAK1 specific primers.
PAK1 TaqMan probe: 5′-FAM-TGCTACAGGTGAG
AAAACTG-MGB-3′, PAK1Δ15 TaqMan probe: 5′-
FAM-TGCTGCTACAGCATCAATTC-MGB-3′, PAK1
forward: 5′-GAAAACCCTCTGAGAGCCTTGTACC-3
′ and reverse: 5′-ATCAGTGGAGTGAGGCTGGAGA
-3′ for TaqMan assays. Each independent experiment
was performed at least three times.

RNA-seq analysis
In brief, A375 cells were treated with control siRNA or
JMJD6 siRNAs. After transfection for 48 h, total RNA
was isolated from the cells. For RNA-seq, mRNA-Seq
Sample Prep Kit (Illumina) was used to prepare the
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complementary DNA (cDNA) libraries according to the
manufacturer’s protocol. After selecting cDNA frag-
ments of approximately 200 bp by agarose gel electro-
phoresis, the DNA fragments were ligated with Illumina
paired-end sequencing adapters and performed with
PCR amplification. Finally, Illumina HiSeqTM 2000 sys-
tem was used to perform RNA-seq.

Western blotting analysis
Cells were lysed with RIPA buffer (1% NP40, 50 mM
Tris-HCl (pH 7.4), 1 mM EDTA, and 150 mM NaCl)
containing a protease inhibitor cocktail. The BCA Pro-
tein Assay Kit (Thermo Fisher Scientific) was used to
determine the protein concentration. Equal amounts of
protein were resolved using 10% SDS-PAGE gels and
transferred onto polyvinylidene fluoride (PVDF) mem-
branes (Roche). The PVDF membranes were blocked
with 5% skim milk for 1 h at room temperature. Subse-
quently, PVDF membranes were incubated with the
appropriate antibodies overnight at 4 °C. After washed
with PBST solution the membranes were incubated with
secondary antibodies for 1 h at room temperature. West-
ern blotting luminol reagent (Santa Cruz) was used to
visualize the immunoreactive bands according to the
manufacturer’s protocol.

RNA Immunoprecipitation (RIP) assay
107 A375 cells were harvested and resuspended in 2 ml
PBS, 2 ml nuclear isolation buffer (40 mM Tris-HCl
pH 7.5, 4% Triton X-100, 1.28 M sucrose, 20 mM
MgCl2), and 6 ml water on ice for 30 min with frequent
mixing. Nuclei were pelleted by centrifugation at 3000 g
for 10 min. Nuclear pellet was resuspended in 1 ml RIP
buffer (150 mM KCl, 25 mM Tris pH 7.4, 9 μg/ml leu-
peptin, 5 mM EDTA, 9 μg/ml pepstatin, 10 μg/ml chy-
mostatin, 0.5% NP40, 3 μg/ml aprotinin, 1 mM PMSF,
0.5 mM DTT, 100 U/ml RNase inhibitor). Resuspended
nuclei were mechanically sheared using a dounce
homogenizer with 20 strokes. Nuclear membrane and
debris were pelleted by centrifugation at 13000 g for
10 min. The supernatant was split into three fractions
for IP (JMJD6 or IgG) and input. 5 μg anti-JMJD6 anti-
body (mouse monoclonal, sc-28348; Santa Cruz) or 5 μg
anti-mouse IgG (sc-2025; Santa Cruz) was added to IP
fractions, and was incubated for 2 h at 4 °C with gentle
rotation. 40 μl protein G beads were added and incu-
bated for 1 h at 4 °C with gentle rotation. Beads were
pelleted at 2000 g for 1 min, the supernatant was
removed, and beads were washed with RIP buffer three
times, followed by one wash in PBS. Beads were resus-
pended in 1 ml of TRIzol, and bound RNA was then de-
tected by qRT-PCR. The primers were the following:
PAK1#1 forward: 5′-AAATAACACCACTCCACCAG-3′
and reverse: 5′-AAGCCTACGACCAGCAAATC-3′; and

PAK1#2 forward: 5′-ATTGGACAAGGGTTAGTAGG-3′
and reverse: 5′-GTAATTTGGGAAGTTGGTTT-3′.

Measurement of melanin content
B16F10 cells were infected with viruses and subsequently
were treated with α-MSH (100 nM) for 18-24 h. The
cells were washed with PBS solution and dissolved in
1 M NaOH containing 10% DMSO for 1 h at 90 °C. The
melanin content was measured at 475 nm using VAR-
IOSKAN FLASH (Thermo Fisher Scientific). To accur-
ately measure the melanin content in each sample, the
melanin measurement was normalized to the protein
concentration. Each independent experiment was per-
formed at least three times.

Colony formation assay
Colony formation assay was used to determine the func-
tion of JMJD6 in cell proliferation. In brief, A375 cells
were infected with viruses carrying JMJD6 shRNA, and/
or PAK1, PAK1Δ15, JMJD6, or JMJD6m. Then, 5 × 103

cells were seeded onto 6-well culture plates. After incu-
bation for 14 days, cells were washed three times with
cold phosphate-buffered saline (PBS) solution and fixed
with 4% paraformaldehyde. Finally, the colonies were
stained with 0.5% crystal violet solution. Colonies were
counted using a light microscope. Each independent
experiment was performed at least three times.

Cell proliferation analysis
The cell viability rate of A375 was evaluated using
Cell Counting Kit-8 (CCK-8 Kit, Beyotime Institute of
Biotechnology). A375 cells were infected, and a total
of 2500 cells were seeded onto 96-well plates with
200 μl of DMEM. Every 12 h, the cells were treated
with 20 μl of CCK-8 solution and incubated for
another 30 min. The absorbance of each well was
measured at 450 nm using VARIOSKAN FLASH
(Thermo Fisher Scientific). The blank controls con-
tained 20 μl of CCK-8 solution in 200 μl of DMEM.
The blank absorbance was subtracted, and the cell
proliferation curve was drawn. Each independent
experiment was performed at least three times.

Transwell assay
In vitro invasion assay was performed using Transwell
migration chambers (8 μm pore size, BD Biosciences).
The filters were coated with 100 μl Matrigel (BD Biosci-
ences) and incubated in a 5% CO2 atmosphere at 37 °C
for 30 min for gelling. The bottom chambers were filled
with 500 μl DMEM medium containing 10% FBS. A
total of 2 × 104 cells were resuspended in 100 μl DMEM
serum-free medium and seeded in the upper chamber,
and then incubated at 37 °C with 5% CO2 atmosphere
for 12 h. Cells were then fixed with 4% paraformaldehyde

Liu et al. Molecular Cancer  (2017) 16:175 Page 4 of 18



and stained with 0.5% crystal violet for 20 min. The top
surface of the membrane was gently scrubbed with a
pipette tip or cotton tipped applicator, the cells that had
migrated to the lower side were counted under the micro-
scope and the numbers of migrated cells were calculated
as the mean ± standard deviation (SD) in 10 different
fields of view. Each independent experiment was per-
formed at least three times.

Bioluminescence imaging
For bioluminescence imaging, each mouse was first
anesthetized and then given 150 μg/g of D-luciferin in
PBS by intraperitoneal injection. After 20 min, biolumin-
escence images were obtained with a charge-coupled
device camera (IVIS; Xenogen). Bioluminescence was
calculated manually from the relative optical intensity,
and the data were expressed as photon flux (photons·sec
−1·cm−2·Steradian−1) and normalized to background pho-
ton flux, which was defined as the relative optical inten-
sity of a mouse that was not injected with luciferin.

Subcutaneous tumor growth model and pulmonary
metastasis model
B16F10 cells that were infected with lentiviruses carrying
control shRNA or Jmjd6 shRNAs were collected and
washed three times with cold PBS solution. Cellular via-
bility was assessed by staining the cells in 0.4% trypan
blue followed by hemocytometer quantification accord-
ing to the manufacturer’s protocol and was standardized
at a minimum of 95% viability for subsequent experi-
ments. For subcutaneous tumor growth analysis, 3 × 105

live cells were injected subcutaneously on the right flank
of C57BL/6 mice (n = 6). The tumor volume was mea-
sured every 2 days and calculated by the following for-
mula: tumor volume = width2 × length × π/6. For
pulmonary metastasis analysis, 5 × 105 live cells were
intravenously injected into C57BL/6 mice (n = 6) via the
tail vein. All mice were euthanized, and the tumors were
removed.

Endothelial tube formation assay
Angiogenesis was detected in vitro using HUVECs and
Basement Membrane Matrix (BD Biosciences). A total
of 200 μl of Basement Membrane Matrix was coated on
each well of the 24-well cell culture plates, and the Base-
ment Membrane Matrix was polymerized at 37 °C for at
least 1 h. HUVECs (5 × 104 cells/well) infected with
viruses carrying JMJD6 shRNA, or PAK1 shRNA, and/or
PAK1, PAK1Δ15, JMJD6m, or cultured with CM from
A375 cells that were infected with viruses carrying cor-
responding plasmids were added onto the solidified
extracellular matrix gel in 700 μl of ECM, and were
treated with or without 20 ng/ml VEGF (Abcam). After
6-18 h of incubation, the number of endothelial cell

tubes was quantified under a light microscope. Each in-
dependent experiment was performed at least three
times.

Chicken yolk sac membrane (YSM) assay
Fertilized eggs were incubated at 38 °C and cracked on
day 3. On day 8, gelatin sponges were cut to a size of
1 mm3 and placed on top of the YSM under sterile con-
ditions. The gelatin sponges were presoaked in A375 cell
suspensions (approximately 3 × 105 cells/sponge) that
were infected with viruses carrying JMJD6 shRNA, and/
or PAK1, PAK1Δ15, JMJD6, or JMJD6m. On day 12, the
vessels of the YSM were detected and counted under a
light microscope. Each independent experiment was per-
formed at least three times.

Matrigel plug assay
The Matrigel plug analysis was performed as previously
described [29]. Briefly, 200 μl of matrigel only (BD Bio-
sciences) or matrigel that was mixed with A375 cells
(2 × 105 cells) that were infected with lentiviruses carry-
ing control shRNA or JMJD6 shRNA were subcutane-
ously injected into the left flank of 6-week-old BALB/c
female mice (n = 6). Seven days after injection, all mice
were sacrificed and the Matrigel plugs were retrieved;
then, the Matrigel plugs were fixed with 4% paraformal-
dehyde and stained with Masson’s trichrome and H&E.
Each independent experiment was performed at least
three times.

Luciferase reporter analysis
The promoter region (−1057 to +100) of JMJD6 was
cloned into pGL3 plasmid. The QuikChange Lightning
Site-Directed Mutagenesis kit (Agilent Technologies,
USA) was used to mutate the promoter region of JMJD6.
A375 cells were transfected with JMJD6-Luc or Mut-
JMJD6-Luc, together with c-Jun and renilla. 24 h after
transfection, the luciferase activity of the cells was de-
tected using a luciferase assay kit (Promega). Each inde-
pendent experiment was performed at least three times.

ChIP and qChIP analysis
ChIP assays were performed in A375 cells. The en-
richment of the DNA template was analyzed by con-
ventional PCR using the following primers: forward:
5′-CAAGAAGGGGAAAGCCCAGAT-3′ and reverse:
5′-TGTTGGGAAGGTCACGTCG-3′, which were specific
for the JMJD6 gene promoter. qChIP analysis was per-
formed using the TransStart Top Green qPCR supermix
(TransGen Biotech). The qChIP primers were the follo-
wing: JMJD6#1 forward: 5′-CTACAGGCACAAGCCA
CGAT-3′ and reverse: 5′-GGGACCAGGAGTTCCAG
ACC-3′; and JMJD6#2 forward: 5′-CGCGCAGAACTGGC
AAC-3′ and reverse: 5′-TACTCCTTCACATACGGCG
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G-3′. Each independent experiment was performed at
least three times.

Statistical analyses
All data were analyzed using SPSS 18.0. All data were
shown as the mean ± SD, unless declared, and each inde-
pendent experiment was performed at least three times.
Paired-sample t tests based on a bi-directional hypoth-
esis for continuous variables were used to assess the
comparisons between adjacent normal tissue and cancer
tissue. The various clinicopathological characteristics of
JMJD6 expression were examined by the chi-square test
in 88 melanoma specimens of melanoma microarray for
whom the complete information on age, sex, patho-
logical characteristics and TNM staging is available. The
relationship between JMJD6 expression and the clinical
staging was assessed by two-tailed unpaired t test in
these 88 cases. *p < 0.05 was considered statistically
significant.

Results
JMJD6 is up-regulated in melanoma, and high expression
of JMJD6 protein is strongly correlated with advanced
stages and aggressiveness of melanoma
To gain more mechanistic insights into the role of
JMJD6 in carcinogenesis, we analyzed the expression of
JMJD6 across a set of cancer types on the website for
cBioPortal for Cancer Genomics [30]. The analysis re-
vealed that the mRNA level of JMJD6 was up-regulated
in a variety of cancers, including thyroid cancer, ovarian
cancer, breast cancer, prostate cancer, lung adenocarcin-
omas, liver cancer, colorectal cancer and melanoma
(Fig. 1a). JMJD6 has been reported to play an important
role in breast cancer [18] and lung adenocarcinomas
[19, 31], and our previous study indicates that JMJD6 is
critically involved in colon carcinogenesis [13]. To inves-
tigate the role of JMJD6 in melanoma carcinogenesis, we
first detected JMJD6 expression in melanomas by tissue
array. A series of carcinoma and normal tissues from
melanoma patients were collected, including 128 pri-
mary melanomas, 64 metastatic melanomas, and 16
normal tissues. Immunohistochemical staining revealed
that JMJD6 protein was mainly detected in the nucleus
of melanoma cells, and that JMJD6 expression was
markedly up-regulated in both primary melanomas and
metastatic melanomas, with higher expressions of JMJD6
detected in metastatic melanomas (Fig. 1b). The further
analysis was performed in 88 melanoma patients for
whom complete information on age, sex, pathological
characteristics and TNM staging is available. Remark-
ably, the level of JMJD6 protein expression was corre-
lated with clinicopathologic stages (Fig. 1c), and high
expression of JMJD6 was closely correlated with
lymph node metastasis and distant metastasis, while

no correlations were found between JMJD6 expression
and gender, age, or depth of invasion (Additional file 1:
Table S1). Moreover, we found a significant negative
correlation between JMJD6 expression and the sur-
vival rate of patients (Fig. 1d). Collectively, these find-
ings suggest that JMJD6 plays an important role in
the development and progression of melanoma.

JMJD6 enhances the MAPK signaling in melanoma cells
through regulation of alternative splicing
As JMJD6 has been reported to regulate RNA alternative
splicing through hydroxylation of the alternative splicing
regulator U2AF65 [14], to further explore the import-
ance of JMJD6 in melanoma carcinogenesis and to
understand the molecular mechanisms underlying the
role of JMJD6 in the development and progression of
melanoma, JMJD6 was knocked down in melanoma
A375 cells using different JMJD6 siRNAs, and the influ-
ence of loss-of-function of JMJD6 on the global profile
of the alternative splicing network was analyzed by RNA
deep-sequencing (RNA-seq). With a p-value cutoff of
<0.05, we identified 589 alternative splicing events that
were significantly altered in the JMJD6-depleted cells.
Notably, JMJD6 regulated the alternative splicing of
genes that are related to several KEGG signaling path-
ways, including MAPK signaling pathway, endocytosis,
amino sugar metabolism, proteoglycans in cancer, 2-
oxocarboxylic acid metabolism, and ubiquitin-mediated
proteolysis (Fig. 2a).
As stated above, the MAPK signaling pathway plays a

critical role in melanoma carcinogenesis [6, 7]. Thus, the
regulation of the MAPK signaling pathway by JMJD6 in
melanoma cells supports a role of JMJD6 in the patho-
genesis of melanoma. Bioinformatics analysis of alterna-
tive splice variants revealed that JMJD6 silencing
affected the alternative splicing of several key compo-
nents of the MAPK signaling pathway, including PAK1,
RAPGEF2, and MAP3K4 (Additional file 2: Table S2).
Among these, PAK1 is known to directly phosphorylates
both RAF and MEK1, thereby positively regulating the
MAPK signaling [32–34]. In addition, PAK1 is essential
for oncogenic Ras- and ErbB2-regulated MAPK signal-
ing and tumorigenesis [35]. Thus, the regulation of
PAK1 alternative splicing by JMJD6 would have signifi-
cant consequences on the MAPK signaling and cellular
processes of melanoma cells.
To further investigate whether JMJD6 mediates PAK1

splicing, RNA-IP assay was performed with JMJD6 anti-
body followed by qRT-PCR with primer pairs for the
intron-exon junction in PAK1 pre-mRNA. The result
showed that JMJD6 could bind to PAK1 pre-mRNA, and
the binding efficacy of JMJD6 to PAK1 was approxi-
mately 0.3% (Fig. 2b). We then designed primer pairs
that were able to detect alternative exons. These primers
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were used to analyze RNAs isolated from control or
JMJD6-depleted cells by reverse transcriptase (RT) PCR.
We detected a decreased level of the full length PAK1 in
JMJD6-depleted melanoma cells. Meanwhile, the level of
the exon-skipped PAK1 mRNA isoforms, PAK1Δ15, was
significantly elevated in JMJD6-depleted melanoma cells
(Fig. 2c). Consistently, qRT-PCR measurement showed
that JMJD6 knockdown led to a decrease in the produc-
tion of the full length of PAK1 and an increase in the
generation of PAK1Δ15 (Fig. 2d). In support of these ob-
servations, the catalytically inactive JMJD6 mutant,
JMJD6H187A/D189A (JMJD6m), which can interfere

with Fe(II) binding to JMJD6 and then lose its hy-
droxylase activity for U2AF65 and capacity for RNA
splicing, was generated [14, 36]. The results showed
that overexpression of JMJD6, but not JMJD6m, in
melanoma A375 cells was associated with an in-
creased level of the full length PAK1 mRNA and a
decreased level of PAK1Δ15 mRNA (Fig. 2d). These
results indicate that JMJD6 regulates the alternative
splicing of PAK1 in melanoma cells by promoting
exon inclusion and generation of the full length
PAK1. These experiments also indicate that JMJD6
does so, through its lysyl hydroxylase activity.

Fig. 1 JMJD6 Is Up-regulated in Melanoma, and High Expression of JMJD6 Is Correlated with Melanoma Aggressiveness. a JMJD6 mRNA expression levels in
multiple cancers by online analysis (www.cbioportal.org/public-portal/). b Representative sections of normal, primary melanomas and metastatic melanomas
that were stained with JMJD6 antibody are presented (Upper magnification: × 20; scale bar = 100 μm. Lower magnification: × 320; scale bar = 25 μm). The
scores were determined by evaluating the intensity and extent of immunopositivity. The results were analyzed by two-tailed unpaired t-tests (*p< 0.05). c
Representative sections of clinicopathologic stages I, II, III and IV of melanoma that were stained with JMJD6 antibody are presented (Upper magnification: ×
20; scale bar = 100 μm. Lower magnification: × 320; scale bar = 25 μm). The scores were determined by evaluating the intensity and
extent of immunopositivity. The results were analyzed by two-tailed unpaired t-tests (*p < 0.05). d The survival rate of melanoma patients with high or
low JMJD6 expression was analyzed by the Mantel-Cox log-rank test (*p < 0.05) (http://bioinformatica.mty.itesm.mx:8080/Biomatec/SurvivaX.jsp)
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Fig. 2 (See legend on next page.)
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In order to further support the observation that JMJD6
regulates the alternative splicing of PAK1 and to explore
the functional significance of this regulation, the phos-
phorylation/activation of the PAK1 downstream kinases
MEK, ERK, and JNK was analyzed. Western blotting
showed that while the levels of the protein expression of
these kinases did not change in JMJD6-depleted A375
and 451Lu cells, the levels of their phosphorylation were
significantly reduced upon JMJD6 knockdown (Fig. 2e),
suggesting that the activity of the MAPK signaling path-
way was down-regulated by JMJD6 depletion.
To gain further support that JMJD6 modulates the

MAPK signaling through its regulation of PAK1 alterna-
tive splicing, wild-type JMJD6 or JMJD6m was overex-
pressed in A375 or 451Lu cells. Western blotting
analysis showed that overexpression of wild-type JMJD6,
but not JMJD6m, was associated with a significant in-
crease in the phosphorylation levels of MEK1/2, ERK1/2,
and JNK, while neither wild-type JMJD6 nor JMJD6m af-
fected the protein levels of MEK1/2, ERK1/2, and JNK
(Fig. 2f ). Collectively, the above experiments indicate
that JMJD6, through regulating PAK1 alternative spli-
cing, positively influences the MAPK signaling in melan-
oma cells, supporting the role of JMJD6 in melanoma
carcinogenesis.
As stated above, PAK1 acts to promote MAPK

pathway signaling through phosphorylating RAF and
MEK [32, 33]. The kinase domain of PAK1 is mapped
to 272-523 aa [37]. Interestingly, PAK1Δ15 is lack of
the 15th exon (517-533 aa) thus has an incomplete
kinase domain (272-516 aa) (Fig. 2g). To gain more
insights into the functional significance of PAK1 alter-
native splicing, we firstly cloned FLAG-tagged PAK1
and PAK1Δ15 constructs, and examined their enzym-
atic activities. Western blotting analysis demonstrated
that overexpression of PAK1, but not PAK1Δ15, was
associated with a significant increase in the phosphor-
ylation level of RAF, MEK1/2, ERK1/2, and JNK,
although the total protein levels of RAF, MEK1/2,
ERK1/2, and JNK were similar in cells transfected
with PAK1 or PAK1Δ15 (Fig. 2h). These results

suggest that PAK1Δ15, with its kinase domain inter-
rupted, has a compromised kinase activity.

JMJD6 promotes Melanogenesis in melanoma cells
Melanin synthesis is a unique characteristic of melan-
oma and a complex process involving microphthalmia-
associated transcription factor (MITF), a transcription
factor and a master regulator of melanogenesis, whose
expression itself is activated by the MAPK signaling
[38–40]. In order to understand the biological signifi-
cance of the regulation of the MAPK signaling by
JMJD6, we next investigated the effect of JMJD6 on me-
lanogenesis. qRT-PCR and Western blotting analyses in
A375 and 451Lu cells transfected with control siRNA/
vector, JMJD6 siRNAs, JMJD6, or JMJD6m showed that
both mRNA and protein levels of MITF were down-
regulated when JMJD6 was knocked down. In agree-
ment, overexpression of JMJD6 resulted in an increase
in the expression of MITF, whereas overexpression of
JMJD6m had a limited effect on MITF expression (Fig. 3a
and b). These results suggest that JMJD6 might regulate
melanogenesis in melanoma cells.
We then infected B16F10 cells, a melanin-producing

mouse melanoma cell line, with lentiviruses carrying
control shRNA or Jmjd6 shRNA, and/or infected with
retroviruses carrying vector or expression plasmids for
PAK1, PAK1Δ15, JMJD6, or JMJD6m. After treatment
with α-MSH, the culture medium became grey when
Jmjd6 was depleted, an effect that could be offset by
simultaneous overexpression of PAK1, but not PAK1Δ15
(Fig. 3c). In contrast, the color of the culture medium
was much darker upon overexpressing JMJD6, whereas
overexpression of JMJD6m had no such an effect (Fig. 3c).
Consistently, measurement of melanin content showed
that cellular melanin level decreased in Jmjd6-depleted
B16F10 cells, which could be rescued by simultaneous
overexpression of PAK1, but not PAK1Δ15, whereas over-
expression of JMJD6, but not JMJD6m, was associated
with an increase in the cellular melanin level (Fig. 3d).
Collectively, these results indicate that JMJD6 promotes
melanogenesis, and that JMJD6 does so, through its lysyl

(See figure on previous page.)
Fig. 2 JMJD6 Enhances MAPK Signaling in Melanoma Cells through Regulation of Alternative Splicing. a Bioinformatics analysis of the different AS events
that were identified in JMJD6-depleted A375 cells using the DAVID Functional Annotation Tool (DAVID, https://david.ncifcrf.gov/). b RNA-IP assay in A375
cells was performed with IgG or JMJD6 antibody followed by qRT-PCR with primer pairs for the intron-exon junction in PAK1 pre-mRNA. c The transcripts
of full length (PAK1) and exon 15-skipped PAK1 (PAK1Δ15) were analyzed by RT-PCR using RNA extracted from control siRNA, siJMJD6#1 or siJMJD6#2-
treated A375 cells. Arrows indicate the location of primers for RT-PCR analyses. Quantitation was done by densitometry and expressed as signals of PAK1/
PAK1Δ15 ratios. d Schemes illustrating primer and probe design to detect PAK1 and PAK1Δ15 are shown. A375 cells were transfected with control
siRNA/vector, siJMJD6#1 or siJMJD6#2, JMJD6, or JMJD6m, and TaqMan assays were performed to determine the ratio of PAK1 to PAK1Δ15 expression. e,
f A375 and 451Lu cells were treated with control siRNA, siJMJD6#1, siJMJD6#2, vector, JMJD6 or JMJD6m, and Western blotting analysis was performed
with antibodies as indicated. g A schematic representation of the structure of PAK1 and PAK1Δ15. The PBD (p21-binding domain), AID (auto inhibitory
domain), and kinase domain are shown. The PAK1Δ15 is lack of 15th exon (517-533 aa) thus has an incomplete kinase domain. h A375 and 451Lu cells
were transfected with vector, FLAG-PAK1 or FLAG-PAK1Δ15 expression plasmids, and Western blotting analysis was performed with antibodies
as indicated
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hydroxylase activity and via its regulation of PAK1 alterna-
tive splicing.

JMJD6 promotes the proliferation and invasion of
melanoma cells in vitro and the growth and metastasis of
melanoma in vivo
To further explore the functional significance of the
regulation of the alternative splicing of PAK1 by JMJD6
and to substantiate the role of JMJD6 in melanoma car-
cinogenesis, we next investigated the effect of JMJD6 on
the proliferation of melanoma cells. To this end, A375
cells were infected with lentiviruses carrying control
shRNA or JMJD6 shRNA, and/or infected with retrovi-
ruses carrying vector or expression plasmids for PAK1,
PAK1Δ15, JMJD6, or JMJD6m. Colony formation assays
showed that the depletion of JMJD6 in A375 cells
resulted in a significant decrease in the colony number
(Fig. 4a). Consistent with our working model that JMJD6
acts to regulate the alternative splicing of PAK1 by pro-
moting exon inclusion to generate the full-length PAK1,
simultaneous overexpression of PAK1, but not
PAK1Δ15, led to a rescue of the effect of JMJD6-
depleted on cell proliferation (Fig. 4a). In contrast, over-
expression of JMJD6, but not JMJD6m, resulted in an
increase in the colony number (Fig. 4a). Analogously,
the growth curves determined by CCK-8 assays showed

that JMJD6 depletion was associated with a significant
decrease in cell proliferation, an effect that could be off-
set by ectopic expression of PAK1, but not PAK1Δ15,
whereas overexpression of JMJD6, but not JMJD6m, was
accompanied by a significant increase in cell prolifera-
tion (Fig. 4b). These results indicate that JMJD6
promotes melanoma cell proliferation, and that JMJD6
does so, through its lysyl hydroxylase activity and via
regulating PAK1 alternative splicing.
The MAPK signaling has also been implicated in the

regulation of epithelial-to-mesenchymal transition
(EMT) [41], a hallmark of cancer that represents the ini-
tial step of tumor metastasis [42]. Given our observa-
tions that JMJD6 regulates the alternative splicing of
PAK1 and influences the MAPK signaling in melanoma
cells, it is conceivable that JMJD6 is also involved in the
regulation of EMT and metastasis in melanoma. To test
this, A375 cells were infected with viruses carrying con-
trol, JMJD6 shRNAs, JMJD6, or JMJD6m. Western blot-
ting analysis indicate that JMJD6 depletion was
associated with increased expression of epithelial
markers E-cadherin, α-catenin, and γ-catenin and
decreased expression of mesenchymal markers N-
cadherin and vimentin. Consistently, overexpression of
JMJD6, but not JMJD6m, was associated with decreased
expression of the epithelial markers and increased

Fig. 3 JMJD6 Promotes Melanogenesis in Melanoma Cells. a A375 and 451Lu cells were transfected with control siRNA/vector, siJMJD6#1, siJMJD6#2,
JMJD6, or JMJD6m. Total RNAs were extracted and analyzed for the mRNA expression of MITF by qRT-PCR. Results were presented as the mean ± SD.
b A375 and 451Lu cells were transfected with control siRNA/vector, siJMJD6#1, siJMJD6#2, JMJD6, or JMJD6m. Western blotting analysis was performed
with antibodies against indicated proteins. c B16F10 cells were infected with lentiviruses carrying control shRNA or Jmjd6 shRNA, and/or infected with
retroviruses carrying vector or expression plasmids for PAK1, PAK1Δ15, JMJD6, or JMJD6m, and treated with α-MSH (100 nM). The culture dishes of
B16F10 cells were photographed. d The B16F10 cells infected with viruses carrying indicated constructs were incubated with α-MSH (100 nM) for 24 h.
Melanin content was measured at 475 nm and normalized to the protein concentration. Each bar represents the mean ± SD. Each independent
experiment was performed at least three times
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Fig. 4 JMJD6 Promotes the Proliferation and Invasion of Melanoma Cells in Vitro and in Vivo. a A375 cells were infected with lentiviruses carrying control
shRNA or JMJD6 shRNA, and/or infected with retroviruses carrying vector or expression plasmids for PAK1, PAK1Δ15, JMJD6, or JMJD6m. Cells were
maintained in DMEM medium for 14 days before staining with 0.5% crystal violet and counting for colony numbers. b A375 cells were infected with viruses
carrying indicated constructs, and the cell viability rate was evaluated using Cell Counting Kit-8. c A375 cells were infected with control shRNA/vector, JMJD6
shRNAs, JMJD6, or JMJD6m, and the expressions of epithelial and mesenchymal markers were tested by Western blotting. d The SK-MEL-1 cells infected with
viruses carrying indicated constructs were starved for 18 h before cell invasion assays were performed using Matrigel transwell filters. The invaded cells were
stained by 0.5% crystal violet and counted under a light microscope. e B16F10 cells were infected with viruses carrying control shRNA or Jmjd6 shRNAs. These
cells were subcutaneously injected into the right flank of 6-week-old female C57BL/6 mice (n= 6). The bioluminescence imaging was used to quantify tumor
size, and representative in vivo bioluminescent images are shown. f B16F10 cells were injected intravenously through the tail vein of 6-week-old female
C57BL/6 mice (n=6). Lung metastasis was quantified by bioluminescence imaging. Scale bar = 250 μm. Representative in vivo bioluminescent images are
shown. Lung cancer specimens were examined by in vitro bioluminescent measurement and stained with hematoxylin and eosin (H&E)
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expression of the mesenchymal markers (Fig. 4c). These
data support a notion that JMJD6 promotes EMT in
melanoma cells.
To substantiate this notion, transwell invasion assays

showed that JMJD6 depletion resulted in a decrease in
the invasive potential of the highly invasive SK-MEL-1
melanoma cells, an effect that could be offset by simul-
taneous overexpression of PAK1, but not PAK1Δ15,
whereas overexpression of JMJD6, but not JMJD6m, led
to an increase in the invasive potential of cells (Fig. 4d).
Together, the above results support an argument that
JMJD6 promotes the proliferation and invasion of mel-
anoma cells in vitro, and that JMJD6 does so, through
its lysyl hydroxylase activity and via regulating PAK1
alternative splicing.
To investigate the role of JMJD6 in melanoma growth

and metastasis in vivo, murine B16F10 melanoma cells
stably expressing firefly luciferase were infected with len-
tiviruses carrying control shRNA or Jmjd6 shRNAs.
These cells were implanted subcutaneously onto the
right flank or injected intravenously into 6-week-old
C57BL/6 mice. The growth/dissemination of B16F10 tu-
mors was monitored weekly by bioluminescence imaging
with the IVIS imaging system (Xenogen). Quantitative
bioluminescent imaging was performed weekly after im-
plantation or at 2.5 weeks after injection. A metastatic
event was defined as any detectable luciferase signal
above background. We found that, compared to that in
control animals, the tumor size was much smaller and
the tumor growth rate was significantly slower in mice
received Jmjd6-depleted tumor cells (Fig. 4e). In
addition, Jmjd6 depletion was associated with a marked
suppression of the lung metastasis of B16F10 tumors,
which were verified by bioluminescence imaging and
histological staining (Fig. 4f ). These experiments are
consistent with in vitro observations and indicate that
JMJD6 promotes the growth and metastasis of melan-
oma in vivo.

JMJD6 enhances the Angiogenic potential of melanoma
cells
It has been reported that the MAPK signaling pathway also
influences angiogenesis [43–45]. To test that whether or
not JMJD6 could also affect angiogenesis in melanoma, we
first performed in vitro endothelial tube formation assays in
which the ability of endothelial cells to form three-
dimensional capillary-like tubular structures when cultured
on extracellular matrix gels prepared from Engelbreth-
Holm-Swarm tumor cells was assessed [46]. A375 cells and
human umbilical vein endothelial cells (HUVECs) were
infected with lentiviruses carrying control shRNA or JMJD6
shRNA, and/or infected with retroviruses carrying PAK1,
PAK1Δ15, JMJD6, or JMJD6m. Conditional media (CM)
from A375 cells were added onto solidified extracellular

matrix gels. After incubation, the formation of endothelial
cell tubes was examined under a light microscope, and the
number of tubes was counted. The result revealed that
JMJD6-depleted HUVECs or HUVECs cultured in CM
from JMJD6-depleted A375 cells generated fewer endothe-
lial tubes, compared to control, and simultaneous overex-
pression of PAK1, but not PAK1Δ15, could rescue this
effect (Fig. 5a, top). More endothelial tubes were observed
in A375 cells overexpressing JMJD6, whereas in cells over-
expressing JMJD6m, the number of endothelial tubes was
similar to that in control group (Fig. 5a, middle). Further-
more, we found that VEGF-stimulated HUVECs or
HUVECs cultured in CM from vector-transfected A375
cells generated more endothelial tubes, while both JMJD6
knockdown and PAK1 knockdown led to a decrease in the
formation of endothelial cell tubes compared to the control
(Fig. 5a, bottom), suggesting that JMJD6 is capable of en-
hancing the angiogenic potential of HUVECs.
In vivo chicken yolk sac membrane (YSM) assays were

then carried out in which gelatin sponges that had
adsorbed suspensions of A375 cells infected with viruses
carrying control shRNA or JMJD6 shRNA, and/or
PAK1, PAK1Δ15, JMJD6, or JMJD6m were placed on
top of the YSM. Microscopic analysis of the number of
blood vessels entering the sponge showed that, com-
pared to control, the eggs treated with JMJD6-depleted
A375 cells formed significantly fewer blood vessels, an
effect that could be effectively rescued by simultaneous
overexpression of PAK1, but not PAK1Δ15, whereas
overexpression of JMJD6, but not JMJD6m, resulted in
an increase in blood vessels (Fig. 5b). The results sup-
port a role for JMJD6 in promoting blood vessel
formation.
We next employed a well-established in vivo angiogen-

esis model, the Matrigel plug assay, to investigate the
effect of JMJD6 on angiogenesis in vivo. In this assay,
BALB/c female mice were randomly divided into four
groups, and the animals in each group (n = 6) were
subcutaneously injected with either Matrigel only or
Matrigel containing A375 cells infected with lentivi-
ruses carrying control shRNA or JMJD6 shRNAs.
Seven days after injection, the mice were sacrificed,
and the Matrigel plugs were processed and stained with
H&E (hematoxylin and eosin) and Masson trichrome.
Microscopic examination of Matrigel plugs revealed
that, compared to that of control shRNA-treated
Matrigels, only a few endothelial cells invaded the
plugs of JMJD6 shRNAs-treated Matrigel (Fig. 5c).
Taken together, the above results support a role for
JMJD6 in promoting the angiogenesis in melanoma.

JMJD6 is Transcriptionally activated by c-Jun
As described at the beginning, we found that JMJD6 was
up-regulated in melanomas. Given our observations that
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JMJD6 influences, via regulation of PAK1 alternative
splicing, multiple cellular processes in melanoma cells,
understanding the aberrant regulation of JMJD6 in mela-
nomas is of great significance. In this regard, it is worth
noting that approximately 50% of melanomas harbor
V600E mutation in BRAF, a genetic abnormality that

renders the MAPK signaling pathway constitutively
active. To investigate whether and how the hyperactive
MAPK signaling contributes to the high expression of
JMJD6, BRAF expression was knocked down in A375
cells. qRT-PCR and Western blotting analyses showed
that both the mRNA and protein levels of JMJD6 in

Fig. 5 JMJD6 Enhances the Angiogenic Potential of Melanoma Cells. a A375 cells and HUVECs were infected with lentiviruses carrying control
shRNA, JMJD6 shRNA or PAK1 shRNA, and/or infected with retroviruses carrying PAK1, PAK1Δ15, JMJD6, or JMJD6m. Then, the cells were added
onto a solidified extracellular matrix and were treated with or without 20 ng/ml VEGF. After incubation, the number of endothelial tubes was
counted under a light microscope. Representative images from each group were shown. Each bar represents the mean ± SD. Each independent
experiment was performed at least three times. b A375 cells were infected with viruses carrying indicated constructs for YSM analysis. The
number of blood vessels that migrated into the sponge was counted. Representative images from each group are shown. Each bar represents
the mean ± SD. Scale bar = 250 μm. Each independent experiment was performed at least three times. c Matrigel only or Matrigel mixed with
A375 cells infected with viruses carrying control shRNA or JMJD6 shRNAs were subcutaneously injected into 6-week-old BALB/c female mice (n = 6).
The Matrigel plugs were removed for H&E and Masson trichrome staining. Scale bar = 200 μm. The relative photos are shown. Results were presented
as the mean ± SD
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these cells were significantly reduced (Fig. 6a), suggest-
ing that the MAPK signaling is functionally linked to
JMJD6 expression, and that the MAPK signaling does
so, though transcriptionally regulation.
Activation of the MAPK signaling leads to the phos-

phorylation of ERK, which, in turn, activates transcrip-
tion factor c-Jun [6]. To investigate whether JMJD6 is a
transcriptional target of c-Jun, we analyzed by bioinfor-
matics the promoter of the JMJD6 gene and found
several putative c-Jun consensus binding sites. We thus
cloned a 1157 bp fragment (−1057 to +100) from the
JMJD6 promoter containing the sequence TGACCAA
(JMJD6-Luc) or containing a mutated form of this
sequence (CGGCCAG, JMJD6m-Luc) in the upstream of
a luciferase reporter gene (Fig. 6b) and co-transfected
these constructs into A375 cells with c-Jun and renilla.
The reporter assays revealed that c-Jun significantly
stimulated the luciferase activity of JMJD6-Luc, but not
that of JMJD6m-Luc (Fig. 6c). Chromatin immu-
noprecipitation (ChIP) assay confirmed the recruitment
of c-Jun to the promoter region of JMJD6 in A375 cells
(Fig. 6d). Moreover, analyses by qRT-PCR and Western
blotting in A375 cells transfected with vector or c-Jun or
treated with control siRNA or c-Jun siRNAs showed that
ectopic expression of c-Jun resulted in an increase of
JMJD6 and knockdown of c-Jun resulted in a decrease of
JMJD6 at both mRNA and protein levels (Fig. 6e). To-
gether, these results support a notion that BRAF muta-
tion results in constitutively active MAPK signaling,
which, in turn, leads to transcriptional activation of
JMJD6 by c-Jun. According to our working model, ele-
vated JMJD6, through regulation of the alternative spli-
cing of genes including that encodes for PAK1,
promotes multiple cellular processes including melano-
genesis, proliferation, invasion, and angiogenesis in mel-
anoma cells, and eventually the development and
progression of melanoma. According to this scheme,
there appears existing a feedforward regulatory loop
between JMJD6 and the MAPK signaling pathway in
which genetic mutation of BRAF results in hyperactive
MAPK signaling, which, in turn, leads to the activation
of c-Jun. Activated c-Jun transactivates JMJD6, which, in
turn, through regulation of the alternative splicing of
PAK1, enhances the MAPK signaling and drives melan-
oma carcinogenesis.

Discussion
The understanding of the cellular activity and biological
function of the jumonji C domain-containing protein
JMJD6 continues to evolve. This protein was initially re-
ported as a cell surface protein that enhances the re-
cruitment of phagocytic cells to sites of apoptosis.
Subsequent studies describe JMJD6 as either a histone

arginine demethylase that removes methyl moieties from
histone molecules [12] or a lysine hydroxylase to target
histone or non-histone proteins [14]. Specifically, we
showed previously that JMJD6 acts as a lysyl hydroxylase
to modulate p53 activity [13], and, recently, JMJD6 has
been shown to hydroxylate RNA splicing factor U2AF65
and influence alternative splicing [14]. JMJD6 null mice
manifest early postnatal lethality, growth retardation,
and multiple developmental abnormalities due to im-
paired differentiation during embryogenesis [15–17].
Clearly, JMJD6 exerts a multifaceted and important role
in cell biology and animal development. Consistently,
JMJD6 has been implicated in various pathological states
including cancers [13, 18, 19]. We report in the current
study that JMJD6 is up-regulated in a variety of cancers,
including melanoma, thyroid cancer, ovarian cancer,
breast cancer, prostate cancer, lung adenocarcinomas,
liver cancer, and colorectal cancer. We found that the
protein level of JMJD6 was significantly higher in mela-
nomas than in normal tissues, and that high expression
of JMJD6 was positively correlated with the clinicopath-
ological stage, aggressiveness, and poor prognosis of
melanoma.
To understand the mechanistic role of JMJD6 in mel-

anoma carcinogenesis, we performed RNA-seq in melan-
oma cells and found that the alternative splicing of a
panel of genes including that encoding for PAK1, a key
component of the MAPK signaling pathway, is regulated
by JMJD6. PAK1 acts to phosphorylate RAF and MEK
[32–34], thereby positively regulating the MAPK signal-
ing pathway. We showed that JMJD6 promotes the pro-
duction of the full-length PAK1 and inhibits the
generation of PAK1Δ15. Significantly, our experiments
indicate that PAK1Δ15 represents a catalytically inactive
isoform of PAK1 unable to phosphorylate RAF and MEK
and to activate the MAPK signaling.
The MAPK signaling pathway is known to be critically

implicated in the molecular pathogenesis of melanoma.
Consistent with this, it has been reported that approxi-
mately 50% of melanomas carry an active mutation in
BRAF, which renders the MAPK signaling pathway con-
stitutively active [4]. Upon activation of the cascade,
phosphorylation of the downstream effector kinases
(ERK1/2) leads to transcriptional activation of cyclin D1,
degradation of CDK inhibitor p27, and activation of p90
ribosomal S6 kinase (p90RSK), which in turn inactivates
the cell cycle-inhibitory protein myelin transcription fac-
tor 1 (MYT1) [47, 48]. It is now abundantly clear that
the MAPK signaling pathway represents a main cellular
system controlling cell cycle progression and cell prolif-
eration [47]. Thus, the regulation of PAK1 alternative
splicing by JMJD6 is of significant importance to the
MAPK signaling and cell proliferation. Indeed, we
showed that ectopic expression of JMJD6 promoted the
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Fig. 6 (See legend on next page.)
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proliferation of melanoma cells, an effect that was
dependent on the lysyl hydroxylase activity of JMJD6
and was through the regulation of the alternative spli-
cing of PAK1.
In addition to cell proliferation, the MAPK pathway

has also been implicated in the regulation of an array
of cellular processes such as EMT, angiogenesis, and
melanogenesis in melanoma. It is even reported that
BRAFV600E is a catalyst for EMT in thyroid carcinoma
and melanoma [49]. Meanwhile, a recent study re-
ported that JMJD6 promotes EMT in breast cancer
[50]. In the current study, we demonstrated that
JMJD6 promotes EMT and metastasis in melanoma,
and we showed that JMJD6 does so, through its lysyl
hydroxylase activity and via its regulation of the alter-
native splicing of PAK1. Our results provide a func-
tional link between JMJD6 and the MAPK signaling
pathway in the regulation of EMT and metastasis of
melanoma. In support of the regulation of PAK1 thus
the MAPK signaling by JMJD6, our experiments also
revealed that JMJD6 regulates melanogenesis and
angiogenesis in melanoma cells.
In the MAPK signaling cascade, activation of ERK1/2

leads to phosphorylation and activation of transcription
factor c-Jun. Remarkably, we found in the current study
that JMJD6 is transactivated by c-Jun. In light of our
findings that JMJD6 is up-regulated in melanoma and
the MAPK signaling is modulated by JMJD6 via regula-
tion of the alternative splicing of PAK1 and the reported
observation that a large proportion of melanoma carry
BRAFV600E mutation rendering the MAPK signaling
constitutive active [4], there appears existing a feed-
forward regulatory loop between JMJD6 and the MAPK
signaling pathway in which genetic mutation of BRAF
results in hyperactive MAPK signaling, which, in turn,
leads to the activation of c-Jun. Activated c-Jun transac-
tivates JMJD6, which, in turn, through regulation of the
alternative splicing of PAK1, enhances the MAPK signal-
ing (Fig. 6f ). Such a self-enhancing molecular system
will surely favor the development and progression of
melanoma.

Conclusions
We report here that JMJD6, through regulating PAK1 al-
ternative splicing and influencing the MAPK signaling,
through affecting multiple aspects of melanoma cells,
promotes melanoma carcinogenesis, supporting the pur-
suit of JMJD6 as a potential prognostic biomarker and a
therapeutic target for melanoma.
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JMJD6 expression. Such a self-enhancing molecular system favors the development and progression of melanoma

Liu et al. Molecular Cancer  (2017) 16:175 Page 16 of 18

dx.doi.org/10.1186/s12943-017-0744-2
dx.doi.org/10.1186/s12943-017-0744-2
http://alggen.lsi.upc.es/cgi-bin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3


Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Key Laboratory of Carcinogenesis and Translational Research (Ministry of
Education), Department of Biochemistry and Molecular Biology, School of
Basic Medical Sciences, Peking University Health Science Center, Beijing
100191, China. 2Department of Laboratory Medicine, Peking University Third
Hospital, Beijing 100191, China. 3Department of Biochemistry and Molecular
Biology, School of Basic Medical Sciences, Tianjin Medical University, Tianjin
300070, China. 4Department of Pathology, School of Basic Medical Sciences,
Peking University Health Science Center, Beijing 100191, China. 5Department
of Biochemistry and Molecular Biology, Peking University Health Science
Center, 38 Xueyuan Road, Beijing 100191, China.

Received: 8 August 2017 Accepted: 21 November 2017

References
1. Houghton AN, Polsky D. Focus on melanoma. Cancer Cell. 2002;2:275–8.
2. Finn L, Markovic SN, Joseph RW. Therapy for metastatic melanoma: the past,

present, and future. BMC Med. 2012;10:23.
3. Davies H, Bignell GR, Cox C, Stephens P, Edkins S, Clegg S, Teague J,

Woffendin H, Garnett MJ, Bottomley W, et al. Mutations of the BRAF gene in
human cancer. Nature. 2002;417:949–54.

4. Sumimoto H, Miyagishi M, Miyoshi H, Yamagata S, Shimizu A, Taira K,
Kawakami Y. Inhibition of growth and invasive ability of melanoma by
inactivation of mutated BRAF with lentivirus-mediated RNA interference.
Oncogene. 2004;23:6031–9.

5. Cobb MH, Goldsmith EJ. How MAP kinases are regulated. J Biol Chem. 1995;
270:14843–6.

6. Bakiri L, Lallemand D, Bossy-Wetzel E, Yaniv M. Cell cycle-dependent
variations in c-Jun and JunB phosphorylation: a role in the control of cyclin
D1 expression. EMBO J. 2000;19:2056–68.

7. Kamiyama M, Naguro I, Ichijo H. In vivo gene manipulation reveals the
impact of stress-responsive MAPK pathways on tumor progression. Cancer
Sci. 2015;106:785–96.

8. Sui X, Kong N, Ye L, Han W, Zhou J, Zhang Q, He C, Pan H. p38 and JNK
MAPK pathways control the balance of apoptosis and autophagy in
response to chemotherapeutic agents. Cancer Lett. 2014;344:174–9.

9. Weiss MB, Abel EV, Mayberry MM, Basile KJ, Berger AC, Aplin AE. TWIST1 is
an ERK1/2 effector that promotes invasion and regulates MMP-1 expression
in human melanoma cells. Cancer Res. 2012;72:6382–92.

10. Reddy KB, Krueger JS, Kondapaka SB, Diglio CA. Mitogen-activated protein
kinase (MAPK) regulates the expression of progelatinase B (MMP-9) in breast
epithelial cells. Int J Cancer. 1999;82:268–73.

11. Fadok VA, Bratton DL, Rose DM, Pearson A, Ezekewitz RA, Henson PM. A
receptor for phosphatidylserine-specific clearance of apoptotic cells. Nature.
2000;405:85–90.

12. Chang B, Chen Y, Zhao Y, Bruick RK. JMJD6 is a histone arginine
demethylase. Science. 2007;318:444–7.

13. Wang F, He L, Huangyang P, Liang J, Si W, Yan R, Han X, Liu S, Gui B, Li W,
et al. JMJD6 promotes colon carcinogenesis through negative regulation of
p53 by hydroxylation. PLoS Biol. 2014;12:e1001819.

14. Webby CJ, Wolf A, Gromak N, Dreger M, Kramer H, Kessler B, Nielsen ML,
Schmitz C, Butler DS, Yates JR 3rd, et al. Jmjd6 catalyses lysyl-hydroxylation
of U2AF65, a protein associated with RNA splicing. Science. 2009;325:90–3.

15. Li MO, Sarkisian MR, Mehal WZ, Rakic P, Flavell RA. Phosphatidylserine
receptor is required for clearance of apoptotic cells. Science. 2003;302:
1560–3.

16. Bose J, Gruber AD, Helming L, Schiebe S, Wegener I, Hafner M, Beales M,
Kontgen F, Lengeling A. The phosphatidylserine receptor has essential
functions during embryogenesis but not in apoptotic cell removal. J Biol.
2004;3:15.

17. Kunisaki Y, Masuko S, Noda M, Inayoshi A, Sanui T, Harada M, Sasazuki T,
Fukui Y. Defective fetal liver erythropoiesis and T lymphopoiesis in mice
lacking the phosphatidylserine receptor. Blood. 2004;103:3362–4.

18. Lee YF, Miller LD, Chan XB, Black MA, Pang B, Ong CW, Salto-Tellez M, Liu
ET, Desai KV. JMJD6 is a driver of cellular proliferation and motility and a
marker of poor prognosis in breast cancer. Breast Cancer Res. 2012;14:R85.

19. Zhang J, Ni SS, Zhao WL, Dong XC, Wang JL. High expression of JMJD6
predicts unfavorable survival in lung adenocarcinoma. Tumour Biol. 2013;34:
2397–401.

20. Mittendorf KF, Deatherage CL, Ohi MD, Sanders CR. Tailoring of membrane
proteins by alternative splicing of pre-mRNA. Biochemistry. 2012;51:5541–56.

21. Kozlovski I, Siegfried Z, Amar-Schwartz A, Karni R. The role of RNA alternative
splicing in regulating cancer metabolism. Hum Genet. 2017;136:1113–27.

22. David CJ, Chen M, Assanah M, Canoll P, Manley JL. HnRNP proteins
controlled by c-Myc deregulate pyruvate kinase mRNA splicing in cancer.
Nature. 2010;463:364–8.

23. Okumura N, Yoshida H, Kitagishi Y, Nishimura Y, Matsuda S. Alternative
splicings on p53, BRCA1 and PTEN genes involved in breast cancer.
Biochem Biophys Res Commun. 2011;413:395–9.

24. Tammaro C, Raponi M, Wilson DI, Baralle D. BRCA1 exon 11 alternative
splicing, multiple functions and the association with cancer. Biochem Soc
Trans. 2012;40:768–72.

25. Zhong J, Cao RX, XY Z, Hong T, Yang J, Liu L, Xiao XH, Ding WJ, Zhao Q, Liu
JH, Wen GB. Identification and characterization of novel spliced variants of
PRMT2 in breast carcinoma. FEBS J. 2012;279:316–35.

26. Usher PA, Sieuwerts AM, Bartels A, Lademann U, Nielsen HJ, Holten-
Andersen L, Foekens JA, Brunner N, Offenberg H. Identification of
alternatively spliced TIMP-1 mRNA in cancer cell lines and colon cancer
tissue. Mol Oncol. 2007;1:205–15.

27. Pio R, Montuenga LM. Alternative splicing in lung cancer. J Thorac Oncol.
2009;4:674–8.

28. Moretti D, Del Bello B, Cosci E, Biagioli M, Miracco C, Maellaro E. Novel
variants of muscle calpain 3 identified in human melanoma cells: cisplatin-
induced changes in vitro and differential expression in melanocytic lesions.
Carcinogenesis. 2009;30:960–7.

29. Angiolillo AL, Sgadari C, Taub DD, Liao F, Farber JM, Maheshwari S,
Kleinman HK, Reaman GH, Tosato G. Human interferon-inducible protein 10
is a potent inhibitor of angiogenesis in vivo. J Exp Med. 1995;182:155–62.

30. Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer SO, Aksoy BA, Jacobsen A,
Byrne CJ, Heuer ML, Larsson E, et al. The cBio cancer genomics portal: an
open platform for exploring multidimensional cancer genomics data.
Cancer Discov. 2012;2:401–4.

31. Wan J, Xu W, Zhan J, Ma J, Li X, Xie Y, Wang J, Zhu WG, Luo J, Zhang H.
PCAF-mediated acetylation of transcriptional factor HOXB9 suppresses lung
adenocarcinoma progression by targeting oncogenic protein JMJD6.
Nucleic Acids Res. 2016;44:10662–75.

32. Zang M, Hayne C, Luo Z. Interaction between active Pak1 and Raf-1 is
necessary for phosphorylation and activation of Raf-1. J Biol Chem. 2002;
277:4395–405.

33. Slack-Davis JK, Eblen ST, Zecevic M, Boerner SA, Tarcsafalvi A, Diaz HB,
Marshall MS, Weber MJ, Parsons JT, Catling AD. PAK1 phosphorylation of
MEK1 regulates fibronectin-stimulated MAPK activation. J Cell Biol. 2003;162:
281–91.

34. Tran NH, Frost JA. Phosphorylation of Raf-1 by p21-activated kinase 1 and
Src regulates Raf-1 autoinhibition. J Biol Chem. 2003;278:11221–6.

35. Shrestha Y, Schafer EJ, Boehm JS, Thomas SR, He F, Du J, Wang S,
Barretina J, Weir BA, Zhao JJ, et al. PAK1 is a breast cancer oncogene
that coordinately activates MAPK and MET signaling. Oncogene. 2012;
31:3397–408.

36. Yi J, Shen HF, Qiu JS, Huang MF, Zhang WJ, Ding JC, Zhu XY, Zhou Y, XD F,
Liu W. JMJD6 and U2AF65 co-regulate alternative splicing in both JMJD6
enzymatic activity dependent and independent manner. Nucleic Acids Res.
2016;45:3503–18.

37. Kumar R, Sanawar R, Li X, Li F. Structure, biochemistry, and biology of PAK
kinases. Gene. 2017;605:20–31.

38. Wellbrock C, Rana S, Paterson H, Pickersgill H, Brummelkamp T, Marais R,
Oncogenic BRAF. Regulates melanoma proliferation through the lineage
specific factor MITF. PLoS One. 2008;3:e2734.

39. Johannessen CM, Johnson LA, Piccioni F, Townes A, Frederick DT, Donahue
MK, Narayan R, Flaherty KT, Wargo JA, Root DE, Garraway LA. A melanocyte
lineage program confers resistance to MAP kinase pathway inhibition.
Nature. 2013;504:138–42.

40. Lee WR, Shen SC, PR W, Chou CL, Shih YH, Yeh CM, Yeh KT, Jiang MC.
CSE1L links cAMP/PKA and Ras/ERK pathways and regulates the expressions

Liu et al. Molecular Cancer  (2017) 16:175 Page 17 of 18



and phosphorylations of ERK1/2, CREB, and MITF in melanoma cells. Mol
Carcinog. 2016;55:1542–52.

41. Lamouille S, Xu J, Derynck R. Molecular mechanisms of epithelial-
mesenchymal transition. Nat Rev Mol Cell Biol. 2014;15:178–96.

42. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell.
2011;144:646–74.

43. Chen J, Gu Z, Wu M, Yang Y, Zhang J, Ou J, Zuo Z, Wang J, Chen Y. C-
reactive protein can upregulate VEGF expression to promote ADSC-induced
angiogenesis by activating HIF-1alpha via CD64/PI3k/Akt and MAPK/ERK
signaling pathways. Stem Cell Res Ther. 2016;7:114.

44. Kumar D, Kumar S, Gorain M, Tomar D, Patil HS, Radharani NN, Kumar TV,
Patil TV, Thulasiram HV, Kundu GC. Notch1-MAPK signaling Axis regulates
CD133+ cancer stem cell-mediated melanoma growth and angiogenesis. J
Invest Dermatol. 2016;136:2462–74.

45. Mu X, Zhao T, Xu C, Shi W, Geng B, Shen J, Zhang C, Pan J, Yang J, Hu S, et
al. Oncometabolite succinate promotes angiogenesis by upregulating VEGF
expression through GPR91-mediated STAT3 and ERK activation. Oncotarget.
2017;8:13174–85.

46. Grant DS, Kleinman HK, Leblond CP, Inoue S, Chung AE, Martin GR. The
basement-membrane-like matrix of the mouse EHS tumor: II.
Immunohistochemical quantitation of six of its components. Am J Anat.
1985;174:387–98.

47. Katz M, Amit I, Yarden Y. Regulation of MAPKs by growth factors and
receptor tyrosine kinases. Biochim Biophys Acta. 2007;1773:1161–76.

48. Acosta AM, Kadkol SS. Mitogen-activated protein Kinase signaling pathway
in Cutaneous melanoma: an updated review. Arch Pathol Lab Med. 2016;
140:1290–6.

49. Mitchell B, Dhingra JK, Mahalingam M. BRAF and epithelial-Mesenchymal
transition: lessons from papillary thyroid carcinoma and primary Cutaneous
melanoma. Adv Anat Pathol. 2016;23:244–71.

50. Aprelikova O, Chen K, El Touny LH, Brignatz-Guittard C, Han J, Qiu T,
Yang HH, Lee MP, Zhu M, Green JE. The epigenetic modifier JMJD6 is
amplified in mammary tumors and cooperates with c-Myc to enhance
cellular transformation, tumor progression, and metastasis. Clin
Epigenetics. 2016;8:38.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Liu et al. Molecular Cancer  (2017) 16:175 Page 18 of 18


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Cell cultures
	Transfection
	Retroviral and Lentiviral production and infection
	Immunohistochemical analysis
	Total RNA extraction and RT-PCR analysis
	RNA-seq analysis
	Western blotting analysis
	RNA Immunoprecipitation (RIP) assay
	Measurement of melanin content
	Colony formation assay
	Cell proliferation analysis
	Transwell assay
	Bioluminescence imaging
	Subcutaneous tumor growth model and pulmonary metastasis model
	Endothelial tube formation assay
	Chicken yolk sac membrane (YSM) assay
	Matrigel plug assay
	Luciferase reporter analysis
	ChIP and qChIP analysis
	Statistical analyses

	Results
	JMJD6 is up-regulated in melanoma, and high expression of JMJD6 protein is strongly correlated with advanced stages and aggressiveness of melanoma
	JMJD6 enhances the MAPK signaling in melanoma cells through regulation of alternative splicing
	JMJD6 promotes Melanogenesis in melanoma cells
	JMJD6 promotes the proliferation and invasion of melanoma cells in vitro and the growth and metastasis of melanoma in vivo
	JMJD6 enhances the Angiogenic potential of melanoma cells
	JMJD6 is Transcriptionally activated by c-Jun

	Discussion
	Conclusions
	Additional file
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

