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Abstract. Background: Mycosis fungoides (MF) is indolent,
but may disseminate to leukemia. We reported that C-C motif
chemokine ligand 21 (CCL21) is associated with MF
invasion and progression. Metastasis-associated lung
adenocarcinoma transcript 1 (MALATI1), a long noncoding
RNA, is associated with several cancer types, however, how
it interacts with CCL21 to regulate MF progression, remains
unclear. Materials and Methods: Expression of long
noncoding RNAs MALAT1, antisense noncoding RNA in the
INK4 locus (ANRIL), Hox antisense intergenic RNA
(HOTAIR), highly up-regulated in liver cancer RNA (HULC),
and leukemia-associated non-coding insulin-like growth
factor 1 receptor activator RNA I (LUNARI) in tissues from
MF was studied using polymerase chain reaction and RNA
interference in MF cell line MyLa were used to address this
question. Results: Expression of MALATI was selectively
increased in MF tissues. C-C Chemokine receptor type 7
(CCRY7) expression was found to be increased in MyLa cells.
CCL21 was found not only to mediate migration, but also to
enhance MALATI and mammalian target of rapamycin
(mTOR) activation in MyLa cells. Knockdown of MALATI
abrogated CCL2I-mediated migration, but not mTOR
activation. In contrast, mTOR inhibition reduced CCL21-
mediated migration and MALAT1 expression. Conclusion:
CCL2] induced mTOR activation in MyLa cells, followed by
expression of MALAT 1, causing cell migration. MALATI and
mTOR are potential therapeutic targets for MF.

This article is freely accessible online.

Correspondence to: Chih-Hung Lee, MD, Ph.D., Department of
Dermatology, Kaohsiung Chang Gung Memorial Hospital and
Chang Gung University College of Medicine, 123 Dapi Rd,
Kaohsiung 833, Taiwan, R.0.C. E-mail: dermlee@gmail.com

Key Words: Mycosis fungoides, MALATI, IncRNA, mTOR,
migration.

Primary cutaneous lymphomas belong to a heterogenous group
of extra-nodal non-Hodgkin lymphomas which are usually
confined to skin at initial presentation (1). Whereas many nodal
lymphomas originate from B-cells, about 75% of primary
cutaneous lymphomas derive from T-cells. The incidence of
cutaneous T-cell lymphomas (CTCL) has been increasing and
is estimated to be 6.4 per million persons, more in males and
in the elderly (2, 3). Among these T-cell-derived primary
cutaneous lymphoma, two-thirds are mycosis fungoides (MF)
(2, 4). MF usually runs an indolent course for several decades
with confinement to the skin, however, in advanced MF,
malignant lymphocytes may disseminate to lymph nodes and
metastasize to peripheral blood and visceral organs (Sézary
syndrome). A variety of MF tumor cells have been shown to
express chemokine receptors, which have been demonstrated
to be involved in organ-specific cancer metastasis. The role of
chemokines and chemokine receptors in the pathogenesis of
MF and other CTCLs has been reviewed by us and others (5,
6). Moreover, our previous study showed that C-C chemokine
receptor type 7 (CCR7) was expressed in 62% of tissue
specimens of MF, and its expression correlated with
subcutaneous extension of lymphoma cells (6).

In the human genome, only 2-3% out of 3 billion bases
actually encode protein-related transcriptional messages (7).
More than 90% of these bases are transcribed to non-protein
coding RNA (8, 9), which was initially considered a non-
functional part of the genome (10). However, exons with
transcripts do not exclusively explain the pathophysiology and
progression of several diseases, such as cancer metastasis (11,
12). Epigenetic regulation includes regulation by means other
than the traditional paradigm of mRNA transcription and protein
production. It may involve chromatin changes, histone
modifications, DNA methylation, microRNAs (miRs), and other
non-coding RNA types. In CTCL, the treatment efficacy of
histone deacetylase inhibitor (HDACT) suggests the involvement
of histone modification in the progression of CTCL (13).
Microarray data from tumorous MF tissue indicated that miR-
34a is a candidate oncogenic molecule and miR-29a acts as a
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Table 1. Primer sequences of long noncoding RNAs studied.

Symbol Name Primer sequence
MALAT1 Metastasis-associated lung adenocarcinoma transcript 1 F: TGAAAAAGGAAATGAGGAGAAAAG
R: CTTCACAAAACCTCCCTTTACAAT
ANRIL Antisense noncoding RNA in the INK4 locus F: CTGGGACTACAGATGCACCAC
R: GGAGGGAGCATGTCTGTTTCT
HOTAIR Hox antisense intergenic RNA F: GGGTGTTGGTCTGTGGAACT
R: CAGTGG-GGAACTCTGACTCG
HULC Highly up-regulated in liver cancer RNA F: AACCTCCAGAACTGTGAT
R: CATAATTCAGGGAGAAAG
LUNARI Leukemia-associated non-coding insulin-like F: GGAGGCTGAGGCCGCCTGTT

growth factor 1 receptor activator RNA 1

R: AGGCTGCAGGGGAACAGGTCTT

F: Forward; R: reverse.

tumor suppressor, highlighting their regulatory role in the
progression of MF (14). DNA methylation analysis has shown
that Sézary syndrome is characterized by widespread yet
distinct DNA methylation alterations, and that promoter
hypermethylation of a single gene, chemokine-like factor
chemokine-like factor-like MARVEL transmembrane domain
containing 2 (CMTM2), was sufficient to accurately distinguish
it from other erythrodermic inflammatory diseases (15).
Together this evidence suggests epigenetic regulation may play
a significant role on the pathogenesis and progression of MF.
Long noncoding RNA (IncRNA), a specific type of RNA
with long noncoding domains, has recently aroused research
interest due to their multi-functional and pluripotential role in
many biological processes. LncRNAs actively regulate gene
expression in carcinogenesis. In many cancer types, hundreds
of IncRNAs become dysregulated, among which some act as
tumor suppressors or promoters. LncRNAs contribute to various
epigenetic processes, including dynamic coordination of
chromatin, regulation of DNA methylation, modulation of RNA
stability, and coordination of altered tumor metabolism
[reviewed in (16)]. In 2014, Xing et al. reported the role of
IncRNA breast cancer anti-estrogen resistance 4 (BCAR4) in
breast cancer metastasis, showing that CCL21 activates BCAR4
by releasing SMAD nuclear interacting protein 1 (SNIP1)
inhibition of p300-dependent histone acetylation, enabling
BCAR4-recruited protein phosphatase 1 regulatory subunit 10
to bind H3K18ac and relieve inhibition of RNA Pol II to
facilitate gene transcription (17). In mesenchymal stem cells,
chemokine (C-X-C motif) ligand 13 (CXCL13) was shown to
mediate the positive regulation of AK028326, a IncRNA, in
osteogenic gene expression (18). In cholangiocarcinoma,
IncRNAs H19 and highly up-regulated in liver cancer RNA
(HULC) were shown to regulate cell migration and invasion by
targeting CXCR4 via miR-372/miR-373 (19). Methylation of
metastasis-associated lung adenocarcinoma transcript 1
(MALAT1), through CXCL5, was found to regulate cell
migration and invasion by non-small-cell lung cancer cells (20).
In Sezary syndrome, transcriptome assembly analysis by
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multiple algorithms identified 13 differentially expressed
unannotated transcripts that include 12 predicted IncRNAs (21).
These data suggest that IncRNAs might play a role in the
pathogenesis and progression of MF. In this study, we aimed to
investigate the role of selected IncRNAs in the progression of
MF and determine how chemokine CCL21 was involved in the
process.

Materials and Methods

Identification of patients with MF. Five patients with biopsy-proven MF
and three age- and gender-matched healthy controls were identified
from the Kaohsiung Chang Gung Memorial Hospital in southern
Taiwan. None of them had received phototherapy, radiotherapy, nor
chemotherapy before skin biopsy. The study was approved by the
Institutional Review Board (approval number 104-9782A3) of the
hospital and conducted according to the Declaration of Helsinki.

Real-time polymerase chain reaction (PCR) study of MF skin lesions.
Skin tissue was obtained and processed to isolate tissue RNA using
RNeasy Mini Kit (Qiagen, Germantown, MD, USA). Quantification
and purity of the RNA were assessed by A260/A280 absorption
(Nanodrop spectrophotometer; Thermo Fisher (Waltham, MA, USA),
and RNA samples with ratios greater than 1.7 were stored at —70°C
for further analysis. Extracted RNA (1 ul) was then subjected to PCR
amplification using MPCR kits (Maxim Biotech, San Francisco, CA,
USA) according to the manufacturer’s instructions. The primer
sequences used for MALAT1, antisense noncoding RNA in the INK4
locus (ANRIL), Hox antisense intergenic RNA (HOTAIR), HULC,
and leukemia-associated non-coding insulin-like growth factor 1
receptor activator RNA 1 (LUNARI) are listed in Table I. The
reactions were carried out under following conditions: 96°C for 1
min and 60°C for 4 min; 30 cycles of 94°C for 1 min and 60°C for 3
min; and extension at 70°C for 10 min.

Cell line and cell cultures. The human MF cell line MyLa obtained from
European Collection of Cell Cultures (Porton Down, Salisbury, UK) was
grown in RPMI 1640 medium with 10% fetal bovine serum (FBS;
Gibco, Waltham, MA, USA). All cells were maintained at 37°C in a
humid atmosphere with 5% CO,. Jurkat cells (ATCC® TIB-152) were
acquired from the American Type Culture Collection (Germantown, DC,
USA). Peripheral blood mononuclear cells (PBMCs) were obtained
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from healthy volunteers and used as controls in experiments to measure
cell migration and expression of chemokine receptors.

Transfection of small interfering RNA (siRNA). Cells were seeded to
be 70-90% confluent before transfection. Cells were transfected with
MALAT] siRNA or negative control (NC) siRNA (both from Ambion,
Waltham, MA, USA) using Lipofectamine® 3000 Transfection
Reagent according to instructions from the manufacturer
(ThermoFisher, Waltham, MA, USA). Lipofectamine® 3000 Reagent
was diluted in siRNA-containing serum-free medium for 15 min at
room temperature. The siRNA-lipid complex was then added to the
cells for 6 h. Thereafter, the siRNA-lipid complex was replaced and
incubated with FBS at 37°C in a humid atmosphere with 5% CO,
before the subsequent western blot and quantitative PCR.

Western blotting. Cells were grown in 6 cm dishes until near confluence.
MyLa cells were treated for 10, 20, 40 or 60 min with CCL21 at 10
ng/ml. In order to investigate whether CCL21-induced MALAT1
expression was dependent on mammalian target of rapamycin (mTOR),
cells were pre-treated with 20 ng/ml rapamycin (Calbiochem, Billerica,
MA, USA) for 2 h before the addition of CCL21. Following treatment,
the cells were harvested and the protein content was measured by the
protein assay dye (BIO-RAD, Hercules, CA, USA) The proteins were
then extracted based on the manufacturer's instructions. Equivalent
amounts of protein per sample were electrophoretically resolved on 10%
polyacrylamide gels and transferred onto 0.2 mm nitrocellulose
membranes. Proteins were probed overnight with primary antibodies
against mTOR (1:500), phospho-(p)mTOR (1:1,000), extracellular-
regulated protein kinases (ERK) (1:2,000), p-ERK (1:2,000), signal
transducer and activator of transcription 3 (STAT3)(1:1,000), p-STAT3
(1:1,000) (all from Cell Signaling, Danvers, MA, USA) and actin
(1:1,000; Millipore, Burlington, MA, USA). The nitrocellulose
membranes were then incubated with an appropriate horseradish
peroxidase-conjugated secondary antibody for 1 h at room
temperature, and the immunoreactivity was observed by enhanced
chemiluminescence detection, a semiquantitative assay through blot
dosimetry. Anti-B-actin (Epitomics, Cambridge, MA, USA) was used to
check for equal loading of protein between wells.

Cell migration assay. Migration was measured in a 96-well double-
chamber transwell chemotaxis assay using filters with 8-mm pore
membranes (Neuro Probe, Gaithersburg, MD, USA). The upper
chamber was seeded with 106 cells/ml (in 29 ml of medium). In the
lower chamber, either vehicle or chemokine (CCL21) was added to
the culture medium (RPMI1640). In some wells, cells were pre-
treated with rapamycin (Calbiochem, Billerica, MA, USA) for 2 h
to determine the effect of mTOR inhibition on the migratory
response. Plates were then incubated for 8 h at 37°C. After
incubation for 2 and 4 h, non-migrating cells were collected from
the membrane using a cotton-tipped swab. Cells migrating through
the filter to the lower surface were counted at 100x magnification.

Statistical analysis. The data are presented as means+SD. The two-
sample 7-test was used to compare continuous data from two groups.
For comparisons of continuous data from multiple groups, one-way
analysis of variance (ANOVA) was performed. For western blot
densitometric analysis, Dunnett’s test was used to compare different
treatment groups with an untreated control. Statistical analysis was
assessed using Prism software (Graphpad, La Jolla, CA, USA).
Differences were regarded as statistically significant when the p-value
was less than 0.05.

Results

MALATI was up-regulated in skin tissues from patients with
MF. We first asked whether the expression of IncRNAs
MALATI, ANRIL, HOTAIR, HULC, and LUNARI would be
dysregulated in the tissues from patients with MF (Figure 1).
Skin tissue samples were obtained from healthy controls
(n=3, age range=45-70 years) and patients with MF (n=5,
age range=56-72 years). The expression of MALATI in
tissues from patients with MF was approximately 5-fold that
of the controls. In contrast, the expressions of HOTAIR and
ANRIL were similar in skin tissues from the two groups. The
expressions of LUNARI and HULC were low in both groups.
The result showed that there was selectively and significantly
increased expression of MALAT! in MF tissue.

CCL21 enhances MALATI expression and cell migration in
MyLa cells. In previous work, we demonstrated that MyLa cells
migrated toward CCL21 in a transwell migration assay (6). In
the current study, we showed that CCL21 increased cell
migration almost 4-fold in 4 h compared to the control (Figure
2A). Next, we were curious whether MALATI up-regulation
was increased in vitro in MyLa and Jurkat cells as that in MF
tissues ex vivo. Using PBMC cells as controls, we demonstrated
that in both MyLa cells and Jurkat cells, the basal expression of
MALATI was significantly higher by approximately 20-fold
(Figure 2B). More importantly, treatment of both MyLa and
Jurkat cells with CCL21 induced significant up-regulation of
MALAT] after 20 min (Figure 2B).

CCL2] induced cell migration through MALATI expression.
Since CCL21 induced MALATI expression, we next asked
whether CCL21-induced cell migration was mediated by the
MALAT] expression. To address this, we transfected MyLa
cells with siRNA targeting MALAT] or negative control siRNA
and performed a 4-h transwell migration assay. Efficiency of
si-MALAT1 was demonstrated by significant down-regulation
of MALATI in si-MALATI-transfected MyLa cells but no
significant change in NC-si-transfected MyLa cells (Figure
3A). In addition, the increased expression of MALATI at 30
min induced by CCL21 was practically abolished in si-
MALATI-transfected MyLa cells but not in NC-si-transfected
MyLa cells. In fact, migration which was increased by CCL21
in MyLa cells at 4 h was inhibited in MALATI-siRNA-
transfected MyLa cells but not in NC-siRNA-transfected MyLa
cells (Figure 3B). The data indicate that CCL21-induced cell
migration in MyLa cells is mediated by MALATI expression.

CCL21-induced MALATI expression is mediated by mTOR
phosphorylation. We previously demonstrated that CCL21
induced mTOR phosphorylation, which led to cell migration
(6). We wanted to determine whether CCL21 induced mTOR
phosphorylation through MALATI expression or vice versa.
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Figure 1. Selectively and significantly increased expression of metastasis-associated lung adenocarcinoma transcript 1 (MALATI) in skin tissues
from patients with mycosis fungoides (MF). Skin tissues were taken from lesional skin in patients with MF and from healthy controls (n=5 and n=3,
respectively). Extracted tissue mRNA was processed for real-time polymerase chain reaction. The relative expression of MALATI (A), Hox antisense
intergenic RNA (HOTAIR) (B), leukemia-associated non-coding insulin-like growth factor 1 receptor activator RNA 1 (LUNARI) (C), antisense
noncoding RNA in the INK4 locus (ANRIL) (D), and highly up-regulated in liver cancer RNA (HULC) (E) long noncoding RNA was then measured.
Data are presented as means+SD from two independent experiments with triplicates. *Significantly different at p<0.05.
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Figure 2. C-C Motif chemokine ligand 21 (CCL21) enhanced expression
of metastasis-associated lung adenocarcinoma transcript 1 (MALATI)
and cell migration in MyLa cells. A: MyLa cells were incubated in a
transwell migration plate with bottom chamber nourished with
chemokine (C-X-C motif) ligand 12 (CXCL12), CCL21, and CCL2 for
2 and 4 h. Cell migration was measured as the number of cells
migrating from upper chamber to lower chamber as standardized by the
data from the group without any chemokines (three independent
experiments with triplicates). B: MyLa cells were incubated with CCL21
for 0, 20, 40, and 60 min and their expression of MALATI was then
measured by real-time polymerase chain reaction. Data are presented
as means=SD from three independent experiments with triplicates.

To do so, MyLa cells transfected with NC-siRNA or
MALATI-siRNA were treated with CCL21, and the
expression and activation of mTOR, STAT3, and ERK at
different times was determined by western blot. The results
showed that while CCL21 induced minimal changes of
phophorylation of ERK and STAT3, CCL21 induced mTOR
phosphorylation biphasically at 10-20 min and at 60 min in
both NC-si- and MALAT-si-transfected cells (Figure 4A).
On the other hand, when cells were pretreated with
rapamycin, which inhibits mTOR phosphorylation, induction
of MALAT] expression by CCL21 was abolished, indicating
that CCL21-induced mTOR phosphorylation was followed
by MALATI up-regulation (Figure 4B).
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Figure 3. C-C Motif chemokine ligand 21 (CCL21) induced cell migration
through expression of metastasis-associated lung adenocarcinoma
transcript 1 (MALATI). A: MyLa cells were transfected with siRNA
targeting MALAT1 or with mock negative control (NC) siRNA. Peripheral
blood mononuclear cells (PBMCs), MyLa cells, MyLa cells transfected
with MALAT1-siRNA and MyLa cells transfected with NC siRNA were
treated with CCL21 for 30 and 60 min. The expression of MALATI was
then measured by real-time polymerase chain reaction (two independent
experiments with triplicates). B: MyLa cells transfected with MALATI-
siRNA or NC siRNA were used for cell migration assay. CCL21 was used
to stimulate MyLa cell migration for 4 h. Data are presented as means+SD
from two independent experiments with triplicates. *Significantly different
at p<0.05.

Discussion

In this study, we showed that MALATI expression is
selectively increased in tissues from patients with MF. In
vitro study showed that CCL21-mediated migration in MyLa
cells is dependent on mTOR activation and MALAT1
expression. Blocking MALATI expression by RNA
interference did not affect CCL21-mediated mTOR
activation, however, blocking mTOR by rapamycin, inhibited
CCL21-mediated MALATI expression.

Several reports have demonstrated that MALAT1 mediates
the migration of different cancer cell lines. Zhang et al. showed
that MALAT1 mediates migration and invasion of ovarian
cancer cell in vitro (22) and several other reports showed that
MALAT1 is overexpressed and promotes cell invasion and
migration in cervical (23), esophageal (24), and prostate (25)
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Figure 4. A: Blocking expression of metastasis-associated lung adenocarcinoma transcript 1 (MALAT1I) did not alter mammalian target of rapamycin
(mTOR) activation by C-C motif chemokine ligand 21 (CCL21). CCL21 at 10 ng/ml was used to treat MyLa cells for 0, 10, 20, 40, and 60 min.
Protein lysates were obtained for western blot of mTOR, phospho-(p)-mTOR, extracellular-regulated protein kinases (ERK), p-ERK, signal transducer
and activator of transcription 3 (STAT3), pSTAT and actin. A representative blot is shown from two independent experiments. B: mTOR inhibition
disrupted CCL21-mediated MALAT1 expression. MyLa cells were pretreated with or without mTOR inhibitor rapamycin for 2 h. The expression of
MALATI was then measured by real time polymerase chain reaction at 0, 20, 40, and 60 min after CCL21 treatment. Data are presented as

means+SD from three independent experiments with triplicates.

cancer. However, whether increased migration or invasion was
chemokine- or cytokine-specific was not clear from these
publications. Specifically for lymphoma, only one study has
been reported showing that inhibition of MALAT1 can improve
chemotherapy sensitivity of diffuse large B-cell lymphoma by
enhancing expression of autophagy-related proteins (26).

In this study, we showed that mTOR is an upstream
molecule regulating CCL21-induced MALATI expression.
The exact mechanism by which CCL21 mediates the
activation of MALAT1 is now known. A previous study
showed in vitro and in vivo that BCAR4, another IncRNA,
binds to CCL21, directing delicate cooperative downstream
epigenetic regulation in breast cancer metastasis (17). CCLS5,
another chemokine, was also found to induce MALAT1
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expression, leading to the subsequent expression of snail
family transcriptional repressor 1 (SNAI) (27), a molecule
related to epithelial-mesenchymal transformation.

In this study, we showed that mTOR mediated CCL21-
induced MALAT expression. An immunohistochemical study in
follicular thyroid carcinoma showed parallel increases of
expression of mTOR and MALAT1 (28). In hepatocellular
carcinoma, MALAT1 was shown to modulate serine/arginine-
rich splicing factor 1 (SRSF1) splicing targets, enhancing the
production of antiapoptotic splicing isoforms and activating the
mTOR pathway by modulating the alternative splicing of S6K1.
Inhibition of SRSF1 expression or mTOR activity abolished the
oncogenic properties of MALATI1, suggesting that mTOR
activation is essential for MALAT 1-induced transformation (29).
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Several studies have shown that cytokines and chemokines
mediate their pro-inflammatory actions through IncRNAs. For
example, ANRIL silencing abrogated the tumor necrosis factor-
induced expression of interleukin-6 and -8 (30). In terms of
cancer progression, it has been demonstrated that MALAT1 is
a critical regulator of the metastasis phenotype of lung cancer
cells (31). A subsequent study showed that MALAT] silencing
reduced the expression of CXCLS5 in lung cancer cells (20).
Long intergenic non-protein coding RNA 963LINC00963 was
found to interact with glycolytic phosphoglycerate kinase 1
(PGK1) and prevent its ubiquitination, leading to activation of
the oncogenic protein kinase B (AKT)/mTOR signaling
pathway (32). In other chronic inflammatory diseases, down-
regulation of nuclear paraspeckle assembly transcript 1
(NEAT1) was shown to inhibit the progression of non-alcoholic
fatty liver disease through mTOR/S6K1 signaling pathway in
rats (33). Moreover, miR-503 was found to modulate
epithelial-mesenchymal transition in silica-induced pulmonary
fibrosis by targeting phosphoinositide 3-kinase p85 (34).

This study has several limitations. Firstly, the sample
numbers were low. Whether the findings might be
extrapolated requires further investigation. Secondly, we did
not include any animal study to show the regulatory effect
of MALATI in tumor formation in vivo. However, the
establishment of a xenotopic model of MF in mice remains
a challenge (35) and the heterogeneous and polyclonal
features of cell lines used for implantation remain an
unsolved issue. Nevertheless, in this study, the human data
clearly show that among the five IncRNAs measured,
expression of MALAT1 was selectively increased.

In conclusion, we showed that MALATI expression is
selectively increased in tissues from patients with MF. We
also showed that CCL21-mediated migration in MF MyLa
cells is dependent on mTOR activation followed by MALAT1
expression. MALAT1 or mTOR could be a potential
therapeutic target for MF.
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