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Abstract
It has been reported that certain microRNAs (miRNA) are associated with the patho-
genesis of lymphoma. We have previously demonstrated that histone deacetylase 
inhibitors restore tumor- suppressive miRNAs, such as miR- 16, miR- 29, miR- 150, and 
miR- 26, in advanced cutaneous T- cell lymphoma (CTCL). Among these, the function 
of miR- 26 remains unclear. In this study, we aimed to reveal the function of miR- 26 in 
CTCL oncogenesis. First, we confirmed that the miR- 26 family was markedly dysregu-
lated in CTCL cell lines and primary samples. In vivo analysis using miR- 26a- transduced 
CTCL cells injected into immunodeficient NOG mice demonstrated the significant 
prolonged survival of the mice, suggesting that the miRNA had a tumor- suppressive 
function. We performed gene expression assays and identified 12 candidate miR- 26 
targets, namely RGS13, FAM71F1, OAF, SNX21, CDH2, PTPLB, IL22, DNAJB5, CASZ1, 
CACNA1C, MYH10, and CNR1. Among these, IL22 was the most likely candidate target 
because the IL- 22– STAT3– CCL20– CCR6 cascade is associated with tumor invasion 
and metastasis of advanced CTCL. In vitro analysis of IL22 and IL22RA knockdown 
and miR- 26 transduction demonstrated inhibited CTCL cell migration. In particular, 
IL22 knockdown induced cell apoptosis. Finally, we conducted in vivo inoculation anal-
ysis of mice injected with shIL22- transfected CTCL cells, and found no tumor invasion 
or metastasis in the inoculated mice, although the control mice showed multiple tumor 
invasions and metastases. These results, along with our previous data, demonstrated 
that miR- 26 is a tumor suppressor that is associated with tumor invasion and the me-
tastasis of advanced CTCL by regulating the IL- 22– STAT3– CCL20 cascade. Therefore, 
a IL- 22- targeting therapy could be a novel therapeutic strategy for advanced CTCL.
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1  |  INTRODUC TION

Non- Hodgkin lymphoma is classified into various subtypes, includ-
ing B- cell neoplasms and T/NK- cell neoplasms.1 Molecular patho-
genesis of B- cell lymphomas (i.e., diffuse large B- cell, follicular, and 
mantle cell lymphomas) have been elucidated by various analyses, 
including gene expression signatures and genomic structural ana-
lyzes.2- 4 Based on these studies, the prognosis of these lymphomas 
has improved through the development of therapeutic options and 
novel molecular targeting drugs (e.g., EZH2, Bcl- 2, PI3K, and BTK 
inhibitors).5,6 However, with the exception of ALK- positive T- cell 
lymphoma, there have been few therapeutic options in T/NK- cell 
lymphoma because of insufficient information regarding the respon-
sible target genes/products.7,8 This may be because conventional 
detection methods (i.e., genomic structural approaches and gene 
expression approaches) are limited in detecting targets responsible 
for T/NK- cell lymphoma. Therefore, we should consider alternative 
aspects of gene expression aberrations, such as epigenetic alteration 
in T/NK- cell lymphoma. This is because recent studies have demon-
strated that epigenetic gene expression abnormalities may occur 
more frequently and predominantly in T/NK- cell lymphoma than in 
B- cell lymphomas.9,10

A representative T- cell lymphoma subtype, CTCL, is known 
to form erythema, patches, plaques, and tumors on the skin with 
disease progression, leading to multiorgan invasion and poor prog-
nosis.11,12 Different treatment strategies have been used for early- 
stage and advanced CTCL.13,14 Early- stage CTCL is treated with 
skin- direct therapies (such as phototherapy and topical steroids), 
while advanced stages are treated with multidrug chemotherapy 
and/or molecular targeted therapy. In addition to molecular tar-
geted therapies, such as brentuximab vedotin (CD30 antibody) and 
mogamulizumab (CCR4 antibody), histone deacetylase (HDAC) in-
hibitors, such as vorinostat and romidepsin, are being used in clin-
ical practice to restore the expression of epigenetically repressed 
tumor- suppressive genes.13,14 Notably, epigenetically repressed 
genes often include tumor- suppressive coding/non- coding genes.15

One type of non- coding RNA, microRNA (miRNA), plays crucial 
roles in cell survival and metabolism.16 It contributes to gene ex-
pression regulation via degradation and translational repression of 
target messenger RNAs that have specific seed sequences in their 
3′ untranslated region (UTR).16 It has been well documented that, 
if miRNA is aberrantly expressed, the aberration can induce tum-
origenesis via translational repression of target genes and/or their 
product.17 We have shown that genomic structural aberration and 
epigenetic alteration of tumor- suppressive miRNA may occur in 
various lymphoma subtypes,18- 22 and that the epigenetic alteration 
occurs predominantly and plays important roles during CTCL de-
velopment. We found that four miRNA families (miR- 15/16, miR- 
26ab, miR- 29abc, and miR- 150) were frequently downregulated 
in advanced CTCL and that these tumor- suppressive miRNA were 
repressed by HDAC.21 Among these, we reported that miR- 150 
downregulation contributed to the multiorgan invasion and metas-
tasis of advanced CTCL by upregulating the expression of its target 

chemokine receptor CCR6,18 and that miR- 16 induced apoptosis 
or senescence by targeting BMI- 1 in CTCL.19 Moreover, Kohnken 
et al.23 recently reported that miR- 29b suppressed oncogenic in-
terleukin (IL)- 15 and Notch1 signaling by targeting the transcription 
factor BRD4 in advanced CTCL. These reports have provided sci-
entific evidence that the restoration of tumor- suppressive miRNA 
may be a novel potential therapeutic approach for CTCL. However, 
among the four above- mentioned miRNAs, the significance of miR- 
26 in CTCL oncogenesis remains unknown. Therefore, we aimed in 
this study to elucidate the role of miR- 26 in CTCL.

2  |  MATERIAL S AND METHODS

2.1  |  Primary samples

This study included six cases of primary CTCL from the Akita 
University Hospital (Akita, Japan). This study was conducted with 
written informed consent from the study participants and the ap-
proval of the Institutional Review Boards, in accordance with the 
Declaration of Helsinki, before specimen collection. CD4- positive T 
cells were collected from healthy donors using magnet beads and 
autoMACS reagents (Miltenyi Biotec., Bergisch Gladbach, Germany).

2.2  |  Cell lines and culture

MyLa was purchased from the European Collection of Cell Cultures. 
HH, HuT 78, and MJ were purchased from the American Type 
Culture Collection. These cell lines were cultured in Arteimis- 1 me-
dium purchased from Nihon Techno Service (Ibaraki, Japan) with 
2% inactivated human serum added. 293FT cells were cultured 
in DMEM containing 5% inactivated fetal calf serum. Cell counts 
were conducted using a TC20 Automated Cell Counter (Bio- Rad, 
Hercules, CA, USA).

2.3  |  Microarray

We analyzed miRNA or gene expression using the G2600A SureScan 
Microarray Scanner System (Agilent, Santa Clara, CA, USA). 
Experimental protocols were in accordance with Agilent Protocol 
Ver. 6.7. Data were analyzed using GeneSpring software (Agilent), 
and uploaded to GSE81190 and GSE18 0472 in the Gene Expression 
Omnibus.

2.4  |  Transient or stable siRNA or vector 
transfection

We purchased the following Silencer Select siRNAs from Thermo 
Fisher Scientific (Waltham, MA, USA): siIL22 #1 (s27046), siIL22 #2 
(s27048), siMYC #1 (s9129), and siMYC #2 (s9130). Two siIL22RA 

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE81190
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE180472
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sequences were synthesized as custom- made and purchased from 
Nippon Gene Material (Toyama, Japan). Information on the siRNA 
sequences is presented in Table S1. siRNA transfection was per-
formed using Nucleofector II and the Cell Line Nucleofector Kit V 
(VCA- 1003; Lonza, Basel, Germany) in accordance with the man-
ufacturer's protocol. The programs used were as follows: A- 023 
for CTCL cell lines and Q- 001 for 293FT. The method for stable 
transfection of miRNA- expressing CTCL cells has been previously 
described.18

2.5  |  Stable knockdown constructs and 
lentivirus infection

The IL22 Human shRNA Plasmid Kit (TL303948), including the 
control plasmid, was purchased from OriGene (Rockville, MD, 
USA). Information on the shRNA sequences is presented in 
Table S1. Together with 9.0 µg of the ViraPower Packaging mix 
(Thermo Fisher Scientific), 3.0 µg of vectors were transfected 
using Lipofectamine 3000 (Thermo Fisher Scientific) into 293FT 
cells. After overnight culture, the medium was exchanged to re-
move transfection reagents. Viral supernatants were harvested 
at 48 h after transfection. Then, 1 × 106 MyLa cells were pre-
pared with the changed medium and virus- containing medium was 
added. After 3 days of culture, cells were sorted for GFP expres-
sion using a FACSAria III instrument (BD Biosciences, San Jose, 
CA, USA).

2.6  |  Xenograft mouse model

MyLa cells were subcutaneously injected into the right or left side of 
the body of 6– 8- week- old female NOD/Shi- scid IL- 2γnul (NOG) mice 
(Central Institute for Experimental Animals, Kawasaki, Japan). The 
protocols for animal experimentation described in this paper were 
approved by the Animal Committee of Akita University.

2.7  |  Quantitative RT- PCR (RT- qPCR) analysis

TaqMan probes for GAPDH (Hs02758991_g1), IL22 (Hs00220924_
m1), U47 (001223), miR- 26a (000405), and miR- 26b (000407) were 
purchased from Applied Biosystems (Foster City, CA, USA). RT- 
qPCR was performed using a Light Cycler 96 PCR system (Roche, 
Basel, Switzerland).

2.8  |  Northern blot analysis

For northern blot analysis of mature microRNAs, 1 μg of RNA was 
separated on a 15% denaturing polyacrylamide gel. The control 
probe sequence is as follows: 5S, TTAGCTTCCGAGATCAGACGA. 
32P labeling was used.

2.9  |  Dual luciferase assay

We purchased an miTarget miRNA 3′UTR Target Clone 
(CmiT000001- MT05) as the control vector and a vector contain-
ing the IL22 3′UTR (HmiT103252- MT05) from GeneCopoeia 
(Rockville, MD, USA). We transduced 0.5 µg of these vectors and 
1.0 µg of miRNA into 293FT using Amaxa Nucleofector. Next, we 
exchanged the medium after 24 h. After 48 h, the supernatants were 
collected. Fluorescence measurements were conducted using an 
Infinite M200 microplate reader (Tecan, Männedorf, Switzerland), 
and fluorescence labeling was conducted using the Select- Pair Dual 
Luminescence Assay Kit (LF031) purchased from GeneCopoeia and 
in accordance with the manufacturer's protocol.

2.10  |  ELISA assay

We purchased Quantikine ELISA Human IL- 22 (D2200) from R&D 
Systems (Minneapolis, MN, USA). The experiments were performed 
in accordance with the manufacturer's protocol.

2.11  |  Western blot analysis

We used a PowerPac Basic power supply, and the Mini- PROTEAN 
Tetra System and TransBlot Turbo (Bio- Rad) electrophoresis sys-
tem for western blot analysis in accordance with the manufac-
turer's protocol. IL- 22 antibody (ab124740) was purchased from 
Abcam (Cambridge, UK). Tubulin (MS- 581- P0) was purchased from 
NeoMarkers (Fremont, CA, USA).

2.12  |  Cell migration assay

An in vitro cell migration assay was performed using the CytoSelect 
96- Well Cell Migration Assay kit 5 µm (CBA- 105) from Cell Biolabs 
(San Diego, CA, USA). First, we transduced miR- 26a, miR- 26b, 
siIL22, or siIL22RA into MyLa or HH cells. The medium was ex-
changed with or without 50 ng/ml IL- 22 at 24 h and 48 h. Cells 
(5 × 105) were transferred to 100 μl of medium without human 
serum and with or without 50 ng/ml IL- 22 in the upper chamber 
through a coated basement membrane containing 2% human 
serum and with or without 50 ng/ml IL- 22 in the lower chamber. 
The cells were incubated for 24 h. Migrating cells were counted 
using a TC20 Automated Cell Counter (Bio- Rad). The protocol is 
described in Figure 4(A).

2.13  |  Cell cycle analyses

The cells were suspended in a mixture containing 0.2 ml of 0.9% 
NaCl and 3 ml of 70% EtOH, after which the nuclei were stained with 
propidium iodide (PI) (Sigma- Aldrich, St. Louis, MO, USA). Cellular 
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DNA content was measured using a FACS Lyric flow cytometry sys-
tem (BD Biosciences).

2.14  |  Reagents

Panovinostat (S1030) was purchased from Selleck (Houston, TX, 
USA). Vorinostat (A10979) was purchased from AdooQ Bioscience 
(Irvine, CA, USA). JQ1 (ab141498) was purchased from Abcam. 
Recombinant human IL- 22 (#8931SC) was purchased from Cell 
Signaling Technology (Danvers, MA, USA).

2.15  |  Statistical analysis

Data were analyzed using Student t- test or log- rank test (Figure 2C). 
Bars represent the mean ± 95% confidence interval (CI) of three 
independent experiments. Asterisks (*) indicate statistical signifi-
cance: *0.01 ≤ p < 0.05; **0.001 ≤ p < 0.01; ***p < 0.001; NS, not 
significant.

3  |  RESULTS

3.1  |  miR- 26 is downregulated in advanced CTCL 
via HDAC but not MYC

We previously performed a comprehensive miRNA expression 
analysis of CTCL cell lines, including MyLa and HH, which were 
subjected to HDAC inhibitors.21 We performed a clustering analy-
sis of the data and found that miR- 26a is one of the miRNAs whose 
expression was upregulated by HDAC inhibitors (Figure 1A). To 
confirm the microarray results, we performed RT- qPCR. As ex-
pected, the HDAC inhibitors vorinostat (SAHA) and panobinostat 
(LBH- 589) significantly upregulated miR- 26 expression in MyLa 
(miR- 26a) and HH (miR- 26a/26b) (Figure 1B). We then performed 
semi- quantitative analysis (northern blot analysis) of miR- 26 in pri-
mary samples and cell lines, and found diminished miR- 26 expres-
sion (Figure 1C). We performed quantitative analysis (RT- qPCR) of 
miR- 26 and found that the extent of downregulation was greater 
for miR- 26a than for miR- 26b (Figure 1D). It is known that: (1) miR- 
26 is downregulated by MYC,24 and (2) activation of MYC increases 
during CTCL disease progression.25 Therefore, we examined the re-
lationship between MYC and miR- 26 expression. For this purpose, 
we transiently transfected CTCL cell lines (MyLa and HuT 78) with 
siRNAs of MYC. The knockdown efficiency was found to be >50% 
using RT- qPCR (Figure 1E). Although knockdown of MYC caused a 
significant upregulation of miR- 26 in MyLa and HuT 78, the effect 
was small (Figure 1E). miR- 26 expression recovery was consider-
ably low and unexpected. This may be because the siRNA- induced 
transient knockdown was immediately inhibited due to a certain 
feedback mechanism. We investigated MYC inhibition using the 
BRD4 inhibitor, JQ1. Although JQ1 dramatically reduced MYC 

expression in a concentration- dependent manner, there was only 
a slight effect on miR- 26a expression restoration, and no effect on 
miR- 26b expression (Figure 1F). These results suggested that miR- 
26 downregulation was induced by HDAC activation. Moreover, 
the restoration effect of the HDAC inhibitor was greater than that 
of the BRD4 inhibitor in advanced CTCL.

3.2  |  miR- 26 prolongs the survival of CTCL 
xenografted immunodeficient mice

miR- 26 has been shown to be a tumor- suppressive miRNA that was 
downregulated in numerous cancer types.26 To examine its poten-
tial as a tumor suppressor in CTCL oncogenesis, we conducted an in 
vivo transplantation experiment. First, we established a stable trans-
fectant of miR- 26a- expressing MyLa cells. We introduced a control 
vector and miR- 26a expression vector into a CTCL cell line, MyLa, 
using a lentivirus transfection system, and sorted each with GFP to 
establish cell lines that stably expressed only GFP (empty; control) or 
GFP- miR- 26a. We examined the expression of miR- 26a and miR- 26b 
by northern blot analysis and RT- qPCR, and found a specific resto-
ration of miR- 26a expression (Figure 2A,B). In this experiment, we 
used a well established xenografted mouse model of CTCL, which 
causes death during days 30– 50 through multiple- organ metasta-
sis.18 We subcutaneously injected GFP- empty MyLa (control, n = 10) 
or GFP- miR- 26a MyLa (n = 10) cell lines (2×105 each) into immuno-
deficient NOG mice and observed their survival. We found that mice 
inoculated with GFP- miR- 26a MyLa had a significantly prolonged 
survival time compared with the control group (Figure 2C). This re-
sult indicated that miR- 26 acts as a tumor suppressor by regulating 
undetermined targets, at least in advanced CTCL.

3.3  |  miR- 26 inhibits IL22/IL- 22 expression and cell 
invasion in CTCL cells

To identify miR- 26- regulated genes in CTCL, we performed a com-
prehensive gene expression analysis using a cDNA microarray. 
We found that the expression of 127 genes was reduced by up to 
one- third in GFP- miR- 26a MyLa compared with GFP- empty MyLa 
(Table S2). Interestingly, Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway analysis of the 127 genes revealed that the Jak– 
STAT pathway (including IL22, SOCS3, and CSF2/GM- CSF) showed 
the most significant alteration, and the chemokine signaling pathway 
(including CCL17) was also significantly altered (Figure 3A, left panel). 
We then performed in silico prediction analysis to detect candidate 
targets of miR- 26 against these 127 genes using the TargetScan and 
microRNA.org programs. Twelve genes, namely RGS13, FAM71F1, 
OAF, SNX21, CDH2, PTPLB, IL22, DNAJB5, CASZ1, CACNA1C, MYH10, 
and CNR1 were identified (Table 1 and Figure 3A, right panel). 
Among these, we focused on IL22 as a direct target of miR- 26. This is 
because we had previously demonstrated that: (1) the IL- 22– STAT3 
cascade was involved in CTCL tumorigenesis,18,20 and (2) there were 
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high IL- 22 expression levels in the serum and skin lesions of CTCL 
patients.18,27,28 miR- 26 was likely to bind to the seed sequence of the 
3′UTR of IL22 (Figure 3B), therefore, we conducted a dual luciferase 
assay and found that miR- 26 could directly bind to the 3′UTR of IL22 
and suppress its expression (Figure S1A– D). We further examined 
the expression of IL22 and IL- 22 in MyLa and HH stably express-
ing GFP- miR- 26a using RT- qPCR and ELISA, respectively, and found 
that the expression levels of both the mRNA and its product were 

significantly lower than in controls (Figure 3C). Moreover, we tran-
siently transfected miR- 26a and/or miR- 26b into MyLa (Figure S2A). 
Transduction of both miR- 26a and miR- 26b in MyLa caused a signifi-
cant decrease in the mRNA and protein expression levels of IL22/
IL- 22, respectively (Figure 3D). However, simultaneous introduction 
of miR- 26a and miR- 26b did not show any additive or synergistic ef-
fects. These results indicated that miR- 26 plays a tumor- suppressive 
role by suppressing IL- 22, which affects the Jak– STAT pathway and 
chemotaxis mechanisms, in at least in some advanced CTCL cases.

3.4  |  Transduction of miR- 26 and knockdown of 
IL22 or IL22RA inhibit CTCL cell migration capability

To determine whether the miR- 26– IL- 22 axis is involved in chem-
otaxis and cell migration, we confirmed that miR- 26 is effectively 
transfected into the CTCL cell lines, MyLa and HH (Figure S2A). 
First, we determined the cell proliferation of these cells and found 
no significant difference in proliferation rate between control and 
miR- 26- transfected MyLa and HH for 96 h (Figure S2B). Next, we 
performed a migration assay on CTCL cells. For this, we counted mi-
grated CTCL cells by washing the cells every 24 h and assessing them 
with or without the addition of external IL- 22 (Figure 4A). We found 
that either miR- 26a or miR- 26b induced a significant decrease in cell 
migration, and that the external addition of IL- 22 restored its mi-
gration capability (Figure 4B). We examined the effects of IL22 and 
IL22RA knockdown on MyLa. The knockdown efficiency of IL22 was 
>50% (Figure S2C). Knockdown efficiency of IL22RA was ~60%– 
80%.20 We found that knockdown of either IL22 or IL22RA reduced 
cell migration, and that external addition of IL- 22 restored its migra-
tion capability (Figure 4C). These results strongly suggested that the 
miR- 26– IL- 22 axis is involved in the migration of certain CTCL cells.

3.5  |  IL22 knockdown induces prolonged 
survival of CTCL model mouse

Based on these results, we conducted in vivo transplantation in 
immunodeficient mice to determine the direct role of IL- 22 in the 
invasion and metastasis of CTCL. For this, we established stable 
IL22- knockdown MyLa using four GFP- shRNA- expressing vectors 
(named shIL22 #A– D). We found a significant reduction of ~60% 
mRNA expression in both shIL22 #C and shIL22 #D (Figure 5A). 

F I G U R E  2  miR- 26a prolonged survival time in CTCL model 
mouse. (A) Northern blot analysis of miR- 26a in MyLa transduced 
with GFP- empty vector (control) or GFP- miR- 26a vector. (B) 
RT- qPCR analysis of miR- 26a/26b in MyLa transduced with GFP- 
empty vector (control) or GFP- miR- 26a vector. Bars represent 
the mean ± 95% confidence interval of the three replicates. (C) 
Survival curves for NOG mouse independently inoculated with 
MyLa cells transduced with control vector (empty) or miR- 26a 
expressing vector; n = 10 each. X- axis: days from inoculation (day 
0); Y- axis: survival rate. Asterisks indicate statistical significance: 
**0.001 ≤ p < 0.01. Log- rank test was used to test for significance
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F I G U R E  1  miR- 26 suppression via histone deacetylase in CTCL cells. (A) Heat map of microRNA expression in MyLa and HH treated 
with panobinostat (80 nM), vorinostat (4 µM), or dimethyl sulfoxide (DMSO) as the control for 24 h. (B) RT- qPCR analysis of miR- 26a/26b 
in MyLa or HH treated with panobinostat (80 nM), vorinostat (4 µM), or DMSO as the control for 24 h. (C) (Left) Northern blot analysis of 
miR- 26a/26b expression in normal CD4+ T cells, CTCL cell lines (MyLa, MJ, HH, and HuT 78), and primary samples of CTCL (pt. #1 and #2). 
(Right) Fold changes in miR- 26a/26b were determined by densitometry and are shown after normalization to the level of 5S rRNA. (D) RT- 
qPCR analysis of miRNA- 26a/26b in peripheral blood mononuclear cells (PBMC; n = 4), primary samples of CTCL (n = 4), and indicated CTCL 
cell lines. (E) RT- qPCR analysis of MYC, miR- 26a, and miR- 26b in MyLa and HuT 78 transduced with siMYC #1, siMYC #2, and scrambled 
control (Scr) for 24 h. (F) RT- qPCR analysis of MYC, miR- 26a, and miR- 26b for MyLa with the BRD4 inhibitor JQ1 at indicated concentrations 
for 24 h. Asterisks indicate statistical significance: *0.01 ≤ p < 0.05; **0.001 ≤ p < 0.01; ***p < 0.001; NS, not significant. Student t- test was 
used to test for significance. Bars represent the mean ±95% confidence interval of the three replicates
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F I G U R E  3  IL- 22 is the most likely candidate target of miR- 26 in CTCL. (A) Detection of potential miR- 26a target genes in MyLa. (Left): 
KEGG analysis of 127 downregulated genes in MyLa transduced with GFP- miR- 26a lentivirus vector, compared with GFP- empty lentivirus 
vector. (Right): List of miR- 26 targets of these 127 genes predicted using the indicated two programs in silico. (B) Sequence alignment of the 
mature miR- 26a/26b seed sequence and the 3′ untranslated region (UTR) of IL22. (C) RT- qPCR analysis of IL22 and ELISA analysis of IL- 22 
in MyLa and HH transduced with GFP- empty (control) lentivirus vector or GFP- miR- 26a lentivirus vector. EV, empty vector. (D) RT- qPCR 
analysis of IL22 in MyLa transiently transduced with scramble control (Scr), miR- 26a, miR- 26b, or miR- 26a+miR- 26b (shown as “double”) 
for 24 h. (Right): Western blot analysis of IL- 22 in MyLa transiently transduced with Scr, miR- 26a, or miR- 26b for 48 h. Fold changes in IL- 
22 levels are shown below the bands. Asterisks indicate statistical significance: *0.01 ≤ p < 0.05; **0.001 ≤ p < 0.01; ***p < 0.001; NS, not 
significant. Student t- test was used to test for significance. Bars represent the mean ± 95% confidence intervals of the three replicates
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TA B L E  1  List of genes whose expression was reduced to one- third or less after stable transduction with miR- 26a into MyLa compared 
with the control, and predicted to bind by the two prediction programs

Gene symbol Fold change Description

RGS13 0.13 Homo sapiens regulator of G- protein signaling 13 (RGS13), transcript variant 1, mRNA [NM_002927]

FAM71F1 0.19 Homo sapiens family with sequence similarity 71, member F1 (FAM71F1), transcript variant 1, mRNA 
[NM_032599]

OAF 0.20 Homo sapiens OAF homolog (Drosophila) (OAF), mRNA [NM_178507]

SNX21 0.23 Homo sapiens sorting nexin family member 21 (SNX21), transcript variant 4, mRNA [NM_001042633]

CDH2 0.24 Homo sapiens cadherin 2, type 1, N- cadherin (neuronal) (CDH2), mRNA [NM_001792]

PTPLB 0.24 Homo sapiens protein tyrosine phosphatase- like (proline instead of catalytic arginine), member b (PTPLB), 
mRNA [NM_198402]

IL22 0.27 Homo sapiens interleukin 22 (IL22), mRNA [NM_020525]

DNAJB5 0.27 Homo sapiens DnaJ (Hsp40) homolog, subfamily B, member 5 (DNAJB5), transcript variant 3, mRNA 
[NM_012266]

CASZ1 0.30 Homo sapiens castor zinc finger 1 (CASZ1), transcript variant 1, mRNA [NM_001079843]

CACNA1C 0.31 Homo sapiens calcium channel, voltage- dependent, L type, alpha 1C subunit (CACNA1C), transcript variant 1, 
mRNA [NM_199460]

MYH10 0.32 Homo sapiens myosin, heavy chain 10, non- muscle (MYH10), transcript variant 1, mRNA [NM_001256012]

CNR1 0.33 Homo sapiens cannabinoid receptor 1 (brain) (CNR1), transcript variant 2, mRNA [NM_033181]
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ELISA demonstrated that the addition of shIL22 #D significantly 
reduced IL- 22 production by ~50% compared with the control 
(Figure 5B). Western blot analysis demonstrated an apparent reduc-
tion in IL- 22 levels in both shIL22 #C and shIL22 #D transfectants 
(Figure 5C). These results demonstrated that shIL22 #D suppressed 
IL- 22 production. We used shIL22 #D- transduced MyLa for subse-
quent in vitro and in vivo experiments. In the cell proliferation assay, 
we observed a trend of fewer viable cells with shIL22- transfected 
cells at 72 h and a significant decrease in viable cells at 96 h compared 
with the control (Figure 5D). Cell cycle assays exhibited an increase 
in the subG1 fraction, but not cell cycle arrest (Figure 5E), suggesting 
that IL22 knockdown induced apoptosis in MyLa cells. The migration 
assay showed a significant reduction in the migration capability of 

shIL22- transfected cells (Figure 5F). These results indicated that de-
creased IL- 22 led to impaired cell migration and enhanced apoptosis. 
Finally, we subcutaneously injected NOG mice with GFP- transfected 
or GFP- shIL22- transfected MyLa (1 × 106 cells per mouse) and eval-
uated the effect of shIL22 on tumorigenesis in vivo. On day 42, an 
individual mouse in the control group died because of what we con-
sidered to be multiorgan failure resulting from systemic metastasis; 
therefore, we sacrificed all mice on the same day. Consequently, vis-
ible splenomegaly and hepatomegaly were observed in all control 
groups, but not at all in the shIL22 group (Figure 5G). Hematoxylin 
and eosin staining showed diffuse tumor infiltration in many organs 
in the control group, whereas only rare focal tumor infiltration of the 
spleen was observed in the shIL22 group (Figure S3). These results 

F I G U R E  4  miR- 26– IL- 22– IL22R axis regulates cell migration in CTCL. (A) An experimental design of the migration assay in CTCL cell lines. 
HS, human serum. (B) Migration assay of MyLa or HH transiently transduced with scramble miRNA (Scr) or miR- 26a or 26b and treated with 
or without IL- 22 (50 ng/mL). (C) Migration assay of MyLa transiently transduced with scramble siRNA, siIL22 (two sequences designated as 
#1 and #2) or siIL22RA (two sequences designated as #1 and #2) and treated with or without IL- 22 (50 ng/mL). Asterisks indicate statistical 
significance: *0.01 ≤ p < 0.05; **0.001 ≤ p < 0.01; *** p < 0.001; NS, not significant. Student t- test was used to test for significance. Bars 
represent the mean ± 95% confidence interval of the three replicates
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strongly suggested that IL- 22 contributes to the malignant develop-
ment of CTCL by promoting cell survival and organ invasion.

4  |  DISCUSSION

Several groups, including ours, have reported comprehensive research 
for miRNA specifically expressed in CTCL, and for miRNA whose ex-
pression changes during disease progression.15,18,29,30 For example, in 
advanced but not early CTCL, HDAC and/or MYC activation induced 
the repression of a tumor- suppressive microRNA, miR- 150, whose 
downregulation contributes to the acquisition of invasion and metasta-
sis.18 miR- 26 is included in the group of the tumor- suppressive miRNAs 
whose expression is suppressed as CTCL progresses.31 miR- 26 was first 
reported in 2006 as one of several candidate tumor- suppressive miRNA 
that are downregulated by a transcription factor, MYC.24 Actually, 
miR- 26 expression is suppressed in many solid tumors, such as hepa-
tocellular carcinoma and some gastrointestinal cancers.26 Especially in 
hepatocellular carcinoma, appropriate delivery systems for miR- 26 were 
able to be used of direct therapy against tumor cells.32 In hematopoietic 

malignancies such as acute myelogenous leukemia and multiple my-
eloma, miR- 26 expression is suppressed, and shown to act as a tumor- 
suppressive miRNA by repressing EZH2 and CD38.33,34 Notably, even 
in a same cancer subtype, a certain miRNA may have distinct targets 
based on disease progression with distinct gene expression profiles.35 
In this study, we showed that IL22 is the miR- 26 target and is involved 
in invasion and metastasis in advanced CTCL (Figure 6A); however, the 
function and target molecules of miR- 26 in early- stage CTCL remains 
unknown. Therefore, there is a need to investigate whether miR- 26 may 
represent a distinct expression pattern in different CTCL stages.

We have previously demonstrated the following points regarding 
mechanisms of invasion and metastasis in advanced CTCL:

(1) miR- 150 inhibits invasion and metastasis by targeting the 
chemokine receptor CCR6.18

(2) STAT3 activation caused by the IL- 22 autocrine mechanism 
enhances the transcription of CCL20, a ligand of CCR6, leading to 
invasion and metastasis.20

(3) HDAC inhibitors restore some tumor- suppressive miRNA.21

Notably, HDAC inhibitors restored miR- 150 and miR- 26, and 
these miRNA revealed an exceedingly similar expression pattern 

F I G U R E  5  IL22 knockdown inhibits invasion and metastasis of CTCL cells in vivo. (A) RT- qPCR analysis of IL22 in MyLa transduced with 
GFP- scramble (Scr) or GFP- shIL22 (#C, #D) lentivirus vector. (B) ELISA analysis of IL- 22 in MyLa transduced with GFP- scramble (Scr) or 
GFP- shIL22 (#C, #D) lentivirus vector. (C) Western blot analysis of IL- 22 in MyLa transduced with GFP- scramble (Scr) or GFP- shIL22 (#C, 
#D) lentivirus vector. (D) Proliferation assay of MyLa transduced with GFP- scramble (Scr) or GFP- shIL22 #D lentivirus vector. (E) Cell cycle 
analysis of MyLa transduced with GFP- scramble (Scr) or GFP- shIL22 #D lentivirus vector. (Left): Flow cytometry analysis with propidium 
iodide (PI) staining is shown. X- axis: PI staining; Y- axis: cell counts. (Right): DNA content (%) of subG1 (N < 2n), G1 (N = 2n), S (2n < N < 4n) 
and G2/M (N = 4n) phases are shown. (F) Migration assay of MyLa transduced with GFP- scramble or GFP- shIL22 #D lentivirus vector 
cultured for 24 h. (G) (Left): Photographs show the liver and spleen from NOG mouse after transplantation of MyLa transduced with GFP- 
scramble or GFP- shIL22 #D lentivirus vector (day 42). (Right): Liver weights of the two groups are shown. Asterisks indicate statistical 
significance: *0.01 ≤ p < 0.05; **0.001 ≤ p < 0.01; ***p < 0.001; NS, not significant. Student t- test was used to test for significance. Bars 
represent the mean ± 95% confidence interval of the three replicates
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(Figure 1). Taken together, these results strongly suggested that 
downregulation of these miRNA could corroborate the induction 
of the IL- 22– STAT3– CCL20– CCR6 cascade, leading to invasion and 
metastasis of CTCL (Figure 6B). These results also suggested the ef-
ficacy of HDAC inhibitors in advanced CTCL. Importantly, IL- 22 sup-
pression caused by miR- 26 also induced apoptosis (Figure 6C). 
Of note, as the ability to induce apoptosis was not observed in 
miR- 150,18 the miR- 26- IL22 cascade may have additional tumor- 
suppressive capabilities other than that of miR- 150. Our results 
showed that there was an increase in cell death with the transduc-
tion of shIL22, but not miR- 26. The reason for this is that miR- 26 may 
have a variety of targets other than IL22, as shown in Figure 3A and 
Table 1. Therefore, suppression of other targets may be involved in 
the attenuation of the pro- apoptotic effect. As we will discuss later, 
we suggest that direct inhibition of IL- 22 may be beneficial.

In the present study, JQ1 did not restore miR- 26 expression, 
whereas HDAC inhibitors restored miRNA expression (Figure 1), 
suggesting that HDAC inhibitors are more effective than JQ1 in 
advanced CTCL treatment. However, the efficacy of HDAC inhibi-
tors depends on their ability to activate tumor- suppressive miRNA 
or tumor- suppressive proteins, such as p53, whose transcription 
could be activated by its acetylation.36,37 However, when genomic 
structural aberrations occur in target tumor- suppressive genes 
during tumor development, there appears to be a lower expectation 
for epigenetic restoration effect of the target tumor- suppressive 
genes.37- 39 In these cases, antibody therapy may be available. Indeed, 
along with surface antigens such as CD30 and CCR4, the humoral 

factor IL- 22 is a candidate for novel therapeutic antibody targets. IL- 
22 is a cytokine from the IL- 10 family that is produced by activated 
T cells, particularly T helper (Th)22 and Th17.40 IL- 22 acts through 
Jak– STAT pathway activation to maintain and proliferate epidermal 
keratinocytes, airway epithelial cells, synovial fibroblasts, intestinal 
epithelial cells, hepatocytes, and pancreatic cells when its cascade is 
adequately regulated. However, if it is not appropriately regulated, 
the onset of a variety of diseases may be increased, including inflam-
matory skin diseases, inflammatory bowel disease, graft- versus- host 
disease, and cancers including solid tumors such as colon cancer 
and certain malignant lymphomas.41,42 As IL- 22 mRNA and protein 
are highly expressed in the serum and lesions of CTCL patients,27,28 
the development of IL- 22 neutralizing antibodies may be promising 
for CTCL treatment. Neutralizing antibodies to interleukins are cur-
rently in clinical use for several diseases. Mepolizumab (anti- IL- 5 an-
tibody) is used for allergic diseases such as asthma and eosinophilic 
polyangiitis granulomatosa.43 Secukinumab (anti- IL- 17A antibody) 
and risankizumab (anti- IL- 23 antibody) are clinically used for certain 
collagen diseases and psoriasis.44,45 In skin diseases, such as psori-
asis, immunocompetent cell suppression by interleukin neutralizing 
antibodies is useful, and this suggests that a similar treatment mech-
anism may be advantageous in CTCL. In CTCL, inflammatory mol-
ecules released from the tumor itself and/or surrounding immune 
cells are known to play a crucial role in tumor migration into multiple 
organs.18,27 Therefore, it is worthwhile to experimentally evaluate 
the therapeutic effects of conventional chemotherapy versus HDAC 
inhibitor with IL- 22 neutralizing antibody in the near future.

F I G U R E  6  miRNA and IL- 22 dysregulations involved in invasion and metastasis of advanced CTCL. (A) miR- 26a- IL22 axis involved in 
CTCL invasion and metastasis from the present study. (B) Schema of miRNA dysregulations involved in CTCL invasion and metastasis from 
our present and previous studies. (C) Two miRNA dysregulations with anti- apoptosis ability and involved in invasion/metastasis in CTCL
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In summary, our study strongly suggests that the miR- 26– IL- 22 
axis is deeply involved in the molecular pathogenesis of advanced 
CTCL and provides a scientific basis for IL- 22- targeted therapy. 
Therapies targeting fluid factors are expected to be developed to 
avoid progression to advanced CTCL.
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