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Themolecular alterations that initiate the development ofmulti-
plemyeloma (MM) are not fully understood.Our results revealed
that TJP1was downregulated inMMandpositively related to the
overall survival of MM patients in The Cancer Genome Atlas
(TCGA) database and patient samples. In parallel, cell adhesion
capacity representing MM metastasis was decreased in MM pa-
tients compared with healthy samples, together with the signifi-
cantly activated epithelial-to-mesenchymal transition (EMT)
transcriptional-like patterns of MM cells. Further analyses
demonstrated that TJP1 negatively regulated EMT and conse-
quently positively regulated cell adhesion in MM from TCGA
database and MM1s cells. Furthermore, the methylation level
of each CpG site on the TJP1 promoter was negatively correlated
with TJP1 expression levels. Quantitative real-time PCR and
western blot assays demonstrated that methylase DNMT1 regu-
lated themethylationofTJP1. Finally, treatmentwith a combina-
tionof theMMclinicalmedicine bortezomib,methylation inhib-
itor, orTJP1overexpression significantly suppressed the viability
and progression of tumor cells of MM orthotopic models. In
summary, our results indicate that DNMT1 promotes the
methylation of TJP1 promoter, thereby decreasing its expression
and regulating the development of EMT-inhibitedMMcell adhe-
sion. Therefore, methylation of TJP1 is a potential therapeutic
agent to prevent the progression of MM disease.
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INTRODUCTION
Multiple myeloma (MM) is an incurable disorder, characterized by
clonal multiplication of malignant plasma cells. Despite the recent
development of multiple anti-MM agents with better overall survival
rates,1 MM still poses a great challenge in its clinical management.
With the rapid increase in the incidence of MM, novel and molecular
therapies against MM are urgently needed.

Epithelial-to-mesenchymal transition (EMT) features are funda-
mental for embryonic development and involve changes such as the
loss of cell-cell adhesion and the acquisition of migratory and invasive
Molecular The
This is an open access article under the CC BY-NC-
properties.2,3 In cancer, the acquisition of EMT features has been
associated with carcinogenesis, invasion, metastasis, stem cell pertur-
bation, and tumor recurrence.4,5Whereas EMTwas a well-recognized
phenomenon in solid tumors, recent studies have reported existence
of EMT-like features inMM.6,7 For instance, differential expression of
EMT-related markers in aberrant conditions induces dissemination
of MM cells and thus metastasis to the new bone marrow (BM) re-
gions.8 EMT-mediated C-X-C motif chemokine receptor 4
(CXCR4) mediates migration and homing of MM cells into the BM
to enhance metastasis in both solid tumors and MM.6,8–10 The MM
cells with migration activity triggered by EMT thus ultimately trans-
late into the development of disease, drug resistance, metastasis, and
relapse of MM.11,12 However, the impact on initiating EMT features
to activate the metastasis and invasion in MM and whether it can
be therapeutically targeted to improve the survival of MM patients re-
mains poorly explored.

On the other hand, the expression of tight junction protein 1 (TJP1) is
suppressed in activated EMT, triggered by transforming growth fac-
tor-b (TGF-b).13 TJP1 belongs to the membrane guanylate kinase
family, and it encodes a tight junction protein involved in cell prolif-
eration and differentiation.14,15 In addition, TJP1 forms barriers be-
tween adjacent cells to control the transport of water, ions, and mac-
romolecules.16 Loss of tight junction barrier function due to TJP1
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dysfunction has been associated with progression and metastasis of
many cancers, includingMM.17–21 Furthermore, TJP1 promotes actin
stress fiber assembly during EMT.22 Our previous study and that of
others showed that TJP1 expression is a biomarker for proteasome in-
hibitor sensitivity in myeloma.23,24 We then hypothesized that down-
regulation of TJP1 might suppress MM development via inhibition of
EMT. Data on whether TJP1 expression is aberrant and the relative
mechanisms in MM remain scant.

In addition, aberrant DNAmethylation has been shown to be amarker
of cancer.25–29 Under normal conditions, DNA methylation patterns
ensure proper regulation of gene expression and stable gene silencing.
However, in the development of cancer, several tumor-suppressor
genes were shown to be silenced by abnormal DNA methylation.30,31

Furthermore, aberrant hypermethylation of the promoter region of
TJP1 was observed in murine leukemia cell lines accompanied by the
concomitant suppression of the TJP1 expression.27 How the TJP1 is
aberrantly methylated in MM is still not fully understood. DNAmeth-
yltransferases (DNMTs) are responsible for the establishment and
maintenance of methylation patterns. For example, inhibition of
DNMT1 could trigger re-expression of tumor suppressor genes, which
were silenced by methylation, and induce cell proliferation in human
cancers.32–35 DNMT1-mediated MM progression via methylation has
been reported.36 The relationship between DNA methyltransferases
and methylation of TJP1 needs further interrogation.

Here, we speculated that DNA methyltransferases contribute to the
downregulation of TJP1, thus regulating the development of EMT-
mediated MM progression. We show that TJP1 plays an important
role in activating EMT in the BM microenvironment, leading to
MM metastasis. Tumor progression was significantly suppressed by
the MM clinical medicine bortezomib, methylation inhibitor 5-Aza-
20-deoxycytidine (AZA), or TJP1 cDNA, or their combination. These
results highlight important molecular aspects that would facilitate the
development of therapies for MM.

RESULTS
TJP1 and TJP1-Regulated EMT Were Linked to MM Cell

Adhesion and Overall Survival of MM Patients

We previously demonstrated that TJP1 expression is a biomarker of
proteasome inhibitor sensitivity in myeloma.24 However, the regula-
Figure 1. TJP1 and TJP1-Regulated EMT Were Linked to Cell Adhesion and Ov
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tion mechanism of TJP1 in MM progression has yet to be well under-
stood. We analyzed the relationship between TJP1 expression and
overall survival in MM patients from the TCGA database (https://
hgserver1.amc.nl/cgi-bin/r2/main.cgi). Notably, we found that upre-
gulation of TJP1 expression reflected a high overall survival rate; thus,
TJP1 could be a tumor suppressor gene to MM (p < 0.01) (Figures 1A
and S1A). Furthermore, mRNA expression of the TJP1 in healthy do-
nors was higher than in MM patients (p < 0.01) (Figure 1B). Gener-
ally, much lower levels of TJP1 were detectable in theMM tissues with
higher pathologic stages (Table S1). We also found that the ability of
MM cells to adhere to bone marrow stroma cells (BMSCs) was lower
than the healthy cells (p < 0.01) (Figure 1C). Furthermore, we checked
the correlation between the expression level of TJP1 to the adhesion of
MM cells to BMSCs in MM cells derived from 40 patients, and the
result showed that TJP1 expression was positively correlated with
the adhesion of patients’ MM cells to BMSCs (Figure 1D). Since
TJP1 has played an important role in EMT, we further investigated
the potential expression differences of EMT-like features in MM pa-
tients against the normal cells. To investigate the biological functions
of TJP1, we analyzed the gene expression profile in MM patients from
the GEO database by Gene Set Enrichment Analysis (GSEA). Inter-
estingly, downregulated EMT-like gene sets were significantly en-
riched in the cells with high TJP1 expression (p < 0.01) (Figures 1E
and S1B). Besides, we found positive correlation between TJP1 and
E-cadherin mRNA expression in MM patients (Figure 1F). Further-
more, we randomly picked 1 control sample from healthy donors
and 2 samples from MM patients to check the mRNA and protein
expression of the EMT-related makers. We found that TJP1 and E-
cadherin expression were downregulated while the expression of N-
cadherin was increased in MM (p < 0.01) (Figures 1G–1I). Together,
these results showed that EMT was activated by the downregulation
of TJP1 to suppress cell adhesion in MM patients.
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To further investigate whether TJP1 regulated EMT and cell adhesion
to BMSCs in MM, we tested the expression of EMT-related proteins
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Figure 2. TJP1 Improved Adhesion of MM Cells to

BM Stroma via EMT In Vitro

(A–D) The mRNA and protein levels of EMT-related genes

after knockdown (A and B) and overexpression (C and D)

of TJP1 as measured by real-time PCR and western blot

(n = 3, **p < 0.01). (E) The expression of EMT-related

protein E-cadherin after knockdown of TJP1 as

measured by IF staining (60�). (F) The expression of EMT-

related protein E-cadherin after overexpression of TJP1

as measured by IF staining (60�). (G) With treatment of

MM1s cells with EMT inhibitor (C19), the adhesion of

MM1s cells to BMSCs was detected with TJP1 knock-

down. (H) With treatment of MM1s cells with EMT acti-

vator TGF-b, the adhesion of MM1s cells to BMSCs was

detected with TJP1 overexpression. All data were pre-

sented as the mean ± SD from 3 independent experi-

ments. Statistical analysis was performed with a paired

Student’s t test. **p < 0.01 comparing with control group,
##p < 0.01 comparing with treatment group.
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MM1s cells (p < 0.01) (Figures 2A, 2B, and 2E). On the other hand,
overexpression of TJP1 increased the mRNA and protein expression
of both TJP1 and E-cadherin but inhibited the expression of
N-cadherin in MM1s cells (p < 0.01) (Figures 2C, 2D, and 2F). The
results of the relationship between TJP1 and EMT were consistent
with the data in MM patients. In addition, to better understand the
role of the TJP1 gene on suppressing adhesion through the EMT
axis, we tested the adhesion capacity of MM cells to BMSCs. The
200 Molecular Therapy: Oncolytics Vol. 19 December 2020
data showed that the adhesion of MM1s was in-
hibited by TJP1 knockdown but was increased
by TJP1 overexpression (p < 0.01) (Figures 2G
and 2H). Furthermore, we used EMT inhibitor
(C19) to treat MM1s cells bearing silence of
TJP1 and showed that the adhesion capacity
was rescued by EMT inhibitor (C19). We also
used EMT activator TGF-b to confirm in
TJP1-overexpressed cells, and these results
confirmed that TJP1 regulated adhesion via
EMT (Figures 2G and 2H).

Hypermethylation of the Promoter Region

Contributes to Aberrant Low Expression of

TJP1 in Myeloma Cells

A previous study reported that downregulation
of TJP1 was related to methylation.27 Here, we
compared the expression of TJP1 in MM pa-
tient samples and healthy plasma cells. Our
data showed lower mRNA or protein expres-
sion of the TJP1 gene in MM patient cells
compared to the control group (p < 0.01) (Fig-
ures 3A and 3B). In order to identify the CpG
islands of TJP1, we obtained the upstream
2,000 bp promoter sequence of TJP1 (selected
area: chr15: 29822504–29824503) using the
University of California, Santa Cruz (UCSC) Genome Browser
(http://genome.ucsc.edu/index.html). Furthermore, we predicted
the CpG islands by using the MethPrimer 2.0 (http://www.
urogene.org/methprimer2/). Our findings showed that the two
CpG islands of TJP1 were located in chr15: 29822791–29823050
(Island 1: 260 bp) and chr15: 29822510–29822715 (Island 2:
206 bp), respectively (Figure S2A). We showed that higher methyl-
ation levels existed in 4 MM tissues compared to those in 4 healthy
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Figure 3. Hypermethylation of the Promoter Region

Contributed to the Aberrant Low Expression of TJP1

in Myeloma Cells
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quantitative real-time PCR. (C) Methylation of multiple CpG

sites on CpGs in the upstream promoter region of TJP1

was tested in healthy plasma cells and MM patient sam-

ples by AZA by BSP methylation analysis. Black circles

signify methylated CpGs, and white circles indicate de-

methylated CpGs. (D) Methylation rates was analyzed with

the methylation of multiple CpG sites on CpGs in the up-

stream promoter region of TJP1. (E) DNAmethylation level

of 2 CpG sites (CpG 6 and CpG 12) in the promoter of

TJP1 in 40 MM samples and 4 healthy clinical samples

was determined by BSP. (F) The correlation between the

methylation rates at CpG 6 and the TJP1 mRNA expres-

sion was determined in the 40 MM patient samples. (G)

The correlation between the methylation rates at CpG 12

and the TJP1 mRNA expression was determined in the 40

MM patient samples. (H) Different deletion mutants were

constructed from fragments ranging from 0 to �2,000, as

shown in the left panel. These deletion mutants together

with pGL3-Basic were individually transfected into

HEK293T cells, and their promoter activity was measured.

Cells were treated with b-galactosidase for 24 h, after

which luciferase activity in cell lysates was determined. All

data were presented as mean ± SD from 3 independent

experiments. Statistical analysis was performed with a

paired Student’s t test. **p < 0.01 comparing with control

group, ##p < 0.01 comparing with treatment group.
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plasma tissues in the upstream TJP1 promoter region in the tested 20
CpG sites (p < 0.01) (Figures 3C, 3D, and S2B). To further confirm
whether TJP1 expression was silenced by methylation, we performed
a demethylation test in the MM cells by AZA. As shown in Figures
3A and 3B, AZA treatment significantly increased both the mRNA
and protein expression of the TJP1 gene. CpG methylation level
was inhibited by AZA treatment (p < 0.01) (Figures 3C and 3D).
Furthermore, as TJP1 had three transcriptional start sites (TSSs),
corresponding to variants 1, 5, and 7, respectively, within the CpG
Molecular Th
island (chr15: 29821503–29823012, HG38,
UCSC Genome Browser), we designed the uni-
versal (TSS1-3 primer to amplify sequences of
exon 5, which is included in all variants of
TJP1) or specific quantitative real-time PCR
primers (TSS1 primer for variant 1and TSS2
primer for variant 7) to identify which TSSs
were reactivated by AZA (Figure S3A). As
shown in Figure S3B, the mRNA level of variant
1 or 7 of TJP1 was significantly upregulated by
AZA treatment, as well as the mRNA level of
TJP1 measured by universal quantitative real-
time PCR primers, suggesting the TSS corresponding to TJP1 tran-
scripts 1 and 7 within the CpG island could become activated after
AZA treatment.

In addition, we used bisulfite sequencing PCR (BSP) to measure DNA
methylation levels of the 2 CpG sites (CpG 6, CpG 12) in the TJP1
promoter. We observed that MM tissues had greater methylation
levels compared with the healthy plasma at CpG 6 and CpG 12 sites
(Figure 3E). Themethylation levels at each of the CpG sites was found
erapy: Oncolytics Vol. 19 December 2020 201
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to be negatively correlated with TJP1 expression levels (p < 0.01) (Fig-
ures 3F and 3G).

To pinpoint the differential fragment, different deletion mutants were
further constructed based on fragments 0 to �2,000. These deletion
mutants, together with pGL3-Basic vector, were individually trans-
fected into HEK293T cells, and the promoter activity was measured.
We found that the fragments 0 to �2,000, 0 to �566, 0 to �283, and
�283 to �2,000 displayed higher promoter activity than other frag-
ments (Figure 3H). Thus, our results demonstrate that the core tran-
scription site of the TJP1 promoter region is located between 0 and
�566, which contains 2 CpG islands at the start of the TJP1 promoter.
Furthermore, low luciferase activities were observed when the TJP1
promoter was methylated, especially in the fragments in the 2 CpG
islands, indicating that methylation suppresses the promoter activity
(Figure 3H).

DNMT1-Mediated Hypermethylation of TJP1 Promoter

Regulates EMT

To evaluate whether the expression of TJP1 was upregulated by meth-
ylase, including DNMT1, DNMT3a, or DNMT3b, we conducted both
quantitative real-time PCR and western blot analysis and showed that
overexpressed DNMT1 downregulated the mRNA and protein
expression of the TJP1 gene as well as upregulated the EMT (p <
0.01) (Figures 4A and 4B). Neither DNMT3a nor DNMT3b affected
the expression of TJP1 or EMT (Figure S4A). The CpG methylation
level of the TJP1 promoter also increased with the DNMT1 overex-
pression (p < 0.01) (Figure 4C). To better understand the role of
DNMT1 in the regulation of cell adhesion through TJP1, we tested
the adhesion capacity of MM cells to BMSCs with DNMT1 overex-
pression. Our data showed that the adhesion of MM1s cells was in-
hibited by DNMT1 overexpression but was rescued by TJP1 overex-
pression (p < 0.01) (Figure 4D). On the other hand, we demonstrated
that DNMT1 silencing could upregulate the mRNA and protein
expression of TJP1 but downregulate EMT (p < 0.01) (Figures 4E
and 4F). The CpG methylation level of TJP1 also decreased with
the downregulation of DNMT1 (p < 0.01) (Figure 4G). Furthermore,
the adhesion of MM1s was increased by DNMT1 knockdown but was
rescued by TJP1 knockdown (p < 0.01) (Figure 4H). Finally, analysis
of the relationship between DNMT1 and TJP1 expression in the MM
patient database showed significant negative correlation between
DNMT1 and TJP1 (p < 0.01) (Figure S4B). Interestingly, we also
found that increased DNMT1 expression was associated with low
overall survival rate in the MM patients, and upregulated EMT-like
gene sets were significantly enriched in the patients with high
DNMT1 expression (p < 0.01) (Figures S4C and S4D). These obser-
vations suggest that DNMT1 regulates the MM cell adhesion via
methylation of the TJP1 gene.

Effects Associated with the Use of Methylation Inhibitor and/or

TJP1 Overexpression with Bortezomib in MM

To examine whether methylation inhibitor AZA and/or TJP1 overex-
pression affect drug susceptibility of MM, we used AZA and/or ad-
eno-associated viral (AAV) vector TJP1-cDNA with bortezomib for
202 Molecular Therapy: Oncolytics Vol. 19 December 2020
treatment. MM cells were sorted from patient samples and treated by
AZA and/or TJP1 cDNA with bortezomib, which was an anti-cancer
agent used in various stages of MM treatment. The results showed
that the cell proliferation was inhibited by bortezomib, and AZA or
TJP1 cDNA with bortezomib. The combination of AZA, TJP1-cDNA,
and bortezomib robustly inhibited cell viability (p < 0.01) (Figure 5A).
Furthermore, treatment of tumor-bearing severe combined immunode-
ficiency (SCID) mice with bortezomib, AZA, or TJP1 cDNA or their
combination showed a decrease in the tumor volume in subcutaneous
MM models (Figure 5B). We also showed that the use of bortezomib,
AZA, or TJP1 cDNA or their combination prolonged the survival
time of MM orthotopic models. However, the combination therapy
yielded the most significant effect (p < 0.001) (Figure 5C).

DISCUSSION
TJP1 protein is widely used as a maker of tight junctions and is known
to promote tumor development in various types of cancer.22,37 Our
recent study identified TJP1 as a biomarker for the susceptibility of pro-
teasome inhibitors in MM patients.24 Downregulation of TJP1 expres-
sion is associatedwith disrupted epithelial intercellular junctions along-
side E-cadherin during developmental EMT. The adhesion properties
are important indicators of malignancy and spread ofMM.38 However,
data on whether TJP1 or EMT regulates adhesion in the mediation of
MM progression are still limited. Here, we show that TJP1 and EMT
are regulated by TJP1 and are linked to overall survival ofMMpatients.
Methylation of the promoter region contributes to the aberrant low
expression of TJP1, which then increases EMT but decreases the adhe-
sion of MM cells. Furthermore, we investigated the effect of upregu-
lated methylation of the TJP1 promoter by DNMT1 on the low expres-
sion of TJP1 inMM cells. Lastly, we treated MM cells and mice models
by methylation inhibitor and/or TJP1-cDNAwith bortezomib, and the
results showed that a combination regimen of methylation inhibitor/
TJP1-cDNAwith bortezomib was the most effective inMM. It is worth
mentioning that TJP1 mRNA and protein expression were much lower
inMMcompared with healthy samples. Thus, reduced TJP1 expression
may be a molecular marker for poor prognosis of MM.

Most of the studies focused on how TJP1 regulates proliferation and
cellular permeability to modulate proteasome capacity.39–41 We previ-
ously demonstrated that TJP1 modulates proteasome capacity and
proteasome inhibitor sensitivity in MM via EGFR/JAK1/STAT3
signaling.24 However, the mechanism of action of the TJP1 in cancer
progression is yet to be investigated. EMT is often observed in primary
tumor at the cancer invasion front. Cancer cells lose their adhesive
properties and acquire an enhanced mobility by undergoing EMT.42

Recently, junctional adhesion molecules (JAMs), adhesion and trans-
migration regulatory elements, have been reported to play a critical
role in regulating tumor progression.43–45 MM progression occurs
when there is inability to control MM cell adhesion, as well as ability
of the MM cells to egress from the BM to the bloodstream and into
new BM niches.8,46 TJP1 plays an important role in the EMT machin-
ery, and alternative splicing of TJP1 promotes actin stress fiber assem-
bly during EMT.22 In our study, we demonstrated that TJP1 and cell
adhesion were significantly inhibited and EMT was elevated in MM.



Figure 4. DNMT1 Induced Hypermethylation of TJP1

Promoter to Regulate EMT

(A) The western blot assays were performed to determine

the expression of protein of DNMT1, TJP1, and E-cad-

herin after DNMT1 overexpression. (B) The quantitative

real-time PCR assays were performed to determine the

expression of mRNA of DNMT1, TJP1, and E-cadherin

after DNMT1 overexpression. (C) The methylation level of

CpG site on TJP1 following DNMT1 overexpression. (D)

The adhesion of MM1s cells to BMSCs following DNMT1

overexpression and TJP1 overexpression. (E) The protein

expression levels of DNMT1, TJP1, and E-cadherin were

detected by western blot analysis after transfection with

DNMT1 shRNAs. (F) The mRNA expression levels of

DNMT1, TJP1, and E-cadherin were detected by quan-

titative real-time PCR after transfection with DNMT1

shRNAs. (G) The methylation level of CpG on the TJP1

after DNMT1 knockdown. (H) The adhesive ability of

MM1s after DNMT1 inhibition with TJP1 knockdown. All

data were presented as mean ± SD from 3 independent

experiments. Statistical analysis was performed with a

paired Student’s t test. **p < 0.01 comparing with control

group, ##p < 0.01 comparing with treatment group.
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The EMT activator TGF-b attenuated the induced adhesion of MM by
overexpression of TJP1, whereas the EMT inhibitor reversed the inhi-
bition of cell adhesion of MM after TJP1 silencing. Therefore, the TJP1
gene plays an important role in the MM cell adhesion via EMT.

Whereas previous studies have interrogated TJP1 regulation of down-
stream pathways like EMT and tumorigenesis,23,24 few studies have
evaluated the factors that regulate TJP1 expression. DNA methylation
occurs by invertible addition of a methyl group to the cytosine residue
Molecular The
of a cytosine-guanine dinucleotide (CpG), which
is mainly located in the promoter region of the
gene.47 Methylation of cytosines in CpG dinucle-
otides results in the transcriptional inactivity in
mammalian genomes,48 and both DNA and
histone methylation may regulate TJP1.27 In this
study, we detected DNA hypermethylation in
a new regulatory region, chr15: 29822791–
29823050 and chr15: 29822510–29822715, within
the TJP1 promoter, which was related to lower
TJP1 mRNA expression in MM. Further, we
proved that the methylation of the promoter re-
gion contributed to the aberrant low expression
of TJP1 in MM cells and that DNA methylation
might affect TJP1methylation.We also identified
a core transcription site of the TJP1 promoter
region located between 0 and �566, which
contained 2 CpG islands in the start of TJP1 pro-
moter. In vitromethylation with Methyltransfer-
ase and S-adenosylmethionine, showed that
methylation suppressed promoter activity. In
addition, we detected three methyltransferases
involved in methylation of the gene. Among them, DNMT1 was the
only one shown to modulate TJP1 expression by affecting the CpG
methylation of the promoter region in MM. The regulation of TJP1
byDNMT1affects theEMTpathway, thus regulatingMMcell adhesion.

Our data clearly confirmed that epigenetic modifications could affect
TJP1 expression. The expression change of TJP1 regulates cell adhesion
via EMT in MM. The methylation state of DNA is maintained in a dy-
namic homeostasis by DNMTs and translocation proteins (TETs).
rapy: Oncolytics Vol. 19 December 2020 203
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Figure 5. Effects of Combined Treatment of Methylation

Inhibitor and/or TJP1Overexpressionwith Bortezomib in

MM In Vitro and In Vivo

(A) MM cells were obtained from 3 different MM patient samples

and plated with 1 � 104 cells/well in 96-well plates for 72 h

treated with AZA and/or TJP1-cDNA and bortezomib, and the

cell viabilities of MM cells were detected by the WST-1 assay.

(B) MM1s cells were injected to SCID mice to establish a sub-

cutaneous MMmodel. These tumor-bearing mice were treated

with bortezomib, AZA, or TJP1-cDNA or their combinations

in vivo, and tumor volumes were measured and compared with

control group. (C) The survival duration of MM orthotopic mice

was recorded after treatment with bortezomib, AZA, or TJP1-

cDNA or their combinations and compared with control group.

All data in (A) are presented as mean ± SD from 3 independent

experiments. A paired Student’s t test was performed for sig-

nificance testing. **p < 0.01 comparing with control group,
##p < 0.01 and $$p < 0.01 comparing with treatment group.
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DNMTs catalyze and maintain the methylation state of CpGs in DNA,
while the TETs induce demethylation. Although our results found
significant upregulation of DNMT expression in MM and direct inter-
actions of DNMT1 with the TJP1 promoter, the role of TETs in regu-
lating TJP1 promoter methylation in MM is still undefined. Therefore,
further studies will be necessary to evaluate whether TETs mediate
methylation alteration of the TJP1 gene in MM.

In summary, this study robustly demonstrates that TJP1 expression is
downregulated in MM clinical samples. TJP1 downregulation modu-
lates EMT, which then suppresses the cell adhesion capacity, thus
promoting tumor progression. In addition, the promoter region of
the aberrantly expressed TJP1 was shown to be highly methylated
by DNMT1 in MM. Methylation rates were negatively correlated
with TJP1 mRNA expression levels in both MM cell lines and clinical
samples. Methylation inhibitor/activator could rescue and reverse the
204 Molecular Therapy: Oncolytics Vol. 19 December 2020
phenomenon. Moreover, combination of methyl-
ation inhibitor and TJP1-cDNA with bortezomib
may yield superior outcomes in the treatment of
myeloma. Our ongoing studies will further address
the inducing factors of DNMT1 in the regulation
TJP1 methylation in myeloma.

MATERIALS AND METHODS
Human Cell Lines and Primary Cells

The human MM cell line MM1s (ATCC: CRL-
2974) was cultured in RPMI 1640, supplemented
with 10% fetal bovine serum (FBS) (Hyclone, Lo-
gan, UT, USA). The study was approved by the
Sun Yat-sen University Institutional Review Board,
and written informed consent was obtained from all
the patients in accordance with the Declaration of
Helsinki. The demographic and clinical features of
the patients are summarized in Table S1. Primary
MM cells were obtained from BM samples using
CD138 micro-bead selection (Milteny Biotec, Auburn, CA, USA)
with more than 90% purity. The purity was confirmed by flow cyto-
metric analysis with monoclonal antibody against human CD38-PE
(BD Biosciences, San Jose, CA, USA). BMSC and plasma cells were
obtained from healthy volunteers after Ficoll-Hypaque density
sedimentation.

Quantitative Real-Time PCR

To detect mRNA expression in MM and normal cells, we performed
quantitative real-time PCR as described previously.24 The qPCR
primer TJP1 TSS1-3 primer was used to detected all transcripts of
TJP1 located in the exon 5 region (TJP1 TSS1-3 sequence: Forward
primer: 5'-ACCAGTAAGTCGTCCTGATCC-3'; Reverse primer:
5'-TCGGCCAAATCTTCTCACTCC-3'). Two other TJP1 TSS1 and
TSS2 primers, which were used to detect TJP1 variant 1 (TJP1
TSS1) and variant 7 (TJP1 TSS2) uniquely, are listed in Table S2.
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Western Blot

Protein lysates were prepared and analyzed as described previously.49

Primary antibodies anti-GAPDH (Glyceraldehyde-3-Phosphate De-
hydrogenase) (1:5,000), anti-DNMT1 (1:1,000), anti-TJP1 (1:500),
anti-E-cadherin (1:1,000), and anti-N-cadherin (1:500) from Cell
Signaling Technology (Danvers, MA, USA) were used.

GSEA and Pearson Correlation Analysis

To investigate the influence of TJP1 expression on MM progression,
we analyzed the public MM GEO dataset (GEO: GSE4581). We then
compared 140 samples with high TJP1 expression and another 140
samples with low expression in 414 MM patients. The gene sets
were downloaded from the Broad Institute’s MSigDB (https://www.
broadinstitute.org/gsea/index.jsp). Pearson correlation analysis was
performed by RStudio software with ggstatsplot package to investi-
gate the relationship between the expression of TJP1 and E-cadherin
in GEO: GSE4581. A p value <0.05 was considered significant.

DNA Extraction and BSP

Genomic DNA was isolated using a TIANamp Genomic DNA kit
(Tiangen Biotech, Beijing, China) and was converted using the EZ
DNA Methylation-Gold kit (ZYMO Research, Beijing, China). The
methylated CpGs in the TJP1 (number NG_003257) promoter were
estimated by MethPrimer (https://www.urogene.org/methprimer/).
The primer pair modified by Primer Premier 5 was 50-GATTTTATT
ATTAGTTTTAGTTTTGGTAGT-30 (forward) and 50-TAAAAAA
CTTATCCACTTACTCCTC-30 (reverse). The amplified fragments
were purified using PCR Cleanup kit (Axygen, Corning, NY, USA)
and then cloned into pEASY-T1 vector (TransGen Biotech, Beijing,
China). The clones were sequenced (BGI Tech, Shenzhen, China)
and analyzed data for 20 methylation cites using QUMA (http://
quma.cdb.riken.jp/).

Lentiviral Techniques

Short hairpin RNA (shRNA)-lentiviral particles against human
TJP1, DNMT1, and control lentiviral particles were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). pCDH-
MCS-T2A-copGFP-MSCV (System Biosciences, Mountain View,
CA, USA) was used as a backbone to make the TJP1 and DNMT1
lentiviral overexpression vector. TJP1 and DNMT1 overexpression
recombinant lentiviral particles were produced by transient trans-
fection of HEK293T cells according to standard protocols. Briefly,
subconfluent HEK293T cells were transduced with 20 mg of an
expression vector, 15 mg of pAX2, and 5 mg of pMD2G-VSVG by
calcium phosphate precipitation. After 16 h of transfection, the
medium was changed, and recombinant lentivirus was harvested
twice at 24 and 48 h later. The raw virus supernatants were concen-
trated by polyethylene glycol precipitation. For stable expression of
knockdown/overexpression of TJP1, DNMT1, and control through
lentiviral infection, MM1s were incubated with polybrene
(5 mg/mL) for 1 h before the addition of the lentiviral particles. After
24 h, the medium was replaced, and cells were grown for 1 day. Sta-
ble shRNA and overexpression cell lines were selected in 2 mg/mL
puromycin dihydrochloride.
Cell Viability Assays

The tetrazolium reagentWST-1 was used to determine cell viability ac-
cording to the manufacturer’s protocol and as previously described.50

Adhesion Assay

A confluent monolayer of the BMSCs (passages 2–5) was generated
by plating 1 � 104 cells/well in 96-well plates for 24 h. MM1s cells
were cultured for 24 h, then labeled with fluorescent calcein-AM
(1 mg/mL for 1 h), washed, and a suspension of 0.5 � 106 cells/mL
was prepared. MM1s cells or stroma were separately treated with
E-cadherin-blocking Ab for 1 h and then washed before being used
in the adhesion assay. 100 mL of the MM cell suspension was added
to the BMSCs and then incubated for 1 h. Non-adherent cells were
washed, and adhesion was detected by measuring the fluorescence in-
tensity in the wells using a plate-reader fluorometer Infiniti M200
(excitement/emission, 485/520 nm; Tecan, Baldwin Park, CA, USA).

Immunofluorescence (IF) Staining

IF staining was performed according to the protocol.51 We incubated
the slides with human-specific anti-E-cadherin monoclonal antibody
(1:200) (Abcam, Cambridge, MA, USA) for 90 min at room temper-
ature. Thereafter, the appropriate secondary antibodies (1:5,000) were
applied and incubated for 30 min. The IF staining was assessed by
combining measurements of the intensity and extent of immunopo-
sitivity (60�).

Animal Models for MM In Vivo

All animal experiments were approved by the Animal Ethics Com-
mittee of Sun Yat-sen University and performed in accordance with
the guidelines of the Animal Care and Use Committee of Sun Yat-
sen University. In total, 30 male, non-obese diabetic (NOD)-SCID
mice (7–9 weeks old, median weight 28 g) were obtained from the
Sun Yat-sen University animal center. An in vivo xenograft model
was developed in immunodeficient mice by injecting MM1s cells.
Myeloma xenograft tumors were generated by injecting 5 � 106 cells
resuspended inMatrigel (BD Biosciences) subcutaneously in the right
flank of mice. Mice were blindly randomized into five groups (n = 3)
of the control, bortezomib, bortezomib/AZA, bortezomib/TJP1-
cDNA, or bortezomib/AZA/TJP1-cDNA. For subcutaneous injection
of tumor cells to detect the tumor volumes, the tumor volumes were
measured every 3 days and calculated as follows (length � width2)/2.
Ethical endpoints were defined as a tumor volume of 400 mm3 or 20%
loss of original body weight. For studies of the survival time of MM
orthotopic models, a total of 3 � 106 MM1s cells were injected into
mice via tail veins, and mice were inspected daily for any signs of
distress. Mice were blindly randomized into five groups (n = 3) of
control, bortezomib, bortezomib/AZA, bortezomib/TJP1-cDNA, or
bortezomib/AZA/TJP1-cDNA. The survival duration of MM ortho-
topic mice was recorded. All mice were euthanized by asphyxiation
with CO2 followed by cervical dislocation, away from other animals.

AZA, EMT Inhibitor (C19), and TGF-b Treatment in MM Cells

After growing to about 40%–50% confluency, the cells were treated
with inhibitors of DNA methylation AZA (Sigma, Shanghai, China),
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EMT inhibitor (C19, MedChemExpress, Monmouth Junction, NJ,
USA), or EMT activator TGF-b (Sigma), dissolved in PBS, from a se-
rial dilution of 3.0 mM, 10 mM, or 10 ng/mL, respectively. The media
exchange and reagent treatments were performed on cells for 2 days.
We used untreated cells as the study control.

Statistical Analysis

Data were analyzed and represented using GraphPad Prism 7 soft-
ware. Error bars represent the mean ± standard deviation (SD) for
triplicate measurements from at least 3 independent experiments.
Differences between the 2 groups were analyzed by the Student’s
t test. Survival curves were created using the Kaplan-Meier method,
with the log-rank test used to assess significance. p values <0.05
were considered statistically significant.
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