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It was previously demonstrated that microRNA-199a (miR-199a) was down-regulated in testicular germ cell
tumor (TGCT) partially caused by hypermethylation of its promoter. miR-199a is encoded by two loci in the
human genome, miR-199a-1 on chromosome (Chr) 19 and miR-199a-2 on Chr 1. Both loci encode the same
miR-199a. Another microRNA, microRNA-214 (miR-214), also locates on Chr 1. Previous study revealed
that it is co-transcribed with miR-199a-2. However, the biological significance of the co-expression of
miR-199a and miR-214 remains largely unknown. In this study, we determined that miR-199a and miR-214
were concordantly expressed in NT2 cells and TGCT patient tissues. After 5-aza treatment, miR-199-3p/5p
and miR-214 expression was significantly increased. Silencing of DNMT1with siRNA restored the
expression of miR-199a and miR-214, accompanied by de-methylation of the promoters of miR-199a-1/2.
TP53 down-regulated the expression of DNMT1 in NT2 cells and overexpression of TP53 restored the
expression of miR-199-3p/5p and miR-214. In addition, silencing of PSMD10 up-regulated the expression
of TP53, while miR-214 over-expression resulted in PSMD10 down-regulation and TP53 up-regulation.
Collectively, our findings highlighted a miR-199a/miR-214/PSMD10/TP53/DNMT1 self-regulatory
network, which might be a potential therapeutic target in the treatment of TGCT.

A
s a key epigenetic modification, DNA methylation plays a crucial role in regulating gene expression in
normal mammalian development. However, it was also observed that DNA methylation serves to modu-
late crucial growth regulators such as tumor suppressor genes (TSGs) and tumor suppressor microRNAs

via promoter hypermethylation in cancer development1–3. When DNA is hypermethylated in the promoter
region, genes or microRNAs (miRNAs) encoded are inactivated and silenced. DNA methylation is often dysre-
gulated in tumor cells2. In the mammalian genome, DNA methylation is catalyzed by a family of DNA methyl-
transferases (DNMTs) that transfer a methyl group from S-adenyl-methionine (SAM) to the fifth carbon (C-5) of
a cytosine residue to form 5mC. DNMT1 is primarily responsible for the maintenance, while DNMT3A and
DNMT3B (de novo methyltransferases) are responsible for the establishment of genome DNA methylation
patterns4,5.

Testicular germ cell tumor (TGCT) is the most frequent solid tumor of Caucasian adolescents and young adult
males. It comprises a diverse group of neoplasms that can also be present in extragonadal sites, and is detrimental
to male health and reproductive capacity6. Histologically, TGCTs are divided into seminomas, which resemble
primordial germ cells (PGCs), and non-seminomas, which are either undifferentiated (embryonal carcinoma) or
differentiated [embryonic (teratoma) or extra-embryonic (yolk sac choriocarcinoma)]. Embryonal carcinoma
(EC) is the most frequent non-seminomatous tumor. It represents nearly 87% of non-seminoma7,8. Ntera2 (NT2)
is one of the well-established pluripotent human testicular EC cell lines. This cell line has been extensively used in
research on TGCT9–12. In this study, NT2 and normal human testis cell line Hs 1.Tes (HT, CRL-7002TM) were used
as cell models to study the tumorigenesis of TGCT.

miR-199a is a down-regulated miRNA caused by promoter hypermethylation in TGCT. miR-199a is encoded
by two loci in the human genome, miR-199a-1 in Chr 19 and miR-199a-2 in Chr 1. Both loci encode miR-199a,
which produces two mature miRNAs (miR-199a-3p and miR-199a-5p). Previous studies showed that the pro-
moters of both miR-199a-1 and miR-199a-2 were hypermethylated in TGCTs12–14. However, the molecular
mechanism underlying DNA hypermethylation in miR-199a promoter remains unknown. Previous study
showed that DNMT3A did not regulate the expression of miR-199a in TGCT15. Whereas, it was reported that
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DNMT1 regulates miR-199a expression via mediating DNA methy-
lation of miR-199a-1 promoter region16. Thus, it was suspected that
DNMT1 also regulates miR-199a expression via mediating DNA
methylation of miR-199a-2 promoter region in TGCT.

It was reported that the transcription of miR-199a-2 and miR-214
is regulated by the same promoter (miR-199a-2 promoter) as a single
transcript in both human and mouse17,18. Co-expression of miR-199a
and miR-214 was observed during normal development and in vari-
ous diseases18–23. However, the significance of co-expression of miR-
199a and miR-214 has not been fully elucidated. Besides, various
studies showed that TP53 represses the transcription activity and
expression of DNMT124–27. Interestingly, a more recent study
reported that miR-214 regulates the expression of TP53 positively
via directly targeting Gankyrin (also known as PSMD10), a negative
regulator of tumor suppressor TP5328,29. Notably, the majority of
clinical TGCTs express low levels of TP53, and TP53 mutations
are rarely observed30,31. In addition, expression of DNMT1 was
shown to be significantly upregulated in embryonal carcinoma32.
These information together appear to suggest that miR-199a, miR-
214, PSMD10, TP53 and DNMT1 may form a self-regulatory net-
work in TGCT.

Results
Concordant expression of miR-199a and miR-214 in TGCT. Since
it was demonstrated that the promoters of miR-199a at both loci (Chr
1 and Chr 19) were hypermethylated, and the co-transcription of
miR-199a-2 and miR-214 was directed by the miR-199a-2 pro-
moter13,14,17,18, it is conceivable to propose that miR-214 showed
similar expression pattern as miR-199a in TGCT. Indeed, qPCR
results indicated that miR-214 was down-regulated in NT2 cells
with more than 90-fold change when compared with HT cells
(Fig. 1A). Moreover, the expression of miR-214 mRNA in clinical
samples was also tested. miR-214 was significantly down-regulated
in embryonal carcinoma compared to normal tissues (Fig. 1B). These
results were consistent with the expression levels of miR-199a-3p and
miR-199a-5p (two mature miRNAs of miR-199a) in embryonal
carcinoma and NT2 cell lines14. Moreover, treatment with 5-aza
restored the expression of miR-214, miR-199a-3p and miR-199a-
5p in NT2 cells (Fig. 1C). These data suggested that miR-199a and
miR-214 were concordantly expressed in TGCT, confirming the co-
expression of miR-199a and miR-214.

DNMT1 regulates the expression of miR-199a/miR-214 via pro-
moter methylation in TGCT. Consistent with the upregulation of
DNMT1 in embryonal carcinoma32, DNMT1 was overexpressed in
NT2 cells and embryonal carcinoma samples when compared with
HT cells and normal testis tissues (Fig. 2A, B, C). Next, to select the
siRNAs used to knock down DNMT1 in NT2 cells, the knock-down

efficiencies of different siRNAs were compared. Results showed that
si2354 had the best knock-down efficiency. Therefore, it was selected
for subsequent experiments (Fig. 2D, E). When assessing the
expression of miR-214 and miR-199a, it was found that knocking
down DNMT1 increased the expression of mature miR-214, miR-
199a-3p and miR-199a-5p, respectively, in NT2 cells (Fig. 2F). In
addition, methylation-specific PCR (MSP) was used to examine the
promoter methylation changes of miR-199a-1/2. Five sets of MSP
primers were designed, of which two sets of primers focused on two
CpG rich regions of miR-199a-1, and three sets of primers focused on
three CpG rich regions of miR-199a-2. Each set of primers contained
two pairs of primers to amplify either methylated or unmethylated
alleles. miR-199a-1 is localized in Chr 19, with a size of 71bp (11 to
171) in the human genome (10928102 to 10928172). The two
regions selected for MSP analysis, based on their CpG content and
being at the 59 end of the gene33, are (2472 to 297) for M1/U1 and
(2472 to 211) for M2/U2. miR-199a-2 is localized in Chr 1, with a
size of 110 bp (11 to 1110) in the human genome (172113675 to
172113784). The three regions selected for MSP analysis are (221 to
1396) for M1/U1, (165 to 1374) for M2/U2 and (221 to 1100) for
M3/U3. These three regions were previously identified to be in the
potential promoter of miR-199a-214,18. MSP results showed that the
promoter methylation levels of miR-199a in the two loci were corre-
spondingly decreased after transfection with siDNMT1 (si2354) in
NT2 cells (Fig. 2G). In addition, knocking down DNMT1 led to the
elevation of pri-miR-199a-1/2 and pri-miR-214 (Fig. 2H). However,
there are other transcription factors such as TWIST1, REST and
CREB that are potentially involved in the regulation of miR-199a/
miR-214 and would possibly affect the operation of the miR-199a/
miR-214/PSMD10/TP53/DNMT1 network. The transcription factor
TWIST1, a well-known positive regulator of the miR-199-2/miR-214
cluster transcription17, has been shown to be linked to DNMT1 in
ovarian cancer34. Whereas the situation is different in TGCT,
TWIST1 was most strongly expressed in seminoma and EC35, and
the DNMT1 siRNA treatment led to no significant effect on the
expression of TWIST1 in NT2 cells (Fig. 2H). REST, which
preferentially bound to the methylated promoters of both miR-
199a-1 and miR-199a-2/miR-214 had been shown to negatively re-
gulate the expression of miR-199a13. CREB was previously reported
to suppress the expression of miR-199a-3p during embryo implan-
tation36. On the other hand, knocking down DNMT1 did not affect
the expression of REST and CREB in NT2 cells significantly
(Fig. 2H). These data indicated that the expression of miR-199/
miR-214 could be affected by DNMT1 via promoter methylation,
but not likely by the transcription factors TWIST1, REST or CREB.

TP53 represses the expression of DNMT1 and increases the ex-
pression of miR-199a/miR-214 in TGCT. The expression of TP53

Figure 1 | Concordant expression of miR-199a and miR-214 in TGCT. (A) miR-214 expression was assessed by RT-PCR in HT and NT2 cells.

(B) miR-214 mRNA expression in normal testis tissues and embryonal carcinoma. (C) Effect of 5-aza treatment on expression of miR-199a and miR-214

in NT2 cells.
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in HT cells and NT2 cells, as well as in clinical samples were
compared by RT-qPCR. TP53 showed 2-fold down-regulation in
NT2 cells (Fig. 3A). Results of Western blot analysis corroborated
with this observation (Fig. 3B). In clinical samples, TP53 was
significantly down-regulated in embryonal carcinoma compared to
normal testis tissues (Fig. 3C). This is in agreement with the low
expression of TP53 in the majority of TGCT samples30,31. When we
overexpressed TP53 in NT2 cells with wide-type TP53 expression
vector (pEGFP-TP53), we found that TP53 could inhibit the
expression of DNMT1 (Fig. 3D, E, F). In addition, a statistically
significant inverse correlation was observed between TP53 mRNA
level and DNMT1 mRNA level in clinical samples (r 5 20.609, p 5

0.001. Pearson’s correlation; Fig. 3G). To investigate whether TP53
regulates DNMT1 expression via modulating DNMT1 promoter
activity, dual luciferase assay was employed to quantify the
regulation of DNMT1 promoter activity gene by wild-type TP53 in
NT2 cells. Fig. 3H showed the construct of pGL3-DNMT1 promoter
luciferase reporter vector. Compared with pGL3-Basic vector, pGL3-
DNMT1 promoter vector showed much higher luciferase activity.

Co-transfection of pGL3-Basic vector with pEGFP-TP53 or pEGFP-
N1 in NT2 cells, resulted in no significant difference between the two
groups. However, co-transfection of pGL3- DNMT1 promoter
vector with pEGFP-TP53 or pEGFP-N1 in NT2 cells showed that
wild-type TP53 decreased DNMT1 promoter activity to 40% of the
pEGFP-N1 control vector (Fig. 3I). Notably, overexpression of TP53
restored the expression of mature miR-214, miR-199a-3p and miR-
199a-5p, respectively, in TGCT (Fig. 3J). On the other hand, TP53 is
known to involve in posttranscriptional regulation of microRNA
biogenesis37. To prove the elevation of mature miR-199a-3p/5p
and miR-214 due to the regulation of TP53 on the transcription of
pri-miR-199a-1/2 and pri-miR-214, the expression of pri-miR-199a-
1/2 and pri-miR-214 were assessed after overexpression of TP53 in
NT2 cells, and found that TP53 increased the primary transcription
of miR-199a and miR-214 (Fig. 3K). In addition, to rule out the
involvement of TWIST1, REST and CREB, the expression of
TWIST1, REST and CREB were examined after overexpression of
TP53 in NT2 cells. No significant change in the expression level of
these transcription factors was observed (Fig. 3K). These findings

Figure 2 | DNMT1 regulated the expression of miR-199a/miR-214 via promoter methylation in TGCT. (A) DNMT1 mRNA expression and

(B) DNMT1 protein level in HT and NT2 cells. (C) DNMT1 mRNA expression in normal testis tissues and embryonal carcinoma. (D) DNMT1 mRNA

expression and (E) DNMT1 protein level after transfection of siDNMT1 into NT2 cells. (F) miR-214, miR-199a-3p and miR-199a-5p mRNAs expression

after transfection of siDNMT1 into NT2 cells. (G) Mature miR-199a-1/2 promoter methylation on Chr 1 and Chr 19 in NT2 cells after transfection of

siDNMT1 into NT2 cells. (H) pri-miR-214, pri-miR-199a-1/2, TWIST1, REST and CREB mRNAs expression after transfection of siDNMT1 (si2354)

into NT2 cells.
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revealed that TP53 repressed DNMT1 promoter activity and
expression level, and enhanced the expression of miR-199a/miR-
214. This effect of TP53 did not involve TWIST1, REST or CREB.

PSMD10 negatively regulates the expression of TP53 in TGCT. It
was previously reported that PSMD10 is a negative regulator of
tumor suppressor TP5329. To confirm the negative regulator role of
PSMD10 on TP53, the expression of PSMD10 in HT cells and NT2
cells, as well as in clinical samples were examined. The expression
level of PSMD10 showed 3-fold up-regulation in NT2 cells (Fig. 4A,
B). The level of PSMD10 was also significantly higher in embryonal
carcinoma (Fig. 4C). When si373 was used to knock down PSMD10
in NT2 cells, the expression of TP53 in NT2 cells increased (Fig. 4D,
E, F, G). Moreover, correlation study showed that PSMD10 mRNA
level was inversely correlated with TP53 mRNA level in clinical
samples (r 5 20.409, p 5 0.042. Pearson’s correlation; Fig. 4H).

miR214 positively regulates the expression of TP53 via directly
targeting PSMD10 in TGCT. It is known that PSMD10 was a direct

target of miR-214 in myeloma28. To validate the direct targeting of
miR-214 on PSMD10 in TGCT, a dual luciferase assay was
performed. We constructed the pmirGLO-PSMD10 39UTR report-
er vector containing the putative miR-214 binding sites (Fig. 5A).
The pmirGLO-PSMD10 39-UTR reporter vector was co-transfected
with miR-214 mimics or negative control RNA (NC), or empty
pmirGLO with miR-214 mimics, into NT2 cells. As shown in
Fig. 5B, when cotransfected with miR-214 mimics, the relative
luciferase activities of pmirGLO-PSMD10 39UTR luciferase report-
er in NT2 cells were suppressed by almost 60% compared with the
transfection with NC and empty pmirGLO vector. To investigate the
effect of miR-214 on PSMD10 and TP53, miR-214 mimics was
transfected into NT2 cells (Fig. 5C). RT-qPCR and Western blot
analysis were used to evaluate the expression of PSMD10 and
TP53 after transfection of miR-214. Overexpression of miR-214
greatly down-regulated PSMD10 expression and up-regulated
TP53 expression (Fig. 5D, E). In addition, miR-214 mRNA level
was inversely correlated with PSMD10 mRNA level (r 5 20.603, p
5 0.001. Pearson’s correlation), while was positively correlated with

Figure 3 | TP53 repressed the expression of DNMT1 and increased the expression of miR-199a/miR-214 in TGCT. (A) TP53 mRNA expression and

(B) TP53 protein level in HT and NT2 cells. (C) TP53 mRNA expression in normal testis tissues and embryonal carcinoma. (D) TP53 mRNA expression,

(E) DNMT1 mRNA expression and (F) GFP-TP53 and DNMT1 protein levels after transfection of pEGFP-TP53 vector or pEGFP-N1 control vector into

NT2. (G) Statistical analysis to evaluate correlation between TP53 and DNMT1 mRNA expression levels in clinical samples (r 5 20.609, p 5 0.001.

Pearson’s correlation). (H) Construct of pGL3-DNMT1 promoter luciferase reporter vector. (I) The vectors pGL3-Basic, pGL3-DNMT1 promoter,

pGL3-Basic and pEGFP-TP53, pGL3-Basic and pEGFP-N1, pGL3-DNMT1 promoter and pEGFP-TP53, pGL3-DNMT1 promoter and pEGFP-N1, were

co-transfected with internal control pRL-TK renilla luciferase vector into NT2 cells. Reporter luciferase activity was measured. Ratio of relative activity

was calculated within group independent of each other. (J) Mature miR-214, miR-199a-3p and miR-199a-5p mRNAs expression after transfection of

pEGFP-TP53 vector into NT2 cells. (K) The mRNAs expression of pri-miR-214, pri-miR-199a-1/2, TWIST1, REST and CREB after overexpression of

TP53 in NT2 cells.
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TP53 mRNA level in clinical samples (r 5 0.593, p 5 0.002. Pearson’s
correlation) (Fig. 5F).

Discussion
Cancer was initially regarded as a disease of cell proliferation caused
by mutations in genes that control proliferation and the cell cycle38.
This is the Somatic Mutation Theory39. However, since the inception
of epigenetics in the 1940s, discoveries implicating its role in cancer
have been mounting continuously. More importantly, global changes
in epigenetic regulation have been regarded as a hallmark of cancer.
It is now realized that initiation and progression of cancer involves
epigenetic abnormalities along with genetic alterations40,41. During
the past decade, the epigenetics factors have changed from just one
recognized marker, DNA methylation, to a variety of others, includ-
ing a wide spectrum of histone modifications and microRNAs40. As
the first identified epigenetic modification, DNA methylation has
been widely studied. Dysregulation of DNA methylation has been
found in cancer as a typical hallmark, and its consequence is the
silencing of genes and noncoding RNAs40.

miR-199a is a typical example of silenced miRNA partially caused
by promoter DNA hypermethylation in TGCT. Previous studies
demonstrated that the promoters of miR-199a at both loci (Chr 1
and Chr 19) were almost completely methylated in TGCT when
compared with normal testicular tissue13,14. More detailed analyses
showed that miR-199a-5p, one of its two derivatives, suppressed
TGCT invasion and proliferation via directly targeting PODXL
and MAFB13,14. On the other hand, miR-199a-3p, its other derivative,
was shown to negatively regulated DNA methylation in TGCT,
partly through targeting DNMT3A. Overexpression of miR-199a-
3p restored the expression of APC and MGMT tumor-suppressor
genes in NT2 cells by affecting DNA methylation of their promoter
regions15. Collectively, these data assigned a tumor suppressor role to
miR-199a in TGCT. On the other hand, low expression of miR-214
has been observed in different types of cancer, such as myeloma28,
hepatocellular carcinoma42,43, colorectal cancer44, breast cancer45, and
primary central nervous system lymphomas (PCNSL)46. Moreover, it

has been demonstrated that miR-214 acted as a tumor suppressor via
downregulation of certain oncogenes [PSMD1028, b-catenin42,43,
FGFR144, and Ezh245] in these different solid cancers. In our study,
we demonstrated that in embryonal carcinoma and NT2 cells, miR-
214 was also down-regulated. Inhibition of PSMD10 induced an
increase of TP53 mRNA and protein levels. In addition, miR-214
was shown to directly targeted and down-regulated the expression of
PSMD10, which subsequently up-regulated the expression of TP53.
Moreover, a statistically significant inverse correlation between miR-
214 mRNA level and PSMD10 mRNA level, while a statistically
significant positive correlation between miR-214 mRNA level and
TP53 mRNA level was observed in clinical samples. These data con-
firmed a tumor suppressor role for miR-214 in TGCT.

As a master regulator, miRNA is involved in multiple cellular
processes during normal development and diseases47. Previous stud-
ies mainly focused on the elucidation of miRNA functions48.
However, the question of how microRNA expression is regulated
was rarely asked. In the present study, we explored the mechanism
of the down-expression of miR-199a/miR-214 in TGCT. Early stud-
ies indicated that miR-199a-2 and miR-214 were co-transcribed with
the promoter of miR-199a-2, and co-expression of miR-199a and
miR-214 has been observed in various systems17–23. Notably, con-
cordant expression of miR-199a and miR-214 was also observed in
TGCT. Since it was reported that silencing of miR-199a-1/2 was
partially caused by promoter DNA hypermethylation, the expression
of miR-214, miR-199a-3p, and miR-199a-5p, respectively, were cor-
respondingly up-regulated after treatment with 5-aza. Moreover, we
showed that DNMT1, the maintenance DNA methyltransferase,
inhibited the expression of primary and mature miR-199a/miR-
214 via affecting the promoter DNA methylation of miR-199a-1
and miR-199a-2/miR-214 in TGCT. In unraveling the regulatory
mechanisms of miR-199a/miR-214 expression in greater detail, we
further found that TP53 repressed the transcription activity and
expression of DNMT1 as previously reported, which suggested that
TP53 is a potential positive regulator of miR-199a/miR-214. Indeed,
over-expressed TP53 would up-regulate the expression of primary

Figure 4 | PSMD10 negatively regulates the expression of TP53 in TGCT. (A) PSMD10 mRNA expression and (B) PSMD10 protein level in HT and

NT2 cells. (C) PSMD10 mRNA expression in normal testis tissues and embryonal carcinoma. (D) PSMD10 mRNA expression and (E) PSMD10 protein

level after transfection of siPSMD10 into NT2 cells. (F) TP53 mRNA expression and (G) TP53 protein level after transfection of siPSMD10 into NT2 cells.

(H) PSMD10 and TP53 mRNA levels inversely correlated in clinical samples (r 5 20.409, p 5 0.042). Statistical analysis to evaluate correlation was

performed using Pearson’s correlation analysis.
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and mature miR-199a/miR-214, respectively, in TGCT. Therefore, a
new miR-199a/miR-214/PSMD10/TP53/DNMT1 self-regulatory
network was suggested in TGCT progression, in which TP53 was
activated by miR-214 and participated in the positive regulation of
miR-199a/miR-214 via repressing DNMT1 (Fig. 6). However, pre-
vious study reported that DNMT1 was not expressed in seminoma,
but upregulated in embryonal carcinoma32,49. Thus the regulatory
network suggested in the current study might only operate in non-
seminoma and not in seminoma. Several well-known regulators of
miR-199a and miR-214 expression in systems other than TGCT,
such as TWIST117, REST13 and CREB36, were not affected after
DNMT1 siRNA (si2354) treatment and overexpression of TP53 in
NT2 cells. These results suggested that the regulation of miR-199a
and miR-214 is highly complex and the regulatory network is tissue
and/or tumor dependent. The miR-199a/miR-214/PSMD10/TP53/
DNMT1 self-regulatory network identified in the current study
could regulate the expression of miR-199a/miR-214 in TGCT.
However, the existence of other regulatory pathway cannot be ruled
out.

The miR-199a/miR-214/PSMD10/TP53/DNMT1 regulatory net-
work contributed to the down-regulation of miR-199a, miR-214, and
TP53, respectively, as well as the up-regulation of DNMT1 in TGCT,
and partly explains the mechanism involved in DNA hypermethyla-
tion of miR-199a promoter in TGCT. However, DNMT3B and
DNMT3L, the other DNA methyltransferases, were not examined
in this study. DNMT3L specifically expressed in TGCTs and EC cell
lines and was essential for the growth of human EC50. DNMT3B was
also strongly expressed in EC samples51. Since DNMT3A did not
affect DNA methylation of the miR-199a promoter regions15 and
knocking down DNMT1 did not cause complete demethylation of
the miR-199a-1/2 promoter regions, it is reasonable to assume that

DNMT3B, DNMT3L, or both might also act as a regulator of miR-
199a/miR-214 expression. Elucidation of the role of DNMT3B and
DNMT3L in miR-199a/miR-214 silencing will help us understand
better the mechanism of DNA methylation and involvement of
DNMTs in the regulation of miR-199a/miR-214 in TGCT.

In summary, our findings highlight a miR-199a/miR-214/
PSMD10/TP53/DNMT1 self-regulatory network, the dysfunction
of which may contribute to tumor survival and progression of
TGCT. Our study offers new insight into the biological significance
conferred by the co-expression of miR-199a and miR-214, and pro-
vide a potential therapeutic approach in targeting miR-199a/miR-
214/PSMD10/TP53/DNMT1 regulatory network for the treatment
of TGCT.

Methods
Primary TGCT specimens. Genomic RNA of 9 embryonal carcinoma (EC) obtained
from TGCT patients were purchased from Oncomatrix (San Marcos, CA, USA).
Normal testicular RNA (16 cases) were purchased from Zyagen (San Diego, CA,
USA). Each RNA samples was isolated from a single individual.

Cell culture and transfection. Ntera 2 (NT2) and Hs 1.Tes (HT) cell lines were
purchased from ATCC (Manassas, VA, USA) supplemented with 10% FBS and
incubated in a 37uC humidified incubator supplied with 5% CO2. Synthetic double-
stranded miR-214 mimics, scramble oligonucleotides used as negative control (NC)
(GenePharma, Shanghai, China) at a final concentration of 20 nM were introduced
into NT2 cells by Lipofectamine 2000 kit (Invitrogen, Carlsbad, CA) according to the
manufacturer’s instructions. Cells were harvested at 48 hours after transfection. For
demethylation analysis, 1 3 105 NT2 cells were seeded for 24 h and treated with
2.5 mm or 5 mm of 5-aza-2-deoxycytidine (5-aza) (Sigma, St Louis, MO, USA) for
72 h.

Inhibition of DNMT1, PSMD10 expression and overexpression of TP53. The
small interfering RNAs (siRNAs) specifically targeting DNMT1 (siDNMT1), namely,
si1617, si2354 and si3437, respectively, and PSMD10 (siPSMD10), namely, si373,

Figure 5 | miR-214 regulated the expression of TP53 positively via directly targeting PSMD10 in TGCT. (A) The putative human PSMD10 39-UTR

fragment containing miR-214 binding sequence was insert into the luciferase report vector pmirGLO downstream. (B) Dual luciferase assay of NT2 cells

co-transfected with the luciferase constructs containing the PSMD10 39-UTR as well as miR-214 mimics or scrambled oligonucleotides as the negative

control. (C) miR-214 mRNA expression, (D) PSMD10 and TP53 mRNAs expression, and (E) PSMD10 and TP53 protein levels after transfection of miR-

214 mimics into NT2 cells. (F) Statistical analysis to evaluate correlation between miR-214 and PSMD10 mRNA expression levels (r 5 20.603, p 5 0.001.

Pearson’s correlation), as well as between miR-214 and TP53 mRNA expression levels (r 5 0.593, p 5 0.002. Pearson’s correlation) in clinical samples.
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si518 and si765, respectively, were designed and synthesized by GenePharma,
Shanghai, China. The synthetic siDNMT1, siPSMD10, or negative control siRNA at a
final concentration of 20 nM were introduced into NT2 cells by using Lipofectamine
2000 kit (Invitrogen, Carlsbad, CA) as previously described under Cell Culture and
Transfection. Wild-type TP53 expression vector (GFP-p53, Plasmid 12091,
GeneBank ID: AAD28628.1), bought from Addgene (Cambridge, MA, USA),
produced the GFP-TP53 fusion protein (about 80 kDa). In addition, we re-named
GFP-p53 as pEGFP-TP53, which was consistent with its vector backbone pEGFP-N1.
The pEGFP-N1 vector, used as negative control, was purchased from Clontech
Laboratories, Inc. (Mountain View, CA, US). The siRNAs or vectors were introduced
into NT2 cells by Lipofectamine 2000 kit (Invitrogen, Carlsbad, CA) according to the
manufacturer’s instructions. Transfected cells were harvested at 24 or 48 hours to test
the knock-down efficiency of siDNMT1 and siPSMD10. For downstream
examination after transfection of siRNAs (siDNMT1 or siPSMD10) or vectors
(pEGFP-TP53 or pEGFP-N1) in NT2 cells, the transfected cells were harvested at
48 hours.

Construction of luciferase reporter vector. The fragment (nucleotides -11bp to
1285bp) of PSMD10 39-untranslated region (39-UTR) containing an intact miR-214
recognition sequence was amplified by PCR from genomic DNA and inserted into the
Firefly/Renilla dual reporter vector pmirGLO (Promega, Madison, WI) at the 39-end
of the firefly luciferase gene. The DNMT1 promoter (nucleotides 287bp to 1386bp),
containing the TP53 binding site24, was amplified by PCR from genomic DNA and
inserted into the pGL3-Basic luciferase reporter vector to construct the pGL3-
DNMT1 promoter luciferase reporter vector. The pRL-TK renilla luciferase vector
was used as internal control. The primers for the construction of luciferase reporter
vector were as follows: pmirGLO-PSMD10 39UTR vector, forward 59- CGAGCTC-
TGGAAGGTTAAACAGCTTGGA-39 and reverse 59- GCTCTAGAAGACTCA-
CAACAGCCACAGAA-39; pGL3-DNMT1 promoter vector, forward 59-CTAGCT-
AGCCGTGGAGCTTGGACGA-39 and reverse 59- CCCAAGCTTCCGCACCACC-
CCACGCAT-39.

Reverse-Transcription (RT) reaction and quantitative polymerase chain reaction
(qPCR). The harvested cells were placed in TRIzolH Reagent (Invitrogen, Carlsbad,
CA), and total RNAs were extracted according to the TRIzol manufacturer’s
instructions. Total RNA (1 mg) was primed by random hexamers and converted into
cDNA using SuperScript III (Invitrogen). The SYBR green-based real-time PCR was
performed in an Applied Biosystems 7900HT Fast Real-Time PCR System (Applied
Biosystems, Foster City, CA, USA), and GAPDH was used as an endogenous control
to normalize the amount of total mRNA in each sample. The primer sequences for
qPCR analysis were as follows: DNMT1, forward 59-GTGGGGGACTGTGT-
CTCTGT-39 and reverse 59-TGAAAGCTGCATGTCCTCAC-39; TP53, forward 59-
TCCACTACAACTACATGTGTAAC-39 and reverse 59- GTGAAATATTCTCCA-
TCCAGTG-39; PSMD10, forward 59- GGTGTCCCAAGGAGCAAGTA-39 and
reverse 59- ACACTGGGGACAACAACACA-39; TWIST1, forward: 59- CGGGA-
GTCCGCAGTCTTA-39 and reverse 59-GCTTGAGGGTCTGAATCTTG-39; REST,
forward: 59-GAGGCCACATAACTGCACTG-39 and reverse 59-TGTCCTTACTC-
AAGTTCTCAGAAGA-39; CREB, forward: 59- GTGTTACGTGGGGGAGAGAA-
39 and reverse 59- GGCTCCAGATTCCATGGTC-39; pri-miR-199a-1, forward 59-
CCGCTCTGTCCCTTCTGACG-39 and reverse 59-AAACCCTGCCTCCTGCTCC-
39; pri-miR-199a-2, forward 59-TGCCCAGTCTAACCAATGTGC-39 and reverse
59-AGCTGAATGCAACCCCTGG-39; pri-miR-214, forward 59- GTATCTGTCT-
ATGAGCAAAGGAAACC-39 and reverse 59-GGTGTAGATGCTATGGTG-
TGAGGGC-39; GAPDH, forward 59- TGCACCACCAACTGCTTAGC-39 and
reverse 59- GGCATGGACTGTGGTCATGAG-39. The expression of mature miR-
199a-3p, miR-199a-5p and miR-214 were measured using the well-established stem-
loop RT-qPCR method as previously described52, and the level of miRNAs expression
were normalized by U6 RNA. Real-time PCR was performed with a standard SYBR-

Green PCR kit protocol on ABI 7900HT Fast Real Time PCR system (Applied
Biosystems, Foster City, CA). The qPCR primer sequences for miR-199a-3p/5p have
been previously described15, while the sequence-specific primers for miR-214 and U6
were as follows: Stem loop primer for miR-214, GTTGGCTCTGGTGCAGG-
GTCCGAGGTATTCGCACCAGA.

GCCAACACTGCC; miR-214, forward 59-GGTGCAGGGTCCGAGGTAT-39

and reverse 59- CCGACAGCAGGCACAGACA-39; U6, forward 59-GCTTCGGC-
AGCACATATACTAAAAT-39 and reverse 59- CGCTTCACGAATTTGCG-
TGTCAT-39.

Dual luciferase reporter assay. 3 3 104 NT2 cells were plated in each well of a 24-well
plate the day before transfection. NT2 cells were co-transfected with pmirGLO-
PSMD10 39UTR construct and miR-214 mimics or a negative control, or co-
transfected with empty pmirGLO plasmid and miR-214 mimics by Lipofectamine
2000 (Invitrogen, Carlsbad, CA) as previously described by cell culture and
transfection methods. Moreover, the plasmids pGL3-Basic, pGL3-DNMT1
promoter, pGL3-Basic and pEGFP-TP53, pGL3-Basic and pEGFP-N1, pGL3-
DNMT1 promoter and pEGFP-TP53, pGL3-DNMT1 promoter and pEGFP-N1,
which were co-transfected with internal control pRL-TK renilla luciferase vector into
NT2 cells by Lipofectamine 2000. Four wells for each group in a single experiment. A
luciferase activity assay was performed 48 hours after transfection with the dual
luciferase reporter assay system (Promega). The relative luciferase activity was
normalized with Renilla luciferase activity.

Western blot analysis. Whole cell lysates were prepared with RIPA lysis buffer.
Protein concentration was determined for each sample with the Thermo ScientificTM

PierceTM BCA Protein Assay. The protein samples were 151 diluted in 2x sample
buffer containing b-mercaptoethanol (BME) and the mixture was boiled at 95-100uC
for 5 minutes. Equal amounts of cell lysate proteins were separated by sodium dodecyl
sulfate–polyacrylamide gel electrophoresis and transferred onto polyvinylidene
fluoride membranes. After incubation with antibodies specific for either DNMT1
(ab13537, Abeam), TP53 (sc-126, Santa Cruz Biotechnology), PSMD10 (sc-101498,
Santa Cruz Biotechnology), b-Actin (A1978, SIGMA-ALDRICH) or GAPDH
(Abeam), the blots were developed with HRP (horseradish peroxidase)-conjugated
anti-mouse IgG (Santa Cruz Biotechnology, Santa Cruz, CA) and visualized with
enhanced chemiluminescence.

Methylation specific PCR (MSP). DNA was extracted using InvitrogenTM genomic
DNA (gDNA) extraction kits. The bisulfite conversion of gDNA (400 ng) was
conducted with EZ DNA Methylation-GoldTM Kit (Zymo Research Corporation,
USA). MSP was performed as previously described53. The bisulfite-treated DNA (80–
100 ng) was amplified with the methylation-specific primers or the unmethylated-
specific primers, and the amplified products were analyzed on agarose gel. In this
study, MSP assay was performed 72 hours after transfection with siDNMT1 (si2354)
in NT2 cells. The primer sequences for miR-199a-1/2 used in MSP assays were
described in our previous study15.

Statistical analysis. The expressions of miR-214, TP53, PSMD10 and DNMT1 in
embryonal carcinoma and normal testis tissues were compared by the unpaired 2-
tailed t test. The relationship between miR-214 and PSMD10 mRNA expression
levels, miR-214 and TP53 mRNA expression levels, TP53 and PSMD10 mRNA
expression levels, TP53 and DNMT1 mRNA expression levels were analyzed by
Pearson’s correlation. The differences between samples analyzed by luciferase assay
and RT-qPCR were determined by two-tailed Student’s t test. Data were expressed as
means and standard deviations (SD) from at least three independent experiments. All
p values were two-sided and were obtained with the SPSS 16.0 software package
(SPSS, Chicago, IL). A p value , 0.05 was considered statistically significant (*, p ,

0.05; **, p , 0.01; ***, p , 0.001).

Figure 6 | Summary diagram describes the miR-199a/miR-214 self-regulatory network via TP53 and DNMT1 in TGCT. It suggested that TP53 was

activated by miR-214 and participated in the positive regulation of miR-199a/miR-214 via repressing DNMT1.
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