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ABSTRACT
PIWI homologs constitute a subclass of the Argonaute family. Traditionally, they have been shown to
associatewith a specific class of small RNAs, piRNAs, to suppress transposable elements and protect genomic
integrity in germ cells. Recent studies imply that PIWI proteins may also exert important biological functions
in somatic contexts, including the brain. However, their exact role in neural development remains unknown.
Hence we investigated whether PIWI proteins are involved in neuronal differentiation. By using an estab-
lished cell model for studying neurogenesis, NTera2/D1 (NT2) cells, we found that a particular PIWI homolog,
PIWIL4 was increasingly upregulated throughout the course of all-trans retinoic acid (RA)-mediated neuronal
differentiation. During this process, PIWIL4 knockdown led to partial recovery of embryonic stem cell
markers, while suppressing RA-induced expression of neuronal markers. Consistently, PIWIL4 overexpression
further elevated their expression levels. Furthermore, co-immunoprecipitation revealed an RA-induced
interaction between PIWIL4 and the H3K27me3 demethylase UTX. Chromatin immunoprecipitation showed
that this interaction could be essential for the removal of H3K27me3 from the promoters of RA-inducible
genes. By a similar mechanism, PIWIL4 knockdown also suppressed the expression of PTN and NLGN3, two
important neuronal factors secreted to regulate glioma activity. We further noted that the conditioned
medium collected from PIWIL4-silenced NT2 cells significantly reduced the proliferation of glioma cells. Thus,
our data suggest a novel somatic role of PIWIL4 in modulating the expression of neuronal genes that can be
further characterized to promote neuronal differentiation and to modulate the activity of glioma cells.
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Introduction

PIWI (P-element induced wimpy testis) homologs belong to
a subclade of Argonaute family of RNA-binding proteins. They
can associate with a group of small non-coding RNAs called
piRNAs, which are 24–31 nucleotide long and highly enriched in
germline cells [1–3]. Previous studies have identified an indis-
pensable role of the PIWI/piRNA complex in maintaining the
genomic integrity in germline cells by suppressing the activity of
transposable elements (TE) [4–7]. More recently, it has been
suggested that the roles of PIWI are not just restricted to germ-
line cells; instead they may have uncharacterized functions in
somatic cells and contexts. PIWIL4 has been found to suppress
gene expression by H3K9methylation in human cancer cells [8].
Surprisingly, in breast cancer cells, PIWI and piRNA can also
recruit epigenetic factors, such as histone methyltransferase
MLL3 and histone demethylase UTX, to facilitate gene activation
[9]. Our previous study has shown that oestrogen can elevate
PIWIL4 expression, which subsequently modulates the migra-
tion and invasion of breast cancer cells [10].

Interestingly, a potential role of PIWI homologs in the ner-
vous system has started to emerge. In one study, the presence of
PIWI and piRNA has been discovered in the neurons of Aplysia
and shown tomodulate long termmemory at the epigenetic level

[11]. Additionally, silencing PIWIL1 expression in the cerebral
cortex of rodent brain downregulates various genes related to
cytoskeletal organization and affects radial migration of cortical
neurons [12]. However, the exact somatic role of PIWI homo-
logs in neural development remains to be characterized. Hence,
to characterize the potential involvement of PIWI homologs in
modulating neuronal differentiation, we utilized an embryonal
carcinoma (EC) model, Ntera2/D1 (NT2) cells. These cells can
be induced by all-trans retinoic acid (RA) to differentiate along
the neuronal lineage [13–15].

RA has been established to promote neural patterning, neuro-
nal differentiation and axonal outgrowth [16,17]. It is also essential
for neurogenesis in adult hippocampus [18]. In vitro, RA has been
widely used to differentiate embryonic stem cells (ESCs), EC cells,
neural precursor cells from hippocampus and subventricular zone
(SVZ) into neurons [19–24]. Once transplanted, the exogenously
generated neurons have been shown to successfully replace degen-
erated neurons in the animal models of Parkinson’s disease (PD)
[25], Huntington’s disease (HD) [26] and stroke [27], suggesting
that the cell-based therapy could be a promising approach to treat
neurodegenerative diseases, such as PD [28].

Paradoxically, neural precursor cells have been related to
glioma cell proliferation and migration [29–33]. Pleiotrophin
(PTN), a neurite outgrowth promoting factor secreted by
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precursor cells, can activate Rho/ROCK signalling in glioma
and cause migration of tumour cells towards SVZ [31].
Indeed, glioblastoma (GBM) recurrence has been positively
correlated with the proximity to neural stem cell niche [30].
In addition, neuronal activity in presynaptic neurons can
induce the secretion of neuroligin-3 (NLGN3) which serves
as a potent mitogen for high-grade glioma (HGG) cells [32].

In this study, we found that a particular PIWI homolog,
PIWIL4, was increasingly upregulated throughout the course
of RA-mediated neuronal differentiation. Suppression of
PIWIL4 upregulation significantly reduced the RA-induced
expression of neuronal markers, while partially restored that
of ESC markers, NANOG and OCT-4. Then we noted an
interaction between PIWIL4 and the H3K27me3 demethylase
UTX and showed that PIWIL4 was needed to efficiently
remove the repressive histone mark at the promoters of neu-
ronal genes, such as CYP26A1 and NEUROD1. We even
noticed that silencing PIWIL4 decreased the expression of
PTN and NLGN3, at least partially through maintaining the
H3K27me3 modification at their promoters. Consistently, the
conditioned medium collected from PIWIL4-depleted NT2
cells significantly reduced glioma cell proliferation. These
observations suggest that PIWIL4 may regulate not only the
neurogenic genes that are essential for normal neurogenesis
but also those implicated in modulating glioma cell activity.

Materials and Methods

Cell culture

The human NTera2 clone D1 cell line (NT2) and 293 T cells
were purchased from ATCC. The U87 MG cell line was a kind
gift from A/Prof Lim Kah Leong (Department of Physiology,
National University of Singapore). All the cell lines were
cultured using Dulbecco’s Modified Eagle’s Medium with
10% FBS. They were maintained at 37°C in 5% CO2.

For NT2 cell differentiation, cells were treated for 28 days
with 10 µM all-trans retinoic acid (Sigma-Aldrich) with the
medium changed every 3 days.

Cells were transfected using Lipofectamine 3000 with siRNAs
(100 nM). TheMISSION® pre-designed siRNAs used for transfec-
tion were purchased from Sigma-Aldrich. The sequence informa-
tion is as follows: siPL4-1 (SASI_Hs01_00210309), siPL4-2
(SASI_Hs02_00366170). The third sequence of siPL4-3
(GGACGGAACTTCTATAATC) adopted from a previous report
[9] was synthesized with IDT. The ON-TARGETplus
SMARTpool siRNA targeting PIWIL4 (p-siPL4) was purchased
from Dharmacon. The negative control siRNA was purchased
from Qiagen.

The PIWIL4-pLX304 plasmid was obtained from DNASU
Plasmid Repository. The PIWIL4 coding sequence was then
cloned into pcDNA3.1-3xHA vector using the BamHI and
XhoI sites. pCS2-UTX-F (plasmid #17438) and pCAG-HA-
NLGN3 WT (plasmid #59318) were purchased from
Addgene. Human PTN was cloned from the cDNA of NT2
cells as the template and inserted into pcDNA3.1(+)-3xFLAG
vector using the BamHI and EcoRI sites. All the cloned
sequences were validated by Sanger sequencing.

Western Blot

Culture medium was removed carefully, and cells washed twice
with 1X PBS. Then 1X RIPA buffer (Pierce, ThermoFisher
Scientific, Waltham, MA, USA) with protease (Roche, Sigma-
Aldrich, USA), phosphatase inhibitors (Pierce, ThermoFisher
Scientific, Waltham,MA, USA) were added to cells and incubated
for 15 minutes on ice to lyse the cells. The lysate was collected
using cell scrapper and centrifuged at 14,000 g for 15minutes. The
supernatant was collected and further used for protein concentra-
tion estimation using Bradford reagent (Bio-Rad, Hercules, CA,
USA). 60 µg total proteins were loaded on SDS-PAGE gel and
separated at 100 V for 2 hours. Then they were transferred onto
PVDF membrane using semi-dry transfer cassette (Bio-Rad,
Hercules, CA, USA). The blots were blocked with 5% skimmed
milk for 1 hour at room temperature followed by incubation with
the following primary antibodies overnight at 4°C: PIWIL1
(1:1000; ab12337, Abcam), PIWIL2 (1:1000; ab181340, Abcam),
PIWIL3 (1:1000; SAB4200150, Sigma Aldrich), PIWIL4 (1:1000;
ab87939, Abcam), OCT4 (1:1000; #2750, Cell Signalling
Technology), NANOG (1:1000; #3580, Cell Signalling
Technology), HOXA1(1:1000; ab168179, Abcam), MAP2
(1:1000; #4542, Cell Signalling Technology), TUBB3 (1:1000;
#4466, Cell Signalling Technology), NLGN3 (1:400; NBP1-
90,080, Novus biologicals), PTN (1:300; sc-74,443, Santa Cruz),
UTX (1:1000; #33,510, Cell Signalling Technology), HA-Tag
(1:1000; #3724, Cell Signalling Technology) and β-actin (1:2000;
sc-47,778, Santa Cruz). The next day, after washing with 1XTBST,
the blots were incubated with HRP-conjugated secondary antibo-
dies (anti-mouse or anti-Rabbit, 1:3000, Invitrogen, ThermoFisher
Scientific, Waltham, MA, USA) for 1 hour at room temperature.
After further washing with 1X TBST, the immunoreactive bands
were detected using the chemiluminescence detection solution
(Pierce, ThermoFisher Scientific, Waltham, MA, USA).

To detect PTN and NLGN3 in the conditioned medium
of NT2 cells, the medium was collected and concentrated
using the Amicon® Ultra-4 Centrifugal Filter Unit (10,000
MWCO, Cat# UFC801008, Merck Millipore, MA, USA).
The concentrate was then subject to immunoblotting as
described above.

Real-time PCR

RNA was extracted using Trizol reagent (Invitrogen,
ThermoFisher Scientific, Waltham, MA, USA) as per manufac-
turer’s protocol. 2 µg of total RNAs were initially subjected to
DNase treatment (TURBODNase, Ambion) for 30minutes at 37°
C to get rid of traces of DNA contamination. The enzyme activity
was inactivated by the treatment with EDTA at 70°C for 10 min-
utes, followed by cDNA conversion using the GoScript Reverse
Transcription System (Promega). Real-time qPCR was performed
using the GoTaq qPCR Master Mix (Promega) in the Real-Time
PCR System (7900HT, Applied Biosystems, USA). The 10 µl reac-
tion mixture that includes SYBR master mix, 1 µM forward and
reverse primer, nuclease-free water and cDNA was added to each
well of optical 96 well reaction plate. The reaction setup was done
as per the recommendation by the instrument manufacturer. The
datawere analysed by theΔΔCt approachwithGAPDHas internal
control. The primer sequences are given in Table 1.
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Immunocytochemistry

The coverslips were coated with Poly-L-ornithine at room tem-
perature for 6 hours and then about 2 × 104 cells were seeded on
coverslips in 24-well culture plates. After treatment, the cells
were fixed with 4% paraformaldehyde for 15 minutes, washed
and permeabilized with 1X PBS+0.1% Triton X-100. The cells
were then blocked with 1% BSA for 30 minutes followed by
incubation with PIWIL4 primary antibody (ab87939, Abcam)
and H3K27me3 (#9733, Cell Signalling Technology) (1:100 in
0.2% BSA) for 90 minutes. After washing three times with PBS,
the cells were then incubated with secondary goat anti-rabbit
Alexa Fluor 555 (1:200 in 0.2% BSA) for 1 hour at room tem-
perature. The cells were washed with 1X PBS thrice and counter-
stained with Hoechst 33342 (1: 5000) for 5 minutes. The
coverslips were mounted using DAKO mounting medium and
image captured using Olympus CKX53 microscope.

Co-Immunoprecipitation

The cells were washed with 1X ice cold PBS and lysed with 1ml of
lysis buffer (50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1%
Nonidet P40, 0.05% sodium deoxycholate,1X protease inhibitor)
for 10 cm culture dish. The collected cells were kept on a rotor at
4°C for 20 minutes and centrifuged at 14,000 rpm for 15 minutes.
The supernatant was collected and to reduce background due to
non-specific absorption, the lysate was precleared with Protein
G-plus agarose beads (Santa Cruz) for 1 hour at 4°C and 10% of
the sample was stored as Input at −80°C. To the remaining
sample, appropriate amount of control IgG or specific antibody
was added and subjected to slow rotation at 4°C for 1 hour
followed by adding 40 µl of Protein G-plus agarose beads. The
incubation was performed overnight at 4°C. The next day, Protein
G beads were sequentially washed with the lysis buffer, high salt
buffer (50 mM Tris-HCl (pH 7.5), 500 mM NaCl, 0.1% Nonidet
40) and low salt buffer (50 mM Tris-HCl (pH 7.5), 0.1% Nonidet
P-40) for 10 minutes each. Then the samples were eluted by
adding 1X LDS sample buffer with 5% β-mercaptoethanol and
boiling the suspension to 100°C for 5minutes, including the input

samples. After centrifugation, the supernatant was collected and
analysed by western blotting.

Chromatin Immunoprecipitation

The cells were crosslinked with 1% formaldehyde and the reac-
tion quenched using 2.5M glycine. The cells were collected in 1X
ice cold PBS and the pellet was washed with buffer 1, pH 6.5
(0.25% Triton, 10 mM EDTA, 0.5 mM EGTA, 10 mM HEPES)
and buffer 2, pH 6.5 (200 mM NaCl, 1 mM EDTA, 0.5 mM
EGTA, 10 mM HEPES). Then the pellet was resuspended with
lysis buffer (0.1% SDS, 0.1% Sodium Deoxycholate, 10 mM
EDTA, 50 mM Tris-HCl (pH 7.8–8.1), Protease Inhibitor) and
sonicated with a Bioruptor (Diagenode) for 30 cycles at 4°C.
After centrifugation, the supernatant was collected, and 10%
Input was stored at −80°C. The remaining samples were diluted
with dilution buffer (1% Triton, 2 mM EDTA, 150 mM NaCl,
20 mM Tris-HCl (pH 7.8–8.1), Protease inhibitor) and pre-
cleared using Protein G-plus agarose beads by rotating at 4°C
for 1 hour. After preclearing, 2.5 µg of H3K27me3 antibody
(#9733, Cell Signalling Technology) was added to the sample
with normal Rabbit IgG (#2729, Cell Signalling Technology) as
control and rotated overnight at 4°C. Then the samples were
continued to rotate for 4 hours after adding 40 μl of Protein
G-plus agarose beads. Then these beads were washed with TSE1
buffer, TSE2 buffer and buffer 3 at room temperature. After
finally washing them with TE buffer, elution buffer was added
to the beads along with the Input and rotated at room tempera-
ture for 15 minutes. 12.5 µl of 5 M NaCl was added to each tube
and kept for de-crosslinking at 65°C overnight. Then further
using QIAquick PCR purification kit, DNA was eluted and
stored at −20°C. The primer sequences to amplify selected pro-
moter region are given in Table 2.

Cell proliferation assay

U87 MG glioma cells were seeded as 5,000 cells per well in 96-
well plates. The conditioned medium collected from variously
treated NT2 cells were mixed 1:1 with the fresh complete med-
ium and added to glioma cells in 96-well plates. After 48 hours of
treatment, 20 µl of MTS CellTiter 96®AQueousOne Solution
(Cat #G3582, Promega, USA) was added to each well and the
plate incubated at 37°C for 1–4 hours in a humidified, 5% CO2

Incubator. The absorbance was measured at 490 nm using
microplate spectrophotometer and cell viability was plotted as
a function of absorbance.

Table 1. Primer sequences.

Name Sequence (forward + reverse)

NES 5ʹ- ATCTCTGGGAGCATGGAACCTG-3ʹ;
5ʹ-TCTTCCCACCTCTGCACATCTG-3’

MAP2 5ʹ-ACAGCTAATCTGCCTCCTTCTCC-3ʹ;
5ʹ-GGCTTACTTTGCTTCTCTGACTCC-3’

TUBB3 5ʹ-GCTCAGGGGCCTTTGGACATCTCTT-3ʹ;
5ʹ-TTTTCACACTCCTTCCGCACCACATC-3’

CYP26A1 5ʹ-GCAGGAAATACGGCTTCATCTAC-3ʹ;
5ʹ-AGGAGTCGTGCAGGTTAGAGAGG-3’

NEUROD1 5ʹ-AGCCCTCTGACTGATTGCAC-3ʹ;
5ʹ-AAGATTGATCCGTGGCTTTG-3’

GAPDH 5ʹ-TGCCATGGGTGGAATCATATTGG-3ʹ;
5ʹ-GAAGGTGAAGGTCGGAGTCAACG-3’

PIWIL4 5ʹ-AATGCTCGCTTTGAACTAGAGAC-3ʹ
5ʹ-ATTTTGGGGTAGTCCACATTAAAT-3’

HOXA1 5ʹ-ACTTCACTACCAAGCAGCTCACG-3ʹ
5ʹ-CGAAGAGCTGGACTTCTCTGAGG-3’

PTN 5ʹ-GAGTGCAAGCAAACCATGAA-3ʹ
5ʹ-TGACAGTCTTCTGGCATTCG-3ʹ

NLGN3 5ʹ-GGGAGTCCCCTTTCTGAAGC-3ʹ
5′-CCTTCATGGCCACACTGACT 3′

18 S 5ʹ-TCTTAGAGGGACAAGTGGCGTTC-3ʹ
5ʹ-TCCAATCGGTAGTAGCGACG-3’

Table 2. ChIP-qPCR primer sequences.

Name Sequence (forward + reverse)

CYP26A1 pr 5ʹ-ATCAGGCTTGTGCAGGGTAG-3ʹ
5ʹ-GCCAGAGTCCAAGAGAGAGC-3’

NEUROD1 pr 5ʹ-AGGCCACTCGCTCTGATCTA-3ʹ
5ʹ-CCTTTGTGGCCAGAAGAAAG-3’

PTN pr 5ʹ-TGGCTCCAGTCAACTTCTCC-3ʹ
5ʹ-TTTTAGGGACTTGGGGCTCT-3’

NLGN3 pr 5ʹ-AAGGGATGCTGATTGAGGTG-3ʹ
5ʹ-TACCCGCAAAGCTTGAGACT-3’

NANOG pr 5ʹ-TGAATGTTGGGTTTGGGAAT-3ʹ
5ʹ-GCTTTTTCCCTCTGGCTCTT-3’

OCT4 pr 5ʹ-GTTGGGGAGCAGGAAGCA-3ʹ
5ʹ-GGGGCAGCTCTAACCCTAAA-3’
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Results

Expression profiling of PIWI homologs during RA-induced
neuronal differentiation

To explore the potential role of PIWI homologs in neuronal
differentiation, we utilized a well-characterized cellular model,
Ntera2/D1 (NT2) cells [13,15,34]. They closely resemble plur-
ipotent stem cells from early embryos such as human ESCs in
terms of differentiation potentials. The two cell models are
reported to have similar expression profile of genes and tran-
scriptional factors in the regulatory network [35,36]. Upon
exposure to RA, NT2 cells can be induced to express neuronal
markers, and acquire similar morphological and electrophy-
siological properties of post-mitotic neurons of the central
nervous system [13–15].

As confirmation, we treated NT2 cells with 10 µM all-trans
RA over a course of 28 days as reported [37] and the transcript
levels of some typical neuronal genes were examined by qPCR at
different time points. The data showed that the neural precursor
cell marker, Nestin (NES) was upregulated at the initial phase of
RA-induced differentiation followed by the expression ofmature
neuronal markers, includingMAP2 and TUBB3 (Fig. 1A), which
is consistent with previous studies [21].

Subsequently, we followed the abovementioned treatment
scheme and checked the transcript levels of the four PIWI homo-
logs by qPCR. Remarkably, only PIWIL4 was consistently upre-
gulated by RA over the entire period of RA treatment (Fig. 1B).
Immunoblotting confirmed that only PIWIL4 was increasingly
upregulated by the RA treatment in a time-dependent manner,
while PIWIL1-3 appeared to be either suppressed or minimally
affected by the RA treatment (Fig. 1C). The RA-induced expres-
sion of PIWIL4 was further validated by immunofluorescence
analysis in NT2 cells (Fig. 1D). As reported previously [8,38,39],
PIWIL4 was predominantly localized in the nucleus, implying
some potential transcriptional or post-transcriptional role in neu-
ronal differentiation. Taken together, we decided to focus on
PIWIL4 in the following experiments to further pursue whether
this homolog could actively regulate the process of neuronal
differentiation.

PIWIL4 is involved in regulating RA-induced neuronal
gene expression

To examine whether PIWIL4 was essential for NT2 differentia-
tion, we suppressed the RA-induced expression of PIWIL4 with
three individual siRNAs, siPL4-1/2/3 (Fig. 2A). The immunoblot-
ting showed that the suppression of PIWIL4 partially restored the
expression of stemness factors, NANOG and OCT4, in NT2 cells
treated with RA for three days (Fig. 2B). On the other hand,
although the canonical target of RA signalling, HOXA1 [40],
was upregulated by RA treatment, the induction was reduced by
PIWIL4 depletion in NT2 cells (Fig. 2B). Similarly, we observed
that the RA-induced expression of some early neuronal factors,
CYP26A1 [41] andNEUROD1 [42], was significantly decreased by
knocking down PIWIL4 in NT2 cells (Fig. 2C), suggesting
a potential role of PIWIL4 in regulating neuronal gene expression.
To confirm this notion and to minimize the off-target effect of
individual siRNAs, we introduced the ON-TARGETplus siRNA

pool targeting PIWIL4 (p-siPL4) into NT2 cells (Fig. 2D, E), and
observed a partial recovery in the expression of OCT4 and
NANOG in such cells (Fig. 2F). Moreover, a sustained knock-
down of PIWIL4 by repeated transfection also suppressed the
expression of terminal neuronal markers, MAP2 and TUBB3
[21] (Fig. 2G), indicating that PIWIL4 could regulate both the
early and late neuronal marker genes.

Reciprocally, we further examined the effect of PIWIL4 over-
expression on stemness factors and neuronal genes in NT2 cells
(Fig. 3A-C). It was noted that while OCT4 and NANOG expres-
sion was reduced by PIWIL4 overexpression (Fig. 3D), the RA-
induced upregulation of CYP26A1, NEUROD1 and HOXA1
was significantly enhanced (Fig. 3E), supporting the notion
that PIWIL4 could be a positive regulator of the neuronal gene
expression.

PIWIL4 interacts with histone demethylase UTX

In both germline and somatic cells, PIWI homologs localized
in nucleus have been found to have an important role in
epigenetic regulation [5,6,11]. For example, PIWIL4 was
reported to be involved in regulating histone modification
by interacting with relevant epigenetic factors [8,9]. In parti-
cular, UTX (KDM6A) is a di- or tri-methyl H3K27 demethy-
lase [43], and it has been reported to interact with PIWIL4 in
the WDR5 complex to regulate gene expression by histone
modification [9]. Interestingly, our immunofluorescence
study showed that PIWIL4 was more localized in the nucleus
of NT2 cells (Fig. 1D). Hence, we subsequently examined
whether PIWIL4 could be involved in RA-mediated neuronal
differentiation through interacting with epigenetic regulators.

For this purpose, HA-tagged PIWIL4 and Myc-tagged
UTX were co-expressed in NT2 cells. The reciprocal immu-
noprecipitation assays revealed an interaction between
PIWIL4 and UTX (Fig. 4A). Further experiment confirmed
that UTX could pull down endogenous PIWIL4 in an RA-
dependent manner in NT2 cells (Fig. 4B), implying
a functional relevance of PIWIL4 in regulating neuronal
gene expression epigenetically.

UTX (KDM6A) is known to be required for the activation
of many RA responsive genes during the neuronal differentia-
tion of NT2 [43,44]. Indeed, immunoblotting showed that the
UTX expression was elevated by the RA treatment in NT2
cells, especially during the early phase of neuronal differentia-
tion (Fig. 4C).

PIWIL4 is involved in regulating H3K27me3 modification

To test whether UTX could efficiently remove the transcrip-
tionally repressive histone mark, H3K27me3 during NT2 dif-
ferentiation, and whether this process involves PIWIL4, we
first immunostained the cells for H3K27me3 and strong label-
ling was observed in the nuclei of mock-treated cells (Fig. 4D).
As expected, RA dramatically reduced the immunolabelling,
suggesting a global activation of gene transcription during
neuronal differentiation (Fig. 4D). Remarkably, PIWIL4
knockdown partially restored the immunolabelling of
H3K27me3 (Fig. 4D), without affecting the protein level of
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UTX (Fig. 4E), implying that PIWIL4 could be required for
UTX-mediated H3K27me3 demethylation.

H3K27me3 is a critical transcriptionally repressive mark in
ESCs [45]. Previously, it has been reported that the RA treatment

of NT2 cells could increase UTX occupancy at the promoters of
RA-inducible genes, such as HOXA1, hence removing the repres-
sive H3K27me3mark to activate gene expression [43]. Indeed, the
chromatin immunoprecipitation (ChIP) and subsequent qPCR

Figure 1. PIWIL4 was upregulated with RA treatment in NT2 cells. (A) qPCR measurement of early neuronal differentiation marker, Nestin and terminal markers,
MAP2 and TUBB3 at different time points of RA treatment in NT2 cells. Fold change is normalized to GAPDH as an internal reference. Expression of PIWI homologs,
PIWIL1-4, was evaluated at the transcript level using qPCR (B) and at the protein level by immunoblotting (C). (D) Immunofluorescence staining of PIWIL4 showed
nuclear localization in non-treated and RA-treated NT2 cells. 3D: 3-day treatment. 9D: 9-day treatment. Scale bar: 10 μm. The fluorescence intensity was measured by
Image J. Bars: mean±sd; n = 9; **p < 0.01 by Student’s t-test.
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confirmed that in NT2 cells, the RA treatment resulted in an
almost complete loss of H3K27me3 at the promoters of
CYP26A1 and NEUROD1 (Fig. 4F). Remarkably, the suppression
of PIWIL4 expression significantly restored the H3K27me3
enrichment at these loci (Fig. 4F), which may explain the
decreased expression of neuronal markers in these cells (Fig.
3E). Consistently, H3K27me3 was recruited to the promoters of
NANOG and OCT4 upon the RA treatment, which was signifi-
cantly reduced by PIWIL4 depletion (Fig. 4F).

PIWIL4 regulates the neuronal genes promoting glioma
cell proliferation

Recent studies have suggested that neuronal differentiation
and neuronal activity could have profound effect on glioma
progression. In particular, Neuroligin 3 (NLGN3) and pleio-
trophin (PTN), two well defined microenvironment determi-
nants, once secreted from neuronal cells, could modify the
microenvironment to potently drive the proliferation of

Figure 2. PIWIL4 knockdown suppressed expression of neuronal markers. (A) The knockdown efficiency of three individual siRNAs of PIWIL4 (siPL4-1/2/3) was
analysed by RT-PCR. The decimals below the gel strips represent the relative abundance of PIWIL4 to GAPDH as an internal reference. siCtrl: negative control siRNA. (B) NT2
cells were transfected with siPL4-1/2/3 and concurrently treated with RA for 3 days. Immunoblotting was then performed to assess the ESC markers, OCT4 and NANOG, and
the early developmental gene HOXA1. (C) qPCRmeasurement of RA-induced expression of early neuronal genes,NEUROD1 and CYP26A1, in PIWIL4-depleted NT2 cells which
were treated with RA for 3 days. (D) The knockdown efficiency of the ON-TARGETplus siRNA pool targeting PIWIL4 (p-siPL4) was assessed by qPCR at different
concentrations. (E) Immunoblotting of PIWIL4 in p-siPL4-transfected NT2 cells. The decimals below the gel strips denote the relative abundance of PIWIL4 to β-ACTIN as
an internal reference. (F) Immunoblotting of OCT4 and NANOG in RA-treated NT2 cells transfected with the indicated concentration of p-siPL4. (G) Immunoblotting of MAP2
and TUBB3 in p-siPL4-transfected NT2 cells which were treated with RA for 9 days. Bars: mean±sd; n = 4; *p < 0.05, **p < 0.01 by Student’s t-test.
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glioma cells [31,32]. Interestingly, PTN is found to be highly
expressed in neural precursor cells [31]. Indeed, we verified
that during the RA-induced differentiation of NT2 cells, the
expression of PTN was gradually upregulated as reported [36]
whereas NLGN3 was found to be most increased during the
first 15 days of the RA treatment (Fig. 5A, B). We then
inquired whether PIWIL4 was also involved in regulating
these genes. For this purpose, we suppressed the RA-
induced PIWIL4 expression with p-siPL4 and subsequently
noticed decreased expression of NLGN3 and PTN (Fig. 5C).

Interestingly, the Polycomb group of protein complex has
been found to bind to the promoter of PTN, thus altering the
H3K27me3 status and leading to gene activation in lung cancer
cells [46]. Hence, we analysed by ChIP assays whether PIWIL4
was involved in regulating H3K27me3 modification at the pro-
moter of PTN and NLGN3 in RA-treated NT2 cells. PCR ampli-
fication of the precipitated DNA showed that at both promoters,
the H3K27me3 level was reduced by the RA treatment, and the
knockdown of PIWIL4 significantly restored the transcription-
ally repressivemark (Fig. 5D). This was then confirmed by qPCR
of the precipitated chromatin (Fig. 5E). Given the similar obser-
vations at the promoters ofCYP26A1 andNEUROD1 (Fig. 4F), it
is conceivable that in the absence of PIWIL4, UTX might fail to
remove the repressive histone mark efficiently during the RA-
induced neuronal differentiation. Indeed, a previous study on

breast cancer cells has reported a similar dependence of UTX on
PIWIL1/4 in the context of H3K27me3 demethylation [9].

PIWIL4 knockdown decreases glioma cell viability

These observations raised an interesting notion that PIWIL4 not
only plays an essential role in RA-induced neuronal differentia-
tion, but also has implication in regulating glioma cell viability
via some microenvironment-determining neuronal proteins.

To test this hypothesis, we collected the conditioned medium
(CM) from NT2 cells to treat U87 MG glioblastoma cells, and
assessed their viability in MTS assays. We noticed that at both
time points tested, the CM from RA-treated NT2 cells could
significantly increase the cell viability of U87 MG, which may be
partially attributed to the increased expression of PTN and
NLGN3 (Fig. 6A). Consistently, when the RA-induced expres-
sion of PIWIL4 was suppressed in NT2 cells, the CM showed
significantly less potent effect on enhancing the viability of
U87 MG (Fig. 6A). We further observed that overexpression of
NLGN3 in PIWIL4-depleted NT2 cells could restore the growth
promoting effect of the CM on U87 MG cells (Fig. 6B). These
observations support an essential role of PIWIL4 in regulating
the expression of some neuronal genes that could be further
characterized and targeted to suppress glioma growth.

Figure 3. PIWIL4 overexpression increased expression of neuronal markers. The overexpression of PIWIL4 (PL4) was verified by RT-PCR (A). The decimals below
the gel strips denote the relative abundance of PIWIL4 to GAPDH as an internal control. VC: vector control (pcDNA3.1-3xHA). The overexpression was confirmed by
immunoblotting in NT2 (B) and 293 T cells (C). * in (B) denotes a non-specific immunoreactive band of the HA antibody, which was not seen in 293 T cells (C). (D)
Immunoblotting of OCT4 and NANOG in PIWIL4-overexpressing NT2 cells treated with RA for 3 days. (E) Expression of early differentiation markers, HOXA1, NEUROD1
and CYP26A1, was evaluated by qPCR in PIWIL4-overexpressing NT2 cells treated with RA for 3 days. Bars: mean±sd; n = 4; *p < 0.05, **p < 0.01 by Student’s t-test.
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Figure 4. PIWIL4 was associated with UTX and involved in histone modification. (A) pcDNA-PIWIL4-HA and pCS2-UTX-F were overexpressed in NT2 cells and
immunoprecipitated (IP) with α-HA or α-Myc antibody. The precipitates were immunoblotted (IB) with the indicated antibodies. (B) The endogenous interaction
between PIWIL4 and UTX was examined in RA-treated NT2 cells by immunoprecipitation with α-UTX antibody, followed by immunoblotting for PIWIL4. (C) Expression
of UTX during RA-mediated neuronal differentiation of NT2 cells was profiled by immunoblotting. The decimals below the gel strips represent the relative abundance
of PIWIL4 to β-ACTIN as an internal reference. (D) Immunofluorescence staining of H3K27me3 in RA-treated NT2 cells with or without PIWIL4 knockdown (KD). Scale
bar: 10 μm. (E) NT2 cells were transfected with p-siPL4 and treated with RA for 3 days. The protein level of UTX was then determined by immunoblotting. (F) ChIP-
qPCR measurement of H3K27me3 in the promoter regions of CYP26A1, NEUROD1, NANOG and OCT4 in NT2 cells treated as indicated. The chromatin binding of
H3K27me3 was normalized to IgG. pr: promoter. Bars: mean±sd; n = 4; **p < 0.01 by Student’s t-test.
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Discussion

Traditionally, PIWI homologs have been found to be indis-
pensable for epigenetic regulation of retrotransposons in
germline cells [2,47,48]. Interestingly, in Drosophila testis,
Piwi proteins are responsible not only for germ stem cell
maintenance, but also for the maintenance and differentiation
of somatic cyst stem cell [49], suggesting that the PIWI

subclade of Argonaute family also contributes significantly
to normal functions of somatic cells [50–52]. Recent studies
have further revealed the presence of PIWI proteins and
associated small RNAs in the brain [53,54] and showed that
they are essential for dendritic spine development [54] and
organization of cytoskeleton [12] in neurons. However, the
exact function of PIWI homologs in neuronal development

Figure 5. PIWIL4 depletion decreased the expression of critical factors for glioma. Expression of PTN and NLGN3 during RA-mediated neuronal differentiation
was profiled at the transcript level by qPCR (A) and at the protein level by immunoblotting (B). dRA: days of RA treatment. (C) Immunoblotting of PTN and NLGN3 in
PIWIL4-suppressed NT2 cells which were treated with RA for 9 days. The occupancy of H3K27me3 (H3) at the promoters of PTN and NLGN3 were assessed by ChIP
assays followed by PCR amplification (D) and (E) qPCR measurement. In: Input; Ig: IgG in (D). The chromatin binding of H3K27me3 was normalized to Input. pr:
promoter. Bars: mean±sd; n = 4; **p < 0.01 by Student’s t-test.
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remains to be characterized. In this study, a specific PIWI
homolog, PIWIL4, is found to be increasingly upregulated by
RA throughout the course of neuronal differentiation (Fig.
1B-D).

Silencing PIWIL4 in NT2 cells showed that the RA-induced
expression of early differentiation markers such as HOXA1,
NEUROD1 and CYP26A1 was universally suppressed along
with the partial recovery in the expression of ESC markers
such as OCT4 and NANOG (Fig. 2A-F). This was later con-
firmed with the reciprocal experiment of PIWIL4 overexpres-
sion in RA-treated NT2 cells (Fig. 3). Similarly, PIWIL4
knockdown also suppressed the expression of terminal differen-
tiation markers such as MAP2 and TUBB3 (Fig. 2G). These
observations support the notion that RA-induced PIWIL4 may
facilitate the exit from stemness state and subsequently exert
a neurogenic effect on NT2 cells.

A recent report has shown that PIWIL1/4 can regulate gene
transcription by recruiting histone modifying proteins [9].
H3K27me3 is a critical repressive mark found in ESCs and its
demethylation plays an important role in the transcription acti-
vation of developmental genes. JMJD3 and UTX are two major
H3K27me3 demethylases that can remove the repressive mark
and promote developmental gene activation in RA signalling
pathway [55]. Previously it has been reported that RA treatment
can increase UTX occupancy at the promoter of HOX genes,
causing demethylation of H3K27me3 and transcription activa-
tion in NT2 cells [43,44]. Furthermore, removal of this mark at
the promoters of other RA-inducible genes, such as CYP26A1
and NEUROD1, also leads to gene activation [42,56,57].

Significantly, we noted an interaction between PIWIL4 and
UTX in RA-treated NT2 cells (Fig. 4A, B), raising an intri-
guing possibility that the interaction could be essential for the
recruitment of UTX to remove the repressive histone mark.
Indeed, our experiments showed that PIWIL4 knockdown
could affect the UTX-mediated H3K27me3 demethylation at

the promoters of CYP26A1 and NEUROD1 (Fig. 4F), which
could explain the decreased expression of these RA-inducible
genes when PIWIL4 was knocked down (Fig. 2C). Hence, as
with the previous report [9], our study supports an essential
role of PIWIL4 in UTX-mediated demethylation during RA-
induced neuronal differentiation.

Understanding the underlying mechanism of neuronal dif-
ferentiation has great therapeutic significance in the treatment
of neurodegenerative diseases, such as PD, Alzheimer’s dis-
ease (AD), HD and amyotrophic lateral sclerosis (ALS), which
are characterized by massive cell death of neurons. In fact, the
stem cell-derived dopaminergic neurons have undergone suc-
cessful preclinical testing in PD and AD models [28,58,59].
However, it remains a major challenge of how to consistently
generate specific types of neurons in sufficient quantity from
various sources of stem cells, including ESCs, iPSCs, MSCs
and neural precursor cells. Hence, it is of interest that our
experiments have revealed a somatic role of PIWIL4 in reg-
ulating neurogenesis from NT2 cells. Since they share similar
gene expression profiles and differentiation potentials with
ESCs [35,36], it is conceivable that PIWIL4 may play similar
roles in those pluripotent cells, which will be examined in
future studies.

In addition, PIWIL4 silencing downregulates the expres-
sion of PTN and NLGN3 (Fig. 5C). The former is a chemoat-
tractant secreted by neural precursor cells in SVZ and is
shown to promote the invasion of glioma cells [31], and the
latter is secreted by presynaptic neurons and functions as
a potent mitogen for glioma. In fact, neural precursor cells
have been implicated in the recurrence of HGGs [30] and
neuronal activity is also found to influence many forms of
HGGs [32,33]. Given that HGGs are the major cause of brain
tumour related death in both children and adults [60–62], our
observations suggest that we may target PIWIL4 to regulate
the gene expression in stem cells and the derived neuronal
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Figure 6. PIWIL4 depletion reduced the proliferation of glioma cells. (A) U87 MG glioma cells were treated for either 2 days or 3 days with the conditioned
medium (CM) collected from indicated NT2 cells and subject to MTS viability assays. The gel strips above the bar graph indicate the immunoblotting of NLGN3 and
PTN in the CM collected from the numbered samples. – CM: no CM used. (B) NT2 cells were treated with RA and transfected with p-siPL4 together with the plasmid
overexpressing either PTN or NLGN3. The CM was then collected and used to treat U87 MG cells for 2 days. The proliferation was assessed by MTS viability assays.
Bars: mean±sd; n = 3; **p < 0.01 by Student’s t-test.

1622 C. S. SUBHRAMANYAM ET AL.



cells to modulate glioma cell activity. Indeed, we observed in
MTS assays that the conditioned medium collected from
PIWIL4-depleted NT2 cells was less potent in driving the
proliferation of glioma cells (Fig. 6A).

Interestingly, PIWIL4 has also been found to have a direct
oncogenic role in glioma cells [63]. In addition, PIWIL1 has also
been correlated with glioma tumour grades in patients [64], and
silencing PIWIL1 directly in human glioblastoma inhibits cell
proliferation and migration accompanied with an increase in
apoptosis of tumour cells [65]. These studies clearly propose the
potential involvement of PIWI homologs in glioma.

In summary, our study has identified a novel somatic role
of PIWIL4 in neuronal differentiation, which can be further
explored to not only enhance the efficiency of generating
functional neurons from stem cells to ultimately improve
the efficacy of cell-based therapy for neurodegenerative dis-
eases, but also modulate the activity of glioma cells.
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