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Introduction
E3 ubiquitin-protein ligases ubiquitinate proteins, and has key 

roles for inducing the degradation of the unfolded proteins [1]. 
Ubiquitinated proteins also regulate neuronal development and 
function, and also interested in the pathogenesis of numerous neuronal 
diseases [2-4], such as amyotrophic lateral sclerosis and Parkinson’s 
disease. We have previously reported that ubiquitin ligase, 3-hydroxyl-
3-methylglutaryl-coenzyme A reductase degradation 1 (HRD1) 
may regulate the neuronal differentiation and maturation during 
neuronal development [5]. HRD1 is a multiple transmembrane protein 
containing a Really Interesting New Gene (RING)-H2 finger domain 
and polyubiquitinates substrate proteins in endoplasmic reticulum 
(ER)-associated protein degradation system. HRD1 exists on the ER 
and suppresses apoptosis induced by ER stress [6]. Substrate proteins 
of HRD1 include 3-hydroxyl-3-methylglutaryl-coenzyme A reductase, 
T-cell receptor-α, nuclear respiratory factor 1, amyloid precursor 
protein, Parkin-associated endothelin receptor-like receptor, and 
Huntingtin protein. Therefore, the functional impairment of HRD1 may 
be responsible for the idiopathic neuronal degenerative diseases. On the 
other hand, ring-finger protein 19b was also identified as an ubiquitin 
ligase with a transmembrane region and RING finger domain, which 
is localized in the ER and is induced by ER stress, similar to HRD1. 
The ubiquitin ligase, double ring finger protein (Dorfin) is another E3 
ubiquitin ligase similar to ring finger protein 19b in N-terminal region 
structure. Dorfin (also known as ring finger protein 19a) has a RING-
in between RING-fingers domain and can bind to mutated Cu/Zn 
superoxide dismutase 1 and postsynaptic density-95 (PSD-95). Dorfin 
specifically degrades mutated superoxide dismutase 1 and inhibits 
neuronal cell death [7]. It is also able to interact with diverse substrates 
by forming a complex with the excitatory postsynaptic scaffolding 
protein PSD-95 [8]. Thus, Dorfin, like HRD1, is profoundly related 

with neuronal diseases. However, it is unknown whether Dorfin has 
an effect on neuronal differentiation and synaptogenesis. In the present 
study, we evaluated the effects of Dorfin on neuronal differentiation 
and synaptogenesis during neuronal development.

Materials and methods
Antibodies and chemicals

Rabbit polyclonal antibodies against cleaved Notch1 (Val1744) 
and SH3 and multiple ankyrin repeat domains 3 protein (Shank3) 
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Semiquantitative and real-time reverse transcriptase-
polymerase chain reaction (RT-PCR)

Total RNA was isolated from the differentiated P19 cells with TRI 
Reagent (Life Technologies Corp.) according to the manufacturer’s 
instructions. cDNA was obtained by reverse transcription from 
the total RNA using a SuperScript VILO cDNA Synthesis Kit (Life 
Technologies Corp.). An aliquot of cDNA was then amplified by 
RT-PCR using GoTaq Hot Start Green Master Mix (Promega Corp., 
Madison, WI, USA). The nucleotide sequence of the primers is as 
described previously [5]. These experiments were performed with the 
same amount of cDNA.

mRNA expression was measured with a TaqMan-based real-time 
PCR assay using a 7500 Real-Time PCR System (Life Technologies 
Corp.).

Data analysis

All data were expressed as the mean ± standard error of the mean, 
and statistical significance was determined by t-tests or Bonferroni or 
Dunn tests.

Results
Efficiency of Dorfin knockdown

Dorfin knockdown was carried out using small interfering RNA 
(siRNA) according to Figure 1 to evaluate whether Dorfin has an effect 
on the differentiation and synaptogenesis; real-time RT-PCR was 
performed to investigate the efficiency of Dorfin knockdown. The level 
of Dorfin mRNA was inhibited to only approximately 30% expression 
in Dorfin-suppressed cells at days 2 and 4 (Figure 2). 

Effects of Dorfin knockdown on the proneural factors

To investigate whether the Dorfin is associated with the expression 
of proneural genes in P19 cells, a semiquantitative RT-PCR assay 
was designed to measure the expression of proneural genes, such as 
Hes1 and Pax6. Hes1 can maintain the stemness of neural stem cells 
that express Pax6, but leads cells that are Pax6-negative to astrocyte 
differentiation fate [9]. In the present study, the levels of Hes1 and 
Pax6 mRNA significantly increased in Dorfin-suppressed cells on day 
4 (Figure 3A). 

Undifferentiated cells overexpressing Hes1 have been found 
to suppress the activation of Notch signaling, followed by delayed 
neuronal differentiation [10,11]. Conversely, activated Notch converts 
from a gene repressor to a gene activator and regulates transcription 

were purchased from Cell Signaling Technology, Inc. (Danvers, MA, 
USA) and Novus Biologicals (Littleton, CO, USA), respectively. Mouse 
monoclonal antibodies against nestin and neuronal nuclei (NeuN) and 
rabbit polyclonal antibodies against cell adhesion molecule 1 (CADM1), 
neurexin-1 (NRXN1), and neuroligin-3 (NLGN3) were purchased 
from Millipore Corp. (Temecula, CA, USA). A goat polyclonal 
antibody against Notch3 (M-20), a mouse monoclonal antibody 
against glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 
and a rabbit polyclonal antibody against glial fibrillary acid protein 
(GFAP) were purchased from Santa Cruz Biotechnology, Inc. (Santa 
Cruz, CA, USA). Horseradish peroxidase-conjugated anti-mouse 
and anti-rabbit immunoglobulin G antibodies were purchased from 
GE Healthcare (Buckinghamshire, UK). Alexa Fluor® 488-conjugated 
anti-mouse immunoglobulin G and Alexa Fluor® 546-conjugated 
anti-rabbit immunoglobulin G antibodies were purchased from Life 
Technologies Corp. (Grand Island, NY, USA). Western Lightning 
Chemiluminescence Reagent Plus was obtained from Perkin Elmer 
Life Science Products, Inc. (Boston, MA, USA).

Cell culture

Culturing of mouse embryonal carcinoma P19 cells was performed 
as described previously [5]. Culture conditions and time schedules 
are shown in Figure 1. Briefly, the cells were maintained in Minimal 
Essential Medium-α(Life Technologies Corp.) containing 10% (v/v) 
fetal calf serum (Life Technologies Corp.) until initial differentiation. 
These cells were then seeded at a density of 1 × 105 cells/mL onto 
dishes coated with 0.2% agarose gel and cultured in Minimal Essential 
Medium-α containing 5% fetal calf serum and 0.5 mM all-trans retinoic 
acid (Sigma-Aldrich Co., St. Louis, MO, USA) for 4 d under condition 
of floating cells. The cultured cells were seeded at a density of 2 × 105 
cells/mL in dishes coated with 75 µg/mL poly-L-lysine and cultured in 
Minimal Essential Medium-α containing 10% fetal calf serum for 4 d 
under condition of adhering cells. All the cultures were maintained at 
37°C in 95% (v/v) humidified air and 5% (v/v) CO2.

Immunoblotting

Immunoblot analysis was performed by using primary antibodies 
against Notch1 (1:1000), Notch3 (1:1000), nestin (1:1000), NeuN 
(1:2000), GFAP (1:2000), CADM1 (1:1000), Shank3 (1:1000), 
neurexin-1 (1:1000), neuroligin-3 (1:1000), and GAPDH (1:2000). 
Antibody-reactive proteins were detected by Western Lightning 
Chemiluminescence Reagent Plus and then quantified using an LAS-
3000 luminescent image analyzer (Fujifilm, Japan).

Figure 1. Culture of P19 cells. To induce the differentiation into neural stem cells, P19 cells were cultured with 0.5 µM all-trans retinoic acid (ATRA) for 4 d under condition of floating 
cells. After, to induce the differentiation into neurons, these cells were cultured without ATRA for 4 d under condition of adhering. RNA interference was performed for 2 d with lipofection 
regents. siRNA, small interfering RNA.
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of Hes family genes [12]. To investigate whether Dorfin is associated 
with the activation of Notch signaling via proneural genes in P19 cells, 
immunoblotting was performed to measure the expression of activated 
Notch family proteins. The results showed that the levels of activated 
Notch1 (Notch intracellular domain 1, NICD1) and activated Notch3 
(NICD3) proteins markedly decreased in Dorfin-suppressed cells on 
day 4 (Figure 3B).

Effects of Dorfin knockdown on the neural differentiation

To investigate whether Dorfin is involved in neuronal 
differentiation, immunoblotting was performed to measure the 
expression of neuronal marker proteins, such as nestin, NeuN, and 
GFAP. Before inducing neuronal differentiation, the expression of 
nestin was unchanged in Dorfin-suppressed cells on day 4 (Figure 4). 
However, after induction of differentiation, the expression of nestin 
tended to increase in Dorfin-suppressed cells on day 8 (Figure 4). In 
addition, the expression of neuron marker NeuN and glial marker 

GFAP significantly decreased in Dorfin-suppressed cells on day 8 
(Figure 4). Therefore, Dorfin-suppressed cells might maintain the state 
of undifferentiated cells.

Effects of Dorfin knockdown on synaptogenic factors

To investigate whether Dorfin is involved in synaptogenesis 
in neuronal cells, immunoblotting was performed to measure the 
expression of synaptogenic factors, such as CADM1, Shank3, NRXN1, 
and NLGN3. Current results showed that expression of CADM1 
significantly decreased in Dorfin-suppressed cells on day 4 even 
though its expression was unchanged in Dorfin-suppressed cells on 
days 0 and 8 (Figure 5). However, the expression of Shank3 remained 
unchanged at each time point (Figure 5). The expression of NRXN1 
significantly decreased in Dorfin-suppressed cells on day 4 even though 
its expression was unchanged in Dorfin-suppressed cells on days 
0 and 8, similarly to CADM1 (Figure 5). The expression of CADM1 
decreased with time in culture, while that of NRXN1 increased. On the 

Figure 2. Efficiency of Dorfin knockdown (KD). Dorfin was transiently suppressed using Dorfin small interfering RNA, followed by neuronal differentiation using all-trans retinoic acid. 
Cells were harvested after 2 and 4 d and subjected to real-time RT-PCR to determine the efficiency of Dorfin knockdown at days 2 and 4. Quantitative data are presented as levels relative 
to those for nontargeted controls (NC). The values are presented as the mean ± standard error of the mean from four independent experiments. **P < 0.01, significantly different from NC 
values.

Figure 3. Expression of the factors related to neuronal differentiation. Dorfin was transiently suppressed using Dorfin small interfering RNA, followed by neuronal differentiation using 
all-trans retinoic acid. After 4 d, cells were harvested, replated on dishes coated with poly-L-lysine, and incubated in the medium for 1 h. Then, total RNA and lysates were retrieved from 
the cells and subjected to semiquantitative RT-PCR and immunoblotting, respectively, to determine signaling related with neuronal differentiation. Quantitative mRNA expression data are 
presented as levels relative to those for nontargeted controls (NC). β-Actin was used as an internal control. The values are presented as the mean ± standard error of the mean from seven 
independent experiments. *P < 0.05, significantly different from NC values. NICD, Notch intracellular domain; KD, knockdown; GAPDH, glyceraldehyde-3-phosphate.
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Figure 4. Number of neural cells in Dorfin-suppressed cells. Dorfin was transiently suppressed using Dorfin small interfering RNA, followed by neuronal differentiation using all-trans 
retinoic acid. After 4 d, the cells were harvested, replated on dishes coated with poly-L-lysine, and incubated in the medium for 1 h (day 4) or cultured for an additional 4 d (day 8). Cell 
lysates were retrieved for immunoblotting of nestin, NeuN, and GFAP. The expression of internal control GAPDH has unchanged in any samples. Quantitative data are presented as levels 
relative to those for nontargeted controls (NC). The values are presented as the mean ± standard error of the mean from seven independent experiments. **P < 0.01, significantly different 
from NC values. KD, knockdown.

Figure 5. Expression of synaptogenic factors. Dorfin was transiently suppressed using Dorfin small interfering RNA, followed by neuronal differentiation using all-trans retinoic acid (day 
0). After 4 d, the cells were harvested, replated on dishes coated with poly-L-lysine, and incubated in the medium for 1 h (day 4) or cultured for additional 4 d (day 8). Cell lysates were 
retrieved for immunoblotting of CADM1, Shank3, NRXN1, and NLGN3. The expression of internal control GAPDH has unchanged in any samples. The values are presented as the mean 
± standard error of the mean from six independent experiments. **P < 0.01, significantly different from nontargeted control (NC) values. KD, knockdown; GAPDH, glyceraldehyde-3-
phosphate.
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other hand, the expression of NLGN3 decreased in Dorfin-suppressed 
cells on day 8 even though its expression was unchanged in Dorfin-
suppressed cells on days 0 and 4 (Figure 5).

Discussion
Dorfin is localized in ubiquitinated inclusions, such as Lewy 

bodies, in neurons and glial cells and plays a role in the quality control 
of intracellular proteins. Dorfin contains two RING fingers and one 
IBR domain at its N-terminus. RING finger domain structures are 
coordinated with a Zn ion and function as ubiquitin-conjugating 
enzymes E2-binding sites. We previously found that the ubiquitin 
ligase HRD1 may cause abnormal neuronal differentiation and 
synaptogenesis during neural developmental process and was found to 
upregulate neuronal lineages by inducing the expression of proneural 
factors [5]. Additionally, increased HRD1 expression has been shown 
to upregulate neuronal and downregulate glial differentiation via ER 
stress [5]. In the present study, we were the first to investigate whether 
neuronal differentiation is regulated by the E3 ubiquitin ligase Dorfin, 
which is analogous to HRD1 in structure and function. Current results 
showed that Dorfin knockdown led to increases in the levels of Hes1 
and Pax6 mRNA and decreases in the expression of NICD1 and 
NICD3 (Figure 3). Notch signaling is an important signal transduction 
pathway in developmental processes. Upon binding its ligand, Notch is 
separated into pieces, and its intracellular domain (NICD) translocates 
to the nucleus. The NICD plays an important role in the maintenance 
of the undifferentiated state, suppressing neuronal differentiation in 
neural stem cells. The expression of NICD1 and NICD3 is suppressed 
in Hes1-expressing undifferentiated cells [11]. While Pax6 expression 
maintains neural stem cells in an undifferentiated state via Hes1; its 
suppression led to induction of glial differentiation in neural stem cells 
through Hes1 [9]. In addition, Dorfin knockdown led to increased 
expression of nestin and decreased expression of NeuN and GFAP 
(Figure 4). Therefore, Dorfin might inhibit differentiation of neuronal 
lineages via Hes1 expression and Notch signaling, and suppress 
neuronal and glial differentiation by maintaining neural stemness.

We previously reported that ER stress can lead to decreased levels 
of Hes1 and Pax6 mRNA but has no effect on the expression of NICD1 
via increased HRD1 expression [5]. Additionally, ER stress-induced 
enhancement of HRD1 expression also increased the number of 
neurons [5]. In short, HRD1 may upregulate neuronal differentiation 
through proneural factors, like Hes1 and Pax6. Taken together, current 
and previous results indicate that the function of Dorfin is similar to 
that of HRD1 with regard to neuronal differentiation. Conceivably, this 
commonality is due to the RING finger domain found in both Dorfin 
and HRD1. Furthermore, disrupted deltex1, another E3 ubiquitin ligase 
containing a RING finger domain, has been shown to reduce neuronal 
and glial differentiation [13], and RING finger-containing ubiquitin 
ligase Znf179 leads to cell cycle arrest via expression of p27, a cell cycle 
inhibitor [14]. Therefore, ubiquitin ligases containing RING finger 
motifs, such as Dorfin, may regulate neuronal and glial differentiation 
via expression of proneural factors and Notch signaling.

A number of synaptogenic factors are involved in the pathogenesis 
of autism spectrum disorders (ASD). CADM1, a member of the Ig 
superfamily, localizes to both sides of the synaptic cleft and promotes 
formation of presynaptic terminals and induction of the functional 
synapse. Shank3, a synaptic scaffolding protein, localizes in the 
postsynaptic density of excitatory synapses for formation, maturation, 
and maintenance of synapses. NRXN1 forms a trans-synaptic cell 
adhesion complex with postsynaptic NLGN and functions as a 

synaptic recognition molecule. In our previous preliminary study, 
overexpression of HRD1 suppressed the expression of synaptogenic 
factors, such as CADM1, NRXN1, and NLGN3, after neuronal 
differentiation (data not shown). Conversely, the present study 
found that silencing Dorfin decreased the expression of CADM1 and 
NRXN1 before neuronal differentiation (day 4). On the other hand, 
the expression of CADM1 and NRXN1 was unchanged in Dorfin-
silenced cells after neuronal differentiation (day 8), despite a decrease 
in NLGN3. With respect to the expression of synaptogenic factors, the 
result of silencing Dorfin differs from that of silencing HRD1. One 
possible reason is that Dorfin might be interacting with synaptogenic 
factors through their PDZ domains (PSD-95, Discs-large, Zonula 
occludens-1). Dorfin has been previously shown to interact with the 
PDZ domain of PSD-95 but not with synaptic scaffolding molecules 
and glutamate receptor interacting protein 2, which do not contain 
PDZ motifs [8]. Proteins containing a PDZ domain include PSD-95, 
multi-PDZ domain protein-1, calcium/calmodulin-dependent serine 
protein kinase, and Shank. CADM1 contains a type II PDZ-binding 
motif and is associated with multi-PDZ domain protein-1 [15,16], 
and NRXN1 and NLGN3 can bind to calcium/calmodulin-dependent 
serine protein kinase and the PDZ3 domain of PSD-95, respectively 
[17]. We think that Shank3 has unchanged in Dorfin-suppressed cells 
because Shank3 contains PDZ motif in the structure, but not the ligand 
of PDZ domain [17]. Therefore, Dorfin may upregulate the expression 
of ligands that can bind PDZ domains.

Defects in synaptogenic factors, especially CADM1, NRXN1, 
NLGN3, and Shank3, are connected with the pathogenesis of ASD. 
However, Dorfin has never been reported to be associated with ASD. 
On the other hand, unfolded CADM1 inhibits elongation of dendrites 
by mainly accumulating in the ER, subsequently inducing failure of 
synaptogenesis in neurons accompanied by upregulation of C/EBP-
homologous protein [18]. The interplay between presynaptic NRXN 
and their postsynaptic ligands functionally regulates synaptogenesis 
[19]. Additionally, dimerized NLGN induces mechanical clustering of 
NRXN and coordinates assembly of functional synapses [20]. Thus, it 
is possible that Dorfin contributes to the pathogenesis of ASD through 
the regulation of functional synaptogenic factors such as CADM1, 
NRXN1, and NLGN3. Such knowledge about Dorfin will further 
promote research on the development of therapeutic drugs for ASD.
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