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a b s t r a c t

Down-regulated in renal cell carcinoma 1 (DRR1), a unique stress-induced protein, is highly expressed in
the nervous system. This study investigated the roles of DRR1 in the brain by examining its expression
pattern at different developmental stages of a rat brain and in cultured primary hippocampal neurons.
High expression of DRR1 was observed in all developmental stages of a rat brain and cultured primary
hippocampal neurons. We then focused on the role of DRR1 in promoting neurite outgrowth during the
early stage of hippocampal neuron development. Results showed that down-regulation of DRR1 sup-
pressed axon outgrowth. Mass spectrometry analysis revealed that tropomodulin-2 (Tmod2) is a novel
binding partner of DRR1. Our results showed that both DRR1 and Tmod2 mediate axon formation during
the early stage of hippocampal neuron development. Suppression of TMOD2 expression rescued the
abnormal axon outgrowth induced by DRR1 knockdown during the early stage of hippocampal neuron
development.

© 2021 Elsevier Inc. All rights reserved.
1. Introduction

Down-regulated in renal cell carcinoma 1 (DRR1), also known as
the family with sequence similarity 107 member A (FAM107A) or
Tohoku University cDNA clone A on chromosome 3 (TU3A), spans a
10 kilobase (kb) region on human chromosome 3p21.1 [1,2]. DRR1
produces a 3.5 kb transcript, which encodes a protein with 144
amino acid residues. Four different transcript variants of DRR1 have
been identified [1,2]. Homology analysis showed that human DRR1
is highly homologous to DRR1 from Mus musculas, Rattus norvegi-
cus, Bos taurus, Gallus gallus domesticus, Xenopus laevis, and Pongo
pygmaeus [3]. The presence of a coiled-coil domain and a nuclear
localization signal in the DRR1 protein suggests that it could bind to
other proteins and play an indispensable role in nuclear activities
[2,4]. Given the reduced expression in diverse types of carcinomas,
DRR1was initially considered as a tumor suppressor [5e9]. DRR1 is
expressed in various tissues; the highest expressionwas reported in
the nervous system [1,2]. Apart from the neural progenitor cells in
the embryonic cortex [10,11], expression of DRR1 has also been
stry and Molecular Biology,
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observed in the cerebral cortex, hippocampus CA3 region, lateral
septum, and cerebellum of adult mice [12]. Several studies have
demonstrated that abnormal DRR1 expression is significantly
associated with several nervous system disorders such as bipolar
disorder, autism spectrum disorder, schizophrenia, social defeat
stress, and temporal lobe epilepsy [13e17]. DRR1 has been impli-
cated in neuron survival, neuronal migration, and synapse forma-
tion [18e20]. Recent studies have demonstrated that DRR1 is a
stress-related and glucocorticoid-responsive gene. It contains
glucocorticoid receptor response elements, which are directly
regulated by glucocorticoids at the transcription level [12,20].
Although the role of DRR1 in the nervous system has been
acknowledged, the underlying mechanism remains largely unclear.
Hence, we aimed to investigate the role and underlyingmechanism
of DRR1 in the brain and cultured primary hippocampal neurons in
this study.
2. Material and methods

2.1. Animals

All animal experiments were performed following the Animal
Care and Use Guidelines of Shenyang Medical College and the
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experimental procedures were approved by the Institutional Ani-
mal Care and Use Committee of Shenyang Medical College
(approval no. SYYXY-2019050801). Rats of both sexes were used for
all experiments.

2.2. Plasmids

Non-targeting short hairpin RNA (shRNA) and specific shRNAs
against rat DRR1 and TMOD2 were obtained from Origene (Rock-
ville, MD, USA). Information on shRNAs is shown in Supplementary
Table 1. CMV-DRR1-Venus was generated by flanking the poly-
merase chain reaction (PCR) fragments of human DRR1 comple-
mentary DNA (cDNA) and then inserting it into CSII-CMV-Venus
(RIKEN BioResource Center, Tsukuba, Japan) using NotI and BamHI
restriction sites. DRR1-glutathione S-transferase (GST) was gener-
ated by inserting mouse DRR1 cDNA into pGEX-6P-2 vector
(Amersham Biosciences MA, USA) using BamHI and EcoRI restric-
tion sites.

2.3. Primary hippocampal neuron culture and transfection

Primary hippocampal neurons were isolated from E18-day-old
Sprague Dawley rat embryos. Hippocampi were isolated, cut into
small pieces, and dissociated using the papain dissociation system
(Worthington Biochemical Corporation, Lakewood, NJ, USA), ac-
cording to the manufacturers’ protocol. The tissues were incubated
in papain solution (20 units/ml papain and 0.005% deoxyribonu-
clease) at 37 �C for 30 min with trituration using a 1 ml pipette
every 10 min. The cloudy suspension was carefully collected in a
new tube and centrifuged (1000 rpm) for 5 min at room temper-
ature. The supernatant was discarded and the pellet was immedi-
ately resuspended in albumin ovomucoid inhibitor solution and
centrifuged (1000 rpm) for 5 min at room temperature. The su-
pernatant was discarded and the cell pellet was resuspended in the
cell culture medium. Cells were counted and seeded on plates
coated with poly-D-lysine (Sigma-Aldrich, St. Louis, MO, USA). Cells
were cultured in Neurobasal medium (Invitrogen, Carlsbad, CA,
USA) supplemented with 2% B-27 (Invitrogen) and 0.5 mM gluta-
mine at 37 �C in a humidified chamber with 95% air and 5% carbon
dioxide. Transfection experiment with shRNA was performed 6 h
after cell seeding using FuGENE HD (Promega, Madison, USA).

2.4. Reverse transcription and quantitative real-time PCR

Different timed-pregnant Sprague Dawley rats (E12, E18) and
ones with different postnatal days (P0, P7, P14, P21, and P56) were
purchased from Changsheng Bio-Technology (Shenyang, China).
Total RNA from the brain and cultured hippocampal neurons was
extracted using ISOGEN (Nippon Gene, Tokyo, Japan). RNA extrac-
tion, reverse transcription (RT), and quantitative real-time PCR
were carried out as previously described [18]. Primer details are
shown in Supplementary Table 2.

2.5. Immunofluorescence staining

Immunofluorescence staining was performed as previously
described [18]. Briefly, cells were washed thrice with phosphate-
buffered saline (PBS) and fixed with 4% paraformaldehyde in PBS
for 15min at room temperature. The cells were then incubatedwith
blocking solution (5% normal goat serum and 0.3% Triton X-100 in
PBS) at room temperature for 1 h. The cells were thenwashed thrice
with PBS and incubated with indicated primary antibodies in
blocking solution for 1 h at room temperature. The cells were again
washed thrice with PBS and incubated with appropriate secondary
antibodies diluted in blocking solution for 1 h at room temperature.
37
The slides werewashed with PBS andmounted using the mounting
medium (Vector Laboratories, CA, USA). Images were acquired us-
ing the Olympus BX41-33microscope (Olympus, Tokyo, Japan). The
following primary antibodies were used: anti-DRR1 (Wanleibio,
Shenyang, China), anti-microtubule-associated protein 2 (MAP2)
(Merck Millipore, Darmstadt, Germany), anti-tau (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), anti-TMOD2 (Sigma-Aldrich).

2.6. GST pull down assay

DRR1-GST and control plasmid pGEX-6P-2 were transformed
into Escherichia coli BL21 for protein expression. The recombinant
proteins were collected by lysing the cells with lysis buffer (50 mM
Tris, 150 mM sodium chloride, 1% Triton X-100, 1% protease inhib-
itor, 1 mM phenylmethylsulfonyl fluoride). The GST pull down
experiment was performed using 1 ml Pierce™ Glutathione Spin
Columns (Thermo Fisher, Waltham, MA, USA) according to the
manufacturers’ protocol. The protein complex was eluted with
5 mM reduced glutathione. The eluate was collected and purified
using the AKTA-FPLC protein purification system (GE Healthcare,
Chicago, IL, USA). The purified protein was then visualized by so-
dium dodecyl sulfate polyacrylamide gel electrophoresis with
Coomassie staining. The eluate was finally analyzed using the LTQ
Orbitrap XL mass spectrometry system (Thermo Fisher).

2.7. Immunoprecipitation and immunoblotting

Immunoprecipitation and immunoblotting were performed as
previously described [4]. Briefly, cell lysates were incubated with
the indicated antibody at 4 �C for 4 h, mixed with protein G
Sepharose (GE Healthcare), and then incubated for another 2 h. The
mixture was centrifuged (15000 rpm) at 4 �C for 10 min and
washed thrice with cold PBS. After the last wash, the sample buffer
was added to the pellet and the sample was boiled for 5 min. The
solution was again centrifuged (15000 rpm) at 4 �C for 10 min and
the supernatant was collected for Western blot analysis. The
following antibodies were used for immunoprecipitation and
immunoblotting: anti-green fluorescent protein antibody (anti-
GFP; MBL, Nagoya, Japan) and anti-hemagglutinin antibody (anti-
HA; Sigma-Aldrich).

2.8. Statistical analysis

Statistical analysis was performed using the GraphPad 5.0
software (GraphPad Software, San Diego, CA, USA). Comparison
between the two groups was performed using the Student’s t-test
and data are presented as mean ± standard deviation. The differ-
ences were considered statistically significant for p-values < 0.05.

3. Results

3.1. DRR1 expression in rat brain and cultured primary
hippocampal neurons

Quantitative real-time PCR analysis of RNA isolated from rat
brains at different developmental stages (E12, E18, P0, P7, P14, P21,
and P56) showed that DRR1 was expressed in the E12 rat brain, a
very early stage of brain development. Expression of DRR1 gradu-
ally increased from E18 and continued to increase until adulthood
(Fig. 1A).

Next, we cultured primary hippocampal neurons in vitro. The
cultured primary hippocampal neurons exhibit different
morphology on different culture days, which represent five
different developmental stages [21] (Fig. 1B). We checked the
expression of DRR1 in these cultured neurons at different
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developmental stages using real-time PCR (Fig. 1C). Results
revealed that DRR1 was expressed at stage I of primary hippo-
campal neuron development and the expression increased steadily
until stage V. These results were consistent with those obtained
from rat brain analysis. Taken together, these results indicate that
DRR1 is expressed very early during neuronal development and the
expression is maintained until maturation, implying that DRR1
might play important roles at all neuronal developmental stages.
3.2. DRR1 regulates axon outgrowth during the early stage of
hippocampal neuron development

The actin cytoskeleton regulates several neuronal processes
such as dendrite development, spine formation, and synapse
function [22]. Actin-related proteins regulate actin dynamics and
play a critical role in the development and functioning of the brain
[23]. As an actin binding protein, DRR1 plays a significant role in
spine formation and synaptic function. However, the role of DRR1
during the early stage of neuron development has not been studied.
We examined the localization of DRR1 in cultured stage IV primary
hippocampal neurons and found that DRR1 is localized in both
MAP2-positive dendrites and tau-positive axons (Fig. 2A). To assess
the role of DRR1 during the early stage of neuron development, we
transfected DRR1 shRNA-GFP and control shRNA-GFP into cultured
primary hippocampal neurons (6 h after seeding) and examined
neurite formation after four days (Fig. 2B). Compared to the control
Fig. 1. DRR1 expression in rat brain and cultured primary hippocampal neurons. (A) mR
time PCR. n ¼ 3. (B) Phase contrast images of cultured primary hippocampal neurons in diffe
in cultured primary hippocampal neurons at different developmental stages was examined
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group, DRR1 shRNA transfected neurons showed a reduction in the
length of axon (Fig. 2B and C). No significant differencewas found in
the length of dendrites between DRR1 shRNA-GFP group and con-
trol shRNA-GFP group (Fig. 2D). These results indicate that DRR1
plays an important role in axon outgrowth during neuron
development.
3.3. Tmod2 is a binding partner of DRR1

Sequence analysis showed that DRR1 protein contains a coiled-
coil domain [2], which might allow it to interact with other pro-
teins. To screen for the binding partners of DRR1, we performed GST
pull down experiments followed by mass spectrometry analysis.
Several candidate binding partners of DRR1 were screened in the
mouse brain lysates. After excluding the known binding partner-
actin, Tmod2 exhibited the highest score in the data of mass
spectrometry analysis (Supplementary Table 3).

To validate the results of GST pull down experiments, DRR1-
Venus and TMOD2-HA were co-expressed in HEK293T cells and
immunoprecipitation was performed with the indicated anti-
bodies. Results confirmed that DRR1 binds to Tmod2 (Fig. 3A). We
then examined the expression profile of TMOD2 in the rat brain and
cultured primary hippocampal neurons. Similar to DRR1, TMOD2
was expressed at all developmental stages of the rat brain and
cultured primary hippocampal neurons. However, in contrast to
DRR1, TMOD2 expression was relatively stable from E18 to
NA level of DRR1 in different developmental stages of rat brain was examined by real-
rent developmental stages. DIV: day in vitro. Scale bar: 50 mm. (C) mRNA level of DRR1
by real-time PCR. n ¼ 3.



Fig. 2. Down-regulation of DRR1 expression suppressed axon formation in the early developmental stage of cultured primary hippocampal neurons. (A) Microscopic analysis
of DRR1 (red) and microtubule-associated protein 2 (MAP2, green) in cultured primary hippocampal neurons (upper panel). Microscopic analysis of DRR1 (green) and tau (red) in
cultured primary hippocampal neurons (lower panel). Fluorescence images were taken on day 3 after hippocampal neuron seeding. Scale bar: 50 mm. (B) Control shRNA-GFP or
DRR1 shRNA-GFP was transfected into primary hippocampal neurons 6 h after seeding. Fluorescence images were taken on day 4 after transfection. Scale bar: 50 mm. (C) Length of
axon was examined in 5 hippocampal neurons treated with control shRNA-GFP or DRR1 shRNA-GFP. **p < 0.01, versus control shRNA. (D) Length of dendrites was examined in 5
hippocampal neurons treated with control shRNA-GFP or DRR1 shRNA-GFP. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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Fig. 3. Tmod2 is a binding partner of DRR1. (A) HEK293T cells transfected with CMV-Venus, CMV-DRR1-Venus, and pCDNA3.1-TMOD2-HA were lysed using Tris buffer and
subjected to immunoprecipitation and western blotting with the indicated antibodies. (B) mRNA level of TMOD2 in different developmental stages of rat brain was examined by
real-time PCR. n ¼ 3. (C) mRNA level of TMOD2 in cultured primary hippocampal neurons at different developmental stages was examined by real-time PCR. n ¼ 3. (D) Microscopic
analysis of endogenous DRR1 (red) and endogenous TMOD2 (green) in primary hippocampal neurons. The lower panel shows enlarged images of the upper panel. Fluorescence
images were taken on day 3 after seeding. Scale bar: 20 mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this
article.)
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adulthood in the rat brain (Fig. 3B) and from stage III to stage V in
cultured primary hippocampal neurons (Fig. 3C). Immunofluores-
cence staining of cultured stage IV primary hippocampal neurons
demonstrated co-expression of DRR1 and TMOD2 (Fig. 3D).
3.4. Suppression of TMOD2 interrupts with the effect of DRR1
shRNA in cultured primary hippocampal neurons

To investigate the relationship between DRR1 and Tmod2 in
cultured primary hippocampal neurons, cells were treated with
TMOD2 shRNA-red fluorescent protein (RFP) 6 h after cell seeding.
40
Four days after transfection, TMOD2 shRNA-RFP-treated cells
showed a slight increase in the length of axon compared to that in
the control group (Fig. 4A and B). No significant difference was
found in the length of dendrites between TMOD2 shRNA-RFP group
and control shRNA-RFP group (Fig. 4C).

To assess the role of DRR1 and Tmod2 in regulating axon
outgrowth, DRR1 shRNA-GFP and TMOD2 shRNA-RFP were co-
transfected into primary hippocampal neurons. Four days after
transfection, the length of axon was measured. Cells treated with
DRR1 shRNA-GFP and control shRNA-RFP showed a reduction in the
length of axon when compared to that of the control shRNA-GFP



Fig. 4. Down-regulation of TMOD2 rescues the DRR1 shRNA-induced abnormal axon outgrowth. (A) Control shRNA-RFP or TMOD2 shRNA-RFP was transfected into cultured
primary hippocampal neurons 6 h after seeding. Fluorescence images were taken on day 4 after transfection. Scale bar: 50 mm. (B) The length of axon was examined in 5 hip-
pocampal neurons treated with control shRNA-RFP or TMOD2 shRNA-RFP. *p < 0.05 versus control shRNA-RFP. (C) The length of dendrites was examined in 5 hippocampal neurons
treated with control shRNA-RFP or TMOD2 shRNA-RFP. (D) Cultured primary hippocampal neurons were transfected with the indicated shRNA 6 h after seeding. Fluorescence
images were taken on day 4 after transfection. Scale bar: 50 mm. (E) The length of axonwas examined in 5 hippocampal neurons treated with the indicated shRNA. **p < 0.01 versus
control shRNA-GFP and control shRNA-RFP group. ##p < 0.01 versus DRR1 shRNA-GFP and control shRNA-RFP group.
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and control shRNA-RFP groups. However, in contrast to the control
shRNA treated cells, the ones treated with both DRR1 shRNA-GFP
and TMOD2 shRNA-RFP showed similar length of axon (Fig. 4D
and E).

4. Discussion

Several studies reported multiple roles of DRR1 in the nervous
system. In this study, a series of experiments were performed to
examine the expression profile and functions of endogenous DRR1
in cultured primary hippocampal neurons. DRR1 expression was
reported in both early and late developmental stages of hippo-
campal neurons, indicating the involvement of DRR1 in several
biological processes such as early neurite development, neurite
maintenance, and synapse formation. Previous studies demon-
strated that DRR1 regulates protrusion density and shape of the
synapse by affecting actin dynamics in the presynapse [20]. We
specifically focused on the function of DRR1 during early neurite
development. Results showed that in cultured primary hippocam-
pal neurons, down-regulation of DRR1 suppresses axon outgrowth
in the early developmental stage.

Actin cytoskeleton is crucial for multiple neuronal functions
such as neuronal differentiation and outgrowth, cell morphology
maintenance, and synaptic function [22e24]. Studies reported that
dysfunctional actin dynamics results in several neurodegenerative
diseases, such as Alzheimer’s disease, Parkinson’s disease, and
polyglutamine repeat diseases [25,26]. In the present study, we
found that DRR1 regulates early axon outgrowth in hippocampal
neurons. DRR1 is an actin-related protein, which promotes F-actin
bundling and affects synapse formation and long-term potentiation
[20]. Considering the role of actin in neurite outgrowth, it is
anticipated that DRR1 may affect axon outgrowth by mediating
actin dynamics.

To uncover the underlying mechanism, we performed the GST
pull down experiment to screen for DRR1-interacting proteins.
Mass spectrometry analysis identified Tmod2 as the candidate
DRR1-interacting protein. Subsequent experiments confirmed the
interaction between DRR1 and Tmod2, and showed the co-
localization of these proteins in the neurites of cultured primary
hippocampal neurons.

Tmod is a family of actin-binding proteins comprising four
members (Tmod1, Tmod2, Tmod3, and Tmod4) [27]. Tmod1 and
Tmod3 show high expression in various tissues, while Tmod2 and
Tmod4 are specifically expressed in the nervous system and skeletal
muscles, respectively [27]. Tmods regulate actin dynamics bycapping
the pointed end of actin filaments [28]. Tmod2 has been shown to
regulate neurite extension and spine density in neurons [29].

Previous studies have shown that overexpression of DRR1 re-
sults in decreased spine density [20], while overexpression of
TMOD2 increases the spine density [29]. Given that DRR1 and
Tmod2 are actin-binding proteins and are associated with regula-
tion of F-actin dynamics, we hypothesized that DRR1 and Tmod2
may affect actin dynamics differently. Our results showed opposite
effects of DRR1 and Tmod2 knockdown on early axon formation in
hippocampal neurons; down-regulation of DRR1 suppresses axon
outgrowth, while down-regulation of TMOD2 promotes axon
outgrowth. These results indicate the differential regulation of actin
dynamics by DRR1 and Tmod2. Additionally, experiments also
demonstrated that down-regulation of TMOD2 rescues the
abnormal axon formation induced by DRR1 shRNA, suggesting that
DRR1 in association with Tmod2 regulates axon formation by
affecting the actin dynamics. However, further studies are needed
to understand the role of DRR1 and Tmod2 in regulating actin
dynamics in hippocampal neurons, and the function of DRR1-actin-
Tmod2 complex during hippocampal neuron development.
42
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