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Actin rearrangement and phosphorylation-dephosphorylation in the nervous system contribute to 
plastic alteration of neuronal structure and function. Phosphatase and actin regulator (PHACTR) 
family members are actin- and protein phosphatase 1 (PP1)-binding proteins. Because some 
family members act as regulators of neuronal morphology, studying the regulatory mechanisms of 
PHACTR is valuable for understanding the basis of neuronal circuit formation. Although expression 
patterns of PHACTR family molecules (PHACTR1–4) vary across distinct brain areas, little is 
known about the extracellular ligands that influence their mRNA levels. In this study, we focused on 
an important neurotrophin, brain-derived neurotrophic factor (BDNF), and examined its effect on 
mRNA expression of PHACTR family member in cortical neurons. PHACTR1-3, but not PHACTR4, 
were affected by stimulation of primary cultured cortical neurons with BDNF; namely, sustained 
downregulation of their mRNA levels was observed. The observed downregulation was blocked 
by an inhibitor of the extracellular signal-regulated protein kinase/mitogen-activated protein kinase 
(ERK/MAPK) pathway, U0126, suggesting that ERK/MAPK plays an inhibitory role for gene 
induction of PHACTR1-3. These findings aid the elucidation of how BDNF regulates actin- and 
PP1-related neuronal functions.

1. Introduction

Actin dynamics and phosphorylation events in the 
nervous system play essential roles in brain circuit 
formation and functions (1-3). A series of proteins 
containing the amino acid sequence RPXXXEL (RPEL 
motif) have been identified as important regulators of 
cell motility, cell shape, and gene expression (4-7). One 
of these RPEL-containing proteins, megakaryoblastic 
leukemia/myocardin-related transcription factor, is a 
serum response factor transcriptional coactivator that 
regulates immediate early and cytoskeletal genes, as 
well as neuronal morphology (8,9). The phosphatase 
and actin regulator (PHACTR) family is an RPEL-
containing protein family that binds to actin and protein 
phosphatase 1 (PP1) (10,11). There are four PHACTRs 
(PHACTR1–4) that are spatiotemporally expressed in the 
brain (10,12). Overexpression of PHACTR3 in neurons 
results in decreased axonal elongation via RPEL motifs 
(13) and increased dendritic complexity via the PP1-

binding domain (14), suggesting that PHACTR proteins 
may contribute to the construction of brain structure. 
Although such regulation of neuronal morphology is 
thought to require modulation of PHACTRs mediated 
by extracellular stimuli at the protein level, only a few 
studies have identified ligands that control PHACTR 
functions [e.g., serum-induced nuclear translocation of 
PHACTR1 (15) and Slack channel stimulation-induced 
dissociation of PHACTR1 from the channel (16)]. 
Moreover, with the exception of vascular endothelial 
growth factor (17), it is largely unknown what ligands 
control PHACTRs at the mRNA level. Here, we 
investigate whether brain-derived neurotrophic factor 
(BDNF), a representative neurotrophin involved in 
neuronal plasticity and development (18), influences 
PHACTR mRNA expression in cortical neurons. In this 
study, we demonstrate differential expression profiles of 
PHACTR1–4 after BDNF stimulation and identify the 
signaling route required for BDNF-mediated alteration 
of mRNA levels.
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2. Materials and Methods

2.1. Animals

For primary cultures of rat cortical neurons, we used 
rat embryos from pregnant female Sprague-Dawley 
rats (Japan SLC, Hamamatsu, Shizuoka, Japan) in 
compliance with guidelines of the Animal Care and 
Experimentation Committee of University of Toyama, 
Sugitani Campus (Approval Nos. A2022PHA-6, 
A 2 0 1 9 P H A - 7 ,  A 2 0 1 6 P H A - 8 ,  A 2 0 1 3 P H A - 4 , 
A2012PHA-1, and A2011PHA-5) and the ARRIVE 
guidelines. 

2.2. Reagents

Human recombinant BDNF protein was a gift from 
Sumitomo Pharma Co., Ltd. (Osaka, Japan). We used 
U0126 from Calbiochem (La Jolla, CA, USA, 662005) 
as a MEK inhibitor. According to previously established 
concentrations of each inhibitor, U0126 (19), LY294002 
[L9908, Sigma-Aldrich (St. Louis, MO, USA)] (20), and 
U73122 (U6756, Sigma-Aldrich) (21) were added to the 
medium before BDNF stimulation. 

2.3. Cell culture

Rat cortical neurons were prepared from rats aged 
embryonic day 17, seeded at a density of 8 × 105 cells/
well in poly-D-lysine (P6407, Sigma)-coated 12-well 
plates, and maintained in Neurobasal medium (21103-
049, Invitrogen, Carlsbad, CA, USA) including 1× B27 
supplement (17504-044, Invitrogen), 2 μg/mL gentamicin 
(15750-060, Invitrogen), and 0.5 mM glutamine (25030-
081, Invitrogen), as previously described (22). Medium 
exchange was carried out by replacing half of the 
conditioned medium with fresh medium every 3 days.

2.4. RNA preparation and quantitative (q)PCR

RNA preparation followed by reverse-transcription 
(RT)-qPCR was executed by previously reported 
methods (22). TRIsure (BIO-38032; Bioline, London, 
UK) was used for RNA extraction and, subsequently, 
the isolated total RNA was reverse-transcribed 
for complementary DNA (cDNA) synthesis using 
SuperScript II (18064-014; Invitrogen). To detect 
PHACTR1–4  and glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH), SYBR Select Master 
Mix (4472908; Thermo Fisher Scientific, Waltham, 
MA, USA) was used for qPCR according to the 
manufacturer's experimental conditions. The PCR 
program was as follows: initial preheating to 50°C for 
2 min; subsequent denaturing at 95°C for 2 min; and 40 
cycles of denaturing at 95°C for 15 s, annealing at 57°C 
for 15 s, and extending at 72°C for 1 min. qPCR primer 
sequences were as follows:

GAPDH-sense: 5ʹ-ATCGTGGAAGGGCTCATGAC-3ʹ,
GAPDH-antisense: 5ʹ-TAGCCCAGGATGCCCTTTAGT-3ʹ,
PHACTR1-sense: 5ʹ-GAGCTCTCCCTGGCATCCTACAC-3ʹ, 
PHACTR1-antisense: 5ʹ-CTGCATGGTCATAGCAAGTGTC-3ʹ, 
PHACTR2-sense: 5ʹ-TGTCCCCCAACACAGTCACTTC-3ʹ, 
PHACTR2-antisense: 5ʹ-GTCCATCACTGACTAGGACCATG-3 ,́ 
PHACTR3-sense: 5ʹ-CACCCAAGGCCAGCTCTA-3ʹ, 
PHACTR3-antisense: 5ʹ-TTGAAAACTGTCCTGACGGTGC-3ʹ, 
PHACTR4-sense: 5ʹ-GCTGAACTGTCCCAAGCAATG-3ʹ, 
PHACTR4-antisense: 5ʹ-TTGTCAGCGGTGGTTCCAAAC-3ʹ. 

 PCR reactions were performed using standard 
vectors carrying DNA fragments of interest and cDNA 
samples simultaneously to acquire the standard curve 
and levels of mRNA expression. Standard vectors 
containing PHACTR1, PHACTR2, and PHACTR4 were 
made by PCR and subsequent ligation of partial cDNA 
into the vector. The HA-rat PHACTR3 vector, which was 
generated and reported previously (14), was also used as 
a standard vector. The internal control in this experiment 
was GAPDH mRNA expression. 

2.5. Statistical analysis

All data are expressed as the mean ± S.E. (n = 4, 
n indicates the number of animals). Statistics were 
executed using Microsoft Excel 2013 (version 
15.0.5127.1000). Data were analyzed by paired t-tests 
with Bonferroni's correction were applied; p < 0.05/
x (where x was the number of tests) was regarded as 
significant (see figure legends).

3. Results and Discussion

Initially, we investigated whether BDNF influenced 
PHACTR1–4 mRNA levels in cortical neurons. We 
found that mRNA expression of PHACTR1–3 was 
downregulated by BDNF stimulation (Figure 1). 
Specifically, downregulation was observed at 1 h for 
PHACTR1 and PHACTR3, at 3 h for PHACTR1–3, at 6 h 
for PHACTR3, and at 12 h for PHACTR2 and PHACTR3. 
PHACTR2 displayed the lowest mRNA level among all 
PHACTRs. PHACTR4 mRNA expression was unchanged 
at the indicated times (Figure 1D), suggesting that the 
responsiveness of PHACTR4 gene to BDNF is less or 
too minute to be detected. Previously, Allen et al. studied 
the expression patterns of PHACTRs in the brain using in 
situ hybridization (10) and Kim et al. reported differential 
mRNA expression patterns of PHACTR family members 
in the developing and injured brain following traumatic 
brain injury (12). Our findings demonstrating high 
expression of PHACTR1 and PHACTR3 are consistent 
with these previous studies (10,12). 
 There are three intracellular signaling routes activated 
by BDNF (18). Therefore, we subsequently investigated 
which signaling pathway is involved in the reduction of 
PHACTR1–3 mRNA by using three inhibitors to block 
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 Although PHACTRs are expected to play versatile 
roles in health and disease of the brain, primarily 
because of their abundant expression (10), only a few 
reports describe the possible involvement of PHACTRs 
in function or dysfunction of the nervous system, 
such as roles in neuronal morphology (13,14) and 
epilepsy (24). In terms of neuronal morphology, the 
regulatory roles of PHACTR3 have been examined 
by its overexpression in primary cultured neurons, 
whereby it disrupts axonal elongation (13), increases 
dendritic complexity, upregulates percentages of 
matured spines, and decreases spine densities (14). As it 
remains largely unknown how endogenously expressed 
PHACTRs influence the nervous system, future studies 
applying knockout or knockdown technologies to 
PHACTR1–4 expression are needed. In this study, we 
show downregulation of PHACTR1–3 gene expression 
caused by BDNF. As described above, the regulatory 
ligands that regulate PHACTR1–4 gene expression 
and role of endogenous PHACTRs remain to be fully 
elucidated. This study provides valuable insights into 
the contribution of endogenous PHACTRs and upstream 
signaling regulating their expression to brain structure 
and function.
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Figure 1. Downregulation of PHACTRs1, 2 and 3, but not PHACTR4 genes by BDNF stimulation. Primary cultured cortical neurons (9 days in 
vitro) were stimulated with vehicle or 100 ng/mL BDNF. At the time indicated, RNA was isolated and subjected to RT-qPCR for measuring mRNA 
levels. Time course of PHACTR1 (A), PHACTR2 (B), PHACTR3 (C), and PHACTR4 (D) *p < 0.05/5 and **p < 0.01/5 (vs. vehicle control at the same 
time point).



www.ddtjournal.com

Drug Discoveries & Therapeutics. 2024; 18(4):255-259. 258

Ltd. for their provision of BDNF. 

Funding: This work was supported by the Smoking 
Research Foundation (to A.T.), the Uehara Memorial 
Foundation (to A.T.), and KAKENHI (Grant Nos. 
JP26460064, JP18K06625, and JP23H03305 to A.T.; 
and JP20K15989 to D.I.).

Conflict of Interest: The authors have no conflicts of 
interest to disclose.

References

1. Gomez TM, Letourneau PC. Actin dynamics in growth 
cone motility and navigation. J Neurochem. 2014; 
129:221-234.

2. Munton RP, Vizi S, Mansuy IM. The role of protein 
phosphatase-1 in the modulation of synaptic and structural 
plasticity. FEBS Lett. 2004; 567:121-128.

3. Saneyoshi T, Hayashi Y. The Ca2+ and Rho GTPase 
signaling pathways underlying activity-dependent actin 
remodeling at dendritic spines. Cytoskeleton (Hoboken). 
2012; 69:545-554.

4. Favo t L , G i l l i ngwa te r M, Sco t t C , Kemp PR. 
Overexpression of a family of RPEL proteins modifies 
cell shape. FEBS Lett. 2005; 579:100-104.

5. Sagara J, Arata T, Taniguchi S. Scapinin, the protein 
phosphatase 1 binding protein, enhances cell spreading 
and motility by interacting with the actin cytoskeleton. 
PLoS One. 2009; 4:e4247.

6. Diring J, Mouilleron S, McDonald NQ, Treisman R. 
RPEL-family rhoGAPs link Rac/Cdc42 GTP loading to 
G-actin availability. Nat Cell Biol. 2019; 21:845-855.

7. Miralles F, Posern G, Zaromytidou AI, Treisman R. 
Actin dynamics control SRF activity by regulation of its 
coactivator MAL. Cell. 2003; 113:329-342.

8. Tabuchi A, Ihara D. Regulation of dendritic synaptic 
morphology and transcription by the SRF Cofactor MKL/
MRTF. Front Mol Neurosci. 2021; 14:767842.

9. Tabuchi A, Ihara D. SRF in Neurochemistry: Overview 
of Recent Advances in Research on the Nervous System. 
Neurochem Res. 2022; 47:2545-2557.

10. Allen PB, Greenfield AT, Svenningsson P, Haspeslagh DC, 
Greengard P. Phactrs 1-4: A family of protein phosphatase 
1 and actin regulatory proteins. Proc Natl Acad Sci U S A. 
2004; 101:7187-7192.

11. Sagara J, Higuchi T, Hattori Y, Moriya M, Sarvotham H, 
Shima H, Shirato H, Kikuchi K, Taniguchi S. Scapinin, 
a putative protein phosphatase-1 regulatory subunit 
associated with the nuclear nonchromatin structure. J Biol 
Chem. 2003; 278:45611-45619.

12. Kim JY, Choi SY, Moon Y, Kim HJ, Chin JH, Kim H, Sun 
W. Different expression patterns of Phactr family members 
in normal and injured mouse brain. Neuroscience. 2012; 

Figure 2. Contribution of ERK/MAPK pathway to BDNF-induced decrease of PHACTRs1, 2 and 3 mRNA. The mRNA levels in terms of 
PHACTR1 (A, D, G), PHACTR2 (B, E, H) and PHACTR3 (C, F, I). Three inhibitors, U0126 (20 μM), LY294002 (10 μM) or U73122 (10 μM), were 
administered into cortical neurons (9 days in vitro) 30 min before BDNF stimulation (100 ng/mL). Three hours later, RNA was isolated and subjected 
to RT-qPCR for measuring mRNA levels. *p < 0.05/2 and **p < 0.01/2 (vs. vehicle control), ##p < 0.01/2 and NS, not significant (vs. BDNF alone). 



www.ddtjournal.com

Drug Discoveries & Therapeutics. 2024; 18(4):255-259.259

221:37-46.
13. Farghaian H, Chen Y, Fu AW, Fu AK, Ip JP, Ip NY, 

Turnley AM, Cole AR. Scapinin-induced inhibition of 
axon elongation is attenuated by phosphorylation and 
translocation to the cytoplasm. J Biol Chem. 2011; 
286:19724-19734.

14. Miyata T, Kikuchi K, Ihara D, et al. Neuron-enriched 
phosphatase and actin regulator 3 (Phactr3)/nuclear 
scaffold-associated PP1-inhibiting protein (Scapinin) 
regulates dendritic morphology via its protein phosphatase 
1-binding domain. Biochem Biophys Res Commun. 2020; 
528:322-329.

15. Wiezlak M, Diring J, Abella J, Mouilleron S, Way 
M, McDonald NQ, Treisman R. G-actin regulates the 
shuttling and PP1 binding of the RPEL protein Phactr1 to 
control actomyosin assembly. J Cell Sci. 2012; 125:5860-
5872.

16. Fleming MR, Brown MR, Kronengold J, Zhang Y, Jenkins 
DP, Barcia G, Nabbout R, Bausch AE, Ruth P, Lukowski 
R, Navaratnam DS, Kaczmarek LK. Stimulation of Slack 
K+ Channels Alters Mass at the Plasma Membrane by 
Triggering Dissociation of a Phosphatase-Regulatory 
Complex. Cell Rep. 2016; 16:2281-2288.

17. Allain B, Jarray R, Borriello L, Leforban B, Dufour 
S, Liu WQ, Pamonsinlapatham P, Bianco S, Larghero 
J, Hadj-Slimane R, Garbay C, Raynaud F, Lepelletier 
Y. Neuropilin-1 regulates a new VEGF-induced gene, 
Phactr-1, which controls tubulogenesis and modulates 
lamellipodial dynamics in human endothelial cells. Cell 
Signal. 2012; 24:214-223.

18. Park H, Poo MM. Neurotrophin regulation of neural 
circuit development and function. Nat Rev Neurosci. 
2013; 14:7-23.

19. Favata MF, Horiuchi KY, Manos EJ, Daulerio AJ, Stradley 
DA, Feeser WS, Van Dyk DE, Pitts WJ, Earl RA, Hobbs 
F, Copeland RA, Magolda RL, Scherle PA, Trzaskos JM. 
Identification of a novel inhibitor of mitogen-activated 
protein kinase kinase. J Biol Chem. 1998; 273:18623-
18632.

20. Vlahos CJ , Mat te r WF, Hui KY, Brown RF. A 
specific inhibitor of phosphatidylinositol 3-kinase, 
2-(4-morpholinyl)-8-phenyl-4H-1-benzopyran-4-one 
(LY294002). J Biol Chem. 1994; 269:5241-5248.

21. Smith RJ, Justen JM, McNab AR, Rosenbloom CL, 
Steele AN, Detmers PA, Anderson DC, Manning AM. 
U-73122: A potent inhibitor of human polymorphonuclear 
neutrophil adhesion on biological surfaces and adhesion-
related effector functions. J Pharmacol Exp Ther. 1996; 
278:320-329.

22. Ihara D, Miyata T, Fukuchi M, Tsuda M, Tabuchi A. SRF 
and SRF cofactor mRNA expression is differentially 
regulated by BDNF stimulation in cortical neurons. Biol 
Pharm Bull. 2023; 46:636-639.

23. Ichikawa K, Kubota Y, Nakamura T, Weng JS, Tomida 
T, Saito H, Takekawa M. MCRIP1, an ERK substrate, 
mediates ERK-induced gene silencing during epithelial-
mesenchymal transition by regulating the co-repressor 
CtBP. Mol Cell. 2015; 58:35-46.

24. Marakhonov AV, Prechova M, Konovalov FA, Filatova 
AY, Zamkova MA, Kanivets IV, Solonichenko VG, 
Semenova NA, Zinchenko RA, Treisman R, Skoblov 
MY. Mutation in PHACTR1 associated with multifocal 
epilepsy with infantile spasms and hypsarrhythmia. Clin 
Genet. 2021; 99:673-683.

Received June 19, 2024; Revised August 5, 2024; Accepted 
August 16, 2024.

§These authors contributed equally to this work. 
*Address correspondence to:
Akiko Tabuchi, Laboratory of Molecular Neurobiology, 
Graduate School of Medicine and Pharmaceutical Sciences, 
University of Toyama, 2630 Sugitani, Toyama 930-0194, 
Japan.
E-mail: atabuchi@pha.u-toyama.ac.jp 

Released online in J-STAGE as advance publication August 
25, 2024.


