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Abstract 

Protein kinases are responsible for protein phosphorylation and are involved in important intracellular signal trans-
duction pathways in various cells, including neurons; however, a considerable number of poorly characterized 
kinases may be involved in neuronal development. Here, we considered mitogen-activated protein kinase kinase 
kinase kinases (MAP4Ks), related to as candidate regulators of neurite outgrowth and synaptogenesis, by examining 
the effects of a selective MAP4K inhibitor PF06260933. PF06260933 treatments of the cultured neurons reduced neu-
rite lengths, not the number of synapses, and phosphorylation of GAP43 and JNK, relative to the control. These results 
suggest that MAP4Ks are physiologically involved in normal neuronal development and that the resultant impaired 
neurite outgrowth by diminished MAP4Ks’ activity, is related to psychiatric disorders.
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Neuronal outgrowth and synaptogenesis transpire during 
prenatal, the upstream processes of axonal circuitry com-
plexes [1]. Yet, dysregulation of these could lead to micro-
scopic changes, which are commonly found in psychiat-
ric disorders [2]. Molecular cues such as protein kinases, 
play some important roles to guide axonal outgrowth and 

synapse formation during neurodevelopment, via protein 
phosphorylation in signal transduction [3–5].

In the course of neurogenesis, mitogen-activated pro-
tein kinase (MAPK) signaling is the common pathways 
of several molecules to facilitate proliferation of neu-
ral progenitors and their differentiation [6]. Some of 
these molecules belong to the mitogen-activated pro-
tein kinase kinase kinase kinases (MAP4K) family that 
act as the upstream signals for the MAPK cascade [7]. 
Among seven members of MAP4K family [8, 9], namely, 
MAP4K4/ NIK [10], MAP4K6/ MINK1, and MAP4K7/ 
TNIK are in close homolog, particularly 90% identi-
cal between MAP4K4 and TNIK in kinase domain and 
germinal center kinase homology domain, and 86.8% 
homolog between MAP4K4 and MINK1 [11, 12]. Despite 
the almost utterly identical structure, a line of evidence 
demonstrated TNIK is linked to schizophrenia, whereas 
MINK1 and MAP4K4 are associated with autism 
[13–18].

A downstream effect of the three MAP4K members 
regulate DLK-dependent JNK signaling and supports 
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the translocation of activated JNK to nucleus of neuron 
[19]. Furthermore, phosphoproteomic analysis reveals 
that phosphorylated Ser96 GAP43 is abundant during 
brain development and strongly regulated by JNK-1 
and JNK-2, indicating a novel molecular marker for 
developing axons [20]. Taken together, we hypothesize 
that MAP4Ks affects the following sequential phospho-
rylation cascades; from phosphorylated JNK to phos-
phorylated GAP43 in neurite and synapse formation 
(Fig. 1A).

To investigate the MAP4Ks effect on neurite out-
growth and synapse formation, we used PF06260933 
as a MAP4Ks inhibitor common to MAP4K4 
(IC50 = 140  nM), MINK1 (IC50 = 8  nM), and TNIK 
 (IC50 = 15 nM) to treat the cultured mouse hippocampal 
neuron [21, 22]. The simplified experiment workflow is 
depicted in Fig. 1B (the details are described in our pre-
vious work with the exception of PF0626093 treatments, 
staining and western blot protocols are described in 
Additional file 1) [23]. A high-throughput screening sys-
tem, the microscope-based CellInsight™ CX5 High Con-
tent Screening platform (Thermo Fisher Scientific), was 
utilized to acquire the quantification data.

First, we compared the total number of synapses per a 
total number of neurons given eight different concentra-
tions of PF06260933 compared to the control by using 
immunostaining of synaptophysin (presynaptic marker), 
SHANK2 (postsynaptic marker), and MAP2 (neurite 
marker). In our observations, no significant discrepancy 
across all concentrations compared to the control treated 
with DMSO (p > 0.05/8; Fig.  1C, D). In stark contrast, 
the total neurite length per neuron measured by MAP2 
immunostaining, was dramatically reduced in 5  μM or 
more PF06260933, compared to the DMSO-supple-
mented control (p < 0.05/8; Fig. 1E, F). The results of the 

neurite analysis brought our investigation further into 
the JNK conditions in neurons.

Next, the PF06260933 effects on JNK and GAP43 sig-
nals (as JNK downstream effects) were scrutinized by 
the observation of the intensity of JNK/GAP43, and the 
ratios of (phosphorylated JNK1 and JNK2)/ (phospho-
rylated GAP43) per neuron were calculated in eight dif-
ferent PF06260933 concentrations, compared to the 
control. It was apparent that a significant reduction of 
neurite-derived fluorescence was observed in both phos-
phorylated JNK and phosphorylated GAP43 at 5 μM or 
more PF06260933-treated neurons, compared to con-
trol (p < 0.05/8; Fig. 1G–J). Similarly, the neurite-derived 
fluorescence of JNK/ GAP43 signals also dropped sig-
nificantly at 10  μM or more, compared to the control 
(p < 0.05/8; Fig. 1K–N).

To validate these imaging results, we performed west-
ern blotting to evaluate the alteration of JNK/ GAP43 and 
(phosphorylated JNK1 and JNK2 protein)/ pS96 GAP43. 
Phosphorylated JNK1 and JNK2/ pS96 GAP43 demon-
strated a significant decline of protein abundance at 5 μM 
and 10 μM both quantitively (p < 0.05/3; Fig. 1O–R). JNK/ 
GAP43 also resulted a significant decline of protein abun-
dance at 10 μM both quantitively (p < 0.05/3; Fig. 1S–V). 
We have shown the original membrane photographs and 
the quantitative data for each band of the Western blot-
ting experiments (Additional file 1: Fig. S1 and Table S1).

Based on our hypothesis, we showed in this study 
that the MAP4Ks were involved in neurodevelopment 
through the MAP4Ks-JNK-GAP43 cascade by observ-
ing the effects of the MAPKs inhibitor PF06260933. We 
also found that the MAP4Ks facilitate the neurite out-
growth but not synaptogenesis (Fig.  1C, D). Our cur-
rent results were consistent with a previous report of 
MAP4K7/ TNIK knockout mice, which have a major 

Fig. 1 inhibition effects of MAP4Ks in the development of synapses and neurites. A The diagram of a hypothesized MAP4Ks-JNK-GAP43 cascade. 
According to ref. 20, brain-specific MAP2K for JNK is thought to be MKK7. B The workflow of the study methods. C Cell imaging: Synaptic analysis 
of neurons (2 weeks in culture) treated with DMSO (control) and with 160 μM PF06260933, immunostained by SHANK2 and synaptophysin. D 
Synaptic analysis of two-weeks old neurons treated with DMSO, and 1.25, 2.5, 5, 10, 20, 40, 80, and 160 μM PF06260933. E Cell imaging: Analysis 
of neurite lengths (day 3 in culture) treated with DMSO and with 160 μM PF06260933, immunostained by MAP2. F Neurite analysis of day 3 old 
MAP2-immunostained neurons treated with DMSO, and 0.3125, 0.625, 1.25, 2.5, 5, 10, 20, and 40 μM PF06260933 (eight different concentrations 
for neurite analysis). G Cell imaging: Neurite length analysis treated with DMSO or 5 μM PF06260933, immunostained using anti-phosphorylated 
JNK (pJNK) antibody. H Analysis of neurites on three-days old using pJNK-immunostained neurons, treated with DMSO or PF06260933 (the same 
concentrations as in G). I Cell imaging: Neurite length analysis treated with DMSO and 5 μM PF06260933, immunostained using phosphorylated 
GAP43 (pGAP43) antibody. J Neurite analysis of day 3 old pGAP43-immunostained neurons treated with DMSO and PF06260933 (same 
concentrations as in G). K Cell imaging: Neurite length analysis treated with DMSO and 10 μM PF06260933 enhanced by JNK immunostaining. 
L Neurite analysis of three-days old JNK-immunostained neurons treated with DMSO and PF06260933 (same concentrations as in G). M Cell 
imaging: Neurite length analysis treated with DMSO and 10 μM PF06260933 enhanced by GAP43 immunostaining. N Neurite analysis of day 3 
old GAP43-immunostained neurons treated with DMSO and PF06260933 (same concentration as in G). O–V Protein expression in cells treated 
with control, and 2.5, 5, and 10 μM PF06260933 in gross protein visualization of pJNK (O), pGAP43 (Q), JNK (S), and GAP43 (U); and signal intensity 
quantification of pJNK (P), pGAP43 (R), JNK (T), and GAP43 (V). Significant comparison is marked with (*) at p < 0.05/8 (D, F, H, J, L, N; n = 6 each 
concentration) and at p < 0.05/3 (P, R, T, V; n = 3 each concentration), and error bars represent standard deviation

(See figure on next page.)
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Fig. 1 (See legend on previous page.)
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Fig. 1 continued
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Fig. 1 continued
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reduction of dentate gyrus neurons in number, due to 
affect the cytoskeletons [24]. On the other side, synapse 
formation requires synaptic organizing molecules that 
orchestrate the synaptic establishment and the synapse 
shapes, by which various signals are craved [25].

In addition, our findings support that the hypoth-
esized cascade of the MAP4Ks accommodates neurite 
outgrowth via JNK-GAP43 phosphorylation fashion. 
JNK and GAP43 signals had similar results (Fig. 1L–O). 
Likewise, pJNK and Ser96 pGAP43 demonstrated the 
exact concentration at which the intensity began to be 
affected (Fig.  1G–J). In other words, both the neurite 
intensity of the pJNK and that of the pGAP43 are simi-
lar to each other after the administration of MAP4Ks 
inhibitor, indicating the strong association between the 
two in neurite development as also previously reported 
[20, 26].

As mentioned above, PF06260933 inhibits the simi-
larly structured MAP4K members. First, MAP4K4 has 
a number of tissue-specific isoforms and is one of the 
autism spectrum disorders (ASD) genes after identi-
fying de novo frameshift variants in neuron-specific 
exons and isoforms, which account for the reduced 
expression of MAP4K4 transcript [17]. Similarly, a 
study reported MINK1 haploinsufficiency is the causal 
agent of the autistic manifestations in an ASD patient 
[18]. Also, TNIK-deficit mice demonstrated cogni-
tive dysfunction [24], which is one of the signs of 
schizophrenia.

To note, inhibiting MAP4Ks, not individually, hin-
ders the activation of JNK signaling mediated by 
stress-inducing conditions, and it provides neuropro-
tection from degeneration [19]. Although variants 
of the GAP43 gene are not associated with any neu-
rodevelopmental disorders [27], deficit phosphoryl-
ated GAP43 in neurons greatly contributes to memory 
impairments, as previously reported [28, 29]. In brief, 
our study suggests the fact that an inhibitor of MAP4Ks 
obliterates neurite growth associated with the suppres-
sion of phosphorylated JNK-GAP43, implying the exist-
ence of a MAP4Ks-JNK-GAP43 cascade, which could 
lead to cognitive impairments of neurodevelopmental 
disorders. Further work is needed to establish the cas-
cade distinctively and to detect other possible protein 
interactions that result in our association.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13041- 023- 01066-2.

Additional file 1. Methods, Fig. S1 and Table S1. 

Acknowledgements
We thank Igarashi lab members for their technical assistance and advice.

Author contributions
LDJ, and RKA wrote the manuscript, and LDJ, RKA, AFH, and TT performed 
the experiments. JE planned and designed the experiments, designed and 
directed the project, performed the experiments, and analyzed the data. VPL 
planned and designed the experiments, designed and directed the project, 
and wrote the manuscript. MI planned and designed the experiments, 
designed and directed the project, and wrote the manuscript. TS directed the 
project. All authors read and approved the final manuscript for submission.

Funding
This work was supported in part by JSPS KAKENHI [#20H03597 to TS, 
#21K07496 to JE, and #18H04013 to MI], AMED-CREST [#21gm1210007s0103, 
#22gm1210007s0104, and #23gm1210007s0105to MI], the NIH [NINDS 
R01NS100531 to VPL], the State of Florida [to VPL], the Miami Project to Cure 
Paralysis [to VPL], and the W.G. Ross Foundation [to VPL].

Availability of data and materials
All data generated or analyzed during this study are included in this published 
article.

Declarations

Ethics approval and consent to participate
All animal experiments were performed following approval from the Animal 
Resource Center of Niigata University.

Consent for publication
All authors consent to publication.

Competing interests
The authors declare no competing interests.

Received: 5 August 2023   Accepted: 1 November 2023

References
 1. Ronan JL, Wu W, Crabtree GR. From neural development to cognition: 

unexpected roles for chromatin. Nat Rev Genet. 2013;14(5):347–59. 
https:// doi. org/ 10. 1038/ nrg34 13.

 2. Stiles J, Jernigan TL. The basics of brain development. Neuropsychol Rev. 
2010;20(4):327–48.

 3. Tessier-Lavigne M, Goodman CS. The molecular biology of axon guid-
ance. Dev Biol. 1996;274(5290):1123–33.

 4. Leprince P, Bonvoisin C, Rogister B, Mazy-Servais C, Moonen G. Protein 
kinase- and staurosporine-dependent induction of neurite outgrowth 
and plasminogen activator activity in PC12 cells. Biochem Pharmacol. 
1996;52(9):1399–405.

 5. Johnson SA, Hunter T. Kinomics: methods for deciphering the kinome. 
Nat Methods. 2005;2(1):17–25.

 6. Iroegbu JD, Ijomone OK, Femi-Akinlosotu OM, Ijomone OM. ERK/MAPK 
signalling in the developing brain: perturbations and consequences. 
Neurosci Biobehav Rev. 2021;131:792–805. https:// doi. org/ 10. 1016/j. 
neubi orev. 2021. 10. 009.

 7. Plotnikov A, Zehorai E, Procaccia S, Seger R. The MAPK cascades: signaling 
components, nuclear roles and mechanisms of nuclear translocation. 
Biochim Biophys Acta Mol Cell Res. 2011;1813(9):1619–33. https:// doi. 
org/ 10. 1016/j. bbamcr. 2010. 12. 012.

 8. Chuang HC, Wang X, Tan TH. MAP4K Family Kinases in Immunity and 
Inflammation (Internet). 1st ed. Vol. 129, Advances in Immunology. Else-
vier Inc.; 2016. 277–314 p. https:// doi. org/ 10. 1016/ bs. ai. 2015. 09. 006.

https://doi.org/10.1186/s13041-023-01066-2
https://doi.org/10.1186/s13041-023-01066-2
https://doi.org/10.1038/nrg3413
https://doi.org/10.1016/j.neubiorev.2021.10.009
https://doi.org/10.1016/j.neubiorev.2021.10.009
https://doi.org/10.1016/j.bbamcr.2010.12.012
https://doi.org/10.1016/j.bbamcr.2010.12.012
https://doi.org/10.1016/bs.ai.2015.09.006


Page 7 of 7Lasham et al. Molecular Brain           (2023) 16:79  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 9. Seo G, Han H, Vargas RE, Yang B, Li X, Wang W. MAP4K interactome reveals 
STRN4 as a key STRIPAK complex component in hippo pathway regula-
tion. Cell Rep. 2020;32(1):107860.

 10. Singh SK, Roy R, Kumar S, Srivastava P, Jha S, Rana B, et al. Molecular 
insights of MAP4K4 signaling in inflammatory and malignant diseases. 
Cancers (Basel). 2023;15(8):2272.

 11. Fu CA, Shen M, Huang BCB, Lasaga J, Payan DG, Luo Y. TNIK, a novel 
member of the germinal center kinase family that activates the c-Jun 
N-terminal kinase pathway and regulates the cytoskeleton. J Biol Chem. 
1999;274(43):30729–37. https:// doi. org/ 10. 1074/ jbc. 274. 43. 30729.

 12. Jovanovic D, Yan S, Baumgartner M. The molecular basis of the dichoto-
mous functionality of MAP4K4 in proliferation and cell motility control in 
cancer. Front Oncol. 2022;12:1–18.

 13. Shi J, Levinson DF, Duan J, Sanders AR, Zheng Y, Péer I, et al. Common 
variants on chromosome 6p22.1 are associated with schizophrenia. 
Nature. 2009;460(7256):753–7.

 14. Potkin SG, Turner JA, Guffanti G, Lakatos A, Fallon JH, Nguyen DD, et al. A 
genome-wide association study of schizophrenia using brain activation 
as a quantitative phenotype. Schizophr Bull. 2009;35(1):96–108.

 15. Wang Q, Charych EI, Pulito VL, Lee JB, Graziane NM, Crozier RA, et al. 
The psychiatric disease risk factors DISC1 and TNIK interact to regulate 
synapse composition and function. Mol Psychiatry. 2011;16(10):1006–23.

 16. Ayalew M, Le-Niculescu H, Levey DF, Jain N, Changala B, Patel SD, 
et al. Convergent functional genomics of schizophrenia: from com-
prehensive understanding to genetic risk prediction. Mol Psychiatry. 
2012;17(9):887–905.

 17. Cesana M, Vaccaro L, Larsen MJ, Kibæk M, Micale L, Riccardo S, et al. 
Integrated exome and transcriptome analysis prioritizes MAP4K4 de novo 
frameshift variants in autism spectrum disorder as a novel disease–gene 
association. Hum Genet. 2023;142(3):343–50. https:// doi. org/ 10. 1007/ 
s00439- 022- 02497-y.

 18. Eisfeldt J, Schuy J, Stattin EL, Kvarnung M, Falk A, Feuk L, et al. Multi-omic 
investigations of a 17–19 translocation links MINK1 disruption to autism, 
epilepsy and osteoporosis. Int J Mol Sci. 2022;23(16):9392.

 19. Larhammar M, Huntwork-Rodriguez S, Rudhard Y, Sengupta-Ghosh 
A, Lewcock JW. The Ste20 family kinases MAP4K4, MINK1, and TNIK 
converge to regulate stress-induced JNK signaling in neurons. J Neurosci. 
2017;37(46):11074–84.

 20. Kawasaki A, Okada M, Tamada A, Okuda S, Nozumi M, Ito Y, et al. Growth 
cone phosphoproteomics reveals that GAP-43 phosphorylated by JNK 
is a marker of axon growth and regeneration. iScience. 2018;4:190–203. 
https:// doi. org/ 10. 1016/j. isci. 2018. 05. 019.

 21. Roth Flach RJ, Skoura A, Matevossian A, Danai L V., Zheng W, Cortes C, 
et al. Endothelial protein kinase MAP4K4 promotes vascular inflammation 
and atherosclerosis. Nat Commun. 2015;6.

 22. Ammirati M, Bagley SW, Bhattacharya SK, Buckbinder L, Carlo AA, 
Conrad R, et al. Discovery of an in vivo tool to establish proof-of-
concept for MAP4K4-based antidiabetic treatment. ACS Med Chem Lett. 
2015;6(11):1128–33.

 23. Egawa J, Arta RK, Lemmon VP, Muños-Barrero M, Shi Y, Igarashi M, et al. 
The cyclin G-associated kinase (GAK) inhibitor SGC-GAK-1 inhibits neurite 
outgrowth and synapse formation. Mol Brain. 2022;15(1):1–5.

 24. Coba MP, Komiyama NH, Nithianantharajah J, Kopanitsa MV, Indersmitten 
T, Skene NG, et al. TNiK is required for postsynaptic and nuclear signaling 
pathways and cognitive function. J Neurosci. 2012;32(40):13987–99.

 25. Südhof TC. The cell biology of synapse formation. J Cell Biol. 
2021;220(7):1–18.

 26. Coffey ET. Nuclear and cytosolic JNK signalling in neurons. Nat Rev Neu-
rosci. 2014;15(5):285–99. https:// doi. org/ 10. 1038/ nrn37 29.

 27. Arta RK, Watanabe Y, Inoue E, Nawa Y, Morikawa R, Egawa J, et al. 
Resequencing and association analysis of GAP43 with autism spectrum 
disorder and schizophrenia in a Japanese population. Res Autism Spectr 
Disord. 2021;82:101729. https:// doi. org/ 10. 1016/j. rasd. 2021. 101729.

 28. Holahan MR, Honegger KS, Routtenberg A. Ectopic growth of hippocam-
pal mossy fibers in a mutated GAP-43 transgenic mouse with impaired 
spatial memory retention. Hippocampus. 2010;20(1):58–64.

 29. Igarashi M, Kawasaki A, Ishikawa Y, Honda A, Okada M, Okuda S. 
Phosphoproteomic and bioinformatic methods for analyzing signal-
ing in vertebrate axon growth and regeneration. J Neurosci Methods. 
2020;339:108723. https:// doi. org/ 10. 1016/j. jneum eth. 2020. 108723.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1074/jbc.274.43.30729
https://doi.org/10.1007/s00439-022-02497-y
https://doi.org/10.1007/s00439-022-02497-y
https://doi.org/10.1016/j.isci.2018.05.019
https://doi.org/10.1038/nrn3729
https://doi.org/10.1016/j.rasd.2021.101729
https://doi.org/10.1016/j.jneumeth.2020.108723

	Effects of MAP4K inhibition on neurite outgrowth
	Abstract 
	Anchor 3
	Acknowledgements
	References


