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N-acetyl-D-glucosamine kinase (NAGK) plays an enzyme 
activity-independent, non-canonical role in the dendrito-
genesis of hippocampal neurons in culture. In this study, 
we investigated its role in axonal development. We found 
NAGK was distributed throughout neurons until develop-
mental stage 3 (axonal outgrowth), and that its axonal ex-
pression remarkably decreased during stage 4 (dendritic 
outgrowth) and became negligible in stage 5 (mature). 
Immunocytochemistry (ICC) showed colocalization of 
NAGK with tubulin in hippocampal neurons and with Golgi 
in somata, dendrites, and nascent axons. A proximity liga-
tion assay (PLA) for NAGK and Golgi marker protein fol-
lowed by ICC for tubulin or dynein light chain roadblock 
type 1 (DYNLRB1) in stage 3 neurons showed NAGK-Golgi 
complex colocalized with DYNLRB1 at the tips of microtu-
bule (MT) fibers in axonal growth cones and in soma-
todendritic areas. PLAs for NAGK-dynein combined with 
tubulin or Golgi ICC showed similar signal patterns, indi-
cating a three way interaction between NAGK, dynein, and 
Golgi in growing axons. In addition, overexpression of the 
NAGK gene and of kinase mutant NAGK genes increased 
axonal lengths, and knockdown of NAGK by small hairpin 
(sh) RNA reduced axonal lengths; suggesting a structural 
role for NAGK in axonal growth. Finally, transfection of 
‘DYNLRB1 (74-96)’, a small peptide derived from 
DYNLRB1’s C-terminal, which binds with NAGK, resulted 
in neurons with shorter axons in culture. The authors sug-
gest a NAGK-dynein-Golgi tripartite interaction in growing 
axons is instrumental during early axonal development. 
1 
 
INTRODUCTION 
 
N-acetylglucosamine (GlcNAc), a core component of different 
complex carbohydrates, is synthesized de novo, or derived 
from the lysosomal degradation of oligosaccharide moieties. N-
acetylglucosamine kinase (NAGK; EC 2.7.1.59), is the key 
enzyme in the metabolic route responsible for recycling GlcNAc 
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into GlcNAc 6-phosphate. GlcNAc 6-phosphate may then enter 
a catabolic route that links hexosamine metabolism with the 
glycolytic pathway (Wolosker et al., 1998) or may enter an ana-
bolic pathway leading to UDP-GlcNAc formation (Reutter et al., 
1997). The activated sugar nucleotide UDP-GlcNAc is a sub-
strate for the synthesis of the oligosaccharide chains of N- and 
O-glycans and glycolipids (Hakomori, 2000; Schachter, 2000; 
Van den Steen et al., 1998), glycosaminoglycans, and the gly-
cosylphosphatidylinositol anchor of membrane-bound glycopro-
teins (Esko and Lindahl, 2001; Hwa, 2001; Watanabe et al., 
2000). Hinderlich et al. (1998) purified NAGK from rat liver and 
reported that it forms homodimers of 37-kDa subunits in solu-
tion, whereas NAGK of human origin forms homodimers of 39-
kDa subunits. In 2000, Hinderlich et al. cloned human and 
mouse NAGK genes and showed NAGK is a member of the N-
acetylhexosamine kinase family, which are in turn members of 
the sugar kinase/heat shock protein 70/actin superfamily (Ber-
ger et al., 2002). Subsequently, Weihofen et al. (2006) deter-
mined crystal structures of homodimeric human NAGK com-
plexed with GlcNAc or with ADP and glucose.  

In contrast to detailed studies on the enzyme itself, the ex-
pressions and functions of NAGK in mammalian tissues have 
been little studied. Northern and Western blot analyses showed 
that NAGK mRNA and protein are expressed in different cell 
lines and tissues (Hinderlich et al., 2000). More recently, our lab 
reported a non-canonical function of NAGK in neuronal den-
dritogenesis. More specifically, exogenous NAGK overexpres-
sion was found to upregulate dendritic arborization, and the 
small domain of NAGK was identified as the key epitope. Fur-
thermore, knockdown of the NAGK with NAGK-shRNA reduced 
dendritic arborization (Lee et al., 2014a), and the dendritoge-
netic effect role of NAGK was later found to be independent of 
its kinase activity (Lee et al., 2014b). Sharif et al. (2015) de-
scribed the expression of NAGK in different subnuclear com-
partments, such as, speckles and paraspeckles, and on the 
outer nuclear membrane. Our lab also reported that NAGK 
interacts with several intracellular proteins, including, dynein 
light chain roadblock type-1 (DYNLRB1), small nuclear ribonu-
cleoprotein-associated protein N (snRNPN), p54NRB, and a 
general transcription factor IIH polypeptide 5 (GTF2H5) (Islam 
et al., 2015; Sharif et al., 2015). We also reported the functional 
role played by the NAGK-DYNLRB1 interaction during dendrite 
development, which is noteworthy because it is associated with 
somatic Golgi stacks and dendritic Golgi outposts (Islam et al., 
2015). In total, these findings indicate that NAGK plays a critical 
role in neuronal development. 
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Axons and dendrites differ from one another in morphology 
and function. A series of time-lapse video microscopic studies 
using low density cultures of hippocampal neurons (Dotti et al., 
1988; Goslin and Banker, 1990; Goslin et al., 1998) revealed a 
stereotypic sequence of characteristic morphological changes. 
Shortly after attachment to substratum, cell peripheries become 
flattened to produce lamellipodia (developmental stage 1; the 
lamellipodia stage). Within several hours, short processes of 
roughly equal length emerge (stage 2; the minor process stage). 
At this stage processes cannot be identified as axonal or den-
dritic, and typically, over the next 12-24 h, undergo net elonga-
tion, during which minor processes extend or retract dynamical-
ly for short distances. After this apparent latent period, one of 
the minor processes on a cell begins to grow rapidly and ac-
quires axonal characteristics within hours (stage 3; the axonal 
outgrowth stage). This stage lasts several days during which 
axons continue to grow, while the net lengths of other minor 
processes do not elongate. These minor processes begin to 
elongate at a significantly slower rate than axons and become 
dendrites (stage 4; the dendritic outgrowth stage). When den-
dritic outgrowth is complete neurons are fully polarized and 
mature (stage 5; the mature stage). In this study, we studied the 
role played by NAGK in axonal development by investigating 
immunoreactivity signals during each of these stages.  
 
MATERIALS AND METHODS 
 
Antibodies and plasmids 
The following antibodies were used at the indicated dilutions 
unless otherwise mentioned: chicken polyclonal NAGK 
(1:1000 for ICC; GenWay Biotech, Inc., now GW22347, Sig-
ma, USA); mouse monoclonal NAGK (1:10 for PLA; Santa 
Cruz Biotechnology Inc., Dallas, TX); rabbit polyclonal NAGK 
(1:50 for PLA; GeneTex, USA); rabbit polyclonal DYNLRB1 
(1:25; Proteintech Group, Inc., USA), rabbit polyclonal dynein 
heavy chain (1:25; Santa Cruz); mouse monoclonal TGN38 
(1:50; BD Biosciences, USA); rabbit polyclonal GM130 (1:25; 
Santa Cruz); mouse monoclonal alpha tubulin (1:10; broth 
preparation, Developmental Studies Hybridoma Bank, Uni-
versity of Iowa, USA); and mouse monoclonal Ankyrin G (1:50, 
Santa Cruz). The plasmids used for transfection were 
pDsRed2 vector, pDsRed2-tagged wild-type NAGK, pEGFP-
tagged point mutants of NAGK (-N36A, -D107A, and -C143S), 
and NAGK short hairpin (sh) RNA, all as previously described 
(Lee et al., 2014a; 2014b). 
 
Primary culture  
Hippocampi from embryonic day 19 (E19) Sprague-Dawley rat 
pups were dissected, dissociated with trypsin and mechanical 
trituration, and plated onto 12-mm diameter polylysine/laminin 
coated glass coverslips at a density of ~150 neurons/mm2, as 
previously described (Brewer et al., 1993). Cells were initially 
plated in MACS® Neuro Medium (Miltenyi Biotec Inc., USA) 
supplemented with MACS NeuroBrew®-21, 45.95 μM gluta-
mate, 500 μM glutamine, 25 μM 2 mercaptoethanol, and 1% 
penicillin-streptomycin, and fed every 4 days after plating with 
the same media (without additional glutamate or 2-
mercaptoethanol).  
 
DNA and peptide transfection 
Hippocampal neurons were transfected with plasmid using 
Lipofectamine® 2000 reagent (Invitrogen, USA) according to 
the manufacturer’s instructions. An 18-amino acid peptide 
termed ‘DYNLRB1 (59-76)’ and a 23-amino acid peptide 
termed ‘DYNLRB1 (74-96)’, which were both derived from the 

NAGK-binding region of DYNLRB1, were custom made by 
Anygen (Korea) at a purity of 98%. Peptide transfection was 
performed in neurons after 24 h of plating with a Chariot protein 
transfection kit (Active Motif, California) using a modified ver-
sion of the manufacturer's instructions as previously described 
(Islam et al., 2015). After incubation for 48 h, neurons were 
fixed and stained using a β-galactosidase staining kit (Active 
Motif). 
 
Immunocytochemistry (ICC) 
Cells were fixed using a sequential paraformaldehyde/methanol 
fixation procedure [incubation in 4% paraformaldehyde in 
phosphate buffered saline (20 mM sodium phosphate buffer, 
pH 7.4, 0.9% NaCl) at room temperature (RT) for 10 min fol-
lowed by incubation in 100% methanol at -20°C for 20 min] 
(Moon et al., 2007). ICC was performed with the indicated pri-
mary and secondary [Alexa Fluor 488/568/647-conjugated goat 
anti-mouse/rabbit/chicken (each diluted 1:1,000 in blocking 
buffer; Invitrogen)] antibodies, as previously described (Moon et 
al., 2007). 
 
Proximity ligation assay (PLA) 
Generic in situ PLA was conducted using a Duolink In Situ kit 
(Olink Bioscience, Sweden) using a modified version of the 
manufacturer's instructions and as described by Islam et al. 
(2015). Briefly, after incubating fixed cells with primary antibod-
ies overnight at 4°C, secondary antibodies conjugated with 
oligonucleotides, PLA probe anti-mouse MINUS and PLA probe 
anti-rabbit PLUS, were added and incubated for 2 h at 37°C in 
a humidity chamber. Cells were then treated with ligation mix-
ture and ligase at 37°C for 30 min, and after hybridization and 
ligation of DNA oligonucleotides, an amplification solution and 
polymerase were added. Amplified products were detected 
using complimentary fluorescently labeled oligonucleotides. For 
combined proximity ligation assays (PLAs) and immunocyto-
chemistry (ICC), PLA reactions were performed first, and then 
primary antibodies were added to the cells, which were then 
incubated overnight at 4°C, and subsequently incubated with 
fluorophore-conjugated secondary antibodies described in the 
ICC procedure above. 
 
Image acquisition and analysis 
A Leica Research Microscope (DM IRE2) equipped with I3 S, 
N2.1 S, and Y5 filter systems (Leica Microsystems AG, Ger-
many) was used for epifluorescence microscopy. Images 
(1388 x 1039 pixels) were acquired using a high-resolution 
CoolSNAP CCD camera (Photometrics Inc., USA) and Leica 
FW4000 software. Digital images were processed using Ado-
be Systems Photoshop 7.0 software (Adobe, USA). Axonal 
lengths were measured with Image J (version 1.45) software 
using the simple neurite tracer plug-in (National Institute of 
Health, USA). 
 
Statistics    
Data were analyzed using one-way analysis of variance 
(ANOVA) and Duncan’s multiple comparison as a post hoc test. 
Statistical significance was accepted for p values of < 0.01, and 
the analysis was conducted using SPSS version 16.0 (SPSS 
Inc., USA). 
 
RESULTS  
 
NAGK was present throughout neurons until developmen-
tal stage 3 
To investigate the spatiotemporal expression of NAGK, we 
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double-labeled cultured hippocampal neurons in the early de-
velopmental stages with anti-NAGK and anti-tubulin antibodies. 
NAGK expression was observed in cell bodies and protrusions 
in developmental stages 1, 2, and 3 neurons as shown in Figs. 
1A, 1B, and 1C, respectively. NAGK was highly expressed from 
the beginning of morphological differentiation (stage 1, lamel-
lipodia) and highest immunoreactivity (IR) was observed in 
nuclei (Fig. 1A, asterisks). Immunostaining revealed discrete 
clusters in perikaryon and density gradients from nuclei to cell 

peripheries where NAGK colocalized with tubulin-IR signals 
(Fig. 1A, enlarged boxed area, arrows). In stage 2 neurons, 
NAGK-IR was strong in nuclei and IR clusters were distributed 
in somata, minor processes, and growth cones (Fig. 1B), where 
it colocalized with tubulin-IR (inset, arrowheads). In stage 3 
(axonal outgrowth, Fig. 1C) neurons, which showed distinct, 
long axonal processes, NAGK was highly expressed in den-
drites (arrows) and axons (arrowheads), in which NAGK-IR was 
colocalized with the distal tips of MTs in axonal growth cones  

Fig. 1. Expressions of NAGK in developmental stage 1, 
2 and 3 neurons. Rat hippocampal neurons in culture 
were double-labeled with NAGK (red) and tubulin 
(green). (A) Stage 1 (lamellipodia). (B) Stage 2 (minor 
process). (C) Stage 3 (axonal outgrowth). (A) Strong 
nuclear NAGK expression is marked with asterisks and 
boxed areas are enlarged below to show the expression 
of NAGK on MTs at initial neuronal extensions (arrows). 
(B) The growth cone from a minor process is marked 
with box and enlarged (inset) to show the expression of 
NAGK at the tips of MT fibers (arrowheads). (C) Axon 
and dendrites are indicated by arrowheads and arrows, 
respectively. The growth cone of a developing axon is 
marked with box and enlarged (inset) to show the ex-
pression of NAGK at the edges of neonate MT fibers 
(arrowheads). Scale bar; 10 μm. 
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Fig. 2. Expression of NAGK in developmental stage 4 
(dendritic growth) and 5 (mature) neurons. (A) Stage 4 
neurons. Epifluorescence microscopic images showing 
the expression profile of NAGK in sub-stages of Stage 4. 
In early Stage 4 (DIV7; a), the axonal growth cone is 
large (arrow) and NAGK levels in the axonal shaft (ar-
rowheads) and growth cone remain high. However, as 
neurons matured (DIV10, b), the sizes of axonal growth 
cones (arrow) reduced and shafts (arrowheads) tight-
ened. Note that the expression level of NAGK is signifi-
cantly lower in (A-b) than in (A-a). In late stage 4 neurons 
(DIV14, c), the axonal expression of NAGK was reduced 
further. (B) A mature stage 5 neuron (DIV21). The axon 
was identified by staining with an antibody against ankyr-
in G (Ank G). Note that the expression level of NAGK is 
very low in the axon initial segment (arrow) and in its 
shaft (arrowheads). Scale bar, 30 μm. 
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(inset, arrowheads). In the stage 3, axonal and dendritic NAGK-
IR intensities were comparable, indicating that NAGK was dis-
tributed equally in these two compartments. 
 
NAGK expression in the axons decreased abruptly from 
developmental stage 4 
In stage 4 (dendritic outgrowth) neurons, dendrites start to 
grow in length and axons mature to produce their characteris-
tic shape. At this stage, we fixed hippocampal neurons at 
three different culture time points (i.e., DIV7, DIV10, and 
DIV14), and double-labeled with anti-NAGK and anti-tubulin 
antibodies. At DIV7, we observed NAGK signals in axonal 
shafts (Fig. 2A-a, arrowheads) and growth cones (box with an 
arrow). At DIV 10 (Fig. 2A-b), axons had extended further and 
growth cones were smaller (arrow). During maturation, NAGK 
expression in axons decreased significantly (Fig. 2A-b, ar-
rowheads), but it did not do so in the somatodendritic domain 
(Fig. 2A-b, short arrows). Later in stage 4 (DIV14), NAGK-IR 
was barely seen in axons (Fig. 2A-c, arrowheads), which by 
then had developed typical axon-like features. This observed 
gradual decline in NAGK expression in axons suggests that 
NAGK’s function in this compartment becomes less important 
as neuronal development progresses. 

Mature neurons (stage 5) are highly complex with multiple 
branched dendrites and a thin long axon, which is difficult to 
identify by shape. Therefore, we double-stained stage 5 
(DIV21) neurons with anti-NAGK and anti-ankyrin G, markers of 
the axon initial segment (Fig. 2B). NAGK-IR was barely found 
in mature axons (arrowheads), which showed strong ankyrin G-
IR (arrow). The absence of NAGK in the axons of mature neu-
rons (stage 5) suggests that NAGK is required during develop-
ment but not by mature axons. 

Both NAGK and Golgi outposts were present in growing 
axons but absent in mature axons 
The neuronal Golgi apparatus is basically composed of Golgi 
stacks in the cell body and discrete Golgi ‘outposts’ in dendrites. 
Golgi outposts are excluded from mature axons (Horton and 
Ehlers, 2003; Horton et al., 2005), but are present in growing 
axons (Estrada-Bernal et al., 2012; Merianda et al., 2009). To 
determine the relative distribution profiles of NAGK and Golgi in 
axons, we double stained stage 3 neurons (axonal outgrowth 
stage) with anti-NAGK (green) and anti-Trans Golgi Network 
protein 38 (TGN38, red) antibodies (Fig. 3A). We observed typi-
cal Golgi stacks in somal regions (TGN38, inset 1, long arrow) 
oriented toward the apical dendrite (inset 1 and original image, 
short arrows) and discrete Golgi signals in axons with higher 
frequencies in growth cones. NAGK signals in these axons were 
patch-like. Interestingly, Golgi signals frequently colocalized with 
NAGK signals in axonal shafts (asterisks), growth cones (en-
larged right side, arrowheads), and in dendrites, particularly at 
branch bifurcation points (inset 2, arrowheads).  

We then triple stained stage 4 neurons with anti-NAGK, anti-
Golgi Matrix protein 130 (GM130), and anti-ankyrin G antibod-
ies (Fig. 3B). Ankyrin G signal marked axons (arrowheads) 
where Golgi signals (GM130) were absent and NAGK expres-
sion was barely observed (enlarged insets). This co-existing 
expression pattern in different time frame of neuronal develop-
ment indicates a spatiotemporal functional connection between 
NAGK and Golgi.  
 
NAGK, Golgi, and DYNLRB1 colocalized in axons 
We previously showed that NAGK interacts with DYNLRB1 and 
NAGK-dynein-Golgi tripartite interactions occur in somata and 
dendrites, especially in dendritic branch points in stage 4 neurons, 

Fig. 3. The presences and absences of NAGK and Golgi 
during axon development. (A) Colocalization of NAGK and 
Golgi in the axon of a stage 3 neuron. NAGK and Golgi 
were visualized in situ in development stage 3 hippocampal 
neurons by double staining with anti-TGN38 (red) and anti-
NAGK (green) antibodies. In the cell body several NAGK 
signals overlap with the compact cluster-like signals of Golgi 
complex (inset 1, long arrows) oriented toward an apical 
dendrite (short arrows). In growing neurites, Golgi extended 
as discrete Golgi particles far into dendritic shafts at branch 
points (inset 2, arrowheads), axonal shafts (asterisks), and 
axonal growth cone (enlarged right side, arrowheads) and 
colocalized with NAGK immunoreactivity. Scale bar, 20 μm. 
(B) Absence of NAGK and Golgi in the axon of a stage 4 
neuron. NAGK, Golgi, and the axonal initial segment are 
marked by anti-NAGK, anti-GM130, and anti-ankyrin G 
(Ank G) antibody triple staining. NAGK and Golgi images 
are merged with an ankyrin G image and a portion of the 
axonal shaft is enlarged (inset). NAGK and Golgi outposts 
were both absent in axons marked with ankyrin G signals 
(arrowheads). Scale bar, 20 μm. 
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and that the NAGK-DYNLRB1 interaction is critical during den-
dritogenesis (Islam et al., 2015). To investigate NAGK-dynein-
Golgi colocalization in axons, we conducted a proximity ligation 
assay (PLA) using anti-NAGK and anti-TGN38 antibodies fol-
lowed by ICC with anti-tubulin antibody in stage 3 hippocampal 
neurons (Fig. 4A-a). We found PLA signals (red dots), repre-
senting NAGK-Golgi interactions, in somatodendritic compart-
ments (arrowheads) and in axonal shafts and growth cones 
(arrows). Tubulin staining revealed that the NAGK-Golgi inter-
action often occurred at axonal branch initiation sites having 
dispersed MT fibers and at the distal tips of MTs in growth 
cones (inset, arrows). Next, we conducted NAGK-GM130 PLA 
followed by ICC for DYNLRB1 and found NAGK-Golgi interac-
tion (Fig. 4A-b, PLA) in somata (arrowheads), axonal shafts 
(arrow 1) and growth cones (arrow 2) and PLA signals colocal-
ized with DYNLRB1 signals in axons (insets, arrows).  

To confirm the colocalization of NAGK-Golgi interaction with 
dynein, we conducted PLA with anti-NAGK and anti-dynein 
heavy chain (DHC) antibodies followed by ICC using anti-
tubulin antibody in stage 3 hippocampal neurons (Fig. 4B-a). 
NAGK-DHC interactions were found in somatic peripheral are-
as (arrowheads) where Golgi could be present and at the distal 
end of MTs in axonal growth cones (arrows). Supporting this 

result, NAGK-DYNLRB1 PLA followed by staining with anti-
GM130 antibody in stage 3 neurons showed NAGK-dynein 
interactions in dendrites (Fig. 4B-b, arrowheads) and axonal 
growth cones (arrows) where PLA signals colocalized with 
GM130 signals (inset, arrows). These results show NAGK in-
teracted with DYNLRB1 in association with Golgi outposts in 
growing axons, and suggest a molecular mechanism for NAGK 
during the development of axons. 
 
Exogenous NAGK overexpression upregulated and NAGK 
knockdown delayed axonal growth 
To investigate the functional role of NAGK in axons, we trans-
fected hippocampal neurons at the early stage of neuronal 
development (i.e., DIV 1) with a red fluorescent protein tagged 
NAGK plasmid (Fig. 5A-a, pDsRed2-NAGK), with pDsRed2 
control plasmid alone (Fig. 5A-b, pDsRed2/Control), or co-
transfected with NAGK shRNA plasmid (Fig. 5A-c, pDsRed2 
+ sh-NAGK). After incubation for 48 h transfected neurons 
were bright red indicating the presence of exogenous proteins. 
We then measured axonal lengths and plotted then on a line 
graph (Fig. 5B-a, n = 50). To visualize axonal growth, we plotted 
numbers of neurons with different axonal lengths on a line 
graph (Fig. 5B-b). Average axonal lengths of NAGK shRNA, 

Fig. 4. NAGK-dynein-Golgi tripartite interaction in growing 
axons. (A) Interaction between NAGK and Golgi in growing 
axons. NAGK-TGN38 PLA was performed on stage 3 hip-
pocampal neurons and followed by ICC using anti-tubulin 
(green) antibody (a). PLA signals in the somatodendritic 
domain (arrowheads) and in axons (arrows) are indicated 
by red dots and are merged with tubulin signals. A typical 
axonal growth cone is enlarged in the inset to show the 
NAGK-Golgi interaction (arrows) at the distal end of an MT. 
Scale bar, 10 μm. Next, NAGK-GM130 PLA combined with 
DYNLRB1 ICC was conducted (b). Red PLA dots defining 
NAGK-Golgi interactions at somata (arrowheads), axonal 
shafts (arrow 1) and growth cones (arrow 2) are shown. 
PLA signal positions in an enlarged axon (inset) show the 
colocalization of NAGK-Golgi PLA signals and DYNLRB1 
signals (arrows). Scale bar, 10 μm. (B) Interaction between 
NAGK and dynein in a growing axon. NAGK-DHC PLA was 
performed on fixed hippocampal neurons, which were then 
immunostained with anti-tubulin (green) antibody (a). 
NAGK-dynein interactions are shown as red PLA signals in 
somata (arrowheads) and in axonal growth cones (arrow). 
An axonal growth cone is enlarged (inset) to show NAGK-
dynein complex at the tip of MTs (arrow). Scale bar; 10 μm. 
NAGK-DYNLRB1 PLA signals (red) were colocalized with 
GM130 signals (green) in dendrites (arrowheads) and in 
axonal growth cones (b, arrows, enlarged inset). Scale bar, 
10 μm. 
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pDsRed2 control and pDsRed2-NAGK transfected cells were 
plotted on a bar diagram (Fig. 5B-c). Neurons transfected with 
pDsRed2-NAGK plasmid had significantly longer axons (av-
erage length 307.28 μm, increased by 33.18%) than 
pDsRed2 plasmid transfected controls (average length 
230.72 μm) (p < 0.01). Conversely, neurons transfected with 
NAGK shRNA plasmid had significantly shorter axons (aver-
age length 175.48 μm, decreased by 23.94%) than pDsRed2 
plasmid transfected controls (p < 0.01). These results indicate 
that NAGK is essential for axonal growth during the early 
developmental stage. 

NAGK promoted axonal growth independent of its kinase 
activity 
To study the connection between axonal growth and the kinase 
activity of NAGK, we utilized three previously designed point 
mutant NAGK plasmids, that is, N36A, D107A, and C143S. 
The D107A mutation almost completely abrogates the kinase 
activity of NAGK, whereas the C143S and N36A mutations 
retain 75% and 49% of WT NAGK activity, respectively (Lee et 
al., 2014b). When these plasmids were introduced by transfec-
tion into DIV 1 hippocampal neurons in culture, the overexpres-
sion of these mutant NAGKs did not impede neuronal growth, 

Fig. 5. NAGK overexpression increased axon lengths 
and NAGK knockdown reduced lengths. Hippocampal 
neurons (DIV 1) were transfected with indicated plas-
mids and images were acquired after incubation for 48 
h. (A) Epifluorescent live cell images showing neurons 
transfected with the indicated plasmids. Neurons 
transfected with DsRed2 tagged NAGK plasmid 
(pDsRed2 - NAGK) had longer axons (a, arrow-
heads), and neurons co-transfected with DsRed2 and 
NAGK shRNA (sh-NAGK) had shorter axons (c, ar-
rowheads) than DsRed2 transfected controls (b, ar-
rowheads). Scale bar; 50 μm. (B) Statistics. Axonal 
lengths of transfected neurons are plotted on a line 
graph in ascending order (a). Numbers of neurons 
with axonal lengths in different ranges with the incre-
ment of 50 μm are plotted on the line graph for com-
parison purposes (b). Average axonal lengths were 
also compared using a bar diagram (c), which shows 
neurons provided exogenous NAGK (pDsRed2 - 
NAGK) had significantly longer axons and neurons 
treated with NAGK shRNA (sh-NAGK) had significant-
ly shorter axons than the pDsRed2 transfected con-
trol. ***p < 0.01, n = 50.  
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Fig. 6. NAGK point mutants with differential kinase activities simi-
larly promoted axonal growth. (A) Epifluorescence images of typi-
cal neurons expressing control pDsRed2 vector plasmid (a), 
pDsRed2-tagged WT (b), or D107A (c), N36A (d), or C143S (e) 
mutant NAGKs cotransfected with pDsRed2. Scale bar, 50 μm. (B) 
Statistics. Line graph showing axonal lengths of transfected neu-
rons in ascending order (a). Average axonal lengths of pDsRed2 
control, D107A, N36A, C143S and pDsRed2-tagged WT group are 
presented as a bar diagram for comparison (b), which shows neu-
rons provided exogenous WT NAGK or NAGK point mutants 
(N36A, D107A, or C143S) all had significantly longer axons than 
pDsRed2 controls. ***p < 0.01, n = 30.   
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but rather resulted in neurons with longer axons. Typical imag-
es of live neurons transfected with pDsRed2 control vector (Fig. 
6A-a), pDsRed2-NAGK-WT (Fig. 6A-b), and of neurons co-
transfected with pDsRed2 vector plasmid and -D107A (Fig. 6A-
c), or -N36A (Fig. 6A-d) or -C143S (Fig. 6A-e) mutant NAGKs 
are shown in Fig. 6A. After 48 h of incubation, images of live 
transfected neurons were captured using a fluorescence micro-
scope. Differences between axonal lengths were compared by 
plotting lengths on a line graph (Fig. 6B-a, n = 30) and average 
lengths using a bar diagram (Fig. 6B-b). The lengths of axons in 
neurons transfected with mutant NAGKs (N36A, D107A, 
C143S) or with WT NAGK were significantly longer (p < 0.01) 
than those transfected with the pDsRed2 vector control. Fur-
thermore, these mutants and the WT showed no difference in 
this respect, which suggests the role of NAGK during axonal 
development is non-enzymatic in nature. 
 
Inhibition of the NAGK-DYNLRB1 interaction  
downregulated axonal growth  
In our previous study, we showed that transfection of a small 
peptide, ‘DYNLRB1 (74-96)’ (KKNEIMVAPDKDYFLIVIQNPTE) 
from the C-terminal part of DYNLRB1, which binds with NAGK, 
resulted in stunted dendrites in stage 4 neurons (Islam et al., 
2015). To determine whether a similar phenomenon occurs dur-
ing axonal development, stage 1 hippocampal neurons were co-
transfected with ‘DYNLRB1 (74-96)’ or ‘DYNLRB1 (59-76)’ 
(EIDPQNDLTFLRIRSKKN) plus β-galactosidase, or with β-
galactosidase alone. Transfected neurons were identified using 
the β-galactosidase reaction, which produces a characteristic 
blue color (Fig. 7A, arrows). Neurons transfected with the control 
peptide ‘DYNLRB1 (59-76)’ freely extended their axons identified 
as the longest neurite at this stage of neuronal development (Fig. 
7A-a, arrowheads). On the other hand, neurons transfected with 
‘DYNLRB1 (74-96)’ had shorter axons (Fig. 7A-b, arrowheads). 
We measured axonal lengths of ‘DYNLRB1 (74-96)’, ‘DYNLRB1 
(59-76)’, and β-galactosidase control groups and plotted results 
on a line graph in ascending order (Fig. 7B-a, n = 100), and also 
studied axonal lengths of these three treatment groups using a 

length range plot (Fig. 7B-b). By comparing average axonal 
lengths on a bar diagram (Fig. 7B-c), it was found that the axons 
of ‘DYNLRB1 (74-96)’ treated neurons had an average length of 
87.18 μm, which was significantly (p < 0.01) shorter than those of 
‘DYNLRB1 (59-76)’ treated neurons or ‘β-galactosidase’ treated 
controls that had average axon lengths of 102.17 μm and 105.67 
μm, respectively. These results confirm that interruption of the 
NAGK-DYNLRB1 interaction results in delayed axonal growth. 
 
DISCUSSION 
 
In this paper, we report that NAGK was highly expressed in 
neurons from the beginning of the morphological development 
and distributed throughout cells until developmental stage 3 
(the axonal outgrowth stage), and that subsequently, the axonal 
expression of NAGK dramatically reduced. These observations 
show that NAGK is redistributed in neurons during the devel-
opmental process. In addition, the study confirms a NAGK-
dynein-Golgi tripartite interaction in growing axons, and hints at 
the functional role of NAGK during axonal growth.  

We also found that NAGK colocalizes with Golgi outposts in 
growing axons, which is interesting because the existence of 
Golgi complexes in axons has been questioned for a considera-
ble time. Initially, it was reported that Golgi are present in neurons 
as a central Golgi compartment in somata and as small Golgi 
‘outposts’ in dendrites (particularly at dendritic branch points), but 
are not present in axons (Gardiol et al., 1999; Horton and Ehlers, 
2003; Horton et al., 2005; Pierce et al., 2001). This notion was 
challenged when screening for an all-inclusive list of proteins 
available in axonal growth cones was performed by extensive 
proteomic analysis (Estrada-Bernal et al., 2012) where Golgi 
related protein clusters and dynein complex were found in axonal 
growth cones. Merianda et al. (2009) also showed that the grow-
ing axons of cultured rat dorsal root ganglion (DRG) neurons 
contain ER and Golgi components needed for classical protein 
synthesis and secretion. Moreover, treatment of hippocampal 
neurons in culture with brefeldin A (which reversibly disrupts the 
Golgi complex) was observed to inhibit axonal growth (Jareb and 

Fig. 7. Transfection with a small peptide from DYNLRB1 de-
layed axonal growth. (A) Typical images of transfected neurons. 
Stage 1 hippocampal neurons were co-transfected with either 
‘DYNLRB1 (59-76)’ or ‘DYNLRB1 (74-96)’ peptide and β-
galactosidase, incubated for 48 h and then stained using a β-
galactosidase staining kit. Transfected cells were identified by a 
characteristic blue color (arrows). Neurons transfected with 
‘DYNLRB1 (59-76)’ (a, arrowheads) routinely developed long 
axons, but ‘DYNLRB1 (74-96)’ treated neurons had shorter 
axons (b, arrowheads) than the control. Scale bar, 10 μm. (B) 
Statistics. Axonal lengths in ascending order (a), numbers of 
axons with in different length ranges (b), and average axonal 
lengths (c) of neurons transfected with β-galactosidase or co-
transfected with β-galactosidase and ‘DYNLRB1 (59-76)’ or 
‘DYNLRB1 (74-96)’ are plotted. ‘DYNLRB1 (59-76)’ and 
‘DYNLRB1 (74-96)’ are referred to as ‘D (59-76)’ and ‘D (74-96)’, 
respectively, in the bar diagram (c). ‘DYNLRB1 (74-96)’ trans-
fected neurons had significantly shorter axons than the β-
galactosidase transfected control. ***p < 0.01, n = 100.  
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Banker, 1997). These findings appear to be sufficient to conclude 
Golgi is present in growing axons and that it is involved in axonal 
growth. Our results strengthen this conclusion by showing that 
Golgi specific proteins, such as, TGN38 and GM130, localize to 
the growing axonal shafts and growth cones of stage 3 hippo-
campal neurons in culture. 

Furthermore, our PLA assay revealed NAGK-Golgi interac-
tions in growing axons. In particular, we observed interactions 
between NAGK and GM130 (a cis-Golgi marker protein) and 
with TGN38 (a trans-Golgi marker protein) in somal Golgi com-
partments and in growing axons (mostly at growth cones). We 
also found NAGK-Golgi complexes interact with DYNLRB1, 
suggesting a NAGK-Golgi-dynein three way interaction in stage 
3 axons. DYNLRB1 is a member of multiprotein dynein motor 
complex and belongs to the LC7/Roadblock family of light chains 
(LCs). In Drosophila melanogaster, LC7-null mutants exhibited 
defective axonal transport (Reuter et al., 2003), and in rat sympa-
thetic neurons siRNA knockdown of DHC resulted in reduced 
axon length (Ahmad et al., 2006) while treatment with ciliobrevin 
D, a pharmacological dynein inhibitor, reversibly inhibited axonal 
growth in chicken dorsal root ganglion neurons (Sainath and 
Gallo, 2014). In the present study, we observed similar patterns 
of axonal growth in early stage neurons, that is, NAGK-shRNA 
transfection resulted in shorter axons and augmentation with 
exogenous NAGK yielded significantly longer axons. Further-
more, our findings indicate the role of NAGK in axonal growth is 
independent of its enzymatic function, because NAGK point mu-
tants with variable enzymatic activity promoted axonal growth as 
effectively as the wild type, indicating a structural role for NAGK in 
axonal growth. In our previous study, we reported the NAGK-
dynein interaction and that the inclusion of ‘DYNLRB1 (74-96)’ (a 
small peptide segment of the DYNLRB1 protein sequence con-
taining a potential binding epitope for NAGK) into stage 4 hippo-
campal neurons resulted in stunted dendritic arbors (Islam et al., 
2015). Interestingly, the axons of neurons in this previous study 
were seemingly unaffected, which is in-line with the very low level 
of NAGK expression in mature axons observed in the present 
study. On the other hand, similar experiments with early stage 
neurons in the present study, showing strong NAGK expression 
in nascent axons, resulted in delayed axonal growth. These ob-
servations indicate ‘DYNLRB1 (74-96)’ interacts with and inter-
feres with the function of NAGK during axonal development. 
Since dynein is a molecular motor that enables transport toward 
the minus-ends of MTs, these findings suggest that NAGK regu-
lates dynein motor function in the Golgi transport system in neu-
ronal axons and dendrites. 

We also observed a large variation in the axonal lengths of 
neurons in cultures expressing exogenous RFP (Figs. 5 and 6) 
and β-galactosidase (Fig. 7). Axons grow rapidly in stage 3 
(axonal outgrowth), and according to Dotti et al. (1988) in this 
stage axon-to-stomata lengths reach 40 μm after 1 day in cul-
ture and then elongate by about 70 μm/day for the next few 
days. A small due to difference in the time schedule between 
experiments may have resulted in axonal length differences, 
although it is also possible due to differences in exogenously 
introduced proteins, for example, RFP or β-galactosidase, be-
cause the overexpressions of GFP or RFP, which are antioxi-
dants (Palmer et al., 2009) with superoxide radical quenching 
activities (Bou-Abdallah et al., 2006), have been reported to 
improve neuronal health. Improved neuronal health caused by 
less ROS stress may have promoted axonal growth in Figs. 5 
and 6. In addition, we used MACS® Neuro Medium supple-
mented with MACS NeuroBrew®-21, which is an improved 
version of the minimum essential medium used by Dotti et al. 
several decades ago, and thus, improved environmental condi-

tions favoring neuronal development may have caused a faster 
axonal growth rate and contributed to the large axonal length 
differences observed. 

Then what might be the role of NAGK in axons? The first 
possibility that comes to mind is that NAGK might work as an 
adaptor protein for dynein-cargo interactions. Cytoplasmic 
dynein transports diverse cargos by employing adaptors that 
link dynein complex to specific cargos (Kardon and Vale, 
2009). If this is the case, it would be interesting to determine 
the role played by NAGK in specific trafficking routes, for ex-
ample, ER to Golgi, Golgi to ER or Golgi to the periphery. This 
role of NAGK as an adapter is supported by the fact that 
DYNLRB1 is present in the Golgi compartment and colocaliz-
es with Rab6 GTPase in Neuro-2A Cells (Wanschers et al., 
2008). Other members of dynein motor complex, that is, DHC 
(Roghi et al., 1999) and Tctex-1 (Tai et al., 1998), have also 
been found in Golgi. NAGK might also link small Golgi parti-
cles to DYNLRB1. It has been well noted in non-neuronal 
cells that small Golgi particles move from the central Golgi 
clusters to the periphery via dynein motor where Drosophila 
golgin Lava lamp (Papoulas et al., 2005) and Golgin 160 
(Yadav et al., 2012) link Golgi to dynein for movement. How-
ever, Dynein might require minus-end out MT orientation in 
growing axons to carry its cargos towards axonal growth 
cones. It has been reported that almost all MT plus-ends 
(99%) are distally oriented in stage 4 axons, but that around 
6% are reversely orientated in the growing axons of stage 3 
hippocampal neurons (Baas et al. 1989). However, in mouse 
embryonic cerebral slices (Sakakibara et al. 2014) and in 
cerebellar granule cells in vivo (Rakic et al. 1996) nascent 
axons were found to contain mixed polarity MTs.  

The second possible explanation of the role of NAGK in ax-
ons is that it may play a role in acentrosomal MT organizing 
center. In view of the observed colocalization of NAGK and 
Golgi at collateral branch extension points and the ends of MTs 
in axonal growth cones, and the finding by Ori-McKenney et al. 
(2012) that Golgi outposts act as acentrosomal MT organizing 
centers, NAGK-Golgi interaction might play a role in MT for-
mation. The non-canonical upregulation of axonal and dendritic 
growth by NAGK justifies its interactions with many diverse 
intracellular proteins, such as, DYNLRB1, SnRNPN, and 
GTF2H5 (Islam et al., 2015; Sharif et al., 2015), although de-
tailed studies of these proteins have yet to be performed. In the 
present study, we investigated NAGK-DYNLRB1 interaction in 
rat hippocampal neurons and found that the complex colocal-
ized with small discrete Golgi particles in dendritic branch points 
and in developing axons. Accumulated evidence on the topic, 
supported by our findings, establishes that dynein and Golgi 
contribute to axonal growth. In our opinion, NAGK is a key driv-
er of axonal growth and that the NAGK-dynein-Golgi tripartite 
interaction explains, to some extent, the mechanism underlying 
the non-canonical function of NAGK. Our findings also suggest 
that role played by NAGK in axonal trafficking could be linked 
with neurodegenerative diseases, such as, amyotrophic lateral 
sclerosis, Alzheimer’s disease, and Huntington’s disease, in 
which early axonal transport dysfunctions have been reported 
(Gunawardena et al., 2003; Stokin et al., 2005; Trushina et al., 
2004; Williamson and Cleveland, 1999). 

 
Note: Supplementary information is available on the Molecules 
and Cells website (www.molcells.org). 
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