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The Non-Canonical Effect of
N-Acetyl-D-Glucosamine Kinase on the Formation

of Neuronal Dendrites

HyunSook Lee', Sun-Jung Cho"?, and Il Soo Moon

N-acetylglucosamine kinase (GlcNAc kinase or NAGK; EC
2.7.1.59) is a N-acetylhexosamine kinase that belong to the
sugar kinase/heat shock protein 70/actin superfamily. In
this study, we investigated both the expression and func-
tion of NAGK in neurons. Immunohistochemistry of rat
brain sections showed that NAGK was expressed at high
levels in neurons but at low levels in astrocytes. Inmuno-
cytochemistry of rat hippocampal dissociate cultures con-
firmed these findings and showed that NAGK was also
expressed at low levels in oligodendrocytes. Furthermore,
several NAGK clusters were observed in the nucleoplasm
of both neuron and glia. The overexpression of EGFP- or
RFP (DsRed2)-tagged NAGK in rat hippocampal neurons
(DIV 5-9) increased the complexity of dendritic architecture
by increasing the numbers of primary dendrites and den-
dritic branches. In contrast, knockdown of NAGK by shRNA
resulted in dendrite degeneration, and this was prevented
by the co-expression of RFP-tagged NAGK. These results
suggest that the upregulation of dendritic complexity is a
non-canonical function of NAGK.

INTRODUCTION

N-acetylglucosamine kinase (GIcNAc kinase or NAGK; EC
2.7.1.59) phosphorylates GIcNAc to produce GIcNAc-6-phos-
phate (GIcNAc-6-P), which is converted to GIcNAc-1-P by
GlcNAc-6-P mutase, and GIcNAc-1-P is then utilized to syn-
thesize uridine diphosphate (UDP)-GIcNAc. In mammalian cells,
the activated sugar nucleotide UDP-GICNAc is used to synthes-
ize various oligosaccharide chains, such as N-/O-glycans and
glycolipids (Hakomori, 2000; Schachter, 2000; Van den Steen
et al., 1998), glycosaminoglycans (Esko and Lindahl, 2001), and
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the glycosyl phosphatidylinositol anchor of membrane-bound
glycoproteins (Watanabe et al., 2000).

Rat and human NAGKSs form homodimers of 37- and 39-kDa
subunits, respectively, in solution (Hinderlich et al., 1998). Fur-
thermore, human and mouse genes for NAGK have been
cloned (Hinderlich et al., 2000), and a sequence alignment
study showed that NAGK is a N-acetylhexosamine kinase (Ber-
ger et al., 2002), and thus, a member of the sugar kinase/heat
shock protein 70/actin superfamily (Hurley, 1996). This super-
family is defined by a fold consisting of two domains with the
BpPapapa Members of this superfamily catalyze ATP phos-
phoryl transfer or hydrolysis, which is coupled to a large con-
formational change that induces the two domains to close (Hur-
ley, 1996). Efforts to produce protein crystals of NAGK com-
plexed with the two authentic substrates, GIcNAc and ATP,
were unsuccessful (Weihofen et al., 2006). However, two crys-
tal structures of homodimeric human NAGK were described;
one complexed with GIcNAc and the other with ADP and glu-
cose. These structures revealed that the secondary structure of
human NAGK is comprised of 11 B-strands and ten o-helices.
Furthermore, the N-terminal small and C-terminal large do-
mains were found to form a V-shaped structure, which acts as
an active center for binding GIcNAc and ATP. When com-
plexed with ADP and glucose, NAGK adopts an open configu-
ration, whereas when complexed with GIcNAc, NAGK forms a
closed configuration, by rotating the small domain by 26° rela-
tive to the large domain. Using information gleaned from the
two crystal structures, Weihofen et al. (2006) established a
model structure for NAGK complexed with GIcNAc and ATP/
Mg?* by superimposing ADP in the ADP/glucose-bound open
complex with NAGK in the GilcNAc-bound closed complex.
Interestingly, a recent saturation transfer difference NMR study
indicated that GIcNAc kinase phosphorylates B-GIcNAc in cells
(Blume, 2008).

NAGK was first characterized as early as in 1970 (Datta,
1970), and since, its characteristics and molecular structure
have been studied in detail. However, few studies have ad-
dressed the expression or functions of NAGK in mammalian
tissues. In one such study, Northern and Western blot analyses
showed that NAGK mRNA and protein are expressed through-
out various cell lines and tissues (Hinderlich et al., 2000). In
addition, immunocytochemistry (ICC) of interphase NIH-3T3
cells revealed NAGK is a cytoplasmic enzyme that is located
predominantly in the perinuclear area and at the cell periphery
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(Hinderlich et al., 2000). However, no information is available
on the expression or function of NAGK in the nervous system.
Accordingly, in the present study, we investigated the expres-
sion and function of NAGK in neurons.

MATERIALS AND METHODS

Antibodies

The following antibodies were used at the indicated dilutions:
MAb microtubule-associated protein 2 (MAP2; 1:250; Sigma);
MAb green fluorescent protein [GFP; 1:1000, Chemicon Inter-
national Inc. (now Millipore, USA)]; MAb neurofilament 200
(NF200) (phosphorylated NF200-specific clone NE14, 1:300;
Sigma); rabbit polyclonal glial fibrillary acidic protein (GFAP)
(1:300; Sigma); rabbit polyclonal red fluorescent protein (RFP;
1:1000, Chemicon); affinity-pure rabbit polyclonal 2', 3'-cyclic
nucleotide 3'-phosphodiesterase (CNPase, 1:500; Cho et al.,
2003); Chicken polyclonal NAGK (NAGK) (1:1000 for ICC,
1:300 for IHC; GenWay Biotech, Inc., USA; now GW22347,
Sigma).

Substrate competition and immunoblot analysis

Rat forebrain homogenates (70 pg) were separated by electro-
phoresis in sodium dodecy! sulphate polyacrylamide gel (10%),
proteins were transferred to nitrocellulose (NC) membranes,
and membranes were incubated with preblocking solution [5%
(w/v) skim milk in Tris-buffered saline Tween-20 (TBST; 25 mM
Tris, 140 mM NaCl, 3 mM KCI, 0.05% Tween-20, pH 8.0)] for
1.5 h. Separately, NAGK antibody (1.0 png) was mixed with
various amounts of purified NAGK in a small volume (100 pl) of
TBST, and incubated at RT for 1 hr to form antigen-antibody
complexes. These mixtures were then added to 3 ml of preb-
locking solution, and used to blot NC membranes in sealing
bags. After incubation overnight at 4°C, blots were rinsed in
TBST (4 x 10 min). HRP-conjugated chicken secondary anti-
body (Perox-AffiniPure Dnk Anti-Chicken IgY (IgG) (H+L); Jack-
son ImmunoResearch, USA) was then added and incubated at
RT for 1.5 h. The antigen-antibody complex was visualized
using the PowerOpti-ECL Western blotting detection kit (Animal
Genetics, Inc., Korea).

Plasmids

Construction of short hairpin (sh)RNA plasmids

The shRNA and mismatch template oligonucleotide sets were
designed as follows; shRNA; Forward: 5-TTTGCATAAGCC
TACAGTTGGAGCCTTTGATATCCGAGGCTCCAACTGTAG
GCTTATTTTTTT-3/Reverse: 5-CTAGAAAAAAATAAGCCTA
CAGTTGGAGCCTCGGATATCAAAGGCTCCAACTGTAGGC
TTATG-3'. Negative control (mismatch); Forward: 5-TTTG
CATGAGCCTGCAGTAGGATCCTTTGATATCCGAGGATCC
TACTGCAGGCTCATTTTTTT-3'/Reverse: 5'-CTAGAAAAAAA
TGAGCCTGCAGTAGGATCCTCGGATATCAAAGGATCCTA
CTGCAGGCTCATG-3 (mismatches are underlined). Oligo-
nucleotide sets were annealed and inserted into the Bbsl/Xbal
site of mUBpro vector (Yu et al., 2002, a gift from Dr. David L.
Turner at the University of Michigan, Ann Arbor).

Primary culture, fixation, and transfection of rat hippocam-
pal neurons

Hippocampi from embryonic day 18 (E18) or E19 Sprague-
Dawley rat pups were dissected, dissociated by trypsin treat-
ment and mechanical trituration, and plated onto 12-mm diame-
ter polylysine/laminin-coated glass coverslips at a density of ~150
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neurons/mm?, as previously described (Brewer et al., 1993).
Cells were initially plated in Neurobasal medium supplemented
with B27 (Invitrogen, USA), 25 uM glutamate, and 500 uM
glutamine, and fed 5 days after plating and weekly thereafter
with the same media (without added glutamate) containing 1/3
(v/v) Neurobasal medium preconditioned by incubation for 24 h
in astrocyte culture, as previously described (Cho et al., 2011;
Goslin et al., 1998). After 21 days in vitro (DIV), coverslips were
rinsed briefly in Dulbecco’s phosphate-buffered saline (Invitro-
gen) and fixed using a sequential paraformaldehyde/methanol
fixation procedure [incubation in 4% paraformaldehyde in PBS
(20 mM sodium phosphate buffer, pH 7.4, 0.9% NaCl) at room
temperature (RT) for 10 min, followed by incubation in metha-
nol at -20°C for 20 min] (Moon et al., 2007). Transfection was
carried out as described by Jiang et al. (2004), using the Clon-
Tech CalPhos™ Mammalian Transfection Kit (BD Bioscience,
USA).

Immunocytochemistry (ICC)

Cells were fixed using the sequential paraformaldehyde/methanol
fixation procedure at RT for 10 min and then incubated in me-
thanol at -20°C for 20 min (Moon et al., 2007). ICC was per-
formed with the indicated primary and secondary antibodies
[Alexa Fluor 488-conjugated goat anti-mouse, Alexa Fluor 568-
conjugated goat anti-rabbit, and Alexa Fluor 647-conjugated
goat anti-chicken 1gG (each diluted 1:1,000 in blocking buffer;
Invitrogen)], as previously described (Moon et al., 2007).

Immunohistochemistry (IHC)

Male adult (8-week-old; 250-300 g) Sprague-Dawley rats were
anesthetized under isoflurane/N,O and brain tissues were fixed
with a transcardiac infusion of 4% paraformaldehyde in PBS
(pH 7.4). The perfusion-fixed brains were removed, post-fixed
overnight in the same fixative at RT, and paraffin-embedded.
Serial sagittal 5 um sections were then prepared and mounted
on slides. After deparaffinization, sections were incubated in
blocking solution (1.0% BSA, 0.2% gelatin, 0.05% saponin in
PBS) 3 x 30 min at RT, and then incubated with primary anti-
bodies [chick polyclonal NAGK (1:300), MAb GFAP, and
NF200 (both 1:300)] diluted in 0.1% BSA, 0.3% Triton X-100 in
PBS overnight at 4°C. The following day, sections were rinsed
(3 x 10 min) in 0.1% BSA, 0.2% gelatin, 0.05% saponin in PBS,
and then incubated with secondary antibodies [Alexa Fluor
488-conjugated goat anti-mouse, Alexa Fluor 568-conjugated
goat anti-rabbit, and Alexa Fluor 647-conjugated goat anti-
chicken 1gG (each 1:1,000)] diluted in 0.1% BSA, 0.3% Triton
X-100 in PBS for 1 h at RT. After rinsing in 0.1% BSA, 0.2%
gelatin, 0.05% saponin in PBS (3 x 10 min), sections were washed
in PBS (3 x 10 min) and mounted using prewarmed fade-retar-
ding mounting solution [100 mg/ml DABCO (1,4-diazavicyclo
[2.2.2] octane; Sigma) in 90% glycerol and 10% PBS (pH 7.4)].

Light and laser-scanning confocal microscopy

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 CoolS-
NAP™ CCD camera (Photometrics Inc., USA) under the control
of a computer running Leica FW4000 software. Confocal im-
ages (1024 x 1024 pixels) were acquired using a Leica TCS
SP2 confocal system with laser lines at 488, 543, and 633 nm.
Digital images were processed using Adobe Systems Photo-
shop 7.0.
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Analysis

To determine the degrees of arborization of dendritic tree, we
counted numbers of primary dendrites and their branches as
described by Sholl (1953). The dendritic intersection is defined
as the point where primary dendrites or their branch intersects
a given concentric circle. The numbers of dendritic branches
intersecting two successive concentric circles were counted.
Transfected neurons (a minimum of 15 cells) were selected for
analysis. The Mann-Whitney U-test was used to determine
statistical significances, and p values of < 0.05 and < 0.01 were
considered to be significant or highly significant, respectively.

RESULTS

Verification of antibody specificity by antigen blocking

We used a commercial antibody against NAGK, but because of
a lack of published information, we first tested the specificity of
this antibody. For this purpose we first immune-neutralized the
antibody with antigens. Briefly, the antibody (1.0 ug) was mixed
with increasing amounts of antigens (0, 1.0, or 3.0 pug of pure
NAGK) in a small volume (100 pl) to block the antigen-binding
site. These mixtures were then used for immunoblotting rat
forebrain homogenates on NC membranes. As shown by im-
munoblot images, the antibody specifically recognized a band
at 37 kDa (Fig. 1A, 0 ug). This 37 kDa band was gradually
weakened by pre-treating membranes with increasing amounts
of pure NAGK (1.0 and 3.0 pg), indicating that the antibody
specifically binds NAGK. We further tested antibody specificity
by immunocytochemistry (ICC). Typically, ICC images of hip-
pocampal neurons reveal small punctae in the somatodendritic
domain (arrowed in Fig. 1B-a) and several large nuclear clus-
ters (asterisked arrows in Fig. 1B-a). When the antibody was
neutralized by preincubation with its antigen (pure NAGK, 3.0
ug), the intensity of the NAGK-immunoreactive (IR) signal in the
somatodendritic domain weakened significantly and the nuclear
NAGK clusters were not detected (Fig. 1B-b). These data dem-
onstrate that the antibody used bound specifically to NAGK.
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Fig. 1. Antibody specificity. (A) Western blotting.
Rat forebrain homogenates (70 pg) were electro-
phoresed in 10% SDS-polyacryl-amide gels,
transferred to NC membranes, which were im-
munoblotted with anti-NAGK antibody previously
exposed to different amounts of purified NAGK (0,
1.0, 3.0 pug). Note that the signal intensity of
NAGK at 37 kD (arrow) decreased dose-depen-
dently. Molecular size is indicated on the left
(kDa). (B) Immunocytochemistry (ICC). Cultured
rat hippocampal neurons (DIV 21) were immu-
nostained with anti-NAGK antibody directly (con-
trol; a) or anti-NAGK antibody pre-exposed to
purified NAGK (3.0 pg; b). Nuclear (arrow with an
asterisk) and dendrite (arrow) NAGK clusters are
indicated (a). These NAGK clusters disappeared
or markedly weakened when the anti-NAGK
antibody was pretreated with purified NAGK (b).
Insets show phase contrast images, in which
nuclei are marked with asterisks.

NAGK was highly expressed in neurons

Immunohistochemistry (IHC)

Having confirmed the specificity of the NAGK antibody, we
investigated the expression of NAGK in brain cells by IHC. Rat
brain slices were triple-labeled with antibodies against NAGK,
NF200, and GFAP (Figs. 2 and 3A). When IR signals of NAGK
and NF200 (a neuronal marker) were compared, strong NAGK-
IR signals were found to be well co-localized with NF200-posi-
tive (+) cells, that is, with pyramidal cells in the cerebral cortex
(Cb) (Fig. 2A, arrowheads), Purkinje cells and granule cells in
the cerebellum (Cbl) (Fig. 2B, arrowheads and arrows, respec-
tively), the soma and dendrites of pyramidal cells in the hippo-
campal CA1 region (Fig. 2C, asterisk and arrowhead, respec-
tively), granule cells in the dentate gyrus (DG), and polymorphic
cells in the dentate hilus (DH) (Fig. 2D, asterisk and arrowhead,
respectively). In the CA1 region,a strong association between
NAGK-IR signals and the stratum radiatum (SR) and the stra-
tum pyramidale (SP) (Fig. 2C, arrowhead and asterisk, respec-
tively) was evident. In contrast, NAGK-IR signals were weak in
astrocytes,for example, in the hippocampal CA1 region, strong
NAGK-IR signals (Fig. 3A, arrows) were not co-localized with
GFAP(+) cells (Fig. 3A, asterisks). These results indicate that
NAGK is highly expressed in neurons, but relatively weakly
expressed in astrocytes.

Immunocytochemistry (ICC)

To confirm the strong expression of NAGK in neurons, we con-
ducted ICC on rat hippocampal dissociated cultures. NAGK-IR
signals were completely separated from GFAP (an astrocyte
marker, Fig. 3B) and CNPase (an oligodendrocyte marker, Fig.
3C) signals. Instead, strong NAGK-IR cells were positive for the
MAP2 (a neuronal marker, Fig. 3D). The intensities of NAGK-IR
signals in the cytoplasms of GFAP(+) and CNPase(+) cells
were very weak (Figs. 3B and 3C). Interestingly, several NAGK-
IR clusters were present in the nuclei of neuronal (arrowhead in
Fig. 5C, NAGK) and non-neuronal cells (astrocytes, arrowhead
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Fig. 2. Immunohistochemical analysis of
NAGK expression in rat brain sections.

Rat brain sections were labeled with anti-
bodies against NAGK and NF200. Con-
focal microscope images of NAGK and
NF200 labeling were obtained using 20X
(left column) or 40X objective lenses (right
two columns). (A) NAGK distribution in the
rat cerebrum (Cb). Arrowheads, pyramidal
neurons. Laminar layers are indicated by
Roman numerals. (B) NAGK distribution
in the rat cerebellum (Cbl). Arrowheads
are Purkinje cells and the arrow indicates
a granule cell. GCL, granule cell layer;
PCL, Purkinje cell layer; ML, molecular
layer. (C) NAGK distribution in hippocam-
pal CA1 region. The asterisk indicates a
soma and arrowheads the dendrites of
pyramidal neurons. SO, stratum oriens;
SP, stratum pyramidale; SR, stratum
radiatum. (D) NAGK distribution in the rat
dentate gyrus (DG). The asterisk indicates
a granule cell and the arrowhead a poly-
morphic cell. ML, molecular layer; GCL,
granular cell layer; DH, dentate hilus.

20X objective

in Fig. 3B; oligodendrocytes, arrowhead in Fig. 3C, NAGK,
inset). Furthermore, these nuclear NAGK-IR clusters were also
observed in cells in hippocampal dissociated cultures and in
other cell types in culture, including HEK293T cells and several
cancer cell lines (data not shown). Together, these results con-
firm that NAGK is highly expressed in neurons.

NAGK overexpression upregulated the number of
dendrites

The strong expression of NAGK observed in neuronal dendrites
prompted us to investigate its possible functions in neurons.
First, we investigated NAGK gain-of-function. To this end, we
introduced by transfection EGFP- or RFP (DsRed)-tagged
NAGK genes into rat hippocampal neurons (DIV 5-9) in culture.

http://molcells.org
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Surprisingly, live cell images of the transfected neurons at 16-
48 h post-transfection exhibited increased numbers of dendrites
on EGFP- and DsRed-tagged NAGK overexpressing neurons
(Fig. 4A). Furthermore, the neurons overexpressing NAGK of
either tag, exhibited more complex cytoarchitectures than con-
trol neurons. The number of primary dendrites increased by 32%
(from 8.4 to 11.1) in DsRed2-transfected neurons and by 28%
(from 9.6 to 12.3) in EGFP-NAGK transfected neurons (Fig. 4B-
a), and these increases were highly significant (p < 0.01). The
number of dendritic intersections crossing 60 um circles from
the centroid of soma also increased by 115% (from 11.2 to 24.1)
in DsRed2-transfected neurons and by 55% (from 15.5 to 24.1)
in EGFP-NAGK transfected neurons (Fig. 4B-b), and these
increases were also highly significant (p < 0.01).
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Fig. 3. Elevated expression of NAGK in
neurons. (A) Immunohistochemistry (IHC).
The confocal images of NAGK and GFAP
labeling in the rat CA1 region (the NAGK
image is a crop of the image in Fig. 2C)
showing complete separation of the two
IR signals. Arrow, pyramidal neurons; As-
terisk, GFAP-positive astrocyte. (B-D)
Immunocytochemistry (ICC). Dissociated
rat hippocampal cultures (DIV21) were
double-labeled, as indicated. Neuronal
soma and dendrites are indicated by aste-
risks. Astrocytes and oligodendrocytes were
identified by immunostaining with GFAP
(B, arrow) and CNPase (C, arrow), re-
spectively. NAGK-IR was completely se-
parated from GFAP-IR and from CNPase-
IR. In contrast, NAGK-IR signals co-lo-
calized well with MAP2 (D, arrowhead), a
neuronal marker. NAGK clusters in the
nucleus of an astrocyte (GFAP) and oli-
godendrocyte (CNPase) are indicated by
arrowheads in (B) and (C) (and highly
contrasted images in inset, respectively).
Scale bars, 30 um.

A Fig. 4. Overexpression of NAGK increased dendritic complexity.
pEGFP-NAGK (A) Epifluorescent live cell images showing neurons transfected
with the indicated plasmids. (B) Statistics. Numbers of primary
dendrites (a) and of dendritic branches crossing circles at 60 um
distance from the soma centroids (b) were counted. ** p < 0.01.
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These results indicate that when analyzed at 60 pm from the
center of soma, branching frequencies (i.e. numbers of inter-
sections divided by numbers of primary dendrites) also in-
creased from 1.3 (control; 11.2 divided by 8.4) to 2.2 (24.1 di-
vided by 11.1) in DsRed2-transfected neurons and from 1.6
(control; 15.5 divided by 9.6) to 2.0 (24.1 divided by 12.3) in
EGFP-NAGK transfected neurons. Taken together, these re-
sults indicate that NAGK increases the complexity of dendritic
architecture by increasing the numbers of primary dendrites
and dendritic branches.
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Fig. 5. Knockdown of NAGK mRNA induced
dendrite degeneration. (A) Immunoblots.
HEK293T or NIH3T3 cells were co-trans-
fected with DsRed2 vehicle or DsRed2 + the
indicated vectors, and immunoblotted with o-
NAGK. Membranes were stripped of the
antibody and reblotted with a-actin (a). The
immunoblot signal intensities of NIH3T3
were measured by densitometry and norma-
lized versus mismatch vehicle. Data are
averages of duplicate experiments (b). (B-D)
shRNA experiments. An epifluorescence im-
age of a typical neuron co-transfected with
DsRed2 + NAGK shRNA vectors (sh-NAGK)
showing dramatic dendrite degeneration
(arrow), but an intact axons (arrowhead) (B-
a). In contrast, the dendrite (arrow) and axon
(arrowhead) of a control neuron transfected
with mismatch vector were intact (B-b). Cul-
tured hippocampal neurons were co-
transfected with DsRed2 + sh-NAGK vec-
tors, and double-stained with a-RFP and a-
NAGK antibodies. Images of neurons (red)
showing ~30% (C-a, arrow) and ~50%
knockdown (C-b, asterisk) of NAGK as com-
pared with neighboring neurons (green) (ob-
tained by densitometry). Note that dendrites
(arrow) were dramatically shorter after 30%
knockdown (C-a) and were almost com-
pletely degenerated after 50% knockdown
(C-b, asterisk), whereas axons (arrowheads)
were relatively unaffected. Numbers of den-
dritic branches at distances of 25-35, 35-55,
55-75, > 75 um from soma centroids of
DsRed2 control and shRNA expressing
neurons (sh-NAGK) (D). **p < 0.01. Scale
bar, 20 um.
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Knockdown of NAGK resulted in dendrite degeneration

Next, we investigated loss-of-function of NAGK in neurons. One
set of forward and reverse primers was designed to produce
NAGK shRNA (sh-NAGK); the control set used contained mis-
matches. When human HEK293T or mouse NIH3T3 cells were
transfected with sh-NAGK vector (transfection efficiency, > 80%),
the expression of NAGK was significantly reduced by Western
blotting, whereas reductions were negligible for vehicle and for
mismatch vectors (Fig. 5A-a). Western blotting showed that the
expression of NAGK was reduced to ~60% of the mismatch
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control by sh-NAGK in NIH-3T3 cells (Fig. 5A-b). To investigate
the knockdown effect of NAGK, these vectors were introduced,
together with DsRed2 plasmid for identification purposes, by
co-transfection into rat hippocampal neurons in culture (DIV 5-
9). Surprisingly, neurons transfected with sh-NAGK exhibited
dramatic dendrite degeneration (Fig. 5B-a, arrow), though axons
were less affected (Fig. 5B-a, arrowhead).On the other hand,
the control mismatch vector had no noticeable effect (Fig. 5B-b).
Furthermore, the observed dendritic degeneration was propor-
tional to reductions in NAGK protein levels. For example, when
the expression level of NAGK was reduced by ~30% (as de-
termined by densitometry of ICC signals), as compared with
neighboring untransfected neurons, neurons (Fig. 5C-a, aste-
risk) still retained some short dendrites (arrow). Also, when a
transfected neuron exhibited a reduction in NAGK level by ~50%
(Fig. 5C-b, asterisk), it showed almost complete dendrite dege-
neration (arrow), although once again axons were apparently
less affected (Fig. 5C, arrowheads). When dendritic branches were
counted at distances of 25-35, 35-55, 55-75, > 75 um) from
soma centroids, sh-NAGK RNA-transfected neurons showed
significantly (p < 0.01) fewer dendrites at all distances, except
at 25-35 um (Fig. 5D). These results indicate that dendrites
degenerate progressively from the distal to proximal in the
presence of NAGK deficiency.

Overexpression of NAGK prevented the effects of shRNA

To determine whether dendritic degeneration was specifically
caused by NAGK knockdown, we investigated whether the
overexpression of NAGK in neurons could abrogate the effect
of shRNA. To this end, we co-transfected cultured rat hippo-
campal neurons with sh-NAGK and DsRed2-NAGK vectors;
examples of transfected neurons are shown in Fig. 6A. The
morphology of the rescued cells (Fig. 6A-b) was similar to that
of DsRed2-transfected control neurons (Fig. 6A-a). Statistical
analysis also showed no significant difference between Ds-
Red2 control and sh-NAGK plus DsRed2-NAGK groups (7.8
and 6.8, respectively; Fig. 6B-b) with respect to the mean num-
ber of dendritic intersections crossing a circle at 60 um from the
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Control

Fig. 6. Rescue experiments. (A) Epifluores-
cence images of a typical live neuron trans-
fected with control (DsRed2) (a) or co-trans-
fected with sh-NAGK + DsRed2-NAGK (res-
cued, b) vectors. (B) Numbers of dendrites
crossing the circle at 60 um from the centroid of
soma were counted. Scale bar, 20 pm.

Rescue

centroid of soma. This result confirmed that the degeneration
effect was specifically caused by NAGK knockdown.

DISCUSSION

This study shows that NAGK is highly expressed in brain neu-
rons, but poorly expressed in neuroglia, such as, astrocytes
and oligodendrocytes, and that NAGK plays a critical role in the
development of neuronal dendrites. Many proteins have mul-
tiple functions, and the canonical function of NAGK is the phos-
phorylation of GlcNAc to produce GlcNAc 6-phosphate. How-
ever, the present study provides evidence for a non-canonical
function of NAGK in the development of neuronal dendrites.
Few studies have been conducted on the expression of
NAGK in mammalian cells. However, available data indicate
that NAGK is ubiquitously expressed in mammalian cells. In
one study, NAGK mRNA was detected by Northern blot in vari-
ous human cancer cell lines, including promyelotic leukemia
HL-60, HeLa S3, chronic myelogenous leukemia K562, lym-
phoblastic leukemia MOLT-4, Burkitt's lymphoma Raji, colorec-
tal adenocarcinoma SW 480, lung carcinoma A549, and mela-
noma G361 (Hinderlich et al., 2000). NAGK protein was also
detected by Western blot in diverse murine cell lines, such as,
B cells at several maturation stages (FL5.12, WEHI, A.20),a T
cell line (EL4), normal (NIH3T3), or transformed fibroblasts
(BALB3T3-SV40), an endothelial cell line (ST2), and in the
monkey COS-1 cell line (Ligos et al., 2002). We also found by
immunoblotting that NAGK was expressed in all tissues tested,
which included brain, heart, kidney, liver, lung, skeletal muscle,
spleen, and testes (our unpublished data). This ubiquitous ex-
pression of NAGK implies that the enzyme plays a house-
keeping function, which probably involves the phosphorylation
of NAG in carbohydrate metabolism. A nuclear house-keeping
function is also likely because we observed ubiquitous nuclear
expression in the present study. More specifically, our ICC
study showed NAGK clusters in the nucleoplasm of neuronal
and non-neuronal cells, and the presence of these nuclear
NAGK clusters in all cell types examined suggests NAGK also
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has a house-keeping nuclear function. However, nucleoplasm
has many different functional subdomains, and thus, a detailed
study on the subnuclear localization of NAGK is under way in
our laboratory.

NAGK expression depends on tissue and cell type. This
study shows that NAGK is strongly expressed in neurons as
compared with non-neuronal cells. Furthermore, our results
show that the commercial antibody against NAGK (now
GW22347, Sigma), which we used in this study, is highly spe-
cific. Using this specific antibody we found, by IHC of rat brain
and rat hippocampal dissociate cultures, that NAGK is highly
expressed in brain neurons, which implies that NAGK plays a
special role in neurons. In our gain-of-function study, the over-
expressions of EGFP- or RFP (DsRed2)-tagged NAGK upregu-
lated dendrite numbers, whereas in the loss-of-function study,
knockdown of NAGK by shRNA resulted in dramatic dendrite
degeneration. In addition, the overexpression of NAGK resulted
in an increase in the numbers (32% by RFP-NAGK and 28%
by EGFP-NAGK) of primary dendrites (stemming directly from
soma), which gave neurons a hairy appearance. Numbers of
dendritic branches also increased significantly (115% by RFP-
NAGK and 55% by EGFP-NAGK). These results indicate that
NAGK has the ability to generate both primary dendrites and
branches. Furthermore, the extent of dendritic degeneration
was proportional to the degree of NAGK knockdown. For ex-
ample, 50% NAGK knockdown neuronswere almost complete
free of dendrites, whereas 30% NAGK knockdown neurons
retained some short dendrites. Moreover, the overexpression of
NAGK abrogated the effect of shRNA and prevented dendrite
degeneration. These results suggest that the down-regulation
of NAGK retards the building and/or maintenance of dendrites,
and thus, results in their degeneration.

Our finding that the downregulation of NAGK did not signifi-
cantly affect axonal morphology is of interest. We will not elabo-
rate on this issue because axons had already grown to a con-
siderable length at the time of transfection (i.e. DIV 5-9). How-
ever, it was evident that axons were not markedly shortened.
This observation caused us to ask why the downregulation of
NAGK caused dendrite and not axon degeneration. Neurons
are highly polarized and possess axons and dendrites which
differ in terms of morphology and function. In a previous study,
a series of time-lapse video microscopic studies on low density
cultures of hippocampal neurons revealed a stereotyped se-
quence of characteristic morphological changes (Dotti et al.,
1998; Goslin and Banker, 1990). During the initial several days
of culture, axons continue to grow to substantial distances,
whereas the processes that become dendrites begin to elon-
gate later and at a significantly lower rate. Furthermore, during
the early stage of dendritic development, neurons show dra-
matic re-arrangements in dendritic arbors, such as, the addition
of new branches, complete retraction of branches, and exten-
sion or shortening of branches (O’'Rourke, 1994). In our shRNA
and overexpression experiments, we used DIV 5-9 neurons,
and during this period neurons undergo extensive dendritic
growth and branching. This suggests that a deficiency or excess
of NAGK could accelerate the processes responsible for the
retraction or elaboration of dendrites. Our preliminary data sug-
gests that the axonal expression of NAGK decreases dramati-
cally as neurons mature, which suggests that its lesser effect
on axons could be due to its differential distribution in subcellu-
lar domains. Detailed study on the relation between the subcel-
lular expression of NAGK and developmental stage is in pro-
gress in our laboratory.

Our results imply that dendrites, which are morphologically
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complex and dynamic, are more affected than axonal shafts
that have already matured, which suggests NAGK plays a con-
centration-dependent role in the building and/or maintenance of
cell structures, and in the acceleration or retardation of these
processes. Mechanistically, we surmise NAGK may function as
a member of the metabolic sensor system. NAGK is involved in
carbohydrate metabolism that produces UDP-GIcNAc, which is
utilized by O-GIcNAc transferase (OGT) for O-GlcNAcylation.
O-GIcNAcylation would play the role of a ‘rheostat’ and deli-
cately tune signal transductions generated in response to cellu-
lar nutrient or stress (Hart et al., 2011). Since the overall activity
of OGT is regulated linearly by a wide range of intracellular
concentrations of UDP-GIcNAc (Kreppel and Hart, 1999), NAGK
overexpression could sensitize O-GIcNAcylation and eventually
upregulate dendritogenesis. Recent evidence indicates that O-
GicNAc could be further modified by phosphorylation (reviewed
by Moon et al., 2013). Furthermore, the conversion of O-GIcNAc
to O-GIcNAc-P by NAGK could increase the effect of O-
GlcNAcylation. Another possibility is that NAGK plays a struc-
tural role as a component of molecular motor. High resolution
confocal microscopic images of double-stained neurons re-
vealed that NAGK forms puncta that always localize to or
alongside microtubule fibers in dendrites and developing axon
and growth cones (manuscript in preparation). Given the fact
that NAGK'’s role is most manifest in dynamic structures under-
going elongation or retraction, it is conceivable that NAGK is a
component of a molecular motor complex that transports car-
goes along microtubules. Further investigations of this topic are
being conducted in our laboratory.

In conclusion, our cell and molecular cell biological studies
show that; 1) NAGK is highly expressed in neurons but relative-
ly weakly expressed in glia, 2) the results of our overexpression,
shRNA, and rescue experiments indicate that NAGK plays a
critical role in the development of dendrites, and 3) NAGK was
found to ubiquitously form clusters in nucleoplasm. To the best
of our knowledge, this is the first study to address the expres-
sion and function of NAGK in the nervous system, and it shows
that the promotion of dendritogenesis by NAGK represents a
novel non-canonical function.
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