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Analysis of NUAK1 and NUAKZ2 expression during early chick
development reveals specific patterns in the developing head

ABDELHAMID BEKRI#¥, MARC BILLAUD and JACQUES THELU*
Univ. Grenoble Alpes, INSERM, CNRS, France

ABSTRACT Several human diseases are associated with the NUAK7and NUAK2genes.These genes
encode kinases, members of the AMPK-related kinases (ARK) gene family. Both NUAK1 and NUAK2
are known targets of the serine threonine kinase LKB1, a tumor suppressor involved in regulating
cell polarity. While much is known about their functions in disease, their expression pattern in
normal development has not been extensively studied. Here, we present the expression patterns
for NUAK1 and NUAK2 in the chick during early-stage embryogenesis, until day 3 (Hamburger and
Hamilton stage HH20). Several embryonic structures, in particular the nascent head, showed distinct
expression levels. NUAK1 expression was first detected at stage HH6 in the rostral neural folds. It
was then expressed (HH7-11) throughout the encephalalon, predominantly in the telencephalon and
mesencephalon. NUAK1 expression was also detected in the splanchnic endoderm area at HH8-10,
and in the vitellin vein derived from this area, but not in the heart. NUAK2 expression was first
detected at stage HH6 in the neural folds. It was then found throughout the encephalon at stage
HH20. Particular attention was paid in this study to the dorsal ectoderm at stages HH7 and HHS,
where a local deficit or accumulation of NUAK2 mRNA were found to correlate with the direction
of curvature of the neural plate. This is the first description of NUAK7 and NUAK2 expression pat-
terns in the chick during early development; it reveals non-identical expression profiles for both
genes in neural development.
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NUAK1 and NUAK2 are members of the novel (Nua) kinases family.
Their alternative names include: ARK5 or OMPHK1 for NUAK1;
and SNARK or OMPHK2 for NUAK2. They are two of the fourteen
known substrates of the serine threonine kinase LKB1 and are part
of the AMPK-related protein kinase family (ARK)(Al-Hakim et al.,
2005, Hardie and Alessi, 2013, Manning et al., 2002, Suzuki et al.,
2003). AMPK is amammalian homolog of sucrose non-fermentable
protein kinase (SNF-1);itis a member of a serine/threonine protein
kinase family. Unlike AMPK, which is activated under various stress
conditions resulting in decreased ATP concentrations (Scott et al.,
2007), ARKs do not have AMP: ATP ratio-sensitive regulatory sub-
units. Thus, they do not directly participate in adaptive responses
to energy balance (Al-Hakim et al., 2005).

NUAK1 was first described as supporting AKT-dependent cell
survival during nutrient starvation (Suzuki et al., 2003), and has
been shown to induce p53 phosphorylation (Hou et al., 2011).
NUAK1 expression is now known to be closely associated with
metastases, colorectal cancer and is an indicator of poor progno-

sis for glioma (Lu et al., 2013). Recently, it was shown to favor an
invasive phenotype in human breast cancer which also depended
on AKT signaling. This may be linked to its role in cell adhesion
through phosphorylation of the regulatory sub-unit of the myosin
light chain 2 (MLC2) phosphatase complex. Other roles for NUAK1
include: critical role in neurodegenerative diseases; maintenance of
metabolic homeostasis; limiting protein synthesis viathe mTORC1
signaling pathway; regulating ploidy and senescence via LATS1
kinase. For a general review about regulation and function of the
NUAK family see (Sun et al., 2013)

Together, NUAK1 and NUAK2 inhibit MLC2 phosphatase through
three entry points. This complex regulation of MLC2 phosphoryla-
tion strictly controls actin stress fiber assembly and contractility,

Abbreviations used in this paper: ARK, AMPK-related kinase; HH, Hamburger and
Hamilton stage; ISH, in situ hybridization; MLC2, myosin light chain 2; NCC,
neural crest cell; NLS, nuclear localization signal; NI, neural tube; PFA, para-
formaldehyde.
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Fig. 1 (left). Amino acid sequence alignment for Gallus gallus as NUAK1 “XP_416310.2"” and NUAK2 “XP_417962.2". Positions with a single, fully
conserved residue (52.9%) are indicated by an asterisk (*); conservative substitutions are indicated by dots under the sequences. Two dots (:) (15.0%)
indicates conservative substitution within a strong amino acid group, score greater than 0.5; one dot (.) (8.4 %) indicates conservative substitution within
a weak group, score 0.5 or less. The ATP binding sites in the NUAK catalytic domain are shown in green and blue, the domains of NUAKT and NUAK2
activated by LKB1 phosphorylation (T loops) are shown in yellow and blue, with the phosphorylation sites (Thr??®, Thr'%® and Ser??°, Ser®?) shown in black.
The conserved ¥*KKAR®'" sequence which corresponds to the NUAK2 nuclear localization signal (NLS) is indicated in grey. The conserved 6" RQRIRS®"®
AKT phosphorylation motif is indicated in red, with the putative phosphorylation site, Ser®’®, shown in black.

Fig. 2 (Right). NUAK1 expression pattern in HH6 to HH18 chick embryos. Whole-mount embryo images were viewed dorsally (A-E) and laterally
(FG). Abbreviations: A-M, anterio~medial; ba, branchial arch; di, diencephalon, e, eye; fb, forebrain or prosencephalon; hf, head fold; hb, hindbrain or
rhombencephalon; h, heart; mb, midbrain or mesencephalon;, mes, mesencephalon, met, metencephalon,; myel, myelencephalon, nf, neural folds, nt,
neural tube, oc, otic cup, ov, optic vesicle; tel, telencephalon; v, vitelline vein. Scale bar, 500um.

as well as cell polarity, motility and invasiveness.

In line with this function, NUAK2 locates along actin filaments
in cultured non-muscle cells (Vallenius et al., 2011). Previous work
had shown that NUAK2 was predominantly located in the nucleus
in HeLa cells (Kuga et al., 2008), which was expected given its
conserved N-terminal nuclear localization signal (®®KKAR™ in
chick, Fig. 1). In terms of human disease, NUAK2 was shown to
contribute to the development of melanomas (Namiki et al., 2011).
Other roles for NUAK2 were identified in heterozygous NUAK2
mice, which display mature-onset obesity and related metabolic
disorders and also have a higher risk of developing colorectal
cancers. In skeletal muscle, NUAK2 mediates glucose transport
and its expression is regulated by metabolic stress and diabetes.
Thus, this AMPK-related kinase is thought to be a regulator of
whole-body metabolism (Egan and Zierath, 2009, Sun etal., 2013).

Despite this wealth of potential roles and activities, the normal
in vivo functions of NUAK1 and NUAK2 have not yet been fully

elucidated. Although these genes are mainly expressed in the
neuroectoderminmouse, ithas beenreported that NUAKT mutants
exhibit no apparent gross brain defects, but do have ventral body
wall defects (Hirano et al., 2006). Mice deficient in both NUAK1
and NUAK2 display exencephaly, facial clefting, and spina bifida,
suggesting partially redundant activity for these two genes (Ohmura
et al., 2012). In addition, in these mice, phosphorylated MLC2,
F-actin and cortactin fail to effectively concentrate at apical cell
surfaces, indicating that NUAK kinases may contribute to apical
constriction and cell shape control. NUAK1 and NUAK2 functions
have been studied in human (Lu et al., 2013, Sun et al., 2013),
mouse (Ohmura et al., 2012), D. melanogaster (Amin et al., 2009)
and C. elegans (Hoppe et al., 2010). In this article, we report on
NUAK1 and NUAK2 mRNA expression in early chick embryos.
This model is frequently used to study neurulation, neural crest
migration and head formation, all of which may require activity of
these two genes. Through in situ hybridization of specific mRNA
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probes and imaging of transverse sections, we had detected that
expression of NUAKT is most prominent throughout the neuroec-
toderm and that the pattern for NUAKZ2 expression suggests a role
in remodeling epithelial tissue during head formation.

Results and Discussion

Amino acid sequence alignment

Comparisons of chick NUAK1 and NUAK2 amino acid se-
quences with homologs from other species reveals high levels
of sequence conservation: 80.3% and 64.2% similarity to human
sequences and 52.7% and 61.4% similarity to mouse sequence,
respectively (Supplementary Fig. S1). Chick NUAK1 and NUAK2
are also similar to one another, with an identity score of 52.9%,
and 15.0 % substitution with a strong degree of conservation (Fig.
1). Like AMPK and other ARKs (except MELK), chick NUAK1 and
NUAK?2 can be phosphorylated by LKB1 on conserved threonine
and serine residues (Thr??®, and Ser??° on chick NUAK1; and Thr®®
and Ser?? on chick NUAK2; highlighted in black, Fig. 1). These
residues are part of the conserved T-loop sequences (Kuga et
al., 2008) (indicated in yellow and blue, in Fig. 1). The ATP bind-
ing sites in the NUAK catalytic domain are shown in green and
blue in Fig. 1. Unlike NUAK1, NUAK2 is believed to locate to the
nucleus (Kuga et al., 2008). This localization is supported by the
consensus KKAR nuclear localization signal (NLS) at position 58-
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61 (indicated in grey, Fig. 1). Conversely, NUAK1, but not NUAK2,
has a RQRIRS AKT phosphorylation site at position 611-616 in
the chick sequence (shown in red, Fig. 1). Evidence suggests that
phosphorylation at this site results in protein activation (Suzuki
et al., 2003).

NUAK1 gene expression
During chick development, NUAK1 expression was not detected
before stage HH6. At this stage, expression was observed in the
neural folds (nf), and in the head fold (hf); the primitive streak and
Hensen’s node were negative (Fig. 2A). Expression increased with
development from the head fold stage to head formation (Fig. 2
B-G), with strong expression in the hindbrain region at HH10 (Fig.
2D). Sections at stages HH8-11 show strong expression in the
cephalic neural tube (Fig. 3). At stage HH8 in the head forming
position, when the neural ridges meet and are beginning to fuse,
NUAK1 was mainly expressed at apical side of epithelial cells lo-
cated on NT floor (Fig. 3 B-D,B’). The neuroectoderm is a pseudo
epithelium with a majority of cells going from basal to apical side,
then NUAK1 mRNA are polarized to the apical pole in these cells.
At a more caudal level, where the neural folds splay out, NUAK1
was mainly expressed at the apical side of all the cells in the
groove’s walls (Fig. 3E,E’). From the level of the first somite (Fig.
3F), until the caudal primitive fold, no NUAK1 mRNAwas detected
in neuroectoderm. At stage HH9, in rostral position, NUAK1 was
present in neuroectodermal cells, with a slightly higher
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level at the apical side. In this position, NUAK1 expres-
sion was at low level at roof side (Fig. 3 H-K,H’). Labeling
was decreased at a more caudal level (Fig. 3K). The thin
black lines in Fig. 3 correspond to shadows due to the
thickness of slices. At stage H11, NUAK1 expression was
reinforced (Fig. 3 M-Q). Neural crest cells (ncc), which
migrate laterally from the point where the dorsal neural
folds meet, presented only faint or no NUAK1 expression
in whole-mounts (Fig. 3 C,D,H-K,N-Q, asterisk in Fig.
3L). However, we observed a low NUAK1 expression at
somites level (Fig. 3A,F,G,L). The notochord (nc) showed
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almost no expression (Fig. 3 B-F,l) or only weak expres-
sion (Fig. 3 J,0,R). The extra-embryonic regions, area
pellucida and area opaca, showed no expression of this
gene (Fig. 2 A-D). In contrast, expression was high in the
region surrounding the nascent vitellin veins (v) in whole-
mount embryos (Fig. 2 C,D), and in sections showing the
splanchnic endoderm (Fig. 3 D,E,K). Other endodermal
tissue also expressed high levels of NUAK1, e.g. in the
pharynx (Fig. 3P). In the nascent heart, staining was faint
at HH11 (Fig. 3 P,Q), HH12 (Fig. 2E) and HH16 (Fig. 2F)
and was no longer detected at HH18 (Fig. 2G).
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Fig. 3. NUAK1 expression pattern in HH8 to HH11 chick em-
bryos. The position of each section is indicated by white lines
in the whole-embryo images (A,G,L). (B'E,H" ) are zooms of the
boxed areas in (B,E,H) showing specific NUAK1 expression in the
neuroectoderm of the head. Migrating NCC express low levels of
NUAK? in lateral positions (asterisk in L,O). Abbreviations: A-M,
anteriormedial; D-M, dorsal-medial; b, brain; h, primordial heart;
nc, notochord; ncc, neural crest cells, nf, neural folds, nt, neural
tube; ov, optic vesicle; pe, pharyngeal endoderm, s, somite; se,
splanchnic endoderm;, v, vitelline vein. Scale bar, 500um.
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NUAK2 gene expression

NUAK2 expression was first detected in the rostral region at
stage HHB, in the dorsal neural folds and in the head fold region
(Fig. 4A). Almost no expression was detected in the primitive
streak or Hensen’s node itself. In contrast to NUAK1, NUAK2
was extensively expressed in the lateral extra-embryonic do-
main (Fig. 4 A-D). At stages HH7 to HH9, NUAK2 expression
increased in the nascent head and in the spinal cord, while famt
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Fig. 4. NUAK2 expression pattern in HH6 to HH17 chick embryos. The
position of each section is indicated by white lines in the images (G,I).
Abbreviations: A-M, anteriormedial; ba, branchial arch; di, diencephalon;
e, eye, fb, forebrain or prosencephalon; h, heart; hb, hindbrain or rhomb-
encephalon; hf, head fold; Im, lateral plate mesoderm, mb, midbrain or
mesencephalon; mes, mesencephalon, met, metencephalon, myel, my-
elencephalon; nf, neural folds; nt, neural tube; oc, otic cup; s, somite; tb,
tail bud; tel, telencephalon; v, vitelline vein. Scale bar, 500um.

labeling was observed in somites (Fig. 4 B-D). At stages HH10
and HH11, neural expression faded except in the telencephalon,
the mesencephalon and the rostral half of the metencephalon
(Fig. 4 E,F). Very faint expression could be seen in the caudal
NT region and in somites (Fig. 4 E,F). At stage HH17, expres-
sion was found throughout the encephalon, the eye, the otic cup
(Fig. 4G) and in the dorsal NT of the caudal region in transverse
sections (Fig. 4H). At stage HH20, expression was restricted to
the encephalon, as seen in whole-mounts (Fig. 4I) and sections
(Fig. 4 J-N). These sections showed expression to be restricted
to the dorsal part of the central nervous system (CNS) this dorsal
staining was consistent with that observed in the caudal NT (Fig.
4H). The most anterior section (Fig. 4J) with no cavity shows a
strong NUAK2 expression, this allows us to exclude a potential
artifact related to the trapping of purple precipitate in cavities. To
definitively exclude this possibility, we also performed negative
and positive controls (Supplementary Fig. S2).

Particular attention was paid to NUAK2 expression in the ecto-
derm at stages HH7 and HH8 (Fig. 5). During neural groove and
head formation, several hinges form successively by curvature of
the ectodermic epithelium. The NUAK2 expression level seems
to match this curvature. The first fold is created at the primitive
groove (Fig. 5M). NUAK2 expression was low at the concave
medial hinge point (mh) of this fold (black asterisk Fig. 5L) com-
pared to the posterior-most position (Fig. 5N) of the developing
embryo, where NUAKZ2 is expressed in a roughly flat ectoderm.
Fig. 5L showed two additional convex dorsal hinges (dh) with
high levels of NUAK2 mRNA in ectoderm (white asterisk). The
intensity of expression and the variation between apico-basal
positions in the ectoderm were also observed in other images,
especially at positions where the epithelium curves (arrowheads
Fig. 5 B’-E’). The convex dh and lateral hinge (Ih) at cranial level
(Fig. 5 C,G,H) presented high levels of expression. On the other
hand, no NUAK2 expression was detected in the neuroectoderm
between the mh and the dh (Fig. 5 B-E,G). The boundary between
positive and negative domains located in the neural crest territory
(white asterisk in Fig. 5H) is clearly observable (black dashed line
Fig. 5H). The mesoderm in axial position, which underlines the
medial hinge, expresses NUAK2 (Fig. 5 C-E).

Conclusion

In this paper, we describe the expression patterns for NUAK1
and NUAK2during early chick embryogenesis. We also performed
bioinformatics analysis to determine sequence conservation be-
tween these two homologs. The expression patterns we describe
are similar to those previously obtained for NUAK1 in wild-type
mice embryos using a § Gal fusion protein (Hirano et al., 2008). In
the chick, the regionally-restricted expression of NUAK isoforms
overlaps. Both genes are expressed in the rostral neural folds dur-
ing head formation, and only very low NUAK7T and NUAK2 mRNA
expression was detected at the confluence of the neural folds,
from where NCC originate. However, specificities did emerge as
NUAK2was transcribed in the extra-embryonic regions and in the
ectoderm of the forming head, while NUAK1 was not. Conversely,
NUAKT was transcribed in the neural tube and NUAK2 was not.
At later stages, from HH17 to HH20, NUAK1 and NUAK2 have
similar expression patterns, largely focused in the brain. This ob-
servation leads us to suggest that these two genes have distinct
and complementary roles over the course of head development.
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observations are consistent with a link
between the LKB1/NUAK pathway
and cell shape. In support of this, we
observed a lack or an accumulation of
NUAKZ2mRNAInthe ectoderm at stages
HH7-8, which correlated with concave or
convex neural plate curvature. Further-
more, the bending profile of the cephalic
ectoderm matches to NUAK2 mRNA
detection in epithelial structures. These
observations are clues pointing to arole
for NUAK2in morphogenesis according
to Ohmura et al., (2012). Interestingly,
regulation of NUAK2 expression by a
dorsally-derived morphogene (BMPs
or Wnts) might also give this type of
staining. Furthermore, the expression
pattern shown in Fig. 5 K-N suggests
repression of the expression of NUAK2
by aneurogenesis-related ventral signal,
such as Shh (for areview see Ulloa and

Fig. 5. NUAK2 expression at HH7 and HH8 chick embryos. (B-E) Sections indicated in (A) by white
lines. (B’ - E’) Zooms of the boxed areas in (B - E). (G -N) Sections indicated in (F) by white lines. Black
arrow heads indicate variations in the position of NUAK2 mRNA staining in the ectoderm. Black aster
isks indicate low NUAK2 mRNA levels in ectoderm, white asterisks indicate high NUAK2 mRNA levels
in ectoderm (H,L). In (B'-E’) and (G-J), midline is on right side and lateral region is on left side of the
images. (H) The positive/negative boundary is underlined with a black dashed line. Abbreviations: A-M,
anteriormedial; D-M, dorsal-medial; ec, ectoderm, dh, dorsal hinge point; Hn, Hensen’s node; Ih, lateral

hinge point; mh, median hinge point. Scale bar, 500 um.

This hypothesis is supported by the phenotype of double knock-
down mice (Ohmura et al., 2012). Ohmura et al., concluded that
NUAK1 and NUAK2 have complementary functions in the apical
constriction and apico-basal elongation associated with dorsal
hinge point formation in the cephalic neural plate during the 5- to
10-somite stages. Interestingly, LKB1, which phosphorylates both
NUAK homologs, was shown to regulate changes in polarity and
adherens junction formation in the Drosophila eye (Amin et al.,
2008). In addition, ARK CG11871 gene (Drosophila homolog to
mammalian NUAK) RNAi experiments revealed developmental
defects that partially phenocopy kb1 mutants. Altogether, these

Marti, 2010).
Materials and Methods

Sequence analysis

The Gallus gallusNUAK protein sequenc-
es were extracted from the NCBI database
(http://www.ncbi.nlm.nih.gov) as NUAK1
“XP_416310.2" and NUAK2 “XP_417962.2".
Sequence alignment and amino acid identity
analysis was performed using the ClustalW
algorithm (http://www.clustal.org). The posi-
tions of putative specific domains were taken
from the literature: signature protein kinase
ATP-binding regions and LKB1 phosphoryla-
tion sites for NUAK1 (Suzuki et al., 2003) and
NUAK2 (Lefebvre et al., 2001); NUAK1-AKT
phosphorylation motif (Suzuki et al., 2003);
NUAK2-nuclear localization signal (NLS)
(Kuga et al., 2008).

Isolation and cloning of NUAK1 and
NUAK2 probes

Total RNA was isolated from E2 total em-
bryo extracts from chick strain JA957. RNA
was reverse transcribed to produce cDNA.
Sequence-specific nested primer sets (Table
1) were used to clone partial sequences for
both genes (NUAK1 “Gene ID: 418074” and

NUAK2“Gene ID: 419828”). An 810 bp PCR
product for NUAK? and an 830 bp PCR product for NUAK2 were cloned

in TA cloning pGEM-TEasy vectors (Promega). Clones were sequenced
using the M13 primer (Beckman Coulter Cogenics). To produce antisense
RNA probes, NUAK1 plasmids were digested with Nco | and transcribed
with Sp6 RNA polymerase; NUAKZ2 plasmids were digested with Spe | and
transcribed with T7 RNA polymerase and NUAK2 plasmids were digested
with Apa | and transcribed with Sp6 RNA polymerase to produce a control
sense probe. Digoxygenin (DIG)-labeled RNA antisense and sense probes
were transcribed using Roche reagents, according to the manufacturer’s
instructions. FGF8 plasmids were digested with Eco Rl and transcribed
with T7 RNA polymerase to synthetize an antisense RNA probe used as
a positive control (Supplementary Fig. S2).
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TABLE 1

NESTED PRIMER SETS USED TO CLONE
CHICK NUAK1 AND NUAK2 PROBES

Forward primers (5’- 3’) Reverse primers (5°- 3’)

NUAK1 Outer set GCGGCATCACCACAAGCACA GTGATGCCAATCAATGAACC
Inner set CTGCAGGAGACCTTGGGCAA TGGAGACTCAGAGTCCCTCA
NUAK2 Outer set CATCGCTACGAGTTCCTGGA CAAGAAGCACCTCACTTTGG
Inner set ATGGGAAGGTGAAGAAAGCA AAAGAGTGGTCGGGAGGAGC

Embryos and in situ hybridization

Fertilized chick eggs (JA957 strain, SFPA, St Marcellin, France) were
incubated at 38°C in a humidified incubator, until embryos reached stage
HH6-20, according to the Hamburger and Hamilton table (Hamburger and
Hamilton, 1951). Embryos were immediately fixed in ice cold 4% parafor-
maldehyde (PFA) solution in PBS. They were then dehydrated in a series
of methanol baths (25%, 50%, 75%, methanol in PBS), followed by 100%
methanol before storing them at -20 °C. The whole-mount in situ hybridiza-
tion protocol was adapted from Wilkinson and Nieto (Wilkinson and Nieto,
1993). Once rehydrated, embryos were loaded into sample holders and
subjected to a continuous stream (1.7 ml/min) of successive reagentsin an
automaton (Flogentec, France) as follows. Samples were washed (15 min)
with PBS and 0.1% tween 20 (PBT), then treated with proteinase K (20ug/
ml) in PBT at room temperature (5 to 20 min, depending on embryo size).
After washing for 15 min, embryos were post-fixed with 4% PFA solution
for 20 min, then washed once again for 15 min. Samples were exposed to
hybridization mix (50% formamide; 5x SSC; pH= 4.5; 0.1% tween 20) for
1 hour at 70 °C. A continuous closed-loop-recycling of mRNA probe solu-
tion (0.1 ug/ml in hybridization mix) was then applied for 8 hours at 70 °C.
Samples were returned to room temperature and treated as follows: 30 min
hybridization mix; 1 hour wash; 7 hours closed-loop-recycling of alkaline
phosphatase-conjugated anti-hapten antibody (Roche; 1: 3 000); 3 hours
wash; and finally, 20 min of Tris-HCI buffer pH= 9.5. The total duration of
the protocol was 22 hours. Some solutions, such as probes or antibodies
were collected at the end of steps for future use, others were collected for
waste treatment. Enzymatic detection was then performed in NBT/BCIP
solution (Roche) under constant observation.

Sections and analysis

After staining, we checked that no signal was observed with sense
probes. Embryos were then fixed overnight in 4% PFA, rinsed in PBS and
cleared in an 80% glycerol solution in PBS. Embryos were photographed
in whole-mounts using an Olympus SZX10 stereomicroscope equipped
with DP25 color camera and Cellsens software. Embryos were rinsed for 5
min in PBS, embedded overnight in 7.5% gelatin and 15% sucrose, frozen
at —65 °C and sectioned (20 um) using a LEICA cryomicrotome. Slides
were observed under an Olympus BX41 microscope equipped with DP70
color camera and AnaliSIS software. Images were edited using Adobe
Photoshop CS4 and Microsoft PowerPoint software.
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