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N-a-acetyltransferase 10 (NAA10) in
development: the role of NAA10
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Abstract

N-a-acetyltransferase 10 (NAAT0) is a subunit of N®terminal protein acetyltransferase that plays a role in many
biological processes. Among the six N-a-acetyltransferases (NATs) in eukaryotes, the biological significance of the N-
terminal acetyl-activity of Naa10 has been the most studied. Recent findings in a few species, including humans,
indicate that loss of N-terminal acetylation by NAA10 is associated with developmental defects. However, very little is
known about the role of NAATO, and more research is required in relation to the developmental process. This review

summarizes recent studies to understand the function of NAATQ in the development of multicellular organisms.

Introduction

N-a-acetyltransferase 10 (NAA10), the catalytic subunit
of N-acetyltransferase A (NatA), a major N-terminal
acetyltransferase complex, catalyzes the alpha (N-term-
inal) acetylation of nascent peptides as a cotranslational
modification and epsilon (internal) acetylation of mature
proteins (including itself) as a posttranslational mod-
ification’ ™. NAAIO, which is conserved from yeast to
humans and expressed in most cell types, is an important
regulator in diverse biological processes, such as cell
growth, differentiation, metastasis, apoptosis, and autop-
hagy‘*’lo. In mammalian cells, most studies about the
function of NAAI0 are mainly focused on its relationship
with cancer. Meanwhile, the biological significance of
NAAIO is not as well understood, and further studies are
needed in the context of a developing multicellular
organism. Recently, NAAI0 has been reported to play a
critical role in development and human genetic dis-
eases'''°. According to these reports, several human
genetic diseases have been shown to be associated with
NAAI0 mutations, thus highlighting the importance of
NAA10 function during biological development. In this
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review, we mainly focus on NAA1O function during the
development of multicellular organisms.

Expression of NAA10 during embryonic
development

NAA10 is located on chromosome Xq28 in humans and
X A7.3 in mouse, and is encoded by 8 exons'”18, Alter-
native splicing of its mRNA produces several isoforms of
NAAIO. There are three mouse variants (mNaal0'%%,
mNaal0??®, and mNaal0?*®) and two human variants
(hNaal10'®! and hNaa10?*®). The mNaal0*?®, mNaal0%®,
and hNaal0** are the functional isoforms that contain
the full N-acetyltransferase domain sequence, and they
have been the most extensively studied and characterized
among the aforementioned variants'®>°, Additionally, a
homologous gene of NAAIO, termed NAAII, has been
identified. The human NAA11 is located on chromosome
4q21.23, and the sequence of hNAA11l protein is 81%
identical to hNAA10, whereas mouse Naall is on chro-
mosome 5E3%!.

Previous studies showed the broad and ubiquitous
expression of NAAIO in various cell types, including
tumor cell lines and several tissue types, in the develop-
mental stages of embryos and in adults. In general,
dynamic changes in the spatiotemporal expression of
distinct genes are shown during embryogenesis®”. The
regulation of tissue- and stage-specific expression affects
the development of different organs individually**>. On the

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction
in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if

changes were made. The images or other third party material in this article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this license, visit http://creativecormmons.org/licenses/by/4.0/.

Official journal of the Korean Society for Biochemistry and Molecular Biology


http://creativecommons.org/licenses/by/4.0/
mailto:gootaeg@ewha.ac.kr

Lee et al. Experimental & Molecular Medicine (2018)50:87

120 | SE11
BE12
OE13
OE14
BE15
=2E16
BE17
BE18

mNeonatal

Expression Value (TPM)

QS

Y'b
b

140

mFetal OAdult

120
S 100 4
=
~ 80
[
=2
S 604
5
5 40 4
n
e
a 20 1
X
w

0 ml
S O ¥ & & ¢ @&
O P FF S S
o NN B
V> > S &
& €9 ¢
O QP ) 49

Fig. 1 Tissue-specific expression of Naa10 during different
developmental stages in C57BL6/J mouse (a) and in humans (b).
Different patterns of expression are observed in each tissue
depending on the developmental stage. For the analysis of
expression, transcriptome data were extracted from the FANTOM5
Project. TPM transcripts per kilobase million

basis of this information, it is reasonable to suggest that
the potential role of NAA10 varies depending on tran-
scriptional levels in different tissues and embryonic stages
during development. Interestingly, in mouse, according to
expression atlas databases, the RNA expression level of
mNaal0 for each organ is higher in the developmental
stages of embryo than in the neonate****, For example, in
kidney, liver and lung, the RNA level of mNaa10, which is
very high in the stage from E12 to E14, decreased to half
of this level in the neonate (Fig. 1a). A broad comparison
of RNA levels between fetus and adult in humans indi-
cated the same results as those found for mouse®* >’
(Fig. 1b). However, there are other instances in which an
increased or steady expression level is shown in some
tissues at the postnatal stage, so we cannot form a defi-
nitive conclusion. Whether the changes in tissue- and
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stage-specific expression have an impact on development
needs further investigation.

N-terminal acetylation dependent functions of
NAA10 during embryonic development

Acetylation is one of the protein modifications that
diversifies the function of genes in organisms. In parti-
cular, N-terminal acetylation occurs in 80~90% of
eukaryotic proteins, and the molecular role of N-terminal
acetylation affects various protein functions, including
protein interaction, localization to the ER and degrada-
tion. To date, six distinct forms of NATs (NatA — NatF)
have been identified in eukaryotes, and they are classified
based on different subunit compositions*®*?*°, Among
others, NatA undertakes the majority of N-terminal
acetylation, acetylating ~40% of the human pro-
teome'***!, However, the distinct function of NatA has
not yet been demonstrated during embryonic develop-
ment. Nonetheless, abnormal phenotypes were observed
in several species due to the absence or reduction of
NAAIO. These data are of great interest for understanding
the role of NAAIO in development.

Developmental roles in humans

Recently, the importance of NAA1O catalytic activity in
human development has emerged through the discovery
of various NAA10 mutations in several pathological con-
ditions (Table 1). Rope et al. reported the first human
genetic disorder caused by a Ser37Pro mutation in
NAAI10 and termed the lethal X-linked Ogden syn-
drome'**?, Since this discovery, more human genetic
disorders caused by NAA10 missense mutations, includ-
ing Tyr43Ser, Arg83Cys, Phel28Leu/Ile, Val107Phe, and
Argl116Trp, have been discovered''*'>¢, Among a wide
spectrum of malformations in NAA10-related syndromes,
there are some common phenotypes with global devel-
opmental delay, cardiac anomalies, and intellectual dis-
abilities, and the corresponding NAAI0 mutations
triggered a reduction in catalytic activity, suggesting that
NATSs are essential during early embryogenesis and that
they possess important regulatory functions during tissue
and organ development'"?3,

Additionally, a splice mutation in the intron 7 splice
donor site (c.4714+2T — A) of NAA10 was implicated as a
cause of Lenz microphthalmia syndrome'’. Develop-
mental abnormalities, such as microphthalmia or anoph-
thalmia, developmental delay, intellectual disability,
skeletal abnormalities and malformations of teeth, fingers,
and toes, were observed. Gene expression array studies in
patient fibroblasts displayed the dysregulation of several
genes involved in embryonic, organ, tissue and skeletal
and muscular system development, and above all, these
changes were associated with the retinoic acid and Wnt
signaling pathways, which are necessary for normal eye



Page 3 of 11

Lee et al. Experimental & Molecular Medicine (2018)50:87

€l

Aejap |exuswdojanap ‘eluoiodAy ‘sajjewoue
2A3 ‘sannouyjip buipasy ‘pajgesip A|jen1daj|21ul 319A3S 01 31eISPON

SSO| J91eW UYM dAIssaiboid

‘wnsoljjed sndiod uiyy ‘AydoiadAy Jejnduiusa Ya| yim uolsuauadAy
‘subis [eplwelfdenxa ‘Ayiedojeydadua dndajids ‘oplosip winidads
wisiine ‘saunieay diydiowsAp ‘Aefap [pruswdojaasp [eqolb ‘eluojodAH
S3l[EUIOUR [BIOIARYS] ‘S2IN1e3) [eld’y

JOUIU ‘SaNIWBIIXS Y3 JO elUOLIRdAY yum eluojodAy [eoun.y ‘saljeudour
[PI22Ys ‘Yyimolb [ereuisod yim Aejsp [eIusSWdolRASP [BCO|D 919A9S

10 Buoj ‘si1s01j03s ‘wsiydiowsAp |e1de} ‘AljIgesIp [en1da)21y|

UONePIRID) [eIUSU DIDASS
-0)-21eJ9POW ‘elu010dAY ‘saljewoue [e132xs ‘ainjie) Yimoib |ereuisod
‘elueyiydoue [elaiejiq [BHUSBUOD ‘SwaisAs Aleuunoluab pue [e1a)ays
dU1 Ul $109Jp ‘Ae|op [e1USWIdO[SASP 219ASS 0} PILU ‘SUOIIBULIO} B 9]

s|auejuoy abue| ‘sejuiay

AyAnoe dpAjered
-IN JO uopdNdal diewelp ‘AljIgeIS PadNpal puB 2IN1DNIIS PRIy 3||/N3718Z 12Yd

AYAIDE DAJEIED-IN Ul UOIDININP3I 909 ‘BUlpuIq YOD-DY 2Ja41u] sAOegbly

S 1~ 'MILLY dijol 1By
%56~ ‘d/OLA) SSIS PUe 333 AU 4o} AAnde dnAjeled Ut uondNPaY /4dZOLIeA

$53S pue 1aad ‘1333 104 AnAide diAjeled-aN ul
uondNPal 958 Ue Aj@1ewixoidde yum ‘oanA Ul paiiedul AjjednAjered 19SEHIAL

AMjigels 7S Jo uononpal
e pue buipuig 7S] JO $s0| ‘pasealdap Ajpueduiubis uoissaidxa 9y 1S o

/DOHL JO uone|f1e2e-1N Jo 92169p paonpal

'S9IN1ea) DIYdIOWSAP ‘Alixe| UBYS ‘SeIlylAyLle deipied ‘WsIpIydIoldAd ‘G leeN Ylm SuIquiod O3 AJljigeul ‘SS35 pue ‘|dad ‘333 104 Alande suaides
e ‘Aejap [eauswdoleAap [eqolb ‘ejuoiodAy JSpIoSIp [BYId| [BlRULSd  DlAJeIRD PadNnpal “DIAVY40D Buisn OAIA Ul uone|f1ade-1N paliedw| [OEVASEIS 0LVVYN OWOoH uewny
aweu

'J9d

adfyouayqd

wis|ueYdaW Je[ndajow /1099 udlold uoneinw jo adA] BojowoH >ynuads wsiuebio

suonenw QLYyYN uewny ui sadfjousayd jo Arewwns | 3jqel

Official journal of the Korean Society for Biochemistry and Molecular Biology



Page 4 of 11

Lee et al. Experimental & Molecular Medicine (2018)50:87

6¢
uononpoidal
BupueyUS JuBINW Z-jep Ul uedsayl| 95ea1dU|

uedsayl| paseaidaq

Bulpiroid-ai

pooy Jaye uopdnpoidal pue uswdoPasp
2WINSaJ 10UURD ‘1UeISISAI-SJS OU ‘Uedsay|
pasea.103p ‘SUORIPUOD UOMPAIR]S J9PpUN
SBAIR| SYI|-ISNEP JO UOIIBWIO) ‘UOIIB[NUINDIE

o 184 1521ie [ente| [eauawdojAsQ

5||2> 96e3$-1995Ul 0} UONEIIUSIAYIP PIdNPaI

46 'SI[92 wioj-weanspoolq ul yimoib paitedu)

Abojoydiowl 1001 pardepe
-ybnoup ‘sisausboliquus Jo uoiloge ‘|eyia)
'abe1s 9ANLISOAA Ul uonepIelal YIMoID

(paipald) Aaide [euiulal-N paliedw

(101084 uondudsuelr OX04) 91-4vd
4o AuAnde jeuondudsuesy syl saleinbay

(pa121pald) ANARDe [eUWISI-N pasiedw)

sadAlouayd aules paleys osje uonenw
GleeN ‘AlAIDe [eulwRl-N pailedu

sagoUh

1-N39d 0wl pauop sem YNQ
Slwiousb [g-lep Yibua| [Ny ‘Uoissaldxalan) 30 LE4ep

YNYW LE-Jep BuidNpas ‘umop spowy IVNY  IYNY LEep

uopod
1EIS D]V 3y} JO wealsmop uolbal buipod

LE-4ep 4o dq zy pue Uopod Mels O]y
931 Jo weansdn Jajowoid Jo dq |G| sr0wRY  (SSOW) | E-Jep

weinw
uolbal BuIpod | QYY 9yl JO [PAOWIRY |INu- | ply

Bupualis YNY-paiaidag oleeNIwe

uolssaldxa auab bundnisip-uomiasul YNJ-L |-0leeu

LES OLBEN Uewny

DUA

le-4va

LddvaL

OLYVYNIY
'08££165

supbaja
SIIPQDYIOUaDD) WIOA

122n1q pwosoupdAi
21sesed Ur0Z010U(

sisdopiqoiy ue|d

o S1D942 SNOIQO ON 0} uonisod snobojowoy Ul uoneINW d6£s d6£SA
suo.d
Ajiwiey 0/dsH ay3 ur eseanul “DIAvH40D
Aouapyys bulew paseaidsp Hooysieay  buisn SWOjA1ede-1N JO pasealdap ‘AlAnde
01 SdUelsIsal paliedul] ‘DPILIXaYO[IAd JnAje1ed OJA Ul padNpal pue GleeNY  d/€S OLEeNY Paieinud e yum yieN uewny [d/€ES
ceve puUe 3UIa4ed 01 SAINSUSS 103J2p YIMOID Yim uonewioy xajdwod Jadoid jo e UoISsaIdxa pue yIeNA INOYIM Uless v/ vieNYIA
obelo1s weinu
31e[NWINd2e 0} |18} “JH JO Uoissaudap |ensed  ajgnop ul punoy aie sadAlouayd [euonippe
‘1521l |9 0} [Iej %20ys 1eay 01 dduelsisas  ou ‘sadAouayd [eonuspl pake(dsip (OLeeN)
pairedwi ‘uone|niods uqiyul ‘Bunew LpJe pue (SLeeN) L1eu Jo syueinw 3jbuls 1UeINW 3|gnop | ple Lple
v PIONpal ‘Ymolb mojs ‘sie|niods 03 a|qeul {(pa121pald) AuAnDe [eullwISI-N paliedw| |[1eu Joj JueInw 9|Buls |pie pue [1eu buiepy ‘N31:G-12eU
sisolaw obispun oy |ie} ‘burew sood @YY Jo 2dusnbas
"123jop uone|niods ‘uoieinuindde usbodA|b TWH 1B 1USpIsal [BUOIIDUNY SY3 UIYIM S3I| 18yl 813FdDA
Jo 3| ‘aseyd Aeuoriels J21ua O3 |1ej }jes pue UOIIRULIOJUI 38U} JO UOIsSaIdxa HwIad  plwseld jo aus |H uleg ay3 ol ausb ¢SH aDISINAIAD
s YD0yS 183y O} SAIISUSS ‘AlljIgeIA padnpay  ‘Sousb dypads-e jo uondudsuely Ul 109490 2yl buuiuieluod Juswbely |H uleg e buasul ESIHELPIe  OleBeNA LAYy $a2AWOIDYIIDS 1SBIA
uonenw sweu
FEY adfjousyy WIS|UBYDdW JBJNDBJOW /129))d UIS0.d uonenw jo adA} Jo joquiks bojowoH synuans wsiuebio

swssjuefio ul suonehw QLYYN Jo Alewwns gz sjqel

Official journal of the Korean Society for Biochemistry and Molecular Biology



Lee et al. Experimental & Molecular Medicine (2018)50:87

Ref.
40

Lethality, growth retardation, bent axis and

Pleiotropic oogenesis, aberrant mitosis, egg
chamber encapsulation defects, nurse cell

tails, abnormal eyes, less pigmentation

chromatin dispersion defects

Phenotype

Protein effect/ molecular mechanism
Predicted N-terminal activity; zZNaa10 has
identical substrate specificity to hNaa10

in vitro

Frame shift mutation in acetyltransferase-

truncated enzymatic region
Copia insertion in the intron
Morpholino-based knockdown

Type of mutation

Symbol of
mutation
naalOMO

vnc'*

Homolog
wufc66b08,

zNaal0

Table 2 (continued)
Organism scientific
Fruit fly Drosophila
melanogaster

Zebra fish Danio rerio

name
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development. Furthermore, TSC2 is known to be stabi-
lized by NAA10-dependent N-terminal acetylation. C-
terminal truncated mutation of NAA10 demonstrates
both loss of NAA10-TSC2 binding and reduced TSC2
protein levels, thereby resulting in perturbed mTOR sig-
naling'®>. Given these findings, the N-terminal acetyl-
transferase activity of NAA10Q plays a critical role in
human development.

Developmental roles in other organisms

In several species, various developmental defects have
also been observed due to a deficiency of NAA1O activity
(Table 2). NAA1O was first discovered in yeast, where it
was found to be crucial for cell growth and sporulation.
The yNaal0 deleted strain, lacking NatA activity, is viable
but exhibits a wide range of defects, including slow
growth, de-repression of the silent mating type locus
HML (Hidden MAT Left), temperature and salt sensi-
tivity, and failure to enter GO phase and sporulate™” .
Recently, the yeast model of Ogden syndrome expressing
hNaalO S37P in yNaalO deficient strains has also been
shown to have impaired growth and resistance to stress
and mating®**°. Naal0 is required for Arabidopsis thali-
ana development, and thereby, NaalO deficient mutations
induce growth retardation and are lethal®®. Additionally,
the loss of NaalO in Trypanosoma brucei leads to mor-
tality””. In Caenorhabditis elegans, daf-31 (the ortholog of
NAA10) is essential for larval development, metabolism
and adult lifespan. Daf-31 mutants fail to properly enter
the dauer stage, which is pivotal for C. elegans survival
during starvation (when nutrients are limited). Further-
more, the mutants display developmental arrest under
abundant nutrition and shift their metabolism to fat
accumulation®®, The importance of Naal0 in normal
development is also supported by a Drosophila melano-
gaster study in which two hypomorphic mutations of
NaalO led to pleiotropic oogenesis defects, including
aberrant mitoses, defects in egg chamber encapsulation
and nurse cell chromatin dispersion®. Further, Naal0
deficient mutations have been shown to affect cell survival
and proliferation and cause lethality. In a recent Danio
rerio study, morpholino-mediated knockdown of Naal10
resulted in increased lethality, growth retardation and
abnormal development, such as a bent axis, abnormal
eyes, and bent tails, indicating the importance of Naa 10 in

early zebrafish development and viability™.

Neuronal development

During brain development in mouse, Naa10 and Naal5
(the auxiliary subunit of NatA) are highly expressed in
regions rich in proliferating and migrating cells, such as
the ventricular zone, neocortex, olfactory bulb, and hip-
pocampus*'. The expression of both genes is down-
regulated as neurons differentiate and mitotic and
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migratory activities subside. Then, once again, their
expression increases during postnatal development in the
hippocampus and during the neuronal dendritic devel-
opment of Purkinje cells (PCs) in the cerebellum. This
finding indicates that the regulation of expression of both
genes is related to neuronal development, especially in the
hippocampus and in the PCs of the cerebellum.

The acetylation of a-tubulin has been reported to be
involved in regulating microtubule (MT) stability and
dynamics, neuron polarization, and neurite branching and
promotes vesicular transport on MTs in differentiated
neurons*>~*®, A recent study showed that the inhibition of
NaalO or acetyltransferase activity significantly reduced
the dendritic extension of cultured neurons®. Further-
more, NaalO and Naal5 proteins co-localized with MTs
in dendrites and induced the acetylation of tubulin in the
brain fraction. Additionally, the dendritic arborization
defect phenotype caused by the over-expression of
HDACS6, a major deacetylase of a-tubulin, was rescued by
the co-expression of NaalO. Therefore, the authors pos-
tulated that NaalO counteracts HDAC6 by acetylating o-
tubulin, thereby promoting MT stability for dendritic
development. In spite of this fact, it is not clear that «-
tubulin is the only distinct substrate of NaalO that par-
ticipates in dendritic development because the tubulin
fractions contain both o/f-tubulin. Moreover, it is
uncertain whether tubulin is acetylated by the N-terminal
activity or lysine activity of NaalO. The lysine 40
residue of either tubulin is de-acetylated by HDAC6*~°,
so lysine acetylation may be a potential catalytic function
of o-tubulin. Characterizing the impact of whichever
acetyl activity is involved in tubulin acetylation will
help define a specific mechanism for neuronal
development.

Melanogenesis

Naal0O knockdown in Zebra fish 2 days post-fertilization
embryos showed less pigmentation, including abnormal
development*’. Pigmentation in organisms is due to the
deposition of the pigment melanin, which is produced by
specialized cells called melanocytes. In the process that
produces melanin, which is called melanogenesis, the
most important molecule among melanocyte-stimulating
hormones (MSHs) is the proopiomelanocortin (POMC)-
derived peptide a-MSH"*?, a-MSH is known to be N-
terminally acetylated, and its stability and potency in sti-
mulating pigment dispersion are increased by Nt-
acetylation®*®, So far, N-acetyl transferase enzyme
acetylating a-MSH has not been identified yet. NatA is
known to acetylate the amino acids starting with Ser, Ala,
Thr, Val, Gly, and Cys®®. Based on this fact, the N-
terminus of a-MSH, which starts with serine, demon-
strates the possibility that a-MSH could be a potential
target of NatA. In the future, more studies are needed to
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reveal the direct regulation of a-MSH and melanogenesis
by NaalO.

Spermatogenesis

NAAII (also known as Ardlb; ARD2), a homolog of
NAAI10, is predominantly expressed in mouse® and
human®® testis. Naall can reconstitute functional NAT in
the presence of Naal5, where Naall is functionally
equivalent to NaalO. Interestingly, NAAI0 and NAAII
display opposite expression patterns during spermato-
genesis. In the mouse, the expression of Naall is upre-
gulated during meiosis, whereas NaalO expression is
downregulated. In contrast, Naal0 is expressed in pre-
meiotic spermatogonia, which do not show Naall
expression. Therefore, Pang et al. speculated that com-
pensation for the loss of X-linked NaalI0O occurs by
expressing autosomal Naall due to the sex chromosome
inactivation during male meiosis®”*°. In this sense, they
also suggested that the NAT activity of NaalO could play a
pivotal role in mitotic spermatogonia and that the NAT
activity of Naall is crucial for post-meiotic male germ
cells®®. Furthermore, the differential expression of NAAI0
and NAA11 was shown in the human promyelocytic NB4
cell line upon differentiation®; NAAIO expression
decreased with the induction of differentiation in NB4
cells, but the level of NAAII remained unchanged,
implying that Naall has a role in the cellular differ-
entiation process and that NaalO has a role in the cellular
proliferation process. The differential expression pattern
of NaalO/Naall suggests that Naall is complementary
to NaalO at least in the mice and that its biological role
could be important in spermiogenesis or cellular
processes”’.

Lysine acetylation dependent functions of NAA10
during embryonic development

NaalO is known to regulate cellular processes, and its
effects are not only catalyzed through its major activity as
a NAT but also through the N-g-acetylation of several
proteins®>>®°~"?, The N-g-acetyl-activity of Naal0 requires
auto-acetylation®®’; this requirement is similar to that of
other acetyltransferases, which acetylate themselves for
their catalytic and functional activities”*””. Recently, gain
or loss of function studies in mice have demonstrated that
Naal0 plays an important role in osteoblast differentia-
tion and the early phases of bone formation®. Over-
expression of NaalO in mice results in the delayed closure
of calvarial fontanels and reduced bone density, osteoblast
surfaces and mRNA levels of the osteoblastogenic genes
in calvaria. In contrast, NaalO deficient mice display
calvarial and femoral bone development to a greater
extent on postnatal day 3. Mechanically, NaalO interacts
with the RUNT domain of Runt-related transcription
factor 2 (Runx2), which is the master regulator of
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osteoblast development, and acetylates it at K225. The
lysine acetylation of Runx2 restricts its transcriptional
activity by interfering with CBF( binding to Runx2. On
the other hand, Runx2 stabilizes NaalO in osteoblasts
during bone morphogenic protein 2 (BMP-2)-induced
differentiation through its inhibition of IKK-mediated
phosphorylation and degradation of NaalO, which in turn
inhibits Runx2® (Table 3).

In addition to Runx2, the lysine acetyl-activity of NaalO
has been reported to target proteins such as [-catenin
(CTNNB1)°%%!, Phosphoglycerate kinase 1 (PGK1)7>73,
Hypoxia inducible factor 1a (HIF-1 «)®°~°%, Myosin light-
chain kinase (MLCK)®?>, Androgen receptor(AR)64’65,
enzyme methionine sulfoxide reductase A (MSRA)®2,
SAM domain and HD domain containing protein 1
(SAMHD1)®, Heat shock protein 70 (Hsp70)”°, Aurora
kinase A (AuA)”’, and Naal0 itself**”. The lysine acet-
yltransferase activity of NAA1O catalyzing these targets
has not yet been directly implicated in development, but
the targets are essential for developmental signaling
pathways, such as Wnt/B-catenin signaling’®’®, autop-
hagy””™® and the HIF-1 regulatory pathway®*®*,
Accordingly, there is a possibility that NAA1O could
influence developmental processes via these signaling
pathways. On the other hand, Magin et al. reported data
on the lysine acetyl-activity of NAA10, demonstrating that
NAAI1O does not acetylate the lysine residues of MLCK,
MSRA, or RUNX2%. For the lysine acetyl-activity of
NAA10, earlier reports demonstrated that the auto-
acetylation of NAA10 at K136 was a critical step to gen-
erate an active form. For example, NAA10 K136R, a
mutation in the auto-acetylation site, failed to acetylate -
catenin and did not succeed in the recruitment of p-
catenin on the cyclin DI promoter”. Therefore, the
inability of NAA1O to acetylate the lysine residues of
MLCK, MSRA and RUNX2 could be due to non-auto
acetylated NAA10. There is a possibility that Magin et al.
performed their assay with non-auto acetylated NAA10,
thus losing lysine acetyl-activity in vitro. Nevertheless,
more research is required to understand the role of lysine
acetylation by NaalO.

Acetylation independent functions of NAA10
during embryonic development

Several recent studies have suggested that NAA1O is
able to interact directly with other proteins and enhance
or inhibit the activity of its partner in an acetylation-
independent manner®. The signaling pathways of
NAA10 and its binding partners have been actively
investigated for cell growth and function in cancer
research, but reports on acetylation-independent roles of
NAAI10 during development are very partial as described
below.
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Genomic imprinting regulation in embryonic development

Genomic imprinting is an epigenetic process controlled
by DNA methylation, and it plays a vital role in normal
development. During embryonic development, the
establishment of appropriate imprinting is accomplished
by the intact regulation of Dnmt3 and Dnmtl DNA
methyltransferases®”. Lee et al. reported that Naal0
deficiency mice exhibited developmental defects, includ-
ing partial embryonic lethality, postnatal growth retarda-
tion, brain disorders, and maternal effect lethality,
resembling the phenotypes caused by the dysregulation of
genomic imprinting®® (Table 3). The authors described
that despite questions about how NaalO selectively binds
to the imprinted allele, mechanistically, NaalO binds to
the unmethylated GCXGXG in the imprinting control
region (ICR)/differentially methylated region (DMR) of
the imprinted allele and then recruits Dnmt1 for methy-
lation in the S phase. In addition, by showing the dis-
rupted DNA binding activity of clinical NAA10 mutations
(S37P, V107F, and R116W) to ICR, a potential connection
between NAAIO mutation-associated syndromes and
defects in DNA methylation and genomic imprinting was
presented. Together, these results suggested that normal
DNA methylation and genomic imprinting is regulated by
appropriate ICR binding of Naal0 and DNMT1 recruit-
ment during development. Previously, Lee et al. demon-
strated that NaalO acetyl activity does not mediate NaalO-
DNMT1 binding and does not stimulate the activity of
DNMT1%. However, even though Naal0 acetyl activity is
dispensable for stimulating DNMT1 activity, we could
obtain an insight from their recent study that showed that
the N-terminal acetyl-activity of NaalO is required for
binding to ICRs/DMRs. The authors showed that reduced
DNA binding to clinically relevant mutations (S37P;
defects in Naal5 binding domain for NatA complex,
V107F; mutation in the acetyltransferase domain, R116W;
putative interference with Ac-CoA binding'®) are asso-
ciated with N-terminal acetyltransferase activity, which is
not related to the DNA-binding domain at the C terminus
of Naal0®. Given these results, there is a possibility that
the enzyme activity of NaalO directly or indirectly influ-
ences ICR binding. For example, Naal0 may combine
with other proteins to acetylate the N-terminal residue,
and then, these proteins may interact with ICRs/DMRs
together. Interestingly, unlike other reports in other spe-
cies, including humans, Naal0 deficient mice exhibited
only a few phenotypes, such as embryonic lethality and
growth retardation®®. Moreover, some of the Naal0
deficient mice developed to term. The authors suggested
some reasons for the decreased penetrance of various
phenotypes. First, they suggested that this finding was a
general effect of imprinting disorders caused by the defi-
ciency of genes that maintain genomic imprinting during
global DNA demethylation in zygotes. Second, the
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remaining DNA methylation occurred at different regions
in each individual mouse, which may contribute to sto-
chastic phenotypes. Third, the dysregulation of other
imprinted genes, such as Igf2, Asc/2, and GrblI0, and the
effects of unidentified non-imprinted genes or protein
acetylation by NaalO deficiency are suggested. In spite of
these descriptions, there are still issues to be resolved. It
would have been a more complete study if the maternal
effects leading to the death of embryos and neonatal mice
were explained and if a histological analysis in not only
placenta but also whole embryos was performed to
determine the precise effects of embryonic lethality.
Therefore, more elaborate mechanisms remain to be
determined and more extensive mouse studies are needed.

Vasculogenesis

Xu et al. demonstrate a potential role of NaalO in vas-
culogenesis and neurogenesis through the regulation of
UNC-5 Homolog B (UNC5B) and Netrin-1 (NTA1)%.
UNCE5B and its ligand NTA1 function as essential genes
in morphogenesis of the vascular system or nervous sys-
tem and the negative regulation of Naal0. Knockdown of
NaalO induced morphological changes (shuttle-shaped
membrane protrusion) and increased the ability for tube
formation in both H1299 lung cancer cell lines and
immortalized mouse endothelial cell lines. Additionally,
the expression of UNC5B and NTA1 increased in NaalO
knockdown H1299 cells, and negative regulation was also
verified in the mouse caudal half region of E10 embryos
(when exuberant vasculature developed at that stage)™.
However, a direct mechanism explaining how NaalO
regulates NTA1 and its receptor UNC5B has not been
determined. Nevertheless, it has been reported that Naal0
physically binds with RelA/p65, an NFkB transcription
factor and a negative regulator of NTA1°"?, Therefore,
the authors speculate that NaalO physically interacts with
p65, thereby negatively regulating NTA1 and its receptor
UNCS5B.

Conclusion and perspectives

In this review, we summarized the functions of NAA10
that are enzyme activity-dependent and -independent
during the development of several organisms. Most stu-
dies have focused on the N-terminal activity of NAA10,
whereas some findings have been related to lysine activity
and the independent role of NAA10. Our overall under-
standing of the function of NAAIO in developmental
processes suggests the following insights. First, depending
on which acetyl-activity is acting and how it affects
development, the corresponding physiological responses
could be very different. NatA is presumed to act on a large
number of substrates involved in a multitude of different
cellular processes. As NatA targets many substrates, it
could be expected to affect diverse cellular processes and
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eventually lead to developmental processes in many dif-
ferent organs. On the other hand, since the known targets
of lysine acetylation by NAA10 mediate important sig-
naling pathways during development, more intensive and
accurate mechanistic studies of these signaling pathways
could reveal the role of NAA10 in development. It is also
important to understand how the regulation of NAA10
itself is managed during the developmental stage. For
example, NAA10Q auto-acetylation activates its lysine
catalytic activity, and active IKKP degrades NAA10 by
phosphorylation”'. Furthermore, NAA10 acts as a coac-
tivator of DNMT1 without its enzymatic activity. Like-
wise, given that NAA1O carries out a wide spectrum of
functions, the cellular-, tissue- and developmental stage-
specific effects of NAA10 need to be discovered. Second,
interestingly, some individuals normally survive and grow
with decreased or mutated NAA10, which suggests the
possibility of a homologous gene that might compensate
for the function of NAA10. This suggestion is supported
by the existence of NAA11, which has been identified as a
homologous gene of NAA10, and the reciprocal expres-
sion between NAA10 and NAA11l during spermatogen-
esis. However, we are unable to answer whether NAA11,
whose expression appears to be limited to the testis, can
cover the entire function of the ubiquitously expressed
NAA10 protein. Therefore, an open question about the
existence of another homologous gene to NAAIO in dif-
ferent tissues remains. The goal of future studies will be to
elaborate on the cellular/molecular specific activity and
distinct pathways of NAA10. Above all, in vivo studies are
necessary to analyze the definite biological effects of
NAA10.
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