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Abstract

The hallmark of Nanos proteins is their typical (CCHC), zinc finger motif (zf-nanos). Animals have one to four nanos genes.
For example, the fruit fly and demosponge have only one nanos gene, zebrafish and humans have three, and Fugu rubripes
has four. Nanos genes are mainly known for their evolutionarily preserved role in germ cell survival and pluripotency. Nanos
proteins have been reported to bind the C-terminal RNA-binding domain of Pumilio to form a post-transcriptional repressor
complex. Several observations point to a link between the miRNA-mediated repression complex and the Nanos/Pumilio
complex. Repression of the E2F3 oncogene product is, indeed, mediated by cooperation between the Nanos/Pumilio com-
plex and miRNAs. Another important interaction partner of Nanos is the CCR4-NOT deadenylase complex. Besides the
tissue-specific contribution of Nanos proteins to normal development, their ectopic expression has been observed in several
cancer cell lines and various human cancers. An inverse correlation between the expression levels of human Nanosl and
Nanos3 and E-cadherin was observed in several cancer cell lines. Loss of E-cadherin, an important cell—cell adhesion protein,
contributes to tumor invasion and metastasis. Overexpression of Nanos3 induces epithelial-mesenchymal transition in lung
cancer cell lines partly by repressing E-cadherin. Other than some most interesting data from Nanos knockout mice, little
is known about mammalian Nanos proteins, and further research is needed. In this review, we summarize the main roles of
Nanos proteins and discuss the emerging concept of Nanos proteins as oncofetal antigens.

Keywords Nanos - Pumilio - Germ cell specification - Cancer - Phylogeny - RNA-binding protein - RNA regulation -
Multiprotein complexes - Cancer testis antigen - pRb deficiency

Introduction and invertebrates. In D. melanogaster, the nanos gene was

primarily found to be essential for anterior—posterior axis

Nanos was originally discovered and studied in Drosoph-
ila melanogaster (fruit fly) [1]. Nanos proteins belong to a
highly conserved protein family found in both vertebrates
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polarity, abdomen formation, and germ cell development
[1-3]. The Nanos protein establishes a multisubunit trans-
lation-inhibitory complex with Pumilio, its RNA-binding
partner. The genomes of mouse and other mammals contain
three Nanos-encoding genes, NanosI, Nanos2, and Nanos3.
Nanos homologs exist in several other species, such as Cae-
norhabditis elegans, Xenopus laevis, and Danio rerio (sum-
marized in Table 1). The germ stem cell function of Nanos
orthologs is conserved from invertebrates to mammals such
as Mus musculus (Nanos2 and Nanos3) [4] and Homo sapi-
ens (Nanos3) [5]. Two essential characteristics of germline
cells are that they can give rise to all the cell types present in
the adult (totipotency) and that they are immortal, passing on
their genetic information to an endless series of generations.
Nanos protein expression has also been linked to increased
cell migration and invasion [6, 7]. Ectopic expression of
Nanosl mRNA and Nanos3 protein has been observed in
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Table 1 Overview of reported nanos homologs in vertebrates and invertebrates

Scientific name Common name Name of nanos homolog Reference
Invertebrates
Drosophila melanogaster Fruit fly nanos (nos) [1]
Helobdella robusta Leech Hro-nos [128]
Caenorhabditis elegans Roundworm nosl, nos2 and nos3 [101]
Hydra magnipapillata Fresh-water polyp Cnnosl and Cnnos2 [129]
Schistocerca americana Grasshopper nanos [130]
Gryllus domesticus Cricket nanos [130]
Podocoryne carnea Jellyfish nanos [131]
Nematostella vectensis Sea anemone NvNanos1 and NvNanos2 [132]
Anopheles gambia, Anoph-  Mosquito Anga nos, Anst nos and Aeae nos [133]
eles stephensi and Aedes
aegypti
Apis mellifera Honeybee nanos [134]
Bombyx mori Silkmoth nanosM, nanosN, nanosO and nanosP [135]
Sycon ciliatum Sponge SciNanos [136]
Vertebrates
Xenopus laevis Frog Xcat-2 and nanos3 [137] GenBank accession number XM_018251758.1
Danio rerio Zebrafish nos1, nos2 and nos3 [102] GenBank accession number NM_131878.1
Mus musculus Mouse Nanos1, Nanos2 and Nanos3 [4, 107]
Homo sapiens Human Nanos1, Nanos2 and Nanos3 [11]
Xenopus tropicalis Frog Xtcat-2 and nanos3 [138] GenBank accession numbers
XM_004919168.3, XM_004919167.3
Rattus norvegicus Rat Nanos1, Nanos2 and Nanos3 [6]

human lung carcinomas [7, 8], suggesting a functional link
between Nanos proteins and lung cancer.

We present a general overview of the Nanos proteins
in different organisms, their structures, and their roles in
development and cancer in Drosophila and mammals. Since
Nanos proteins are linked to essential molecular processes
and characteristics such as the cell cycle, pluripotency, epi-
thelial-mesenchymal transition (EMT), and cell survival
versus apoptosis, further research on Nanos genes and pro-
teins could shed more light on various biological phenom-
ena, especially cancer.

Structures of Nanos genes and proteins

Nanos genes encode proteins with a typical carboxy-termi-
nal zinc finger motif (CCHC), (Fig. 1a), which is the only
domain that is evolutionarily conserved between mammalian
Nanos family members and those in lower organisms such as
the fruit fly and the roundworm [9]. Likewise, it is the most
conserved sequence among the three mammalian Nanos
paralogs (Nanos family members of the same species). This
domain is crucial for Nanos function, because it mediates
binding with RNA as well as with interaction partners such
as Pumilio [10, 11]. Nanos proteins from vertebrates and
some invertebrates (such as sponge, fresh-water polyp and
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jellyfish) share an additional N-terminal region of 17 amino
acids (AA) called NIM (NOTI interacting motif) [9, 12]
(Fig. 1b). In contrast to the C-terminal domain (zf-nanos),
the sequences of the N-terminal domains of the various
Nanos proteins are not conserved.

Zf-nanos is the only conserved domain that can be used
to create a reliable phylogenetic tree. By browsing the gene
and genome databases of UCSC, Ensembl, and NCBI, we
observed that there is at least one nanos gene in all animals,
even in the comb jellies, which are among the most ancestral
animals (Table 2). Depending on the species, the genome
encodes one (D. melanogaster), two (Hydra vulgaris),
three (C. elegans, M. musculus, H. sapiens), or four (Fugu
rubripes) nanos genes (Tables 1, 2). Most vertebrates have
three nanos genes, whereas some reptiles have lost a nanos
gene and birds seem to have lost two. Xenopus tropicalis has
only two annotated nanos genes, although a third gene has
been reported [9]. Similarly, a nanos2 gene that has not been
annotated is found in stickleback.

Based on the phylogenetic analysis of zf-nanos, verte-
brate nanosl1, -2, and -3 proteins mainly cluster together
with nanosl, -2, and -3 proteins from other species
(orthologs), respectively, rather than with their paralogs
(Fig. 2). This indicates that the nanos gene had under-
gone duplications and that the resulting paralogs probably
evolved new functions. Some nanos genes, such as those
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Fig. 1 Nanos protein domains. a All Nanos proteins contain a C-ter-
minal (CCHC), zinc finger domain (zf-nanos). Nanos proteins of all
vertebrates and a few invertebrates have an additional N-terminal
NOT I-interacting motif (NIM). Drosophila melanogaster (Dm) has
a nanos effector domain (NED) with a central region (NOT module-
binding region, NBR) that can bind NOT1 and NOT3, components

of H. vulgaris and other cnidarians, cannot be classified
within the branches of vertebrate nanosl, -2, or -3 genes.
Their nanos genes were probably duplicated indepen-
dently during evolution. The nanos genes in red fire ant,
fugu, and silkmoth had also undergone lineage specific
duplications and this resulted in four nanos genes in the
latter two animals (Table 2). The fourth nanos gene of
fugu is probably a duplicated nanosl homolog (Fig. 2).

The large sequence differences between the non-zf part
of Nanos orthologs and paralogs are manifested in a major
difference in protein length between Nanos sequences
(Fig. la). The nanos gene of Drosophila encodes the
largest protein sequence (401 AA), which is consider-
ably larger than Nanos proteins from mouse and human
(Nanos1: 267 and 292 AA; Nanos2: 136 and 138 AA;
and Nanos3 178 and 192 AA, respectively). In Xenopus,
nanosl (Xtcat-2) comprises only 128 AA, including the
16-AA NIM region and the 52-AA zinc finger domain
(Fig. 1a). These differences might be linked with different
molecular interaction partners and functions.

[l

{l

of the CCR4-NOT complex. NIBM, NOT1 binding motif; N3BM,
NOT3 binding motif. Amino acid (AA) positions of the domains are
given on top of the sequences. Hs, Homo sapiens, Xt, Xenopus trop-
icalis. The figure was adapted from [66]. b Alignment of the NIM
domain in several vertebrate and invertebrate organisms

—X2r

Nanos interaction partners

Few nanos interaction partners have been identified. See
Table 3 for the known interaction partners of human Nanos
proteins.

Pumilio proteins

Pumilio is at the origin of the PUF family, which is named
after its founders Pumilio (Pum) of D. melanogaster and
EBF of C. elegans. PUF proteins are RNA-binding pro-
teins found in eukaryotes ranging from plants to yeasts,
invertebrates, and humans [13]. The number of PUF family
members varies from multiple in C. elegans, Saccharomy-
ces cerevisiae, and Arabidopsis thaliana to only one mem-
ber in insects, such as D. melanogaster. Humans and mice
have two Pumilio-encoding genes. They all share a highly
conserved C-terminal RNA-binding domain comprising
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Table2 Overview of
Nanos protein sequences
predicted from genomic and
transcriptomic databases

@ Springer

Taxonomy Species (common name) Nanos gene(s)
Deuterostomes
Primates Homo sapiens (human) Nanos1 (NP_955631)
Nanos2 (NP_001025032)
Nanos3 (NP_001092092)
Rodentia Mus musculus (mouse) Nanos1 (NP_848508)
Nanos2 (NP_918953)
Nanos3 (NP_918948)
Carnivora Canis lupus familiaris (dog) Nanos1 (XP_005637940)
Nanos2 (XP_541547)
Nanos3 (ENSCAFT00000026271.3)
Metatheria Monodelphis domestica (opossum) Nanos1 (XP_001376960)
Nanos2 (XP_007492184)
Nanos3 (XP_007489148)
Aves Gallus gallus (chicken) Nanos1 (XP_015144398)
Reptilia Chrysemys picta (turtle) Nanos1 (XP_005284212)
Nanos2 (XP_005283826)
Nanos3 (XP_005310751)
Reptilia Alligator sinensis (alligator) Nanos1 (XP_014373968)
Nanos3 (XP_006023461)
Amphibia Xenopus tropicalis (frog) Nanos1 (NP_988857)
Nanos3 (XP_004919224)
Fish Danio rerio (zebrafish) Nos1 (NP_001292590)
Nos2 (XP_009300191)
Nos3 (NP_571953)
Fish Gasterosteus aculeatus (stickleback) Nanosla (ENSGACT00000022078)
Nanos1b (ENSGACT00000006526)
Nanos3 (ENSGACT00000025168)
Fish Fugu rubripes (fugu) Nanosla (XP_011609291)
Nanos1b (XP_011618819)
Nanos?2 (XP_011606249)
Nanos3 (XP_011610763)
Urochordata Ciona intestinalis (sea squirt) Nanos (XP_002130327)
Cephalochordata Branchiostoma floridae (amphioxus) Nanos (XP_002608940)
Hemichordata Saccoglossus kowalevskii (acorn worm) Nanos (NP_001161595)
Echinodermata Strongylocentrotus purpuratus (sea urchin) Nanosla (XP_001177221)
Nanos1b (NP_001073023)
Protostomes
Lophotrochozoa Aplysia californica (sea hare) Nanos1 (XP_005096656)
Nanos2 (XP_012937610)
Lophotrochozoa Helobdella robusta (leech) Nanosla (XP_009018920)
Nanoslb (XP_009013101)
Ecdysozoa Drosophila melanogaster (fruit fly) Nanos (Nos) (NP_476658)
Ecdysozoa Caenorhabditis elegans (roundworm) Nosl (NP_496358)
Nos2 (NP_495452)
Nos3 (NP_496101)
Ecdysozoa Solenopsis invicta (red fire ant) Nanosla (XP_011159578)
Nanoslb (XP_011159747)
Nanoslc (LOC105205302)
Ecdysozoa Bombyx mori (silkmoth) NanosM (NP_001098700)

Non-bilaterian animals

Cnidaria

Cnidaria

Nematostella vectensis (sea anemone)

Hydra vulgaris(fresh-water polyp)

NanosN (NP_001098702)
NanosO (NP_001093314)
NanosP (NP_001093313)

Cnnosl (XP_001637175)
Cnnos2 (XP_001641215)
Cnnos1 (XP_002161850)
Cnnos2 (XP_002159764)
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Table2 (continued) Taxonomy Species (common name) Nanos gene(s)
Cnidaria Acropora digitifera (acroporid coral) Cnnosl (XP_015755666)
Cnnos?2 (XP_015758550)
Placozoa Trichoplax adhaerens (placozoan) Nanos (XP_002114667)
Porifera Amphimedon queenslandica (demosponge) Nanos (XP_003384296)
Ctenophora Mnemiopsis leidyi (comb jelly) Nanosla (ML130210a)
Nanos1b (ML22086a)
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Fig.2 Phylogenetic tree based on the zinc finger domain of Nanos ian inference (BI) consensus tree was built using MrBayes 3 [124].
proteins. The zf-nanos domains of metazoan nanos homologs were Convergence (< 0.01) was reached after 5,000,000 generations. The
aligned with MUSCLE [123]. With this alignment as input, a Bayes- circular BI tree was visualized with iTOL [125]

eight tandem repeats, collectively called the PUM homol-  (UTR) of their target mRNAs and recruits, among other pro-
ogy domain (PUM-HD) [14]. Each repeat binds to one  teins, deadenylation and decapping proteins. The NREs are
RNA base in the mRNA target [15]. composed of two sequences, called box A (5'-GUUGU-3")
Pumilio has been reported to bind both Pumilio-binding  and box B (5'-AUUGUA-3"). Nanos binds to the first part
elements (PBEs, 5'-UGUANAUA-3") and Nanos regula- of the box B sequence [16]; the last part of this NRE box B
tory/response elements (NREs) in the 3’ untranslated region ~ sequence shares identity with the first part of the PBE.
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Table 3 Known interaction

. h N Nanos protein Interaction partner Interaction domains Reference
partners of human Nanos
proteins Nanos] Pumilio2 zf-nanos [11]
p120-catenin N-terminal domain (including NIM) [6]
p-Catenin nd [6]
SNAPIN N-terminal domain and zf-nanos are needed [28]
GEMIN3 N-terminal domain (without NIM) [67]
CNOTI1 NIM domain [9]
Nanos2 CNOT1 NIM domain [9]
Nanos3 CNOT1 NIM domain 9]

zf-nanos zinc finger domain of nanos proteins, NIM NOT1 interacting motif; nd: not determined

Tandem affinity purification (TAP) and a DNA micro-
array were used to identify mRNAs associated with the
Pumilio protein in adult ovaries and embryos of Drosophila
[17]. For this analysis, a TAP-tagged C-terminal fragment of
pumilio was expressed under the control of an ovary-specific
promoter. A PBE was present in 54% of the adult and 22%
of the embryonic pumilio targets identified. Unlike for the
human Pumilio proteins, Drosophila pumilio binds nanos
mRNA in the embryo. Nonetheless, nanos mRNA lacks the
UGUA(A/U/C)AUA motif [17], and another non-canonical
motif in nanos mRNA was found to mediate pumilio bind-
ing [18].

Besides binding RNA, the PUM-HD domain can bind
various proteins, such as nanos [10], CNOTS [19], and DAZ
[20]. Nanos binding is mediated through the loop region
between the last two pumilio repeats [21]. Nanos determines
the location in the embryo or the postnatal cell type where
the specific translation inhibition of the nanos/pumilio com-
plex occurs [22-24].

In Drosophila, the interaction between nanos and pumilio
is stabilized by a NRE-containing RNA fragment and is,
therefore, RNA-dependent [10]. However, human Nanos1
was found to interact with Pumilio2 in the absence of RNA
[11]. Likewise, mouse Nanos3 was shown to interact with
Pumilio in an RNA-independent manner [25]. The interac-
tion between Xcat-2/nanos and pumilio was also confirmed
in Xenopus, but RNA dependence was not investigated here
[26].

Although the N-terminal sequence of PUF proteins is
very variable, in some family members, it contains two con-
served pumilio motifs that can be traced back from humans
to Drosophila [27]. Multiple domains in the N-terminus con-
fer repressive activity [27]. The N-terminus is also important
for dimerization of Pumilio2 [11] and for specific protein
interactions, such as the interaction between Pumilio2 and
SNAPIN [28]. SNAPIN is a widely expressed protein that
is part of BLOC-1 (biogenesis of the lysosome-related orga-
nelle complex 1) and BORC (BLOC-1-related complex) and
associates with the SNARE complex [29-31]. It is involved
in several functions involving intracellular vesicles, such as
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endosomes and lysosomes [32—-34]. The relevance of the
interaction between Pumilio2 and SNAPIN is unknown.

PUF proteins have the conserved role of maintaining stem
cells [35-37], but other roles, such as in sperm/oocyte switch
[38], long-term memory [39], and anterior—posterior pattern-
ing [22], have been acquired during evolution. PUF proteins
perform these functions by post-transcriptional regulation of
their targets, as reviewed in [40]. This occurs in cooperation
with interaction partners such as nanos [10], CPEB [26, 41],
and the CCR4-NOT complex [42]. Although PUF proteins
are generally believed to repress mRNA translation by dead-
enylation [19] or interference with translation initiation [43],
PUF proteins can also stimulate mRNA translation [44, 45].
Further research is needed to understand how these repres-
sive and activating functions are integrated, which could
vary with the target or the interaction partner, or depend on
extracellular or intracellular signals.

The identification of mRNA targets of the human Pumilio
proteins in HeLaS3 cancer cells led to the discovery of
extensive interactions with the miRNA regulatory system
[46]. Pumilio-associated mRNAs were identified using RNA
immunoprecipitation followed by a microarray-based analy-
sis. RNA sequences that specifically bind Pumilio (PBE,
Pumilio-binding elements) are more likely to be located near
miRNA-binding sites; similarly, mRNA targets of Pumilio
are enriched in miRNA-binding sites. Links between
Pumilio-mediated and miRNA-mediated repression have,
indeed, been discovered [23, 47, 48]. It would be interesting
to further investigate the link between the miRNA regulatory
complex and the Nanos/Pumilio complex. This might reveal
new interaction partners of the Nanos proteins.

In addition, many Pumilio targets are associated with
pathways involved in cancer, such as angiogenesis, cell
proliferation, and cell survival [46], and Pumilio-mediated
regulation is, indeed, disturbed in several cancers [49-51].

The CCR4-NOT complex

The N-terminals of all human Nanos proteins interact with
the C-terminal domain of CNOT1 (Fig. 3) [9]. CNOT1 is
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Fig.3 CNOT1 is the scaffold protein of the CCR4-NOT deadeny-
lase complex. a Schematic representation of human CNOTI. The
N-terminal region (CNOT1-N) consists of two HEAT repeats and
provides binding sites for CNOT10 and CNOT11 [126]. The middle
region (CNOT-M) contains the MIFAG domain, structurally related to
the middle domain of eIF4G, and the CNOT9 binding domain [60],
also called DUF3819 domain. The MIF4G domain binds the catalytic
subunits, CAF1 or POP2 along with CCR4a or CCR4b deadenylases

part of the CCR4-NOT deadenylase complex, which is
a common partner of Nanos proteins in some species [9,
52, 53]. The CCR4-NOT complex is a highly conserved,
multisubunit complex that facilitates gene regulation in
diverse ways. This complex was first studied in yeast, in
which it consists of nine core proteins. Except for Caf130,
homologs of these proteins exist, for instance in D. mela-
nogaster and H. sapiens. The CNOT1 subunit is the scaf-
fold that keeps the complex together (Fig. 3). The smaller
complex, consisting of CNOT1 to -3 in humans and of
Notl, Not2, and Not5 in yeast, is referred to as the NOT
module [54, 55]. Proteins CCR4 and Caf1 contribute to the

3J'UTR

[127]. The C-terminal region (CNOT1-C) contains the superfamily
homology domain (SHD) required for binding to CNOT2, CNOT3
[54], and Nanos proteins [9]. AA positions of the domains are given
below the sequences. b Transcription and translation regulators such
as Nanos and other proteins (X) bind the 3'UTR of their mRNA tar-
gets and recruit the CCR4-NOT complex. This complex stimulates
deadenylation and translational repression by recruiting additional
proteins. Hs, Homo sapiens

deadenylation activities of the CCR4-NOT protein com-
plex (Fig. 3b). The complex can also interact with diverse
proteins, such as the poly(A)-binding protein (PABP)
through binding of BTG/TOB proteins [56-58], eIF4A2
[59], and proteins of the decapping complex through bind-
ing of DDX6 [60], which leads to inhibition of transcrip-
tion or translation of their target genes/mRNAs, or to both.
The CCR4-NOT complex is also involved in miRNA-
mediated repression through binding with the GW182
protein [61, 62]. More information about the CCR4-NOT
complex can be found in the following reviews [63, 64].
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In mice, Nanos2 also binds the CCR4-NOT complex
through CNOT1, but Nanos3 does this mainly by interact-
ing with POP2 [65]. The different ways in which Nanos2 and
Nanos3 interact with components of the mouse CCR4-NOT
complex could be responsible for the weaker deadenylase
activity of Nanos3 compared to Nanos2, and might explain
why Nanos3 cannot fully compensate for loss of Nanos2, as
described below. The Nanos NIM region and its interaction
with the CCR4-NOT complex proved to be essential for
Nanos-mediated translational repression and mRNA deg-
radation [9]. Binding of the CCR4-NOT complex is func-
tionally conserved: also Drosophila nanos has been shown
to bind to this complex, though it has no NIM region [66].
Drosophila nanos interacts with NOT1 and NOT3 of the
CCR4-NOT complex via a central region (called NBR, for
NOT module-binding region) situated in the nanos effector
domain (NED) [66] (Fig. 1).

Other interaction partners

Unlike the CCR4-NOT complex, other Nanos partners
often differ depending on the paralog, the organism, or the
mRNA target. For example, the nos-3 protein in C. elegans
was found to bind the fem-3 binding factor (FBF), but nei-
ther nos-1 nor nos-2 bound FBF [38]. Another example is
the Nanos1-p120-catenin interaction mediated through the
NIM region, which is present in humans but not in lower
organisms such as Drosophila [6]. Furthermore, human
Nanos1 has been reported to interact with SNAPIN [28] and
GEMIN3, an RNA DEAD box helicase [67]. GEMIN3 is a
component of the SMN (Survival Motor Neuron) complex,
which is essential for formation of small nuclear ribonucleo-
proteins (snRNPs), which are essential for correct splicing
[68]. GEMIN3 was also detected in miRNP particles, and
its involvement in miRNA-mediated repression has been
suggested [69, 70]. The interaction between Nanosl and
GEMIN3 seems to take place in the chromatoid body of
germ cells, which also contains several miRNAs and com-
ponents involved in miRNA regulation, such as Dicer and
Argonaute proteins [67].

Table 4 Overview of mRNA targets of Drosophila nanos

Nanos functions

Nanos genes are especially known for their roles in germ
cell development, which are conserved between basic model
organisms and mammals. Reproductive pathways usually
evolve faster than somatic pathways, which emphasize the
importance of the role of nanos genes in germ cell devel-
opment. Current models for discovering the target mRNAs
of Nanos-containing translation-inhibitory complexes are
based on identifying both NREs and PBEs in the 3'UTR of
candidate transcripts.

mRNA targets of the Nanos/Pumilio complex in D.
melanogaster and humans

An overview of targets of the nanos/pumilio complex in the
germline of model organisms has been published by Lai and
King [71]. The nanos/pumilio complex was found to repress
somatic gene expression, the cell cycle, and apoptosis; this
repression correlates perfectly with its function in germ cell
development and survival. A short overview of the mRNA
targets of Drosophila nanos discussed below and involving
a PBE or NRE sequence, or both, is given in Table 4.

Hunchback

In D. melanogaster, nanos-encoding mRNA was first discov-
ered as a maternal factor localized to the posterior pole of
the unfertilized egg [1] (Fig. 4). Whereas nanos represents
the abdominal determinant, the bicoid protein is the ante-
rior determinant. Posterior localization of nanos mRNA is
dependent on signals present in its 3'UTR [72, 73]. Both
bicoid and nanos mRNAs are translated after fertilization.
During oogenesis, several genes, such as oskar, vasa, and
aub, contribute to the posterior localization of nanos RNA
[74-76]. This ensures a nanos protein gradient decreasing
from the posterior pole to the anterior pole. The bicoid pro-
tein activates hunchback protein expression, while nanos in
association with pumilio and brain tumor (brat) represses
hunchback translation (Fig. 4). This generates an ante-
rior—posterior gradient of the hunchback protein, which

mRNA target Complex Determining factor Effect References
Hunchback Nanos/pumilio/brat Nanos Abdomen formation [43, 82]
Cyclin B Nanos/pumilio Nanos Blocking mitosis in the pole cells [84, 85]
Hid Nanos/pumilio Nanos Blocking apoptosis of the pole cells [88]

Para Nanos/pumilio Pumilio Regulates neuronal membrane excitability [90, 91]
Mei-P26 Nanos/pumilio Nanos Regulates self-renewal of ovarian stem cells [53]
dE2F1 Nanos/pumilio/brat Nanos Ensuring correct E2F regulation [23, 49]
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Fig.4 Anterior—posterior patterning of the Drosophila embryo.
Nanos is an important posterior determinant in Drosophila develop-
ment. Nanos expression induces abdomen formation by inhibiting, in
cooperation with pumilio and brat, translation of hunchback mRNA.

blocks abdomen formation at the anterior pole, thus allowing
development of the head and thorax [77]. Likewise, bicoid
inhibits caudal mRNA translation, causing a posterior—ante-
rior gradient of the caudal protein. Together, these gradients
ensure correct anterior—posterior patterning of the embryo.
Nanos can also repress translation of bicoid mRNA if the
latter is not correctly restricted to the anterior pole [78].
Repression of hunchback mRNA translation by nanos
depends on two NREs in the 3'UTR of hunchback mRNA
[78]. Pumilio, as well as nanos and brat, was found to bind
these NRE sequences [16, 21, 22]. Brat was convincingly
shown to bind box A of the NRE sequence [16, 79-81].
Prior RNA binding of brat or pumilio facilitates the bind-
ing of the other protein [79]. Nanos is recruited only when
pumilio is bound to the NRE sequence (Fig. 4) [10]. This
nanos—brat—pumilio complex blocks hunchback transla-
tion by promoting the deadenylation of hunchback mRNA

Hunchback has two nanos response elements (NREs) in its 3" untrans-
lated region, but for simplicity only one is drawn. See text for further
explanation

[82] and inhibiting its translation [43]. Translation inhibi-
tion is mediated by brat-dependent recruitment of d4EHP,
which binds the 5’ cap structure of hunchback mRNA and
thereby inhibits the binding of the homologous eIF4E pro-
tein (Fig. 4).

CyclinB

In addition to the above-mentioned role of the posterior
pole plasm of the Drosophila embryo in abdomen forma-
tion, this pole is also responsible for germline formation
[83]. Nanos expression is seen in the pole cells, also called
primordial germ cells (PGCs), and a functional maternal
nanos protein is, indeed, important for correct migration
of these pole cells into the gonads and thus for germ cell
formation [3, 37]. During this migration, pole cell mitosis
is blocked by nanos- and pumilio-dependent repression of
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cyclin B RNA [84, 85]. In this case, unlike for hunchback
regulation, pumilio apparently functions merely by recruit-
ing nanos. Nanos then represses cyclin B RNA by interact-
ing with its conserved interaction partner, the CCR4-NOT
complex [86]. Though pumilio mediates nanos recruitment
in vivo, the experimentally linking of nanos to the cyclin B
mRNA sequence efficiently downregulates cyclin B in the
absence of pumilio. Association of Nanos with cyclin Bl
mRNA was found to be conserved in Xenopus [12, 26].

Hid

Nanos suppresses apoptosis and somatic gene expression in
pole cells [87], by repressing translation of the pro-apoptotic
head involution defective (hid) gene [88].

Para

The nanos/pumilio complex in D. melanogaster also seems
to play a role in neurogenesis. Nanos and pumilio mutants
and double mutants have similar effects on dendrite morpho-
genesis of class-III and class-IV dendritic arborization neu-
rons [89]. Nanos was found to colocalize with RNA granules
in these dendrites, which might be where the nanos/pumilio
complex is located. This complex also regulates neuronal
membrane excitability by repressing transcription of para-
lytic (para) mRNA [90-92]. Intriguingly, the PBE sequence,
which is both essential and sufficient for pumilio binding,
was found in the open reading frame (ORF) instead of the
3'UTR [90]. Para encodes a voltage-gated Na* channel.
Increased pumilio expression or reduced para mRNA con-
sequently reduces voltage-gated Na* current and membrane
excitability [90, 91]. Pumilio seems to be the determining
factor of the para mRNA repression by the nanos/pumilio
complex [90]. Overexpression of pumilio negatively influ-
ences nanos mRNA expression, what might serve as a nega-
tive feedback mechanism, preventing excessive repression of
para mRNA [17, 18, 90].

Mei-P26

Mei-P26 is a Trim-NHL (Tripartite motif and Ncl-1, HT2A,
and Lin-41) protein, restricting cell growth and self-renewal
of ovarian stem cells [93]. The nanos/pumilio complex
targets mei-P26 mRNA in the ovarian stem cells, thereby
allowing self-renewal of these stem cells. This is mediated
by recruitment of the CCR4-NOT deadenylase complex
[53].

E2F3

The Nanos/Pumilio complex has been shown to repress
E2F3 translation in primary human fibroblasts (IMR90)

@ Springer

[23]. E2F3 is an oncogene found to be overexpressed or dys-
regulated in several cancers, such as bladder [94], prostate
[95], and lung cancer [96]. The E2F family includes both
transcriptional activators (dE2F1 in Drosophila and E2F1
to -3 in humans) and transcriptional repressors (dE2F2 in
Drosophila and E2F4 to -8 in humans).

E2F transcription factors play an important role in
progression of the cell cycle and induction of apoptosis
(reviewed in [97] and [98]). E2F3 mRNA contains two func-
tional PBE sequences, and ectopic expression in IMR90 cells
of any combination of a Nanos protein (Nanos1 or Nanos3)
and a Pumilio protein (Pumiliol or Pumilio2) decreased
E2F3 expression levels [23]. Nanos/Pumilio-mediated regu-
lation of E2F is conserved from Drosophila (where it regu-
lates dE2F1 expression) to humans (where it controls the
expression levels of the orthologous E2F3) [23]. Proximal
to the PBEs, several miRNA seed sequences were found, and
their corresponding miRNAs were shown to repress E2F3.
Interestingly, this miRNA-mediated repression of E2F3 has
been found to depend on the presence of these PBEs in the
3'UTR, and thus on Nanos/Pumilio-mediated regulation.

MAP3K1 and MAP2K3

MAP3KI1 and MAP2K3 mRNAs are repressed by Nanosl1 in
combination with Pumiliol or Pumilio2, as detailed below
[49].

Functions of the nanos and pumilio proteins
in Drosophila

The above-mentioned targets of the nanos/pumilio complex
point out most of the known functions of the nanos protein
in D. melanogaster. Furthermore, nanos RNA and protein
are expressed during several stages of Drosophila oogenesis
[99]. In adult ovaries, nanos is important for proliferation
and survival of germline stem cells, and for cyst develop-
ment [37]. Accordingly, female nanos mutants with severely
reduced or no protein expression produce very few eggs
[100]. Ovaries and testis from nanos-deficient embryos are
devoid of germ cells. This function of nanos in germ cell
development and survival is conserved in C. elegans [101]
and zebrafish [102].

Also loss of pumilio causes loss of germ cells in the ova-
ries, and this occurs even earlier than in the ovaries of nanos
mutants [37]. Other phenotypic changes caused by loss of
either pumilio or nanos suggest that other nanos partners
may be involved in the germline. Although, as mentioned
above, the nanos/pumilio complex has been shown to regu-
late mei-P26, nanos, and pumilio might have other partners
to regulate specific mRNA targets. For instance, interaction
between cup and nanos seems to be important in the female
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germline [103]. Cup has been shown to be important for
several functions during oogenesis [104—106].

In addition, at the pre- and post-synaptic sites of the
larval neuromuscular junction, pumilio and nanos seem to
have divergent functions [18]. Pumilio was found to repress
GIuRIIA mRNA translation and thereby stimulate the switch
from GIuRIIA to GIuRIIB receptors, which influences the
amount of current through the synapses. This regulation is
even more tightly controlled, because pumilio also reduces
nanos protein levels, while nanos downregulates GluRIIB.

Functions of mammalian Nanos proteins
Mouse

Unlike germ cell-specific expression of mouse Nanos2 and
Nanos3 [4], mouse Nanos1 is predominantly expressed in
the central nervous system [107]. Nanosl knockout mice
seem to develop normally without any obvious differences
from wild-type mice [107]. Mouse Nanos3 clearly plays a
role in maintaining PGCs from the migration phase onwards
[4]. Nanos3-deficient mice initially have a normal number
of PGCs, but these cells are gradually lost and are absent in
ovaries and testes at E12.5 [4]. Ectopic expression of Nanos2
from E8.0 onwards partially counteracted the loss of both
male and female germ cells in Nanos3 knockout mice, and
thus partially compensated for the loss of Nanos3 [108].

Nanos?2 is normally detectable only at E13.5. On the other
hand, although Nanos3 is upregulated in Nanos2-null mice,
male PGCs in these mice undergo apoptosis from E15.5
onwards, resulting in deficiency in male germ cells. Nanos3
transgene expression under control of the Nanos2 enhancer
could not prevent this loss of spermatogonia. Nevertheless,
Nanos3 transgene expression or upregulation might at least
partly rescue Nanos2 deficiency. For instance, mutation of
the zinc fingers in Nanos2 results in loss of Nanos3 expres-
sion and is associated with an even more severe phenotypic
abnormality than complete Nanos2 deficiency [65]. None-
theless, the inability of Nanos3 to fully compensate for
Nanos?2 loss indicates that these two related proteins have
different functions. Nanos3 is also expressed in undiffer-
entiated spermatogonia in the prepubertal testis [25]. By
regulating the cell cycle of these spermatogonial cells, their
differentiation is blocked until puberty. Given that Nanos3
interacts with Pumilio2 in spermatogonia, it is likely that
also Pumilio?2 is involved in this regulation [25].

Both Nanos2 and Nanos3 mouse proteins were found to
be associated with ribonucleoproteins (RNPs), suggesting
translational regulation. Nanos2 is also expressed in RNPs,
where it recruits and represses mRNAs important for germ
cell differentiation [109]. More precisely, in mouse, Nanos2
and Nanos3 are expressed in processing bodies (P-bodies)
[52, 65], which are cytoplasmic mRNPs (messenger RNPs)

linked with miRNA-mediated repression and containing
many proteins involved in mRNA deadenylation, decapping,
and decay [110, 111]. Nanos3 seems to be important for the
assembly of these P-bodies in male germ cells [65], whereas
Nanos?2 is involved in their maintenance [52]. It would be
interesting to investigate the functional association between
Nanos proteins and regulatory proteins, which are generally
found in the P-bodies.

Human

The first human Nanos-encoding gene was discovered
in 2003 [11]. In contrast to murine nanos1 [107], human
Nanosl is not expressed in the adult brain. RT-qPCR analy-
sis revealed Nanos! mRNA expression in embryonic stem
cells, fetal testis and ovary, and adult testis [11]. Later, oth-
ers showed that NanosI mRNA was expressed more ubiq-
uitously but also confirmed protein expression in fetal testis
and ovary, and in adult testis [5]. However, in contrast to
the original report, the latter authors also showed Nanos1
protein expression in the adult ovary. Nanos2 expression in
adults was found to be restricted to the testis, in line with the
findings for the mouse homologue [112]. Therefore, a pos-
sible link between NANOS2 mutations and male infertility
was investigated, but the detected mutations did not seem to
have a causative role in male infertility [112].

More recently, human Nanos2 was found to be expressed
in the adult ovary, as well [5]. Like human Nanos1 and
Nanos2, Nanos3 was found to be expressed not only in the
fetal and adult testis and ovary, but also in the adult brain.
Reducing Nanos3 expression levels in human embryonic
stem cells significantly decreased germ cell numbers and the
expression levels of genes important for germ cell develop-
ment [5]. NANOS3 mutations were also studied in a cohort
of sterile men, again revealing no causative role in sterility
[113]. On the other hand, a plausible, pathological link has
been found for NANOS3 mutations in patients with prema-
ture ovarian insufficiency [114, 115]. Unlike what has been
reported for NANOS2 and NANOS3 mutations, NANOSI
mutations were convincingly linked to male infertility [116].

Nanos genes, tumor invasion, and cancer

Germ cells and cancer cells share several characteristics,
such as self-renewal and rapid proliferation. Nanos genes
are responsible for germline traits such as pluripotency and
survival, which are also important for tumor cells. Hence,
Nanos overexpression might be a logical asset for cancer
tissues.

In D. melanogaster, nanos overexpression was only
reported in the lethal (3) malignant brain tumor model
(I(3)mbrt) [117]. Nanos was only one of many genes essential
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in the germline that were upregulated in this model. These
results point out that nanos expression is advantageous for
brain tumor growth, at least in this invertebrate model.

In the mouse, an interaction between the Dmrtl and
Nanos3 genes was discovered [118]. In mice that are het-
erozygous for both genes, incidence of teratoma formation
was significantly more elevated than in singly heterozygous
mice. Like Nanos3, Dmrtl controls male germ cell prolif-
eration [119]. Dmrt] additionally regulates male germ cell
pluripotency by repressing Sox2.

In humans, Nanosl1 is a potential effector in E-cadherin-
negative cancer cells, contributing to tumor migration and
invasion [6]. The mRNA expression levels of NANOSI
and CDHI1 are inversely correlated in several cancer cell
lines, which led to the discovery that E-cadherin represses
NANOSI [6].

Nanos3 has been found to be ectopically expressed in
a variety of human cancers [120]. So far, this was further
investigated only in NSCLCs, in which Nanos3 expression
levels correlated with patient outcome [7]. Immunostaining
of lung tumors revealed Nanos3 overexpression, particu-
larly at the invasion front and especially in squamous cell
carcinomas (SCCs). When comparing primary tumors with
their metastases, Nanos3 expression levels were found to
be higher in the latter. Furthermore, ectopic expression of
Nanos3 has been observed in several invasive NSCLC cell
lines, in which it was associated with higher invasiveness.
Moreover, Nanos3 overexpression causes clear-cut EMT in
human lung cancer cells, thereby reinforcing the hypothesis
that ectopic Nanos expression is involved in cancer progres-
sion [7].

A likely mechanism for malignancy caused by ectopic
Nanos expression involves Nanos3-mediated repression of
E-cadherin, occludin, and f-catenin, combined with Nanos3-
induced stimulation of expression of vimentin, slug, uroki-
nase-type plasminogen activator (uPA), and matrix metallo-
proteinase-14 (MMP-14) [7]. Both transcriptional regulation
(uPA, slug, and E-cadherin) and post-transcriptional regu-
lation (MMP-14, occludin, and vimentin) have been found
to be involved in these Nanos3 effects. However, Nanos3
does not bind CDHI mRNA, suggesting that repression is
at the transcriptional level. This has not yet been reported
for the Nanos/Pumilio complex and should be investigated
further. Nanos3 transcriptionally regulates the E-cadherin
encoding CHD]I gene independently of the E-boxes in its
promoter region. Other transcriptional repressors, such as
Slug, Snail, and ZEB proteins, depend on these E-boxes to
repress E-cadherin expression.

Remarkably, Nanos3 stabilizes vimentin mRNA by
increasing its poly(A)-tail length. Furthermore, Nanos3 pro-
tects vimentin mRNA from being bound by miR-30a, which
would otherwise repress translation of vimentin. This mech-
anism of VIM mRNA regulation is the first demonstration
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that binding of a Nanos protein to an mRNA sequence leads
to its upregulation. Further investigation of a possible acti-
vating role for Nanos proteins is needed. Such activating role
might be a specific function executed by mammalian Nanos
proteins only. We must note that it has not been investigated
whether Pumilio proteins are needed for the Nanos-mediated
regulation of E-cadherin and vimentin. In complex organ-
isms, the proposed Nanos role as transcriptional regulator
and activator might depend as well on other interaction part-
ners besides Pumilio. As Pumilio can act also independently
of Nanos, it is conceivable that interaction of Nanos with
other regulating proteins can expand its repertoire of specific
mRNA targets.

The mechanism underlying increased uPA and MMP-14
levels upon Nanos3 expression has not been elucidated. The
role of the malignancy-promoting metalloprotease MMP-
14 (an ECM degrading enzyme) in EMT is unmistakable.
Nanos1 expression has been linked to MMP-14 induction
[8]. Nanosl is similarly overexpressed in lung carcinomas
[8], where its expression is higher at the invasion front of
SCCs and is linked to increased invasiveness. In addition,
the expression levels of Nanosl correlated with tumor
aggressiveness (TNM stage). Evidently, identifying target
mRNAs of the human Nanos1 and Nanos3 proteins could
reveal more about its molecular role and how its overexpres-
sion can contribute to tumorigenesis.

The Nanos/Pumilio complex has an interesting role in
Rb1-deficient and p53 wild-type cancer cells. Functional
RB1/pRb inactivation is often seen in cancers, and it can be
achieved in several ways, such as E2F or CDK4/6 amplifica-
tion, and inactivating mutations of p/6INK4A or RBI [121]
(Fig. 5a). However, RB1/pRb inactivation can be associated
with cellular stress and apoptosis, which are deleterious for
cancer cell growth. Nonetheless, pRb-deficient cells often
seem to evade these stress responses. pRb deletion is asso-
ciated with upregulation of nanos in flies, and of NANOS1
and NANOS3 in humans [49]. Rb1 expression is needed for
regulation of Nanos expression by the DREAM complex
[49]. This complex, consisting of dimerization partner (DP),
Rb-like, E2F, and MuvB, is evolutionarily conserved with
minor variations in its components [122]. As in humans, the
nanos gene is strongly bound by components of the Dros-
ophila dREAM complex, consisting of Rb, E2F, and Myb-
associated protein [49].

This inverse correlation between pRb and Nanosl or
Nanos3 expression is seen in diverse human tumor cell lines.
When depleting Nanos1 in pRb-deficient cells, such as the
NSCLC cell line NCI-H1666, the cell number is reduced
gradually [49]. However, this was only observed in pRb-
deficient cells harboring a wild-type p53 gene, suggesting
that Nanos1 can repress p53-mediated inhibition of cell
growth (Fig. 5b). Nanosl was, indeed, found to downregu-
late MAP3K1 and MAP2K3 genes, which encode kinases
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upstream of p53 (Fig. 5a) [49]. In addition, Nanos1 leads to
suppression of apoptosis and thus allows oncogenic growth
of pRb-deficient cells. Nanos1 expression can, therefore,
enable pRb-deficient cells lacking p53 mutations to evade
stress responses. Though p53 is the most frequently mutated
gene in human cancers, p53 mutations are rare in some can-
cers, such as retinoblastoma and cervical cancer. Many genes
that are downregulated in retinoblastoma tumors compared
to normal retinal tissue, indeed, contain PBE motifs. These
genes encode proteins such as MAP3K1 and MAP2K3,
which are involved in signaling and apoptotic pathways.

Conclusions and perspectives

Nanos proteins originated a long time ago and are repre-
sented in all animals. Their primary function in germ cell
maintenance is generally conserved, but several other func-
tions have been added during evolution. It would be inter-
esting to gain a deeper understanding of these functions
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apoptosis. b Schematic representation of the role of Nanos proteins
in Rbl-deficient cells retaining a functional p53 protein. See text for
further explanation

acquired during evolution and in which species. Nanos
members form protein complexes with interaction partners
such as Pumilio and the CCR4-NOT complex to mediate
transcriptional and translational regulation of their target
mRNAs [9, 10, 66]. Several studies reported a link between
the Nanos/Pumilio complex and miRNA-mediated regula-
tion [23, 46, 67]. The CCR4-NOT complex is also recruited
by GW182 proteins and contributes to miRNA-mediated
repression [61, 62]. A functional interaction between the
Nanos/Pumilio complex and the miRNA regulatory com-
plex has been reported to mediate E2F3 repression [23].
In view of the close interaction between miRNAs and
the Nanos/Pumilio complex in regulating specific targets,
miRNA silencing might also affect the efficiency with
which the Nanos/Pumilio complex regulates these targets
[23]. Further correlations between these complexes should
be investigated.

Research on Nanos protein expression in cancer is lim-
ited. Given that expression of Nanos proteins is mainly
restricted to the testis or to the testis and brain, and that
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they are overexpressed in human cancer, they are potential
candidates as cancer testis antigens (CTA). In malignant
tumors of epithelial origin, a key event of high diagnos-
tic and prognostic value is inactivation or complete loss
of the cell adhesion protein E-cadherin, generally during
EMT. Expression levels of Nanos1 or Nanos3 proteins are
inversely correlated to E-cadherin expression levels in sev-
eral cancer cell lines [6], and Nanos3 was even reported
to repress E-cadherin expression [7]. In addition, as the
physical and functional interaction between the DREAM
complex and the Nanos/Pumilio complex is conserved,
this complex might play an important role in Rb-deficient
cancer cells retaining a wild-type p53 (Fig. 5) [49]. In
general, the Nanos/Pumilio complex modulates the expres-
sion levels of genes important in both development and
disease, and most likely their influence depends on the
“cellular context,” such as protein complex composition
and miRNA levels.

Clearly, Nanos protein members can act as oncofetal
agents in the progression of human cancers, although this
should be elucidated further. Novel in vivo mouse mod-
els would be valuable for elucidating the effects of Nanos
overexpression and the mechanistic pathways used by
Nanos proteins to stimulate tumor progression. Identifica-
tion and characterization of mRNA targets and interaction
partners of mammalian Nanos proteins could also identify
pathways that might be triggered in cancer cells. Further-
more, as both Nanos1 and Nanos3 play roles in lung car-
cinoma, the interplay between Nanos paralogs might be
relevant. On the other hand, no cancer-specific expression
of Nanos2 has been reported to date. In vitro and in vivo
experiments could show whether Nanos2 overexpression
also increases the tumorigenic potential of cancer cells.

Besides investigating the roles of Nanos proteins in can-
cer, the normal functions of mammalian Nanos proteins need
further research. For instance, Nanos1 knockout mice seem
perfectly normal. Given the function of Drosophila nanos
in dendrite morphogenesis [89] and neuronal excitability
[90], it could be interesting to study this in more detail in
the mouse. Besides its expression in the testis, Nanos3 is
also expressed in the brain, although also here no specific
function has been identified. In addition, the implications of
the interactions between Nanos1 and GEMIN3 and SNAPIN
should be elucidated, and it would be interesting to check
whether these interactions are conserved in other species.
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