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Abstract
Pumilio (PUM) proteins are RNA-binding proteins that posttranscriptionally regulate gene expression in many organisms. 
Their PUF domain recognizes specific PUM-binding elements (PBE) in the 3′ untranslated region of target mRNAs while 
engaging protein cofactors such as NANOS that repress the expression of target mRNAs through the recruitment of effector 
complexes. Although the general process whereby PUM recognizes individual mRNAs has been studied extensively, the 
particulars of the mechanism underlying PUM–NANOS cooperation in mRNA regulation and the functional overlap among 
PUM and NANOS paralogues in mammals have not been elucidated. Here, using the novel PUM1 and PUM2 mRNA target 
SIAH1 as a model, we show mechanistic differences between PUM1 and PUM2 and between NANOS1, 2, and 3 paralogues 
in the regulation of SIAH1. Specifically, unlike PUM2, PUM1 exhibited PBE-independent repression of SIAH1 3′UTR-
dependent luciferase expression. Concordantly, the PUF domains of PUM1 and PUM2 showed different EMSA complex 
formation patterns with SIAH1 3′UTRs. Importantly, we show direct binding of NANOS3, but not NANOS2, to SIAH1 
3′UTR, which did not require PBEs or the PUF domain. To the best of our knowledge, this is the first report, showing that 
an NANOS protein directly binds RNA. Finally, using NANOS1 and NANOS3 constructs carrying mutations identified 
in infertile patients, we show that these mutations disrupt repression of the SIAH1-luciferase reporter and that the central 
region in NANOS1 appears to contribute to the regulation of SIAH1. Our findings highlight the mechanistic versatility of 
the PUM/NANOS machinery in mammalian posttranscriptional regulation.
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Background

Pumilio (PUM) proteins are founding members of the PUF 
(PUM and fem-3 binding factor) family of eukaryotic RNA-
binding proteins involved in posttranscriptional gene regu-
lation during morphogenesis [1, 2], neurogenesis [3], and 
germ cell development [4, 5] in many eukaryotic organisms 
(for a review, see [6]). The conserved PUF RNA-binding 
domain consists of eight repeats, each recognizing and bind-
ing a single nucleotide within a specific short sequence in 
the 3′UTR (3′ untranslated region) of target mRNAs. These 
short sequences are called NANOS Response Elements 
(NREs), since it was initially thought that they were recog-
nized by the NANOS protein, a partner of PUM, first studied 
in Drosophila [1, 2]. Each NRE is built of two short motifs: 
GUUGU (A) and AUU​GUA​ (B), identified in PUM mRNA 
targets, such as hunchback (hb), cyclin B, and bicoid mRNAs 
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[7–9]. Analysis of mRNA targets led to the identification of 
the PUF domain binding consensus UGUANAUA, which 
was called PUM-binding element (PBE) and partially over-
laps the GUUGU and AUU​GUA​ NRE motifs (UGU for A 
and UGUA for B, respectively). Besides the PUF domain, 
PUM contains three unique domains in the N-terminus with 
repressive activity, which can function autonomously from 
PUF domain [10]. While PUM is a unique protein in the fly, 
there are several paralogues in C. elegans, and six in yeast 
(for a review, see [6]). In mammals, including humans, there 
are two PUM paralogues, PUM1 and PUM2, containing the 
classical PUF domain. These two paralogues have a very 
similar structure, especially within the PUF domain with 
amino acid identities over 90%, and they are both expressed 
in many tissues [11]. The PUF–RNA interface is highly 
conserved among different organisms, to the extent that the 
PUF domain of the human PUM1 is able to recognize the 
NREs within the Drosophila hb mRNA with high affinity 
[9]. A global search for mRNA targets in human HeLa cells 
revealed that PUM1 and PUM2 proteins regulate up to 15% 
of the human transcriptome [12].

PUM proteins bind RNA and recruit protein cofactors, 
bringing about the formation of specific mRNA–protein 
complexes that determine variable biological outcomes for 
these mRNAs, such as translational activation, repression, 
and/or degradation (for a review, see [6, 13, 14]). NANOS 
is a well-established PUM cofactor. Only one gene encoding 
the Nanos protein exists in Drosophila, but three paralogues 
NANOS1, NANOS2, and NANOS3 are present in mammals, 
including humans. Their expression is germ cell specific, 
but they are also expressed in several cell lines (for a review, 
see [15]). NANOS proteins contain a highly conserved 
C-terminal zinc-finger domain (CCHC)2. By contrast, the 
N-terminal/central region is very divergent among NANOS 
paralogues, except for a conserved short 16 amino acid motif 
called NIM (CNOT1-interacting motif) located in the N-ter-
minal region that interacts with the deadenylase complex 
during the repressor function of the complex [16]. Whether 
structural divergences, especially within the N-terminal 
region, influence the function of mammalian NANOS para-
logues, and particularly in the case of the human NANOS 
paralogues, has not yet been elucidated. Moreover, although 
the general process used by PUM to recognize individual 
mRNAs has been studied extensively [17], the particulars 
of the mechanism underlying PUM–NANOS cooperation in 
mRNA regulation in mammals are not understood.

In this study, we aimed to study PUM–NANOS coop-
eration in mRNA regulation and the functional overlap 
among PUM and NANOS paralogues in mammals. To this 
end, we used the human PUM target mRNA SIAH1, since 
it contains two NREs with an arrangement very similar 
to that in the Drosophila hb mRNA, to which the human 
PUM1 binds in vitro [9], and which had been used to study 

PUM–NANOS cooperation during mRNA repression in 
Drosophila [2, 18]. We demonstrate that human PUM2 and 
NANOS3 cooperate and that PUM1 and PUM2 as well as 
NANOS1, NANOS2, and NANOS3 paralogues are func-
tionally not redundant. In addition, we show that PUM1 and 
PUM2 paralogues differ in their in vitro recognition and 
binding of SIAH1 3′UTR as well as in their dependency on 
PBE for mRNA repression.

Methods

Bioinformatic search for PUM mRNA targets

NCBI GenBank human nucleotide and EST databases 
(700,000 and 10,000 sequences, respectively, at the time 
of analysis) were screened to find mRNAs containing NRE 
motifs (GUUGU and AUU​GUA​) in the arrangement present 
in D. melanogaster Pum targets bicoid (bc), hunchback (hb) 
and cyclin B (Fig. S1) using a custom script that used hb 
3′UTR NREs previously found to be specifically recognized 
not only by D. melanogaster Pum but also by the human 
PUM1 PUF domain [8, 9].

Constructs

Full-length SIAH1 3′UTR and full-length 3′UTR of GAPDH 
mRNA (negative control) were amplified from human cDNA 
and were cloned into the psiCheck2 vector (Promega) in 
fusion with a Renilla luciferase open-reading frame (ORF) 
using primers described in Table S1. This vector also con-
tained the firefly luciferase ORF used for normalization. The 
constructs encoding cDNAs for the PUF1 domain (from 769 
up to 1186 amino acid position), or full-length NANOS2 and 
3 for overexpression and protein purification from bacteria 
to be used in EMSA tests, were cloned in fusion with an 
INTEIN tag (N-terminal fusion) within the pTYB12 vector 
using the IMPACT-CN system (New England Biolabs) using 
primers described in Table S2. The construct encoding the 
PUF2 domain (from 649 up to 1065 amino acid position) 
was previously described [19]. All constructs encoding the 
wild-type NANOS and PUM proteins in the pCMV6-Entry 
vector used for overexpression in HEK293FT cells were pur-
chased from OriGene.

Luciferase reporter assays

All experiments were conducted in HEK293FT cells, which 
were cultured in DMEM medium (Sigma-Aldrich) supple-
mented with 10% GlutaMAX (Gibco, Life Technologies), 
10% MEM non-essential amino-acids (Sigma-Aldrich), 
10% (v/v) fetal bovine serum (Sigma-Aldrich), and 1% 
(v/v) antibiotic antimycotic solution (Lonza). The cells 
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were transfected with plasmids or siRNA using Neon Trans-
fection System (Life Technologies), according to the manu-
facturer’s protocol followed by culture in the same medium 
without antibiotic and antimycotic solution. HEK293FT 
cells were co-transfected with a series of reporter constructs 
in psiCheck2 vector (Promega) (Table S1) and constructs 
for PUM and NANOS protein overexpression in a pCMV6-
Entry vector (OriGene). Empty pCMV6-Entry vector was 
used as a negative control. These transfections were car-
ried out in triplicate. After 48 h of culture, the cells were 
lysed, and luciferase luminescence was then measured using 
the Glomax-Multi Detection System and Dual-luciferase 
Reporter Kit (Promega). The mean ratio of Renilla to firefly 
luminescence for each sample from three repeated measure-
ments in each experiment was presented as a % of the rela-
tive luciferase units (RLU) of the sample transfected with the 
reporter construct only, which was considered to be 100%. 
Standard deviations were calculated and shown as error bars, 
and the two-tailed t test was utilized to estimate statistical 
significance.

siRNA silencing

For transient silencing, 10 µM siRNA PUM1 (Santa Cruz 
Biotechnology, sc-62912), siRNA PUM2 (Santa Cruz Bio-
technology, sc-44773), or control siRNA (Santa Cruz Bio-
technology, sc-37007) was transfected into cells along with 
the reporter construct and NANOS1, 2, and 3 constructs or 
empty plasmid pCMV6-Entry, at the same concentrations 
as those used in the luciferase assays. Silencing efficiency 
was measured by western blot (WB) using the corresponding 
antibodies and anti-β-ACTIN antibody for normalization.

Western blotting and antibodies

Western blots were performed at the standard conditions by 
resolving protein extracts by SDS-PAGE and transferring 
to a nitrocellulose membrane, followed by incubation with 
primary antibodies (listed below) and horseradish peroxi-
dase (HRP)-conjugated secondary antibodies. The chemi-
luminescent signal was detected using Clarity™ Western 
ECL Substrate for HRP (Bio-Rad). Protein expression was 
normalized to β-ACTIN and semi-quantitative measure-
ments were performed using the ImageLab 5.1 software 
(Bio-Rad). The anti-DDK antibody (OriGene Technologies, 
TA50011) for the detection of PUM and NANOS proteins 
in the pCMV6-Entry vector was used for WB at a dilu-
tion of 1:1000, anti-β-ACTIN (Sigma-Aldrich, A2066) at 
1:10,000, anti-PUM1 (Abcam, Ab3717) at 1:5000 or 5 µg 
per 100 µl for immunoprecipitation reactions, anti-PUM2 
(Santa Cruz Biotechnology, sc-31535) for WB at 1:250 or 
5 µg per 100 µl for immunoprecipitation reactions, and anti-
NANOS1 (Everest Biotech, EB06680) for WB at 1:2000. 

The SIAH1 expression level under PUM1 or PUM2 overex-
pression was measured by WB using a primary anti-SIAH1 
antibody (Santa Cruz Biotechnology sc-5505) at 1:250 and 
its expression was normalized to that of β-ACTIN.

RIP and quantitative real‑time RT‑qPCR

RNA immunoprecipitation (RIP) was carried out using the 
Magna RIP™ RNA-Binding Protein Immunoprecipitation 
Kit (Merck Millipore) and anti-PUM1 or anti-PUM2 anti-
bodies, or goat IgG (Sigma-Aldrich, I5256) for the negative 
RIP control. RNA was isolated from immunoprecipitates 
using RNeasy® Plus Micro Kit (Qiagen). For quantita-
tive real-time RT-qPCR, RNA was treated with DNase I 
(Sigma-Aldrich) and reverse-transcribed using a Maxima 
First Strand cDNA Synthesis Kit (Thermo Scientific). Total 
cDNA was subsequently used as a template for quantita-
tive PCR product amplification using Sybr Green (Sigma-
Aldrich) and specific primers (Table S3). For real-time RT-
qPCR analysis of SIAH1 mRNA (RIP) content, β-ACTIN and 
GAPDH mRNAs were used for normalization. For statistical 
analysis, this experiment was performed in three replicates.

EMSA

Constructs encoding the PUF1 or PUF2 RNA-binding 
domains of human PUM1 and PUM2 proteins, respec-
tively, or a full-length NANOS2 or NANOS3 protein fused 
to INTEIN within the pTYB12 vector (IMPACT-CN system 
New England Biolabs) were used for protein expression in 
bacteria. Purification, including INTEIN tag removal by 
DTT treatment, was carried out as described earlier [19]. 
The 3′UTR of SIAH1 mRNA was amplified in 15 overlap-
ping fragments (Fr) that were ~ 100 nt in length; a CDKN1B 
3′UTR fragment of 103 nt (positive control) was PCR-ampli-
fied from human DNA. Each upstream primer contained the 
T7 polymerase promoter sequence, as shown in Table S4. 
The SIAH1 3′UTR Fr 6, which contains no PBE motifs and 
binds neither the PUF1 domain nor the PUF2 domain, was 
used as a nonspecific RNA competitor. In vitro transcrip-
tion was performed in the presence of 32P-UTP. Radioactive 
transcripts were polyacrylamide-gel-purified and added to 
a reaction mixture-containing 10–250-nM PUF1 or PUF2 
domain protein preparations for PUF domain binding or 
100-nM preparations to test for cooperation with NANOS 
proteins, the latter being used in a 5–15-µM preparation. 
The same buffer composition for binding reactions, includ-
ing 15-mM NaCl, was utilized for each EMSA experiment. 
In addition, to ensure PUF domain/NANOS cooperation, 
the EMSA experiments were repeated at the higher con-
centration of 100-mM NaCl. Reaction mixtures were incu-
bated on ice for 1 h and run on a 4% native polyacrylamide 
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gel-containing 2.5% glycerol at 4 °C as described earlier 
[19]. Gels were subject to autoradiography at -80 °C.

Site‑directed mutagenesis

Six PBEs (− 2 up to 4-like motif) were mutated in the SIAH1 
3′UTR by nucleotide substitutions using the QuickChange II 

XL Site-Directed Mutagenesis kit (Agilent). The sequences 
of all the primers used for this purpose are listed in Table S5.

Site-directed mutagenesis was also used to generate 
amino acid substitutions into the NIM region of NANOS1, 
NANOS2, and NANOS3 as previously described [16] to 
test the importance of the NIM region for SIAH1 mRNA 
regulation. In addition, NANOS1 constructs encoding 
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mutations previously identified in infertile male patients 
[20] and NANOS3 constructs containing mutations 
described in female patients manifesting premature ovar-
ian failure [21, 22] were generated. The primers used for 
all mutated NANOS constructs are listed in Table S6. 
Wild-type and mutated luciferase reporter constructs car-
rying the SIAH1 3′UTR or wild-type GAPDH 3′UTR, 
together with mutated NANOS constructs, were entirely 
verified by DNA sequencing.

PUM1 and PUM2 co‑immunoprecipitation

For PUM1 and PUM2 co-immunoprecipitation, ~ 2 × 106 
cells were transfected with 10 µg of PUM1 in pCMV6-
entry or PUM2 in pCMV6-entry or empty pCMV6-entry 
vector, as described above, and were grown in 10-cm 
plates. After 48 h and reaching ~ 70% confluency cells 
were lysed 30 min on ice with 1 ml of lysis buffer sup-
plemented with protease inhibitors. Lysates were centri-
fuged at 15,000×g at 4 °C for 15 min, followed by 2-h 
incubation with anti-FLAG M2 Magnetic Beads (Sigma-
Aldrich). Beads were washed three times with TBS buffer, 
resuspended in SDS-PAGE sample buffer, and analysed by 
western blot using anti-DDK, anti-PUM1, or anti-PUM2 
antibodies. Cells transfected with empty pCMV6-Entry 
were used as a negative control.

Results

Identification of SIAH1 as a potential PUM target

To study cooperation between human PUM and NANOS 
proteins on a target mRNA, we first performed a search 
for human mRNAs with NREs distribution similar to the 
NREs’ distribution in the Drosophila hb mRNA. We chose 
this distribution first, because it had been previously used 
as a model to study cooperation between Pumilio and 
Nanos in Drosophila [2, 18, 23], and second, because the 
PUF domain of human PUM1 protein has been shown to 
specifically recognize hb NREs in vitro [9]. To identify 
PUM targets carrying hb-like NREs with the conserved 
elements A and B, we screened the NCBI GenBank and 
EST databases using the strategy outlined in Fig. S1a. 
Among the bioinformatically selected PUM candidate 
targets, we identified an mRNA-encoding SIAH1, a ubiq-
uitously expressed E3 ubiquitin ligase-mediating 26S 
proteasome-dependent protein degradation [24]. The 
SIAH1 mRNA was selected, since the distribution of the 
two 3′UTR NREs (Fig. S1b, NRE1 and NRE2), in terms 
of distance, was similar to that of the 3′UTR NREs of 
hb in D. melanogaster (Fig. S1c). Importantly, individual 
A (GUUGU) and B (AUU​GUA​) motifs in SIAH1 NRE1 
and NRE2 (Fig. S1b A and B motifs are in bold) con-
tained a UGUA tetranucleotide, representing the core of 
UGUANAUA which is now under consideration to be 
designated as a PBE consensus sequence [12, 25]. We, 
therefore, refer to these motifs as PBE-like motifs (Fig. 
S1b). Altogether, we identified PBE1- and PBE2-like 
motifs in NRE1, PBE3-, and PBE4-like motifs in NRE2, 
and upstream from NREs, we also identified −PBE2-like 
and −PBE1-consensus (Fig. S1b). The 3′UTR of SIAH1 
mRNA is highly conserved between humans and mice with 
their overall identity reaching 75% (Fig. S2). Moreover, 
SIAH1 was among the PUM-binding mRNAs that were 
identified in genome-wide studies [12, 25]. In view of all 
the above, SIAH1 appears to be a likely candidate for regu-
lation by PUM.

Overexpression of PUM1 and PUM2 results 
in decreased expression of endogenous SIAH1 
protein

Since PUM-mediated regulation of SIAH1 has not been 
studied so far, we decided to first investigate whether 
endogenous SIAH1 is regulated by PUM. Upon transient 
overexpression of PUM1 or PUM2 in HEK293FT cells, 
the protein expression of endogenous SIAH1 was sig-
nificantly decreased (Fig. 1a), suggesting that SIAH1 is 

Fig. 1   SIAH1 mRNA is under PUM and NANOS repression. a 
Protein extracts from HEK293FT cells transfected with plasmids 
expressing PUM1 or PUM2 were resolved by SDS-PAGE followed 
by western blot with the indicated antibodies. β-ACTIN was used as 
loading control. All values (quantification of the bands) were signifi-
cantly higher than the negative control (cells transfected with empty 
vector) (P < 0.01, P < 0.005). The image on the left is representative 
of three independent experiments, while the middle panel is a sta-
tistical assessment of those three experiments. Western blot analysis 
showing overexpression of PUM1 and PUM2 compared to endoge-
nous PUM1 and PUM2 protein level is on the right. The lower panel 
represents analysis of SIAH1 mRNA level upon PUM siRNA silenc-
ing and overexpression. b Schematic diagram of luciferase reporter 
construct carrying the 3′UTR of SIAH1 mRNA. c Luciferase reporter 
repression under overexpression of single PUM or NANOS proteins 
or PUM/NANOS combination. All values (RLU%) were significantly 
lower than the negative control (luciferase reporter construct only) 
(P < 0.001). Luminescence values (RLU relative luciferase units) are 
expressed as % of the RLU of samples transfected with reporter con-
struct only, which was set to 100%. Renilla luciferase values were 
normalized using firefly luciferase measurements. d Control western 
blot showing effect of single (P1 or P2) or double (P1/P2) siRNA 
downregulation of PUM protein expression compared to β-ACTIN. e 
Effects of PUM1 and PUM2 siRNA silencing on luciferase reporter 
repression mediated by NANOS1, NANOS2, and NANOS3. All val-
ues (RLU%) were significantly changed (P < 0.001) compared to the 
negative control (luciferase reporter construct only), C transfected 
with control siRNA. Each group of experiments in a, c, and e was 
performed three times, and on each occasion, they were performed in 
triplicate. Error bars denote standard deviation (n = 9)

◂
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regulated by PUM. However, neither upon silencing nor 
overexpression of PUM1 and PUM2, the level of SIAH1 
mRNA has been changed (Fig. 1a).

PUM represses SIAH1 3′UTR‑dependent luciferase 
expression

To further investigate the regulation of SIAH1 mRNA by 
PUM proteins, we co-transfected a construct containing a 
luciferase reporter upstream of the SIAH1 3′UTR (Fig. 1b) 
along with constructs expressing PUM1 or PUM2. Overex-
pression of either PUM1 or PUM2 (Fig. S3a) significantly 
repressed SIAH1 3′UTR-dependent luciferase expression 
(Fig. 1c). In addition, the repression of luciferase expres-
sion with PUM2 (40%) was much higher than that seen with 
PUM1 (20%). The relative repressive effect of PUM2 could, 
in fact, be even higher given that its expression levels were 
0.6 times lower than PUM1 levels in comparison to their 
endogenous level, as shown in Fig. 1a right panel.

Repression of SIAH1 3′UTR‑dependent luciferase 
activity is enhanced when PUM2 and NANOS3 are 
co‑expressed

Next, we investigated the role of PUM–NANOS coopera-
tion in regulating SIAH1 by overexpressing NANOS para-
logues in combination with PUM paralogues. Apart from 
NANOS1, the endogenous expression of other NANOS 
proteins in HEK293FT cells is negligible (Human Protein 
Atlas http://www.prote​inatl​as.org). Since the exogenous 
expression of NANOS1 strongly exceeded its endogenous 
expression (Fig. S3b), any observed effects on the luciferase 
reporter would be mainly due to ectopic NANOS protein 
expression, which was roughly similar between the paral-
ogues (Fig. S3c–e). Interestingly, all the NANOS paralogues 
repressed SIAH1 3′UTR-dependent luciferase expression 
when overexpressed individually (Fig. 1c). However, the 
repression observed with the PUM2/NANOS3 combina-
tion was significantly greater than the repression observed 
with either PUM2 or NANOS3 alone (Fig. 1c, right bot-
tom panel). This combined repressive effect may occur as 
a result of interplay between PUM2 and NANOS3 or may 
represent an additive effect from independent actions. No 
changes in luciferase expression were observed upon co-
transfection of a luciferase reporter construct carrying the 
complete 3′UTR of GAPDH mRNA which contains no PBEs 
and PUM-expressing constructs (Fig. S4).

PUM proteins are required for NANOS‑mediated 
regulation of SIAH1

Since repression of SIAH1 3′UTR-dependent luciferase 
activity was observed with NANOS alone (Fig. 1c), we 

tested whether PUM is required for NANOS-mediated 
effects on SIAH1. To this end, we performed siRNA-medi-
ated knockdown of PUM1 and/or PUM2 (Fig. 1d). Knock-
down of PUM1 or PUM2 individually did not affect repres-
sion of luciferase expression by NANOS1, NANOS2, or 
NANOS3 (Fig. 1e). However, knockdown of both PUM1 
and PUM2 eliminated NANOS-mediated repression of lucif-
erase expression (Fig. 1e), indicating that PUM1 and PUM2 
play critical and redundant roles in NANOS-mediated regu-
lation of SIAH1.

PUM1 and PUM2 co‑immunoprecipitate with SIAH1 
mRNA in HEK293FT cells

To assess whether PUM-mediated regulation of SIAH1 
occurred via binding to the mRNA, we tested for the enrich-
ment of SIAH1 mRNA in anti-PUM1 and anti-PUM2 immu-
noprecipitates from HEK293FT cell lysates by RIP (RNA 
immunoprecipitation) assay (Fig. S5). As measured by quan-
titative real-time RT-PCR, we found that SIAH1 mRNA was 
significantly enriched in both anti-PUM1 and anti-PUM2 
immunoprecipitates (Fig. 2a). These results confirm that 
both PUM1 and PUM2 associate with and may bind directly 
to SIAH1 mRNA.

PUF1 and PUF2 domains exhibit different 
recognition patterns for SIAH1 PBE motifs

Since both PUM paralogues downregulated endogenous 
SIAH1 expression and SIAH1 3′UTR-dependent luciferase 
expression, we used electrophoretic mobility shit analysis 
(EMSA) to examine if the PUF1 and PUF2 domains of 
PUM1 and PUM2, respectively, could bind to the 3′UTR of 
SIAH1. To the best of our knowledge, no study has compared 
the binding of PUF1 and PUF2 domains to the same mRNA 
target so far. Given that the whole 3′UTR of SIAH1 con-
tains the following motifs: −PBE2-like, −PBE1-consensus, 
PBE1-like, PBE2-like, PBE3-like, and PBE4-like, we sub-
jected all of the motifs to EMSA to delimit specific PUF1- 
and PUF2-binding regions. For this purpose, we generated 
15 overlapping transcripts (Tr), encompassing the 3′UTR 
of SIAH1, each approximately 100 nt in length (Fig. S6), 
and analysed them for PUF1- and PUF2-domain binding 
using identical reaction conditions. Any Tr that demon-
strated a mobility shift at PUF domain concentrations of up 
to 200 nM was further confirmed using the EMSA competi-
tion assay. Using this approach, we defined a PUF-binding 
region (PBR) localized between 144 and 379 nt of 3′UTR, 
comprising Tr 3, Tr 4, and Tr 5 and overlapping with Tr 14 
and Tr 15 (Fig. 2b, grey boxes).

Although the PBR of SIAH1 was bound by both PUF 
domains, the number of complexes formed with the three 
Tr was different between PUF1 and PUF2, as indicated 

http://www.proteinatlas.org
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by the number of shifted bands for Tr 4 (PUF1—two; 
PUF2—one), Tr 5 (PUF1—one; PUF2—two), and Tr 14 
(PUF1—one; PUF2—two, but only at higher protein con-
centrations) (Fig. 2c). Furthermore, we analysed a series 
of substitution mutants of different PBE/PBE-like motifs 
(Table S1; Fig. S7) to identify which PBE/PBE-like motifs 
were essential for PUF1 and PUF2 binding, and to iden-
tify any differences between PUF1 and PUF2. We found 

that, unexpectedly, the PBE-like motifs that were recog-
nized by PUF1 were different from those recognized by 
PUF2. In particular, the analysis of Tr 14 demonstrated 
that each of the PBE1–4-like motifs, when removed by 
substitutions, caused a stronger decrease on PUF1- than on 
PUF2-domain binding (PBE1, PBE3, and PBE4) or a lack 
of only PUF1-domain binding (PBE2) (Fig. 2d).

Fig. 2   Identification of PUF1 and PUF2-binding region in SIAH1 
3′UTR. a Results of real-time RT-qPCR showing enrichment of 
endogenous SIAH1 mRNA in anti-PUM1 or anti-PUM2 immunopre-
cipitates in HEK293FT cells. β-ACTIN and GAPDH mRNAs were 
used for normalization and represent 0 level. Nonimmune serum 
(IgG) was used as a negative control (RIP RNA immunoprecipita-
tion). Error bars denote standard deviation (n = 9, P < 0.005). Western 
blot for RIP reaction is shown in Fig. S5. b Scheme of strategy used 
for the identification of specific PUF1 and PUF2-binding regions in 
SIAH1 3′UTR. Transcripts (Tr) identified as specifically binding 
PUF1 and PUF2 domains are shown in grey bars. EMSA-tested tran-
scripts are marked at the top with asterisks denoting the presence of 
UGUA tetranucleotide (considered to be the core of the PBE motif). 
Motifs of PUM-binding elements −PBE2 and PBE2–4 on the dia-
gram of SIAH1 3′UTR are shown in black squares, whereas, −PBE1, 
the only one identical to the PBE UGUANAUA consensus, is shown 
in dark grey. All PBEs are numbered (− 1 to 4) below each specifi-

cally binding fragment. c EMSA results of PUF1 and PUF2 domains 
specifically binding SIAH1 3′UTR fragments (PUF1—upper panels; 
PUF2—lower panels). The first lane in each EMSA result contains 
the transcript only and is followed by lanes containing increasing 
concentrations of PUF1 or PUF2-domains d EMSA analysis of tran-
scripts with mutated PBE-like motifs (upper panels—PUF1 added; 
lower panels—PUF2 added). Mutated PBE motifs numbered in red 
bold. e EMSA analysis showing PUF1 and PUF2 domains bind-
ing the CDKN1B 3′UTR. The same protein concentration was used 
for both domains. Sequence of CDKN1B 3′UTR transcript used 
for EMSA with both PUF1 and PUF2 domains is presented at the 
top. PBE motif is in bold and underlined, and two core consensus 
sequences UGUA are underlined. Lower (L) and higher (H) com-
plexes formed are indicated. The first lane of each EMSA panel indi-
cates naked transcript, whereas the other lanes denote increasing con-
centrations of PUF1 or PUF2 domains added to the binding reaction 
(20, 50, 100, 300, and 500 nM)
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We then sought to test whether the differences in SIAH1 
PBE recognition between PUF1 and PUF2 also existed for 
another known PUM mRNA target, CDKN1B, which has 
been described as being regulated by both PUM1 and PUM2 
[26]. Notably, direct binding of the PUF1 and PUF2 domains 
to CDKN1B mRNA has not been demonstrated so far. For 
this purpose, we used a CDKN1B 3′UTR fragment-contain-
ing only one classical PBE motif (UGU​AUA​UA) [12] and 
found that, even at a high PUF domain concentration, PUF1 
formed only one complex with this target, whereas PUF2 
formed two complexes (Fig. 2e). It is noteworthy, however, 
that mutation of the −PBE1-consensus motif in Tr3 (Fig. 2d, 
bottom left) appears to change the gel shift from two bands 
to one for both PUF1 and PUF2. Similarly, both PUF1 and 
PUF2 showed no difference in binding SIAH1 PBR Tr 15 
(Fig. 2c), which contains −PBE1 consensus (Fig. 2b, grey 
motif), identical to the above CDKN1B PBE (UGU​AUA​
UA) (Fig. S1b; Fig. 2e). Thus, given that the Tr 15 and the 
CDKN1B 3′UTR fragments used for EMSA only differed in 
the regions flanking the UGU​AUA​UA motif, it seems likely 

that these flanking regions contribute to recognition speci-
ficity, which may differ for the PUF1 and PUF2 domains. 
Taken together, these results indicate that the mode of rec-
ognition and binding preferences to SIAH1 3′UTR differ 
between PUF1 and PUF2 domains.

PUM2‑mediated but not PUM1‑mediated regulation 
of SIAH1 is dependent on PBE‑like motifs

Having established that PUF domains demonstrate a cer-
tain degree of specificity in recognizing PBE motifs on the 
3′UTR of SIAH1 (Fig. 2), the next step would be to examine 
how the PUF–PBE interaction influences the regulation of 
SIAH1. It is well established that the specific recognition 
of PBEs by the PUF domain is a prerequisite for posttran-
scriptional regulation by PUM proteins [17]. To investigate 
the importance of such PBE recognition for the regula-
tion of SIAH1, we used a luciferase reporter upstream of 
SIAH1 3′UTR with wild-type or mutated PBEs generated 
by site-directed mutagenesis, exactly the same as in EMSA 

Fig. 3   Mutation of PBE motifs 
in 3′UTR causes reversal of 
PUM2- but not PUM1-mediated 
repression of SIAH1 mRNA. a 
Schematic diagram of the lucif-
erase constructs used. Grey-
shaded boxes refer to mutated 
motifs (−PBE2 and −PBE1 
consensus; PBE1, PBE2, PBE3, 
and PBE4). b Effects of PUM1 
and PUM2 overexpression on 
reporter luciferase construct 
carrying wild-type (WT) 
or (MUT) lacking six PBE/
PBEs-like in SIAH1 full-length 
3′UTR. Derepression of the 
SIAH1 3′UTR reporter carrying 
mutated PBE occurs only under 
PUM2 overexpression. c Effects 
of PUM2, NANOS3, or PUM2/
NANOS3 overexpression on 
luciferase reporter carrying 
wild-type or mutated full-length 
SIAH1 3′UTR (****P < 0.001). 
Error bars denote standard 
deviation (n = 9). Luminescence 
values (RLU relative luciferase 
units) are presented as % of the 
RLU of the sample transfected 
with reporter construct only 
which was set to 100%. Renilla 
luciferase values were normal-
ized using firefly luciferase 
measurements
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(Table S5; Fig. S7). We generated reporter construct har-
bouring mutated PBEs, MUT (Fig. 3a). In the MUT con-
struct, all identified PBE-like motifs, −PBE2 (which exclu-
sively contains a UGUA core) and PBEs − 1 up to 4 plus 
−PBE1 consensus (Fig. S1b and S7) were mutated. SIAH1 
3′UTR-dependent luciferase expression in wild-type and 
mutant PBE-harbouring constructs was examined upon 
PUM1 or PUM2 overexpression in HEK293FT cells. As 
expected, PUM2-mediated repression of luciferase expres-
sion was completely eliminated with the MUT construct, 
but, unexpectedly, PUM1-mediated repression was not 
relieved (Fig. 3b). These results provide strong in vitro 
evidence that PUM2 regulates SIAH1 in a PBE-dependent 
manner, whereas PUM1 regulates it independently of the 
identified six PBE/PBE-like (−PBE2 to PBE4) motifs.

Since PUM2 and NANOS3 may cooperate in regulating 
SIAH1 (Fig. 1b), we sought to test whether SIAH1 regulation 
in the presence of PUM2 and NANOS3 is PBE-dependent. 
In contrast to the complete derepression of MUT luciferase 
expression seen when PUM2 was expressed alone, only 
partial derepression was observed when NANOS3 was 
expressed alone or in combination with PUM2 (Fig. 3c). 
Since PUM2-mediated regulation of SIAH1 is dependent on 
PBE binding, these results indicate that NANOS3-mediated 
regulation of SIAH1 is partially independent of PUM2 and 
may involve endogenous PUM1 which could compensate for 
the loss of PUM2 functions (Fig. 1d).

NANOS3 directly binds SIAH1 RNA and forms 
ribonucleoprotein complexes with PUF1 and PUF2 
domains in vitro

Although the functional relationship between PUM and 
NANOS is reasonably well established in organisms such 
as D. melanogaster [2, 18], the mechanisms underlying 
PUM–NANOS cooperation are poorly understood in mam-
mals. In addition, although, in Drosophila, Nanos has been 
suggested to bind to the 3′UTR of hb [27], this had not 
been experimentally confirmed [23], except a simple filter-
binding assay [27]. Since NANOS3 and PUM2 may coop-
erate in regulating SIAH1 (Fig. 1c, lower right graph), we 
used EMSA to investigate the binding of NANOS3 to all 
15 SIAH1 3′UTR transcript fragments (Fig. 2b). We found 
that NANOS3 could bind to the 3′UTR of SIAH1 around 
PBE1–4 represented by Tr 14 which overlaps with NREs 
and this binding was PUF-domain-independent and limited 
to the PBR region (Tr 3, 4, 5, 14, and 15) (Fig. 4a). How-
ever, a faint retardation band was also seen with Tr 12 that 
is outside of the PBR, but not with any other tested Tr frag-
ments (Fig. 4a). NANOS3 binding to SIAH1 RNA, however, 
required a high (10 μM) protein concentration (see “Meth-
ods” section) and was stronger at 15 mM than at 100 mM 
salt concentrations (Fig. 4b, c, upper left panels). To test for 

dependence of NANOS on PBE for binding, we chose Tr 
14, since it contains the highest number of PBE motifs and 
significantly overlaps with Tr 4 and Tr 5, which also bind 
NANOS3 (Fig. 4a). A mutated Tr 14 lacking all four PBEs 
completely disabled PUF1 and PUF2 domain binding, only 
slightly disabled binding of NANOS3 at a lower concentra-
tion and had no effect on binding of NANOS3 at a higher 
concentration (Fig. 4b, upper right panel). This result shows 
some limited dependence of NANOS3 on PBE for binding 
and thus limited sequence specificity. Importantly, NANOS3 
boosted higher complex (H) formation with PUF1 and PUF2 
domains when bound to Tr 14 at both 15 mM and 100 mM 
salt concentrations (Fig. 4b, c, upper left panels).

Interestingly, we also found that, unlike NANOS3, 
NANOS2 does not bind to Tr 14 alone, neither at 15 mM 
nor 100 mM salt concentrations. Moreover, the boosting of 
EMSA higher complex (H) formation with PUF1 and PUF2 
induced by NANOS3 was observed for NANOS2 with PUF1 
but not with PUF2 (Fig. 4b, c, lower left panels). Due to 
technical difficulties in obtaining good-quality NANOS1 
fusion protein by bacterial overexpression, EMSA analysis 
could not be performed for NANOS1.

NIM region is important in NANOS1‑ 
and NANOS3‑mediated SIAH1 repression

Since NIM has been identified to be essential for human 
NANOS functions [16], we examined the importance of 
NIM in NANOS-mediated regulation of SIAH1. The NIM 
region is located in N-terminal region of NANOS proteins 
(Fig. 5a). The NIM region was found to be sufficient for 
some functions of NANOS2 and 3, whereas, in NANOS1, 
additional residues are required [16]. Therefore, it was of 
interest to check whether a difference between NANOS1 and 
other paralogues in NIM requirements for SIAH1 regulation 
existed. To examine the NIM region’s role in each NANOS 
paralogue for SIAH1 mRNA repression, we substituted key 
amino acid residues within NIM (three for NANOS1 and 
NANOS3 and two for NANOS2), as previously described 
[16] (Table S6). These substitutions have been reported to 
disrupt the binding of the NIM region to NOT1, a CCR4-
NOT deadenylase complex component [16]. The effect of 
the NIM disruptions on a luciferase reporter upstream of the 
SIAH1 3′UTR was examined in HEK293FT cells (Fig. 5b; 
Fig. S8). We found that NIM disruption of NANOS3 caused 
complete derepression (Fig. 5b, right panel) of the SIAH1 
3′UTR-dependent luciferase expression, which is in concord-
ance with the previous observations [16]. NIM disruption of 
NANOS1 resulted in strong, but incomplete derepression of 
the reporter (Fig. 5b, left panel), which is also in agreement 
with previously published data [16], showing the importance 
of N-terminal residues beyond NIM for repression by this 
paralogue. Unexpectedly, NIM disruption in the NANOS2 
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NIM mutant had no significant effect on the repression of the 
SIAH1-luciferase reporter (Fig. 5b, middle panel).

NANOS mutations associated with human infertility 
point to NANOS protein regions that are important 
for repression

As NANOS proteins play important roles in the reproduction 
of many organisms up to mammals [4, 28, 29], including 
humans [30], we sought to use a panel of human NANOS 

mutations (Fig. S8) previously described as being associated 
with infertility [20–22, 31–33] to probe for regions other 
than NIM that may be important in regulation of SIAH1. It 
is important to note that an SIAH1 3′UTR-based reporter 
was used in this study primarily as a model for functional 
analysis of NANOS; we do not intend to propose a putative 
role for SIAH1 in human reproduction, although such an 
involvement could be addressed in the future.

First, we tested the NANOS3 protein carrying an E120K 
amino acid substitution located in the second zinc finger 

Fig. 4   NANOS2 and NANOS3 bind to SIAH1 3′UTR and form com-
plexes with PUF domains. a EMSA analysis of all the SIAH1 tran-
scripts for testing binding with NANOS3. Numbers correspond to 
SIAH1 transcripts; the left lane represents migration of the naked 
RNA of each fragment, whereas the right lane represents its migra-
tion in the presence of NANOS3 protein. Lanes showing retarda-
tion bands are indicated with an arrow. b EMSA analysis of SIAH1 

3′UTR transcript 14 (Tr 14, wild-type or mutated) for binding PUF1 
or PUF2 domain alone or in combination with NANOS3 or NANOS2 
in 15  mM NaCl. NANOS proteins were used at a concentration of 
5–15 μM, whereas PUF1 and PUF2 were used at 100 nM. Wild-type 
Tr 14 is on the left and mutated Tr 14 is on the right. c EMSA anal-
ysis according to the same scheme as b, but performed at a higher 
NaCl concentration (100 mM). H higher complex; L lower complex
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(ZF2) of the RNA-binding domain (Fig. 5a). The glutamic 
acid at position 120 of NANOS3 protein is conserved among 
mammals, and this mutation has been associated with 
premature ovarian failure [21]. We found that this amino 
acid substitution caused a significant derepression of the 
SIAH1-luciferase reporter (Fig. 5c, left panel), confirming 
the importance of the ZF2 domain for NANOS3-mediated 
regulation and presumably in vivo functionality.

We next examined the effect of an R153W amino 
acid substitution located at the very end of the NANOS3 

C-terminal region (Fig. 5a). This mutation destabilizes 
protein structure and promotes aggregate formation, thus 
making the NANOS3 protein less soluble [22]. The R153W 
mutation was identified in association with premature ovar-
ian failure in a patient who was a heterozygote, i.e., carried 
a second wild-type allele. We observed full derepression 
of the reporter with this construct (Fig. 5c, left panel) [22].

For NANOS1, we examined the influence of the ΔS78 
mutation that is located in the central region, but beyond 
NIM (Fig. 5a). This mutation, which was found in a patient 

Fig. 5   Influence of NANOS 
gene mutations on SIAH1 
mRNA regulation. a Mutations 
related to human infertil-
ity in NANOS proteins are 
schematically depicted. NIM 
and zinc-finger domains are 
indicated as dark rectangles, and 
mutations identified in patients 
manifesting reproductive system 
failure are presented in bold. 
b Influence of NANOS NIM 
region mutations on expression 
of luciferase reporter carry-
ing SIAH1 3′UTR. c Effects of 
mutated NANOS proteins (from 
patients diagnosed with failure 
of the reproductive system) 
on expression of luciferase 
reporter carrying SIAH1 3′UTR 
(P < 0.05, P < 0.005, P < 0.001). 
Error bars denote standard 
deviation (n = 9). Luminescence 
values (RLU relative luciferase 
units) are presented as % rela-
tive to the sample transfected 
with the reporter construct only 
which was set to 100%
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with a lack of germ cells in his seminiferous tubules, coex-
ists on the same allele with P34T which is considered to 
be a neutral mutation as it is frequently found in the gen-
eral population [20]. Interestingly, we demonstrated that an 
NANOS1 construct carrying the P34T/ΔS78 allele caused 
partial derepression, whereas an NANOS1 construct car-
rying only P34T did not affect repression of the SIAH1-
luciferase reporter (Fig. 5c, right panel). Thus, the NANOS1 
central region, which is located a short distance downstream 
from NIM, appears to contribute to the regulation of SIAH1.

Finally, we examined an NANOS1 protein carrying a 
double R246H/R276Y substitution. The R246H substitu-
tion is located between the first and second zinc finger, and 
R276Y is located beyond the second zinc finger; both sub-
stitutions are located towards the C-terminal (Fig. 5a). The 
R246H/R276Y allele was identified in an infertile man car-
rying a second wild-type allele [20]. As shown here, how-
ever, this substitution had no effect on SIAH1-luciferase 
reporter expression (Fig. 5c, right panel). These mutations, 
which are located at sites flanking the ZF1 and ZF2 region, 
may be less important for NANOS1 function, or may be 
important in the regulation of other mRNAs.

Discussion

Although the general process whereby PUM recognizes 
individual mRNAs has been studied extensively, the par-
ticulars of the mechanism underlying PUM–NANOS coop-
eration in mRNA regulation and the functional overlap 
among PUM and NANOS paralogues in mammals have 
not been elucidated. It was only shown that NANOS1 co-
immunoprecipitates with PUM2 in transfected cells [30] 
and the murine PUM2 binds NANOS3 in vitro [34]. To the 
best of our knowledge, this is the first study that aimed to 
reveal the differences between the repression mechanisms 
of PUM1 and PUM2 in the context of one specific human 
mRNA target. Given their very high structural similarity, it 
has been accepted that mammalian PUM1 and PUM2 are 
equivalent in vivo in terms of mRNA recognition and regula-
tion, leading to functional redundancy, despite the fact that 
structural alignments of PUM1 and PUM2 PUF domains 
reveal a subtle difference in their overall curvatures [17]. 
The previous studies demonstrated PUM1 and PUM2 redun-
dancy using a short artificial luciferase reporter-containing 
an array of three PBEs which was then confirmed by EMSA 
[35]. By contrast, in the present study, we used a 1-kb full-
length SIAH1 3′UTR that is likely to be more physiologically 
relevant, and found that PUM1 and PUM2 act differently 
in RNA binding and regulation. Specifically, we showed 
that the EMSA pattern of SIAH1 3′UTR recognition was 
reproducibly different for the PUF1 and PUF2 domains even 
with several independent protein preparations (Fig. 2c, d). 

Moreover, dependence on PBEs, as tested in cells using 
luciferase reporters, was an important discriminating factor 
that was observed for only PUM2-, but not PUM1-mediated 
repression (Fig. 3b, right panel). This finding indicates that, 
at least in the case of SIAH1 regulation, PUM1 has repres-
sive ability that does not require the presence of PBEs in 
the target 3′UTR, whereas PUM2 does not have this abil-
ity (Fig. 3c). This leads us to speculate that the N-terminal 
region of PUM1, which is known to have repressive activity 
in the absence of the PUF domain, although not shown to 
bind RNA [10], may be involved in the regulation of SIAH1.

We also provide evidence here that the flanking regions 
strongly contribute to differences in RNA recognition 
between the PUF1 and PUF2 domains, as shown by EMSA. 
Indeed, the only difference between Tr 15 and the CDKN1B 
3′UTR fragments is the regions flanking the UGU​AUA​UA 
motif; hence, they seem to be responsible for differences 
in EMSA complexes between PUF1 and PUF2 (Fig. 2c). 
Therefore, as one of the possible explanations, it seems plau-
sible that flanking regions, in addition to PBEs, may play a 
more significant role for PUM1-mediated recognition and 
repression of this target RNA, which would be consistent 
with the strikingly different effects of PUM1 (no derepres-
sion) and PUM2 (full derepression) on the PBE-mutated 
SIAH1 luciferase reporter (Fig. 3b).

To the best of our knowledge, this is also the first study 
that aimed to uncover mechanistic differences between the 
three NANOS mammalian paralogues. Although mouse 
genetic models have revealed that NANOS3 is required 
for the early development of primordial germ cells and 
NANOS2 is required for spermatogonial development 
[29], the underlying mechanistic reasons for the functional 
differences have not been elucidated [29]. First, although 
cooperation between NANOS and PUM in mRNA repres-
sion was studied extensively in Drosophila and potential 
NANOS RNA targets were published [36], it has not been 
demonstrated that NANOS directly binds RNA in vitro, 
except a simple filter-binding assay [27]. Here, using a 
more precise assay as EMSA, we demonstrate, for the 
first time, that NANOS3, indeed, directly binds RNA, 
although high protein concentration was required for bind-
ing (Fig. 4a, left upper panel). Under the same conditions, 
NANOS2 was unable to bind to RNA on its own. Accord-
ing to the studies in D. melanogaster, NANOS binding 
to RNA if present was considered to be nonspecific [27]. 
Although binding specificity was not directly tested in 
this study, we found that NANOS3 binding was limited 
to mainly the PBR region (Fig. 4a, right panel). Given 
that, at higher protein concentrations, NANOS3 binding 
to PBR was PBE-independent (Fig. 4b, upper left versus 
right EMSA panels), there are possibly other motifs and/
or structures in the PBR region that account for NANOS3 
binding. Moreover, the fact that repression of SIAH1 



159PUM1 and PUM2 exhibit different modes of regulation for SIAH1 that involve cooperativity with…

1 3

3′UTR-dependent luciferase expression was stronger 
under PUM2/NANOS3 co-expression than under PUM2 
or NANOS3 expression points to their combined effect in 
the repression of SIAH1 mRNA. This combined effect of 
PUM2/NANOS3 co-expression on PBE-mutated reporters 
also points to the NANOS3 repressive effect being mostly 
independent of the PBE-binding requirement of PUM2 
(Fig. 3c), whereas, in regard to receiving indispensable 
cooperation from one of the PUMs (Fig. 1c), NANOS3 
likely relies on a PUM2 interaction with endogenous 
PUM1 (Fig. S9), which retains its repressive capacity 
on the PBE-mutated reporter (Fig. 3b). Such an additive 
effect, which was absent with any other co-expression, 
especially co-expression of PUM2 with NANOS1 or 
NANOS2, also indicates functional differences between 
NANOS3 and its paralogues. The weak derepression of 
the luciferase reporter with mutated PBEs in the presence 
of NANOS3 confirms that NANOS3-induced repres-
sion is mostly independent of NANOS3 binding to PBEs 
(Fig. 3c). Since we were unable to silence NANOS1, the 
only one among NANOS paralogues that is expressed in 
HEK293FT cells, we could not discriminate whether PUM 
proteins require the presence of NANOS protein to repress 
SIAH1 target.

Second, it has been recently reported that mammalian 
NANOS-induced repression is followed by the deadenyla-
tion and degradation of target mRNA. This mechanism 
involves recruitment by NANOS of the CNOT1 compo-
nent of CCR4-NOT deadenylase complex [37]. In our 
study, however, repression of SIAH1 mRNA does not lead 
to its degradation (Fig. 1a) which is in line with some 
previous reports, e.g., by Chekulaeva and coauthors 
2011 that CNOT1-mediated repression may not result 
in a decrease in mRNA level [38]. More recently, it was 
reported that many translationally repressed mRNAs are 
stored within P-bodies and do not undergo a decay [39]. 
The recruitment of CNOT1 is mediated by the conserved 
NIM region of each mammalian and human NANOS1, 
NANOS2 and NANOS3 that serves as an interface for 
binding the CNOT1 component of the CCR4–NOT dead-
enylase complex [16]. Importantly, the NIM region of 
mouse NANOS1, 2, and 3 and that of human NANOS1, 
2, and 3 have been shown to be necessary for the repres-
sion of a beta-globin reporter-containing six MS2-binding 
sites in the 3′ untranslated region tethered to MS2-tagged 
NANOS protein; this reporter construct enabled the study 
of NANOS independently of PUM [16]. Our results show 
that, in the context of SIAH1 mRNA, when NANOS is not 
tethered to the RNA reporter, the NIM region is, similarly, 
important for NANOS1- and NANOS3-mediated repres-
sion (Fig. 5b). While there was no statistically significant 
effect on SIAH1 mRNA repression in response to muta-
tions in the NIM region of NANOS2, NANOS proteins 

could interact with additional protein cofactors, includ-
ing other RBPs to mediate NIM-independent mRNA 
repression.

Conclusions

The findings presented in this paper highlight the mechanistic 
versatility of the PUM/NANOS machinery in posttranscrip-
tional regulation as tested in the context of SIAH1 mRNA 
regulation. The PUM paralogues use different mechanisms, as 
evidenced by the different recognition profiles of the PUF1 and 
PUF2 domains in RNA binding (as shown in vitro) and differ-
ent requirements for PBEs (as shown in cells). This versatility 
reflects the very divergent structure of the N-terminal/central 
region among NANOS paralogues (beyond NIM), which 
contrasts with the highly conserved zinc-finger C-terminal 
domain. It is possible that this structural variability enables 
the interaction of NANOS paralogues with different sets of 
protein cofactors to fine tune the repression of their targets or 
to provide alternative mechanisms of regulation (e.g., NIM-
independent mechanism in the case of NANOS2). Importantly, 
this study indicates that the PUM/NANOS system may have 
some bearing on human reproductive health, as the NANOS1 
and NANOS3 mutations associated with infertility altered 
repression of SIAH1; thus, it would be exciting to investigate 
how such a versatile system globally orchestrates the expres-
sion of multiple mRNAs across different stages of germ cell 
development.
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