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In a living cell, RNA-binding proteins interact with a variety of 
RNA and are involved in posttranscriptional control by regu-
lating RNA export, splicing, stability, localization, translation 
initiation and decay. Although the Arabidopsis genome report-
edly encodes 196 RRM (RNA recognition motif) and 26 KH 
(K homology) domain proteins,1 only a few have been character-
ized to date. One unique class of RNA-binding protein family is 
the Puf family, which act mainly through the direct binding of 
the 3' untranslated region (UTR).2 Puf proteins contain repeats 
called Puf domains, which recognize RNA in a sequence-spe-
cific manner.3 The Puf proteins are implicated in important 
biological processes in yeast, Drosophila, Humans and many 
other organisms; however, in Arabidopsis this family remains 
uncharacterized.

Diverse Roles of Pumilio Proteins

Puf proteins are known to play a plethora of roles in eukaryotes, 
including cytoplasmic de-adenylation, translational repression 
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Pumilio proteins are a class of RNA-binding proteins harboring 
Puf domains (or PUM-HD; Pumilio-Homology Domain), 
named after the founding members, Pumilio (from Drosophila 
melanogaster) and FBF (Fem-3 mRNA-Binding Factor from 
Caenorhabditis elegans). The domains contain multiple 
tandem repeats each of which recognizes one RNA base 
and is comprised of 35–39 amino acids. Puf domain proteins 
have been reported in organisms ranging from single-celled 
yeast to higher multicellular eukaryotes, such as humans and 
plants. In yeast and animals, they are involved in a variety of 
posttranscriptional RNA metabolism including RNA decay, 
RNA transport, rRNA processing and translational repression. 
However, their roles in plants are largely unknown. Recently, we 
have characterized the first member of the Puf family of RNA-
binding proteins, APUM23, in Arabidopsis. Here, we discuss 
and summarize the diverse roles and targets of Puf proteins 
previously reported in other organisms and then highlight the 
potential regulatory roles of Puf proteins in Arabidopsis, using 
our recent study as an example.
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through RNA localization or RNA decay, maintenance of germ-
line stem cell identity, mitochondria motility and biogenesis, 
translation initiation, rRNA processing and ribosome biogen-
esis. Recent studies on Puf protein-mediated post-transcriptional 
processing uncovered the role of Puf proteins as cytoplasmic de-
adenylation cofactors.4-7 De-adenylation of mRNA in eukaryotic 
cytoplasm accompanies translational repression and/or decay of 
mRNAs, and thus eventually regulates growth and development. 
In budding yeast, Puf4p and Mpt5 (Puf5p) are components of 
the Pop2p-Ccr4-Not de-adenylase complex, which removes the 
poly(A) tail of target mRNA and also recruits DExD/H-box heli-
case 1 (Dhh1p) and decapping enzyme 1 (Dcp1) for translational 
repression.

Translational repression by Puf proteins is also accomplished 
through the formation of the Puf-RNA complex during RNA 
localization. For example, the Drosophila Puf protein binds to 
the 3' UTR of hunchback (hb) mRNA, thereby repressing the 
translation of target RNA while moving to the posterior end of 
the embryo.8,9 Similarly, yeast Puf6p represses the translation of 
Ash1 mRNA during localization to the distal tip of the budding 
cell.10,11 Translational repression of Ash1 mRNA by Puf6p is inhib-
ited by eIF-5B,11 which is responsible for the conversion of 48S to 
the 60S ribosomal subunit.12 This suggests that RNA transport is 
tightly linked to ribosome maturation and assembly. In addition, 
Puf6p is co-purified with the 60S ribosomal subunit.13,14 This has 
also been shown for the yeast RNA-binding Loc1p, which has 
roles in rRNA processing as well as in the assembly and nucleo-
cytoplasmic export of the 60S subunits.15-17 Consistent with these 
findings, Ash1 mRNA has a cis-acting binding site for Loc1p and 
Puf6p, and it does not properly localize to the daughter cell in 
Loc1 and Puf6 mutant yeast.18 Hence, ribosome biogenesis and 
translation machinery affect mRNA localization.16,17,19

Pumilio proteins are required to maintain germ-line stem 
cell identity in Drosophila, Caenorhabditis elegans and humans. 
In Drosophila, Pumilio acts together with Nanos to repress the 
translation of maternal hunchback RNA in the posterior end of 
the Drosophila embryo, thereby allowing abdomen formation.20 
In C. elegans, double mutations in the Pumilio homologs, fbf-1 
and fbf-2, result in the loss of germ-line stem cell populations.21 
It has been proposed that FBF proteins control the maintenance 
of germ-line stem cells, at least partially, by repressing the trans-
lation of gld-1, a gene that promotes meiotic differentiation.21 
Furthermore, in humans, PUM2 interacts with DAZ/DAZL 
proteins that function in primordial germ cell differentiation, 
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conserved roles among organisms and many others may have 
plant-specific functions. Additionally, the characterization of Puf 
proteins in rice will serve as a model for the role of Puf proteins 
in monocot plants.

Arabidopsis contains 25 Puf proteins, many of which rep-
resent examples of gene duplication events, such as APUM1 
(At2g29200)/APUM2 (At2g29190)/APUM3 (At2g29140), 
APUM9 (At1g35730)/APUM10 (At1g35750) and APUM18 
(At5g60110)/APUM19 (At5g60180). Duplicated genes fre-
quently have redundant functions, suggesting that single gene 
mutants defective in one of the duplicated genes might not show 
noticeable phenotypic changes, enabling easy identification of 
gene functions by a forward genetic approach. The developmen-
tal roles of Arabidopsis Puf proteins are just beginning to emerge. 
For example, APUM1, APUM2 and APUM3 appear to be 
involved in stem cell maintenance and differentiation, directly or 
indirectly. This possibility was proposed because FASCIATA-2, 
WUSCHEL, CLAVATA-1 and ZWILLE/PINHEAD RNAs all 
contain a putative Nanos response element (NRE) sequence in 
their 3'UTR, and indeed, interact with APUM2 protein when 
analyzed using a yeast three-hybrid assay system.39 However, the 
biological implication of such an interaction remains unverified 
in planta. In another example, APUM10 was proposed as a reli-
able stem cell niche marker because of its specific expression in the 
apical cell layers of the heart stages of embryos.40 Furthermore, 
APUM16 (At5g59280) and APUM17 (At1g35850) are specifi-
cally expressed in sperm cells41 and probably have roles in the 
polarized nuclear division and/or speciation of sperm cells. 
However, these studies provide only limited information, and 
thus like other Puf proteins, they await detailed characterization.

To gain information about the tissue-specific expression pat-
tern of eight Puf proteins, we generated Arabidopsis transgenic 
lines expressing the β-glucuronidase (GUS) gene under the 
control of the promoters of specific Puf genes. While APUM4 
(At3g10360) and APUM9 showed constitutive expression with 
higher levels of expression in the leaf vasculature, some Puf 
proteins such as APUM1, APUM2, APUM5 (At3g20250) and 
APUM6 (At4g25880) showed higher expression in the shoot 
meristem and newly emerging leaves (Fig. 1), suggesting that 
these Puf proteins are required for active cell division. We also 
observed GUS expression in developing pollens for APUM4 and 
APUM17 (At1g35850) transgenic lines. Unlike APUM4 tran-
script, which was amplified in entire seedling as well as anther 
containing pollen granules, APUM17 transcript was detected 
preferentially in pollen (data not shown). Probably, APUM17 
is transiently expressed during pollen development as shown by 
GUS staining of pollen grains in P

APUM17
:GUS transgenic plants. 

Further, P
APUM6

:GUS and P
APUM18

:GUS transgenic plants showed 
GUS expression in the guard cells of the cotyledons and rosette 
leaves (Fig. 1).

Some of Arabidopsis Puf proteins may be localized to the 
chloroplasts, which do not exist in non-photosynthetic organ-
isms. Six Puf proteins appear to have a putative transit peptide 
sequence when analyzed by PSORT42 and ChloroP,43 suggesting 
that they may have chloroplast-related functions, such as post-
transcriptional regulation of chloroplast RNA. The data on 

and thus appeared to be required for maintenance of the human 
germ cell lineage.22

In yeast, Puf3p is involved in mitochondrial biogenesis as it 
preferentially binds to the mRNAs of nuclear-encoded mito-
chondrial proteins.23 It also contributes to mitochondrial motility 
during budding from the mother cell by linking the mitochore, 
a protein complex implicated in linking mitochondria to actin 
filaments, with the Arp2/3 complex, which generates the force 
needed for actin dependent mitochondria movement.24 A similar 
role was also proposed for yeast Puf1p/Jsn1p in recruiting the 
Arp2/3 complex required for mitochondrial motility.25

Usually, Puf proteins affect translation by directly controlling 
the abundance of transcript encoding translation initiation factor 
through 3'UTR mediated RNA decay pathways. For example, 
Drosophila Pum and mammalian Pumilio 2 proteins control the 
abundance of eIF-4E mRNA by binding its 3'UTR and mediat-
ing its decay.26,27 However, recently mammalian Pumilio 2 was 
shown to interfere with translation control through a non-decay 
pathway by competing with eIF-4E protein for access to the 
7-methyl guanosine cap and repressing the initiation of transla-
tion by outcompeting eIF-4E, thereby preventing formation of 
the initiation complex.28 Hence, certain Pumilio proteins appear 
to play a role in the initiation of translation by controlling eIF-4E.

Puf proteins, such as Trypanosome TbPUF7 and yeast 
ScNop9, have characterized roles in rRNA processing and ribo-
some biogenesis.29,30 Both are localized in the nucleoli and affect 
early steps of rRNA processing. ScNop9 is associated with the 
pre-40S ribosome subunit.

Target RNAs for Pumilio Proteins:  
Single or Multiple?

Wang et al.31 determined the structure of the RNA-binding 
domain of the human Puf protein, Pumilio 1, and suggested 
that PUM-HD forms a concave structure, interacting with RNA 
on its inner face. Moreover, the crystal structure of yeast Puf4p 
showed that the UGUR core sequence in target RNA is sufficient 
for its binding.32 Individual target RNAs have been reported 
for specific Puf proteins; e.g., hb, cyclin B, HO, fem-3, COX17 
and gld-1 mRNA.33 In contrast to these reports, genome-wide 
RNA immunoprecipitation (RIP)-coupled microarray analyses 
showed that a single Puf protein is able to bind to multiple target 
RNAs.23,34 For example, each of the five Puf proteins in yeast 
binds different subsets of mRNAs.23 The basis for this selectivity 
lies in the nucleotides at positions 4–6 of the target mRNA.35 
Further complicating the issue, Puf proteins can act alone or in 
combination with other Puf proteins or protein partners to rec-
ognize their target RNAs.9,36-38

Puf Proteins in Arabidopsis

Although a wealth of information about the role of Puf proteins 
is available for other organisms, little is known about their role 
in Arabidopsis. As some of Arabidopsis Puf proteins show similar 
primary structures to those of other organisms, while others have 
distinct types that are found only in plants, some may maintain 
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exosome and mediates the degradation of the by-products of 
rRNA processing. Like cytoplasmic yeast Puf5p, APUM23 may 
interact with a nuclear deadenylation complex and mediate RNA 
decay in the nucleus. It is also possible that APUM23 interacts 
with translation initiation factors, such as eIF-4E, and medi-
ates translation control, as do mammalian Puf proteins,28 or it 
may bind to the 3'UTR of eIF-4E mRNA to control its transla-
tion.26,27 The increased sensitivity of apum23-1 to cycloheximide, 
a eukaryotic protein synthesis inhibitor and its resistance to the 
antibiotic streptomycin, argue in favor of the involvement of 
APUM23 in the control of translation and ribosome biogenesis.

Ribosomal proteins and rRNA together constitute the struc-
tural components of the ribosomes. Mutants that are defective 
in ribosome biogenesis, such as mutants for RP genes and genes 
involved in rRNA biogenesis, often show phenotypic similari-
ties and a reduced auxin response. Auxin and ribosomes share 
a reciprocal relationship. Any mutation in the ribosomal sub-
unit genes affects auxin biosynthesis due to defective ribosomes, 
which translationally repress the auxin responsive factors, such 

cellular localization demonstrated that cytoplasmic punc-
tuate structures are formed for many of the Arabidopsis 
Puf proteins, such as APUM7 (At1g78160), APUM8 
(At1g22240), APUM9, APUM10, APUM12 (At5g56510), 
APUM14 (At5g43110) and APUM18.44 However, others, 
i.e., APUM23 (At1g72320) and APUM24 (At3g16810), 
localize to the nucleolus,44,45 suggesting that certain Puf 
proteins are involved in organelle-specific functions.

APUM23 is Required for Normal Growth 
Patterning and Development in Arabidopsis

In an attempt to characterize Puf proteins in Arabidopsis, 
we analyzed in depth T-DNA mutants defective in 
APUM23. Both transient and constitutive assays showed 
that APUM23 is exclusively localized in the nucleolus, 
distinct from any other nucleolar body, such as the Cajal 
body. APUM23 transcripts showed upregulation by glucose 
and sucrose, suggesting a role of responding to the nutri-
ent supply that is required for active growth. Consistently, 
APUM23 was expressed in rapidly dividing cells, such as 
newly emerging leaves and pollen, as evident in the GUS 
stains of P

APUM23
:GUS transgenics. APUM23 is involved in 

rRNA processing and consequently affects ribosome biogen-
esis. Thus, in the T-DNA insertion mutants of APUM23, 
35S pre-rRNA and polyadenylated transcripts of rRNA pro-
cessing by-products were accumulated (Fig. 2). In spite of 
the phenotypic similarity of apum23 mutant to the “loss of 
function” mutants of nucleolin 1 (AtNuc-L1)46-48 and ribo-
somal protein (RP)49-52 genes, our microarray data showed 
the transcriptional upregulation of a portion of the RP genes, 
although the expression level of the AtNuc-L1 transcript 
did not change. However, AtNuc-L2, which is not expressed 
under normal growth conditions in wild-type plants, was 
greatly upregulated. Similar to the increased expression of 
AtNuc-L2 in apum23 mutant, atNuc-L1 mutants also accu-
mulated AtNuc-L2. AtNuc-L1 is also required in pre-rRNA 
processing, similar to APUM23.46,48 Hence, AtNuc-L2 appears 
to be upregulated to compensate for the reduced supply rate 
of rRNA. Upregulation of RP gene expression in the apum23 
mutant also may be a feed-back mechanism to compensate either 
the reduced rate of ribosome assembly or the imbalance of ribo-
some subunits due to a limited supply of integral rRNAs.

Other Possible Nucleolar Functions of APUM23

Nucleolar localized Puf proteins have also been reported 
in Saccharomyces cerevisae (ScPuf6 and ScNop9),10,11,30 and 
Trypanosoma brucei (TbPUF7).29 Most of the nucleolar Puf pro-
teins are associated with rRNA processing and ribosome biogen-
esis. Our data on the nucleolar-localized Puf protein, APUM23, 
provide another example of nucleolar Pufs that are involved in 
rRNA processing. However, because the nucleolus is a multifunc-
tional organelle and APUM23 is resident in nucleolus, APUM23 
may participate in other nucleolar functions as well. As shown in 
Figure 2, it is possible that APUM23 associates with the nuclear 

Figure 1. Histochemical GUS staining in the transgenic plants expressing 
β-glucuronidase gene under the control of APUM gene promoters.
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APUM23 may associate with a variety of nucleolar 
proteins involved in rRNA processing and ribosome 
biogenesis, like ScNOP9.29,30 To investigate the pos-
sible protein partners of APUM23, we used Arabidopsis 
Interaction Viewer (http://bar.utoronto.ca/interac-
tions/cgi-bin/arabidopsis_interactions_viewer.cgi). 
The potential interacting partners were mainly those 
proteins that are involved in rRNA processing, ribo-
some biogenesis and nucleic acid binding. Because Puf 
proteins in other organisms are known to interact with 
multiple partners, it is possible that APUM23 may 
interact with a variety of nucleolar proteins transiently 
over time. It is also possible that APUM23 interacts 
with other nucleolar-localized Puf proteins, including 
APUM24, to mediate its action.

Different Puf proteins interact with different RNA 
substrates, suggesting that Puf proteins exert specific-
ity towards their RNA targets despite recognizing the 
same UGUR sequence.23,34 Recently in Arabidopsis, 
Francischini and Quaggio39 showed that APUM1 to 
APUM6 are capable of recognizing the Drosophila 
hunchback Nanos Response Element (NRE) sequence.8 
However, the specificity of the remaining 20 APUMs in 
Arabidopsis remains unexplored. As many Puf proteins 
in Arabidopsis appear to be plant-specific, their targets 
accordingly should have plant-specific functions.

Conclusions and Perspectives

Here, we introduced Arabidopsis Puf proteins by pre-
senting examples of Puf proteins from other organ-
isms and summarized our recent results on the role of 
APUM23 in ribosome biogenesis. Future work is neces-
sary to elucidate the biological roles, spatial and tempo-
ral regulation, interacting partners and target RNAs of 
Puf proteins. Because Arabidopsis contains the highest 
number of Puf proteins, far more than in any species 

studied thus far, it is tempting to speculate that Puf proteins per-
form some major regulatory roles in plants and these roles may be 
even more complex than those seen in other organisms.
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