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the vector by a pathogen, providing a theo-
retical framework for its impact on human 
health and disease. These and related find-
ings demonstrate how relevant ecology and 
vector biology are in protecting human and 
animal health, especially for emerging zoo-
notic and vector-borne diseases.
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Posttranscriptional	regulation	is	of	critical	importance	during	mammalian	
spermiogenesis.	A	set	of	mRNAs	that	encode	proteins	critical	to	normal	
sperm	formation	are	synthesized	early	in	the	process	of	male	germ	cell	dif-
ferentiation	and	are	stored	in	a	repressed	state.	These	mRNAs	are	subse-
quently	translationally	activated	during	the	process	of	spermatid	elonga-
tion	and	maturation.	Of	note,	the	translationally	repressed	mRNAs	contain	
long	poly(A)	tails	that	are	dramatically	shortened	during	the	translational	
activation	process.	Understanding	the	mechanisms	that	underlie	this	pro-
cess	of	mRNA	storage	and	subsequent	translational	activation	has	been	a	
long-standing	goal.	The	relationship	of	the	poly(A)	tail	to	translational	
control	is	intimately	related	to	the	functions	of	the	cognate	poly(A)-bind-
ing	proteins	(PABPs).	In	this	issue	of	the	JCI,	Yanagiya	and	colleagues	use	a	
set	of	knockout	mice	to	demonstrate	a	novel	functional	role	for	a	particular	
modulator	of	PABP	function,	PABP-interacting	protein	2a	(PAIP2A),	in	the	
normal	terminal	differentiation	of	male	germ	cells.

Translational control is critical  
to germline formation
Modulation  of  mRNA  translation  is  an 
effective tool to regulate gene expression in 

the absence of new mRNA synthesis. In part, 
translation is postulated to be affected by 
the 5′ methyl-7-guanosine (m7G) cap and 3′ 
poly(A) tail, two distinguishing features of 
a typical mature mRNA. Binding of eukary-
otic initiation factor 4E (eIF4E) to the 5′ cap 
and poly(A)- binding protein (PABP) to the 
poly(A) tail precedes translational initia-
tion. According to current models, the initi-
ation factor eIF4G can bind simultaneously 
to both eIF4E and PABP, thus bridging the 
ends of the transcript. These interactions 
are  proposed  to  circularize  the  mRNA, 
forming a postulated “closed loop” mRNA 
structure (1). This structure protects the 
mRNA termini from nuclease attack and 
enhances translational activity (2). Thus, 
poly(A) tail length and the poly(A) packag-
ing protein PABP are considered to be criti-
cal determinants of both the stability and 
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translational activity of an mRNA. As a gen-
eral rule, it has been observed that elonga-
tion of the poly(A) tail enhances translation 
and that PABP constitutes a trans-activator 
critical to this process (Figure 1).

In a variety of well-documented models 
of early development, it has been observed 
that subsets of maternal mRNAs are stored 
in a translationally inert form in the cyto-
plasm (3). This state of suspended anima-
tion is usually dependent on a preceding 
step where the poly(A) tails of these mRNAs 
are shortened to such a degree that PABP 
can presumably no longer bind in levels 
sufficient to support translation (4). The 
subsequent translational activation of these 
stored mRNAs during meiotic maturation 
or early embryogenesis has been attributed 
to poly(A) elongation, a process referred to 
as cytoplasmic polyadenylation (3, 5).

Thus,  what  is  so  striking  and  singular 
about translational control in mammalian 
spermiogenesis is the apparent reversal of 
this pattern. Spermiogenesis involves a pro-
gression in cell differentiation from sper-
matogonia to primary (meiotic) spermato-
cytes, to round and elongating spermatids, 
and finally to mature sperm (6). Late in this 
process, a set of mRNAs that have been syn-
thesized and stored in a polyadenylated and 
translationally repressed state are translation-
ally activated. Remarkably, this translational 
activation tracks with poly(A) shortening. 
This process appears to control the expres-
sion of the genes encoding male germ cell–
specific proteins such as protamines (Prms) 
and transition proteins (Tps). These poly-
adenylated mRNAs are bound by the trans-
lational repressors MSY2 and MSY4 (7, 8).  
The resulting messenger ribonucleoprotein 

particle (mRNP) is translationally quiescent 
and appears to be resistant to mRNA decay. 
During this phase of translational repression, 
poly(A) tails on these mRNAs are approxi-
mately 160 bases long (Figure 2A). Once these 
mRNAs are shifted to translationally active 

polysomal fractions in elongating sperma-
tids, the poly(A) tails are reduced to approxi-
mately  30  bases  (9)  (Figure  2,  B  and  C).  
Currently it is unknown whether this poly(A) 
tail shortening is a prerequisite for transla-
tional activation, or if it is merely a second-
ary by-product of the translation process. 
Due to the inherent challenges in reproduc-
ing the translational environment of late 
spermiogenesis in vitro, this mechanism of 
translational activation and  its  temporal 
linkage to poly(A) shortening have been dif-
ficult to study and have remained open to 
much speculation. In this issue of the JCI, 
Yanagiya and colleagues reveal a novel role 
for PABP-interacting protein 2a (PAIP2A) in 
maintaining effective spermiogenesis (10). 
This protein appears to play an essential role 
in the process of translational activation of 
mRNAs encoding testis-specific proteins.

Knockout of Paip2a inhibits 
translational activation and blocks 
effective spermiogenesis in mouse
It  is  known  from  prior  studies  that  the 
impact of PABP on translation is modulated 

Figure 1
Canonical pathway of developmentally regulated translational activation via poly(A) elongation. 
In this model, which has been delineated in detail during oocyte maturation and in the early 
embryo in a number of species (3, 18), maternal mRNAs are stored in a repressed state with 
very short poly(A) tails (A). Their translational activation is mediated by poly(A) tail elongation 
(cytoplasmic polyadenylation), with subsequent PABP binding (B). These interactions result in 
a proposed mRNA closed loop formation and translational activation (C).

Figure 2
Male germ cell–specific translational initiation/activation. mRNAs generated early in spermato-
genesis are stored with long poly(A) tails (A). Their subsequent activation during the terminal 
phases of sperm differentiation is associated with shortening of the poly(A) tail (B) and transla-
tional activation (C). The underlying mechanisms of activation remain unclear, and the question 
of whether the poly(A) shortening plays an active role in this process remains unanswered. The 
study by Yanagiya et al. (10) demonstrates that this pathway is in some way critically dependent 
on the presence of Paip2a. They propose that the knockout of Paip2a results in a pathologic 
retention of high levels of PABP in the late stages of spermatogenesis (D). In Paip2a-KO mice 
(10), the abundant PABP may interfere with normal interactions of poly(A)-bound PABP with 
the eIF4G by direct competition and/or by nonspecific coating of the mRNA, with consequent 
alterations in overall mRNA structure. The role of Paip2a in controlling PABP levels and/or its 
more specific role(s) in the translational activation pathway remain undefined.
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by two PABP-interacting proteins, PAIP1 and 
PAIP2 (11). PAIP1, in association with the 
RNA helicase eIF4A and the 40S ribosome–
binding factor eIF3, stabilizes the interaction 
of PABP with eIF4G and thereby stimulates 
translation  (12, 13).  In contrast,  the  two 
PAIP2 isoforms, PAIP2A and PAIP2B, act to 
repress translation by reducing PABP affinity 
for the poly(A) tail and blocking the interac-
tion of PABP with eIF4G (14, 15). The roles 
of these PAIP2 isoforms in translational con-
trol have not been previously explored in vivo 
to any significant degree.

In  this  issue  of  the  JCI,  Yanagiya  et  al. 
(10)  approach  this  problem  by  using  a 
gene knockout approach. They report that 
systemic homozygous interruption of the 
Paip2a locus alone, or in combination with 
interruption of the Paip2b locus, results in 
infertility in male mice, with a corresponding 
morphologic defect in late spermatogenesis. 
Of note, the PAIP2A and PAIP2B isoforms 
appear to be functionally quite similar in 
that they have equal affinities for PABP and 
appear to regulate translation in the same 
manner (15). It is remarkable, therefore, that 
deletion of Paip2b does not have the same 
detrimental effect on spermiogenesis as seen 
upon Paip2a deletion. This finding suggests 
that PAIP2A has a unique and predominant 
role in spermatogenesis. The Paip2a knock-
out results in a drastic decrease in the levels 
of expression of Prm1, Tp1, and Tp2 pro-
teins relative to those in wild-type mice. The 
expression of these proteins, which are criti-
cal to sperm maturation, is normally under 
translational  control  (described  above). 
Yanagiya et al. demonstrate that under nor-
mal circumstances, levels of Pabp decrease, 
while those of Paip2a increase during the 
transition from round spermatids to elon-
gating spermatids, corresponding with the 
translational activation in the elongating 
spermatids (10). In the Paip2a-KO mouse, 
Pabp  levels  were  abnormally  sustained 
at high levels. Based on their studies, the 
authors propose a model whereby loss of 
PAIP2A results in a reciprocal increase in 
PABP levels in elongating spermatids by dis-
rupting a putative PAIP2A-mediated PABP 
degradation pathway (10). The abnormally 
high levels of PABP are proposed to block 
the pathway of translational activation of 
critical mRNAs, with consequent defects in 
sperm development.

PAIP2A: both a repressor and  
an activator of translation
This  study  by  Yanagiya  et  al.  (10),  while 
demonstrating the vital role of PAIP2A in 

spermiogenesis, also raises several questions 
pertaining to its specific role in translational 
regulation. Of particular importance is the 
question of whether (and how) PAIP2A regu-
lates levels of PABP. Yanagiya and colleagues 
observed a moderate increase in Pabp pro-
tein levels in both Paip2a single knockouts 
and mice lacking both Paip2a and Paip2b. 
These data suggest that there is a recipro-
cal relationship between PAIP2A and PABP. 
While it has been previously established that 
Paips regulate the activity of PABP (12, 16), 
the mechanism by which PAIP2 modulates 
the levels of PABP expression has yet to be 
identified. Although PABP has been show 
to autoregulate the translation of its own 
mRNA by binding to an adenine-rich region 
in its 5′ UTR (17), this mechanism does not 
appear to counteract the overexpression of 
Pabp that Yanagiya and colleagues observed 
in the Paip2a-KO mice (10). Thus, the cause 
of  Pabp  upregulation  in  these  animals 
remains unclear.

Given that the Paip2a knockout results 
in overexpression of Pabp, it was pertinent 
to explore how this overexpression impacts 
translation  (10). Using an  in vitro assay, 
Yanagiya and colleagues demonstrate that 
high levels of recombinant PABP can inhibit 
translation and that the addition of PAIP2A 
to the system can reverse this effect (10). 
Thus, these findings are intriguing because 
(a) PABP, a proposed translation initiation 
factor, appears to inhibit translation when 
present at high  levels; and (b) PAIP2A, a 
known translational repressor, functions 
to enhance translation by neutralizing the 
excess PABP. These findings indicate that, at 
least in this in vitro translation system, there 
is an optimal level for PABP. It remains to be 
determined whether the concentrations of 
recombinant PABP or PAIP2A used in these 
in vitro assays are physiologically relevant 
and/or if the fold change in PABP concen-
tration needed to achieve translational inhi-
bition in the in vitro system is representative 
of the alterations in Pabp levels seen in the 
Paip2a-KO mice.

How does the loss of Paip2a block transla-
tion? Yanagiya and colleagues propose that 
the principal effect of the Paip2a knockout 
is the generation of excess Pabp in termi-
nally  differentiating  spermatocytes  (10). 
This excess of Pabp may have  two detri-
mental effects on mRNA translation. The 
first is that at high concentrations, it may 
bind throughout the mRNA in a nonspe-
cific fashion, thus altering overall mRNP 
structure and function.  In a more direct 
manner, the excess free PABP may compete 

with poly(A)-bound PABP for eIF4G interac-
tions (Figure 2D). This would be predicted 
to disrupt mRNA circularization and sup-
press translation. Alternatively, it is formally 
possible that PAIP2A may play a direct role 
in the translational activation of mRNAs 
in the elongating spermatocyte, and the in 
vivo defect  in  the Paip2a-KO mouse may 
be a direct reflection of the loss of Paip2a 
actions per se rather than having anything 
to do with observed alterations in Pabp lev-
els (10). For example, the role of PAIP2A as 
a PABP-interacting protein may be critical 
in establishing the native structure and/or 
organization of the repeating PABP/poly(A) 
RNP structures. This would be consistent 
with the subtle changes in the packaging 
of the poly(A) tail as revealed in the study 
by Yanagiya et al. (10). Such changes might 
have a downstream  impact on cap  func-
tions and the assembly of the translational 
apparatus. It is of interest to note that the 
knockout of Paip2a and consequent loss of 
translational activation did not appear to be 
accompanied by a substantial alteration in 
poly(A) tail size of the male germline-specif-
ic mRNAs in the testis when compared with 
wild-type controls (10). Thus, while Yanag-
iya and colleagues present strong evidence 
for a role for PAIP2A in sperm development 
and  function,  the  mechanisms  involved, 
such as its potential effect on translational 
biochemistry and relationship to the MSY2/
MSY4 pathway of translational repression, 
remain to be more fully explored.
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Transgenic animals may help resolve  
a sticky situation in cystic fibrosis

Jonathan H. Widdicombe

Department of Physiology and Membrane Biology, University of California Davis, Davis, California, USA.

Cystic	fibrosis	(CF)	is	caused	by	defects	in	the	CFTR,	a	cAMP-activated	Cl–	
channel	of	epithelia.	The	resulting	reduction	in	epithelial	fluid	transport	
creates	abnormally	viscous	secretions	from	airway	mucous	glands	that	
may	be	a	major	factor	in	CF	pathology.	Mouse	airways	have	few	mucous	
glands,	and	the	mouse	model	of	CF	exhibits	no	significant	airway	disease.	
Pigs	and	ferrets,	however,	have	approximately	the	same	number	of	air-
way	mucous	glands	as	humans.	In	this	issue	of	the	JCI,	three	independent	
research	groups	conclude	that	changes	in	airway	mucous	gland	function	
in	CFTR-deficient	animals	of	these	species	resemble	the	changes	seen	in	
human	CF.	It	is	expected,	therefore,	that	these	animals	will	develop	lung	
disease	similar	to	human	CF	and	prove	to	be	valuable	models	on	which	to	
test	potential	therapies.

The  body’s  main  defense  against  large 
inhaled particles is the “mucociliary clear-
ance system.” This system traps particles 
in a blanket of mucus and then moves the 
mucus and ensnared particles out of the 
airways using cilia in the apical membrane 
of the surface epithelium (1). In the larger 
airways, the great majority of mucus comes 
from submucosal glands (2), and mucous 
secretions from these glands are abnormal-
ly viscous in individuals with cystic fibro-
sis (CF) (3). It is believed that this causes 
the mucus to be poorly cleared by cilia and 
it accumulates and provides a home for 
inhaled microorganisms. An inflammatory 
cascade ensues that clogs the airways with 
mucous secretions, bacteria,  leukocytes, 

and plasma transudate. By restoring nor-
mal viscosity to CF airway mucous gland 
secretions, it is to be hoped that much of 
this pathology can be prevented.

Mouse  airways  contain  few  mucous 
glands,  and  the  mouse  model  of  CF 
shows little airway pathology (4). How-
ever, more direct analyses of the role of 
mucous glands in the airway pathology 
of CF are now possible, given the recent 
development of CFTR-deficient pigs and 
ferrets (5, 6); both species have good num-
bers of airway glands. In this issue of the 
JCI,  three  independent research groups 
report on their efforts to understand air-
way gland function in these new animal 
models of CF (7–9).

Airway mucous gland  
secretion in CF
Water  accounts  for  approximately  98% 
of airway gland mucous secretions, and 

water flow into the gland lumen is driv-
en by local osmotic gradients generated 
by active Cl– secretion. This Cl– secretion 
requires simultaneous activity of Cl– chan-
nels (either cAMP or Ca2+ activated) in the 
apical membrane and K+ channels in the 
basolateral  membrane.  In  CF  secretory 
responses of airway glands to agents that 
elevate cAMP are almost completely lost, 
as the only cAMP-activated Cl– channel in 
the apical membrane is CFTR (10). Secre-
tory responses to agents, such as substance 
P,  that  moderately  elevate  intracellular 
Ca2+ concentration ([Ca2+]i) are also quite 
markedly  reduced  in  CF  (11).  This  is 
because [Ca2+]i is not elevated sufficiently 
to have much effect on Ca2+-activated Cl– 
channels (CaCCs) in the apical membrane, 
but Ca2+-dependent basolateral K+ chan-
nels are opened, thereby hyperpolarizing 
the apical membrane and increasing the 
driving force for Cl– exit through consti-
tutively open CFTR. By contrast, respons-
es to cholinergic agents are less affected 
in CF, because these agents have a larger 
effect on [Ca2+]i and cause substantial acti-
vation of CaCCs (10–12). Finally, in non-
CF airway glands, subthreshold doses of 
cAMP-elevating and Ca2+-elevating agents 
show  synergy;  neither  alone  stimulates 
gland fluid secretion, but they do so in 
combination, because one opens CFTR 
and the other opens basolateral Ca2+-acti-
vated K+ channels (10–12). This synergy is 
lost in CF (10).
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