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Article

A novel testis ubiquitin-binding protein gene arose
by exon shuffling in hominoids
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"Department of Genetics, University of Pennsylvania, Philadelphia, Pennsylvania 19104, USA; °Nagahama Institute of
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Pennsylvania, Philadelphia, Pennsylvania 19104, USA; *Department of Medicine, University of Pennsylvania, Philadelphia,
Pennsylvania 19104, USA; *Tokyo Institute of Technology, Yokohama 226-8501, Japan

Most new genes arise by duplication of existing gene structures, after which relaxed selection on the new copy
frequently leads to mutational inactivation of the duplicate; only rarely will a new gene with modified function
emerge. Here we describe a unique mechanism of gene creation, whereby new combinations of functional domains
are assembled at the RNA level from distinct genes, and the resulting chimera is then reverse transcribed and
integrated into the genome by the LI retrotransposon. We characterized a novel gene, which we termed PIP5KIA and
PSMD4-like (PIPSL), created by this mechanism from an intergenic transcript between the phosphatidylinositol-
4-phosphate 5-kinase (PIP5KIA) and the 26S proteasome subunit (PSMD4) genes in a hominoid ancestor. PIPSL is
transcribed specifically in the testis both in humans and chimpanzees, and is post-transcriptionally repressed by
independent mechanisms in these primate lineages. The PIPSL gene encodes a chimeric protein combining the lipid
kinase domain of PIP5KIA and the ubiquitin-binding motifs of PSMD4. Strong positive selection on PIPSL led to its
rapid divergence from the parental genes PIP5KIA and PSMD4, forming a chimeric protein with a distinct cellular
localization and minimal lipid kinase activity, but significant affinity for cellular ubiquitinated proteins. PIPSL is a
tightly regulated, testis-specific novel ubiquitin-binding protein formed by an unusual exon-shuffling mechanism in
hominoid primates and represents a key example of rapid evolution of a testis-specific gene.

[Supplemental material is available online at www.genome.org.]

Sequence comparisons of completed genomes (Waterston et al.
2002; Gibbs et al. 2004; Mikkelsen et al. 2005) have revealed that
de novo emergence of novel genes is rare. The majority of new
genes arise by inadvertent plagiarism of existing genomic struc-
tures, most often by duplication and subsequent divergence of
whole genes or gene modules (Ohno 1970; Long et al. 2003).
These duplications often occur as part of larger segmental dupli-
cations (Samonte and Eichler 2002), but intronless copies of in-
dividual genes can also be disseminated throughout genomes by
the activity of the LINE-1 (L1) retrotransposon (Ostertag and Ka-
zazian 2001; Babushok and Kazazian 2007; Babushok et al. 2007).
In the presence of the original prototype gene, faithfully dupli-
cated whole genes are rapidly inactivated by mutations as selec-
tive pressures are relaxed; only a rare replica will survive to ac-
quire a novel function (Kimura 1983; Samonte and Eichler 2002).
In contrast, while acquisition of novel functional domains (typi-
cally as alternative exons or products of intergenic recombina-
tion) allows rapid and creative functional adaptations, it also
carries a barrier to fixation, as modifications to the original gene
may have a negative impact on its function and host fitness.
Here, we describe another mechanism of gene creation, whereby
new combinations of functional domains are assembled on the
RNA level, and the resulting chimera is then introduced into the
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genome by L1 reverse transcriptase. We characterized a novel
gene, which we called PIP5K1A and PSMD4-like (PIPSL), that was
created by this mechanism in the hominoid lineage.

PIPSL was first reported as an intronless genomic copy of a
chimeric RNA in a human genome survey of readthrough tran-
scripts. A chimeric PIPSK1A-PSMD4 RNA was created by inter-
genic splicing between the neighboring PIPSK1IA and PSMD4
(also known as $5a) genes. To be consistent with the nomencla-
ture used in previous functional studies of PSMD4, we refer to
PSMD4 as $5a. Unexpectedly, the transcript PIP5K1A-S5a mapped
to two different genomic locations: the original chromosome
(Chr) 1 location of the parental PIP5K1A and S5a genes, as well as
another site, on Chr 10, where it was found as an intronless copy
(referred to as PIPSK1A-PSMD4) (Akiva et al. 2006).

The two parental genes giving rise to the chimeric tran-
script, PIPSK1A and $5a, are both well conserved in eukaryotes.
The human PIP5K1A gene (called PIP5K1b in the mouse) encodes
the alpha isoform of phosphatidylinositol 4-phosphate 5-kinase
type I (PIPSK). PIPS kinases associate with the plasma membrane
(Bazenet et al. 1990; Homma et al. 1998), where they phosphory-
late the D-5 inositol position of the phosphatidylinositol 4-phos-
phate (PI4P) in the final step of phosphatidylinositol 4,5-
bisphosphate (PIP2) synthesis, a phospholipid regulator of mul-
tiple cellular processes including cytoskeleton assembly, platelet
activation, and vesicle trafficking (Doughman et al. 2003; Oude
Weernink et al. 2004). While the kinase domain of all PIP kinases
is well conserved, the distinct substrate specificities and cellular
localizations are thought to be determined by the type-specific
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20-25 amino acid (aa) activation loop (Kunz et al. 2000) and
divergent C-terminal regions (Di Paolo et al. 2002; Ling et al. 2002).

The S5a gene encodes a non-ATPase subunit of the eukary-
otic 26S proteasome, a highly conserved multiprotein complex
responsible for the regulated degradation of proteins modified by
polyubiquitin chains (Coux et al. 1996). S5a was originally iden-
tified for its binding of polyubiquitin chains that mimicked the
26S proteasome (Deveraux et al. 1994; Ferrell et al. 1996; Pi-
otrowski et al. 1997; Beal et al. 1998). Deletion analyses of $5a
identified two conserved 20-30 aa hydrophobic regions at the
protein’s C terminus, sufficient for polyubiquitin binding
(Young et al. 1998). These regions define the general e-e-e-®-X-
X-A-X-X-X-S-X-X-e ubiquitin-interacting motif (UIM; ® denotes
a hydrophobic and e an acidic residue) found in a variety of
Ub-interacting proteins including SSa itself, ubiquitin ligases,
deubiquitinating enzymes, and proteins in receptor endocytosis
pathways (Hofmann and Falquet 2001; Swanson et al. 2003).
Both the exact sequence of UIMs, including substitutions at con-
served residues, as well as the number and position of UIMs
within the protein affect the affinity for polyubiquitinated pro-
teins (Young et al. 1998; Miller et al. 2004).

Here we characterize the structure, evolution, transcription,
translation, and function of the novel PIPSL gene. We show that
the chimeric PIPSL gene formed by L1-mediated retrotransposi-
tion in a hominoid ancestor of a readthrough, intergenically
spliced transcript between the PIP5KIA and S5a genes. PIPSL is
transcribed specifically in the testis in both humans and chim-
panzees and is post-transcriptionally repressed by different
mechanisms in these primate lineages. It was subject to strong
positive selection after its formation, diverging from both paren-
tal genes. PIPSL lost the lipid kinase activity of PIPSK1A, likely
because of a mutation in the ATP-binding pocket. However, it
maintains significant affinity for cellular ubiquitinated proteins.
This tightly regulated novel testis-specific ubiquitin-binding pro-
tein formed by an exon-shuffling mechanism is an important
example of rapid evolution of a testis-specific gene.

Results

The PIPSL gene arose by Ll-mediated retrotransposition
in hominoids

The human PIPSL gene is located on Chr 10 and is comprised of
the first 13 exons of the 15-exon PIP5K1A gene joined to the last
nine exons of the adjacent 10-exon S5a gene (Fig. 1). The two
“parental” genes are located in tandem on Chr 1, separated by
5.2 kb, and normally form a low-abundance readthrough tran-
script spliced between PIP5KIA exon 13 and S5a exon 2 (Fig. 2B),
both in the same phase, allowing for in-frame fusion of the
greater part of both proteins (for intron analysis, see Supplemen-

1 PIP5K1A 2 a3

456 7 8 91011 1213

tal Table S1). The event that produced this PIP5K1A-S5a Tran-
scription-Induced Chimeric mRNA (PIP5K1A-S5a TIC) is typical
of intergenic splicing, going from an existing splice donor in
PIP5K1A to the first splice acceptor of $5a, with <8.5 kb separat-
ing the two genes (Akiva et al. 2006; Parra et al. 2006).

To determine whether L1-mediated retrotransposition of
PIP5K1A-S5a TIC was responsible for creation of the PIPSL gene,
we examined the genomic site of PIPSL for signs of L1-mediated
integration. The intronless 3.3-kb PIPSL gene is integrated at a
canonical L1 insertion site 5’-TTCT’GA-3’, terminates in an 80-
bp A-rich repeat (GAAA),, and is flanked by 15-bp target site
duplications, all typical of L1 retrotransposition (Ostertag and
Kazazian 2001). Concordant divergence of both parts of the
PIPSL gene (2.31% and 2.26%) underscores their integration in a
single event. Moreover, older processed pseudogenes of PIP5K1A
and S5a in the human genome confirm that both genes are ex-
pressed at a time and tissue site compatible with L1-mediated
retrotransposition.

We used three different methods to estimate the age of the
PIPSL insertion: BLAT (Kent et al. 2002) searches of completed
genomes, Southern analysis, and calculations using nucleotide
divergence. From BLAT, PIPSL was found on the homologous
chromosome in the chimpanzee, but not in the rhesus monkey,
mouse, and rat genomes. Southern analysis revealed the PIPSL
gene throughout the Hominidae lineage up to Orangutan (~14
million years ago [Mya]); it was absent in the two Cercopitheci-
dae tested, Rhesus monkey and Pigtailed macaque (~25 Mya)
(Fig. 2A) (Goodman et al. 1998). The hominoid origin of PIPSL
was further corroborated by molecular age estimates of 15-19
Mya, assuming a neutral mutation rate of 1.2-1.5 X 10~ °/nt/yr
(Yi et al. 2002).

PIPSL gene has testis-specific transcription in humans
and chimpanzees

In order to distinguish between the nearly identical PIPSL and
PIP5SK1A-S5a TIC transcripts, we carried out RT-PCRs using oli-
gonucleotides specific for one or the other of the transcripts; the
identities of RT-PCR products were confirmed by sequencing
(Fig. 2B). We detected high levels of PIPSL RNA in the testis, but
only trace levels in HeLa cells (Fig. 2B), 143B cells, and 293T cells
(data not shown). In contrast, only trace levels of PIP5K1A-S5a
TIC were present in testis and cultured cells. PIP5SK1A and S5a
genes were highly transcribed in all tissues tested.

Having determined that in the testis the PIPSL transcript is
significantly more abundant than PIP5K1A-S5a TIC, allowing us
to distinguish between them, we used Northern analysis to de-
termine the size and abundance of PIPSL relative to the parental
transcripts (Fig. 2D). In agreement with RT-PCR results, two dis-
tinct PIPSL transcripts of ~3.0-3.6 kb were detected in testis, but

14 15

B PIPSL i
chr10 —— 1 [ds] 456 7 T 8 [ehdn]i2a]1s
TSD s
AGAAAAGAAATCCTG AGAAAAGAAATCCTG

Figure 1. (A) Neighboring 15-exon PIP5KT1A and 10-exon S5a genes on Chr 1 are spliced to form PIP5K1A, S5a, and PIP5KTA-S5a TIC mRNAs. (Black
rectangles) Exons; (curved lines) splicing. (B) PIP5K1A-S5a TIC was retrotransposed by L1 to create the PIPSL gene on Chr 10. (TSD) Target site
duplication; (pA) A-rich repeat. (White rectangles) Regions corresponding to PIP5K1A exons; (gray rectangles) regions corresponding to S5a exons.
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Figure 2. (A) Southern hybridization was performed on Hindlll-digested primate DNA using a 3?P-labeled probe to the S5a gene. The 3-kb band
corresponds to PIPSL; it migrates at 4.8 kb in Gorilla because of an RFLP (arrowhead). The 5.9-kb and 5.6-kb doublet (**) corresponds to S5a and its
Chr 21 pseudogene. Supplemental Figure S7 depicts probe locations. (B) Shown are duplicate RT-PCRs on total RNA from human testis or Hela cells
using the primers depicted in C. In the top gel of B, A* and D* primers specific for PIPSL amplified PIPSL from testis (lane 7), but not HeLa cDNA (lane
6). A and D primers specific for the PIP5K1A-S5a Transcription-Induced Chimera (TIC) amplified only trace amounts of TIC from testis (lane 2) and Hela
(lane 7) cDNAs. In the bottom gel, parental PIP5KTA (lanes 1,2) and S5a (lanes 6,7) transcripts were amplified from the same testis (T) and Hela (H)
cDNAs, serving as internal controls. (Lanes 3,4,8,9) RT-PCRs lacking reverse transcriptase; (lanes 5,70) no template PCRs; (M) 1-kb Plus DNA ladder. (C)
Primers used in RT-PCRs are shown by arrowheads (A, B, C, D, A*, and D*). Probes used in Northern blots are shown by black (ex 15, ex 8-12, and
PIPSL-specific) and white (ex 3-7) lines. (D) Northern blot of PIPSL in human testis (T) showing two PIPSL transcripts of ~3.0-3.6 kb (bracket). HeLa RNA
(H) is used as a negative control. PIPSL is visible with probe 2 in PIP5K1A exons 8-12, PIPSL-specific probe 3 spanning both parental genes, and probe
4 in S5a exons 3-7, but not with negative-control probe 1 to PIP5KTA exon 15. The 3.7-kb PIP5K1A and 1.3-kb S50 mRNAs serve as internal controls.
(E) Northern blot on RNAs from multiple human tissues with PIPSL-specific probe 3 shows PIPSL transcripts only in the testis. PIP5K1A and S5a are
ubiquitously present. To confirm comparable loading, the blot was stripped and reprobed for GAPDH and 7SL RNAs. (F) A Northern blot on RNAs from
several chimpanzee tissues with PIPSL-specific probe 3 shows ~3.0-kb PIPSL transcripts only in the testis. Internal control parental S5a is ubiquitously
present. The human PIPSL-specific probe 3 does not hybridize to the chimpanzee PIP5K1A transcript.

not in HeLa RNA, while PIP5K1A and $5a RNAs were present in
both. Using a chimeric PIPSL-specific probe to check PIPSL tran-
scription in multiple human tissues (Fig. 2E), we found abundant
PIPSL RNA in the testis, but undetectable levels elsewhere.
PIP5K1A and S5a were ubiquitously transcribed. Consistent with
the testis specificity of PIPSL, the sole PIPSL GenBank transcript
(BC068549) also originated in testis (Strausberg et al. 2002). The
chimpanzee PIPSL gene is also transcribed, and, similar to human
PIPSL, its transcription appears to be limited to testis (Fig. 2F).
5'-RACE mapping of human PIPSL transcription start sites
revealed three adjacent starts ~40 bp upstream of the PIP5KIA
translation initiation AUG (Supplemental Fig. S1); the first one

coincided with the BC068549 GenBank mRNA. A new TATAA
sequence, ~47 bp upstream of transcription starts, arose by mu-
tation from TGTAA prior to human-chimp divergence, and a
GC-rich region immediately precedes TATAA. Several canonical
AATAAA polyadenylation (pA) sites are downstream from the
PIPSL coding sequence, predicting two RNA sizes: 2868 bp for the
original pA signal from S5a, and 3593/3636 bp for the next two.
These sizes are consistent with the two PIPSL bands seen on the
Northern blot of human PIPSL (Fig. 2D,E). Another, nonconven-
tional TATAAA pA signal was used by the 3348-bp PIPSL tran-
script BC068549. In chimpanzees, the first polyadenylation site
has a stronger predicted recognition sequence; consistent with this,
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the predominant PIPSL transcript is ~3 kb on the Northern blot
(Fig. 2E).

PIPSL gene was subject to positive selection
in a primate ancestor

Both parts of the PIPSL gene accumulated mutations at a higher
rate compared to their parental homologs (Fig. 3). There is a
striking excess of nonsynonymous substitutions (1) over synony-
mous substitutions (s) in the C-terminal S5a region of PIPSL (Fig.
3B). To test the statistical significance of this difference, ancestral
DNA sequences representing all internal nodes of the tree were
reconstructed using the maximum-1likelihood method. Recon-
structed sequences of the parental S54 and PIP5KIA and the chi-
meric PIPSL genes in the primate ancestor were then used in
pairwise nonsynonymous/synonymous calculations (Supple-
mental Methods).

In the ancestral PIPSL gene lineage (from formation of PIPSL
until the speciation of humans and chimpanzees), the N-
terminal PIP5KI1A region of PIPSL had substitution rates consis-
tent with relaxed functional constraint or neutral evolution (K,/
K, =1.21, P = 0.4984; Fisher’s exact test; Table 1). However, there
were 19 nonsynonymous and 0 synonymous differences between
the inferred S5a and PIPSL ancestral sequences. The potential
numbers of nonsynonymous and synonymous sites in the $5a
region are 794.6 and 309.4, respectively. Thus, the n/s ratio (19/0)
is significantly greater than its neutral expectation (N/S =795/
309, P = 0.0018; Fisher’s exact test; Table 1). The same conclusion

A: PIPSK1A

1.21 0.55(7.2:5.2)
17.6:5.8) Human PIPSL
1.56 %2 12.1)

0.05 (7.6:56.2) himp PIPSL

039(1.0:1.0
i ( )
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—
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Figure 3. PIPSL experienced a burst of positive selection shortly after its
creation (A). The phylogenetic tree of the PIP5K1A region (A) and the S5a
region of the PIPSL gene (B). Branches are drawn in proportion to the
total number of substitutions incurred, with nonsynonymous-to-
synonymous substitution rate ratios (K,/K,), and the nonsynonymous (n)
and synonymous () substitutions in parentheses (n : s) shown above each
branch. Nineteen nonsynonymous and 0 synonymous changes occurred
in the S5a region of PIPSL along the branch leading to the human/chimp
split (B, indicated by bold line). The n/s ratio is significantly greater than
its neutral expectation (P =0.0018, Fisher’s exact test; Table 1), indicat-
ing that the PIPSL gene was under strong positive selection shortly after
its formation. (NA) Not applicable (K = 0).

Table 1. PIPSL was under positive selection in the primate
ancestor
Test of positive selection?
Nonsynonymous® Synonymous® P-value®
S5a-region
Change 19 (19)° [n] 0 (0) [s]
No change 776 (829) 309 (256) 0.0018
[N = n] [S — 5] (0.0063)
PIP5K-region
Change 17 (17) [n] 6 (6) [s]
No change 1116 (1184) 448 (380) 0.4984
[N = n] [S—s] (0.6827)
Test of episodic evolution®
Nonsynonymous Synonymous P-value?
Ancestral lineage 19 0
Descendant lineage 7 5 0.0047

?A Fisher’s exact test was used to test the null hypothesis of equal rates of
synonymous and nonsynonymous changes on the ancestral PIPSL
branch.

®The values n, s, N, and S were computed by the modified Nei-Gojobori
(NG) method (Zhang et al. 1998).

“More conservative estimates by the original NG method are in paren-
theses.

dA Fisher’s exact test was used to test the hypothesis of positive selection
followed by purifying selection (episodic evolution); the null hypothesis
predicts equal rate ratios of n/s between the ancestral branch and de-
scendant lineages.

was reached when more conservative estimates of N and S, as well
as other transition/transversion ratios (R), were included in the
calculation (Nei and Gojobori 1986; Zhang et al. 1998). These
results strongly suggest that positive selection acted in the ances-
tral PIPSL evolution (see Discussion).

After speciation, both the human and chimpanzee PIPSL
lineages show small K,/K; ratios (Fig. 3), with n/s of 19/0 for the
ancestral branch and 7/5 for descendant lineages. The significant
difference between the selective pressures on the ancestral and
descendent lineages (P = 0.0047; Fisher’s exact test) (Fig. 3; Table
1) suggests that the positive selection was episodic: it occurred in
the primate ancestor and was followed by nearly neutral evolu-
tion after speciation. While this is the first example of positive
selection on a retrogene that arose from an intergenically spliced
transcript, our data are consistent with the burst of adaptive evo-
lution after gene duplication, previously observed in primates
and Drosophila (Zhang et al. 1998; Jones and Begun 200S5).

PIPSL translation is disrupted in humans and repressed
in chimpanzees

Positive selection on the ancestral PIPSL gene indicates that the
PIPSL gene has been translated and functional in the primate
ancestor. To evaluate PIPSL translation in current-day humans
and chimpanzees, we used three different approaches: sequence
analysis of translation initiation contexts of human and chim-
panzee PIPSL genes, in vitro transcription/translation assays, and
Western blot analyses of human and chimpanzee tissues.

The complete 414-bp 5'-UTR region of the PIP5K1A was cop-
ied during retrotransposition and remains virtually identical in
the ancestral PIPSL, positioning its open reading frame (ORF)
within the original translation initiation context of PIP5KIA
gene (Supplemental Fig. S1). A —4T — C substitution prior to the
human/chimpanzee split brought the PIPSL Kozak region even
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closer to the consensus (Kozak 1986). This canonical Kozak is
retained by chimp PIPSL, strongly suggesting that its translation
efficiency is similar to the identically initiated PIP5K1A. In con-
trast, the human PIPSL gene suffered a single nucleotide deletion
at +45 bp, causing an early frameshift. To check whether this
deletion occurred recently and is polymorphic, we PCR-amplified
the mutated region in 42 individuals (84 haploid genomes) from
diverse ethnic groups (Supplemental Table S3). Sequencing of
PCR products failed to detect any individuals without the dele-
tion, indicating that it is fixed or has a very high frequency. The
second in-frame AUG at +105 of the human PIPSL has a weak
Kozak sequence (Kozak 1986), but, if used for translation initia-
tion, would produce an almost complete PIPSL protein, short 35
amino acids.

To check whether the alternative +105 AUG could serve for
translation initiation of human PIPSL, we performed in vitro
transcription/translation reactions comparing translation effi-
ciencies of a Renilla luciferase reporter in the 5’-UTR/Kozak con-
text of PIP5SKIA, or the human or chimpanzee PIPSL genes. As
expected from their nearly identical translation contexts, the
chimp PIPSL construct expressed similarly to PIPSKIA (69.5%,
P =0.07) (Fig. 4). In contrast, the translation of human PIPSL was
exceedingly low, measuring only 3.6% of PIP5K1A (P < 0.001).

Consistent with disrupted translation of the human PIPSL
gene caused by a deletion at +45 bp, we were unable to detect
PIPSL protein by Western blot in human testis lysates and tera-
tocarcinoma cell lines (Supplemental Fig. S2A,B). Unexpectedly,
we were also unable to detect the chimpanzee PIPSL protein in
chimpanzee testicular tissue (Supplemental Fig. S2E). The lack of
detectable chimpanzee PIPSL protein, despite (1) the abundant
PIPSL RNA detected by Northern blot (Fig. 2E), (2) the efficient
Kozak translation initiation context as seen in in vitro translation
assays (Fig. 4), and (3) apparent protein stability when overex-
pressed in cultured cells from transfected, coding region-only
chimpanzee PIPSL constructs (Fig. 6B,D, below; Supplemental
Fig. S2E), suggests that native chimpanzee PIPSL is subject to
post-transcriptional repression in vivo that is not recapitulated in
our in vitro assay.

Both the strong positive selection on the ancestral PIPSL
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3 7/~ GCTGCTARGATGG Rluc>
B
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o

1 2 3
Human Chimp PIP5K1A
PIPSL PIPSL
5'UTR/Kozak Sequence

Figure 4. (A) Diagram showing Renilla luciferase reporter constructs, in
which the Renilla Kozak sequence is replaced by the 5’-UTR/Kozak regions
from human PIPSL (1), chimp PIPSL (2), and PIP5K1A (3). (B) Average
amounts of Renilla produced by in vitro transcription/translation reactions
using the three constructs + SD. For each construct, eight replicates were
performed using six to eight independent DNA preparations. Human
PIPSL translation was significantly reduced (P < 0.001).

gene and the translational disruption/repression seen in the de-
scendant human and chimpanzee lineages are consistent with
rapid evolution of reproductive genes across evolutionary taxa,
including higher primates (Wyckoff et al. 2000; Swanson and
Vacquier 2002; Clark and Swanson 2005) (see Discussion). In
order to gain better understanding of the potential effects of the
PIPSL protein, we used four different approaches to study the
PIPSL protein function: (1) sequence analyses of functional do-
mains, (2) studies of cellular localization and assays of parental
gene function, (3) PIPS kinase activity of PIP5K1A, and (4) ubiq-
uitinated protein binding of S5a.

Domain analysis of PIPSL proteins

The N-terminal region of the PIPSL proteins is 94.6%-94.8%
identical to PIPSK1A (Supplemental Fig. S3) and includes the
kinase catalytic “core” region (amino acids 65-436) (Rao et al.
1998; Galiano et al. 2002) and two small deletions: a 15-aa dele-
tion of the nonconserved C terminus due to skipped exons 14-15
(A535-549), and a 5-aa internal deletion (A61-65) partially over-
lapping the kinase core. Human PIPSL has an additional A1-35
deletion at the nonconserved N terminus. A few mutations alter
residues conserved or conservatively substituted among PIP ki-
nases: A65K, K66G, R138W, D146S(chimp), 1180V (hu), and
R427W. Both of the KK regions previously shown to mediate
membrane localization (KK400-401, KK438-439) (Kunz et al.
2000; Arioka et al. 2004) remain intact; however, several basic
residues in the N-terminal region, postulated to interact with the
cellular membrane (Rao et al. 1998), have been mutated (AK6S,
K66G, R93S, and R138W). The three known catalytic residues
(K181, D309, and D391 of PIP5K1A) (Ishihara et al. 1998; Rao et
al. 1998) are preserved, and the activation loop (amino acids
396-417), important for substrate specificity (Kunz et al. 2000),
remains relatively unscathed with one mutation each in noncon-
served residues [V410I(hu) and G413R(chimp)]. Importantly,
both PIPSLs share a nonconservative Q184R substitution in the
close vicinity of K181; K181 corresponds to the ATP-binding Lys
in protein kinases (Knighton et al. 1991), and its mutation in
PIPSK1A abolishes catalytic activity (Rao et al. 1998). Further
structural data are necessary to determine the significance of the
Q184R mutation.

PIPSL proteins are 93.2%-94.0% identical to SSa and lack
only its nine N-terminal amino acids because of the skipped exon
1 (Supplemental Fig. S4). Consistent with accelerated evolution
of early primate and chimpanzee PIPSL genes, a strikingly high
19 mutations are shared between human and chimp, with an
additional three human, and six chimp-specific changes. A high
density of substitutions [R542G(hu), I560T, AS80D, R595C(chimp),
T613M, R616H, K628N, M632I, S640N, D648N(hu), R655C] falls
into the poorly characterized N terminus of S5a, proposed to be
involved in the association with 19S proteasome and other pro-
teins (Anand et al. 1997; Young et al. 1998). Importantly, a clus-
ter of mutations is within the two UIM regions, which mediate
SSa binding to ubiquitinated proteins (Young et al. 1998): the
two invariant residues of UIMI1 are conservatively substituted
(A744V and S748F), with four additional changes [Q811K,
A813V, Y814C, and Q821R(chimp)] altering nonconserved resi-
dues in UIM2. These substitutions suggest reduced ubiquitin-
binding compared to the parental S5a UIMs; however, PIPSL
UIMs are still within the broad spectrum of UIM sequences of
known ubiquitin receptors (Swanson et al. 2003; Miller et al.
2004) and are expected to bind ubiquitinated proteins.

Genome Research 1133

www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 19, 2026 . Published by Cold Spring Harbor Laboratory Press

Babushok et al.

Unlike PIP5KIA and S5a, PIPSL proteins are cytoplasmic

To determine whether PIPSL proteins mimic cellular localization
of either of their parental homologs, we transiently transfected
293T cells with N-terminal GFP-fusion constructs of human
PIPSK1A, S5a and PIPSL, and chimpanzee PIPSL (Fig. 5). In agree-
ment with prior reports (Bazenet et al. 1990; Homma et al. 1998),
PIPSK1A was located at the plasma membrane (Fig. 5B). S5a pro-
tein was found throughout the cell, with possible nucleolar ex-
clusion. Notably, both parental localizations were lost by the
cytoplasmic human and chimpanzee PIPSL proteins (Fig. SD,E).
To assess the relative contributions to PIPSL localization of its
N-terminal PIPSKIA and C-terminal S5a regions, the two parts
were analyzed separately (Supplemental Fig. S5). Strikingly, the
N-terminal PIPSK1A region localized as the full human PIPSL
protein, while the C-terminal SSa region reverted to the localiza-
tion pattern of its parental S5a protein.

PIPSL has negligible PIP5 kinase activity

To assess PIPS kinase activity of PIPSL, human PIP5K1A, S5a and
PIPSL, and chimpanzee PIPSL proteins tagged at their C termini
with an HA epitope were expressed in 293T cells, isolated by
immunoprecipitation (IP) against HA, and assayed for ability to
phosphorylate PI4P, the preferred substrate of PIPSK1A (Zhang et
al. 1997b). While PIP5K1A protein demonstrated clear PIPS ki-
nase activity, negligible phosphorylation was detected with simi-
lar amounts of PIPSL proteins (Fig. 6A,B). The results were con-
firmed using N-terminal GFP-fusion constructs (Supplemental
Fig. S6A,B), ruling out artifactual loss of activity caused by tag-
ging. PIPSL kinase activity was not restored when its C-terminal
SSa region was removed, indicating that loss of activity was
caused by mutations internal to the kinase “core,” and not by the
C-terminal S5a fusion (Supplemental Fig. S6C).

PIPSL binds ubiquitinated proteins

To determine if PIPSL can bind ubiquitinated proteins, we per-
formed co-IP experiments with C-terminally HA-tagged PIPSL
constructs in 293T cells. Both human and chimpanzee PIPSL
bound numerous ubiquitinated proteins in cellular lysates (Fig.
6C), but, in agreement with a predicted decrease in Ub affinity,
binding by PIPSL proteins was decreased to 14%-16% of S5a
(P = 0.05) when normalized for protein amount. The PIPSL af-
finity for ubiquitinated proteins relative to S5a is roughly similar
to that of known cellular ubiquitin interactors, such as epsin,
epslS, eps15R, HSJ1, Hrs, USP2S, and KIAA1386 (Polo et al. 2002;
Miller et al. 2004). Ubiquitin binding by PIPSL was significantly

Figure 5. |Intracellular localization of GFP-fused PIP5K1A, S5a, and
PIPSL proteins in 293T cells was observed by GFP fluorescence with con-
focal microscopy. (A) GFP control is seen throughout the cell, with
nuclear predominance; (B) PIP5K1A is on the plasma membrane. (C) S5a
is throughout the cell with cytoplasmic predominance and possibly
nucleolar exclusion; (D) Human and (E) chimpanzee PIPSL proteins are
cytoplasmic. A Western of IP’d GFP fusion proteins is shown in Supple-
mental Figure S6B.
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Figure 6. PIPSL proteins lack PIP5 kinase activity, and bind cellular
ubiquitinated proteins. (A) C-terminally HA-tagged human PIP5KTA (7),
S5a (2) and PIPSL (3), and chimpanzee PIPSL (4) proteins were overex-
pressed in 293T cells, IP’d against HA epitope, and tested for phosphory-
lation of PI4P to produce PIP2. (B) The amounts of IP’d proteins were
analyzed by an anti-HA Western blot. (C) Coimmunoprecipitation of HA-
tagged human PIP5KA (7), S5a (2), S5AL (3), chimpanzee PIPSL (4), and
untransfected 293T cells (5) with cellular ubiquitinated proteins
(bracket). After anti-HA IP, proteins were immunoblotted for ubiquitin (C)
or for HA-tag (D). (E) Anti-Ub Western blot of cellular lysates to demon-
strate equal levels of endogenous ubiquitinated proteins. (F) Equal load-
ing of lysates confirmed by Western against S10a. (G) Average band
intensities of ubiquitinated protein from three independent co-IP experi-
ments were normalized by HA-tagged protein amounts and scaled to the
same overall blot intensity. Error bars denote =1 SD. (*) Immunoglobulin
chains; (**) a nonspecific band.

higher than background binding by the negative control
PIPSK1A (P < 0.01). As expected from functional domain analy-
sis, separate co-IPs using the PIPSK1A and S5a parts of the human
PIPSL gene confirmed that Ub binding is mediated only by the
S5a region (data not shown).

Discussion

Here we demonstrate that a readthrough transcript joining the
PIP5K1A and S5a genes was retrotransposed by L1 in a hominoid
to create a testis ubiquitin-binding protein PIPSL. The PIPSL gene
is actively transcribed in testis in humans and chimpanzees and
is translationally repressed in both primate lineages by indepen-
dent mechanisms. The creation of PIPSL required a concerted
action of multiple rare processes and is highly unusual. Indeed,
PIPSL is the only known example of a new gene produced by
L1-mediated retrotransposition of an exon-shuffled transcript.
First, the PIP5K1A-S5a TIC RNA was formed by cotranscrip-
tion and intergenic splicing, a rare occurrence in 4%-5% of tan-
dem gene pairs (Akiva et al. 2006; Parra et al. 2006). We and
others (Akiva et al. 2006) detected trace levels of PIP5K1A-S5a TIC
by RT-PCR, too low to detect by Northern blot. The splicing in
PIP5K1A-S85a TIC occurred between same-phase introns allowing
for parental gene fusion; in contrast, 56%-64% of all TICs result
in frameshifts and premature stop codons, and are expected to be
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degraded by Nonsense Mediated Decay (Akiva et al. 2006; Parra et
al. 2006).

Second, the entire PIP5K1A-S5a TIC was retrotransposed by
L1 in a process that truncates and rearranges the majority of
integrants (Szak et al. 2002), and greatly disfavors retrotranspo-
sition of non-L1 RNAs (Esnault et al. 2000; Wei et al. 2001). To be
inherited, the PIPSL insertion had to be represented in the ger-
mline. Furthermore, it was most likely beneficial or neutral to the
host to become fixed in the ancestral primate population. Nota-
bly, PIPSL integration occurred at the tail end of the burst of L1
activity in ancestral primates, when hundreds of other mRNAs
were mobilized by L1 to form fixed retrogenes and pseudogenes
(Ohshima et al. 2003; Marques et al. 2005; Vinckenbosch et al.
20006).

Third, PIPSL had to be transcribed, an ability traditionally
accorded only to pseudogenes that aberrantly include their origi-
nal promoter or that fortuitously land downstream from another
promoter (Mighell et al. 2000). It is now clear that, in fact, up to
a third of all pseudogenes are transcribed, most of these in testis
or spermatogenic cells (Kleene et al. 1998; Harrison et al. 2005;
Marques et al. 2005; Sakai et al. 2006; Vinckenbosch et al. 2006).
Testis specificity is likely caused by the transcriptionally permis-
sive environment in the testis, where the components of the Pol
II holoenzyme complex are known to increase 30-1000-fold
(Schmidt and Schibler 1995, 1997), allowing for high transcrip-
tion levels from non-promoter and weak promoter sequences
(Ossipow et al. 1995; Schmidt 1996). This, in turn, enables effi-
cient testicular transcription of retrogenes like PIPSL, which may
lack a bone fide promoter to drive transcription in other tissues
(Kleene et al. 1998; Marques et al. 2005). The difference between
the testis-specific transcription of PIPSL reported here and the
ubiquitous expression of PIPSL reported earlier (Akiva et al. 2006)
is perhaps due to different methods used in the two studies.
Akiva and colleagues detected human PIPSL transcripts by RT-
PCR, which can detect very small amounts of template. We also
found trace amounts of PIPSL by RT-PCR in several cell types.
However, our Northern blot analysis showed appreciable PIPSL
RNA only in testis. Testis specificity of PIPSL transcription was
observed in both humans and chimpanzees.

Importantly, several reports of transcribed, but not trans-
lated pseudogenes point to their role in RNA-mediated control of
other genes, joining a larger category of non-coding RNAs
(ncRNAs) (Korneev et al. 1999; Eddy 2001; Hirotsune et al. 2003;
Lee 2003; Harrison et al. 2005; Pang et al. 2005; Sakai et al. 2006).
For example, the transcript of the nitric oxide synthase (NOS)
pseudogene represses translation of the homologous neuronal
NOS gene (Korneev et al. 1999). Another well-characterized, but
controversial (Gray et al. 2006), example is the transcribed pseu-
dogene of the makorin 1 gene (MKRNP1), which may be neces-
sary for the efficient expression of the makorin 1 gene (Hirotsune
et al. 2003). It is conceivable that PIPSL may participate in RNA-
mediated regulation of its homologs (e.g., parental PIP5SKIA and
S5a genes).

Finally, upon retrotransposition, the PIPSL gene retained an
intact ORF within an efficient translation initiation context, al-
lowing for the production of the PIPSL protein in a primate an-
cestor. Under positive selection, the PIPSL gene has undergone
rapid evolution that caused functional divergence of PIPSL from
the PIPSKIA and S5a parental genes, and drastically reduced the
PIPSL translational ability in the two primate lineages to levels
undetectable by Western blot. A deletion early in the human
PIPSL gene reduced its translation to 3.6% of PIP5K1A as judged

by in vitro translation assays; this decrease is larger than previ-
ously reported for similar immediate Kozak sequences (Kozak
1986). In all likelihood, an additional drop in translation effi-
ciency is due to interference from the original Kozak sequence
just upstream. In contrast, the chimpanzee PIPSL gene maintains
an optimal Kozak translation initiation context in vitro. How-
ever, endogenous PIPSL protein cannot be detected in chimpan-
zee testicular tissue despite high levels of mRNA. It is highly
unlikely that PIPSL protein was degraded during lysate prepara-
tion, since our internal controls (the parental S5a as well as other
housekeeping proteins) are intact in the same sample. While the
PIPSL protein is stable when expressed from transfected constructs
containing only the coding region of the chimpanzee PIPSL, fur-
ther evidence, obtained from experimental systems able to fully
recapitulate protein degradation processes in chimpanzee testis,
will be required to formally exclude the possibility that the chim-
panzee PIPSL protein is expressed but rapidly degraded in vivo.

The absence of chimpanzee PIPSL translation product is most
consistent with post-transcriptional repression, possibly through
its 5'- or 3’-UTR sequences. Potential mechanisms of post-
transcriptional repression include microRNA-mediated transla-
tional repression (for review, see Bartel 2004), repression by in-
teractions with complementary mRNAs (e.g., parental PIP5SKIA
or S5a) (Korneev et al. 1999), and competitive inhibition of the 5’
m’G-cap recognition by the cellular translational machinery
(Lasko et al. 2005). Post-transcriptional repression is frequently
involved in tight temporal regulation of developmentally impor-
tant genes, such as the heterochronic gene Lin-14 in Caenorhab-
ditis elegans (Wightman et al. 1993) and HOX genes in mammals
(Naguibneva et al. 2006). Future work on post-transcriptional
repression of the chimpanzee PIPSL gene will be important to
better understand its role in primate reproductive biology.

Positive selection leading to functional divergence and
translation repression of PIPSL is reminiscent of positive selection
and rapid evolution of reproductive genes (Wyckoff et al. 2000;
Swanson and Vacquier 2002; Clark and Swanson 2005), thought
to be driven by a combination of sperm competition, sexual se-
lection, and sexual conflict (Swanson and Vacquier 2002). As was
observed in the case of the human PIPSL, positive selection is
known occasionally to increase the frequency of frameshift mu-
tations in reproductive genes (Gasper and Swanson 2006). This
paradoxical effect could be due either to the creation of a novel
beneficial function by a frameshifted gene, such as the protection
from severe sepsis resistance by the frameshifted caspase 12
(Wang et al. 2006; Xue et al. 2006), or to the elimination of a new
deleterious function that may have arisen in the process of on-
going adaptation to the changing reproductive environment.
Conversely, with altered environmental pressures, repair, expres-
sion, and a new physiologic role of a previously non-expressed,
inactivated pseudogene has also been reported (Trabesinger-Ruef
et al. 1996).

While, as evidenced by its fixation in the population, the
PIPSL gene was likely beneficial or neutral after its formation, it
may have subsequently become detrimental because of muta-
tional changes and/or altered environment. This could have
been caused by the overexpression toxicity (Galiano et al. 2002)
or dominant-negative effects of the PIPSL protein containing both
parental gene functions. In this model, any mutations decreasing
functionality of either part of the PIPSL gene or its translation
would be predicted to decrease the potential detrimental effect
and would be selected for and fixed in the population. After the
elimination of kinase activity in early hominoids, selection on
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the PIPSK1A region was likely relaxed. In contrast, the C-
terminal SSa region remained under strong positive selection,
accumulating a high density of mutations in the conserved N
terminus, UIM1 and UIM2. The parental S5a is thought to me-
diate the recognition of ubiquitinated proteins by the protea-
some (Coux et al. 1996) and is one of the most avid binders of
polyubiquitinated proteins (Lam et al. 2002; Miller et al. 2004).
Thus, it would not be surprising if a functional S5a-like gene
could have profound effects on intracellular protein trafficking,
endocytosis, and regulated protein degradation and could serve
as a potent substrate for positive selection. While PIPSK moiety
of PIPSL is kinase inactive, its residual activity (e.g., protein bind-
ing) may confer additional functional nuances to PIPSL, perhaps,
affecting a unique cellular process, not normally involving either
of its parental proteins.

Methods

Detailed descriptions of antibodies, primers, cloning, informat-
ics, evolutionary analysis, Southern, RT-PCR, 5'-RACE, Northern
blot, deletion genotyping, transcription/translation, cell culture,
immunofluorescence, kinase assay, and IP/Western are in the
Supplemental Methods.

RT-PCR and Northern blot

For RT-PCR, Human Testicle Total RNA (Ambion) or total HelLa
RNA were reverse transcribed with M-MLV RT (Promega) and
used in PCR with Taq polymerase (Promega). For Northern blots,
8 pg of human Testicle Total RNA, FirstChoice Human Total RNA
Survey Panel (Ambion), total HeLa RNA, or total RNA from chim-
panzee Kidney, liver, or testicle tissues (Department of Veterinary
Medicine & Surgery, UT M.D. Anderson Cancer Center, Houston,
TX) was used for hybridization in a NorthernMax-Gly system
(Ambion), with [*?P]dATP random-labeled DNA probes made
with Strip-EZ DNA kit (Ambion).

Evolutionary analysis

The ancestral sequences at all interior nodes of the PIPSL tree
were inferred by the likelihood-based Bayesian method (Yang et
al. 1995). The numbers of synonymous (s) and nonsynonymous
(n) substitutions for each tree branch were then estimated (Nei
and Gojobori 1986). The numbers of potential synonymous sites
(§) and nonsynonymous sites (N) were computed by the modi-
fied Nei-Gojobori (NG) method and the original NG method (Nei
and Gojobori 1986; Zhang et al. 1998). The statistical significance
of the difference between n/s and N/S was evaluated using the
Fisher’s exact test (Zhang et al. 1997a).
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