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SUMMARY

Most ribosomal proteins (RP) are regarded as essen-
tial, static components that contribute only to ribo-
some biogenesis and protein synthesis. However,
emerging evidence suggests that RNA-binding RP
are dynamic and can influence cellular processes
by performing “extraribosomal,” regulatory func-
tions involving binding to select critical target
mRNAs. We report here that the RP, Rpl22, and its
highly homologous paralog Rpl22-Like1 (Rpl22I1
or Likel) play critical, extraribosomal roles in
embryogenesis. Indeed, they antagonistically con-
trol morphogenesis through developmentally regu-
lated localization to the nucleus, where they modu-
late splicing of the pre-mRNA encoding smad2, an
essential transcriptional effector of Nodal/TGF-B
signaling. During gastrulation, Rpl22 binds to intronic
sequences of smad2 pre-mRNA and induces exon 9
skipping in cooperation with hnRNP-A1. This action
is opposed by its paralog, Like1, which promotes
exon 9 inclusion in the mature transcript. The nuclear
roles of these RP in controlling morphogenesis
represent a fundamentally different and paradigm-
shifting mode of action for RP.

INTRODUCTION

Ribosomal proteins (RP) are basic components of the ribosome
that are generally thought to contribute to the assembly of the
ribosome and its ability to synthesize proteins. Inactivation of
RP has been linked to clinical syndromes collectively known as
“ribosomopathies” (Narla and Ebert, 2010). Ribosomopathies
exhibit not only impaired erythropoiesis and increased risk for
development of leukemia but also other abnormalities in a variety
of organ systems (Narla and Ebert, 2010). These developmental
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anomalies include short stature, craniofacial defects, thumb
malformation, urogenital abnormalities, and heart defects, which
strongly suggests that RP might play a role in embryogenesis
(Narla and Ebert, 2010). A recent example of this is the finding
that haploinsufficiency of RPSA causes human asplenia, sug-
gesting that RP inactivation can cause distinct and tissue-
restricted developmental abnormalities (Bolze et al., 2013). Mu-
tations of RP have been shown in many cases to impair ribosome
biogenesis, which activates p53 by attenuating the function of
the p53 ubiquitin ligase MDM2 (Zhang and Lu, 2009). However,
emerging evidence has begun to reveal that certain RP may
also perform specialized regulatory roles in biological processes
through p53-independent “extraribosomal functions,” acting to
regulate context-dependent translation or transcription, and do-
ing so from outside of the ribosome (Warner and Mcintosh, 2009;
Xue and Barna, 2012). For example, extraribosomal Rpl26 and
Rpl13a can modulate the translation of selected target RNAs
by binding to their 5’ and 3’ UTRs, respectively (Mukhopadhyay
et al., 2008; Takagi et al., 2005). Likewise, Rps3 and Rps14 have
been shown to interact with DNA-binding complexes and regu-
late gene-specific transcription (Wan et al., 2007; Zhou et al.,
2013).

We previously established that neither of the highly homolo-
gous RP paralogs Rpl22 or Rpl22-Like1 (Rpl22I1 or Like1) is
required for general protein synthesis; however, these paralogs
do play distinct, antagonistic, regulatory roles in blood cell devel-
opment (Anderson et al., 2007; Rao et al., 2012; Zhang et al.,
2013). Indeed, the ability of Like1 to promote the emergence of
embryonic hematopoietic stem cells (HSC) is dependent upon
its ability to directly bind and facilitate the translation of mMRNA
encoding the essential transcription factor, smad17. In contrast,
Rpl22 acts in direct opposition to repress smad1i translation
(Zhang et al., 2013). These findings revealed that the RNA-bind-
ing RP, Rpl22 and Like1, play an important regulatory role in he-
matopoiesis, from outside of the ribosome (Zhang et al., 2013).
Our previous analysis in zebrafish also revealed that Rpl22 and
Like1 are abundantly expressed throughout early development
from the two-cell stage to 18 hr post-fertilization (hpf) (Zhang
et al., 2013), raising the possibility that they might also act to
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regulate early development, as has been found for other molec-
ular effectors exhibiting similar expression patterns (Langdon
and Mullins, 2011; Schier, 2007).

Here, we used antisense morpholinos (MO) targeting the ATG
translational start codons of Rpl22 and Like1 to attenuate the
translation of both maternal and zygotic mRNA encoding these
proteins to repress their expression and assess the impact on
development of zebrafish embryos. We showed that Like1
knockdown disrupted the convergence and extension (C&E)
phase during gastrulation and, consequently, elaboration of
the normal body plan. The molecular basis for disruption of
C&E is that splicing of pre-mRNA encoding smad2, an essential
mediator of Nodal/TGF-B signaling, was impaired, revealing nu-
clear functions for Rpl22 and Like1 in regulating pre-mRNA
splicing. Indeed, Like1 knockdown resulted in skipping of exon
9 of smad2, which blocked protein expression. The skipping of
exon 9 was caused by Rpl22, as both the mis-splicing of
smad2 and the defect in C&E observed in Likel morphants
were rescued by simultaneously knocking down Rpl22. The abil-
ity of Rpl22 and Like1 to control smad2 pre-mRNA splicing
coincided with a developmentally controlled retention of these
proteins in the nucleus and was associated with direct binding
of Rpl22 to a consensus motif in smad?2 intron 8, immediately
preceding skipped exon 9. Using RNA sequencing (RNA-seq)
we determined that numerous other pre-mRNAs were mis-
spliced in Like1 morphants and these targets shared the features
of having consensus Rpl22/Like1 binding sites in the intron pre-
ceding the skipped exon and potential binding sites for splicing
modulator hnRNA-A1. hnRNP-A1 function is required for the
ability of Rpl22 to disrupt smad2 splicing, as exon 9 inclusion
is restored upon knockdown of hnRNP-A1 in Like1 morphants.
Together, these data reveal that the RP Rpl22 and Like1 antag-
onistically control gastrulation through a nuclear role in regu-
lating mRNA splicing, in zebrafish as well as in mammals.

RESULTS

Rpl22 and Like1 Play Distinct and Antagonistic Roles
during Gastrulation

We previously demonstrated that neither of the highly homolo-
gous RP paralogs, Rpl22 and Like1, is required for general pro-
tein synthesis; however, these paralogs do play distinct, antag-
onistic, regulatory roles in hematopoiesis that are mediated by
binding to and controlling the translation of smad7 mRNA (An-
derson et al., 2007; Rao et al., 2012; Shen et al., 2012; Zhang
et al., 2013). Moreover, we showed that the mRNAs encoding
Rpl22 and Like1 were abundantly expressed in zebrafish em-
bryos beginning at the two-cell stage (Zhang et al., 2013). To
determine if Rpl22 and Like1 regulate morphogenesis, we used
antisense MO that target the ATG start codons and repress the
translation of both maternal and newly synthesized zygotic
rpl22 and rpl22/1 (Like1l) mRNA (Zhang et al., 2013) (Figures
S1A and S1B), enabling analysis of the role of these proteins in
early development. Like1 morpholino-treated embryos (Like1
morphants) exhibited defects in anterior-posterior extension
during late gastrulation (Figure 1A), as indicated by the reduced
angle between the anterior and posterior ends (Figure 1B).
Importantly, whereas knockdown of Rpl22 did not disrupt exten-
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sion (Figures 1A and 1B), simultaneous knockdown of Rpl22 and
Like1 (double morphants [D-MOs]) completely corrected the
extension defect observed upon knockdown of Like1 alone (Fig-
ures 1A, right, and 1B). This indicates that Like1 plays a critical
role in promoting C&E during gastrulation and that its ability to
promote C&E is antagonized by its paralog, Rpl22. Co-injecting
Like-MO and mCherry-CAAX (membrane-targeted mCherry)
mRNA revealed that knockdown of Like1 caused a broadening
of the notochord in 10 hpf Like1 morphants (Figure 1C), indi-
cating that the convergence of notochord precursors was also
impaired by Like1 knockdown. The shortening and widening of
mesoderm (ntl, gsc), endoderm (sox32/sox17), paraxial meso-
derm (papc), adaxial (myod7), and brain and neural tissue
(six3, pax2, krox20, and hgg1/dix3b) in Like1 morphants was
confirmed by whole-mount in situ hybridization (WISH) using
probes for markers of those tissues (Figures 1D, 1E, and S1C-
S1J). To gain insight into the molecular basis for the disruption
of C&E during gastrulation, we assessed whether signaling path-
ways previously determined to be critical for early morphogen-
esis were disrupted. We found that signaling through the Bmp/
pSmad5, canonical and noncanonical Wnt, PI3-Kinase/Akt,
and Stat3/Livi/e-cadherin pathways controlling migration of
developing tissues was unaffected by Like1 knockdown (Figures
S1K-S1P) (Heisenberg and Solnica-Krezel, 2008; Kimelman and
Griffin, 2000; Solnica-Krezel, 2005). However, the expression of
lefty1 was essentially eliminated in Like1l morphants at 16 hpf
(Figure 1F). Because lefty1 is a direct target of Nodal/Smad2
signaling, we assessed whether Smad?2 signaling was altered
in Like1l morphants (Smith et al., 2011; Stemple, 2000; Thisse
et al., 2000). Indeed, both Smad2 phosphorylation and expres-
sion were reduced between 10 and 16 hpf (Figures 1G and
1H). Smad2 signaling plays an essential role in regulating gastru-
lation and later morphogenesis (Heyer et al., 1999; Nomura and
Li, 1998; Waldrip et al., 1998). Interestingly, maternal Smad2/
Nodal signaling and expression of the downstream target squint
(sqt) were intact at 4.7 hpf, prior to the onset of gastrulation (Fig-
ures 11 and S1Q), indicating that the ability of Like1 to control
Smad2 expression was developmentally regulated.

Smad2 Splicing Is Regulated by Rpl22 and Like1 during
Gastrulation

To determine how Like1 knockdown repressed the expression of
zygotic Smad2, we tested whether smad2 mRNA levels were
altered. Interestingly, while total smad2 mRNA levels were un-
changed, most of the smad2 mRNA was significantly smaller in
size in 10 hpf Like1l morphants (Figure 2A). The alteration of
smad2 mRNA size was not observed until 6 hpf, after the switch
from maternal to zygotic transcription (Kane and Kimmel, 1993)
(Figure S2A). Sequence analysis revealed that the basis for the
reduction in smad2 mRNA size was that it lacked exon 9, such
that exon 8 was directly spliced to exon 10 (Figures 2B and
2C). Although knockdown of Rpl22 alone did not affect smad2
splicing, simultaneous knockdown of Rpl22 with Like1 signifi-
cantly reduced the smad2 mis-splicing observed in Like1 mor-
phants, suggesting antagonistic regulation by these RP paralogs
(Figure 2A, right lane). Isoform-specific gPCR confirmed that
normal smad2 splicing was increased from ~35% in Like1
morphants to ~70% in morphants where Rpl22 was knocked
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Figure 1. Opposing Roles of RP Paralogs Rpl22 and Like1 in Regulating Gastrulation

(A and B) One-cell stage zebrafish embryos were injected with translational-blocking Like1-A-MO (L1-A-MO; 2 ng), L22-A-MO (6 ng), or both (D-MOs), following
which effects on gastrulation were assessed. The images of embryos represent lateral views at 10 hpf. The red and black lines indicate the anterior and posterior
ends of the body axis, respectively. The angle (6), which defines the degree of extension, was measured between the red arrow and dashed black line and is
represented graphically as the mean + SD. Control (Cont; black); Like1 MO (L1-A-MO; red); Rpl22 MO (L22-A-MO; yellow); and double-morphants (D-MO; green).
Triplicate samples were quantified and the mean + SD is depicted graphically. **p < 0.01.

(C) Imaging of notochord in Like1 morphants (10 hpf) co-injected with 100 pg mCherry-CAAX mRNA at the one-cell stage. The dorsal view, anterior is at the top.
The lateral notochord boundaries are indicated by the dotted yellow lines, and the width of notochord was marked by white lines.

(D and D’) Expression patterns of ntl in 10 hpf Like1 morphants. Red arrows mark changes in distribution in the images representing lateral (D) and dorsal (D’)
views.

(E and F) sox32 and lefty1 expression in Like1l morphants. Red arrows indicate changes in expression or distribution. (E) 75%-epiboly stage, dorsal view.
(F) Lateral view, 16 hpf.

(G-I) Phospho-Smad?2 and total-Smad2 were assessed in 10 hpf (G), 16 hpf (H), and 4.7 hpf (I) Like1 morphants by immunoblotting.

All results are representative of at least three experiments performed. See also Figure S1.

down together with Like1 (i.e., in double-morphants [D-MOs]; endogenously or upon ectopic expression of the mutant cRNA
Figure 2D). (Figures S3C and S3D). The inability to produce a stable, trun-
cated protein has also been reported for a murine Smad2 splice
The C&E Defects in Like1 Morphants Result from Smad2 variant lacking exons 9 and 10, in which the translational reading
Mis-Splicing frame was preserved (Liu et al., 2004). Having found that the
To assess whether smad2 pre-mRNA mis-splicing was respon-  mis-splicing of smad2 was sufficient to phenocopy the C&E de-
sible for the C&E defects, we sought to specifically replicate  fects observed in Like1l morphants, we next asked if restoring
the mis-splicing of smad2 using MO targeting the smad2 intron  Smad2 signaling could rescue those defects. Indeed, ectopic
8-exon 9 boundary (S2-i8e9-MO; Figure 3A). We verified that  expression of constitutively active Smad2 (Ca-Smad2) did alle-
the S2-i8e9-MO replicates the mis-splicing of smad2 and re- viate the C&E defects in Like1 morphants (morphology and ntl/
duces Smad?2 protein levels (Figures 3B, S2B, and S2C). More- myod1 distribution; Figures 3F-3H) (Dick et al., 2000). Taken
over, the S2-i8e9-MO also phenocopied the morphological together, these results suggest that Rpl22 and Like1 antagonis-
defects and impaired lefty1 expression observed in Like1 mor- tically regulate C&E by controlling the splicing of smad2, a critical
phants (Figures 3C-3E). The mis-spliced smad2 transcript regulator of gastrulation.
appeared to be disrupting development by reducing Smad2
expression rather than functioning as a dominant negative. @The Subcelluar Localization of Rpl22 and Like1 in
Indeed, ectopic expression of the mis-spliced smad?2 transcript Zebrafish Embryos Is Developmentally Regulated
failed to block Smad2-dependent signaling events induced by For Rpl22 and Like1 to directly regulate smad2 pre-mRNA
a constitutively activated Alk4 mutant (Tar*) (Figures S3A and  splicing during gastrulation, Rpl22 and Like1 would have to be
S3B). This is not unexpected because, despite the retention of located in the nucleus. Indeed, immunofluorescence analysis
the translational reading frame, we failed to detect a truncated of ectopically expressed HA-tagged RP revealed that Like1
protein produce from the exon 9-skipped smad2 mRNA, either and Rpl22 were located primarily in the nucleus at 6 and 10
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Figure 2. The Gastrulation Defects in Like1 Morphants Result from
Skipping of smad2 Exon 9

(A and B) RT-PCR analysis of smad2 mRNA in Like1 (L1-A-MO), Rpl22 (L22-A-
MO), and double morphants (D-MOs). smad2 mRNA was evaluated by RT-
PCR using primers (black arrowheads) amplifying the sequences between
exons 5-10.

(C) Like1 knockdown causes skipping of smad2 exon 9. Sequence analysis
of the smaller smad2 mRNA species caused by Like1 knockdown (red
arrow in A).

(D) Quantitative RT-PCR analysis of the relative expression of intact smad2
mRNA (blue arrow, left). The blue and red lines identify the positions of real-
time primers used to detect intact smad2 mRNA. Triplicate samples were
quantified, and the mean + SD is depicted graphically. P values are indicated.
All results are representative of at least three experiments performed. See also
Figure S2.

hpf (Figures 4A and S4A). The nuclear localization of Like1 and
Rpl22 appears to be developmentally regulated, as they relocal-
ized to the cytoplasm at 24 hpf, after gastrulation and morpho-
genesis are complete (Figure 4B). Importantly, at 24 hpf, Like1
knockdown no longer caused smad2 mis-splicing (Figure 4C).
The nuclear retention of Rpl22 and Like1 requires both their
NLS motifs and their ability to bind RNA (Figures S4B-S4E).
These results indicate that Rpl22 and Like1 regulate smad2
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pre-mRNA splicing in a developmentally controlled manner,
and their ability to do so is tightly linked to nuclear localization
during gastrulation.

Like1 Deficiency Disrupts Smad2 Splicing in Mouse
Embryos

To determine if these RP also regulate Smad?2 splicing during
mammalian gastrulation, we generated mice in which the
Rpl22/1 gene was ablated (Figures 5A-5C). Intercrossing
Rpl22/1*/~ mice revealed that Like1 deficiency was embryonic
lethal, as no Rpl22/1—/— mice were observed among 54
offspring. Moreover, Rpl22/1—/— embryos were absent embry-
onically by 12 days post-coitus (dpc) and displayed aberrant
morphology at 9.5 dpc (Figure 5D). When the status of Smad2
pre-mRNA splicing was assessed at 6.5 dpc, we observed
mis-splicing of the Smad?2 pre-mRNA (Figures 5E and 5F); how-
ever, unlike the mis-splicing observed in zebrafish, both exons 7
and 8 of murine Smad2 mRNA were skipped in the Rp/22/1~/~
embryos (Figure 5G). Together, these data indicate that the regu-
lation of Smad2 splicing during gastrulation is not only observed
in zebrafish but is also conserved in mammals.

Like1 Knockdown Disrupts the Splicing of Numerous
Pre-mRNA Targets

To gain insight into how Rpl22 and Like1 might antagonistically
regulate smad2 splicing, we performed RNA-seq to identify the
set of pre-mRNAs whose splicing they regulate. RNA-seq anal-
ysis of Like1 morphants revealed more than 300 mis-spliced tar-
gets, including smad2 (Figure 6A). Pathway analysis revealed
that the mis-spliced targets were enriched for those involved
in DNA replication, morphogenesis, and regulation of BMP
signaling (Figure 6B). Most of the mis-splicing events repre-
sented exon skipping, with a few instances of alternative exon
usage (Figure 6C). Moreover, MaxEntScan analysis of the mis-
spliced targets revealed that the skipped exons (Figure 6D; skip-
ped [S]) exhibited weaker 5’ splice donor and 3’ splice acceptor
sites than the included exons in the same genes (Figure 6D; not
skipped [NS]) (Lu et al., 2013). Hence, Like1 knockdown prefer-
entially induced the skipping of exons with weak splice sites,
suggesting that additional splicing factors were necessary for
recognition of these exons by the spliceosome (Lopez, 1998).
It is well established that trans-acting splicing factors such as
hnRNP A/B family members are able to preferentially bind to
exonic splicing silencers (ESS) and antagonize the binding of
SR proteins to exonic splicing enhancers (ESE), thereby leading
to exon skipping (Wang and Burge, 2008; Zhu et al., 2001). The
observation that most of the mis-splicing events in Like1 mor-
phants were exon skips raised the possibility that the exonic el-
ements involved might be bound by trans-acting factors that
could influence their function and cause exon skipping (Wang
et al., 2004). To test this hypothesis, we validated a set of mis-
spliced target genes by RT-PCR (Figure S5) and interrogated
the sequences surrounding the skipped exons to identify com-
mon features. The FAS-ESS and RESCUE-ESE algorithms
were used to predict potential ESS or ESE (Wang et al., 2004).
Indeed, we discovered that G-rich (GGGG or GGG) motifs
were enriched in skipped exons (Figure S6A). Furthermore, the
consensus Rpl22/like1 stem-loop binding motif was found in
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introns immediately preceding the skipped exons (Figure 6E),
suggesting that Rpl22/Like1 can directly bind to target pre-
mRNAs and regulate their splicing. Importantly, these features
were also found in smad2 pre-mRNA (Figure S6B). Thus, these
data support a model where Rpl22 and Like1 antagonistically
regulate gastrulation by directly binding to pre-mRNA targets,
including smad2, and promoting their mis-splicing in conjunction
with a trans-acting factor(s) that recognizes a G-rich motif
(Figure 6F).

The Ability of Rpl22 to Disrupt smad2 Pre-mRNA
Splicing in Like1 Morphants Is Dependent upon
hnRNP-A1

To test this model, we used in vivo RNA:protein cross-linking
immunoprecipitation (CLIP) analysis to determine if Rpl22 and
Like1 can bind their consensus motif in smad2 pre-mRNA.
Both Rpl22 and Like1, but not their m88 RNA-binding mutant
forms, were able to bind to intron 8 of smad2 pre-mRNA, which
immediately precedes the skipped exon 9 (Figures 7A and 7B),
suggesting that the regulation of smad?2 splicing by Rpl22 and
Like1 is direct. We next sought to identify the trans-acting fac-
tor(s) that bind the G-rich motif present in the pre-mRNAs mis-
spliced in Like1 morphants. hnRNP-A1 (A1) has been reported
to recognize a motif similar to the G-rich sequence motif
observed in the targets mis-spliced in Like1 morphants, and ze-
brafish A1 is expressed and localized in the nucleus during
gastrulation (Figure S7A) (Gabut et al., 2008). Moreover, Al is a
well-established splicing modulator that can bind ESS and inhibit
exon inclusion (Zhu et al., 2001). To determine if A1 was contrib-
uting to the ability of Rpl22 and Like1 to modulate smad2
splicing, we overexpressed A1 mRNA and found that A1, but
not other hnRNP, such as hnRNP-H and hnRNP-I (Y.Z., unpub-
lished data), induced smad2 exon 9 skipping (Figure 7C, red ar-
row). Moreover, knocking down A1 (validated in Figure S7B) in

periments performed. See also Figure S3.

Like1 morphants significantly reduced the skipping of smad2
exon 9 in Like1 morphants (Figure 7D, red arrow). Finally, knock-
down of both Rpl22 and A1 completely suppressed the smad2
mis-splicing normally observed in Like1 morphants (Figure 7D,
red arrow), suggesting that Rpl22 and A1 collaborate in promot-
ing smad2 mis-splicing in the absence of Likel. hnRNPs
have been reported to physically and specifically interact with
selected RPs (Kristensen et al., 2012). To determine if the ability
of Rpl22 and A1 to promote smad2 mis-splicing involved their
physical association, we performed co-precipitation analysis.
We found that A1 co-precipitated with Rpl22, but not Like1, in
detergent extracts of 10 hpf zebrafish embryos, demonstrating
a physical interaction between Rpl22 and A1 (Figure 7E). Impor-
tantly, the Rpl22-A1 association was not mediated by an RNA
bridge, as it was not disrupted by RNase treatment (Figure 7E).

DISCUSSION

Mutations in RP have long been linked to developmental anom-
alies manifested among the group of inherited syndromes
collectively known as ribosomopathies. Although the notion
that these anomalies result from generalized perturbations of
ribosome biogenesis or function is increasingly viewed as too
simplistic, little insight has been gained into the molecular basis
for their genesis. We report here nuclear functions for Rpl22 and
Like1, which when disrupted perturb embryonic patterning by
impairing C&E during gastrulation. Indeed, Rpl22 and Like1
antagonistically control C&E through their developmentally regu-
lated retention in the nucleus and their ability to influence the
splicing of pre-mRNAs of key regulators of gastrulation, princi-
pally Smad2. The outcome of these splicing events is deter-
mined by the antagonistic balance of Rpl22 and Like1 and entails
cooperation with the splicing modulator hnRNP-A1. These find-
ings reveal a fundamentally different way to view the function of
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Figure 4. The Regulation of smad2 Pre-mRNA Splicing during
Gastrulation by Rpl22 and Like1 Is Associated with Their Retentionin
the Nucleus

(A and B) Subcellular location of epitope-tagged Rpl22 and Like1 at 10 hpf (A)
and 24 hpf (B). mRNA (100 pg) encoding HA-zRpl22 (HA/L22) and HA-zLike1
(HA/L1) was co-injected with mRNA encoding mCherry-CAAX into one-cell
stage embryos and visualized by HA antibody immunostaining. mCherry-
CAAX marked the cell membrane, and DAPI marked the nucleus. The red scale
bar represents 10 um.

(C) RT-PCR detection of smad2 mis-splicing. Following Like1 MO injec-
tion, smad2 mis-splicing was assessed by RT-PCR in 10 and 24 hpf Likel
morphants.

All results are representative of at least three experiments performed. See also
Figure S4.

RP, in that they are capable of not only existing independent of
intact ribosomes but are capable, in that form, of exerting a pro-
found influence on critical events during development in zebra-
fish as well as in mammals. These findings also raise a number
of crucial questions relating to how Rpl22 and Like1 are retained
in the nucleus, the molecular basis by which they regulate the
splicing of pre-mRNA targets, and how Rpl22 and Like1 are
able to exert opposing effects on splicing.

Because the control of splicing by Rpl22 and Like1 is linked to
their retention in the nuclear, the effects on splicing are clearly
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mediated in an extraribosomal fashion; however, the basis for
the developmentally controlled retention of Rpl22 and Like1 in
the nucleus remains a critical unanswered question. There are
two likely explanations. First, Rpl22 and Like1 may assemble
into the ribosome in the nucleolus, traffic to the cytosol, and
then separate from the ribosome in the cytosol, following which
they traffic back to the nucleus. The separation of Rpl22 and
Like1 from the ribosome could be induced by post-translational
modifications. This has been observed for Rpl13a, which is dis-
placed from the ribosome by interferon-mediated phosphoryla-
tion. Upon release, Rpl13a is able to bind to cytosolic mRNA
species and silence their translation as part of the GAIT complex
(Mukhopadhyay et al., 2008). Motif prediction analysis suggests
that both Rpl22 and Like1 possess numerous consensus phos-
phorylation sites; however, it remains unclear if any are actually
used in vivo. Rpl22 has been reported to be modified by
SUMO in Drosophila, which is required to localize Rpl22e to
the nucleoplasm (Kearse et al., 2013). Nevertheless, because
Drosophila Rpl22 contains a large, unique N-terminal extension,
it remains unclear whether the SUMOylation of Rpl22 or Like1
plays a role in influencing their subcellular localization in other
species. Rpl22 and Like1 might also be induced to dissociate
from the ribosome through protein:protein interactions. We
have shown that Rpl22 associates hnRNA-A1, a protein whose
localization is reported to change dynamically during embryonic
development (Vautier et al., 2001). Specifically, when zygotic
transcription is activated, hnRNP-A1 accumulates in the nucleus
(Vautier et al., 2001). The developmental changes in hnRNP-A1
localization, along with its genetic and physical interaction with
Rpl22, raise the possibility that hnRNP-A1 may play a role in
retention of Rpl22 in the nucleus during gastrulation. Neverthe-
less, hnRNP-A1 does not display the same association with
Like1, suggesting that Like1 retention would be mediated by as-
sociation with a different factor(s). Another mode of controlling
the localization of Rpl22 and Like1 might entail direct trafficking
to the nucleus after synthesis in the cytosol, through a process
that does not involve their assembly onto the ribosome. We
have shown that Rpl22 and Like1 localization in the nucleus re-
quires both their NLS and RNA-binding motifs. Because the
retention of Rpl22 and Like1 in the nucleus coincides with the
switch to zygotic transcription during zebrafish embryogenesis,
Rpl22 and Like1 retention in the nucleus is likely to be due, at
least in part, to association with the large number of nascent
transcripts being made in the nucleus during gastrulation. This
is consistent with a previous report indicating that RP can asso-
ciate with nascent RNAs in budding yeast (Schroder and Moore,
2005). Given the intimate connection between transcription and
splicing, this represents a plausible explanation for develop-
mental control of the retention of Rpl22 and Like1 in the nucleus
and their involvement in regulating splicing.

The critical pre-mRNA target through which Rpl22 and Like1
modulation of splicing controls gastrulation is Smad2, a tran-
scription factor whose function is essential for this process.
Indeed, Like1 knockdown induces the skipping of smad2 exon
9, which preserves the translational reading frame of the splice
variant but nevertheless results in the loss of Smad2 protein.
This results either from repression of translation, or more likely,
from instability of the truncated protein product. The inability to



A B C 4 .
1.9 kb } }
< > +
Nhel Ndel T T 5‘ § E
1 ] H m WT Rpi22/1 allele £ &£ 4 8 g
N N 3
8 &8 g e &
Q Q Q
X o «
Nhel Ndel blunt Nde] blunt < 607bp
] I I [ l 263bp
: i X 420b
Left\Arm (3.7 kb) R|ght:Arm (2.7 kb) 2230p < p
\
\ Loxp :
\ / \ | D
Nhel el M . i
*\ ) | > = > | Targeting Construct Rpl2211+/+ Rpl2211-/-
Loxp Frt
A> B> C>

Rpl22/1** allele

—————— e 1160 e > —

<D
I D l Rpl2211* allele
E
Smad2 F
Rpl2211
E 78 |—19 H1o] III Mo
686bp
Smad2
G Intact
Smad?2 exon6 | exon9 ntac
I_ <— Mis-spliced
TAT GGACACAG G GG GG

J\N\A

Figure 5. Effect of Like1 Deficiency on Smad2 Splicing during Murine Gastrulation

(A) Molecular strategy for targeted deletion of Rp/22/1. A Loxp-FRT-neo resistance-FRT cassette was inserted 3’ to the first exon of Rp/22/1, and a second LoxP
site was inserted 3’ to the third exon. F1 heterozygous offspring were bred to Mox2-cre mice to delete the second and third exons of Rpl22/1, disrupting
expression at the genomic locus.

(B and C) Strategy to genotype Rpl22/1** or Rpl22/1*'~ mice. To genotype mice with LoxP sites flanking exons 2 and 3 of Rp/22/1, primers C and D were used to
amplify a 223 or 263 bp product for wild-type (WT; Rp/22/1+) and Rpl22L1-LoxP (Rpl22I1L), respectively. Deletion of Rp/22/1 is genotyped with primers B and D,
which amplify a 607 bp product for the WT allele (Rp/22/7+) and A and D, which amplify a 420 bp product for the mutant allele after cre recombination (Rp/22/1—).
(D) Representative Rp/22/1~/~ embryo compared with Rp/22/1*/* littermate control at 9.5 dpc.

(E-G) Effect of Like1 deficiency on splicing of Smad2 pre-mRNA during murine gastrulation. Embryos derived from timed matings of Rp/22/1+/— mice were
isolated at 6.5 dpc (mid gastrulation), genotyped as above, and analyzed by RT-PCR using the indicated primers to identify alterations in Smad2 splicing (E and F).
Sequencing of the mis-spliced Smad2 species found in Rp/22/1—/— embryos revealed that it represented a species in which exon 6 was fused directly to exon 9,
eliminating exons 7 and 8 (G).

All results are representative of at least three experiments performed.

generate a stable protein product appears to be linked to the
particular exonic sequences lost (i.e., exon 9), because a
Smad2 variant lacking exon 3 is capable of supporting produc-
tion of a truncated Smad2 protein product (Dunn et al., 2005).
Accordingly, the protein domain encoded by exon 9 is likely to
play a critical role in maintaining the structural integrity of
Smad2. Interestingly, while restoration of Smad2 expression is
able to alleviate the C&E defect observed in Like1 morphants,
restoration of Smad2 expression is not sufficient to rescue
development beyond gastrulation, between 16 hpf and 3 dpf
(data not shown). This is likely to be because the other targets
that are mis-spliced upon Like1 knockdown are playing a role
at more distal stages of development. The role of these mis-

spliced targets in later morphogenesis processes, such as
heart development and left-right patterning, is currently under
investigation.

Although it is clear that Rpl22 and Like1 regulate the splicing of
numerous pre-mRNA targets in addition to smad2, it remains un-
clear how they do so. Rpl22 and Like1 could regulate splicing by
directly binding to their pre-mRNA targets. Consistent with this
possibility, we found that Rpl22 and Like1 can bind smad2
pre-mRNA. Moreover, there are consensus Rpl22/Like1 binding
motifs in the intron immediately preceding the skipped exon in
all of validated, mis-spliced targets. Collectively, these data
strongly suggest that Rpl22 and Like1, both RNA-binding
proteins, are regulating splicing through direct binding to
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Figure 6. Common Features of mRNA Targets Mis-spliced in Like1 Morphants

(A) smad2 exon 9 skipping detected by RNA-seq. Alignment of RNA-seq reads to the genome reveals exclusion of smad2 exon 9 in 10 hpf Like1 morphants
(blue box).

(B) Gene Ontology analysis of transcripts affected by Like1 knockdown from RNA-seq analysis. Significant Gene Ontology terms (p < 0.05) are depicted as a bar
graph with the p values represented as —logo on the x axis.

(C) Schematic illustrating the type of alternative splicing identified by RNA-seq in 10 hpf Like1 morphants.

(D) Calculation of the strength of 5’ and 3’ splice sites of skipped (S) versus non-skipped (NS) exons in pre-mRNAs targeted in Like1 morphants. Results are
represented as box and whisker plots. Statistical significance of the differences was determined using the Wilcoxon RS test.

(E) Schematic of the consensus hairpin bound by Rpl22/Like1.

(F) Schematic model of the common features of pre-mRNA targets affected by Like1 knockdown. Targets contained both a consensus Rpl22/Like1 binding motif
in the preceding intron and a G-rich motif in the skipped exon.

RNA-seq analysis was performed on at least three independent biological replicates per condition. See also Figures S5 and S6.

pre-mRNA targets (Zhang et al., 2013). Alternatively, it should be
noted that the zebrafish and human U2-snRNA, on which the U2-
snRNP is assembled, also contains a consensus Rpl22/Like1
binding motif. Accordingly, it is also possible that Rpl22 and
Like1 could influence splicing indirectly, through effects on the
U2-snRNP, which plays a central role in RNA-splicing (Matera
and Wang, 2014). Nevertheless, even if altered U2-snRNP func-
tion were contributing to mis-splicing, because consensus Rpl22
and Like1 binding sites were found in all validated targets, it re-
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mains likely that direct binding of Rpl22 and Like1 to targets
plays an important role.

One of the most interesting aspects of the regulation of devel-
opment by the paralogs, Rpl22 and Like1, is the basis for their
antagonistic functions. It was formerly thought that RP paralogs
in lower organisms served largely redundant roles, but emerging
evidence hints at functional specialization (Komili et al., 2007).
Consistent with this notion, a few RP paralogs have been
conserved in vertebrates, in which they exhibit some tissue
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Figure 7. Factors through which Rpl22 and Like1 Regulate smad2 Alternative Splicing

(A) Position of the real-time primers (red arrows) flanking the consensus Rpl22/Like1 binding site in intron 8 of smad2 pre-mRNA.

(B) RNA-CLIP analysis of Rpl22/Like1 binding to smad2 pre-mRNA. Embryos injected with mRNA encoding HA tagged Rpl22, Like1, or their RNA-binding
mutants (m88) were harvested at 10 hpf. After light crosslinking, detergent nuclear extracts were immunoprecipitated using anti-HA antibody, and the co-
precipitated RNA quantified by RT-PCR. Triplicate measurements are depicted graphically as mean + SD, and p values are indicated.

(C) Overexpression of hnRNP-A1 (A1) mRNA induces smad2 mis-splicing. Embryos were injected with differing amounts of A1 mRNA, following which the effect
on smad2 mis-splicing was determined by RT-PCR at 10 hpf. The relative ratio of exon 9 skipped mRNA to intact smad2 mRNA was quantified in triplicate and
depicted graphically as the mean + SD.

(D) Genetic interaction of Rpl22 and A1. The ratio of exon 9 skipped to intact smad2 was quantified in Like1 morphants in which A1 and/or Rpl22 was knocked
down. The mean + SD of triplicate measurements was depicted graphically as in (C).

(E) Physical association between Rpl22, Like1 and A1. Anti-HA immunoprecipitation (IP) and anti-Flag immunoblots (IB) were performed on detergent extracts of
embryos injected with 100 pg of mRNA encoding Flag-A1 and either HA-Rpl22 or HA-Like1, either before or after treatment with RNase.

All results are representative of at least three experiments performed. See also Figure S7.

restriction in their expression patterns, but their functions remain
largely unexplored. We have previously reported that the antag-
onistic functions of Rpl22 and Like1 regulate the emergence of
embryonic hematopoietic stem cells (Zhang et al., 2013). We
now find that Rpl22/Like1 antagonism extends to the control of
pre-mRNA splicing during gastrulation. Because Rpl22 and
Like1 are more than 70% identical at the amino acid level, this
raises the question of how proteins as highly homologous as
these are able to perform antagonistic functions. The RNA-bind-
ing cores of Rpl22 and Like1 are nearly identical, and the helices
that contact RNA are entirely identical and conserved from hu-
man to zebrafish; however, the amino (N) and carboxy (C) termini

are more divergent (Zhang et al., 2013). Accordingly, we hypoth-
esize that Rpl22 and Like1 are able to bind to a largely overlap-
ping set of RNA targets but have opposing effects on those
targets, most likely because of the influence of their divergent
termini. The termini might alter the way the RNA-binding do-
mains function. Alternatively, the termini of Rpl22 and Like1
might recruit distinct trans-acting factors that serve as the effec-
tors of antagonism. The preferential association of hnRNP-A1
with Rpl22 and not Like1 certainly supports this notion, but the
basis for the selective interaction of hnRNP-A1 with Rpl22 re-
mains to be determined. Nevertheless, the simplest interpreta-
tion of our data is that Like1 binding to the intronic sequences
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of a pre-mRNA target interferes with the ability of Rpl22 to recruit
hnRNP-A1, thereby preventing it from disrupting normal splicing.
It is unclear whether Like1 alone is capable of opposing the
disruptive effects of Rpl22 and hnRNP-A1 or if it requires assis-
tance from a positive regulator of splicing. Interestingly, the
recurrent G-rich element observed in the mis-spliced targets of
Like1 morphants can be bound either by splicing repressors or
activators (Expert-Bezancon et al., 2004). Indeed, SR proteins
ASF/SF2 and SC35 can compete with hnRNP-A1 to bind to
same G-rich element. hnRNP-A1 binding has been reported to
antagonize the action of SR proteins and cause mis-splicing
of beta-tropomyosin exon 6 (Expert-Bezancon et al., 2004).
Accordingly, it is possible that Like1 may require the physical
or genetic interaction with a factor(s) that facilitates normal
splicing (e.g., SR proteins) in order to overcome the splice
disruption induced by hnRNP-A1 and Rpl22. Our finding that
some paralogs are not functionally redundant but can instead
perform biologically important antagonistic functions is unusual
but not without precedent. Indeed, a recent report revealed
that paralogs Upf3a and Upf3b perform antagonistic functions
in regulating nonsense mediated decay (Shum et al., 2016).
Thus, the use of antagonistic paralogs as molecular rheostats
to fine-tune biological processes appears to be an emerging
theme.

Our findings reveal that Rpl22 and Like1 are not functionally
redundant during early development but instead act as an antag-
onistic regulatory node whereby the balance of these antago-
nistic activities is crucial. This balance appears to be set not
only by their expression level but also by control of their localiza-
tion in the nucleus. Beyond their role in causing developmental
abnormalities in ribosomopathies, inactivation of RP has also
been associated with increased cancer risk both in inherited
ribosomopathy syndromes and when RP inactivation occurs
somatically. This raises the possibility that alterations in pre-
mRNA splicing caused by Rpl22/Like1 imbalances might also
occur in, and contribute to, transformation. We have shown
that Rpl22 is a tumor suppressor as inactivation of Rp/22
promotes lymphoma formation (Rao et al., 2012). In contrast to
Rpl22, the Like1 locus (RPL22L1) is frequently amplified in
many types of human cancers (data not shown). Moreover,
mutations in RNA splicing factors (e.g., U2AF1, SF3B1, and
SFPQ) have been recently implicated in the pathogenesis of
human MDS and acute myelogenous leukemia (Dolnik et al.,
2012; Yoshida et al., 2011). Thus, imbalances in Rpl22 and
Like1 expression might disrupt splicing in these diseases when
splice factors are not mutated. Understanding how Rpl22 and
Like1 interact with the splicing machinery to control smad2
splicing, may reveal insights not only into how mutations in RP
can cause physical defects but also how they alter cancer risk
in humans.

EXPERIMENTAL PROCEDURES

Zebrafish

Zebrafish were bred and maintained at 28.5°C under standard aquaculture
conditions in the Fox Chase Association for Assessment and Accreditation
of Laboratory Animal Care (AALAAC)-accredited Zebrafish Facility under the
auspices of an Institutional Animal Care and Use Committee (IACUC) protocol.
Embryos were staged as described previously (Kimmel et al., 1995).
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Morpholino Antisense Oligonucleotides
MOs (GeneTools) were designed against the ATG translational start sites of the
indicated targets as previously reported (Zhang et al., 2013).

Plasmid Construction, RNA Synthesis, and Overexpression

Epitope tagged constructs were generated by standard molecular biological
approaches, following which mRNA were produced by in vitro transcription
and injected into one-cell embryos to achieve overexpression.

In Situ Hybridizations

Whole-mount RNA in situ hybridizations were performed as previously described
(Thisse and Thisse, 2008). The stained embryos were mounted in 3% methylcel-
lulose and photographed from the Nikon SMZ1500 stereomicroscope.

Antibodies, Western Blotting, and Immunofluorescent Staining
Immunoblotting and immunofluorescent analysis of zebrafish embryos was
performed as described (Zhang et al., 2013).

Generation of Rpl22/1—/— Mice

Rpl2211—/— mice were produced using the Targeting Vector 4595 D8 in order
to insert LoxP sites in the introns between exons 1 and 2 and between exons 3
and 4. Following electroporation into R1 embryonic stem cells (ESCs), the
ESCs were injected into C57BL/6 blastocysts. To ubiquitously disrupt
Rpl22i1 expression, Rpl22/1-°**"* mice were mated to Mox2-cre mice to
generate Rpl22/1-°®'~ mice, which were subsequently bred to C57BL/6
mice to create the Rp/22/7*~ mice used in timed matings. Maintenance and
analysis of these mice were performed under the auspices of an IACUC-
approved protocol.

RT-PCR and Quantitative Real-Time PCR

Total RNA was isolated from embryos using Trizol (Life Technologies) and
glycogen (Ambion), following which RNA was reverse transcribed and sub-
jected to RT-PCR or quantitative real-time PCR as indicated using SYBR-
Green detection.

RNA-Seq Analysis

RNA-seq analysis was performed on RNA extracted from zebrafish embryos at
the end of gastrulation (10 hpf). Briefly, the mRNA-seq library was prepared
from the total RNA using poly(A) selection (Truseq RNA Sample Preparation
Kit V2, lllumina). RNA concentration was quantitated using a NanoDrop, and
RNA integrity was measured using a BioAnalyzer chip (Agilent), followed by
50-100 bp paired end sequencing on a HiSeq2000 according to manufacturer
protocols (lllumina). RNA-seq sequence-read data for control and Like1 mor-
phants was deposited into the NCBI Short Read Archive (SRA) database
(SRP093436). mRNA-seq reads for both control and Like1 morphants were
mapped to the latest zebrafish genome assembly (Zv9) using the TopHat
(version 2) alignment algorithm (Trapnell et al., 2009). For detection of splicing
changes in Like1 morphants, the MATS algorithm was implemented using the
aligned BAM files (Shen et al., 2012). Each splicing change was visualized us-
ing the IGV program (Integrative Genomics Viewer). Enrichment analysis for
Gene Ontology (GO) terms was assessed using the GOstats program (Falcon
and Gentleman, 2007). To evaluate the splicing strength for splice sites, we
used the MaxEntScan algorithm, based on the maximum entropy model using
candidate genes from Like1 morphant RNA-seq data (Yeo and Burge, 2004).
The significance of differences in the strength of 5" and 3’ splice sites was eval-
uated using the paired Wilcoxon signed rank test.

Co-immunoprecipitation of Rpl22 and Like1 with hnRNP-A1
Co-immunoprecipitation of Rpl22 and Like1 with hnRNP-A1 was performed
on detergent extracts of zebrafish embryos using minor modifications to a
well-established protocol (Little and Mullins, 2009).

Embryonic RNA-Protein Crosslinking and Immunoprecipitation

To develop the E-CLIP method for Rpl22/Like1 interaction with smad2 mRNA
in zebrafish embryos, we modified published protocols (Lu et al., 2013; Niran-
janakumari et al., 2002; Ule et al., 20083). Briefly, mRNAs encoding HA-tagged
Rpl22 and Like1 were injected into one-cell embryos. Embryos were collected



at 10 hpf, crosslinked by adding 37% formaldehyde (Sigma) to 1.85% vol/vol
final concentration, and lysed in hypotonic lysis buffer (10 mM Tris-HCI
[pH 7.5], 10 mM NaCl, 0.5% NP40, containing protease inhibitors and
SuperRNase inhibitor). Isolated nuclei were lysed by sonication (Bioruptor
sonication system), following which RNA was partially timmed by treatment
with RNase T1 (Ambion) for 5 min at 37°C as described (Lu et al., 2013). The
nuclear extract was clarified by centrifugation at 22,000 x g for 30 min, pre-
cleared with Protein A Magnetic Beads (NEB), and immunoprecipitated
with the indicated antibodies following which the immunoisolated RNA was
quantified as above.

Statistical Analysis

Atwo-tailed Student’s t test was used in the experiments shown in Figures 1B,
2D, and 7B. Statistical significance was accepted at p < 0.05. All experiments
were repeated at least three times.
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