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Primate-specific Alu short interspersed elements (SINEs) as well as
rodent-specific B and ID (B/ID) SINEs can promote Staufen-mediated
decay (SMD) when present in mRNA 3’-untranslated regions (3'-UTRs).
The transposable nature of SINEs, their presence in long noncoding
RNAs, their interactions with Staufen, and their rapid divergence in
different evolutionary lineages suggest they could have generated
substantial modification of posttranscriptional gene-control networks
during mammalian evolution. Some of the variation in SMD regula-
tion produced by SINE insertion might have had a similar regulatory
effect in separate mammalian lineages, leading to parallel evolution
of the Staufen network by independent expansion of lineage-specific
SINEs. To explore this possibility, we searched for orthologous gene
pairs, each carrying a species-specific 3'-UTR SINE and each regulated
by SMD, by measuring changes in mRNA abundance after individual
depletion of two SMD factors, Staufen1 (STAU1) and UPF1, in both
human and mouse myoblasts. We identified and confirmed ortholo-
gous gene pairs with 3’-UTR SINEs that independently function in
SMD control of myoblast metabolism. Expanding to other species,
we demonstrated that SINE-directed SMD likely emerged in both pri-
mate and rodent lineages >20-25 million years ago. Our work reveals
a mechanism for the convergent evolution of posttranscriptional gene
regulatory networks in mammals by species-specific SINE transposi-
tion and SMD.

Staufen1 | UPF1 | Staufen-mediated mRNA decay | SINEs |
convergent evolution

hort interspersed elements (SINEs) are retrotransposable

DNA sequences of ~100-600 base pairs (bp). Lineage-
specific SINEs have expanded to now account for ~8% of
mouse and ~13% of human genomic sequences (1, 2). SINEs
that have integrated into RNA polymerase (Pol) II transcription
units have adopted an array of roles that include generating pre-
mRNA splice sites or polyadenylation sites, and regulating
mRNA localization or mRNA translation (3).

The large number of SINEs in mRNAs provides the oppor-
tunity for intermolecular base pairing to form a partially com-
plementary duplex between SINEs in, e.g., a long noncoding
RNA (IncRNA) or another mRNA. Such duplexes can contain
binding sites for the double-stranded (ds) RNA-binding pro-
teins (RBPs) Staufen (STAU)1 and/or STAU2 (4-6), which,
when present in an mRNA 3’-UTR, can trigger STAU-mediated
mRNA decay (SMD), a process that additionally requires the
ATP-dependent RNA helicase UPF1 (4, 5, 7-9). SMD has been
implicated in the regulation of myogenesis (10, 11), adipogenesis
(12), cell mobility and invasion (4, 5), and stress-induced
apoptosis (13).

In primates, SMD can be triggered by base pairing between
Alu elements (4, 5). Alu elements emerged from a dimer of 7SL
RNA and expanded in the primate lineage to ~1.4 million copies
per human genome (2, 14). In rodents, which lack Alu elements,
homoduplexes can form between Bl, B2, B4, or identifier (ID)
elements (11). Like Alu elements, Bl elements were derived
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from 7SL RNA, whereas B2 elements were derived from tRNA,
B4 elements from the fusion of a tRNA*-derived ID element at
the 5’-end and a B1 element at the 3’-end, and ID elements from
tRNA™® or a neuronally expressed brain cytoplasmic (BCI)
RNA (1, 15-17). Alu and B or ID (B/ID) SINE families emerged
after primates and rodents diverged ~90 million years ago
(MYA), and have continuously amplified independently in the
two mammalian lineages (1, 18, 19) (Fig. 14).

Despite integrating independently in their respective genomes,
the positions of extant Alu and B/ID elements correlate over
large genomic regions (15), are predominately found in introns
(20), and are enriched in upstream and intronic sequences of
groups of genes with similar functions (21). Additionally, retro-
transposons, including SINEs, are overrepresented in the 3'-
UTRs of both human and mouse and correlate with decreased
expression of their encoded transcripts (22). The large number,
similar positioning in the human and mouse genomes, and the
analogous function of Alu and B/ID SINEs in SMD led us
to speculate that alterations to posttranscriptional regulation
resulting from lineage-specific 3’-UTR SINE insertion may
have resulted in parallel alterations to gene expression in
the two lineages.

Significance

Short interspersed elements (SINEs) are retrotransposons that
have accumulated in genomes through a “copy-and-paste”
mechanism. Once inserted, these sequences have the potential
to gain novel functions, including regulating gene expression.
Here, we demonstrate the unexpected finding that independently
evolved SINEs have accumulated in the 3’-untranslated regions of
orthologous human and mouse genes. We demonstrate that, in
some cases, this has resulted in their regulating gene expression by
Staufen-mediated mRNA decay (SMD) in human and mouse
myoblasts. Thus, SINE-directed SMD has convergently evolved to
regulate myoblast metabolism. This represents an example of the
convergent evolution of posttranscriptional gene regulation
using SINEs.
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Fig. 1. Identification of 3'-UTR SINE-containing orthopairs that are targets

of Staufen-mediated mRNA decay (SMD). (A) Diagram of an archetypal
orthopair that independently acquired a 3’-UTR Alu SINE in humans and a B
or ID (B/ID) SINE in mouse. (B) Pie chart showing the proportion of human:
mouse orthopairs that are 3'-UTR SINE-containing in human (red), mouse
(blue), both (red and blue), or neither ortholog (gray). (C) Scatterplot
showing the correlation in orthologous gene expression in control siRNA-
treated human and mouse myoblasts (MBs); r, Pearson correlation co-
efficient; n, number of observations. (D) Venn diagrams demonstrate that
hMBs and mMBs share 182 orthologs that are putative SMD targets, i.e.,
transcripts significantly up-regulated relative to their level in control siRNA-
treated cells when STAU1 and, separately, UPF1 was depleted using siRNA in
hMBs or mMBs. (E) Pie chart showing the proportion of the 182 orthopairs
that produce putative SMD targets in both hMBs and mMBs and are 3’-UTR
SINE-containing in the human ortholog (red), mouse ortholog (blue), or both
orthologs (red and blue). (F) Scatterplot comparing the log2-fold change
after hSTAU1 or mStau1 knockdown of each 3’-UTR SINE-containing human
and mouse orthopair (3 of the 24 were excluded from this analysis as the
major 3’-UTR isoform lacks the SINE). Color coding indicates SMD target
validation using RT-qPCR (S/ Appendix, Fig. S2).

Here we identify 1,192 orthologous gene pairs (orthopairs) in
human and mouse that are 3’-UTR SINE-containing. Using
RNA sequencing (RNA-seq) and gene-specific assays, we iden-
tify orthopairs that are SMD targets in both human and mouse.
We demonstrate that these independent networks have con-
verged to fine tune the activity of the metabolic regulator
PDKI1 in both human and mouse myoblasts. Finally, we identify
the 3'-UTR features that correlate with SINE presence and ex-
tend our observations to SINEs in additional species.

Results

Identifying 3'-UTR SINE-Containing Orthologs That Are Regulated by
SMD. Although 3’-UTR SINEs are known to trigger SMD in
human and mouse (4, 5, 11), orthopairs in which distinct species-
specific SINEs trigger SMD remain undiscovered (Fig. 14). To
search for such pairs, we analyzed the 16,064 human and mouse
orthopairs annotated by the University of California, Santa Cruz
(UCSC) and Mouse Genome Informatics (MGI) (22, 23) and
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found 1,192 (7.4%), wherein both orthologs are 3'-UTR SINE-
containing (Fig. 1B). Similarly, 1,109 (7.0%) of the 15,736
1:1 orthopairs generated by the mouse ENCODE project (24)
are likewise 3’-UTR SINE-containing (SI Appendix, Table S1).
This overlap represents a statistically significant approximately
twofold enrichment relative to a random insertion model (S7
Appendix, Table S1). One possible source of this enrichment
might be parallel evolution of SMD control; however, several
correlated features of mouse and human 3’-UTRs with the po-
tential to lead to biased SINE insertion also contribute to this
enrichment (discussed below).

To search for the existence of 3’-UTR SINE-containing
orthopairs where both orthologs are under SMD control, we
sought a common biological context within which a large number
of orthopairs would be similarly expressed, including a minimum
of distinct mRNA isoforms with widely variable 3'-UTRs that
often typify different cell types and differentiation states (25). A
common context is also expected to depend on SMD in similar
ways, as the efficiency of SMD can vary among different cell types
and can change during the process of differentiation (10-12). We
chose human hSkMc skeletal muscle myoblasts (hMBs) and
mouse C2C12 skeletal muscle myoblasts (mMBs), knowing that
SMD is efficient in mMBs (4, 10, 11), and expecting it would also
be efficient in hMBs. Triplicate cultures of MBs from each species
were treated with control or SMD factor-targeting siRNA, either
STAUT1 siRNA or UPF1 siRNA, and poly(A)* RNA from each
condition was sequenced and analyzed (see below) using DESeq
(26). Mean expression values for >9,000 orthopairs from the three
control replicates for mouse and human were compared (Fig. 1C),
and a Pearson correlation coefficient of 0.6266 was calculated,
similar to a previous report (r = 0.76) comparing orthopairs in hu-
man and mouse muscle tissue (1, 27). The lower value calculated
here likely reflects expression differences between hMB and mMB
cell lines that are not present in muscle tissue. Expression values for
3’-UTR SINE-containing orthopairs are also highly correlated (Fig.
1C). These data suggest that the gene expression characteristics of
these two MB cell lines from different species are sufficiently similar
to support comparison of the regulation of orthopairs by SMD.

To identify which 3’-UTR SINE-containing orthologous mRNA
pairs are SMD targets in human and mouse MBs, we identified
transcripts that are under SMD control in human and mouse MBs
based on their up-regulation (>1.2-fold, P < 0.05) upon siRNA-
mediated depletion of STAU1 and, separately, UPF1 using
DESeq (SI Appendix, Fig. S1 A and B and Dataset S1) (7, 26).
Although depletion of UPF1 inhibits both nonsense-mediated
mRNA decay (NMD) and SMD (10), and STAU1 plays other
roles in gene expression (9, 28), a proportion of the genes up-
regulated upon depletion of either protein is also up-regulated
in response to depletion of the other protein in human
(781 genes) and mouse (1,077 genes) MBs (Fig. 1D). Of these,
163 (20.9%) and 373 (34.6%), respectively, are 3’-UTR SINE-
containing, a significant enrichment relative to all orthopairs
(Fig. 1B) [P = 0.0238 (human), P value < 0.0001 (mouse), x* test].
Nevertheless, we noted that the majority of human or mouse MB
mRNAs with a 3’-UTR SINE are not detectably SMD targets,
likely for a number of reasons. First, not all 3'-UTR SINE:s trigger
SMD as not all SINEs bind STAU1 (see, e.g., ref. 29); however,
the features that define which SINEs are competent for STAU1
binding remain unknown. Second, steady-state measurements,
including standard RNA-seq, can be insensitive to subtle changes
in mRNA stability when transcription rates are high. Third, al-
ternative polyadenylation that excludes the SINE from the major
mRNA isoform expressed in human or mouse MBs may obscure
SMD-target detection for the minor mRNA isoform. In this
regard, it is notable that for 10 of the 57 orthologous genes having
a 3’-UTR SINE whose transcripts detectably underwent SMD in
hMBs only, the SINE is present in only a minor mRNA isoform
in mMBs.
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Despite the limited sensitivity inherent in this approach, both
mRNAs from 182 orthopairs are among those up-regulated after
separate depletion of both UPF1 and STAU1 (Fig. 1D and
Dataset S1), and 24 of these (13.2%) carry a 3'-UTR SINE in
both members of the orthopair (Fig. 1E and SI Appendix, Tables
S1 and S2). This is a significant enrichment relative to the 7.4%
of all orthopairs that are 3’-UTR SINE-containing (Fig. 1B) (P =
0.0058, %> test). We did not observe a similar enrichment when
we examined the orthopairs with a SINE in only one ortholog
(P = 0.48, Alu only; P = 0.85, B/ID only; x* test), suggesting that
SINE acquisition may have contributed to the parallel evolution of
Staufen regulatory networks since the last common euarchontal
ancestor of humans and mice.

Of the 24 orthopairs that were putative SMD targets, three
lacked a SINE in the 3’-UTR of the major isoform and were
excluded from our analysis. Of the remaining 21, we used RT-
qPCR to quantify mRNA and pre-mRNA of 17 orthopairs in
control, UPF1-depleted, and STAU1-depleted cells. From this,
we confirmed that 6 orthopairs that contain a SINE in the 3'-
UTR of the expressed isoform in MBs were significantly up-
regulated (7 test, P < 0.05) upon depletion of each SMD factor
(Fig. 1F and SI Appendix, Fig. S2 E and F), indicating that they
are bona fide SMD targets in MBs of both species. We further
confirmed that 5 of the defined putative SMD targets copurify
with mouse STAU1 in MBs using a monoclonal antibody that we
developed to the C-terminal 73 amino acids of human STAU1
(SI Appendix, Fig. S1). Notably, the up-regulation of SLC7A42
mRNA detected in RNA-seq experiments was due to changes in
transcription, rather than mRNA stability, because both human
and mouse SLC742 mRNA (i) did not increase more than its
pre-mRNA upon STAUIL or UPF1 depletion and (ii) did not
detectably copurify with mouse or human STAU1 by a-STAU1
immunoprecipitation (SI Appendix, Fig. S1 E-H). This highlights
the specificity of our approach to identify bona fide SMD targets.
As further evidence that the mRNAs we identify are SMD tar-
gets by virtue of retrotransposons that are lineage specific, rather
than conserved, we failed to find conserved mammalian-wide in-
terspersed repeats (MIRs) or long interspersed elements (LINEs)
in the 3’-UTRs of the 5 orthopairs that we demonstrate are SMD
targets in human and mouse. The small number of the ~1,100
SINE-containing orthopairs identified in these experiments is only
a subset of those for which convergent evolution may have taken
place across both genomes, given the technical sensitivity limits
(described above) and the fact that MBs represent only one of a
large number of expression states that human and mouse cells
can occupy.

Independently Evolved 3’-UTR SINEs Direct SMD of the Metabolic
Regulator PDK1. To provide direct evidence that the SINE of
orthologous transcripts is required for SMD, we chose to analyze
the orthopair encoding pyruvate dehydrogenase kinase 1 (PDK1),
because (i) each PDKI mRNA harbors only a single SINE in the
major 3'-UTR isoform expressed in MBs (S Appendix, Table S2);
(i7) the SINE is sufficiently downstream of the termination codon
to prevent interruption of the OREF, allowing for a simple deletion
experiment; and (iii) the full-length mRNA is short enough to be
readily clonable. Each mRNA was up-regulated in response to
each of two nonoverlapping STAU1 and UPF1 siRNAs (Fig. 24)
and stabilized in response to STAUI siRNAs (Fig. 2B). To in-
terrogate the role of each SINE in SMD, we generated PDKI
cDNA expression constructs containing either the native 3'-UTR
or a SINE-deletion (ASINE) variant (Fig. 2C). Consistent with a
role for each SINE in promoting SMD, each ASINE mRNA was
expressed at a significantly higher level than its corresponding
SINE-containing mRNA and was unresponsive to STAU1 depletion,
whereas the corresponding SINE-containing mRNAs responded to
STAUI depletion as did mRNA from the native gene (Fig. 2D).
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Fig. 2. SMD regulates the expression of human and mouse PDKT mRNAs in
hMBs and mMBs by virtue of their 3'-UTR SINEs. (A) Histogram representing
RT-qPCR quantifications of each mRNA normalized to its pre-mRNA and then
to control siRNA treatment after treatment with each of two nonoverlapping
siRNAs to STAU1 or UPF1. (B) RT-gPCR quantitation of human (Left) or mouse
(Right) PDK1T mRNA in hMBs or mMBs at indicated time points after treatment
with actinomycin D normalized to 18S rRNA and then to 0 h. (C) pCINeo ex-
pression vectors containing human (Left) or mouse (Right) PDK1 cDNA that
does or does not (ASINE) harbor the 3’-UTR SINE. (D) RT-qPCR quantifications
of human (Left) or mouse (Right) PDK1 transgene mRNA normalized to the
level of MUP transgene mRNA and then to control siRNA treatment. (E) RT-
gPCR quantitation of human or mouse PDK1 transgene mRNA that coimmu-
noprecipitated with STAU1 from human HelLa or mMB cells transfected with
the plasmids described in C, normalized first to the level before immunopre-
cipitation (IP), then to the SINE-containing (FL) transcript. (F) Flowchart
showing how Staufen1, via SMD, may inhibit human and mouse PDK1-
mediated phosphorylation of pyruvate dehydrogenase subunit E1a (PDH-
E1a) at serine 232 potentially leading to alterations in aerobic metabolism.
(G) Western blotting of lysates of hMBs (Left) or mMBs (Right) collected 2 d
after transfection with the specified siRNA. The level of calnexin (CANX)
serves as a loading control. All results derive from three or more indepen-
dent experiments. Histograms represent the average and SD. *P < 0.05.

Deletion of the SINE results in more up-regulation than depletion
of STAUL1 protein, likely because residual SMD remains, due to
both incomplete depletion of STAU1 and the contribution of
STAU2 to SMD (6) (SI Appendix, Fig. S3). We further demon-
strated that the interaction of both human and mouse PDKI
mRNA with STAUI depends on the SINE, as deleting the SINE
decreased the coimmunoprecipitation with STAU1 by ~5-
10 fold (Fig. 2E). Although the human MBs were able to take up
siRNAs, they were inefficiently transfected with DNA constructs.
Thus, we employed human HeLa cells to demonstrate the gen-
eral dependence of the SMD of PDKI mRNA on the Alu ele-
ment (Fig. 2 D and E). We conclude that the primate-specific
Alu and rodent-specific Bl SINEs regulate both human and
mouse orthologs of PDKI by SMD (Fig. 2 A-E) and that neither
element was present in the common ancestor. While both PDKI
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3’-UTR SINEs are 7SL derived, it is likely that tRNA-derived
SINEs would also function analogously, considering their dem-
onstrated function in SMD (11).

Showing the adaptive value of a SINE insertion that brings an
mRNA under SMD control in human and mouse would be very
difficult. But if control of the PDKI gene by the STAU1 regulatory
network is physiologically important in the MBs of both species,
metabolic consequences of SMD loss on the downstream events
that depend on correct expression of PDK1 should be evident and
similar in both species. In both human and mouse, PDK1 is one of
a family of four kinases that phosphorylates pyruvate dehydroge-
nase (PDH) at one of three serines on the Ela subunit (PDH-
Ela), thereby reducing pyruvate dehydrogenase activity so as to
control the metabolic state of the cell (30) (Fig. 2F). We found for
both human and mouse MBs that STAU1 depletion increased the
level of PDK1 protein and concomitantly increased the level of
PDH-Ela phosphorylation at serine 232, which is uniquely phos-
phorylated by PDK1 (30), while total PDH-Ela protein levels
were not significantly changed in the MBs of either species (Fig.
2G). These data are consistent with a similar contribution of 3'-
UTR SINEs to MB metabolism in human and mouse and dem-
onstrate that species-specific SINE insertions can promote parallel
evolution of posttranscriptional regulatory networks by employing
STAUL1 proteins in SMD.

The 3’-UTR SINEs Reside in Orthopairs with Long 3’-UTRs and High
A+T Content. Given that human Alu SINEs and mouse B/ID
SINEs have expanded independently, and assuming that every
3’-UTR has an equal probability of containing a SINE, the
expected number of orthopairs in which both members harbor a
3’-UTR SINE would be ~624 (SI Appendix, Table S1). This is s1g-
nificantly fewer than the 1,192 genes we found (P value < 107'%,
test), suggesting that SINEs have preferentially integrated and/or
been maintained after random insertion in the 3'-UTRs of ortho-
pairs after primates and rodents diverged. Although Alu, B, and ID
SINEs all depend on endonuclease and reverse transcriptase ac-
tivities encoded by the LINE L1 (31, 32), factors that influence
SINE positions are not well understood.

To understand more about the factors that influence SINE
distributions, we systematically compared the sequence features of
SINE-containing 3’-UTRs to SINE-lacking 3’-UTRs. We found
that the enrichment observed is mostly accounted for by prefer-
ential insertion and/or retention in long 3’-UTRs because (i)
SINE-containing 3’-UTRs are significantly longer than SINE-
lacking 3'-UTRs (Fig. 34 and SI Appendix, Table S4); (ii) SINE
density is comparable between 3’-UTRs in the same species (hu-
man P = 0.76072; mouse P = 0.44629) (Fig. 3B); (iii) 3'-UTR
lengths of orthologous genes correlate (Fig. 3C); and (iv) statistical
modeling to simulate SINE insertion based on 3'-UTR length
predicts 932 + 16 3’-UTR SINE-containing orthopairs, close to the
observed number of 1,192 (SI Appendix, Table S3). To further
analyze 3’-UTR lengths, we separated the 3’-UTRs by their SINE
subtype, since subtype can provide a rough estimate of SINE in-
sertion time. We found that all except the least-abundant SINE
families (A4Y in human and B4 in mouse) are present in signifi-
cantly longer 3'-UTRs (SI Appendix, Table S5). This is consistent
with SINEs being inserted and/or retained in longer 3’-UTRs,
rather than 3’-UTR sequence accumulation after SINE insertion.

In addition to 3’-UTR length, we found that both human and
mouse SINEs reside preferentially in 3'-UTRs that are condu-
cive to L1 cleavage, i.e., (i) are enriched in TT dinucleotides,
while human 3’-UTRs are additionally enriched for AA dinu-
cleotides, increasing the probability of containing the TTAAAA
L1 cleavage site (SI Appendix, Fig. S4 and Table S6); (ii) de-
pleted of CC dinucleotides, increasing the rigidity of the DNA
sequence (SI Appendix, Fig. S4); and (iii) contain nucleotides
flanking the SINE insertion that display evidence of L1 cleavage
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Fig. 3. The 3’-UTR SINEs reside in orthopairs encoding mRNAs with long 3'-
UTRs. (A) Histograms showing the mean 3’-UTR length of the longest mRNA
isoform from RefSeq, excluding the SINE sequence, calculated for each
orthopair that is 3’-UTR SINE-containing in both human and mouse (black),
only human (red), only mouse (blue), or neither (gray). Error bars denote
SEMs. (B) Histograms showing the number of Alu or B/ID SINEs per 1 kb in
the 3’-UTRs of human or mouse transcripts from orthologous genes that
either have or lack a 3'-UTR SINE. (C) Dot plot demonstrating the correlation
between 3'-UTR length of the longest isoform of each human and mouse
orthopair that lacks (light gray, p = 0.39, P < 107'°°) or contains (black, p =
0.23, P = 4-107"%) 3-UTR SINEs in both orthologs. (D) Same as in C but
comparing 3’-UTR A+T content.

and insertion (SI Appendix, Fig. S5). Consistent with these se-
quence features playing a role in the observed enrichment, the
A+T content of orthologous 3’-UTRs is also correlated (p =
0.59, P = 3.5-107"%) (Fig. 3D).

Evidence of sequence conservation would provide support for
functional retention of 3’-UTR SINEs. However, it is unlikely
that STAU1-binding sites represent a specific sequence motif
because (i) both sense Alus and antisense Alus (i.e., Alus that are
the reverse complement of the sense Alu sequence) can trigger
SMD to a similar degree (SI Appendix, Fig. S6); and (ii) we
observe no enrichment of any particular 4/u subtype in human or
SINE type in mouse within those mRNAs that are up-regulated
when STAUL and, independently, UPF1 is knocked down (SI
Appendix, Fig. S7). As anecdotal support for the hypothesis that
3’-UTR Alus in putative SMD targets may have experienced a
selective pressure to maintain their sequence, we found that the
percentage of the Alu sequence deleted relative to the consensus
Alu sequence is significantly less in Alus residing in putative
SMD targets relative to all 3’-UTR Alus (SI Appendix, Fig. S8).

Because of multiple correlating features, it is difficult to esti-
mate what fraction of the SINE-containing orthopairs has ac-
quired SMD regulation and to what extent these SINEs have
persisted through selectively advantageous regulatory properties.

Orthologs with 3'-UTR SINEs in Other Species Are Also Responsive to
STAU1 and UPF1. To ask when during mammalian evolution par-
ticular 3'-UTR SINEs became functional in SMD, we assayed
PDKI and SNX27 mRNAs in Chlorocebus sabaeus (African
green monkey) COS-7 and Rattus norvegicus (rat) LO6E9 cells,
since each transcript is 3'-UTR SINE-containing. African green
monkeys and humans last shared a common ancestor ~28 MYA,
and rats and mice last shared a common ancestor 18-23 MYA
(33). Interestingly, African green monkey PDKI and SNX27 and
rat SNX27 mRNAs increased in response to STAU1 or
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UPF1 siRNA, consistent with regulation by SMD (Fig. 4).
However, in the L6E9 myoblast cell line, rat PDKI mRNA in-
creased in response to STAUI1 siRNA, but not UPF1 siRNA
(Fig. 44) and coimmunoprecipitated with STAU1 (SI Appendix,
Fig. S9B), meeting two of the three criteria used to call an SMD
target. While unclear, the failure of the rat ortholog of PDKI to
be up-regulated by UPF1 knockdown may reflect one of the
many alternate functions of UPF1. Additionally, while rat L6E9
cells are, like mouse C2C12 cells, immortalized cultured myo-
blasts, important differences between the gene expression pro-
files of LOE9 cells and C2C12 cells have been observed, including
a loss of myostatin expression in L6E9 cells and expression of
myogenin before L6E9 cell differentiation (34). Since PDK1 is a
key metabolic regulator, it may be sensitive to the differences
between these model cell lines, possibly contributing to the dif-
ferent responses of mouse and rat PDKI/ mRNA to UPF1
siRNA. Future studies may help to resolve whether PDKI
mRNA is an SMD target in rat tissues, which would better re-
capitulate the endogenous context than do L6E9 cells. Never-
theless, these findings support an emergence of SINE-directed
SMD >20-25 million years ago.

Discussion

Transposable elements (TEs) have contributed in diverse and
significant ways to the evolution of human and mouse genomes
with respect to the control of gene expression profiles (3, 35). In
many cases, these events are specific to a particular lineage.
However, there are examples whereby parallel exaptation of
lineage-specific TEs in different organisms contributes to the
regulation of specific genes by functioning as enhancers (36-38)
or promoters (22) or by providing novel sites for splicing (20).
Here, we show how the SMD regulatory network can combine
with SINE exaptation to promote convergent evolution, bringing
orthologous mammalian genes under parallel control regimes at
the posttranscriptional level (Figs. 1 E and F, 2, and 4). The
extent of the convergent evolution cannot simply be explained by
the correlated length and A+T richness of human and mouse
orthologous gene pairs (Fig. 3 and SI Appendix, Figs. S4 and
S5 and Table S3) because, in each case, it also requires a trans-
acting RNA (a IncRNA or other mRNA) to pair with the
exapted SINE to form the double-stranded RNA-binding site for
Staufen (4, 5, 11). Indeed, a number of studies have shown an
enrichment of TE sequences in IncRNAs with evidence of
sequence restraint (e.g., ref. 39). This predicts that there exist
independently evolved, complex networks of interacting SINE-
containing transcripts that have emerged to promote SMD of
these orthologous pairs.

We found that approximately one-fifth of orthologous protein-
coding genes in human and mouse encode at least one mRNA
isoform that is 3'-UTR SINE-containing (Fig. 1B). Of these, ap-
proximately one-third are 3’-UTR SINE-containing in both
orthologs (Fig. 1B). This suggests that SINEs have the potential to
contribute to the evolution of posttranscriptional gene regulation
of a large proportion of the human and mouse genomes. Indeed,
our data are consistent with prior observations showing that ret-
rotransposon inclusion in mRNA 3’-UTRs correlates with de-
creased mRNA levels in both human and mouse (22) and suggest
that SMD of SINE-containing transcripts likely contributes to this
effect. While here we show only a minority of these transcripts were
detectably up-regulated in response to STAU1 and UPF1 de-
pletion, our analysis likely underestimates the number of SMD
targets due to the limits of detection in our assay (discussed above).

Once a SINE has been integrated into the genome, exact ex-
cision of the SINE is rare (40). As a result, alternative poly-
adenylation may play a major role in determining the presence of
3’-UTR SINEs in mature mRNAs. Indeed, it is interesting to
note that human PDKJI mRNA has an alternate mRNA isoform
that excludes the Alu element while mouse PDKI mRNA does
not. This might provide the opportunity for differential regula-
tion of this gene in the two organisms. Since alternative poly-
adenylation can be cell-type specific, it will be interesting to
determine whether the sensitivity of orthologous gene pairs to
SMD is differentially regulated by alternative polyadenylation in
comparable cell types.

While our studies are limited to SINEs that function in SMD
in MBs, studies of other human and mouse cell types will un-
doubtedly uncover more examples, given that there are cell-type
differences in gene expression that produce mRNA isoforms
having different 3’-UTRs and thus SINE content.

Here, we establish that lineage-specific 3’-UTR SINEs can
function to regulate the levels of mRNAs from orthologous
genes in human, mouse, African green monkey, and rat by
directing SMD. Our findings demonstrate a previously un-
derappreciated role that lineage-specific SINEs have played in
not only the divergence but also the convergence of gene ex-
pression profiles between species. Here we provide a demon-
stration of the convergent evolution of 3’-UTR SINEs for
posttranscriptional gene regulation.

Materials and Methods

Please see S/ Appendix, SI Materials and Methods for detailed description of
computational and statistical analyses, cell culture and transient transfec-
tions, cell lysis and Western blotting, RNA purification and RT coupled
to quantitative (q)PCR, RNA-seq mapping and analysis of RNA-seq data,
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Fig. 4. Evidence that mRNAs containing independently evolved 3'-UTR SINEs are responsive to STAU1 and UPF1. (A, Left) Schematic phylogenetic tree in-

dicating the approximate relative emergence of Alu elements or B/ID elements, and the type of 3'-UTR SINE in the indicated PDK1 ortholog. (Right) RT-gPCR
quantitations of PDKT mRNA in human MBs, African green monkey COS-7 cells, mouse MBs, and rat L6E9 MBs after treatment with the specified siRNA. Each
mRNA is normalized to 185 rRNA, and the normalized level in control siRNA-treated cells is defined as 1. Data are shown on a log2 scale. (B) Same as in A, only
analyzing SNX27 orthologs. All results derive from >3 independent experiments. Histograms represent the average and SD. *P < 0.05.
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immunoprecipitations, mRNA half-life assays, plasmid constructions, plasmid
constructions to generate and screen monoclonal anti-STAU1 antibody, and
generation of monoclonal anti-STAU1 antibody. siRNA and primer sequences
can be found in S/ Appendix, Tables S7-510.
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