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SINE retrotransposons import 
polyadenylation signals to 3’UTRs in dog (Canis 
familiaris)
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Abstract 

Background Messenger RNA 3’ untranslated regions (3’UTRs) control many aspects of gene expression and deter-
mine where the transcript will terminate. The polyadenylation signal (PAS) AAU AAA  (AAT AAA  in DNA) is a key regulator 
of transcript termination and this hexamer, or a similar sequence, is very frequently found within 30 bp of 3’UTR ends. 
Short interspersed element (SINE) retrotransposons are found throughout genomes in high copy numbers. When 
inserted into genes they can disrupt expression, alter splicing, or cause nuclear retention of mRNAs. The genomes 
of the domestic dog and other carnivores carry hundreds of thousands of Can-SINEs, a tRNA-related SINE with tran-
scription termination potential. Because of this we asked whether Can-SINEs may terminate transcript in some dog 
genes.

Results Each of the dog’s nine Can-SINE consensus sequences carry an average of three AAT AAA  PASs on their sense 
strands but zero on their antisense strands. Consistent with the idea that Can-SINEs can terminate transcripts, we find 
that sense-oriented Can-SINEs are approximately ten times more frequent at 3’ ends of 3’UTRs compared to further 
upstream within 3’UTRs. Furthermore, the count of AAT AAA  PASs on head-to-tail SINE sequences differs significantly 
between sense and antisense-oriented retrotransposons in transcripts. Can-SINEs near 3’UTR ends are likely to carry 
an AAT AAA  motif on the mRNA sense strand while those further upstream are not. We identified loci where Can-SINE 
insertion has truncated or altered a 3’UTR of the dog genome (dog 3’UTR) compared to the human ortholog. Dog 
3’UTRs have peaks of AAT AAA  PAS frequency at 28, 32, and 36 bp from the end. The periodicity is partly explained 
by TAAA(n) repeats within Can-SINE AT-rich tails. We annotated all repeat-masked Can-SINE copies in the Boxer refer-
ence genome and found that the young SINEC_Cf type has a mode of 15 bp length for target site duplications (TSDs). 
All dog Can-SINE types favor integration at TSDs beginning with A(4).

Conclusion Dog Can-SINE retrotransposition has imported AAT AAA  PASs into gene transcripts and led to alteration 
of 3’UTRs. AAT AAA  sequences are selectively removed from Can-SINEs in introns and upstream 3’UTR regions but are 
retained at the far downstream end of 3’UTRs, which we infer reflects their role as termination sequences for these 
transcripts.

Background
A gene’s 3’ untranslated region (3’UTR) plays many roles 
in regulating gene expression [1]. Mutations in 3’UTRs 
can affect gene expression in part by creating multiple 
isoforms of the gene, which is common in vertebrates [2]. 
A 3’UTR also helps signal the end of transcription [3]. 
The sequence AAU AAA , or a closely related hexamer, is 
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the polyadenylation signal (PAS), a key regulator of ter-
mination and polyadenylation [4]. The AAU AAA  motif is 
bound by a ternary complex of cleavage and polyadenyla-
tion specificity factor-160, WDR33, and CPSF-30 [5, 6].

Although the AAU AAA  motif (5’-AAT AAA -3’ in the 
DNA sense strand) is the most commonly used PAS, 
Beaudoing et al. [7] identified 10 other variants that are 
also occasionally used. The most frequent PAS position 
is −15 / −16 bp upstream of the 3’ end of the 3’UTR as 
measured to the near end of the PAS, or 22 bp to the far-
ther end.

Gene expression can be impacted by retrotransposons, 
and some of them carry PASs. Short interspersed ele-
ments (SINEs) and long interspersed elements (LINEs) 
use a copy-paste method for insertion using an RNA 
intermediate (Pol III for SINEs, Pol II for LINEs) [8]. 
They have contributed to the expansion of the genome 
and provide a “fossil” record of genome change useful 
for cladistics. This is shown through mammalian-wide 
interspersed repeats (MIRs), which are old enough to be 
found in all mammals, while other SINEs, such as Alu in 
humans and Can-SINEs in carnivores are much younger.

The tRNA gene-like 5’region (head) of many SINEs 
contains internal RNA pol III promoter elements, the A 
and B boxes [9]. The insertion process of SINE RNA tran-
scripts creates a direct repeat of sequence called the tar-
get site duplication (TSD), that flanks the SINE sequence 
and provides a useful means of identifying the insertion 
event [10, 11].

SINEs, especially those with TA-rich tail sequences, 
can provide PASs into transcripts. In eight ENCODE 
human cell lines, 9.4% of termination signals occur 
within transposable elements (TEs) [12], and termination 
signals are more often associated with TEs than are the 
canonical PASs [13]. Thus, it is implied that TE insertions 
into genes can provide alternate PASs. Furthermore, the 
human PASs not conserved in the mouse ortholog are 
associated with TEs; ~94% of human polyadenylation 
signals that are TE-associated are not conserved in the 
mouse [13]. TE insertion can therefore alter transcript 
termination.

Carnivore genomes carry Can-SINEs [14–16] present 
in hundreds of thousands of copies in carnivore genomes 
but absent outside the order [11, 17]. Similar to other 
T+ category SINEs, they contain sequence motifs with 
potential for signaling transcription termination [18, 
19] such as AAT AAA , and the TCT 3–6 region, which is 
a transcription terminator sequence. This transcrip-
tion terminator is also found, for example, in mouse B2 
SINEs near the 3’ end [20]. Despite being RNA pol III 
transcribed, some SINE transcripts are polyadenylated, 
which leads to a longer half-life [21]. It is currently 
unknown whether Can-SINEs are polyadenylated, but 

young insertions often have long homopolymer runs of 
A(n) at the 3’ end of the SINE. Can-SINEs are present in 
both canoidea (“dog like”) and feliform carnivores [22] 
and in every genome have distinct abundance and age 
profiles as measured by sequence divergence from a con-
sensus [15, 23, 24].

Dogs have nine sub-types of Can-SINEs. SINEC_Cf 
is the youngest and its insertions often have less than 
5% sequence divergence from the consensus. This type 
appears to still be active today, as many insertions are so 
recent they are polymorphic [11, 25, 26]. These polymor-
phic SINEC_Cf insertions have played an important role 
in trait diversification within dogs; they are either asso-
ciated with or are the causal component of numerous 
dog traits/disorders: narcolepsy (intronic near HCTR2 
exon), merle coat pattern (intron-exon boundary in SILV/
PMEL), black and tan coat (inverted SINEC_Cf repeat in 
an ASIP intron), retinal degeneration (within coding exon 
in STK38L), centronuclear myopathy (within coding exon 
in PTPLA), and retinal atrophy (near exon in FAM161A) 
[27–32].

Given the high copy number of SINE insertions in the 
dog genome, as well as the potential for transcription ter-
mination signaling, we wondered how often Can-SINEs 
have imported transcription termination signals into 
genes. Dog Can-SINEs, like other TEs, exhibit a strong 
orientation bias within transcripts, occurring at much 
higher frequency in antisense rather than sense orienta-
tion within introns [25, 33]. Selection against termination 
signals present in sense-oriented SINEs could be at least 
partly responsible. We hypothesize that dog Can-SINEs 
have imported AAT AAA  motifs to genes that use them 
as PASs in 3’UTRs. Here we analyze the orientation bias 
of Can-SINEs in transcripts and the changing counts of 
AAT AAA  motifs within SINEs when the SINE is inserted 
within 3’UTRs vs. introns or intergenic sequences.

Methods
Obtaining Dog CanFam3.1 Reference Genome Data-
sets. We downloaded from the UCSC Genome Browser 
Table Browser the genome-wide Ensembl gene models 
(version 99), gaps, repeat track SINEs and LINEs, and 
chromosome start and end bp values for CanFam3.1. 
Gene models without an open reading frame (e.g. RNA 
genes) were excluded from the dataset because they are 
annotated as “UTR” and if left in would confuse signals 
relevant for 3’UTRs of protein-coding genes. From NCBI 
we downloaded the assembled chromosome fastas and 
used them to slice out SINE and 3’UTR sub-sequences. 
We analyzed the dog autosomes and chrX.

Defining Gene Features. With custom scripts we 
defined segments within genes such that 3’UTRs could 
be redundant but all bases within introns could not be 
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part of any coding or untranslated exon segments. Inter-
genic sequence was defined as all sequences not present 
within gene model transcripts and not within the 500 bp 
upstream of transcription start sites.

Analysis of Gene Feature Intersections with Ret-
rotransposons and Motif Finding. We wrote a Python 
script to count intersections of chromosome segment 
objects, find motifs such as AAT AAA , and track strand 
orientations.

Annotation of Can-SINEs. We downloaded the posi-
tions for all SINEC repeat-masked SINEs from the table 
browser of the UCSC genome browser reference for 
dog, CanFam3.1. A custom Python script retrieved the 
sequence plus 100 bp flanks for each SINE and attempted 
to identify identical target site duplications (TSDs) rang-
ing from 0.75 to 1.25 times the length of the consensus 
duplication for the given SINEC type (see Table  1 for 
SINE lengths). The longest identical TSD found was kept 
and we set a minimum length of 6 bp for keeping a SINE 
copy in our analysis. The sequence contained within the 
TSDs was considered to be the SINE. To locate A and B 
boxes, we searched sequences within 10 bp of the con-
sensus position for the box. We permitted up to 5 mis-
matches from the consensus sequence and the lowest 
mismatch box (or boxes) was kept. Additionally, we 
identified the following components within each SINE 
sequence: the longest A(n) string, the longest string of A 
or T, and the longest string of {C or T}, allowing at most 5 
inclusions of non-{C or T}.

Creation of sequence logos. We uploaded up to 
10,000 TSD sequences for determining the sequence 
logos for Can-SINEs and up to 5000 A and 5000 B boxes 

sequences for their sequence logo determinations. All 
sequence logos were created using https:// weblo go. berke 
ley. edu/ logo. cgi.

Results
With an aim to better understand possible roles for Can-
SINEs in 3’UTRs of the dog genome (dog 3’UTRs), we 
first confirmed the frequent presence of the AAT AAA  
PAS near the 3’ end of dog 3’UTRs. We calculated the 
proportion of AAT AAA  and ATT AAA  motifs found in 
sense orientation at each position for all dog 3’UTRs in 
the reference genome (Fig. 1). Beaudoing et al. [7] show 
the most frequent location for PAS hexamers in human 
3’UTRs. Our hexamer peak in dogs matches their find-
ing at 22 bp, though we count distances from the 5’ end 
of each hexamer, while they count from the 3’ end. In 
addition to the overall peak with mode ~22–24 bp, we 
find the AAT AAA  motif is also frequent at 28, 32, and 
36 bp from the 3’ end of the 3’UTR. The other Beaudo-
ing hexamers such as ATT AAA  have at most only a small 
increase in frequency at ~22 bp in the dog (Table S1).

SINE and LINE retrotransposons exist throughout the 
dog genome at high copy numbers and in introns have 
an antisense orientation bias [25, 34]. We find the same 
bias in 3’UTRs when looking far (>225bp) from their 3’ 
ends (Fig. 2). However, we found something very differ-
ent at the 3’ ends of 3’UTRs: sense-oriented Can-SINEs 
are much more frequent than antisense (Fig.  2a). We 
therefore hypothesized that Can-SINE PAS motifs can be 
incorporated into host gene 3’UTR ends.

Dog SINE consensus sequences carry PASs (Fig. 3 and 
Table S2). When counting on the sense strand from SINE 
head to tail, all Can-SINE consensus sequences contain 
at least three PASs clustered in their AT-rich tails. These 
tails typically contain some variant of AATA(n); SINEC_
Cf, the youngest Can-SINE type, has four PASs within its 
tail (Fig. 3 and Table S2). Dog Can-SINEs have a polypy-
rimidine repeat as well as the PAS motifs. The SINEC_
Cf2, a2, b1, b2, and c2 consensus sequences also have a 
TCTTT motif for RNA pol III termination that directly 
follows the PAS. Notably, among the Can-SINE sub-
types only SINEC_c1 and SINEC_c2 contain any anti-
sense-oriented PASs in their consensus sequences and in 
both cases the hexamer, which is located in the head of 
the SINE at ~41 bp, is not an AAT AAA  motif. Thus, the 
sense vs. antisense strands of dog Can-SINEs may have 
starkly different potential to signal termination of RNA 
polymerase.

To better understand variation within the hundreds 
of thousands of SINE copies in the dog genome, we col-
lected all repeatMasked copies for the nine Can-SINE 
sub-types from the repeats track in the boxer reference 
genome CanFam3.1 (Fig. S1). Can-SINEs sub-types 

Table 1 Consensus sequence length for SINE_C SINE types and 
MIRs

SINE Type Consensus 
Sequence 
Length

SINEC_Cf 189

SINEC_Cf2 180

SINEC_Cf3 180

SINEC_a1 179

SINEC_a2 179

SINEC_b1 194

SINEC_b2 194

SINEC_c1 209

SINEC_c2 212

MIR 262

MIR3 207

MIRb 268

MIRc 268

https://weblogo.berkeley.edu/logo.cgi
https://weblogo.berkeley.edu/logo.cgi
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Fig. 1 PAS frequency in dog 3’UTRs. For each bp distance from the 3’ end of the 3’UTR we calculate the proportion of PASs present, calculated 
from the 5’-most base in each PAS hexamer

Fig. 2 Density at the 3’ end of dog 3’UTRs for (a) Can-SINEs and (b) LINEs. At each base position, counting from the 3’ end, the proportion of all 
3’UTRs having a base with that retrotransposon orientation is indicated
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all have a similar structure (Fig.  4a) and similar lengths 
in the range of approximately 160–220 bp (Fig.  4b, f ). 
The AT-rich tails are longer in SINEC_Cf (Fig.  4c) than 
the older sub-type SINEC_a1 (Fig.  4g). We analyzed 
each element to identify Can-SINEs flanked by identi-
cal sequences that we designated as putative target site 
duplications (TSDs). Of the 171,386 total SINEC_Cf cop-
ies in the reference, 124,901 (73%) are flanked by identi-
cal sequences between 10–20 bp (inclusive) in length. 
Of these, 15 bp-long sequences are the mode, found in 
26,055 SINEC_Cf copies (21%) (Fig. 4d).

In contrast to the relatively young SINEC_Cf type, the 
older dog Can-SINEs types have higher mean divergence 
from consensus sequences. This can be readily seen, for 
example, in the TSD distribution for SINEC_a1 (Fig. 4h) 
where only a shoulder on the curve is evident at 15 bp. 
For most SINEC_a1 copies, one or both of the duplicated 
target sites have evidently mutated away from the single, 
original sequence. In fact, the differing ages of the Can-
SINE types are apparent by comparing the distributions 
of the TSDs in the relatively younger SINEC_Cf2 and 
SINEC_Cf3 (Fig. S1a, b), where identical TSD peaks are 

evident, vs. older types SINEC_c1 and SINEC_c2 that 
have very few 15 bp identical TSDs (Fig. S1).

The SINEC_Cf copies with identical flanking sequences 
6 bp or greater (the “full set”; putative TSDs) have a mean 
length of 192 bp. This is the set used for Fig. 4a. Our data 
support the idea that the 15 bp TSD SINEC_Cfs are the 
youngest subset of Can-SINE: they have A and B boxes 
with Levenstein edit distances to the consensus of 0.63 
and 0.57, respectively, while in the full set these distances 
are greater, at 1.01 and 1.02 respectively. Plus, while 90% 
of SINE copies in the full set have a detectable A box and 
92% have a detectable B box (Fig. 4e), these figures rise to 
98% and 99%, respectively, for the 15 bp TSD set. Finally, 
the longest string of A or T (the tail) is an average of 25.1 
bp long in the full set (Fig. 4c) but slightly longer, 27.2 bp, 
in the 15-bp TSD subset.

For all Can-SINEs in the dog, the overriding sequence 
feature for the TSDs is an initial run of polyA (Fig. 4; Fig. 
S2). The A and B box sequences are very similar across 
the Can-SINE types, with just two positions (bases 5 and 
9, G>T and C>T) varying in the A box between SINEC_
Cf vs. SINEC_a1 (Fig. 4k, l, n, o).

Fig. 3 Can-SINE consensus sequences have multiple PASs in their sense (head to tail) strand. All 11 PAS sequences from Beaudoing et al, 2000, are 
included in the count. Counts cover the entire consensus sequence. Most Can-SINE PASs are “AAT AAA ” and are clustered in the A/T rich tail. Only 
the 3’-most 35 bp of each consensus are shown
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Given both the presence of PAS sequences in dog 
Can-SINE sense strands as well as the density patterns 
of Can-SINEs in 3’UTRs, we hypothesized that PASs in 
Can-SINEs are selected for or against depending on each 

Can-SINE’s orientation and position within gene tran-
scripts. To assess this, we categorized Can-SINE inser-
tions into four genomic locations (ignoring SINEs falling 
into other locations): intergenic, intronic (any position 

Fig. 4 Annotation of Can-SINE sub-types SINEC_Cf (rows 1 and 3: b-e, j-l) and SINEC_a1 (rows 2 and 4: f-i, m-o). Panel a is a schematic 
of the Can-SINE structure. In panels b-d and f-h the y-axis is the count of elements and the x-axis is bp. Length histograms of: (b, f) the reference 
genome’s SINEs, (c, g) SINE A/T-rich 3’ tails, (d, h) and target site duplications. e, i Barplots showing the percentage of SINE copies in which the A or 
B box internal promoter elements were identified. Compared to SINEC_a1 (row 2), SINEC_Cf (row 1) has a higher mean length, higher proportion 
of long putative target site duplications, and a higher proportion of A and B boxes identified. Sequence logos of: (j, m) target site duplications, (k, n) 
A box, and (l, o) B box
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within an intron) or “near” or “far” from the 3’ end of a 
3’UTR (Fig. 5a). To be categorized as “near” a Can-SINE 
must occur entirely within 225 bp of the 3’ end of the 
3’UTR. “Far” Can-SINEs are wholly contained within a 
3’UTR and none of the SINE’s sequence is closer to the 
3’ end than 225 bp. Can-SINEs spanning across the 225 
bp distance were excluded from this analysis. We cat-
egorized LINE and MIR insertions in the same way. The 
LINE subfamilies analyzed are LINE insertions of all 
types as designated LINE from the RepeatMasker run 
from the dog CanFam3.1 genome assembly. We then 
counted the number of AAT AAA  sequences on the head-
to-tail strand of each retrotransposon and looked for 
differences in count distribution according to whether 
the retrotransposon was sense (RNA pol encounters the 
SINE head first) or antisense to the gene transcript.

We find that when Can-SINEs, LINEs, and MIRs are 
inserted into intergenic regions, there is no difference 
in the mean AAT AAA  motif counts between the two 
strands, as expected (Fig.  5b, f, j). However, the Can-
SINEs, LINEs, and MIRs inserted in introns have sig-
nificantly lower mean AAT AAA  motif counts on their 
head-to-tail strands when the retrotransposon is inserted 
in sense orientation (Fig.  5c, g, k), suggesting that AAT 
AAA  motifs may be selectively removed from sense-
oriented retrotransposons. Consistent with this, Can-
SINEs inserted within 3’UTRs far upstream (>225bp) 
from the 3’UTRs’ 3’ end are five times more likely to be 
in antisense than sense orientation (Fig.  5d). Further-
more, the antisense-oriented Can-SINEs have over a 
seven times higher mean count of AAT AAA  sequences, 
with most sense-oriented Can-SINEs in the “far” cat-
egory having zero AAT AAA  motifs on their head-to-
tail strand (Fig. 5d). The situation is just the reverse for 
“near” retrotransposons, those wholly inserted within 
225 bp of a 3’ UTR’s 3’ end (Fig. 5e, i, m). For example, 
92% of Can-SINEs inserted in this location are in sense 
orientation and have significantly more AAT AAA  motifs 
than their antisense counterparts (Fig. 5e). A small num-
ber of sense-oriented Can-SINEs in the “near” location 
apparently have zero AAT AAA  motifs but after manually 
checking all such cases we found that most are simply 
mis-annotated (Table S3).

LINEs on average have fewer AAT AAA  motifs in their 
sequence than Can-SINEs, but like Can-SINEs display a 
reversal in mean counts between the “far” vs. “near” cat-
egories (Fig.  5h, i). MIRs overall follow the same trend 
(Fig. 5j-m) albeit without a significant difference in mean 
in the “far” category after correction for multiple hypoth-
esis testing (Fig. 5l). The pattern across all three types of 
retrotransposons is clear: the AAT AAA  motif count is 
high for sense-oriented retrotransposons near the end of 
a 3’UTR but low on average for elements inserted farther 
upstream in a 3’UTR or within an intron.

We found 38 RepeatMasker-annotated Can-SINEs 
within the “near” category that do not harbor any AAT 
AAA  motifs. To determine whether the 3’UTRs in which 
they are inserted do have a PAS, and whether it is pre-
sent within the SINE, we individually checked each of 
these 38 SINE insertions (Table S3). At 32 loci there is an 
AAT AAA  motif within 40 bp of the 3’ end of the 3’UTR 
(which we define as an AAT AAA  motif close to the 3’ 
end of the 3’UTR). In fact, in 26 of these 32 3’UTRs, the 
SINE insertion had been mis-annotated by being split 
into several separate repeat records. The record in each 
case is incorrectly marked as a simple sequence instead 
of a SINE and spans an expansion of the TAAA(n) STR 
from the Can-SINE AT-rich tail. Therefore, in 26/38 
cases where we counted zero PASs, the SINE insertion 
actually does include the PAS, and often in several cop-
ies. The signal for counts of AAT AAA  motifs imported by 
Can-SINEs to 3’ ends is therefore even stronger than the 
distribution shown in Fig.  5e, where we kept strictly to 
counts within reference genome-annotated repeats.

One particularly interesting SINEC_Cf3 inser-
tion occurred in the dog CTU1 (Fig.  6). Essentially, 
the entire 3’UTR modeled in the dog is the sense-ori-
ented SINE. The small final coding exon and the SINE-
become-3’UTR do not occur in the CTU1 orthologs in 
two other carnivores: the ferret (Mustela putorius furo, 
reference musFur1) and cat (Felis catus, reference fel-
Cat9). In the reference genomes of both these species 
a trio of old repeat sequences, MIR, L2b and LTR106, 
are present in the middle of the intron, as in dogs, but 
the dog SINEC_Cf3 is not. Furthermore, the human 
(assembly hg38), ferret, and cat all show a completely 

(See figure on next page.)
Fig. 5 AAT AAA  PAS count differs significantly between sense and antisense-oriented retrotransposons in transcripts. In all cases the number 
of AAT AAA  motifs on the head-to-tail strand of the retrotransposon was counted. Panel a shows the four different categories of retrotransposon 
insertions that were analyzed. Each panel’s table summarizes sense (“S”; row 1) and antisense (“AS”; row 2)-oriented retrotransposons with the mean 
number of AAT AAA  motifs (column 2) and the total count of such elements in the dog reference genome CanFam3 (column 3). Row 3 reports 
the randomization test for difference in means between S and AS as raw p values uncorrected for the 12 hypothesis tests. The columns left 
to right are genomic location categories: intergenic (b, f, j), intronic (c, g, k), within a 3’UTR but nearest edge>225 bp from the 3’ end (“far”; d, h, 
l), and within a 3’UTR but<225 bp from the 3’ end (“near”; e, i, m). For the intergenic location the “S” and “AS” denote top and bottom strand. In all 
histograms the proportion at count=5 accounts for retrotransposons having 5 or more AAT AAA s
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Fig. 5 (See legend on previous page.)
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different final coding exon and 3’UTR. Thus, a Can-
SINE in one carnivore lineage but not others appears 
to have completely altered the downstream half of the 
CTU1 gene.

A SINEC_Cf2 inserted into SDHAF2 is another 
example of a sense-oriented Can-SINE near a 3’UTR 
3’ end (Fig. S3). Again, the entire 3’UTR in the dog 
gene model is the SINE, which is supported by 15 bp 
TSDs (with just a single base mismatch) flanking the 
Can-SINE. This SINEC_Cf2 element is relatively young 
at just 4.3% sequence divergence from the consensus 
sequence and is not present in either the ferret or cat 
orthologs of SDHAF2. There are several variant 3’UTRs 
for the human ortholog, several of which are much 
longer than the SINE-only 3’UTR in the dog.

The human IL17RA gene’s 3’UTR is over 5800 bp 
long but in the dog ortholog a Can-SINE insertion has 
apparently truncated nearly all of the 3’UTR (Fig. S4). 
This SINEC_Cf2, at 12.8% sequence divergence from 
consensus, is likely older than many other insertions 
but is nevertheless not present in either the ferret or cat 
IL17RA orthologs.

The young sense-oriented SINEC_Cf copy at the 
3’ end of the dog TTLL12 3’UTR (Fig. S5) is just 4.4% 
diverged from the SINEC_Cf consensus sequence and 
is not present in either the ferret or cat orthologs. As in 
the examples above, the single SINE insertion has been 
annotated as multiple records. The two records should 
be annotated as a single SINE insertion, as shown by 
the putative 16 bp TSDs that surround the two seg-
ments. Strikingly, the AT-rich tail of this SINE has 
mutated into a pure TAAA(17) simple tandem repeat, 
providing 16 AAT AAA  sequences in the process.

The high copy number of Can-SINEs in the dog genome 
implies that short TAAA(n) simple tandem repeats are 
delivered to many thousands of loci by retrotransposon 
activity. STR mutation rates are often orders of mag-
nitude higher than single base substitutions [35] and in 
some cases the TAAA(n) experiences a repeat expansion, 
as seen in the dog TTLL12 locus (Fig. S5). Consistent 
with high Can-SINE activity, the dog has a high genome 
count of TAAA(n) STRs compared to at least some other 
vertebrates such as the rabbit, cow, sheep, horse, cat, 
chicken, golden eagle, lizard, garter snake, tibetan frog, 
(Table  S4), with roughly twice as many of these STRs 
as are found in the human, chimpanzee, rat, or mouse 
genomes. The zebrafish contains a slightly elevated count 
of TAAA(n) STRs compared to the dog.

Aside from the expected 22 bp peak, the distribu-
tion of AAT AAA  sequences in dog 3’UTRs also spikes 
at distances of 28, 32, and 36 bp (Fig. 1). To validate our 
Python code’s tallies we randomly sampled 50 3’UTRs 
from each of the top five peak bp positions for AAT AAA  
motif frequency: 22, 24, 28, 32, and 36 bp from the 3’UTR 
3’ end; we then manually verified that an AAT AAA  motif 
does occur at that bp position. We found no errors in our 
script-based tallying (Table  2; Table  S5). We count the 
distance to the 3’UTR 3’ end from the promoter-prox-
imal 5’ end of all motifs. For each of these 250 3’UTRs 
we also recorded if there was an AAT AAA  motif found at 
any of the other four positions (Table S5). We found that 
Can-SINE TAAA(n) STRs contribute to the 4 bp inter-
val peaks. In fact, Can-SINEs contributed the AAT AAA  
motif at 60% of our 32 bp dataset and in every case the 
3’UTR also has an AAT AAA  motif 4 bp upstream. We 
next tabulated the absolute counts of SINEs in sense and 

Fig. 6 A sense-oriented SINEC_Cf3 is the dog CTU1 3’UTR. a Taller filled boxes represent coding exons (blue), and shorter boxes represent 
untranslated regions (black). The SINE is mis-annotated as three separate repeat records that are in fact one SINE insertion (red). b Six AAT AAA  motifs 
occur within the SINE’s AT-rich tail with a TCTTT RNA pol III terminator in the middle. A 15 bp target site duplication with two mismatches starts 
within the sixth AAT AAA  motif. The human and cat orthologs contain a different final coding exon and 3’UTR 
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antisense orientation that contribute AAT AAA  motifs to 
the 3’ end of 3’UTRs (Table S6). Many times more AAT 
AAA  motifs are imported to 3’UTR ends by sense-ori-
ented rather than antisense-oriented Can-SINEs.

Discussion
Can-SINEs have been active throughout the evolution 
of the dog species. The youngest Can-SINE, SINEC_Cf, 
appears to still be active today as evidenced by the tens 
of thousands of polymorphic insertions in purebred dogs 
[25]. In contrast, other types, like SINEC_c1 and c2, are 
much older. We have annotated individual insertions of 
Can-SINE elements to better understand and predict 
their ages. Length of polyA tail has been used as a predic-
tor for age of SINE insertions [36]. Insertions of non-A 
may “stabilize” the polyA sequence. We find a correla-
tion between the length distribution of perfect TSDs and 
SINEC type (Fig.  4), where the younger SINEC_Cf, Cf2 
and Cf3 types exist in many more copies with perfect 15 
bp TSDs. SINEC_Cf copies with perfect 15 bp TSDs also 
have on average longer AT-rich tails. We found a num-
ber of specific SINE insertions in which the AT-rich tail 
underwent an expansion in the TAAA(n) STR, including 
in cases where the Can-SINE is providing the PAS AAT 
AAA  (or set of AAT AAA  motifs) for a 3’UTR. It would be 
interesting to know the timing of this process. Are these 
STRs more mutable when the SINE is freshly inserted 
and less likely to have inclusions of sequence within the 
tandem repeat [37]? Perhaps an optimum time window 
exists in which a SINE is more likely to provide a PAS to 
a gene: after insertion but before it accumulates many 
mutations.

Why do we find Can-SINEs in 3’UTR ends that have 
an expanded TAAA(n) STR? Is this a chance occurrence 
resulting simply from the high mutability of the STR? Or 
are these cases of an adaptive strengthening of the PAS (if 
indeed additional AAT AAA  sequences do strengthen the 
termination signal)? Do added AAT AAA  motifs serve as 
a “work-around” for sub-optimal sequences surrounding 

the PAS? We have identified several hundred sense-ori-
ented Can-SINEs at the 3’ ends of 3’UTRs. Nearly all of 
them, from old SINEC_C1s to young SINEC_Cfs, contain 
AAT AAA  motifs. This suggests a long-lasting and ongo-
ing importation/mutation of SINE-PASs at gene ends.

With hundreds of domestic dogs now being whole-
genome sequenced, the data exist to compare ortholo-
gous Can-SINEs across canids and analyze the extent to 
which gene usage of Can-SINE PASs may be conserved. 
To what extent have Can-SINE insertions driven switch-
ing to new polyadenylation sites in canid evolution? Per-
haps through comparative genomics, too, signatures of 
selection may reveal adaptive Can-SINE-altered gene 
ends.

We speculate that Can-SINE insertion-caused shorten-
ing of 3’UTRs (Fig. S4) could expose or remove miRNA 
binding sites and lead to changes in gene expression, as 
has been demonstrated in humans and other mammals 
[38]. Changes in 3’UTR length can bring miRNA bind-
ing sites closer to the ends of the 3’UTR where they are 
more effective [39]. In human CDC6, for example, 3’UTR 
shortening removes negative regulation of gene expres-
sion [40].

The high rate of recent SINEC_Cf insertions in the 
domestic dog genome provides a natural experiment for 
assessing the strength of transcription termination sig-
nals in Can-SINEs. We previously identified tens of thou-
sands of putative polymorphic SINEC_Cf elements in a 
set of purebred dogs, including insertions within 3’UTRs. 
If these data were paired with gene expression datasets 
it would be possible to experimentally check use or non-
use of Can-SINE-PASs in 3’UTRs and elsewhere in gene 
transcripts. Presumably, switching to a newly inserted 
Can-SINE PAS is a disruptive event for a gene and likely 
to be under negative selection. We expect such SINE 
insertions to be rare alleles and our evidence supports 
that [25].

Can-SINEs are a T+ category SINE with putative 
transcript termination potential. We previously found 
that SINEs in dog introns, as is true in other mammals’ 
genomes, strongly favor the antisense orientation [25]. 
This is consistent with the idea that sense-orientated 
Can-SINEs are selected against, presumably due to a 
potential to disrupt gene expression. Here we’ve provided 
additional support for the idea that Can-SINEs have RNA 
pol II termination potential: Can-SINEs in transcripts 
have significant differences in AAT AAA  motif counts 
when in sense vs. antisense orientation (Fig.  5a-d). The 
magnitude of this difference is large in upstream portions 
of 3’UTRs but small (though significant) in introns. We 
find the same signal for insertions of LINEs and MIRs in 
introns, too. Within 3’UTR upstream regions the mean 
AAT AAA  motf count in Can-SINEs drops to 0.2, far 

Table 2 Random samples of 50 3’UTRs having an AAT AAA  PAS at 
one of five bp distances were manually checked to confirm the 
AAT AAA  and count if the PAS was within a repeat or not (other)

In parentheses is the number of 3’UTRs that also have an AAT AAA  at 36 bp

AAT AAA  Identified at (bp)

22 24 28 32 36

Can-SINE 0 (0) 7 (4) 4 (3) 31 (31) 6 (6)

LINE 3 (0) 4 (0) 2 (2) 0 (0) 5 (5)

MIR 0 (0) 0 (0) 0 (0) 0 (0) 1 (1)

Other 47 (0) 39 (1) 44 (7) 19 (3) 38 (38)
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lower than the 1.5 average AAT AAA  motfs present on 
antisense Can-SINEs in the same gene region. Thus, AAT 
AAA  motif removal via mutation appears to be favored 
for sense-oriented Can-SINEs in this region. Many Can-
SINEs in sense orientation in 3’UTR upstream regions 
have zero AAT AAA  motifs. It would be worthwhile to 
investigate with expression datasets whether the Can-
SINEs there that do have AAT AAA  motifs can in fact 
serve as polyadenylation signals in dog cells and if so, 
how frequently this occurs. Orthologs for at least some 
of these Can-SINEs likely exist in closely related canid 
species and a check could then be made for correlation 
between the presence or absence of AAT AAA  motifs in 
those species vs. Can-SINE PAS usage.

As more reference genomes are collected and anno-
tated with gene models, it will be interesting to com-
pare our results in canids with other T+ SINEs in other 
mammal clades. A dog Can-SINE newly inserting into an 
intron or 3’UTR very likely has more intrinsic transcrip-
tion termination potential than human Alu, but perhaps 
not more than other T+ SINEs like rabbit CSINEs or 
mouse B2s [14]. We predict that other T+ SINE classes, 
when analyzed, will show a similar signal of AAT AAA  
suppression for sense-oriented SINEs in transcripts.

The genomic era has seen an explosive increase in our 
knowledge of SINE and LINE retrotransposons and their 
roles in the evolution of genes and genomes. One theme 
that emerges is the specificity and particularity with 
which each lineage has been impacted by these “genome 
pests”. Primate Alu has been shown to serve as a PAS [41] 
but first requires activating mutations that convert the 
sequence into a PAS. Sauria SINEs found in reptiles from 
geckos to snakes to Anolis carolinensis similarly appear to 
lack potential for transcription termination [42]. In con-
trast, the T+ SINEs in diverse mammal groups may be 
playing significant roles over evolutionary time in shap-
ing the ends of gene transcripts. As we collect reference 
genomes from diverse lineages, we’ll get to read each 
particular story of genomes being shaped by SINEs and 
other repeated sequences.

Conclusion
We find that dog Can-SINEs, like other T+ SINEs, carry 
multiple copies of the polyadenylation signal motif AAT 
AAA  in their sense strand AT-rich 3’ end tails. Can-
SINEs inserted within introns and 3’UTRs have signifi-
cantly different mean AAT AAA  motif counts depending 
on their strand and we conclude that the AAT AAA  motif 
is not a neutral sequence in either context. We find the 
same pattern for both LINEs and MIRs in introns and 
also for LINEs in 3’UTRs. Furthermore, we find that 
many more sense-oriented Can-SINEs are inserted in 
3’UTR 3’ ends than into positions farther upstream in 

3’UTRs. We conclude that Can-SINE retrotransposition 
has imported AAT AAA  PASs into genes and in many loci 
these have then been used to signal transcription termi-
nation. For several loci we find evidence that a Can-SINE 
insertion has truncated a 3’UTR or created a new one. 
We speculate that other carnivores, also carrying Can-
SINEs at high copy numbers, have experienced the same 
kinds of evolutionary changes.
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