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Human and mouse orthologs are expected to have similar biological functions; however, many discrepancies have also been
reported. We systematically compared human and mouse orthologs in terms of alternative splicing patterns and expression
profiles. Human-mouse orthologs are divergent in alternative splicing, as human orthologs could generally encode more
isoforms than their mouse orthologs. In early embryos, exon skipping is far more common with human orthologs, whereas
constitutive exons are more prevalent with mouse orthologs. This may correlate with divergence in expression of splicing reg-
ulators. Orthologous expression similarities are different in distinct embryonic stages, with the highest in morula. Expression
differences for orthologous transcription factor genes could play an important role in orthologous expression discordance. We
further detected largely orthologous divergence in differential expression between distinct embryonic stages. Collectively, our
study uncovers significant orthologous divergence from multiple aspects, which may result in functional differences and dy-
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namics between human-mouse orthologs during embryonic development.
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INTRODUCTION Gharib and Robinson-Rechavi, 2011). Moreover, many

Orthologs are homologous genes in distinct species derived
from a speciation event, whereas paralogs often belong to
the same species and result from a duplication event. The
mouse has been broadly used as a model organism to study
human biology as they are inexpensive, easy to raise, prop-
agate rapidly, and have short life cycles (Elso et al., 2008;
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genes are conserved between humans and mice, especially
for human-mouse orthologs (Mouse Genome Sequencing et
al., 2002). Orthologs are widely used to infer species phy-
logenies and the function of uncharacterized genes in other
organisms, based on known functions (Blair and Hedges,
2005; Ciccarelli et al., 2006; Koonin, 2005). A general as-
sumption is that orthologous genes usually have equivalent
biological functions in different organisms (Dolinski and
Botstein, 2007). However, this assumption has been chal-
lenged by evidence of divergence between human and
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mouse orthologs (Ginis et al., 2004; Liu et al., 2010, 2011;
Nehrt et al., 2011; Yashiro et al., 2000). To correctly use
mouse genes to understand the normal and pathological
functions of their human orthologs, more research is re-
quired to assess genome-wide similarities and discrepancies
between human-mouse orthologs (Gabaldon and Koonin,
2013; Studer and Robinson-Rechavi, 2009).

Several previous studies have compared orthologous
human and mouse genes from different perspectives; how-
ever, further investigations are needed owing to prior tech-
nology/methodology limitations. Low conservation was
observed in alternative splicing patterns for human-mouse
orthologs (Nurtdinov et al., 2003; Takeda et al., 2008). In
addition, microarray data suggested that human and mouse
genes may be conserved in their gene expression patterns
(Liao and Zhang, 2006; Xing et al., 2007), but the direct use
of Pearson’s correlation coefficient to measure gene expres-
sion similarity has been questioned for its inappropriateness
and bias (Pereira et al., 2009; Piasecka et al., 2012; Qian et
al., 2010). Currently, the higher resolution and larger dy-
namic range of RNA-Seq has made it the preferred ap-
proach for gene expression profiling (Marioni et al., 2008;
Wang et al., 2009). Employing the Z-score as a measure of
expression similarity using RNA-Seq data, a prior study
observed greater expression similarities between hu-
man-mouse orthologs than those of within-species paralogs
(Chen and Zhang, 2012). However, the fact that only one
member of an orthologous pair was expressed was usually
ignored by previous studies; this in fact also contributes to
discordant expression between human-mouse orthologs. In
addition, a systematic comparison of human-mouse
orthologs relative to sequential developmental stages has
not been performed. The advances in single-cell RNA-Seq
provide a unique chance to further explore these relation-
ships, enabling investigations on detailed gene activities in
cells (Ramskold et al., 2012; van der Vegt et al., 2009).

Here, we dissected the similarities and divergences of al-
ternative splicing patterns and expression profiles for
15,600 human-mouse orthologous pairs. In this comparison,
we observed large differences in isoform number, alterna-
tive splicing modes, and GC content. We then compared
expression patterns and profile changes for human-mouse
orthologs by using single-cell RNA-Seq data from paired
human and mouse early embryos (sequential stages from
oocyte to morula except the zygote owing to the absence of
mouse zygote data). We found that orthologous expression
similarities varied across different embryonic stages, as many
human-mouse orthologs have discrepancies in their expres-
sion profiles. Furthermore, we also detected a notable fraction
of human-mouse orthologs only expressed in either human or
mouse embryos. Differential expression analysis between
distinct embryonic stages revealed great disparities between
human-mouse orthologs in terms of expression changes.
Moreover, the orthologous expression divergences increased
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as more combined embryonic stages were investigated.

RESULTS

Large differences in alternative splicing patterns and
sequence content between human-mouse orthologs

To conduct this study, we first obtained 15,600 one-to-one
human and mouse orthologous gene pairs using Ensembl
BioMart (Kinsella et al., 2011). Based on Ensembl annota-
tion (version 72) (Flicek et al., 2013), we found that orthol-
ogous human genes could generally encode more isoforms
than their mouse counterparts could (P<10_15, Wilcoxon
test). On average, each orthologous human gene possessed
7.77 isoforms, which is much larger than the 3.88 tran-
scripts per mouse ortholog. 68.6% of human orthologs were
predicted to encode more isoforms than their mouse
orthologs, while the reverse was true for 15.8% of genes
(Figure 1A, Figure S1 in Supporting Information). Specifi-
cally, we observed 408 extreme examples wherein the
orthologous human genes were predicted to encode a large
number (>20) of isoforms, compared to their mouse
orthologs possessing disproportionately fewer (<5) of
isoforms (Table S1 in Supporting Information). About 81%
and 53% of transcripts for orthologous human and mouse
genes, respectively are generated by exon skipping (ES,
cassette exon), and the total number of isoforms produced
by ES for these human orthologs was three-fold greater than
that of mouse orthologs. Furthermore, human-mouse
orthologs were also divergent in other annotated alternative
splicing modes, including constitutive exon (CNE), alterna-
tive 3’ splice sites (A3SS), alternative 5’ splice sites (AS5SS),
and intron retention (IR) (Figure 1B). Ensembl protein an-
notation indicated that each orthologous human gene could
encode 4.36 unique proteins on average, almost twice that
of (2.25) the corresponding mouse orthologs. Several dis-
tinct transcripts (different untranslated regions but identical
coding sequence) can be produced from the same gene
through alternative splicing and transcription (Pal et al.,
2011) to encode an identical protein. This process was
found to be more common for human genes (6,001 cases)
than for their mouse orthologs (2,290 cases).

To study the sequence differences between human and
mouse orthologs, we investigated their GC content and se-
quence identity. We found that GC content between human
and mouse orthologs was significantly correlated (Pearson’s
correlation: 0.88, P<10_15). Moreover, 45% GC content
could be regarded as a demarcation point for these hu-
man-mouse orthologs (Figure 1C). The GC content of
orthologous mouse genes was generally higher than that of
their human counterparts when the GC content of ortholo-
gous human genes was below 45% (P<10™"°, Wilcoxon
test). However, the trend was reversed when the GC percent
of human orthologs was higher than 45% (P<107", Wil-
coxon test). Although the sequence identity for most hu
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Figure 1 Alternative splicing modes and sequence content comparison between human-mouse orthologs. A, Isoform comparison for human-mouse
orthologs based on Ensembl annotation. The isoform counts for orthologous human genes were drawn in descending order accompanied with their paired
orthologous mouse isoform counts. B, Alternative splicing mode comparison between human-mouse orthologs. ES, cassette exon or exon skipping. IR, in-
tron retention. A3SS, alternative 3’ sites. A5SS, alternative 5’ sites. AFE, alternative first exon. ALE, alternative last exon. CNE, constitutive exon. II, intron
isoform. NA, no annotated Ensembl splicing mode. C, GC content comparison of human-mouse orthologs. The GC percentages of orthologous human genes
were shown in ascending order along with that of their mouse orthologs. D, Distribution of the gene sequence identities for human-mouse orthologs.

man-mouse orthologous pairs was determined to be greater
than 50%, 461 orthologous pairs showed lower sequence
identity (<50%), suggesting that these orthologs may be
evolving fast (Figure 1D). These results indicate that many
human-mouse orthologs vary in their alternative splicing
patterns and sequence content. However, we did not observe
significant correlations between GC content and sequence
identity or gene isoform number.

Expression comparison between human-mouse
orthologs in early embryos

To explore the expression similarities and differences in
human-mouse orthologs in pre-implantation embryos, we
compared their expression profiles using single-cell RNA
sequencing data from a previous study (Xue et al., 2013).
The RNA-Seq data we used included embryonic stages

from oocyte to morula except zygote of both human and
mouse, and each stage contained at least two replicates (to-
tal 44 samples, Table S2 in Supporting Information). We
separately mapped RNA-Seq datasets to the human
(GRCh37/hgl19) and mouse (GRCm38) reference genomes
with TopHat2 (Kim et al., 2013), and then quantified gene
and transcript expression using Cufflinks (Trapnell et al.,
2010). To compare expression similarity of orthologous
genes in an appropriate manner, we first transformed each
gene expression value into a Z-score by using the logarithm
of fragments per kilobase of exon model per million
mapped fragments (FPKM) (Chen and Zhang, 2012). Next,
we individually calculated the Spearman’s correlation coef-
ficient, based on Z-score values, to evaluate the expression
similarity between human-mouse orthologs in different gene
sequence identity intervals (see Methods).
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The expression similarities between human-mouse
orthologs in different embryonic stages have large vari-
ances. We found that orthologous expression similarity in
the morula was significantly higher than in 8-cell embryos
(P=0.0034, Wilcoxon test), which was also higher than that
in other embryonic stages (Figure 2). Orthologous expres-
sion similarities in oocytes, 2-cell embryos, and 4-cell em-
bryos were all lower than pronucleus expression similarity
(P<0.015, Wilcoxon test). In addition, we observed that
expression similarities between orthologous genes in dif-
ferent embryonic stages generally declined with decreasing
sequence identity in the range of 100% to 80%; however,
expression similarity became irregular when orthologous
gene sequence identity was less than 80%. Overall, expres-
sion similarities between human-mouse orthologs in both
the pronucleus and morula stages significantly diminished
with decreasing orthologous gene sequence identity
(Spearman’s correlation coefficient, r=0.71, P=0.012;
r=0.84, P=0.001, respectively), while those of other em-
bryonic stages were not as obvious (7<0.5). These variances
could result from orthologous expression discordance in
distinct embryonic stages.

Although in general, orthologous human genes exhibited
similar expression patterns with their mouse orthologs to
some extent, there were many minor differences (Figure 3).
We found that detectable genes and transcripts in human
and mouse embryos varied greatly with 0.1 FPKM as the
threshold. Fewer orthologous genes were detected in the
oocyte, pronucleus, 2-cell, and 4-cell human embryos than
in corresponding mouse embryos; however, this was not the
case in 8-cell and morula embryos (Figure 4A). 6,920 and
6,907 orthologous genes (5,294 of them being orthologous
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pairs) were detected across these six human and mouse em-
bryonic stages, respectively. Although the majority (>65%)
of detectable orthologous genes in the same stage of human
and mouse embryos were paired, a notable number of hu-
man-mouse orthologs had only one detectable member.
However, after considering the expression across six dif-
ferent embryonic stages, only 38.76% of 13,993 detectable
human-mouse orthologs (wherein, one or both members of
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Figure 2 Expression similarities with gene sequence identities for hu-
man-mouse orthologs in different embryonic stages. The expression simi-
larities of human-mouse orthologs were calculated based on the Z-scores,
which were transformed from the FPKM values of genes. Z-score-based
expression similarity was only performed on human-mouse orthologs for
which both members of the pair were detectable (>0.1 FPKM).
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Figure 3 Expression patterns of orthologous human and mouse genes. A, Expression clustering for orthologous human genes. B, Expression pattern of
orthologous mouse genes. The order of mouse genes showed in the graph is paired with the orthologous human genes clustered in Figure 3A.
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Figure 4 Comparison of expressed genes and isoforms between human-mouse orthologs. A, Distribution of expressed orthologs (human and mouse) in
each embryonic stage. Common, both members of an orthologous human-mouse pair were detectable (>0.1 FPKM). Human only, only the human gene
member was detectable for an orthologous pair. Mouse only, only the mouse gene member was detectable for an orthologous pair. B, Total detectable tran-
scripts for human-mouse orthologs in each embryonic stage. C, Detected ES (exon skipping) transcript comparison for human-mouse orthologs. D, Detected

CNE (constitutive exon) transcript comparison between human-mouse orthologs.

an orthologous pair were detected in at least one stage) had
both members detected or not detected. Thus, for many
human-mouse orthologs, both members do not turn gene
expression on (or off) at the same stage. This discordance
would become greater with the consideration of covering
distinct stages. Moreover, we observed that hundreds of
orthologous human genes were specifically expressed at >1
FPKM in a certain embryonic stage, whereas their corre-
sponding mouse orthologs were not detectable in embryos
(<0.1 FPKM) (Figure S2 in Supporting Information). Func-
tional annotation using database for annotation, visualiza-
tion and integrated discovery (DAVID) (Huang da et al,,
2009) showed that these human-mouse orthologs were
mainly enriched for terms such as polymorphism, alterna-
tive splicing, membrane, and glycoprotein (Table S3 in
Supporting Information). At the isoform level, except for
the oocyte, the total detectable transcripts encoded by these
orthologous genes were notably greater in human embryon-
ic stages than in the relevant mouse embryos (Figure 4B).
However, the average detectable isoform number for
orthologous human genes was higher than that of mouse
orthologs in every embryonic stage. The largest discrepancy
was observed at the 8-cell embryonic stage, wherein more
than 23,000 human gene transcripts were detected compared
to their orthologs. Furthermore, the alternative splicing
event of ES was much more prevalent for orthologous hu-
man genes in each embryonic stage than that of mouse

orthologs (Figure 4C). This could be a major reason for the
larger number of isoforms generated by human genes.
However, greater number of CNE was detected in corre-
sponding mouse embryos (Figure 4D). Accordingly, differ-
ent usage of alternative splicing modes between human-
mouse orthologs could be a factor accounting for their dis-
tinct expression patterns. Taken together, these results sug-
gest that human-mouse orthologs have certain discrepancies
in their expression patterns, including alternative splicing,
and this divergence is associated with embryonic stages.

Expression profile of orthologous human and mouse
splicing regulators

We further checked the expression profile of 171 pairs of
orthologous human and mouse splicing regulators including
SR (serine-arginine-rich RNA-binding) and hnRNPs (het-
erogeneous nuclear ribonucleoproteins) proteins that have
been previously reported (Grosso et al., 2008) (Table S4 in
Supporting Information). This factors are crucial for regu-
lating alternative splicing in gene expression (Yeo, 2005).
At the gene level, majority (>89%) of these orthologous
human and mouse splicing regulators were expressed (>0.1
FPKM) and many of them had relatively higher expression
in each embryonic stage (Figure S3 in Supporting Infor-
mation). However, at the isoform level, human orthologous
splicing regulators generated more isoforms than corre-
sponding mouse orthologs, especially at the 8-cell embryo
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stage (1,011 isoforms in total for human and 395 for
mouse). ES and CNE are the two most abundant types of
alternative splicing for both orthologous human and mouse
splicing regulators; however, ES is more prevalent for human
splicing regulators, and CNE is more prevalent for mouse
splicing regulators. Moreover, the expression similarities
between human and mouse splicing regulators in these six
embryonic stages ranged from 0.35 to 0.67, with the highest
being in the morula and the lowest being in the 4-cell stage.
Accordingly, the results suggested that orthologous splicing
regulators were widely expressed in both human and mouse
early embryos, but differed in alternative splicing modes and
isoform quantity. The divergence of orthologous splicing
regulators may contribute to differences in splicing patterns
between orthologous human and mouse genes.

Expression similarities and differences of orthologous
transcription factors

Transcription factors (TFs) play crucial roles in the initia-
tion and regulation of gene expression. We compared 699
pairs of human-mouse orthologous TFs that were separately
obtained from TFClass (Wingender et al., 2013) and TFdb
(Kanamori et al., 2004) databases. Most (82.83%) of these
human-mouse orthologous TF pairs were highly conserved
in terms of gene sequence identity >80%. Ensembl annota-
tion showed that, in general, orthologous human TFs encode
a greater number of isoforms than their mouse counterparts
(P<107", Wilcoxon test; average 6.77 per orthologous hu-
man TF and 3.98 for each orthologous mouse TF). We ob-
served divergent expression patterns between many orthol-
ogous human and mouse TFs (Figure 5). The expression
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similarities (Z-score based on Spearman’s correlation coef-
ficient) for orthologous human-mouse TFs, in different em-
bryonic stages, ranged from 0.15 (4-cell) to 0.49 (morula).
Except for 8-cell and morula embryos, the detectable
orthologous mouse TFs in embryonic stages were greater
than the detectable orthologous human TFs. However, a
greater number of expressed isoforms could be detected
from human orthologs in all embryonic stages except the
oocyte, showing the distinct alternative splicing patterns
between human-mouse TF orthologs. Furthermore, only
24.45% of 638 detectable human-mouse orthologous TF
pairs exhibited a similar trend across different stages,
wherein both members of a pair were detected or not de-
tected, in a given stage. We also observed more than a doz-
en human-mouse orthologous TFs with only one member of
a pair detectable in corresponding embryos. Specifically,
nine orthologous human TFs were expressed in all embry-
onic stages, but their mouse orthologs were not detectable in
any embryonic stage. Moreover, five orthologous mouse
TFs were detected in every embryonic stage, but their hu-
man orthologs were not detected in any stages. Interesting-
ly, these 14 human-mouse orthologs (nine human specific
and five mouse specific) are involved in several important
biological processes, including the control and regulation of
differentiation and development (according to GeneCards
annotation) (Rebhan et al., 1998). Hence, findings suggest
that a portion of human-mouse orthologous TFs have large
differences in their alternative splicing patterns and expres-
sion profiles, which could further affect the expression pat-
terns of their target genes.
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Figure 5 Expression patterns of orthologous human and mouse TFs. A, Expression clustering for orthologous human TFs. B, Expression pattern of
orthologous mouse TFs. The order of mouse TFs showed in the graph is paired with the orthologous human TFs clustered in Figure SA.
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Divergence in expression changes between
human-mouse orthologs

To gain insight into the discordance of expression changes
of human-mouse orthologs between distinct embryonic
stages, we conducted differential expression calling using
Cuffdiff (Trapnell et al., 2013). Four groups of oocyte ver-
sus pronucleus, 2-cell versus 4-cell, 4-cell versus 8-cell, and
8-cell versus morula were compared. Surprisingly, we ob-
served a large discrepancy in human-mouse orthologs in
these comparisons (Figure 6). For each group comparison,
the great majority of differentially expressed (P<0.05)
orthologous human genes do not correspond with their
mouse counterparts. Only a small fraction of human-mouse
orthologs had both members consistently up-regulated or
down-regulated in a specific group comparison. Moreover,
some orthologous human genes were up-regulated (or
down-regulated) in a certain embryonic stage, whereas the
expression of their mouse orthologs was opposite. For in-
stance, 628 human and 235 mouse orthologous genes were
differentially expressed when comparing 4-cell and 8-cell
embryos. However, in most cases, only one member of an
orthologous pair was differentially expressed. Only two
human-mouse orthologous pairs had both members con-

Oocyte VS ponucleus

4-cell VS 8-cell
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cordantly differentially expressed. 14 human-mouse
orthologous pairs were expressed in an opposite manner
(with one member up-regulated while the other was down-
regulated).

The discordance between human-mouse orthologous
pairs with only one member differentially expressed, or two
members expressed in a reverse trend, may account for the
distinctions in embryonic development between humans and
mice, to some extent. Functional enrichment analyses for
these involved human-mouse orthologs using DAVID
(Huang da et al., 2009) suggested that they were mainly
enriched for terms including phosphoprotein, alternative
splicing, and nucleus (Table S5 in Supporting Information).
Intriguingly, we also found six human-mouse orthologs
with both members differently expressed in a reverse trend,
wherein group comparison identified them to be functional-
ly related to embryonic development (Table S6 in Support-
ing Information). Moreover, the discordance in differential
expression between human-mouse orthologs increased
when considering the constant expression changes across
distinct developmental stage comparisons. For example,
although a total of 576 human-mouse orthologous pairs
were concordantly differentially expressed or exhibited in-

2-cell VS 4-cell
0

1

® Hum dif mou no
® Hum_dif mou_dif cor

I Hum_dif mou_dif discor
= Mou_dif hum_no

8-cell VS morula

4 2

Figure 6 Differential expression profiling of human-mouse orthologs. A, Detected differentially expressed orthologous human and mouse genes in oocyte
versus pronucleus. Hum_dif_mou_no, only the human gene member was differentially expressed for an orthologous pair. Hum_dif_mou_dif_cor, both
members of a human-mouse orthologous pair were differentially expressed and their expression changes were in the same trend (both were up-regulation or
down-regulation). Hum_dif_mou_dif_discor, both members of a human-mouse orthologous pair were differentially expressed but their expression changes
were in the reverse trend (one was up-regulated while the other was down-regulated). Mou_dif_hum_no, only the mouse gene member was differentially
expressed for an orthologous pair. B, Detected differentially expressed human and mouse orthologs in the comparison of 2-cell versus 4-cell. C, Detected
differentially expressed human and mouse orthologs in the comparison between 4-cell and 8-cell. D, Detected differentially expressed human and mouse

orthologs in the comparison of 8-cell against morula.



Chen, G., et al.

significant expression changes in each group comparison
(but differentially expressed in at least one group), 197
orthologous pairs of did not show consistent expression
changes across these four groups. Accordingly, many hu-
man-mouse orthologs were greatly divergent in expression
changes between different embryonic stages and might
closely associate with the discordant embryonic develop-
ment between humans and mice.

DISCUSSION

Previous studies mainly compared human-mouse orthologs
based on one or two aspects of alternative splicing modes
and expression patterns; few studies have investigated ex-
pression similarities and differences of human-mouse
orthologs in sequential stages. We compared the alternative
splicing patterns, expression patterns, and expression
changes of one-to-one human-mouse orthologs in paired
early embryos. Orthologous human genes could generally
produce more transcripts and proteins than their mouse
counterparts could. This was supported by both Ensembl
annotation and our expression analyses of single-cell
RNA-Seq data from human and mouse pre-implantation
embryos. These human-mouse orthologs were divergent in
their alternative splicing patterns and the two notably dis-
tinct splicing modes were ES and CNE. Although ES is the
main splicing event for both human and mouse orthologs,
ES is far more prevalent for orthologous human genes than
their mouse counterparts are. This is also responsible for
orthologous human genes having a larger number of
isoforms than mouse orthologs. In contrast, a larger number
of CNEs were found for orthologous mouse genes in dif-
ferent embryonic stages. The expression divergence of
orthologous splicing regulators may play an important role
in these disparities in alternative splicing patterns between
human-mouse orthologs. These observations largely benefit
from the high-resolution of single-cell RNA-Seq technolo-
gy. Human-mouse orthologs are also different in their GC
content. An intriguing phenomenon was that orthologous
human genes with high GC content (>45%) generally have
mouse orthologs with lower GC content and vice versa.
Therefore, large variances were generated, in terms of gene
structure, between human-mouse orthologs during evolu-
tion.

Alternative splicing determines how genes generate spe-
cific isoforms, which exert particular functions in a certain
condition. Different isoforms could play distinct roles,
while the sum of their expression comprises their gene ex-
pression level. Accordingly, alternative splicing and expres-
sion levels determine the qualitative and quantitative traits
of genes, respectively. We found that human-mouse
orthologs have certain similarities in overall expression but
substantial discrepancies exist in early embryos. The
orthologous expression similarities in distinct embryonic
stages were different with the highest being in the morula
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stage. After four cycles of cell division, the zygote divides
into the morula containing totipotent cells, and then the
morula differentiates into the blastocyst. Different expres-
sion similarities in disparate embryonic stages could ac-
count for cell division divergences between humans and
mice. However, the limitations of single-cell RNA-Seq
technology may account for the expression similarity in the
morula being higher than that of the former stages, as the
loss of mRNA in sample preparation and other sources of
technical noise for single-cell RNA-Seq could significantly
affect the expression profiling of different embryonic stages
(Shapiro et al., 2013). The expression similarity calculation
did not take into account those human-mouse orthologs with
only one member expressed and this set of orthologs was
often ignored by prior studies, despite having a significant
impact on expression divergence. Ignoring this would lead
to observed higher expression similarities between hu-
man-mouse orthologs. We uncovered a remarkable number
of human-mouse orthologs of this type in each embryonic
stage, suggesting that these orthologs have expression spec-
ificity in corresponding human and mouse embryos. Many
human and mouse orthologous TFs also exhibited expres-
sion variances and some were associated with the regulation
of embryonic development. Discordant TF expression could
influence the expression of target genes, and further con-
tribute to the divergent expression profiles between hu-
man-mouse orthologs in different embryonic stages.

We revealed great variation in differential expression
between distinct embryonic stages; this has rarely been pre-
viously studied. In the majority of cases, one member of a
pair had significant expression changes while its counterpart
did not. In addition, some human-mouse orthologs are in-
volved in biological processes related to embryonic devel-
opment, but their two members were differentially ex-
pressed in an opposite trend. Only a minority of hu-
man-mouse orthologs had concordant expression changes.
Notably, the expression discrepancies of human-mouse
orthologs increased with embryonic stage. Consequently,
those differences of alternative splicing patterns and expres-
sion profiles between human-mouse orthologs could cause
distinct orthologous functional dynamics (Keren et al.,
2010; Roux and Robinson-Rechavi, 2011), which might
associate with embryonic developmental discrepancies be-
tween humans and mice.

We uncovered notable differences in human-mouse
orthologs in terms of method of alternative splicing, GC
content, and expression profiles during embryonic devel-
opment. To correctly use mouse genes to infer the function
of human genes, more investigations with advanced tech-
nologies and methodologies are needed to further explore
the similarities and discrepancies between human-mouse
orthologs. RNA-Seq technologies including single-cell
RNA sequencing are evolving fast, and sequencing accura-
cy, output, and read length will be greatly improved with
innovative technology (McGettigan, 2013; Ozsolak and
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Milos, 2011). These advances will be of further benefit for
orthologous expression comparison at the transcriptomic
level. In addition, the continuous improvement of tandem
mass spectrometry (MS/MS) for the protein identification,
quantification, and modification analyses (Angel et al,
2012; Domon and Aebersold, 2006; Nagaraj et al., 2011)
could identify orthologous conservation and divergence at
the protein level. Accordingly, it is anticipated that more
developmental stages will be compared at both the tran-
scriptomic and proteomic levels, for more comprehensive
comparisons of orthologous expression profiles.

METHODS

Public data used in the study

We obtained the human and mouse orthologous genes from
Ensembl BioMart (Kinsella et al., 2011) and only used the
one-to-one human-mouse orthologous pairs for further
analysis. We also downloaded the Ensembl human and
mouse gene annotation files (GTF format of Ensembl ver-
sion 72) from Ensembl (Flicek et al., 2013). For comparing
orthologous human-mouse genes, we also obtained the GC
content, alternative splicing modes and identities of hu-
man-mouse orthologous pairs using Ensembl BioMart. To
investigate the orthologous human-mouse TF (transcription
factor) genes, we also downloaded the human and mouse
TFs from TFClass (Wingender et al., 2013) and TFdb
(Kanamori et al., 2004) databases, respectively. Those TFs
of human and mouse that are not orthologous pairs were
excluded.

Single-cell RNA-Seq data of human and mouse embryos

The single-cell RNA-Seq datasets of human and mouse
embryos were downloaded from NCBI Gene Expression
Omnibus (GEO) with the accession number GSE44183
(Xue et al., 2013). Because of the absence of mouse zygote
RNA-Seq data, the RNA sequencing data of human zygotes
were not used in this study. Six groups of RNA-Seq data
from different stages of human and mouse embryos were
analyzed, including oocyte, pronucleus, 2-cell, 4-cell, and
8-cell and morula. These RNA-Seq data were sequenced
using the Illumina HiSeq2000 platform and the related in-
formation can be found in Table S2 in Supporting Infor-
mation.

Gene and isoform expression quantification

To quantify the expression of human and mouse genes, we
first aligned human and mouse RNA-Seq data to the human
reference genome (GRCh37/hgl9) and mouse reference
genome (GRCm38), respectively, using TopHat2 (version
2.0.9) (Kim et al., 2013). Parameters of —r=0 were em-
ployed for TopHat2 according to the cDNA fragment length
selection of human and mouse embryos; other parameters
were in default. Next, we estimated the gene and isoform
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expression of human and mouse genes in each embryonic
stage using Cufflinks (version 2.1.1) (Trapnell et al., 2010),
based on the mapping results from TopHat2. Human and
mouse gene annotation files, in GTF format, and the param-
eters of —b for bias correction and —u for multiple mapped
reads correction, were employed by Cufflinks in expression
quantification. We only enabled Cufflinks to estimate the
expression of genes and isoforms in the human and mouse
reference GTF annotation files and did not set the argument
of assemble novel transcripts for Cufflinks.

Calculation of Z-score and Spearman’s correlation
coefficient

We used methods similar to that of a previous study (Chen
and Zhang, 2012) to calculate the Z-score of human-mouse
orthologs to normalize gene expression levels between hu-
man and mouse. Specifically, we first transformed the
FPKM values estimated by Cufflinks into log.(FPKM) and

then calculated the Z-score (Z :ﬂ) for each ortholo-
o

gous gene. Only those human-mouse orthologs with both
members having FPKM values >0.1 in a certain stage were
included. To study the relationship between expression sim-
ilarity and gene sequence identity, we divided the hu-
man-mouse orthologs into different groups according to the
gene sequence identity interval and separately computed the
Spearman’s correlation coefficient. The Spearman’s corre-
lation coefficient of human-mouse orthologs in each em-
bryonic stage was calculated based on the Z-score.

Differential expression calling

To analyze expression changes for human-mouse orthologs
between different stages of embryos, we separately called
the differentially expressed human and mouse genes using
Cuffdiff (version 2.1.1) (Trapnell et al., 2013), with param-
eters of —b and —u for mapping corrections enabled. We
divided the human and mouse embryos into four groups for
comparison: oocyte against pronucleus, 2-cell against 4-cell,
4-cell against 8-cell and 8-cell against morula. After differ-
ential expression calling, we compared the detected differ-
entially expressed genes from human-mouse orthologous
pairs group by group. We also examined the continuous
expression changes for these orthologous human and mouse
genes across these four groups.

Functional enrichment and gene ontology analyses

We performed functional annotation for orthologous human
and mouse genes with DAVID (Huang da et al., 2009) and
also referenced the GO (gene ontology) terms extracted
from Ensembl BioMart. We uploaded those selected genes
to the DAVID bioinformatics resources 6.7 and then em-
ployed the functional annotation tools to conduct gene func-
tion enrichment analysis. For the selection of GO terms and
functional annotation clustering, a Fisher Exact P-value of
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0.05 was chosen as the cutoff.
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