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Abstract

Background

The accurate characterization of RNA transcripts and expressvels across species

critical for understanding transcriptome evolution. As available RE# data accumulate
rapidly, there is a great demand for tools that build gene annot&tioooss-species RNA-

seq analysis. However, prevailing methods of ortholog annotation for $&§Aanalysi
between closely-related species do not take inter-speciegioraria mappability intg
consideration.

Results

Here we present XSAnno, a computational framework that integpaéesous approachg
with multiple filters to improve the accuracy of inter-spsdi@nscriptome comparisons. T

implementation of this approach in comparing RNA-seq data of humanpahzee, and

rhesus macaque brain transcriptomes has reduced the false disobvdifferentially
expressed genes, while maintaining a low false negative rate.

Conclusion

The present study demonstrates the utility of the XSAnno pipetineuilding ortholog
annotations and improving the accuracy of cross-species transcriptome somgpari
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Background

The accurate characterization and quantification of orthologougiigiissacross species are
critical for understanding the evolution of gene expression andahsctiptome—phenotype
relationship. Previous comparative studies have shown that the evoluibiaaiges in gene

expression play a key role in phenotypic changes between spacliading the differences

between human and closely related non-human primates [1,2].

The development of sequencing technology, such as RNA-seq, has progdditasit
advantages over previous microarray technology, for quantifying sipre divergence.
RNA-seq does not rely on specific predesigned probes priori knowledge of the
transcriptome under investigation, thereby theoretically allowing ageli whole
transcriptome profiling of any species and performing cross&pecomparisons [3].
Furthermore, in contrast to microarray, where even a single atildemutation in probe
sequence may affect the efficiency of probe hybridization, M@ is more robust to
sequence variations between species. However, comparing transcsiptiodiféerent species
using RNA-seq is challenging. One critical challenge idablk of high-quality annotation of
orthologous genes. Although multiple databases, such as Ensembl hofd$ld@ehoDB
[5] and eggNOG [6], provide a catalog of orthologs between speciesohdimem provide
coordinates of corresponding orthologous regions on reference genomes, mdkes it
difficult to employ them for RNA-seq analysis. Prevailing annotest for cross-species
RNA-seq analysis are based on sequence conservation through eitbler genome
alignment or local alignment, and have been previously implementednatyzing
transcriptional differences between humans and non-human primates [7-10].

Another challenge in cross-species transcriptome comparisons varihgon of short-read
mappablity to orthologs among species. Although the leading short egguing algorithms
all try to identify the best mapping position for each readad reay still map equally well
or nearly equally well to multiple positions because of paralogegsences in the reference
genome [11]. Furthermore, a previous study has shown that mappabiligs greatly
between species and gene classes [12]. In RNA-seq analysis, ahtfication of gene
expression will thus be affected by the existence of paralogeggences. The problem
becomes apparent when we perform differential expression anadgyaieen species. A gene
may be falsely identified as differentially expressed giune to differences in mappability
between species.

Here, we first analyzed the bias in estimating inter-spatiféerence in expression caused by
inter-species difference in mappability based on current annotatisirsg a published
dataset consisting of RNA-seq and high-density exon array. Wectieated a pipeline
named XSAnno, which generated a model of orthologs by combining whole genome
alignment, local alignment and multiple filters to remove oegi with difference in
mappability (DIM) between species. The steps in our computatiopaline are inspired by
common practice for annotating orthologous regions, but were modifiadttthe specific

aim of comparative transcriptome analysis. To assess our methpérfiwemed RNA-seq on



dorsolateral prefrontal cortex (DFC) of 5 humans, 5 chimpanzees rfned 8B macaques and
benchmarked the performance of XSAnno on identifying differentiedgressed (DEX)
genes between species, by comparing with annotations usedviougrestudies [7-10].
Validation by ddPCR revealed that our approach greatly reduce@lfigepositives, while
keeping the number of false negatives low.

Results and discussion

Differences in mappability between species skew geexpression comparisons

To assess the effects of inter-species difference in mappatnili estimating inter-species
difference in expression using current annotations, we took advantagaiblished dataset
including RNA-seq and high-density human exon junction array data @erebellum of
human, chimpanzee and rhesus macaque [8]. The RNA-seq data includddafiet lanes
of 36 bp single-end reads with two technical replicates for humamandque and one lane
for chimpanzee (Additional file 1: Table S1). The microarrayadatiuded 3 replicates of
human, chimpanzee and rhesus macaque cerebellum samples (AdditeodalTidble S1).
To avoid bias in gene expression quantification, only microarray prdizsperfectly
matched the genome sequences of all three species were usedréaray probes were
designed to uniquely detect a set of known genes, microarrayssargidsed by inter-species
differences in mappability than RNA-seq. Therefore, we tested pgerformance of
annotations generated by two most widely used approaches by comibemngvith the
microarray data. One set of annotation was built based on Ensembataomd@¥/64) [4]
through whole genome alignment as described in the original studgthedstudies [7,9]
(WGA annotation, see Methods). The other set was originally buBlekhman et al. [10]
and updated in Primate Orthologous Exon Database (POED), which inducksalog of
unique, non-overlapping, 1:1:1 orthologous exons of human, chimpanzee and rhesus
macaque indentified through local alignment from Ensembl annotation.

In the WGA annotation, 11,420 human-chimpanzee orthologs and 11,461 human-macaque
orthologs were shared with microarray. In POED annotation, 11,266 1:1:1 Hhuman
chimpanzee-macaque orthologs were shared with microarray. To ydeydifes with
difference in mappability (DIM genes), we generated tenslasfesimulated RNA-seq (s-
RNA-seq) reads per species based on each set of annotatiorthevisletting that all the
transcripts were equally expressed. DIM genes were idenbfiddESeq [13] with FDR <
0.01, using s-RNA-seq data. We then plotted the inter-species difeestimated by RNA-

seq data against inter-species difference estimated bgamiay data (Figure 1). DIM genes

in WGA annotation showed larger inter-species difference thamesgevith consistent
mappability between species (consistent genes) based on RNAtsegn-chimpanzee p <
2.2 x 10*°, human-macaque p < 2.2 x"1% see Materials and Methods). On the contrary,
DIM genes showed similar inter-species difference to consigtamgs based on microarray
(human-chimpanzee p = 0.90, human-macaque p = 0.94; see Materials aoddylEigure

la, b). The difference between RNA-seq and microarray suggésaedvariations in
mappability affected the estimation of inter-species diffezends expected, POED
annotation included fewer genes with variant mappability betweenespéecause it is a set

of orthologs shared by three species and built with local alignment, vehmstre stringent in
terms of sequence conservation, compared with WGA annotation (Figyrel). We
observed similar larger inter-species difference of DIM gesémated by RNA-seq than by
microarray using POED annotation (RNA-seq: human-chimpanzee p = 0.005n-huma



macaque p = 0.09; microarray: human-chimpanzee p = 0.88, human-macaque psed.22;
Materials and Methods). Besides, more genes with no s-RNA-sats raligned were
identified using POED annotation, suggesting shortened gene length theipgocess of
ortholog identification (Additional file 2: Figure S1). The inter-spsdifferences of these
genes were also more dispersed from 0 in RNA-seq than in nmeyq&igure 1), suggesting
that the gene expression cannot be well represented if the genkisnodecated too much

in the process of ortholog identification.

Figure 1 The effects of different mappabality between species orstemating inter-
species gene expression differencdater-species gene expression differences estimated by
RNA-seq were plotted against inter-species differences a&stihiby microarray, using WGA
annotation(a, b) and POED annotatioft, d). The inter-species differences were calculated
as log2 fold change of RPKM (RNA-seq) or intensity (micragyr The rug plots along x and

y axes show the distribution of interspecies differences estihiat microarray and RNA-
seq, respectively. DIM genes (red) and genes without simulatdd nea@pped (green) show
larger inter-species variation in RNA-seqg than in microarfay.c) Comparison between
human and chimpanzee (H@), d) Comparison between human and rhesus macaque (HM).

Another problem with using only local alignment is the loss of syotenformation of
genome. In POED annotation, we found some human orthologs in chimpanzeeagum
with exons located in unreasonably distant genomic regions. Forpexam POED, the
length of RIN3 is around 130 kb in human, but ~ 125 Mb in macaque, including an 125 Mb
intron.

Outline of the XSAnno framework

To fit the aim of RNA-seq analysis, we developed the XSAnno fnarie for annotating
orthologous regions for cross-species gene expression comparisons. XiWegrates
whole genome alignment, which preserved syntenic information of genowheloaal
alignment, which removes exons that are not highly conserved in sequihcmultiple
filters, which filters out exons and genes with varied mappability betweeresfg€ajure 2):

(i) Our pipeline started with whole-genome alignment (WGA), whiceserves syntenic
information of the genome. We use UCSC liftOver tool [14], which cdsvibe genome
coordinates between species based on whole genome alignment. dVerselgpecies (Spl),
usually the one with better annotation, as reference speciedtahd Annotation to the other
species (Sp2). The lifted annotation on Sp2 is then lifted back tgetheme of Spl. The
parameters of liftOver are carefully selected by bootstrapf{fsugpplementary Methods &
Additional file 2: Figure S2). In the process, we filter out exthrag cannot be lifted from
Spl to Sp2, exons cannot be lifted back to the original genomic locati@&pXf and

transcripts without all exons lifted to the same chromosome or strand.

(i) We then perform local alignment (LA) to remove exons #ratnot highly conserved in
sequence and exons that may cause ambiguity in RNA-seq read majpiagn the exons
from step one of both species to their reference genome and ¢henoef genome of the
other species, respectively, using BLAT [15]. Only exons with guenconserved ortholog
but without highly conserved paralogs are kept. Thresholds of inter- tiagspecies percent
identity (PID, http://genome.ucsc.edu/FAQ/FAQDblat.html) and percerthgepped length
(PL) are chosen to maximize the number of retained exons (Suppéemndmethods &
Additional file 2: Figure S3).



(ii) Finally, we filter out DIM exons and genes. We genesateulated RNA-seq data using
SImMNGS [16] (http://www.ebi.ac.uk/goldman-srv/simNGS/), incorporatimgeecing errors,
and setting all transcripts to be equally expressed. With tttiaggeexons and genes with
different mappability of s-RNA-seq reads show statisticsiliyificant differential expression
and are therefore removed. Besides, we remove genes that ar@ddutoo much (see
Methods).

Figure 2 The XSAnno pipeline. Pipeline for building ortholog annotation. Blue boxes
denote exons and red crosses label the exons or transcripts filtered out.

Generation of human-chimpanzee and human-macaque antations by
XSAnno

As an example of comparisons between closely-related speargsipeline was first applied

to generate human-chimpanzee orthologous genes based on human genemfBosambl

v64) [4], human reference genome (hg19) [17], and chimpanzee refgeamo®me (panTro2)

[18]. Starting with 54,127 genes (21,165 protein-coding genes) in Ensembl human ge
annotation, we identified 37,662 human-chimpanzee orthologous genes, including 16,774
protein-coding genes (Table 1 & Additional file 1: Table S2). Higtwversion rates were
observed for protein-coding genes and lincRNAs, 79.3% and 73.7%, respe@@ueiyonal

file 1: Table S2).

Table 1 Number of genes in the annotation

Species Annotation NameProtein codingPseudogenérocessed transcripincRNA Others Total
Human-chimpanzee WGA 19177 9348 5265 5173 7965 8692
WGA+LA 18272 6796 4831 4825 6257 40981
XSAnno 16774 6205 4296 4241 6146 37662
Human-macaque WGA 18784 6668 4941 4837 6555 41785
WGA+LA 17344 2532 3926 3947 2477 30226
XSAnno 15051 2271 2900 2812 1251 24285
Human-chimpanzee-macaque POED 17105 2528 3756 3697 2842 29928

As expected, the application of XSAnno to human and rhesus macaque watlparmore
distant evolutionary relationship, identified fewer orthologs. We idedti24,285 human-
macaque orthologous genes, including 15,051 protein-coding genes (Table 1 &ndidit
file 1. Table S2). Compared with human-chimpanzee orthologs, theasecin human-
macaque orthologs mainly occurred in non-protein-coding genes, pafjiqopsgudogenes
(Table 1 & Additional file 1: Table S2) due to the existence of highly conservedgsral

The XSAnno started with WGA annotation and filtered exons and geneh wi@re not
highly conserved in sequence or different in mappability betweeciespeThe XSAnno
genes were shorter than WGA genes, as expected, but longdt@h genes (Additional
file 2: Figure S1).

Each filtering step filtered out genes with large variationmappability between species
(Additional file 2: Figure S4). The genes filtered out disptlgger inter-species variation
compared with the remaining genes in RNA-seq (WGA - > WQ@AA:+human-chimpanzee

p = 6.1 x 10°, human-macaque p = 3.0 x {OWGA + LA - > XSAnno: human-chimpanzee

p < 2.2 x 10'® human-macaque p = 0.14), but not in microarray (WGA - > WGA + LA:
human-chimpanzee p = 0.56, human-macaque p = 0.78; WGA + LA - > XSAnno: -human



chimpanzee p =0.09, human-macaque p = 0.82; see Materials and Metignals; 3,
suggesting RNA-seq overestimated inter-species differences efghess.

Figure 3 Assessment of filtering steps in XSAnno using publishedata. Comparison of
inter-species difference estimated by RNA-seq and intaiepalifference estimated by
microarray, using WGA annotatiofa, b) and using WGA+LA annotatiofc, d). Genes
filtered out in step Za, b) and step 3c, d) are labelled red. These genes display larger inter-
species difference using RNA-seq data than using microarray @ata) Comparison
between human and chimpanzee (H(®), d) Comparison between human and rhesus
macaque (HM).

Testing the performance of XSAnno on differential gpression analyses

Since the above used published dataset consists of only two teclepiozdtes for human
and macaque and no replicates for chimpanzee, it lacks statippeadr to identify
differentially expressed (DEX) genes. Furthermore, the sanwdes sequenced as 36 bp
single-end reads. Therefore, we performed mRNA-seq (75 bp single-end rea#€) tssde
from 5 chimpanzee and 3 rhesus macaques (Methods and Additional Tigblg: S3) and
compared with the complementary mRNA-seq dataset of 5 human DFC samplasegeing
the BrainSpan project (www.brainspan.org) (Additional file 1. Tal®@. She resulting
sequencing reads have been deposited to the National Center fahBaltgy Information
(NCBI) short-read archive under the accession number PRINA233428.

The XSAnno human-chimpanzee annotation covered 70.1% chimpanzee RNéasesq r
which was lower than 77.1% in WGA annotation as expected, but gtbater59.1% in
POED (Additional file 2: Figure S5). 90.0% of the human-expressed XSérthologs were
also expressed in chimpanzee. Similarly, the XSAnno annotation fornhanth macaque
covered 62.9% macaque RNA-seq reads, greater than 61.6% in POED (Addilgo2a
Figure S5). 90.0% of the human-expressed XSAnno orthologs were alessegin rhesus
macaque. Besides, WGA annotation annotates 95.3% and 96.7% junctions identified b
TopHat [19] in chimpanzee and macaque, respectively, indicatinghtbajene structures
were preserved in the first step of ortholog identification in ourlipgeThe filters applied
later reduced the coverage of junctions, but still maintained majofitthe junctions,
suggesting that our annotation can also be implemented in analyiengatve splicing
(Additional file 2: Figure S6).

To assess the filtering steps in XSAnno pipeline, we first emeatp the inter-species
difference of included genes with that of excluded genes. The gkee out in each step
showed larger estimated inter-species variation than thatnefsgremained (p < 2.2 x 19

in each filtering step in both human-chimpanzee and human-macagougarisons; see
Materials and Methods; Additional file 2: Figure S7). To rule outghbssibility that our
filters selectively removed differentially expressed gemnves compared the inter-species
variation of exons from the same gene. Similar to the expressigenef, the expression of
retained exons was less variable between species than thatluded exons from the same
gene (p < 2.2 x I8° in each filtering step in both human-chimpanzee and human-macaque
comparisons; see Materials; see Materials and Methods; Additional fiigL2eFS8).

Since our annotation was designed for cross-species expression sompasd first assessed
the performance of each filtering step in our pipeline. The numbd&EX genes was
dramatically reduced after filtering (Additional file 2: Brg S9). For validation, we



intersected the human-chimpanzee DEX gene list and the humagueaRgX gene list to
differentially expressed in human compared with both chimpanzee acaguea (human
DEX genes). The top 10 human DEX genes found only in the WGA atromgtthe top 10
human DEX genes in the WGA + LA annotation but not in the XSAnno amnmuotaind the
top 10 human DEX genes in the XSAnno annotation were selected for iealibgitdroplet
digital PCR (ddPCR) (Additional file 1: Table S4). As expected, approach performed
better between species with closer evolutionary distance. lImthpacison between human
and chimpanzee, the number of false positives reduced from 20 using Wietatéoon to 2
using XSAnno annotation, while the number of false negatives rematn@dFigure 4 &
Additional file 1: Table S5). In the comparison between human and madaguaumber of
false positives reduced from 14 using WGA annotation to 2 using XSAmudadion, while
the number of false negatives rose to 5 (Figure 4 & Additionallfiléable S5). Sequence
analysis of the genes identified as human DEX only in WGA or WAGIBA annotation
revealed the existence of highly conserved paralogs in one spatmst in the other, which
explained the difference in mappability between species (Additional filaldle S6). Among
the genes we validated, our pipeline reduced the false positives pinth&dalse negative
rate low, compared with WGA and POED annotations (Figure 4).

Figure 4 The performance of XSAnno in inter-species differentialgene expression
analysis. Validation by ddPCR. The number of false positives reduced, whileutmder of
false negatives kept low throughout XSAnno filtering steps. HP: cosgrabetween human
and chimpanzee; HM: comparison between human and macaque. FP: faige; fd¢. false
negative.

Conclusions

We described a pipeline to build ortholog annotations for comparatisctigtome analysis
between closely-related species. The XSAnno pipeline incorporae®ys whole genome
alignment and local alignment methods with multiple filters limieate false positives
caused by differences in mappability. Even though our pipeline wiesltea human and
non-human primate brain transcriptome data, it is not limited to these species.

Our pipeline aims to generate annotation of a conservative set ofoghim avoid false
positives in cross-species analysis. Therefore, it excludes gdtieshigh rate of DNA
changes and genes with highly conserved paralogs. Although thef@agiservation can be
adjusted by tuning parameters in the pipeline to meet speegigrements of each study,
separate approaches would be necessary to study genes witlsttaidare changes and
duplicated genes.

Compared to existing ortholog databases, the XSAnno pipeline providex dlexdsle way
to identify orthologs between any pair of closely-related isgedt generates gene models
that are specifically designed for comparative transcriptanaysis. RNA-seq and ddPCR
validation suggest that our approach reduced false positives in peIssss expression
analysis, while keeping the false negative rate low. The XSAnckaga and pre-processed
ortholog annotations of selected species are available in AdditfideaB and can be
downloaded at http://medicine.yale.edu/lab/sestan/resources/index.aspx.



Methods

Building ortholog annotations

Human-chimpanzee orthologs and human-macaque orthologs were genepatedeke

based on human Ensembl annotation (v64) [4], human genome (hgl9) [17], chimpanzee
genome (panTro2) [18] and macaque genome (rheMac?2) [20]. The pairhgiseent files

were downloaded from UCSC genome browser (http://genome.ucsc.edud).aBGeotation

of chimpanzee and macaque used for comparison were also obtained frembEA54)
database (http://www.ensembl.org).

WGA annotation

To keep syntenic information, human exons from all transcripts Vifged to genomic

locations on reference genome of chimpanzee and macaque by lift@VE4], using pair-

wise alignment files downloaded from UCSC genome browser. Tl@véft parameter “-

minMatch” was set to 0.98 for chimpanzee and 0.913 for macaque, based orappioigt

(Supplementary Methods & Additional file 2: Figure S2). The difexons on reference
genome of chimpanzee and macaque were then mapped back to humanergfenemae,

using liftOver tool. During the reciprocal mapping, the following eXpasscripts were
excluded: (i) exons cannot be lifted from human to the other speeiesfiliered out; (ii)

exons cannot be lifted back to the original genomic location of human gemere filtered

out; (iii) transcripts with exons mapped to different chromosomsegamds were filtered out.
The process can be completed in one step by ruAmngConvert in our pipeline.

POED annotation

The orthologous exons of human, chimpanzee and macaque were downloadedrfrai® P
Orthologous Exon Database (POED, Version 2; http://giladlab.uchicagorgahiZxon/). To
be consistent with other databases, we converted genomic coordimateBimpanzee
genome panTro3 to panTro2 by liftOver.

XSAnno annotation
Stepl: The first step is the same as how we build WGA annotation.

Step2: Exons from WGA annotation were aligned to the reference gsmafrbeth the same
and the other species by BLAT [15]. Percent identity (PID) ardgmtage of aligned length
(PL) were calculated as measures of local alignment. Thehtbids of inter-species and
intra-species PID and PL were chosen separately to maxihezeumber of exons retained
(Supplementary Methods and Additional file 2: Figure S3). The-spgecies PID and PL
were selected to filter out exons without unique, highly conserved og$hoFor human and
chimpanzee, the inter-species PID and PL were both set to 0.9%urRan and macaque, the
inter-species PID and PL were both set to 0.9. Exons that werdigrtdato the same
genomic location as WGA annotation or were aligned to multiple gentocations using
current cutoff were removed. The intra-species PID and PL sedeeted to filter out exons
with highly conserved regions, which may cause ambiguity in mappanddth chimpanzee
and macaque, the intra-species PID was set to 0.97 and theptrassPL was set to 0.95.
Exons that were aligned to multiple genomic locations of their mf@rence genome at



current cutoff were filtered out. The process can be finished bynyBhatFilter combined
with R [21] functions of threshold determination and filtering.

Step3: To eliminate exons and genes with large inter-specfesediée in mappability, we
generated simulated RNA-seq data with the setting thataaldripts are equally expressed,
using sSIMNGS. To run simNGS in parallel with Step Two, we generated simul&@ed HO0
bp single-end reads based on WGA annotation and then calculated iexpoedg for exons

in WGA + LA annotation. Coverage of all transcripts was ael@X. Ten simulated RNA-
seq fastq files were generated for each species. The sohukdds were then mapped to
their own genome, using TopHat [19] without providing junction annotation. The nwhber
reads mapped to each exon was counted and used for differential iexpeesdysis with
DESeq package [13] for R. Exons and genes that are significhfidyent between species
(FDR < 0.01) were filtered out. Besides, we filtered out gen#slength smaller than one
third of original length and shorter than 1 kb.

The example scripts to generate simulated reads and to fittes @nd genes are available in
our pipeline.

Analysis of published data

Affymetrix Human Exon Junction array data were downloaded frontE15665. Gene
expression was estimated using probes perfectly conserved in nonhumateprand
normalized by quantile normalization as described in the original study.

RNA-seq data were downloaded from SRA023554.1. RNAs were sequenced as 36 bp
(human) and 35 bp (chimpanzee and macaque) single-end reads by llBAlIn&Reads

were aligned by TopHat, allowing 2 mismathes, without providiagsicriptome annotation.

Read count and RPKM of genes were calculated by RSEQTools [22].

Ten lanes of simulated RNA-seq data per species wereageddry simNGS, using different
sets of annotations. DIM genes were identified by DESeq with FDR < 0.01.

To compare inter-species differences of DIM genes with thgeonés with consistent cross-
species mappability, we performed the F test for equality oilamees. In detail, if
mappability affects estimation of inter-species differenaesexpect larger variance in inter-

2
species differences of DIM genes than in inter-species diffeseof consistent gends= j—g
D

(S2 andSZ represent the sample variances of inter-species differefideBv genes and
consistent genes, respectively). The F test was conducted Rsfagction var.test, with
alternative hypothesis3 > Sz .

RNA sequencing and data analysis

RNA extraction

Postmortem human brain specimens were obtained from tissudioobeat the Department
of Neurobiology at Yale University School of Medicine and theniCéll Brain Disorders
Branch of the National Institute of Mental Health. Tissue walected after obtaining
parental or next of kin consent and with approval by the instituti@ve¢éw boards at the
Yale University School of Medicine, the National Institutes of Ieand at each institution



from which tissue specimens were obtained. Tissue was handledardance with ethical
guidelines and regulations for the research use of human brain seststerth by the NIH
(http://bioethics.od.nih.gov/humantissue.html) and the WMA Declaration ofsirtkel
(http://Iwww.wma.net/en/30publications/10policies/b3/index.html).  Appropriatdormed
consent was obtained and all available non-identifying informatias necorded for each
specimen. Specimens range in age from 21 to 40 years. The postnmigeval (PMI) was
defined as hours between time of death and time when tissue samples were frozen.

All experiments using nonhuman primates were carried out in aco@daith a protocol
approved by Yale University’s Committee on Animal Research and NIH guidelines

DFC tissue samples were dissected from postmortem adult chiegpand macaque brains
using the criteria previously described [23,24]. Human DFC RNAdags were generated as
a part of the BrainSpan project (www.brainspan.org). Together, the RNA-seet diathsdes
DFC samples from 5 humans, 5 chimpanzees, and 3 macaques. A behdnmoijenizer
(Bullet Blender, Next Advance) was used to lyse the pulverized ¥30e samples. Each
pulverized tissue sample was transferred to a chilled safe4oickocentrifuge tube
(Eppendorf). A mass of chilled stainless steel beads (Next Adveate SSB14B) equal to
the mass of the tissue was added to the tube. Two volumes of lyigis Wafe added to the
tissue and beads. Samples were mixed in the Bullet Blender fan \t a speed of six.
Samples were visually inspected to confirm desired homogenizatiorthen incubated at
37°C for 5 min. The lysis buffer was added up to 0.6 ml, and samplesmixeed in the
Bullet Blender for 1 min. Total RNA was extracted using RNdalsis Mini Kit (Qiagen) for
MRNA-sequencing. Each sample was subjected to a DNase drga{ifiJRBO DNase,
Ambion) as per manufacturers’ instructions.

Optical density values of extracted RNA were measured using NanoDrop (' Beremtific)
to confirm an A260:A280 ratio above 1.9. RIN was determined for eaciplsaming
Bioanalyzer RNA 6000 Nano Kit (Agilent), depending upon the total amount of RNA.

Library preparation for mRNA-sequencing

cDNA libraries were prepared using the mRNA-Seq Sample (Kitmina) as per the
manufacturer’s instructions with some modifications. Briefly, poRMNA was purified from

1 to 5ug of total RNA using (dT) beads. Quaint-IT RiboGreen RNA Adsi (Invitrogen)
was used to quantitate purified mMRNA with the NanoDrop 3300. FollowindNAnR
guantitation, 2.5ul spike-in master mixes, containing five different types ofARNolecules

at varying amount (2.5 x 10to 2.5 x 10" mol), were added per 100 ng of mRNA [25]. The
spike-in RNAs were synthesized by External RNA Control Consar(ERCC) consortium
by in vitro transcription ofdle novo DNA sequences or of DNA derived from tBesubtilis or

the deep-sea vent microbk jannaschii genomes and were a generous gift of Mark Salit at
the National Institute of Standards and Technology (NIST). Thesewsed both to track the
brain regions, species and to normalize expression levels acyssneents. Each sample
was tagged by adding a pair of spike-in RNAs unique to the regom irhich the sample
was taken. Also, an additional three common spike-ins were addemhtooltng sequencing
error rates, which is not influenced by SNP existence (Additiileal: Table S7). Spike-in
sequences are available at http://archive.gersteinlab.org/projémépike_in/spike_in.fa.
The mixture of mMRNA and spike-in RNAs were subjected to fragatient reverse
transcription, end repair,3 end adenylation, and adapter ligation to generate libraries of
short cDNA molecules. The libraries were size selected at-2P80 bp by gel excision,



followed by PCR amplification and column purification. The final produas assessed for
its size distribution and concentration using Bioanalyzer DNA 1000 Kit.

Sequencing

We used lllumina’s Genome Analyzer lIx (GAIIx) for mRNAegs®ncing by loading one
sample per lane. For mRNA-sequencing, the library was dilotdd thnM in EB buffer and
then denatured using the Illumina protocol. The denatured libraries dilated to 12 pM,
followed by cluster generation on a single-end Genome Analyz¢Gitix) flow cell (v4)
using an lllumina cBOT, according to the manufacturer's ingbn&t The lllumina GAlIx
flow cell was run for 75 cycles using a single-read re¢udesequencing kits) according to
the manufacturer’s instructions.

Mapping of mMRNA-seq reads

We chose TopHat to map RNA-seq reads due to its ability to oragign reads without
depending on annotation. The reference genomes used were the samsedsr ortholog
identification. Only uniquely mapped reads with at most 2 mismatelees included to
calculate exon/gene read number and reads per kilobase per million (RPKM) [26].

Testing the effects of filters

To test the effects of each filtering step, we first comgbéne inter-species variation of genes
remained with the ones filtered out in each filtering step. mtex-species log2-fold-change
(log 2FC = log 2(RPKMp1 + 1) — log 2(RPKM;2 + 1)); spl and sp2 stand for Species 1 and
Species 2, respectively) were calculated for each gene, W8BWy annotation, WGA+LA
annotation, and XSAnno annotation, respectively. To test the effeldsabfalignment, we
compared the distribution of inter-species log2FC of genes mecham WGA+LA annotation
from WGA annotation with that of genes excluded in WGA+LA annotatiamil&ly, the
distribution of inter-species log2FC of genes remained in XSAnno arorotads compared
with the distribution of genes filtered out in XSAnno annotation from WGR&annotation.
We conducted the F test for equality of variances as used in analyzing the pludditiset.

To compare the inter-species variation of included exons witlhuéedlexons from the same
transcripts, we summarized the inter-species variation afidnoat exons by calculating the
mean inter-species log2FC. In other words, for a specific gxoafFG, = mean (log2Fg);
exonFGy: = mean (log2F¢,). For each gene, the difference between exons included and
excluded was then calculated as In-Out = |exgihFQexonFG,|. We then performed the
paired Wilcoxon signed-rank test with alternative hypothesis |&gn¥ |exonFG,{ to test
whether inter-species difference of in-exons are smaller than that of out-exons

Differential expression analysis

Differential expression analysis were performed between humanchmipanzee and
between human and macaque, respectively, with DESeq [13] package fan&s Gere
identified as DEX, if FDR < 0.01.



The list of human-chimpanzee DEX genes were then intersectedtheithst of human-
macaque DEX genes. Genes with the same direction of changer @mwvn) in human
comparing with other two species were selected as human DEX genes.

Validation by droplet digital PCR

Thirty genes in the human DEX gene list were selected fodatain, including 10 most
significant human DEX genes only in WGA annotation, 10 most significantan DEX
genes in WGA+LA annotation but not in XSAnno annotation, and 10 mostisagmnihuman
DEX genes in XSAnno annotation (Table S4).

We employed droplet digital PCR (ddPCR) to reliably quantify geqeession. An aliquot
of the total RNA that was previously extracted from 3 randomcted brains per species
was used for secondary validation through ddPCR analysisu@oé total RNA was used
for cDNA synthesis using SuperScript Il First-strand synth&ipermix (Invitrogen) and
subsequently diluted with nuclease-free water. Custom gene-spgaifiers and probe for
each gene of interest were designed using NCBI/Primer-BLAST
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/) and PrimerQuest t0@DIT). In detalil,
primer pairs were designed in genomic regions that are ortholdgoidentical, if the gene
is conserved highly across three species), as well as tpamatsa by at least one intron on
the corresponding genomics DNA with a targeted amplicon sizé bp to 200 bp. We also
allowed primers to amplify mRNA splice variants that are aatedtin RefSeq, while did not
allow them to contain known SNPs. The probe was designed by Pring¢rQake(IDT) by
applying the above pre-designed PCR primers. We opted tondédsigtical probe sequence
for each species, but if the target region is less conserv@ss three species, we had to
design slightly different probes for each species. IDT’s prayeZEN internal quencher
was applied on top of a' uencher (IBFQ) and a Huorophore (FAM or HEX) probe
labeling. ddPCR was carried out using the Bio-Rad QX100 systent. &sfth PCR reaction
mixture, consisting of ddPCR master mix and custom primers/peipe/as partitioned into
15,000-20,000 droplets, parallel PCR amplification was carried out. EndpoinsigGdts
were quantified and Poisson statistics was applied to yieldt tewgg number quantification
of the sample. Two color PCR reaction was utilized for the noratadn of gene expression
by the housekeeping gei®P. Table S8 in Additional file 1 provides sequences of primers
and probes used for the validation.

Gene expression was calculated as the ratio of target getles housekeeping ge&P.
Wilcoxon signed-rank tests were performed to identify differéptiaxpressed genes

between human and chimpanzee and between human and macaque, se@arssiyvere
considered as DEX if g 0.1.

Competing interests

The authors declare no competing financial interests.

Authors’ contributions

Y.Z. and M.L. conceived of and designed the pipeline; Y.Z. performedoutatonal
analysis with help from M.L.; M.L. built the web page; A.M.M.S. penied experiments;



Y.Z., M.L. and N.S. wrote the manuscript; N.S. coordinated the project, contributechiua
concepts. All authors read and approved the final manuscript.

Acknowledgements

We thank Yuka Imamura Kawasawa for technical help, Mark Salipfoviding spike-in
RNAs, and Mark Reimers and the members of the Sestan lalyoi@taaluable comments.

We acknowledge the Yale University Biomedical High Performa@oenputing Center.
Support for predoctoral fellowships was provided by the China Scholarshipc(T (Y.Z.)

and the Portuguese Foundation for Science and Technology (A.M.M.Ss).wbink was
supported by grants from the NIH (MH081896, MH089929), the Kavli Foundation, and by a
James S. McDonnell Foundation Scholar Award (N.S.).

References

1. King MC, Wilson AC:Evolution at two levels in humans and chimpanzeescience
1975,188:107-116.

2. Romero IG, Ruvinsky I, Gilad YComparative studies of gene expression and the
evolution of gene regulationNat Rev Genet 2012,13:505-516.

3. Soon WW, Hariharan M, Snyder MPligh-throughput sequencing for biology and
medicine.Mol Syst Biol 2013,9:640.

4. Flicek P, Amode MR, Barrell D, Beal K, Brent S, Carvalho-Sily&L@pham P, Coates G,
Fairley S, Fitzgerald S, Gil L, Gordon L, Hendrix M, HourlierJbhnson N, Kahari AK,
Keefe D, Keenan S, Kinsella R, Komorowska M, Koscielny G, Kuldshdarsson P,
Longden |, McLaren W, Muffato M, Overduin B, Pignatelli M, Pritchdd Riat HS:
Ensembl 2012Nucleic Acids Res 2012,40:D84-D90.

5. Waterhouse RM, Tegenfeldt F, Li J, Zdobnov EM, Kriventseva ©hoDB: a
hierarchical catalog of animal, fungal and bacterial orthologsNucleic Acids Res 2013,
41:D358-D365.

6. Powell S, Szklarczyk D, Trachana K, Roth A, Kuhn M, Muller J, AtrR| Rattei T,
Letunic I, Doerks T, Jensen LJ, von Mering C, Bork P, Jensen LJ, vomdvieri Bork P:
eggNOG v3.0: orthologous groups covering 1133 organisms at 41 different taxonom
ranges.Nucleic Acids Res 2012,40:D284-D289.

7. XuAG,HeL, LiZ XuY, LM, FuX, Yan Z, Yuan Y, Menz€l, Li N, Somel M, Hu H,
Chen W, Paabo S, Khaitovich Pntergenic and repeat transcription in human,
chimpanzee and macaque brains measured by RNA-Se&LoS Comput Biol 2010,
6:€1000843.

8. Liu S, Lin L, Jiang P, Wang D, Xing YA comparison of RNA-Seq and high-density
exon array for detecting differential gene expression betweeadlosely related species.
Nucleic Acids Res 2011,39:578-588.



9. Merkin J, Russell C, Chen P, Burge (Brolutionary dynamics of gene and isoform
regulation in Mammalian tissues.Science 2012,338:1593-1599.

10. Blekhman R, Marioni JC, Zumbo P, Stephens M, Gilads&x-specific and lineage-
specific alternative splicing in primates.Genome Res 2010,20:180-189.

11. Lee H, Schatz MCGenomic dark matter: the reliability of short read mapping
illustrated by the genome mappability scoreBioinformatics 2012,28:2097-2105.

12. Derrien T, Estelle J, Marco Sola S, Knowles DG, RaingGligo R, Ribeca PFast
computation and applications of genome mappabilityPLoS One 2012,7:€30377.

13. Anders S, Huber WDifferential expression analysis for sequence count dat&enome
Biol 2010,11:R106.

14. Kuhn RM, Haussler D, Kent WThe UCSC genome browser and associated tools.
Brief Bioinform 2013,14:144-161.

15. Kent WIBLAT-the BLAST-like alignment tool. Genome Res 2002,12:656—-664.

16. Massingham T, Goldman NimNGS and simlibrary — software for simulating next-
gen sequencing data.” 2012, * : * . http://www.ebi.ac.uk/goldman-srv/simNGS/.

17. Lander ES, Linton LM, Birren B, Nusbaum C, Zody MC, Baldwin J, Dé¢ddewar K,
Doyle M, FitzHugh W, Funke R, Gage D, Harris K, Heaford A, tow J, Kann L,
Lehoczky J, LeVine R, McEwan P, McKernan K, Meldrim J, Mesif®yMiranda C, Morris
W, Naylor J, Raymond C, Rosetti M, Santos R, Sheridan A, Sougnieiti@l sequencing
and analysis of the human genoméNature 2001,409:860-921.

18. Chimpanzee Sequencing Analysis Consortilmitial sequence of the chimpanzee
genome and comparison with the human genomBlature 2005,437:69-87.

19. Trapnell C, Pachter L, Salzberg SlapHat: discovering splice junctions with RNA-
Seq.Bioinformatics 2009,25:1105-1111.

20. Rhesus Macaque Genome Sequencing Consortium, Analysis C, Gibbs RAs Roger
Katze MG, Bumgarner R, Weinstock GM, Mardis ER, Remington KA uSbrarg RL &t al:
Evolutionary and biomedical insights from the rhesus macaque geme. Science 2007,
316:2222-234.

21. R Core TeanRR: A Language and Environment for Statistical Computing. R Foundation
for Statistical Computing; 2013. URL: http://www.R-project.org/.

22. Habegger L, Sboner A, Gianoulis TA, Rozowsky J, Agarwal A, Snyddedvistein M:
RSEQtools: a modular framework to analyze RNA-Seq data using conagt,
anonymized data summariesBioinformatics 2011,27:281-283.

23. Kang HJ, Kawasawa YI, Cheng F, Zhu Y, Xu X, Li M, Sousa AMtilRle M, Meyer
KA, Sedmak G, Guennel T, Shin Y, Johnson MB, Krsnik Z, Mayer S, Fertuzéhdalauf
S, Lisgo SN, Vortmeyer A, Weinberger DR, Mane S, Hyde TM, HutfeReimers M,



Kleinman JE, Sestan NBpatio-temporal transcriptome of the human brain.Nature 2011,
478:483-489.

24. Pletikos M, Sousa AM, Sedmak G, Meyer KA, Zhu Y, Cheng F, Li Mydsawa Y],
Sestan N:Temporal specification and bilaterality of human neocortical topogaphic
gene expressionNeuron 2013,81(2):321-332.

25. Jiang L, Schlesinger F, Davis CA, Zhang Y, Li R, Salit Nhgéras TR, Oliver B:
Synthetic spike-in standards for RNA-seq experiments.Genome research 2011,
21(9):1543-1551.

26. Mortazavi A, Williams BA, McCue K, Schaeffer L, Wold Bapping and quantifying
mammalian transcriptomes by RNA-SeqNat Methods 2008,5:621-628.

Additional files

Additional_file_1 as XLSX

Additional file 1 Table S1Sample information of published dalable S2Gene number in
different annotationslable S3Sample Information of our RNA-seq daiable S4List of

genes for validationlable SSRNA-seq and ddPCR results of genes for validation. Table S6
Paralogs of genes selected for validatibable S7Spike-in RNAs.Table S8List of PCR
primers and probes used for ddPCR validation.

Additional_file_2 as DOCX

Additional file 2 Methods: Determination of liftOver parameters and Determination of
BLAT parametersFigure S1Distribution of gene lengtikigure S2Determination of

liftOver parameterdrigure S3Determination of BLAT parameterSigure S4Distribution

of inter-species difference in mappabiliBigure S5Percentage of reads covered by different
annotationsFigure S6Percentage of junction reads covered by different annotakanse
S7The performance of filters on estimating inter-species differenagsneisFigure S8 The
performance of filters on estimating inter-species differentesonsFigure S9The

number of differentially expressed genes.

Additional_file_3 as ZIP
Additional file 3 XSAnno pipeline.



Interspecies difference (RNA-seq) Q)

Interspecies difference (RNA-seq) O

N
n

=4
o

| (]
7.5, LT | —
7.5 5.0 25 00 25
Interspecies difference (Array)

POED HC

N}
[

II'IIIII*O-II n'

!
]
n

1
4
=]

1

’
’

L] | I
Fi 20 25 00 25
I9Ur€nterspecies difference (Array)

o

o

Interspecies difference (RNA-seq)

Interspecies difference (RNA-seq)

r |—||
10

lnterspecres dlfference (Array)

POED HM

1) II—.IIII :

5
Interspecies dlfference (Array)

Consistent
® Unmappable

® Variant



Step 1: Whole genome alignment
Species 1 annotation
(well-annotated)

Convert annotation
using liftOver

Species 2 annotation

Convert annotation
back to species 1

Filter exons/transcripts

Step 2: Local alignment

WGA annotation
Species 1 Species 2

\ 7z
BLAT
| 3 |

Reference genome 1 Reference genome 2

Filter exons/transcripts

Filter out exons that do not map to species 2 reference genome

Species 1 ——mm——ulylp—m——

Species 2 ——m—u————————

Fitler out transcripts with exons mapping to different strands or chromosomes
Species 1 ——mm——m——m—— 3
Species 2 ——m————— ————
B —
Filter out exons that do not map back to the original location of species 1
Species 2 ——nipfn—m————
Species 1 ——mmm——m——
Figure 2 ———mm——

Filter out exons that do not map to the reference genomes
Species 1 —— s —m——
Species 2 —

Filter out exons that do not map to the same location as liftOver

Species 1 —— e —m——m——
Species 2 ——m——————
e

Filter out exons that map to multiple genomic locations

Species 1
Species 2 —— mm———t———

Step 3: Filter by mappability

— WGA+LA annotation
Species 1 Species 2
1 SImMNGS
Simulated Simulated
RNA-seq reads1  RNA-seq reads2
TopHat
Reference Reference
genome 1 genome 2

N/

Fiter out DIM exons
Fiter out DIM genes

Filter out genes being truncated too much

!

XSAnno annotation



QO

Interspecies difference (RNA-seq)

o

Interspecies difference (RNA-seq)

HC: WGA -> WGA+LA

25-
0.0 -E
25—
-5.0-
75,7 { nE
7.5 5.0 2.5 0.0 25
Interspecies difference (Array)
HC: WGA+LA -> XSAnno
7’
7’
255 (- ¢

e
[

g
o

R —ol

-75 -Z’

. -75
Figure ter.

. i, U — ]

5.0 2.5 0.0 2.5

species difference (Array)

O

Interspecies difference (RNA-seq)

o

Interspecies difference (RNA-seq)

HM: WGA -> WGA+LA

w
1

(N ] II;III

’ |-

1
10 5 0 5

Interspecies difference (Array)

HM: WGA+LA -> XSAnno

o
1

w

w

l |i||+n'

S 111 11— 1 |
3 0 6
Interspecies difference (Array)

® Filtered
Remained



T
OO0O=23
IIIT . < ot d30d
ERE
o OUUYSX
oL VI+VOM
S al- VoM
<
1 T T 1 T ]
0Z SL 0oL S 0 m

SJ0JJD JO JaquInN



Additional files provided with this submission:

Additional file 1: 4851337801188117 _add1.xlsx, 49K
http://www.biomedcentral.com/imedia/1839227981290422/supp1.xlsx
Additional file 2: 4851337801188117_add2.docx, 3216K
http://www.biomedcentral.com/imedia/1162225781290422/supp2.docx
Additional file 3: 4851337801188117_add3.zip, 21K
http://www.biomedcentral.com/imedia/9409745761290422/supp3.zip



http://www.biomedcentral.com/imedia/1839227981290422/supp1.xlsx
http://www.biomedcentral.com/imedia/1162225781290422/supp2.docx
http://www.biomedcentral.com/imedia/9409745761290422/supp3.zip

	Start of article
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Additional files

