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Supplementary Figure 1: The distribution of counts of splice junctions in mouse samples. The color
at the point (x, y) represents the number of splice junctions that have log2 count of at least x in at least
y samples. The x-axis is log2 counts; the y-axis is the number of samples.
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Supplementary Figure 2: Expression of sense/antisense gene pairs. (A,B) Heatmaps showing the
scaled RPKM of the 16 sense/antisense gene pairs across human (A) and mouse (B) samples. (C) The
UCSC genome browser screenshot of HNF1A and its antisense in human, showing the tissue-specific
expression of this pair in HepG2.
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Supplementary Figure 3: (A) Average nuclear versus cytosolic ratio across 7 human cell lines of two
sets of 1-to-1 orthologous RNA genes: all (left, median=0) and ones that are expressed in more than
50% of the mouse and 50% of the human samples (right, median=2). (B) Average gene expression
level (RPKM, across mouse tissues) of mouse 1-to-1 orthologous lncRNAs categorized by the number
of species (Mouse, Cow, Pig, Rat, and Dog) in which lncRNA orthologs were detected (threshold for
detection is RPKM ≥ 0.1).
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Supplementary Figure 4: (A) Nucleotide coverage statistics were averaged over 100-nt bins spaced
equally along each genome. The midpoint of each 100-nt bin in human genome was mapped to the
mouse genome based on whole genome alignments, inducing the correspondence between bins. (B)
The flowchart of genome-wide nucleotide coverage processing. (C,D) The joint distribution of log10
average read density in orthologous exonic (C, cc = 0.62) and intronic (D, cc = 0.47) 100-nt bins
in human (x-axis) and in mouse (y-axis). Exonic/intronic segmentation is with respect to the human
genome.
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Supplementary Figure 5: The distribution of log10 average read density in 100-nt bins in the human
genome as a function of distance from the bin to the nearest gene.
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Supplementary Figure 6: The joint distribution of log10 standard deviation (SD) of antisense-to-total
ratio in pairs of orthologous genes (cc = 0.52). Observations with constant as/total ratio (i.e., with
SD = 0) were not included.
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Supplementary Figure 7: (A) Contour plots of the joint distribution of average SJ processivity (AVG
θ, completeness of splicing index) in pairs of orthologous SJs. “Alternative” denotes SJs that are
annotated as alternative in both species. The logistic transformation (logit) was applied to AVG θ
before computing the probability density. SJ with constant complete inclusion or exclusion are not
shown. (B) The joint distribution of standard deviation of SJ processivity.
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Supplementary Figure 8: Sample dynamic range (i.e., the dynamic range of gene expression within
each sample) in human and mouse. The sample dynamic range is computed as log10 of the RPKM of
the gene with the largest RPKM minus log10 of the RPKM of the gene with the lowest RPKM. Each dot
represents one sample.
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and the lowest non-zero observations) of gene expression level in orthologous genes across human
HBM and mouse CSHL tissue samples.
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Supplementary Figure 10: (A) The joint probability distribution of the dynamic range (DNR, x-axis)
and log10 average gene expression level (y-axis) in protein-coding ortholog genes. The contour plot is
in the units of probability density. The joint distribution is approximated by a mixture of two 2D Gaussian
components shown in red and blue (see Supplementary Methods). (B) The probability distribution of
the dynamic range (the marginal distribution) approximated by the sum of the two marginal distributions
of the respective components in panel A. The weighted sum is shown by the dashed line.
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Supplementary Figure 11: (A) The distribution of the number of (human and mouse) samples, in
which a gene is expressed, for constrained and unconstrained genes. (B) The distribution of log10
average gene expression levels (across human and mouse samples) in constrained genes as opposed
to that in the rest of orthologous genes. (C) The distribution of log10 average gene expression levels
in the set of constrained genes and in the set of unconstrained genes with matched expression (see
Supplementary Methods).



Supplementary Figure 12: The joint distribution of the dynamic range (DNR) vs. log10 of minimum
gene expression for 1-to-1 orthologous genes across human and mouse samples.
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Supplementary Figure 13: (A,B) Histone marking for constrained and unconstrained genes in hu-
man HeLa-S3 cell line (A) and adult mouse kidney (B). Shown are the normalized read densities of
H3K4me3 and H3K27ac at TSS and the normalized read density of H3K36me3 at TTS, plotted sep-
arately for the set of constrained genes (red) and for the set of unconstrained genes with matched
expression levels (blue).
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Supplementary Figure 14: Scatterplot of mean vs. fraction of variance of splice junction (SJ) inclusion
rate, Ψ, (relative to the maximum possible variance for the Bernoulli distribution with the given mean)
for orthologous splice junctions. SJ that belong to constrained (unconstrained) genes are shown in red
(blue). SJs with (0.15< mean(Ψ) < 0.85) and with relative variance below 20% are delimited by the
dashed lines, and are considered SJs with constrained expression at intermediate levels of inclusion.
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Supplementary Figure 15: The overlap between the set of housekeeping genes derived by deep
sequencing from FANTOM 54 and by Eisenberg and Levanon (E-L)25, and the set of genes with con-
strained expression derived here.
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Supplementary Figure 16: The distribution of the coefficient of variation in gene expression in 766
human European samples33 in constrained and unconstrained genes (see Supplementary Methods for
details).



Supplementary Table 1: Summary of RNA-seq experiments. Experiments were performed on
whole cell polyA+ RNA samples in 18 human cell lines and in 30 mouse samples (25 tissues and
5 developmental stages); two bio-replicates per experiment. In total, there were 8,367,769,624 and
15,059,232,696 mapped reads, with an average of 236 million and 186 million reads per bio-replicate
in human and mouse, respectively. (*) Reference for the RNA-seq data files (FASTQ and BAM).
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Supplementary Table 2: The list of transcript types corresponding to long transcripts.
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Supplementary Table 3: Annotated and CAGE supported novel elements detected by RNA-seq
in mouse (A), human (B) and both (C). Elements are distinct exons, transcripts and genes. Annotated
elements and novel transcripts are called detected if their IDR is smaller or equal to 0.1. Detected novel
exons are distinct exons of detected novel transcripts, which do not overlap annotated exons on the
same strand.
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Supplementary Table 4: Splice Junctions. (A) Splice junctions by gene type. (B) Cross-classification
of orthologous splice junctions.

(A) All detected SJ
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(B) Orthologous SJ
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Supplementary Table 5: Conservation of antisense transcription. (A) Contingency table of the
number of genes with annotated antisense transcription in one-to-one orthologous gene pairs or with
the antisense/total ratio greater than 30% in at least 70% of samples. Numbers in parentheses are
the expected counts. Shown in boldface are the observed counts that are greater than the expected
counts. (B) List of orthologous human and mouse protein-coding genes and their antisense, sharing a
configuration similar to that described in36.
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Supplementary Table 6: Classification of SINE elements in the 16 sense-antisense gene pairs
with an inverted SINE in both human and mouse.
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Supplementary Table 7: Summary table of histone modification data. GEO accession numbers
of ChIP-seq profiles used to compute the average histone modification levels in promoter regions in
human (A) and in mouse (B). When multiple GEO accessions are listed, the bigwig tracks were pooled
together for each combination of the antibody and cell line or tissue.
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Supplementary Table 8: Published housekeeping gene sets and their intersection. Only genes
with a Gencode v10 id are considered.
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"#$$%&'&()*+,!-&)./01!

!"#$%"&'(#)'(##$*(*+$#'&"*&'

2.+/#3./#)!).41!5/+6!5&!#1&0!7&89!:;;<!*11&'8%,!/=!).&!.#'*(!3&(/'&!>.3?<@!

ABC.DEF!*(0!G#%9!:;;E!*11&'8%,!/=!).&!'/#1&!3&(/'&!>''<@!ABC'DEF!?9!H#'*(!A&(I/0&!

J?;!*(0!'/#1&!KL"K-MN!JOP!0*)*8*1&1!5&+&!#1&0!=/+!)+*(1I+4$)!*((/)*)4/(19!Q004)4/(*%%,@!

5&!I/(140&+&0!*!I*)&3/+,!/=!%/(3!)+*(1I+4$)1!I/'$/1&0!/=!)+*(1I+4$)!),$&1!%41)&0!4(!

"#$$%&'&()*+,!2*8%&!:9!"#''*+,!1)*)41)4I1!/(!).&!*((/)*)&0!&%&'&()1!1#I.!*1!)+*(1I+4$)1@!

3&(&1!*(0!&R/(1!*+&!%41)&0!4(!"#$$%&'&()*+,!2*8%&!DQ@M9!S(!*004)4/(@!3&(/'&1!5&+&!

$*+)4)4/(&0!4()/!*!041T/4()!#(4/(!/=!&R/(4I@!4()+/(4I@!*(0!4()&+3&(4I!+&34/(1!*(0@!*$*+)!=+/'!

4)@!4()/!*!041T/4()!#(4/(!/=!3&(4I!*(0!4()&+3&(4I!+&34/(1!8*1&0!/(!).&!*((/)*)&0!)+*(1I+4$)!

1&)1!:9!KR/(4I!+&34/(1!5&+&!34J&(!$+4/+4),!/J&+!4()+/(4I!+&34/(1U!&R/(4I@!4()+/(4I@!*(0!3&(4I!

+&34/(1!5&+&!34J&(!$+4/+4),!/J&+!4()&+3&(4I!+&34/(19!

,-./&"0')(*('12$3"&&+#4'

Mapping 

BLQV1&W!+&*01!5&+&!*%43(&0!)/!).&!.#'*(!>.3?<F!*(0!'/#1&!>''<F!3&(/'&1!#14(3!

).&!"2QB!?9<!1/=)5*+&!D9!X$!)/!?;!'41'*)I.&1!$&+!$*4+&0!*%43('&()!5&+&!*%%/5&09!Y(%,!

*%43('&()1!=/+!+&*01!'*$$4(3!)/!?;!/+!=&5&+!%/I4!5&+&!+&$/+)&09!Q((/)*)4/(1!5&+&!(/)!

#)4%4Z&0!=/+!'*$$4(3!).&!0*)*9!-*$$&0!+&*01!5&+&!#1&0!)/!3&(&+*)&!I/()431@!1$%4I&!T#(I)4/(1@!

0&V(/J/!)+*(1I+4$)!'/0&%1!*(0!W#*()4=4I*)4/(!/=!).&!*((/)*)4/(!*1!0&1I+48&0!4(!:!>1&&!*%1/!

8&%/5F9!X(4W#&%,!'*$$&0!+&*01!5&+&!1&%&I)&0!8,!!"#$%"&!1/=)5*+&!

>.))$[\\34).#89I/'\$&+J/#I.4(&\8*'=%*3F9!2.&!H#'*(!M/0,!-*$!>HM-F!#(1)+*(0&0!

$*4+&0V&(0!BLQV1&W!0*)*1&)!>?O!)411#&1@!P;V()!+&*01F!5*1!*%1/!$+/I&11&0!4(!).&!1*'&!5*,!

*(0!#1&0!)/!I/'$%&'&()!.#'*(!KLCY]K!4(!1#''*+,!1)*)41)4I1!1&I)4/(9!"4(I&!HM-!0*)*!

5*1!3&(&+*)&0!8,!*!04==&+&()!$+/)/I/%!54).!1./+)&+!+&*01@!(/)!1)+*(0&0@!*(0!54)./#)!84/V

+&$%4I*)&1@!5&!0&I40&0!(/)!)/!4(I%#0&!4)!4(!*(,!=#+).&+!*(*%,141!)/3&).&+!54).!KLCY]K!I&%%!

%4(&!0*)*9!

!



!

Ascertainment of reproducibility        

L/(V$*+*'&)+4I!S]B!>($S]BF!*1I&+)*4(1!+&$+/0#I484%4),!/=!).&!0&)&I)4/(!/=!3&(/'4I!

&%&'&()1!>1#I.!*1!1$%4I&!T#(I)4/(1@!&R/(1@!)+*(1I+4$)1@!&)IF!4(!BLQV1&W!&R$&+4'&()1!54).!

84/%/34I*%!+&$%4I*)&1@!+&=&++&0!)/!*1!?!*(0!:!8&%/59!2.&!&%&'&()1!4(!&*I.!84/V+&$%4I*)&!*+&!

84((&0!*II/+04(3!)/!).&4+!143(*%@!*(0!=/+!*%%!84(1!).&!($S]B?4(:!41!I*%I#%*)&0!*1!).&!

$+/$/+)4/(!/=!&%&'&()1!4(!&*I.!84(!4(!+&$%4I*)&!?!).*)!.*J&!&R*I)%,!Z&+/!143(*%!>49&9!(/)!

0&)&I)&0F!4(!+&$%4I*)&!:9!"4'4%*+%,@!).&!($S]B:4(?!41!I*%I#%*)&0!*1!).&!$+/$/+)4/(!/=!

&%&'&()1!4(!&*I.!84(!4(!+&$%4I*)&!:!).*)!.*J&!&R*I)%,!Z&+/!143(*%!>49&9!(/)!0&)&I)&0F!4(!

+&$%4I*)&!?9!2.&!=4(*%!($S]B!J*%#&!=/+!&*I.!84(!41!0&=4(&0!*1!).&!'&*(!/=!($S]B?4(:!*(0!

($S]B:4(?9!S(!).&!'*4(!'*(#1I+4$)!*(0!4(!).41!1#$$%&'&()*+,!4(=/+'*)4/(@!5&!54%%!#1&!S]B!

4(1)&*0!/=!($S]B9!

Contig generation 

C/()431!+&$+&1&()!+&34/(1!/=!04+&I)4/(*%!BLQV1&W!I/J&+*3&9!2.&,!*+&!I*%%&0!=+/'!

'&+3&0!84/%/34I*%!+&$%4I*)&1!8#)!&*I.!I/()43!41!1I/+&0!*3*4(1)!4(04J40#*%!+&$%4I*)&1!)/!

=*I4%4)*)&!S]B!*(*%,1419!C/()431!*+&!+&W#4+&0!)/!.*J&!(/(VZ&+/!143(*%!4(!8/).!+&$%4I*)&19!Y(%,!

#(4W#&%,!'*$$4(3!+&*01!*+&!#1&0!=/+!8#4%04(3!*(0!W#*()4=,4(3!I/()4319!L&43.8/+4(3!I/()431!

*+&!'&+3&0!4=!).&!3*$!8&)5&&(!).&'!41!1'*%%&+!).*(!:P!8*1&19!C/()431!*+&!1)+*(0V1$&I4=4I@!

8#)!I/()431!54).!'/+&!).*(!<!)4'&1!'/+&!*()41&(1&!).*(!1&(1&!143(*%!*+&!=4%)&+&0!*1!

$/1148%&!*+)4=*I)1!/=!1)+*(0V1$&I4=4I!%48+*+,!I/(1)+#I)4/(9!K*I.!I/()43!41!*11/I4*)&0!54).!).&!

=/%%/54(3!J*%#&1[!>?F!M^_-@!`M*1&1!$&+!_4%/8*1&!$&+!-4%%4/(!'*$$&0!8*1&1`@!*J&+*3&0!

8&)5&&(!).&!+&$%4I*)&1U!>:F!*!(/(V$*+*'&)+4I!4++&$+/0#I48%&!041I/J&+,!1I/+&!>($S]BFU!>DF!

).&!)/)*%!(#'8&+!/=!'*$$&0!8*1&1!4(!).&!I/()43!4(!8/).!+&$%4I*)&1!>1#'!/=!5433%&!)+*I6!

143(*%F9!A&(&+*)4/(!/=!I/()431!41!4(0&$&(0&()!/=!*((/)*)4/(19!

'

TSS and CAGE support 

! "4(I&!'()*+,+!)+*(1I+4$)!'/0&%1!*+&!%&11!+&%4*8%&!).*(!*((/)*)&0!)+*(1I+4$)1@!5&!/(%,!

I/(140&+!).&!/(&1!5./1&!2""!>'/1)!Pa!8$F!41!1#$$/+)&0!8,!CQAK!0*)*!=+/'!).&!'/1)!+&I&()!

*(0!04J&+1&!7QL2Y-!1)#0,!b9!7/+!).41!5&!#1&0!).&!:?E@PE:!.#'*(!*(0!).&!?:<@bOO!'/#1&!

2""V%46&!I%*114=4&0!CQAK!$&*61!40&()4=4&1!8,!7QL2Y-P!>.))$[\\=*()/'931I9+46&(9T$\P\)&)F9!



!

-/+&!$+&I41&%,!0&V(/J/!)+*(1I+4$)!'/0&%1a!2""!41!&R)&(0&0!8,!P;!8$!4(!8/).!).&!Pa!*(0!).&!

Da!04+&I)4/(1@!*(0!).&!+&1#%)4(3!?;?8$!1&3'&()!41!4()&+1&I)&0!54).!).&!2""V%46&!CQAK!$&*619!

c.&(!*(!4()&+1&I)4/(!4(!=/#(0@!).&!'()*+,+!)+*(1I+4$)!'/0&%!41!I/(140&+&0!1#$$/+)&0!8,!

CQAK9!

!

De novo transcript models 

C#==%4(61!?9;9D!P!5*1!#1&0!)/!*11&'8%&!).&!)+*(1I+4$)1!=+/'!"2QB!*%43('&()19!Y(%,!

#(4W#&%,!'*$$4(3!(/(V0#$%4I*)&0!*%43('&()1!I+/114(3!AX\QA!T#(I)4/(1!5&+&!#)4%4Z&09!2.&!

*%43('&()1!=+/'!).&!)5/!84/V+&$%4I*)&1!5&+&!'&+3&0!8&=/+&!C#==%4(61!*11&'8%,9!2.&!

C#==%4(61!3&(&@!)+*(1I+4$)!*(0!&R/(!B^_-!5&+&!W#*()4=4&0!#14(3!7%#R!C*$*I4)/+!O!!4(!&*I.!

84/V+&$%4I*)&@!*(0!).&!+&1#%)4(3!B^_-!5&+&!*11&11&0!=/+!+&$+/0#I484%4),!#14(3!($S]B!:9!

C#==%4(61!'/0&%1!54).!*(!S]B!J*%#&!%&11&+!/+!&W#*%!)/!;9?!5&+&!=#+).&+!'&+3&0!#14(3!

-+#.#(/&(!>.))$[\\8439I+39I*)\1&+J4I&1\I/'$'&+3&F9!2.&!+&1#%)4(3!'&+3&0!I#==%4(61!

'/0&%!4()+/(!I.*4(1!5&+&!=#+).&+!I/'$*+&0!)/!).&!*((/)*)&0!1$%4I&0!)+*(1I+4$)!4()+/(!

I.*4(1!>#14(3!-+#.0/!*J*4%*8%&!.&+&[!.))$[\\3&(/'&9I+39&1\d10T&8*%4\^+/3+*'1\I/'$)+F@!

*(0!).&!1$%4I&0!I#==%4(61!'/0&%1!5./1&!4()+/(!I.*4(!5*1!(&4).&+!&W#*%!(/+!4(I%#0&0!4(!).&!

4()+/(!I.*4(!/=!*(!*((/)*)&0!)+*(1I+4$)!5&+&!6&$)9!2/!/8)*4(!*(!&J&(!'/+&!I/'$%&)&!*(0!

+&%4*8%&!1&)!/=!(/J&%!)+*(1I+4$)1@!5&!=#+).&+!+&W#4+&0!).&!2""!/=!).&1&!)+*(1I+4$)1!)/!8&!

1#$$/+)&0!8,!CQAK!>1&&!*8/J&F9!2.41!+&1#%)&0!4(!1&)1!/=!:;;@;D:!(/J&%!)+*(1I+4$)1!4(!'/#1&!

*(0!/=!?P?@EO?!(/J&%!)+*(1I+4$)1!4(!.#'*(9!2.&4+!&R/(1!5&+&!I*%%&0!(/J&%!4=!).&,!040!(/)!

/J&+%*$!*(,!*((/)*)&0!&R/(!/(!).&!1*'&!1)+*(0!>"#$$%&'&()*+,!2*8%&!DF9!!

2.&!I/'$%&)&!1&)!/=!'&+3&0!I#==%4(61!'/0&%1!=/+!&*I.!1$&I4&1!41!*J*4%*8%&!4(!

"#$$%&'&()*+,!0*)*!*+I.4J&!?9!

Average read density 

A&(/'&V540&!+&*0!0&(14),!5*1!I/'$#)&0!8,!&(*+#(1+,(/"&(2('!#)4%4),!54).!V1$%4)!

*(0!V83!/$)4/(1!#14(3!/(%,!#(4W#&%,V'*$$&0!+&*01@!1&$*+*)&%,!=/+!&*I.!84/V+&$%4I*)&!*(0!

=/+!&*I.!1)+*(0!E9!2.&!/#)$#)1!5&+&!I/'84(&0!4()/!*!14(3%&!8&03+*$.!=4%&!8,!

3*4+*2('5/".67!#)4%4),!1&$*+*)&%,!=/+!&*I.!1)+*(0!E9!L&R)@!+&*0!0&(14),!1)*)41)4I1!5&+&!

*J&+*3&0!3&(/'&V540&!/J&+!I/(1&I#)4J&!?;;V()!84(1!4(!&*I.!84/V+&$%4I*)&!+&1#%)4(3!4(!



!

:;@Pe;@;EE!*(0!:;@O:D@e;O!1#I.!84(1!54).!*)!%&*1)!/(&!(/(VZ&+/!J*%#&!4(!.#'*(!*(0!'/#1&@!

+&1$&I)4J&%,!>"#$$%&'&()*+,!7439!bQF9!2.&!I/'84(&0!?;;V()!*J&+*3&1!=+/'!).&!$%#1!*(0!

=+/'!).&!'4(#1!1)+*(0!5&+&!(/+'*%4Z&0!)/!.*J&!).&!1*'&!)/)*%!+&*0!0&(14),!*(0!*11&11&0!

=/+!+&$+/0#I484%4),!8&)5&&(!84/V+&$%4I*)&1!*)!S]Bf;9?!>"#$$%&'&()*+,!7439!bMF9!2.&!*J&+*3&!

+&*0!0&(14),!>49&9@!*J&+*3&!.&43.)!/=!).&!$4%&!/=!*%43(&0!+&*01@!$&+!?;;!()F!5*1!I/'$#)&0!=/+!

&*I.!1*'$%&!*1!).&!'&*(!8&)5&&(!84/V+&$%4I*)&1!/+!1&)!)/!Z&+/!=/+!84(1@!5.4I.!040!(/)!$*11!

).&!+&$+/0#I484%4),!=4%)&+9!2.&!*J&+*3&!*(0!).&!1)*(0*+0!0&J4*)4/(!/=!+&*0!0&(14),@!)*6&(!

*I+/11!1*'$%&1@!5&+&!#1&0!*1!'&*1#+&1!/=!I&()&+!*(0!1$+&*0!/=!)+*(1I+4$)4/(*%!*I)4J4),@!

+&1$&I)4J&%,U!*%%!$+/8*84%4),!041)+48#)4/(1!5&+&!I/'$#)&0!=/+!).&4+!8*1&V?;!%/3*+4).'!

)+*(1=/+'*)4/(19!

Common RNA 

2.&!*'/#()!/=!I/''/(!BLQ!/=!*!3&(&!5*1!0&=4(&0!)/!8&!).&!1'*%%&1)!/=!4)1!B^_-!

J*%#&1!4(!*!34J&(!1&)!/=!1*'$%&19!2.&!*'/#()!/=!I/''/(!BLQ!4(!*!$*4+!/=!1*'$%&1!5*1!

0&=4(&0!)/!8&!).&!1#'!/=!).&!*'/#()1!/=!I/''/(!BLQ!/=!&*I.!3&(&!*1!*!=+*I)4/(!/=!).&!

*J&+*3&!>8&)5&&(!1*'$%&1F!1#'!/=!3&(&!B^_-!J*%#&19!!

!

56(#*+7+3(*+$#'$7'8+&*$#"'%$)+7+3(*+$#'9":"9&'

!

2.&!843c43!5./%&V3&(/'&!.#'*(!*(0!'/#1&!C.S^V1&W!$+/=4%&1!5&+&!/8)*4(&0!=+/'!

).&! K(I/0&!]CC! $/+)*%! >.))$[\\.30/5(%/*091/&9#I1I9&0#\3/%0&(^*).\@! =/%0&+1! .3?<\! *(0!

''<\@!+&1$&I)4J&%,F!8,!AKY!*II&114/(!(#'8&+1!).*)!*+&!%41)&0!4(!"#$$%&'&()*+,!2*8%&!E9!

c&!I/(140&+&0!/(%,!0*)*!54)./#)!*004)4/(*%!I.&'4I*%!)+&*)'&()9!!

!

Conservation of histone marks 

2.&!C.S^V1&W!$+/=4%&1!5&+&!$+/I&11&0!8,!#14(3!843c43QJ&+*3&YJ&+M&0!#)4%4),!/J&+!

gP;;!()!54(0/51!I&()+&0!*)!2""!>=/+!HD_b'&D!*(0!HD_:E*IF!/+!*)!22"!>=/+!HD_DO'&DF!/=!

*((/)*)&0!.#'*(!*(0!'/#1&!$+/)&4(VI/04(3!3&(&19!-#%)4$%&!843c431!5&+&!$//%&0!=/+!&*I.!

.41)/(&!'*+6!*(0!I/(04)4/(9!7/+!&*I.!I/'84(*)4/(!/=!C.S^V1&W!*()48/0,!*(0!I&%%!



!

%4(&\)411#&@!).&!.41)/(&!'/04=4I*)4/(!143(*%1!5&+&!(/+'*%4Z&0!)/!.*J&!).&!1*'&!*+&*!#(0&+!

).&!I#+J&!>49&9@!).&!143(*%!4(!&*I.!2""!5*1!04J40&0!8,!).&!1#'!/=!143(*%1!4(!*%%!2""!=/+!&*I.!

34J&(!&R$&+4'&()F9!L&R)@!).&!(/+'*%4Z&0!0&(14)4&1!5&+&!*J&+*3&0!*I+/11!I/(04)4/(1!=/+!

&*I.!2""!/+!2""!*(0!C.S^V1&W!*()48/0,!*(0!).&!I/++&1$/(04(3!3&(&!&R$+&114/(!J*%#&1!5&+&!

*%1/!*J&+*3&0!/J&+!).&!1*'&!1&)!/=!I/(04)4/(19!2.&!+&1#%)1!5&+&!'*)I.&0!8&)5&&(!.#'*(!

*(0!'/#1&!*II/+04(3!)/!).&!3&(&!/+)./%/3!%41)9!Q1!8&=/+&@!Z&+/!J*%#&1!5&+&!+&$%*I&0!8,!).&!

&==&I)4J&!J*%#&!/=!?;VD9!!

!

;19+3+#4'06(#*+7+3(*+$#'(#)'(#(9<&+&'

2.&!W#*()4)*)4J&!*11&11'&()!/=!1$%4I4(3!*)!).&!%&J&%!/=!1$%4I&!T#(I)4/(1!>"GF!5*1!0/(&!

8,!#14(3!4()+/(VI&()+4I!'&)+4I1!*1!).&,!*%%/5!)/!4()&++/3*)&!*!8+/*0!+*(3&!/=!1$%4I4(3!&J&()1@!

(/)!/(%,!14(3%&VI*11&))&!&R/(1!e9!2.&!$&+I&()V1$%4I&0V4(!4(0&R!hP!>hDF!&1)4'*)&1!).&!

I/(04)4/(*%!$+/8*84%4),!/=!*!"G@!49&9@!).&!(#'8&+!/=!)+*(1I+4$)1!1$%4I&0!=+/'!).&!0/(/+!14)&!]!

)/!).&!*II&$)/+!14)&!Q!+&%*)4J&!)/!).&!(#'8&+!/=!)+*(1I+4$)1!4(!5.4I.!]!>+&1$&I)4J&%,@!QF!5*1!

#1&0!*1!*!1$%4I&!14)&9!2.&!I/'$%&)&(&11!/=!1$%4I4(3!4(0&R!iP!>iDF!&1)4'*)&1!).&!+&1$&I)4J&!

*81/%#)&!$+/8*84%4),@!49&9@!).&!%46&%4.//0!).*)!1$%4I4(3!*)!]!>+&1$&I)4J&%,@!QF!.*1!/II#++&09!

!

"$%4I&!T#(I)4/(!I/#()1!5&+&!W#*()4=4&0!04+&I)%,!=+/'!1./+)!+&*0!*%43('&()1!>1&&!

-*$$4(3!1&I)4/(F!8,!#14(3!78-+3*0!1/=)5*+&!>.))$1[\\34).#89I/'\$&+J/#I.4(&\1TI/#()F!*1!*!

$*+)!/=!).&!4.7"!$*I6*3&!>.))$1[\\34).#89I/'\$&+J/#I.4(&\4$1*F9!2.&!4()+/(VI&()+4I!

'&)+4I1!5&+&!I/'$#)&0!8,!!

!

?9 I/(140&+4(3!/(%,!#(4W#&%,V'*$$&0!+&*01U!

:9 +&W#4+4(3!).&!'*+34(!/=!?;!()!=/+!&J&+,!&R/(V&R/(!*1!5&%%!*1!&R/(V4()+/(!T#(I)4/(U!

D9 +&W#4+4(3!).&!'4(4'#'!&()+/$,!/=!D!84)1!=/+!).&!/==1&)!041)+48#)4/(U!

b9 +&W#4+4(3!*3+&&'&()!/(!"G!I/#()1!8&)5&&(!84/+&$%4I*)&1!>S]Bj;9?FU!

P9 +&W#4+4(3!).&!'4(4'#'!I/#()!/=!?;!!4(!).&!0&(/'4(*)/+!/=!).&!=+*I)4/(!0&=4(4(3!hP@!

hD@!iP!*(0!iD!>1&&!!eF9!

!



!

"$%4I&!T#(I)4/(1!5&+&!I%*114=4&0!4()/!).&!=/%%/54(3!=/#+!I*)&3/+4&1!>4(I+&*14(3!

I/(=40&(I&F!*II/+04(3!)/!).&4+!*((/)*)4/(!1)*)#1[!

?9 L/J&%!>8/).!1$%4I&!14)&1!#(*((/)*)&0FU!

:9 Y(&!/=!).&!)5/!1$%4I&!14)&1!41!*((/)*)&0U!

D9 M/).!1$%4I&!14)&1!*+&!*((/)*)&0!8#)!).&!4()+/(!8&)5&&(!).&'!41!(/)U!

b9 M/).!1$%4I&!14)&1!*(0!).&!4()+/(!8&)5&&(!).&'!*+&!*((/)*)&09!

2.&!*8#(0*(I&!/=!1$%4I&!T#(I)4/(1!4(!&*I.!I*)&3/+,@!&R$+&11&0!*1!).&!(#'8&+!/=!1$%4I&!

T#(I)4/(1!54).!I/#()!/=!*)!%&*1)!9!4(!*)!%&*1)!:!1*'$%&1@!41!1./5(!4(!"#$$%&'&()*+,!7439!?!

>'/#1&F9!K*I.!1$%4I&!T#(I)4/(!=+/'!I*)&3/+4&1!:Vb!>1&&!*8/J&F!5*1!*1143(&0!3&(&!),$&!

>$+/)&4(VI/04(3@!%(IBLQ@!/+!$1&#0/3&(&F!*II/+04(3!)/!).&!3&(&!),$&!/=!).&!*((/)*)&0!1$%4I&!

14)&9!S(!I*1&1!5.&(!/(&!1$%4I&!14)&!I/++&1$/(0&0!)/!1&J&+*%!3&(&!),$&1!/+!).&!)5/!1$%4I&!

14)&1!5&+&!*1143(&0!04==&+&()!3&(&!),$&1@!$+/)&4(VI/04(3!),$&!5*1!$+&=&+&()4*%%,!#1&0!/J&+!

%(IBLQ@!*(0!%(IBLQ!/J&+!$1&#0/3&(&9!2.&!+&1)!/=!1$%4I&!T#(I)4/(1!>I*)&3/+,!?F!I/++&1$/(0!

)/!#(*((/)*)&0!1$%4I&!14)&19!!2.&!I*)&3/+4Z*)4/(!/=!.#'*(!*(0!'/#1&!1$%4I&!T#(I)4/(1!41!

1./5(!4(!"#$$%&'&()*+,!2*8%&!bQ9!!

^//%&0!J*%#&1!/=!h4!*(0!i4!>4kP@DF@!0&(/)&0!8,!h!*(0!i@!+&1$&I)4J&%,@!5&+&!#1&0!)/!

I/'$#)&!1*'$%&!1)*)41)4I19!Q)!).*)@!h!*(0!i!1*'$%&1!54).!'/+&!).*(!:Pl!'4114(3!J*%#&1!

5&+&!&RI%#0&0!=+/'!).&!*(*%,1419!2.&!*J&+*3&!*(0!).&!1)*(0*+0!0&J4*)4/(!/=!h!*(0!i!*I+/11!

1*'$%&1!5&+&!I./1&(!)/!8&!).&!'&*1#+&1!/=!I&()&+!*(0!1$+&*0!/=!"Ga1!#1*3&!*(0!$+/I&114J4),@!

+&1$&I)4J&%,U!*%%!$+/8*84%4),!041)+48#)4/(1!5&+&!I/'$#)&0!*=)&+!*$$%,4(3!).&!%/341)4I!

)+*(1=/+'*)4/(!%/34)>RFk%/3?;>R\>?VRFF9!!

!

Q(!*((/)*)&0!1$%4I&!14)&!>+&1$&I)4J&%,@!"GF!41!I%*114=4&0!*1!-+*7040304,(!4=!4)!*$$&*+&0!*1!

*!1$%4I&!14)&!>+&1$&I)4J&%,@!"GF!4(!*%%!*((/)*)&0!)+*(1I+4$)1!/J&+%*$$4(3!).&!I/++&1$/(04(3!

(#I%&/)40&!+*(3&U!/).&+541&!4)!41!I%*114=4&0!*1!"%0(/*"04,(9!Q$$+/R4'*)&%,!b;l!/=!.#'*(!*(0!

:;l!/=!'/#1&!"G!*+&!*%)&+(*)4J&@!%46&%,!0#&!)/!).&!04==&+&(I&!4(!).&!*((/)*)4/(!0&$).9!

H/5&J&+@!).&!=+*I)4/(!/=!.#'*(!*%)&+(*)4J&!"G!+41&1!)/!OPl!34J&(!).*)!).&!'/#1&!/+)./%/3!41!

*%)&+(*)4J&@!+&J&*%4(3!1)+/(3!*11/I4*)4/(!8&)5&&(!.#'*(!*(0!'/#1&!*((/)*)4/(1!>$j?;V?OF9!

S(!I/()+*1)!54).!).&!*%)&+(*)4J&!#1*3&@!5.4I.!8,!0&=4(4)4/(!+&=&+1!)/!).&!*((/)*)&0!"G!1)*)#1@!



!

4(!743#+&!DM!5&!+&=&+!)/!).&!J*+4*84%4),!/=!1$%4I4(3!'&)+4I1!).*)!5*1!W#*()4=4&0!=+/'!).&!

BLQV1&W!0*)*9!

!

-$#/3$)+#4'4"#"&'

Long non-coding RNAs 

N/(3!(/(VI/04(3!BLQ1!>%(IBLQ1F!*+&!*(!&'&+34(3!=*'4%,!/=!BLQ1!).*)!.*J&!8&&(!

1./5(!)/!.*J&!*!04J&+1&!1$&I)+#'!/=!=#(I)4/(*%4),!<@?;9!Q1!*!3&(&+*%!$+/$&+),@!%(IBLQ1!*+&!

.43.%,!%4(&*3&V1$&I4=4I!*(0!*$$&*+!)/!.*J&!*!+*$40!&J/%#)4/(*+,!)#+(/J&+!??@?:9!2.&!

AKLCY]K!I/(1/+)4#'!.*1!+&I&()%,!*((/)*)&0!*!%*+3&!I/%%&I)4/(!/=!%(IBLQ1!4(!).&!.#'*(!

3&(/'&!??9!2.&+&!*+&!?;@eb;!*((/)*)&0!.#'*(!%(IBLQ1!%41)&0!4(!A&(I/0&!J?;9!2.41!

I/'$*+&1!)/!/(%,!D@ePb!'/#1&!%(IBLQ1!*((/)*)&0!4(!KL"K-MN!JOP9!Y=!).&1&@!5&!.*J&!

0&)&I)&0!D@:<E!.#'*(!*(0!D@:;E!'/#1&!%(IBLQ1!)/!8&!)+*(1I+48&0!4(!).&!1*'$%&1!*(*%,Z&0!

.&+&9!2.&!%*+3&+!0&)&I)4/(!+*)&!=/+!'/#1&!%(IBLQ1!41!%46&%,!)/!8&!0#&!)/!).&!8+/*0&+!

84/%/34I*%!1$&I)+#'!/=!'/#1&!1*'$%&19!c.4%&!).&!=#(I)4/(*%4),!/=!'*(,!%(IBLQ1!41!

I#++&()%,!#(0&+!041I#114/(@!4)!41!3&(&+*%%,!*II&$)&0!).*)!%(IBLQ1!I/(1&+J&0!/J&+!%*+3&!

&J/%#)4/(*+,!041)*(I&1!*+&!%46&%,!)/!$%*,!*(!4'$/+)*()!84/%/34I*%!+/%&9!!
!

Pseudogenes 

^1&#0/3&(&1!*+&!*!041)4(I)!I%*11!/=!%/(3!(/(VI/04(3!3&(&1!5./1&!&R$+&114/(!41!

&(I/#()&+&0!4(!1&%&I)4J&!I&%%!),$&19!^1&#0/3&(&1!*+&!041)4(3#41.&0!=+/'!/).&+!(/(VI/04(3!

3&(&1!8&I*#1&!).&4+!$*+&()!$+/)&4(VI/04(3!3&(&!41!=/#(0!4(!).&!3&(/'&9!Q!)/)*%!/=!?:@DPe!

.#'*(!$1&#0/3&(&1!>=+/'!A&(I/0&!J?;F!*(0!?P@eeE!'/#1&!$1&#0/3&(&1!>40&()4=4&0!4*)

74%4-+!#14(3!^1&#0/$4$&!?D!8*1&0!/(!KL"K-MN!JOPF!.*J&!8&&(!40&()4=4&09!c&!.*J&!0&)&I)&0!

&R$+&114/(!4(!?@bb?!.#'*(!*(0!eEe!'/#1&!$1&#0/3&(&1!4(!).&!1*'$%&1!*(*%,Z&0!.&+&!m!*!

$+/$/+)4/(!'#I.!%/5&+!).*(!=/+!%(IBLQ19!Y=!).&!1&J&+*%!)./#1*(0!$1&#0/3&(&1@!/(%,!?:<!

$1&#0/3&(&1!5&+&!=/#(0!)/!8&!/+)./%/31!8&)5&&(!.#'*(!*(0!'/#1&9!2.&!%/5!$&+I&()*3&!

/=!/+)./%/31!4(!$1&#0/3&(&1!I/'$*+&0!)/!).*)!4(!$+/)&4(VI/04(3!3&(&1!*(0!%(IBLQ1!41!

I/(141)&()!54).!).&!+&)+/V)+*(1$/14)4/(!8#+1)!&J&()1!).*)!.*$$&(&0!*=)&+!).&!1$&I4*)4/(!/=!

.#'*(!*(0!'/#1&@!5.4I.!3*J&!+41&!)/!*!%*+3&!(#'8&+!/=!$1&#0/3&(&1!4(0&$&(0&()%,!4(!).&!

)5/!1$&I4&1!?b9!c&!=/#(0!).*)!).&!$*+&()1!/=!).&!/+)./%/3/#1!$1&#0/3&(&1!*+&!&(+4I.&0!=/+!



!

./#1&6&&$4(3!3&(&1!5./1&!=#(I)4/(1!*+&!+&%*)&0!)/!I&%%#%*+!+&1$4+*)4/(!*(0!'&)*8/%41'9!Y=!

).&!?:<!/+)./%/3/#1!$1&#0/3&(&1@!:E!'/#1&!$1&#0/3&(&1!*(0!?<!.#'*(!$1&#0/3&(&1!*+&!

)+*(1I+48&0@!5.&+&!/(%,!P!/=!).&!/+)./%/31!*+&!)+*(1I+48&0!4(!8/).!1$&I4&1!m!*!

)+*(1I+4$)4/(*%!8&.*J4/+!W#4)&!I/()+*1)4(3!54).!).*)!/=!%(IBLQ19!

!

=2*8$9$4'9+&*&'

Homology-based pipeline for lncRNAs 

;4.(<!41!*!$4$&%4(&!0&J&%/$&0!)/!$+/=4%&!%(IBLQ1!*$$%,4(3!*(!./'/%/3,!1)+*)&3,!).*)!

I/'84(&1!*!1&)!/=!14'4%*+4),!*(0!*%43(4(3!'&)./01!)/!0&)&I)!).&!$+&1&(I&!/=!).&!W#&+4&1!4(!*!

1&)!/=!)*+3&)!3&(/'&1@!*1!$+&J4/#1%,!0&1I+48&0!4(!??@?P9!c&!=#+).&+!+&W#4+&!).&!%(IBLQ!

)+*(1I+4$)!$+&04I)&0!4(!).&!)*+3&)!3&(/'&!)/!I/J&+!*)!%&*1)!E;l!/=!).&!/+434(*%!W#&+,!

1&W#&(I&@!*(0!)/!I/()*4(!%&11!).*(!:;l!/=!*(I&1)+*%!+&$&*)1!4(!/+0&+!)/!*J/40!).&!4(I%#14/(!

/=!(/(V+&%*)&0!1&W#&(I&1!).*)!I/#%0!%&*0!)/!1$#+4/#1!'*$$4(3!*(0!$+&04I)4/(19!2.&!

3&(/'&1!*+&!'*16&0!#14(3!<(.("0="7>(/!>.))$[\\5559+&$&*)'*16&+9/+3F!=/+!%/5!

I/'$%&R4),!*(0!4()&+1$&+1&0!+&$&*)19!

Orthologs of protein-coding genes 

Y+)./%/31!/=!$+/)&4(VI/04(3!3&(&1!8&)5&&(!.#'*(!*(0!'/#1&!5*1!/8)*4(&0!*1!

0&1I+48&0!4(!?O!*(0!?E9!2.41!/+)./%/3!1&)!4(I%#0&1!?P@EDO!/(&V)/V/(&!/+)./%/31@!?@P:E!/(&V

)/V'*(,!/+)./%/31!*(0!:@P<D!'*(,V)/V'*(,!/+)./%/319!2.+/#3./#)!).41!$*$&+@!).&!*(*%,1&1!

4(!'*)I.&0!3&(&!$*4+1!5&+&!'*0&!=/+!/(&V)/V/(&!/+)./%/31!54).!%/(3!)+*(1I+4$)1!

>"#$$%&'&()*+,!2*8%&!:F@!+&$+&1&()4(3!*!)/)*%!/=!?P@E::!3&(&19!

!

Orthologs of novel transcripts 

c&!#1&0!).&!(/J&%!'/#1&!I#==%4(61!'/0&%1!>1&&!'(?*+,+!)+*(1I+4$)!'/0&%!1&I)4/(F!)/!

041I/J&+!(/J&%!?V)/V?!/+)./%/3/#1!)+*(1I+4$)1!8&)5&&(!'/#1&!*(0!.#'*(9!"4(I&!(/J&%!

)+*(1I+4$)1!1)+*(0&0%,!/J&+%*$$4(3!).&!*((/)*)4/(!*+&!'/+&!I/'$%4I*)&0!)/!0&*%!54).@!(/J&%!

'/#1&!I#==%4(61!'/0&%1!).*)!5&+&!&4).&+!4()&+3&(4I!/+!*()41&(1&!>SQF!)/!).&!*((/)*)4/(!

>#14(3!*!?8$!/J&+%*$F@!5&+&!#1&09!2/!041I/J&+!/+)./%/3,!+&%*)4/(1.4$!).&,!5&+&!=4+1)!34J&(!

*1!4($#)!)/!.4.(<!)/!=4(0!.#'*(!/+)./%/3/#1!)+*(1I+4$)1@!*(0!)./1&!5&+&!=#+).&+!=&0!8*I6!)/!



!

.4.(<!)/!=4(0!?V)/V?!/+)./%/3,!+&%*)4/(1.4$!>=/+!'/+&!0&)*4%1!/(!).&!'&)./0!1&&!N(IBLQ!

/+)./%/3!1#$$%&'&()*+,!1&I)4/(F9!]/4(3!1/!5&!5&+&!*8%&!)/!40&()4=,!beO!?V)/V?!/+)./%/31!

=+/'!).&!4(4)4*%!b@;<b!'/#1&!SQ!)+*(1I+4$)1!54).!CQAK!1#$$/+)9!"4(I&!5&!5*()&0!)/!40&()4=,!

(&5!)+*(1I+4$)1!4(!8/).!1$&I4&1@!5&!=#+).&+!041I*+0&0!?PP!)+*(1I+4$)1!54).!1)+*(0&0!&R/(4I!

/J&+%*$!54).!).&!.#'*(!*((/)*)4/(@!*(0!?<:!)+*(1I+4$)1!54).!1)+*(0&0!&R/(4I!/J&+%*$!54).!

).&!(/J&%!.#'*(!I#==%4(61!'/0&%19!c&!*%1/!=#+).&+!+&W#4+&0!).&!)+*(1I+4$)1!)/!.*J&!CQAK!

1#$$/+)!*)!).&4+!Pa!&(0!>1&&!*8/J&F!*(0!&(0&0!#$!54).!*!1&)!/=!De!(/J&%!?V)/V?!/+)./%/3/#1!

)+*(1I+4$)1!8&)5&&(!'/#1&!*(0!.#'*(9!

2.&!De!?V)/V?!(/J&%!/+)./%/3/#1!)+*(1I+4$)1!I*(!8&!=/#(0!4(!"#$$%&'&()*+,!0*)*!

*+I.4J&!?9!

Orthologous genomic bins 

2.&!3&(/'4I!1&W#&(I&1!/=!.#'*(!*(0!'/#1&!5&+&!1#804J40&0!4()/!I/(1&I#)4J&!?;;V

()!84(19!2.&!'40$/4()!/=!&*I.!?;;V()!84(!4(!).&!.#'*(!3&(/'&!5*1!'*$$&0!)/!).&!'/#1&!

3&(/'&!8,!*!I#1)/'!%4=)V/J&+!$+/I&0#+&!?e!#14(3!=4%)&+&0!I.*4(!*%43('&()1!?<9!2.&!'*$$4(3!

/=!'40$/4()1!4(0#I&0!).&!'*$$4(3!/=!?;;V()!84(1@!)/!5.4I.!).&,!8&%/(39!2.&!I/++&1$/(04(3!

84(1!4(!).&!)5/!1$&I4&1!5&+&!0&I%*+&0!*1!/+)./%/3/#1!4=!).&,!5&+&!'*$$&0!84T&I)4J&%,!#(0&+!

).41!$+/I&0#+&@!49&9@!4=!).&!.#'*(V)/V'/#1&!*(0!'/#1&V)/V.#'*(!4(0#I&0!'*$$4(31!5&+&!

'#)#*%%,!4(J&+1&!*1!=#(I)4/(19!M4(1!).*)!5&+&!(/)!40&()4=4&0!*1!/+)./%/3/#1!>49&9@!/(&1!).*)!

5&+&!&4).&+!(/)!'*$$&0!/+!(/)!'*$$&0!#(4W#&%,F!5&+&!041I*+0&0!=+/'!=#+).&+!*(*%,1419!

Q%)./#3.!).41!$+/I&0#+&!41!84*1&0!)/5*+01!I/(140&+4(3!3&(/'4I!84(1!).*)!*+&!I/(1&+J&0@!4)!

I*$)#+&1!'*(,!84(1!54).!%/5!*(0!4()&+'&04*)&!$.*1)C/(1!I/(1&+J*)4/(!1I/+&1!

>'&04*(k:9;U!SnBk<9?@!'4(k;@!'*Rk?;;F9!!

LncRNA orthologs 

H#'*(!%(IBLQ1!=+/'!A&(I/0&!J?;!5&+&!'*$$&0!/()/!).&!'/#1&!3&(/'&!#14(3!).&!

;4.(<!$4$&%4(&!0&1I+48&0!*8/J&9!-/+&!$+&I41&%,!5&!=4+1)!'*$$&0!).&!?E@PbE!)+*(1I+4$)1!

8&%/(34(3!)/!).&!?;@eb;!.#'*(!A&(I/0&!%(IBLQ!3&(&1!)/!).&!'/#1&!3&(/'&@!*(0!/8)*4(&0!

:@D:E!)+*(1I+4$)1!>?@OE<!3&(&1F!4(!'/#1&@!I/++&1$/(04(3!)/!P@;OE!)+*(1I+4$)1!>D@eeE!3&(&1F!

4(!.#'*(9!2.41!+&$+&1&()1!*!1&)!/=!/(&V)/V'*(,!%(IBLQ!/+)./%/3!)+*(1I+4$)1!8&)5&&(!

.#'*(!*(0!'/#1&@!1/!5&!$+/I&&0&0!54).!=#+).&+!*(*%,141!/=!/#+!$+&04I)4/(1!*(0!#1&0!



!

.4.(<!)/!0&+4J&!*!1#81&)!/=!/(&V)/V/(&!/+)./%/31!8,!*$$%,4(3!*!+&I4$+/I*%!1&*+I.!)/!*%%!/=!/#+!

$+&04I)4/(19!Q1!*!+&1#%)!5&!5&+&!*8%&!)/!/8)*4(!?@E?<!)+*(1I+4$)1!>?@:EE!3&(&1F!4(!'/#1&!

).*)!5&+&!/(&V)/V/(&!/+)./%/319!2/!.*J&!*!I/'$*+41/(!/=!/+)./%/3!I/(1&+J*)4/(!5&!*%1/!

*$$%4&0!/#+!1)+*)&3,!)/!=4(0!A&(I/0&!J?;!%(IBLQ1!4(!b!/).&+!'*''*%4*(!1$&I4&1!>I/5@!0/3@!

$43@!+*)F9!"4'4%*+4),!8&)5&&(!).&!/+434(*%!.#'*(!A&(I/0&!W#&+,!*(0!$+&04I)4/(1!4(!'/#1&!

*+&!&J*%#*)&0!*(0!1I/+&0!*1!).&!$&+I&()!40&()4),!/=!).&!*%43('&()9!2.&!%*)&1)!J&+14/(!/=!).&!

$4$&%4(&!I*(!8&!=/#(0!*)!.))$[\\34).#89I/'\I8I+3\$4$&+V(=!

2.&!$+&04I)&0!N(IBLQ1!=+/'!).&!'*$$4(3!/=!A&(I/0&!o?;!/(!'/#1&!''<!*11&'8%,!

5&+&!I%#1)&+&0!4()/!3&(&1!8,!1)+*(0&0!/J&+%*$!/=!*)!%&*1)!?8$9!2.&!(&5!1&)!/=!)+*(1I+4$)!

I%#1)&+1!5*1!I%*114=4&0!8,!)*64(3!).&!/J&+%*$!54).!).&!1&)!/=!&(OP!'/#1&!%/(3!3&(&19!S=!*!

)+*(1I+4$)!I%#1)&+!/J&+%*$$&0!/(!).&!1*'&!1)+*(0!54).!*(!*((/)*)&0!3&(&!).&(!5&!*1143(&0!

).&!*((/)*)&0!3&(&!40&()4=4&+!)/!).&!)+*(1I+4$)!I%#1)&+9!S=!).&+&!5*1!(/!/J&+%*$!5&!6&$)!*(!

40&()4=4&+!3&(&+*)&0!8,!).&!I%#1)&+4(39!S(!).&!I*1&!/=!*!)+*(1I+4$)!I%#1)&+!/J&+%*$$4(3!54).!

'/+&!).*(!/(&!*((/)*)&0!%/(3!3&(&!).&!$+&=4R!!`-Yp`!>'#%)4$%&!/J&+%*$F!5*1!*00&0!)/!).&!

3&(&!40&()4=4&+9!2.41!'&+3&0!*((/)*)4/(!5*1!=#+).&+!1#8'4))&0!)/!).&!7%#R!C*$*I4)/+!O!!

$+/3+*'!=/+!W#*()4=4I*)4/(@!*(0!).&!+&1#%)4(3!B^_-!J*%#&1!4(!&*I.!84/+&$%4I*)&!/=!*!1*'$%&!

5&+&!1#8'4))&0!)/!($S]B9!

2/!/8)*4(!*!)+#&!?V)/V?!/+)./%/3,!*)!).&!3&(&!%&J&%@!5&!=#+).&+!=4%)&+&0!/#)!*%%!'/#1&!

3&(&1!I/++&1$/(04(3!)/!'/+&!).*(!/(&!.#'*(!3&(&@!*(0!*%%!1&)1!/=!'/#1&!3&(&1!I/'4(3!

=+/'!*!14(3%&!.#'*(!3&(&9!2.41!%&*0!)/!*!1&)!/=!eP?!?V)/V?!/+)./%/3/#1!3&(&1@!4(I%#04(3!

?@;eD!)+*(1I+4$)1!4(!'/#1&@!5.4I.!I*(!8&!=/#(0!4(!"#$$%&'&()*+,!0*)*!*+I.4J&!b9!

2/!'&*1#+&!%&J&%!/=!I/(1&+J*)4/(!/=!'/#1&!%(IBLQ!/+)./%/31@!).&!1*'&!./'/%/3,!

1)+*)&3,!5*1!#1&0!)/!=4(0!/+)./%/31!4(!/).&+!1$&I4&19!H#'*(!A&(I/0&!o?;!5&+&!).&+&=/+&!

'*$$&0!/(!b!/).&+!'*''*%4*(!1$&I4&1[!+*)!>B*))#1!(/+J&34I#1@!+(PF@!$43!>"#1!1I+/=*@!

"1I+/=*?;F@!0/3!>C*(41!=*'4%4*+1@!C*(7*'DF!*(0!I/5!>M/1!)*#+#1@!X-]D9?F@!#14(3!).&!&R*I)!

1*'&!$4$&%4(&!*1!=/+!'/#1&9!!c&!).&(!I*)&3/+4Z&0!).&!*J&+*3&!3&(&!&R$+&114/(!4(!'/#1&!

>I/'$#)&0!/(!).&!1*'$%&1!=/+!5.4I.!B^_-!5*1!.43.&+!).*(!;9?F!*II/+04(3!)/!).&!(#'8&+!

/=!1$&I4&1!4(!5.4I.!*(!/+)./%/3!5*1!=/#(0@!*(0!0&)&I)&0!*!5&*6!I/++&%*)4/(!8&)5&&(!8/).!

>"#$$%&'&()*+,!7439!DQF9!!

! X14(3!($S]B!;9?!*1!*!'*R4'#'!).+&1./%0!)/!I*%%!&R$+&114/(!*(0!+&W#4+4(3!).&!3&(&!

)/!8&!&R$+&11&0!4(!*)!%&*1)!P;l!/=!).&!1*'$%&1!4(!'/#1&!*(0!P;l!/=!).&!1*'$%&1!4(!.#'*(@!



!

5&!=/#(0!?:!3&(&1@!I*%%&0!#84W#4)/#19!C/'$*+&0!)/!).&!1&)!/=!eP?!?V)/V?!/+)./%/3/#1!3&(&1@!

).&1&!?:!3&(&1!.*0!*!'#I.!.43.&+!*J&+*3&!+*)4/!/=!(#I%&*+!J1!I,)/1/%4I!&R$+&114/(!*I+/11!E!

.#'*(!I&%%!%4(&1!>"#$$%&'&()*+,!7439!DQF9!2.41!+*)4/!5*1!I/'$#)&0!4(!&*I.!I&%%!%4(&!8,!/(%,!

I/(140&+4(3!).&!3&(&1!5.4I.!.*0!*!(/(VZ&+/!B^_-!*=)&+!=4%)&+4(3!8,!($S]B!;9?9!

Pseudogene orthologs 

2/!40&()4=,!$1&#0/3&(&!/+)./%/31@!5&!1)*+)&0!54).!?:@DPe!.#'*(!$1&#0/3&(&1!=+/'!

A&(I/0&!J?;!*(0!?P@eeE!'/#1&!$1&#0/3&(&1!8*1&0!/(!KL"K-MN!JOP@!3&(&+*)&0!8,!

;7(3'+.4.(!?D9!K*I.!.#'*(!$1&#0/3&(&!5*1!'*$$&0!)/!).&!'/#1&!3&(/'&!#14(3!).&!

=4%)&+&0!$*4+541&!5./%&V3&(/'&!.#'*(V'/#1&!I.*4(!*%43('&()1!?<@!*(0!14'4%*+%,@!&*I.!

'/#1&!$1&#0/3&(&!5*1!'*$$&0!)/!).&!.#'*(!3&(/'&9!Y+)./%/3/#1!.#'*(!*(0!'/#1&!

$1&#0/3&(&1!).*)!/J&+%*$$&0!8,!*!'4(4'#'!/=!?8$!4(!).&!0&=4(&0!1,()&(4I!+&34/(1!5&+&!

40&()4=4&09!7+/'!).41!1&)@!5&!=#+).&+!=4%)&+&0!/#)!)./1&!$1&#0/3&(&!$*4+1!0&+4J&0!=+/'!(/(V

/+)./%/3/#1!$*+&()1@!/+!/=!04==&+&()!84/),$&1!>&939@!/(&!*1!0#$%4I*)&0!$1&#0/3&(&!*(0!/(&!*1!

$+/I&11&0!$1&#0/3&(&F@!/+!/=!/(&V)/V'*(,!'*$$4(319!2.41!+&1#%)&0!4(!).&!40&()4=4I*)4/(!/=!

?:<!/(&V)/V/(&!.#'*(V'/#1&!$1&#0/3&(&!/+)./%/319!

2.&!+&1#%)4(3!%41)!/=!$1&#0/3&(&!/+)./%/31!I*(!8&!=/#(0!4(!1#$$%&'&()*+,!0*)*!

*+I.4J&!b9!
!

Orthologous SJs 

A&(/'4I!$/14)4/(1!/=!*((/)*)&0!1$%4I&!14)&1!4(!.#'*(!*(0!'/#1&!5&+&!&R)+*I)&0!

=+/'!A&(I/0&!J?;!*(0!KL"K-MNOP!*((/)*)4/(19!Q004)4/(*%%,@!(/J&%!1$%4I&!14)&1!$+&04I)&0!

=+/'!BLQV1&W!0*)*!5&+&!4(I%#0&0!4(!).&!*(*%,141!4=!>4F!).&,!5&+&!1#$$/+)&0!8,!(/(VZ&+/!"G!

I/#()1!4(!*)!%&*1)!?Pl!/=!1*'$%&1!*(0!>44F!/(&!/=!).&!8/#(0*+4&1!/=!).&!"G!5*1!*((/)*)&0!*1!

1$%4I&!14)&!>49&9@!).&!"G!54).!)5/!#(*((/)*)&0!8/#(0*+4&1!5&+&!(/)!I/(140&+&0F9!

H#'*(!1$%4I&!14)&1!5&+&!$+/T&I)&0!)/!).&!'/#1&!3&(/'&!8,!*!$&+V(#I%&/)40&!%4=)V

/J&+!$+/I&0#+&!?e!#14(3!=4%)&+&0!$*4+541&!5./%&V3&(/'&!I.*4(!*%43('&()1!?<!*(0@!14'4%*+%,@!

'/#1&!1$%4I&!14)&1!5&+&!$+/T&I)&0!)/!).&!.#'*(!3&(/'&9!"$%4I&!14)&1!).*)!5&+&!'*$$&0!

#(4W#&%,!*(0!84T&I)4J&%,!>49&9@!).&!.#'*(V)/V'/#1&!*(0!'/#1&V)/V.#'*(!$+/T&I)4/(1!5&+&!

'#)#*%%,!4(J&+1&!*1!=#(I)4/(1F!5&+&!1*40!)/!8&!/(&V)/V/(&!/+)./%/319!Q!.#'*(!1&3'&()!



!

>&R/(1!/+!4()+/(1F!5*1!1*40!)/!8&!/(&V)/V/(&!/+)./%/3/#1!)/!*!'/#1&!1&3'&()!4=!).&!

I/++&1$/(04(3!1$%4I&!14)&1!5&+&!/+)./%/3/#1!>*1!0&=4(&0!*8/J&F9!S(!)/)*%@!/(&V)/V/(&!

I/++&1$/(0&(I&!5*1!&1)*8%41.&0!=/+!:;D@;D<!*(0!:;:@:P<!$*4+1!/=!0/(/+!*(0!*II&$)/+!14)&1@!

+&1$&I)4J&%,@!*(0!=/+!?P?@:PE!*(0!:;b@eeE!$*4+1!/=!>4()&+(*%F!&R/(1!*(0!4()+/(1@!

+&1$&I)4J&%,!>.&+&!).&!)&+'1!q4()+/(a!*(0!1$%4I&!T#(I)4/(@!"G@!*+&!#1&0!4()&+I.*(3&*8%,F9!Y(&V

)/V/(&!I/++&1$/(0&(I&!8&)5&&(!1$%4I&!14)&1!4(0#I&0!*(!/+)./%/3,!+&%*)4/(1.4$!8&)5&&(!

.#'*(!*(0!'/#1&!$+/)&4(VI/04(3!3&(&1@!)/!5.4I.!).&,!8&%/(39!2.&!4(0#I&0!+&%*)4/(1.4$!

5*1!40&()4I*%!)/!).*)!/=!).&!.#'*(V'/#1&!/+)./%/3!%41)!4(!'/+&!).*(!<Dl!/=!3&(&!$*4+1!?E@!

).#1!0&'/(1)+*)4(3!J*%404),!/=!).&!*$$+/*I.9!2.&!1$%4I4(3!*(*%,141!$4$&%4(&!41!*J*4%*8%&!*)!

.))$[\\3&(/'&9I+39&#\d0'4)+4\1$%4I4(3p$4$&%4(&1\!

2.&!%41)!/=!/+)./%/3!1&3'&()1!>&R/(1!*(0!4()+/(1F!41!*J*4%*8%&!*1!"#$$%&'&()*+,!0*)*!

*+I.4J&!:9!

!

>$#&*2(+#")'4"#"&'

!

DNR decomposition  

! 2.&!T/4()!$+/8*84%4),!041)+48#)4/(!/=!]LB!*(0!%/3V?;!*J&+*3&!3&(&!&R$+&114/(!5*1!

0&I/'$/1&0!4()/!).&!1#'!/=!)5/!:V04'&(14/(*%!A*#114*(!041)+48#)4/(1!I/++&1$/(04(3!)/!

).&!)5/!'/0&1!/=!).&!T/4()!0&(14),!>"#$$%&'&()*+,!7439!?;QF9!-&*(!J&I)/+1!*(0!I/J*+4*(I&!

'*)+4I&1!5&+&!&1)4'*)&0!8,!).&!'&)./0!/=!'/'&()1!1&$*+*)&%,!=/+!&*I.!/=!).&!)5/!'/0&1!

r1$%4)!8,!

).&!%4(&!%/3?;>'&*(Fk?9DD>]LBV?Fs9!2.&!5&43.)1!/=!).&!)5/!A*#114*(!I/'$/(&()1!4(!).&!

1#'!5&+&!&1)4'*)&0!8,!I/'$#)4(3!).&!$+/T&I)4/(!>4(!N:!(/+'F!/=!).&!/81&+J&0!0&(14),!

/()/!*!%4(&*+!1#81$*I&!3&(&+*)&0!8,!).&!)5/!'/0&19!2.&!0&I/'$/14)4/(!/=!]LB!

041)+48#)4/(!>"#$$%&'&()*+,!7439!?;MF!5*1!I/'$#)&0!*1!*!'*+34(*%!041)+48#)4/(!/=!:]!

A*#114*(19!

!

Constrained gene tissue specificity 



!

! S(!&*I.!1$&I4&1@!)411#&!1$&I4=4I!3&(&1!*+&!0&=4(&0!*1!3&(&1!4(!).&!)/$!:;).!$&+I&()4%&!

/=!).&!)411#&!1$&I4=4I4),!'&*1#+&!041)+48#)4/(@!=/+!*%%!).+&&!=/%%/54(3!)411#&!1$&I4=4I4),!

'&*1#+&1[!

• L/+'*%4Z&0!&()+/$,!>(&()+/$,F!

• C/&==4I4&()!/=!o*+4*)4/(!>CoF!

• _&(0*%%!)*#!4(0&R!>)*#F9!

X14(3!).41!*$$+/*I.@!5&!=/#(0!:@;bD!*(0!:@PPe!!)411#&!1$&I4=4I!3&(&1!4(!.#'*(!*(0!4(!

'/#1&!+&1$&I)4J&%,@!/=!5.4I.!<<;!*(0!E:O!*+&!4(!).&!%41)!/=!/(&V)/V/(&!/+)./%/31!54).!*!

]LB!>1&&!*8/J&F@!*(0!/=!5.4I.!E:!*(0!D:!*+&!I/(1)+*4(&0!+&1$&I)4J&%,9!2.41!'&*(1!).*)!

E9Dl!*(0!b9bl!/=!.#'*(!*(0!'/#1&!)411#&!1$&I4=4I!3&(&1!).*)!.*J&!*!]LB@!*+&!I/(1)+*4(&0!

>+&1$&I)4J&%,F9!

!

Constrained gene differential expression 

! S(!/+0&+!)/!6(/5!5.&).&+!I/(1)+*4(&0!3&(&1!*+&!'/+&!/+!%&11!04==&+&()4*%%,!

&R$+&11&0!>]KF!).*(!).&!+&1)!/=!).&!3&(&1@!5&!I/'$#)&0!=/+!&*I.!1$&I4&1!*(0!&*I.!$*4+!/=!

&R$&+4'&()@!04==&+&()4*%%,!&R$+&11&0!3&(&1!>K03&B:;!/(!).&!+&*0!I/#()1!/=!).&!3&(&1!4(!).&!

)5/!$*4+1!/=!84/V+&$%4I*)&1@!=4%)&+4(3!8,!7]B!f;9;?!*(0!8,!%/3?;!=/%0VI.*(3&!t:F9!"4(I&!).&+&!

*+&!?e!*(0!D;!&R$&+4'&()1!4(!.#'*(!*(0!4(!'/#1&!+&1$&I)4J&%,@!).41!*$$+/*I.!,4&%0&0!?PD!

*(0!bDP!1&)1!/=!04==&+&()4*%!&R$+&11&0!3&(&1!4(!.#'*(!*(0!'/#1&!+&1$&I)4J&%,9!S(!)/)*%@!

?D@;b:!.#'*(!*(0!?b@POE!'/#1&!3&(&1!5&+&!=/#(0!]K!4(!*)!%&*1)!/(&!I/'$*+41/(@@!

+&$+&1&()4(3!?:@EOD!.#'*(!*(0!?D@PP;!'/#1&!3&(&1!54).!]LB@!*(0!P@bOE!.#'*(!*(0!

P@eO:!'/#1&!I/(1)+*4(&0!3&(&19!2.41!'&*(1!).*)!).&!$&+I&()*3&!/=!3&(&1!54).!]LB!).*)!*+&!

]K!41!e<l!=/+!.#'*(!*(0!<<l!=/+!'/#1&@!*(0!).*)!).&!$&+I&()*3&!/=!I/(1)+*4(&0!3&(&1!

).*)!*+&!]K!41!e:l!=/+!.#'*(!*(0!eel!=/+!'/#1&9!2.41!1./51!).*)!I/(1)+*4(&0!3&(&1!*+&!

]K!*)!*!+*)&!).*)!41!14'4%*+!)/!).&!/(&!/=!/+)./%/3/#1!3&(&1!54).!]LB9!

!

Sets of constrained and unconstrained genes matched by expression 

! C/(1)+*4(&0!3&(&1!*+&!3%/8*%%,!'/+&!.43.%,!&R$+&11&0!).*(!#(I/(1)+*4(&0!3&(&1@!

5.&(!I/(140&+4(3!*%%!>"#$$%&'&()*+,!7439!??MF@!/+!/(%,!'/#1&!/+!/(%,!.#'*(!&R$&+4'&()1!

>0*)*!(/)!1./5(F9!"4(I&!).41!I/#%0!$/)&()4*%%,!84*1!1/'&!*(*%,1&1!).*)!I/'$*+&!I/(1)+*4(&0!



!

*(0!#(I/(1)+*4(&0!3&(&1@!5&!*%1/!0&=4(&!&W#*%!14Z&!I/()+/%!1&)1!/=!I/(1)+*4(&0!*(0!

#(I/(1)+*4(&0!3&(&1!54).!'*)I.&0!*J&+*3&!&R$+&114/(!>*J&+*3&!&R$+&114/(!8&4(3!

I/'$#)&0!/(!(/(VZ&+/!B^_-!*=)&+!*$$%,4(3!($S]BF@!#14(3!*%%@!/(%,!'/#1&!*(0!/(%,!.#'*(!

&R$&+4'&()19!2.41!41!0/(&!#14(3!*(!4(V./#1&!)//%!5.4I.@!34J&(!*!1&)!/=!&%&'&()1!*11/I4*)&0!

)/!I%*11&1!*(0!J*%#&1@!1*'$%&1!=+/'!&*I.!I%*11!*(!&W#*%!(#'8&+!/=!&%&'&()1!1/!).*)!).&!=4(*%!

041)+48#)4/(1!/=!J*%#&1!*+&!14'4%*+!8&)5&&(!I%*11&19!

! Q$$%4&0!)/!).&!1&)1!/=!O@ODO!I/(1)+*4(&0!*(0!E@E:E!#(I/(1)+*4(&0!3&(&1@!).41!

$+/I&0#+&!+&1#%)&0!4(!).&!=/%%/54(3!(#'8&+!/=!I/(1)+*4(&0!*(0!I/(1)+*4(&0!3&(&1!/=!

'*)I.&0!&R$+&114/([!

• P@P?<@!5.&(!).&!*J&+*3&!41!I/'$#)&0!/(!*%%!'/#1&!*(0!.#'*(!&R$&+4'&()1@!

• P@EP:@!5.&(!).&!*J&+*3&!41!I/'$#)&0!/(!.#'*(!/(%,!&R$&+4'&()1@!!

• P@:Oe@!5.&(!).&!*J&+*3&!41!I/'$#)&0!/(!.#'*(!/(%,!&R$&+4'&()19!

2.&!1&)!/=!?b@DOD!3&(&1!54).!]LB!54).!4(=/+'*)4/(!*8/#)!I/(1)+*4(&0!3&(&1!*(0!3&(&!1&)1!

'*)I.&0!8,!&R$+&114/(!I*(!8&!=/#(0!4(!"#$$%&'&()*+,!0*)*!*+I.4J&!P9!

!

Constrained genes in vertebrates 

! S(!/+0&+!)/!6(/5!5.&).&+!3&(&1!54).!I/(1)+*4(&0!&R$+&114/(!4(!'/#1&!*(0!.#'*(!

5&+&!*%1/!I/(1)+*4(&0!4(!/).&+!J&+)&8+*)&!1$&I4&1@!5&!#1&0!3&(&!&R$+&114/(!0*)*!=+/'!)5/!

+&I&()%,!$#8%41.&0!'#%)4$%&!J&+)&8+*)&!*(0!)411#&!BLQV1&W!1)#04&1[!

!

• -&+64(!&)!*%9:?@!"I4&(I&@!:;?D@!4(I%#04(3!BLQV1&W!=+/'!<!)411#&1!>8+*4(@!I/%/(@!.&*+)@!

640(&,@!%4J&+@!%#(3@!16&%&)*%!'#1I%&@!1$%&&(@!)&1)&1F!/=!D!4(04J40#*%1!=+/'!P!J&+)&8+*)&!

1$&I4&1!>+.&1#1@!'/#1&@!+*)@!I/5@!I.4I6&(F@!I/'$%&'&()&0!8,!).&!H#'*(!M/0,!-*$!

BLQV1&W!0*)*!=+/'!).&!1*'&!)411#&19!2.&+&!5&+&!O@;;:!/+)./%/31!*I+/11!).&!O!

1$&I4&1@!/=!5.4I.!P@<E?!.*0!&R$+&114/(!4(!8/).!'/#1&!*(0!.#'*(!#14(3!/#+!0*)*!

>743#+&!DMFU!

!

• M*+8/1*!&)!*%9::@!"I4&(I&@!:;?D@!4(I%#04(3!BLQV1&W!=+/'!E!)411#&1!>8+*4(@!I&+&8&%%#'@!

.&*+)@!640(&,@!%4J&+@!16&%&)*%!'#1I%&@!)&1)&1F!*(0!??!J&+)&8+*)&!1$&I4&1!>.#'*(@!

I.4'$@!/+*(3#)*(@!'*I*W#&@!'/#1&@!/$/11#'@!$%*),$#1@!I.4I6&(@!=+/3@!)&)+*/0/(F9!



!

"4(I&!).&+&!5&+&!*(!#(&W#*%!(#'8&+!/=!)411#&1!=/+!&*I.!1$&I4&1@!5&!I./1&!E!1$&I4&1!

>.#'*(@!I.4'$@!'*I*W#&@!'/#1&@!/$/11#'@!$%*),$#1@!I.4I6&(F!=/+!5.4I.!).&+&!5&+&!

O!)411#&1!>8+*4(@!I&+&8&%%#'@!.&*+)@!640(&,@!%4J&+@!)&1)&1F!*J*4%*8%&9!2.&!(#'8&+!/=!

/+)./%/31!=+/'!)./1&!E!1$&I4&1!5*1!?;@POe9!

!

!

Constrained splicing events 

7/%%/54(3!).&!1*'&!%/34I!*1!=/+!I/(1)+*4(&0!3&(&1@!8#)!4(1)&*0!/=!).&!0,(*'4I!+*(3&!

5&!I/'$#)&!).&!'&*(!*(0!).&!J*+4*(I&!/=!"G!#1*3&!>hF!=/+!:;b@eeE!/+)./%/3/#1!"G1!*I+/11!

).&!$//%&0!1&)!/=!.#'*(!*(0!'/#1&!&R$&+4'&()19!"4(I&!h!J*%#&!41!(/)!*%5*,1!0&=4(&0!*(0!

).&!J*%#&!/=!J*+4*(I&!41!I/++&I)%,!0&=4(&0!/(%,!=/+!%*+3&!&(/#3.!1*'$%&1@!5&!I/(=4(&!/#+!

*(*%,141!)/!?D<@<DP!"G1!).*)!.*J&!*)!%&*1)!)5/!0&=4(&0!h!J*%#&1!4(!&*I.!1$&I4&19!S=!).&!

041)+48#)4/(!/=!h!5&+&!).&!&R)+&'&!I*1&@!4(!5.4I.!h!8&!&W#*%!/(%,!)/!;!/+!?!>M&+(/#%%4!

041)+48#)4/(F@!).&!J*+4*(I&!/=!1#I.!041)+48#)4/(!5/#%0!.*J&!8&&(!&W#*%!)/!u:kvw>?VvF@!5.&+&!

v!41!).&!$+/$/+)4/(!/=!/(&1!*'/(3!h9!2.&!*I)#*%!041)+48#)4/(!/=!h!*I+/11!&R$&+4'&()1!41!

I/()4(#/#1@!4(!5.4I.!).&!J*+4*8%&!I*(!*%1/!)*6&!4()&+'&04*)&!J*%#&1!8&)5&&(!;!*(0!?9!2.&!

J*+4*(I&!/=!1#I.!/81&+J&0!041)+48#)4/(!41!1'*%%&+!/+!&W#*%!)/!vw>?VvF@!5.&+&!v!41!).&!*J&+*3&!

J*%#&!/=!h9!c&!).&+&=/+&!+&$+&1&()!).&!+&1#%)!/(!1$%4I4(3!I/(1)+*4()!*1!*81/%#)&!J*+4*(I&!

>743#+&!O]F!*(0!).&!=+*I)4/(!/=!J*+4*(I&!4(!).&!'*R4'#'!$/1148%&!J*+4*(I&!/=!M&+(/#%%4!

041)+48#)4/(!54).!).&!1*'&!'&*(!>"#$$%&'&()*+,!7439!?bF9!

!

Nuclear versus cytosolic enrichment analysis 

2.&!*(*%,141!/=!(#I%&*+!J19!I,)/1/%4I!&(+4I.'&()!5*1!0/(&!#14(3!KLCY]K!I&%%!%4(&!0*)*!:!=/+!

$+/)&4(VI/04(3!3&(&1!54).!(/(VZ&+/!&R$+&114/(!J*%#&1!4(!(#I%&*+@!I,)/1/%4I@!*(0!I&%%!

I/'$*+)'&()19!2.&!'&*(!*(0!1)*(0*+0!0&J4*)4/(!5&+&!I/'$#)&0!/(!%/3?;!/=!).&!(#I%&*+V

)/VI,)/1/%4I!I/(I&()+*)4/(!+*)4/!=/+!3&(&1!54).!/81&+J*)4/(1!4(!*%%!1&J&(!KLCY]K!I&%%!%4(&1!:@!

1&$*+*)&%,!=/+!I/(1)+*4(&0!*(0!#(I/(1)+*4(&0!3&(&1!'*)I.&0!8,!&R$+&114/(!%&J&%!>743#+&!

OQF9!!

!



!

Gene ontology enrichment analysis 

! S(!/+0&+!)/!6(/5!5.&).&+!I/(1)+*4(&0!3&(&1!5&+&!&(+4I.&0!4(!*(,!$*+)4I#%*+!AY!

)&+'!=+/'!*(,!/=!).&!D!'*4(!AY!)+&&1!>84/%/34I*%!$+/I&11@!'/%&I#%*+!=#(I)4/(@!I&%%#%*+!

I/'$*+)'&()F@!5&!040!*!AY!)&+'!&(+4I.'&()!*(*%,141!=/+!).&!1&)!/=!O@O:O!I/(1)+*4(&0!

3&(&1!I/'$*+&0!)/!).&!1&)!/=!*%%!?V)/V?!'/#1&\.#'*(!/+)./%/31!#14(3!).&!AY1)*)!B!$*I6*3&!

=/+!).&!).+&&!AY!)+&&19!

B&1#%)1!*+&!$+/J40&0!4(!"#$$%&'&()*+,!0*)*!*+I.4J&!P9!

'

Broad promoter usage 

S(!/+0&+!)/!3&)!4(143.)!4()/!).&!3&(&!+&3#%*)4/(!/=!I/(1)+*4(&0!*(0!#(I/(1)+*4(&0!

3&(&1@!5&!I/'$#)&0!).&!(#'8&+!*(0!$&+I&()!/=!I/(1)+*4(&0!*(0!#(I/(1)+*4(&0!3&(&1!54).!

8+/*0!2""!*1!0&=4(&0!8,!7QL2Y-b@:D9!S(!/+0&+!)/!&%4'4(*)&!).&!3&(&!&R$+&114/(!84*1@!).41!

I/'$#)*)4/(!5*1!0/(&!=/+!).&!P@:Oe!I/(1)+*4(&0!*(0!).&!P@:Oe!#(I/(1)+*4(&0!3&(&1!54).!

'*)I.&0!&R$+&114/(!4(!.#'*(9!2.&!$&+I&()!5*1!OEl!=/+!I/(1)+*4(&0!3&(&1!*(0!P:l!=/+!

#(I/(1)+*4(&0!3&(&1!>$VJ*%x;F9!

!
!

Transcription Factor peaks 

2.&!I%#1)&+&0!$&*61!=/+!KLCY]K!)+*(1I+4$)4/(!=*I)/+!84(04(3!5&+&!0/5(%/*0&0!

=+/'!).&!XC"C!=)$!14)&!

>.))$[\\.30/5(%/*09I1&9#I1I9&0#\3/%0&($*).\.3?<\&(I/0&]CC\53K(I/0&B&32=81C%#1)&+

&0\53K(I/0&B&32=81C%#1)&+&0oD98&093ZF@!*1!3&(/'4I!+&34/(19!c&!/(%,!I/#()!$&*61!

/J&+%*$$4(3!8,!*)!%&*1)!?8$!).&!2""!&R)&(0&0!:;;;!*(0!P;;!8$!#$1)+&*'!*(0!0/5(1)+&*'@!

+&1$&I)4J&%,9!!

!

Repeat elements 

"4(I&!)+*(1I+4$)4/(!4(4)4*)4(3!4(!+&)+/)+*(1$/1/(1!.*J&!8&&(!1./5(!)/!8&!I&%%!),$&!

1$&I4=4I:b@!5&!5&+&!4()&+&1)&0!4(!6(/54(3!5.&).&+!$+/'/)&+1!/=!#(I/(1)+*4(&0!3&(&1!5&+&!

&(+4I.&0!=/+!+&$&*)!&%&'&()1!54).!+&1$&I)!)/!I/(1)+*4(&0!3&(&19!2.&+&=/+&!5&!I/'$#)&0!

).&!?68!0&(14),!/=!+&$&*)!&%&'&()1!>XC"C@!P@:D:@!:bb!+&$&*)1!0/5(%/*0&0!/(!7&89!:;?DF!*)!



!

).&!$+/'/)&+!/=!3&(&1!*1!5&%%!*1!4(!).&!3&(&!8/0,9!2.&!$+/'/)&+!/=!*!3&(&!5*1!0&=4(&0!*1!

).&!?;;?!8$!54(0/5!I&()&+&0!*)!).&!2""!/=!).&!3&(&@!5.&+&*1!).&!8/0,!/=!*!3&(&!5*1!

0&=4(&0!*1!).&!1&3'&()!8&)5&&(!).&!)5/!3&(&!&R)+&'4)4&1!&R)&(0&0!8,!P;;8$!/(!&*I.!140&9!!

c&!=/#(0!).*)!).&!'&*(V$&+V?68!+&$&*)!0&(14),!*)!).&!$+/'/)&+!5*1!;9e:!=/+!).&!

I/(1)+*4(&0!*(0!;9eE!=/+!).&!#(I/(1)+*4(&0!3&(&1!54).!).&!1)*(0*+0!0&J4*)4/(1!?9?P!*(0!

?9?<@!+&1$&I)4J&%,9!2.&!$VJ*%#&!=/+!)5/V1*'$%&!ZV)&1)!>(kPP?<@!(/+'*%4),!(/)!+&W#4+&0F!5*1!

;9;D@!4(04I*)4(3!*!0&$%&)4/(!/=!+&$&*)!&%&'&()1!4(!$+/'/)&+!+&34/(1!/=!I/(1)+*4(&0!3&(&19!

!

!

Comparison to HK genes 

H/#1&6&&$4(3!>H_F!3&(&1!*+&!#1#*%%,!0&=4(&0!*1!3&(&1!54).!%4))%&!&R$+&114/(!

J*+4*)4/(!*I+/11!'*(,!04==&+&()!I&%%!),$&1!/=!*(!/+3*(41'9!2.&+&=/+&!/#+!1&)!/=!I/(1)+*4(&0!

3&(&1!I/#%0!8&!1&&(!*1!*!'/#1&V.#'*(!H_!3&(&!I/%%&I)4/(9!7/+!).41!+&*1/(!5&!5&+&!

4()&+&1)&0!4(!I/'$*+4(3!4)!)/!1&J&+*%!+&I&()%,!$#8%41.&0!1&)1!/=!H_!3&(&1[!

• D@e;b!H_!3&(&1!0&=4(&0!*1!3&(&1!54).!%4))%&!&R$+&114/(!J*+4*)4/(!*I+/11!?O!.#'*(!

)411#&1!#14(3!H#'*(!M/0,!-*$!BLQV1&W!:P@!I*%%&0!KVN!H_!3&(&1!.&+&U!

• E@P::!3&(&1!).*)!5&!0&+4J&0!=+/'!).&!?;@EeE!H_!2""!0&=4(&0!#14(3!14(3%&V'/%&I#%&!

I]LQ!1&W#&(I4(3!>CQAKF!*I+/11!*!3+&*)!04J&+14),!/=!.#'*(!$+4'*+,!I&%%1@!I&%%!%4(&1!

*(0!)411#&!b@!I*%%&0!7P!H_!3&(&1!.&+&U!

• :@;Ob!H_!3&(&1!/8)*4(&0!#14(3!'4I+/*++*,!4(!bD!.#'*(!)411#&1!:O@!I*%%&0!C.*(3!H_!

3&(&1!.&+&U!

• ?@P::!H_!3&(&1!/8)*4(&0!#14(3!'4I+/*++*,!4(!b:!(/+'*%!.#'*(!)411#&1!:E@!I*%%&0!".&!

H_!3&(&1!.&+&9!

2/!8&!I/'$*+&0!)/!/#+!1&)!/=!I/(1)+*4(&0!3&(&1@!5.4I.!5&+&!0&=4(&0!4(!A&(I/0&!

J?;@!).&!3&(&1!4(!&*I.!/=!)./1&!1&)1@!=4+1)!(&&0!)/!8&!'*$$&0!)/!A&(I/0&!J?;!3&(&!40!%41)@!

+&1#%)4(3!4(!D@OOb!KVN!H_!3&(&1@!O@PO;!7P!H_!3&(&1@!?@<e<!C.*(3!H_!3&(&1!*(0!?@De:!".&!

H_!3&(&1!>"#$$%&'&()*+,!2*8%&!eF9!!

2.&+&!5&+&!:@beE!3&(&1!4(!I/''/(!8&)5&&(!KVN@!7P!*(0!).&!I/(1)+*4(&0!3&(&1@!*(0!

/(%,!DDP!8&)5&&(!).&!P!1&)19!7/I#14(3!/(!).&!D!0&&$V1&W#&(I4(3!0&+4J&0!1&)1@!).&!1&)!54).!



!

'/+&!#(4W#&!3&(&1!5*1!).&!I/(1)+*4(&0!1&)@!).&(!7P!*(0!=4(*%%,!KVN!>"#$$%&'&()*+,!7439!

?PF9!

!

Relation to lethality 

! 2/!.&%$!#(0&+1)*(0!).&!$+/$&+)4&1!/=!'/#1&\.#'*(!I/(1)+*4(&0!3&(&1!54).!+&1$&I)!

)/!+&1)!/=!).&!'/#1&\.#'*(!/+)./%/3/#1!3&(&1@!5&!I/'$*+&0!).&'!)/!*!$#8%4I!0*)*8*1&!/=!

'/#1&!3&(&1!5.4I.!'#)*)4/(!4(!./'/Z,3/#1!'/#1&!&'8+,/1!.*J&!8&&(!$+/J&(!)/!I*#1&!

%&).*%4),!4*),4,+!>-/#1&!&'8+,/(4I!%&).*%!0*)*!=+/'!).&!G*R!'4I&!0*)*8*1&:e@!

.))$[\\T*R'4I&9T*R9/+3\%41)\+*P;9.)'%@!I*%%&0!'/#1&!%&).*%!3&(&1!.&+&F9!2.&!G#%,!D+0!:;?b!

J&+14/(!/=!).41!0*)*8*1&!I/()*4(&0!*!)/)*%!/=!:PD!3&(&1@!/=!5.4I.!:DE!.*0!*!'/#1&!&(1&'8%!

JOP!3&(&!40&()4=4&+9!

! Q!.#(0+&0!*(0!=4=)&&(!I/(1)+*4(&0!3&(&1!5&+&!'/#1&!%&).*%!/#)!/=!O@ODO!>?9EDlF@!

5.4%&!?;?!#(I/(1)+*4(&0!3&(&1!5&+&!'/#1&!%&).*%!/#)!/=!E@E:E!>?9D?lF9!c.&(!=/I#14(3!/(!

).&!?;;;!)/$!I/(1)+*4(&0!*(0!).&!?;;;!)/$!#(I/(1)+*4(&0!3&(&1!>49&9!54).!?;;;!.43.&1)!*(0!

%/5&1)!]LBF@!).&1&!(#'8&+1!5&()!)/!:b!>:9blF!*(0!<!>;9<lF@!).&+&=/+&!1./54(3!*(!&J&(!

%*+3&+!04==&+&(I&!>743#+&!O]F9!

!

Relation to traits and disease 

S(!/+0&+!)/!#(0&+1)*(0!5.&).&+!I/(1)+*4(&0!*(0!#(I/(1)+*4(&0!8&.*J&!04==&+&()%,!

54).!+&1$&I)!)/!I&+)*4(!)+*4)1\041&*1&1@!5&!I/'$*+&0!).&'!)/!0*)*!=+/'!).&!).+&&!=/%%/54(3!

$#8%4I!0*)*8*1&1[!

• 2.&!Y(%4(&!-&(0&%4*(!S(.&+4)*(I&!4(!-*(!>Y-S-F!041&*1&!0*)*8*1&!

>.))$[\\5559/'4'9/+3\0/5(%/*01F:<@!0/5(%/*0&0!/(!G#(&!:;).!:;?b!*(0!

4(I%#04(3!:@:??!041&*1&1@!D@;<;!3&(&1!*(0!b@e:;!*11/I4*)4/(1U!

• 2.&!LHABS!A&(/'&Vc40&!Q11/I4*)4/(!")#0,!>AcQ"F!I*)*%/3!

>55593&(/'&93/J\35*1)#04&1FD;@!0/5(%/*0&0!/(!G#(&!:;).!:;?b!*(0!4(I%#04(3!

<bE!)+*4)1!*11/I4*)&0!)/!6(/5(!3&(&1@!O@O;e!3&(&1!*(0!?D@;:;!*11/I4*)4/(1U!

• 2.&!C*)*%/3!/=!"/'*)4I!-#)*)4/(1!4(!C*(I&+!>CY"-SCF!

>.))$[\\I*(I&+91*(3&+9*I9#6\I*(I&+3&(/'&\$+/T&I)1\I/1'4I\0/5(%/*0FD?@!

0/5(%/*0&0!/(!G#(&!:b).!:;?b!*(0!4(I%#04(3!be!I*(I&+!$+4'*+,!14)&1@!?EE!$+4'*+,!



!

.41)/%/34&1@!:;@<?E!3&(&1@!D??!>$+4'*+,!14)&@!$+4'*+,!.41)/%/3,F!$*4+1@!D?e@?D:!

*11/I4*)4/(1!8&)5&&(!*!>$+4'*+,!14)&@!$+4'*+,!.41)/%/3,F!$*4+!*(0!*!3&(&9!

7/+!&*I.!0*)*8*1&@!:!04==&+&()!*(*%,1&1!5&+&!$&+=/+'&0[!

?9 ).&!$&+I&()!/=!3&(&1!4(!*%%!*(0!4(!).&!)/$!?;;;!I/(1)+*4(&0!*(0!#(I/(1)+*4(&0!3&(&1!

).*)!5&+&!*11/I4*)&0!)/!*!)+*4)!/+!041&*1&!5&+&!I/'$#)&0U!

:9 ).&!(#'8&+!/=!)+*4)1!/+!041&*1&1!).*)!5&+&!143(4=4I*()%,!*11/I4*)&0!)/!).&!1&)!/=!O@ODO!

I/(1)+*4(&0!3&(&1!I/'$*+&0!)/!).&!1&)!/=!*%%!?b@DOD!/+)./%/3/#1!3&(&1!54).!]LB@!

#14(3!*!.,$&+V3&/'&)+4I!)&1)!*(0!*!$VJ*%#&!).+&1./%0!/=!;9;?@!5*1!I/'$#)&09!

2.&!+&1#%)1!*+&!1#''*+4Z&0!4(!743#+&!O]9!2.&,!1./5!).*)!#(I/(1)+*4(&0!3&(&1!*+&!'/+&!

*11/I4*)&0!)/!$/1)(*)*%!041&*1&1!).*(!I/(1)+*4(&0!3&(&1@!I/(141)&()!54).!).&!*8/J&!%&).*%4),!

*(*%,141@!*(0!).41!)+&(0!5*1!&J&(!'/+&!4'$/+)*()!5.&(!#14(3!).&!)/$!?;;;!I/(1)+*4(&0!*(0!

#(I/(1)+*4(&0!3&(9!Q%)./#3.!).&!(#'8&+!/=!143(4=4I*()!Y-S-!041&*1&1!*(0!AcQ"!)+*4)1!

5&+&!.43.&+!=/+!#(I/(1)+*4(&0!3&(&1!).*(!=/+!I/(1)+*4(&0!3&(&1@!).&!(#'8&+!/=!143(4=4I*()!

I*(I&+!),$&1!5*1!.43.&+!=/+!I/(1)+*4(&0!3&(&19!!

!

Relation to eQTL 

! S(!/+0&+!)/!6(/5!5.&).&+!'#)*)4/(1!*11/I4*)&0!)/!&R$+&114/(!I.*(3&!>&n2NF!*==&I)!

I/(1)+*4(&0!3&(&1!'/+&!/=)&(!).*(!#(I/(1)+*4(&0!3&(&1@!5&!0/5(%/*0&0!*(0!#1&0!)5/!

+&I&()%,!$#8%41.&0!1&)1!/=!&n2N1[!

• 2.&!?;@<?b!I41V&n2N1!=+/'!).&!M*))%&!&)!*%9!1)#0,!D:U!

• 2.&!b@;?;@:De!I41V&n2N1!=+/'!).&!N*$$*%*4(&(!&)!*%9!1)#0,!DD!>K#+/$&*(!$/$#%*)4/(@!

7]B!PlF9!

2.&(!5&!14'$%,!I/'$#)&0!).&!$&+I&()!/=!3&(&1!4(!*%%!*(0!4(!).&!)/$!?;;;!I/(1)+*4(&0!*(0!

#(I/(1)+*4(&0!3&(&1!).*)!.*0!*(!&n2N!4(!&*I.!1&)9!2.&!+&1#%)1!*+&!1#''*+4Z&0!4(!743#+&!

O]9!2.&,!1./5!).*)!).&!I/(1)+*4(&0!3&(&1!.*J&!'/+&!&n2N!).*(!#(I/(1)+*4(&0!3&(&19!

!

Variation across human individuals 

! C/(1)+*4(&0!3&(&1!*+&!0&=4(&0!*1!3&(&1!54).!%/5!J*+4*)4/(!/=!&R$+&114/(!*I+/11!*!

04J&+1&!$*(&%!/=!'/#1&!*(0!.#'*(!)411#&1!*(0!I&%%!%4(&19!S)!41!).&+&=/+&!4()&+&1)4(3!)/!1&&!

5.&).&+!)./1&!3&(&1!*%1/!J*+,!%&11!).*(!/).&+!3&(&1!*I+/11!.#'*(!4(04J40#*%19!!



!

! 2/!*(15&+!).41!W#&1)4/(!5&!#1&0!).&!A&#J*041!3&(&!&R$+&114/(!0*)*!4(!OOE!

4(04J40#*%1!>B^_-@!1&&!DDF!*(0!I/'$#)&0!).&!I/&==4I4&()!/=!J*+4*)4/(!/=!B^_-!*I+/11!).&!

OOE!4(04J40#*%1!=/+!8/).!I/(1)+*4(&0!*(0!#(I/(1)+*4(&0!3&(&1!>.#'*(!'*)I.&0!&R$+&114/(!

1&)@!1&&!*8/J&F9!2.&!+&1#%)1!*+&!1./5(!/(!"#$$%&'&()*+,!7439!?O!*(0!4(04I*)&!).*)!
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Antisense vs. total expression ratio 
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Identification of orthologous sense-antisense pairs 
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 Specific examples of orthologous sense-antisense pairs 
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Highly expressed intergenic bins 
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