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Impact on variant interpretation
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= Part 1l - Reference Genome

1. The need of a reference

2. Do you speak reference genomes?

3. Human reference genome build : a 3
billion pieces puzzle

4. One given version, but so many flavors

5. Impact on data analysis



The need of a reference

Comparing genome sequences

Use of a common

Complexity +++ standard



The need of a reference

Reference genome sequence should be:

B Representative of the human population diversity
m Each segment = most commonly observed across available individual genomes.

m No one's genome, and hopefully everyone's.

The quick brown fax jumped over the lazy doge.
The quick _ fox jumps over the lazy doge.

The quick brown fox jump s over the lazy brown dog.

REFERENCE:E The quick brown fox jumped over the lazy doge.

Modified from https://software.broadinstitute.org/gatk/documentation/article?id=11011




Do you speak " reference genomes * ?

Reference genome construction

Reads

l Assemble

Contig

l Assemble contigs to scaffolds

NNNNN— Scaffold
Contigl —— Contig2
l Gap filling
Scaffold2
Scaffold1 I I
l Long sequence cluster and assembly

Chromosome




Do you speak " reference genomes * ?

Reference genome construction
Contigs : continuous stretches of sequence
containing only A, C, G, or T bases without
"physical" gaps. The order of bases is known to
a high confidence level.

———* Reads

Assemble

—

Contig

l Assemble contigs to scaffolds

NNNNN— Scaffold
Contigl —— Contig2
l Gap filling
Scaffold2
Scaffold1 I I
l Long sequence cluster and assembly

Chromosome




Do you speak " reference genomes * ?

Reference genome construction

Scaffolds : created by chaining contigs
together using additional information
about the relative position and orientation
of the contigs in the genome.

———* Reads

Assemble

—

Contig

—

Assemble contigs to scaffolds

NNNNN— Scaffold
Contigl —— Contig2
l Gap filling
Scaffold2
Scaffold1 I I
l Long sequence cluster and assembly

Chromosome




Do you speak " reference genomes * ?

Reference genome construction

———* Reads

—

Assemble
Contig
l Assemble contigs to scaffolds Chromosome : when sufficient mapping
information, multiple scaffolds can be
NNNNN— Scaffold joined together to form a chromosome
Contigl —— Contig2
l Gap filling
Scaffold2
Scaffold1 I I
l Long sequence cluster and assembly

Chromosome



https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/autosome

Do you speak " reference genomes * ?

Reference genome construction

These are specific cases:

Reads

—

Assemble

Contig

l Assemble contigs to scaffolds

NNNNN Scaffold
Contigl —— Contig2
l Gap filling
Scaffold2
Scaffold1 I I
‘ Long sequence cluster and assembly
Chromosome
N e
L W

After chromosome assembly, some scaffolds remain.

Unplaced scaffolds :
not associated with
any chromosome.

Unlocalised scaffolds :
associated with a
specific chromosome
but cannot be ordered
or oriented.

Alternate Loci :
representation of
diverging haplotypes
in regions that are too
complex for a single
representation




Do you speak " reference genomes * ?

Top-level Assembly =

100 11 12 13

Unplaced scaffolds

4
)
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Unlocalised scaffolds

L N o ——— Alternate Loci
5 7

Assembled chromosomes




Human reference genome build : a 3 billion pieces puzzle
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Human reference genome build : a 3 billion pieces puzzle

Lots of
pieces
Frayed ;
pieces Dirty
pieces
M!ssing . AL : 2 Multiple
pieces = ' » 7 | copies
Repetitive

regions




Human reference genome build : a 3 billion pieces puzzle

An assembly is never perfect, but in constant progress...

Patches = assembly updates, not disrupting the chromosome coordinates

Patches

NOVEL = addition of new
alternate loci to the
assembly

FIX = error corrections
(base changes, component
replacements, ..)

SCAFFOLD STATUS AT NEXT
MAJOR ASSEMBLY RELEASE

(integrated)




Human reference genome build : a 3 billion pieces puzzle

An assembly is never perfect, but in constant progress...

Patches release # Minor release

GRCh37.p1 => GRCh37.p2 => ... GRCh37.p12 => GRCh37.p13

Genome assembly release # Major release

GRCh37 => GRCh38




Flavor

One given version, but so many flavors

Source

GRCh37

Unplaced
contigs

No canonical
name

Unlocalized
contigs

No canonical
name

Alternate
loci

No
canonical
name

7
mitochondria

Maintained by
Mitomap,
distributed for
convenience

Epstein-Barr
virus

decoy
sequences

Remarks

GRCh37

chrUn_glO00
212

chr1_gl0O0019

1_random

chr6_apd_
hap1

NC_001807

(from build 36)

Chromosome
names start by
“chr”

PAR regions on
chrY are hard
masked

Ensembl

GRCh37.
p13

Ensembl API

release 75
Homo_sapiens.GR
Ch37.75.dna.prima
ry_assembly.fasta.

gz

GLOOO2111

GLOOO0O1911

X

NC_012920.1

Revised Cambridge
Reference

Sequence (rCRS)

Chromosome
named "1" to
ll22l', IIX"’ "Yll
and "MT"

1000
genomes
project
phase | &
1]

GRCh37.
p2

hs37
glk v37
b37

human_gilk_v37.fas

ta.gz

GLO00211.1

GLOO0191.1

NC_012920.1

Revised Cambridge
Reference Sequence

(rCRS)

ll1|| tO ll22"' llel,
IIYII and IIMTII




One given version, but so many flavors

R
Unplaced Unlocalized | Alternate A *9
Flavor Source . : : A q Remarks
contigs contigs loci S Epstein-Barr ecoy
mitochondria s sequences
1000 hs37d5 NC 012920.1 pseudo-autosomal
GRCh37. - regions are
enomes b37+deco ~ , NC 00 @ hs37d5
geno Y| 6L000211.1 | GL0O00191.1 Revised Cambridge | '+ hard-marked on Y
prOJECt p4 +herpes Reference Sequence 7605 SS h
phase Ii ers) chromosome
hs37d5.fa.gz
lllumina hg19 without
MiSeq unplaced/unlocaliz
Reporter hg19 hg19 NC—OQ1807 ed contigs nor
(from build 36) .
+ x x x x alternate loci
BSO
NC _012920.1 hg19 without
lon Torrent hg19 hg19 x x Revised Cambridge x x unplaced/unlocaliz
Reference Sequence ed contigs nor
(rCRS) alternate loci
NC_012920.1
GRCh37.
GATK Revised Cambridge hs37d5 "1" to "22", "X",
b37 + deco GL000211.1 GLO00191.1
Bundle p2 Y Reference Sequence x SS "Y" and "MT"
(rCRS)




Impact on data analysis

ALT contigs : Mapping quality zero for reads mapped in the flanking sequences.
Sensitivity of variant calling
ALT-aware mapper

[T T T I T Z]]j:]:l:: - 1 Bl EEmsanieE O BN | 6 [N e S e .
P51 pAl  p223 p222 plLi2 p2LT p123 pi2l qitl qi3 qlal  q143 ql6l q163  q2  q221 42232 q3.2  q24l q243 q252 a2 qx7

- 178 bp

15 580 bp 33 405 600 bp 33 405 620 bp 33 405 640 bp 33 405 660 bp 33 405 680 bp 33 405 700 bp 33 405 720 bp 33 405 740 bp 3
| | | | | | | | | | | | | |

DI1042_bwa_hg...mateLoci.vef A oal PAD11042_bwa_hg19_AlternateLocibam

DI1042

Read name =
NB551082:333:H5J2VBGXB:1:11207:7285:9266

DI1042_bwa_hg19_AltemateLoc | B EH | ‘

m Coverage | T i
|
Read length = 151bp 10 AN NN
DI1042_bwa_hg19_AlternateLoec | 0 e
" Mapping = Primary @ MAPQ 0
Reference span = chri:33 405 594-33 405 744 (+) = 151bp
Cigar = 151M | I

DI1042_illumina_igenome.vef

DI1042PETROWSKITIMEO

DIl042_illumina_igenome.bam

Read name =
— NB551082:333:H5J2VBGXB:1:11207:7285:9266

DI1042_illumina_igenome.bam

AEERENEN

Read length = 151p

DI1042_illumina_igenome.bam .......A.........A ------ i
Mapping = Primary @ MAPQ 60
Reference span = chr6:33 405 594-33 405 744 (+) = 151bp I
Cigar = 151M B

Sequence -

RefSeq Genes

SYNGAP1

19_Alt_Hapl ;
hg18_Alt_Haplotypes.bed chift <t han?



Impact on data analysis

Multi-placed sequences : Pseudo-autosomal regions (PARs).
If placed on both chrX and chrY, standard pipeline not be able to call any variants in PARs.

Solution = hard mask PARs on chrY.

O & o o s S e [ [ 2 o] D DD B S D s BN | | B e
p22.32 p22.2 p2212 p21.3 p21.1 pli4 p11.23 p11.21 qll.2 ql131 ql33 q21.1 q21.2 q21.32 q221 q223 q23 q24 q25 q261 263 q27.2 q28
- 264 bp -
1 464 200 bp 1 454 300 bp 1464
| | | |
L
No Variants Found
I |
|
1
1
| IEiEn
|
10-303) |
I
| = 1
1 1 1
1
LULLER LT TRET BT B DR Y B | :
1
1 INIENEIENsnE:




Impact on data analysis

Not using the rCRS mitochondrial sequence (NC_012920.1)

NC_001807 : wrong sequence length + 2 bp insertion

Nucleotide Position 1981 CRS (Anderson) » 1999 rCRS (Andrews) » Remarks 7 nuc I e oti d es as rare
263 A A rare polymorphism .
311-315 CCcccc CCCECE rare polymorphism (5C instead of 6C) p o Iy m o r p h 1 s m S

750 A A rare polymorphism +

1438 A A rare polymorphism

e w . 11 corrected errors

3423 G T error

4769 A A rare polymorphism

4985 G A error

8860 A A rare polymorphism

9559 G Cc error

11335 & C error

13702 G C error

14199 G T error

14272 G (2] error (bovine)

14365 G c error (bovine)

14368 G C error

14766 T c error (HeLa)

15326 A A rare polymorphism



http://en.wikipedia.org/wiki/Cambridge_Reference_Sequence

Impact on data analysis

Decoy sequences =

e sequences derived from HuRef, Human Bac and Fosmid clones and NA12878
e known true human genome sequences which are not in the reference genome
sequence.

- many reads will quickly find a very confident alignment in the decoy
- If absent, reads would otherwise map with low quality on the reference genome
sequence

Mapping process speed
False positive calls




Impact on data analysis

Comparing/Combining your own data with external files from collaborators

##### ERROR MESSAGE: Input files reads and reference have incompatible contigs: Found contigs with
the same name but different lengths:

##### ERROR  contig reads = chrM / 16569

##### ERROR  contig reference = chrM / 16571.

##### ERROR  reads contigs = [chrl, chr2, chr3, chr4, chr5, chr6, chr7, chr8, chr9, chrie, chrii,
chri12, chri3, chri4, chri5, chri16, chri7, chri8, chri9, chr20, chr2i, chr22, chrX, chrY, chrMm]
##### ERROR  reference contigs = [chrM, chrl, chr2, chr3, chr4, chr5, chré, chr7, chr8, chr9, chr
10, chrii, chri2, chri13, chri4, chri5, chr16é, chri7, chri8, chr19, chr20, chr2i, chr22, chrX, chr
Y, chri_gleeei91_random, chri_gleee192_random, chrd_ctg9_hapl, chr4_gleeei193_random, chr4_gleeei94
_random, chr6_apd_hapl, chr6_cox_hap2, chr6_dbb_hap3, chr6_mann_hap4, chré_mcf_hap5, chr6_gbl_hap
6, chr6_ssto_hap7, chr7_gleee195_random, chr8_gleee196_random, chr8_gleee197_random, chr9_gloee198
_random, chr9_gleee199_random, chr9_glee02e0_random, chr9_gleee2ei_random, chril_glee0202_random,
chri7_ctg5_hap1, chri17_gleee203_random, chri7_gleee204_random, chri7_gleee205_random, chri7_gleee2
06_random, chri18_gleee207_random, chri19_gleee208_random, chri19_gleee209_random, chr2i_gleee210_ran
dom, chrun_gleee211, chrun_gleee212, chrun_gleee213, chrun_gleee214, chrun_gleee215, chrun_gleee21
6, chrun_gleee217, chrun_gleee218, chrun_gleee219, chrun_gleee220, chrun_gleee221, chrun_gleee222,
chrun_gleee223, chrun_gleee224, chrUn_gleee225, chrun_gleee226, chrun_gleee227, chrUn_gleee228, ch
run_gleee229, chrun_gleee23e, chrun_gleee231, chrUn_gleee232, chrun_gleee233, chrun_gleee234, chru
n_gleee235, chrun_gleee236, chrun_gleee237, chrun_gleee238, chrun_gleee239, chrun_gleee240, chrun_
gl000241, chrUn_gleee242, chrun_gleee243, chrun_gleee244, chrUn_gleee245, chrun_gleee246, chrun_gl
000247, chrun_gleee248, chrUn_gleoe249]

goutham atla @Geek_y ad‘
The moment when GATK

complains about contigs order
#Bioinformatics #GATK #NGS
pic.twitter.com/OxVAb5ZyWH




= Part 2 - Gene Models

GeneModels : RefSeq, GENCODE
Comparison between the 2 gene models

We all live ina “NM_ world”

S N

Which one to choose?



1.
2.

3.

4.

RefSeq Geneset ? NCBI
-

RefSeq: NCBI Reference Sequence Database

A comprehensive, integrated, non-redundant, well-annotated set of reference sequences including genomic,
transcript, and protein.

Widely used gene set produced by the NCBI,
Has significant manually annotated content, but much less than GENCODE (~45% of transcripts
are listed as MODEL),
Transcripts are named as:
a. NM: Manually curated, protein-coding transcripts,
b. NR: Non-coding transcrips,

c. XM: Predicted protein-coding models.

ongoing curation by NCBI staff and collaborators, with reviewed records indicated



http://iobio.io/2016/03/21/gene-sets/
http://bmcgenomics.biomedcentral.com/articles/10.1186/1471-2164-16-S8-S2

GENCODE Geneset

Goal : create reference gene annotations for the ENCODE project,
Comprehensive +++ (e.g. include pseudogenes, IncRNAs, short RNAs,
protein-coding transcripts),

Extensive manual annotation by the HAVANA group, as well as
computational annotation.

~ 93.4% of the annotations involve manual annotation

Under constant validation by many groups in the consortium.

Default annotation set used by the Ensembl project.

GENCODE
NUNUNINUNG

/HUMAN

GENCODE 30 (08.04.19)

~



http://www.genome.gov/ENCODE
http://bmcgenomics.biomedcentral.com/articles/10.1186/1471-2164-16-S8-S2
http://www.ensembl.org/

GENCODE
NUNUNVIN N

Category

PURPOSE

ANNOTATION
The process of
finding and
designating
locations of
individual genes
and other
features on raw

DNA sequences

SEQUENCE

GENCODE

Enhancing and extending the annotation of all
evidence-based gene features in the human genome
at a high accuracy

Primary transcriptomic data aligned to the
reference genome to determine transcript
structure and CDSs.

+

Manual annotation : use of datasets that capture TSS
and transcript 3’ ends, epigenetic and transcription
factor binding data as well as cross-species

conservation

GENCODE sequences always match the genome
reference assembly.

GENCODE vs RefSeq Genesets

NCBI

) RefSeq

Providing a comprehensive, integrated, non-redundant,

RefSeq

well-annotated set of sequences (genomic, transcript and
protein).

Well-supported and biologically valid transcripts reviewed
by RefSeq curators at the NCBI.

RefSeq transcripts are annotated independently of the
genome and based upon the mRNA sequence alone.

Curated transcripts aligned to the genome sequence and
combined with additional computational models

RefSeq sequences don't necessarily match the genome

reference assembly.



https://www.gencodegenes.org/about.html
https://www.gencodegenes.org/about.html
https://www.gencodegenes.org/about.html
https://www.ncbi.nlm.nih.gov/refseq/about/
https://www.ncbi.nlm.nih.gov/refseq/about/
https://www.ncbi.nlm.nih.gov/refseq/about/

Impact of Gene Model on variant annotation B 146 WES+WGS data - GENCODE Comp ve RefSeq NXR

Larger source of difference between
consequence predictions : Unique
variants

Proportion of discordant calls :

Dataset GENCODE
Comprehensive vs
RefSeq NXR

1000 Genomes 3.1 %

(WGS + WES)

ESP (WES only) 1.7 %

% total non-concordant variants

60 -

50 -

40 -

30

20

10

. 1KG WES+WGS data - GENCODE Basic vs RefSeq NXR

. ESP WES data - GENCODE Comp vs RefSeq NXR

. ESP WES data - GENCODE Comp vs RefSeq NXR

cDS other splice LoF

CDS variants show high (>90%) concordance in all
conditions

'‘Other' variants show high discordance (up to 56%).

Approximately 30% of LoF variant calls are in

conflict.
Frankish et al. 2015



We all live in a “NM_ world”

GENCODE
Genset (ENST)

RefSeq Geneset
(NM_)

Reference
Genome
GRCh37

From The Clinical Significance of Transcript Alignment Discrepancies presented by Reece Hart
at Human Variome Project Meeting 2014, Paris




We all live in a “NM_ world”

When transcript alignment discrepancies lead to discordant exon coordinates

— N

9: 139,258,389 9: 139,258,489 9: 139,258,589 9: 139,258,689 9: 139,258,789 9: 139,258,889 9: 139,258,989
! . | 2 ! A | H L H | A 1 A 1 H L H | A ! . | 2 ! A | A L H 1
Rngeq Genes 105, NCBI (Splign) Genes and Regulation - PublicAnnotations @
crros |

Rngeq Genes 63, UCSC (BLAT) Genes and Regulation - PublicAnnotations @

CARDS Bl ittt

https://blog.goldenhelix.com/using-the-grch38-reference-assembly-for-clinical-interpretation-in-vsclinical-webcast-qa/
https://blog.goldenhelix.com/refseq-genes-updated-to-ncbi-provided-alignments-and-why-you-care/



https://blog.goldenhelix.com/using-the-grch38-reference-assembly-for-clinical-interpretation-in-vsclinical-webcast-qa/
https://blog.goldenhelix.com/refseq-genes-updated-to-ncbi-provided-alignments-and-why-you-care/

We all live in a “NM_ world”

“gap” between the NM_006331 transcript’s RNA sequence and the human genomic sequence.

12: 7,080,095
; 1 A

12: 7,080,115 12: 7,080,135 12: 7,080,155 12: 7,080,175 12: 7,080,195 12: 7,080,215
A 1 : i ] A ; 1 ; A 1 A : ] i A 1 ;

RefSeq Genes 105, NCBI (Splign)

EMG1

Genes and Regulation - PublicAnnotations &

Ensembl Genes 75, Ensembl (genebuild) Genes and Regulation - PublicAnnotations @

RefSeq Genes 63, UCSC (BLAT) Genes and Regulation - PublicAnnotations &



https://blog.goldenhelix.com/refseq-genes-updated-to-ncbi-provided-alignments-and-why-you-care/
http://www.ncbi.nlm.nih.gov/gene/?term=NM_006331

So which transcript set should we choose?

Available GENCODE and RefSeq transcripts for the KCNT1 gene

chra(q34.3) [ Dop24  [EEEl | EFAEl AR | 9Bbi1.2] 912 [z THERE BN | [T T EEER FeA9q33.1 EEEY | 1 Bcjadl
J Scale 20kb | | hgte
chrd: | 138,600,000( 138,605,000/ 138,610,000 138,615,000| 138,620,000 138,625,000 138,630,000 138,635,000| 138,640,000| 138,645,000/ 138,650,000| 138,655,000/ 138,660,000| 138,685,000/ 138,670,000| 138,675,000/ 138,680,000| 138,685,000/
— . Basic Gene &nnotation Set from GENCODE Version 19 ; ok L
KCNT1 - =} S - -+ |
KCNT1 R R i
KCNT1 ~—— - - - - - - :| i
KENT A ) BOGMETON I SO IEEOT I (IEROEIE (S0 I 4 { BRG] 0 | B O S0 SR {0 SR ¢ T T j|GENCODE
KCNTH B e — -} —4} 2 -
KCNTH Bi=—bb S S IO S O s .
— KCHNT 4 :
e A | L 3 MNCEBI HefSeq genes, curatg«;l subsetI(Ny!T_", MR_*, N}” rVP_*)fénnotatilonJ Helea:se GC =_UD‘DJIJII4051.25T_GBCh3?.p|1?(2017— 4-1-1l ). L il L ble A\ l
Kewm b I e 1§ S R I RS |1 S EE]‘ RefSeq
- e =J
Novel transcription start site exons and novel internal exons not present in RefSeq.
Not an isolated case.
Dichotomy at the heart of variant annotation:
Aim : capture of a large set of Aim : clarity of interpretation thanks

plausible functional variants to minimum false positive rate




“When choosing an annotation database, researchers should keep in
mind that no database is perfect and some gene annotations might be
inaccurate or entirely wrong.”

Assessing the impact of human genome annotation choice on RNA-seq expression estimates. Wu et al. 2013
BMC Bioinformatics. 2013;14(Suppl 11):S8. doi: 10.1186/1471-2105-14-S11-S8.



There is still hope...

Ensembl Blog

Our new joint transcript
initiative : The Matched

ABOUT US
Annotation from the NCBI and
EBI (MANE) project
CONTACT US
12TH OCTOBER 2018 BY ASTRID (OUTREACH) - COMMENTS OFF
This blog post is a joint contribution by Joannella
Morales, Jane Loveland, Adam Frankish, Fiona EMBL-EBI
cunningham and Astrid Gall. e,E " GENCODE
nsembl  YXYRRY
L]
We are pleased to introduce the Matched Annotation m U.S. National Library of Medicine
Release announcements A 2 National Center for Biotechnology Information
fi the NCBI and EMBL-EBI (MANE t. Th
New data and web features et 2n ( ) projec = m NCBI RefSeq

new joint initiative between EMBL-EBI's
Ensembl project and NCBI's RefSeq project aims to
release a genome-wide transcript set that contains

Other news
Training
Community
Jobs @ Ensembl
Service status

one well-supported transcript per protein-coding locus. All transcripts in the MANE set will perfectly
align to GRCh38 and will represent 100% identity (5'UTR, coding sequence, 3'UTR) between the
RefSeq (NM) and corresponding Ensembl (ENST) transcript.

Uncategorised

Ensembl Blog

~ Previous Next -

Posted on July 3, 2019

We are making ‘MANE'
changes...

COMMENTS OFF

ABOUT US

New human genome annotation
release with MANE Select and
other improvements!

16TH APRIL 2019 BY EMILY (OUTREACH)
WORKSHOPS

KNOWN BUGS The RefSeq column on our gene pages has changed.

We're moving towards a more unified gene-set with RefSeq, with biologically important transcripts
being highlighted as MANE. This means displays you're used to seeing will be updated to reflect
these changes, and this may affect the way you have been working with Ensembl.

CONTACT US

WRWYTT O g votes
On a gene page, you'll see the table of transcripts now has the column RefSeq match. In human

There’s a new RefSeq annotation available for the human genome, and it's quite an
update!

Release announcements

GRCh38 this shows a versioned RefSeq NM which is a 100% match to the Ensembl transcript,
including sequence, structure and UTRs. These transcripts will have the flag MANE Select v0.5 in the
Flags column in this table.


https://www.youtube.com/watch?v=Vt75aOWjAgY

= CONCLUSION



Take home message :

Reference Genome and Gene Model do impact your NGS Workflow
!

Design Data

Conception Production Interpretation

Which Gene Model and

Which reference Which Gene Model was
reference genome were genome was used to used to annotate your
used to select targeted analyze your data? variants ?

regions in your design ?

-

Keep in mind :

- transcript equivalence
- strength and weakness of both Reference Genome and Gene Model you rely on

J




