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Genetic Defects in Dogs Breeding Objective

n Every one of the 50 most popular pedigree-dog “A breeding objective need not
breeds has at least one aspect of its physical 6 v be economic. For example, in

. . . . many companion animal species
conformation that predisposes it to a disorder. itis tempting to believe that the

“The association of some of these conditions ) > breeding objective must be the
with official breed standards...make l " maintenance of a ridiculous
conformational extremes an area which needs to s = appearance a{]d congenital
be addressed to safeguard the welfare of o Gorornalies

pedigreed dogs in the future.” i y  (omn Gibson, UNE)

Asher et al. (2009) Inherited defects in pedigree dogs. Part 1. Disorders related to breed
standards. The Veterinary Journal. 182: 402-411.
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g H a 1944: 25.6 mi animals; total annual milk production of 53.1 billion kg.
The 8-week old bOdy We'th of broiler (meat) chickens 1997: 9.2 mi animals,: total annual milk production of 84.2 billion kg.

has increased from 0.81 kg to 3.14 kg over the period
1957 to 2001, and approximately 80% of this four-fold About half of this 369% increase in production efficiency is
increase has E)een the result of genetic selection gttnbutablelivigenetidimpiovementienabledlbylAT

1957 vs. 2001 chickens
1957

o5 - p LD
Havenstein, G., et al. (2003). Growth, livability, and feed conversion of 1957 versus 2001 ¥ VandeHaar, M.J. and St-Pierre, N. (2006). Major Advances in Nutriti

broilers when fed representative 1957 and 2001 broiler diets. Poultry Science 82, 1500-1508. Sustainability of the Dairy Industry. Journal of Dairy Science 89, 1.
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Artificial insemination was initially Sl CUHULAUE R LI
a controversial technology

Holstein bulls has doubled since
009 genomic selection introduction

“In the initial stages of attempting to develop AI [ ‘;"se;igge/g:;'
there were several obstacles. The general public ' s
was against research that had anything to do ) o, .
with sex. Associated with this was the fear that ) E] Average gain:
AI would lead to abnormalities. Finally, it was $47.95/year
difficult to secure funds to support research :
because influential cattle breeders opposed Al,
believing that this would destroy their bull
market.”

Average gain:
$19.42/year

ae net

Avera

Foote, R.H. 2002. The history of artificial insemination: Selected notes and notables. 9 00 010203 04 MQ%MQ& 1011121314
3. Anim. Sci,, 80 (E. Suppl.) (2002), pp. E22-E32
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W e ene or Genome Editing
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r ID, Joung JK. CRISPR-Cas systems for editing, regulating and targeting genome
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, - Gene editing of myostatin to obtain
How might gene editing be double muscle Nelore cattle —

used in animal breeding? intraspecies allele substitution

Species Target TargetedTrait/Goal

Cattle Intraspecies POLLED allele substitution No horns
Myostatin gene knockout Increased muscle yield
Beta-lactoglobulin gene knockout Elimination of milk allergen
Insertion of lysostaphin transgene Disease resistance
Insertion of lysozyme transgene Disease resistance
Insertion of SP110 transgene Resistance to tuberculosis
Ovalbumin gene knockout Elimination of ovalbumin in egg
Insertion of Immunoglobulin heavy chain locus Germline gene editing
Myostatin gene knockout Increased muscle growth

Prion protein gene knockout Elimination of prion protein
Beta-lactoglobulin gene knockout Elimination of milk allergen

CD163 gene knockout PRRS Virus Resistance
Interspecies RELA allele substitution African Swine Fever Resistance
Myostatin gene knockout Increased muscle yield
Myostatin gene knockout Increased muscle yield

Van Eenennaam, A. L. 2017. Genetic Modification of Food Animals. Current Opinion in Biotechnology. 44:27-34. Proudfoot C, et al. 2015. Genome edited sheep and cattle. Transgenic Res. 2015 Feb;
BIF 6/2/2017 Ao
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Genus breeds first pigs resistant to major infection

The genetically-enhanced porkers are a “potential game-changer” for the

industry

Animal Biotechr
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First genetically edited

sport soft hair on the parts
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Technique expected to
lower costsfor farmers
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cows arrive at UC Davis

0 @ O 0 Qe
+ African Swine Fever
« Porcine Reproductive and
Respiratory Syndrome
(PRRSV) virus

Gene Edited Polled Calves

Naturally-occurring bovine allele at polled locus

raised concems among, &
Some farmers and animal-  they
ights activiss who warn
of the healthand ethical )
isks of consuming genet

“Named Spotigy and Buri, the calves were designed in a petri dish at a Minnesota-
based genetics lab, with the goal of making them easier to pack into pens and
trucks without the nuisance of their horns taking yg.valiakle.sBa&Roy £

Lillico et al. 2016. Mammalian
interspecies substitution of
immune modulatory alleles by
genome editing. Sci Rep 6:21645.

Whitworth et al. 2016. Gene-edited
pigs are protected from porcine
reproductive and respiratory
syndrome virus (PRRSV). Nature
Biotechnology 34:20-22.

Carlson DF, Lancto CA, Zang B, Kim E-S, Walton M, et al. 2016. Production of hornless dairy
cattle from genome-edited cell lines. Nat Biotech 34: 479-81
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Genetic improvement (permanent,
cumulative) as a solution to animal
disease rather than antibiotics/chemicals

https://www.youtube.com/watch?v=-Qks_LMmodw

Celtic allele (P€) corresponding to a duplication of 212 bp
(chromosome 1 position 1705834—1706045) in place of a
10-bp sequence = horned (1706051-1706060) at POLLED

10 bp
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I

Semen from one of the bulls (Buri) was collected and
confirmed he was homozygous polled, fertile in vitro, and
straws were frozen for artificial insemination in vivo

Purified DNA

650
= homozygous 500
polled 0

200

In vitro fertilization
(in the lab)

As fate would have it — we got 6 pregnancies — hooray!! —
but unlike Mendel our (gender) segregation ratio was not as
statistically kind as it was to Mendel’s peas

REPRODUCTION

Accelerated rate of gain when promoting
1-20 genome edits in genomic selection

— GSonly 5edits —— 20edits
— tledit —— 10edits

Cumulative response to
selection since generation 0

Jenko, J. eta. 2015. Potential of promotion of alleles by genome editing to improve quantitative traits in
livestock breeding programs. Genetics Selection Evolution 47: 1-
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To see if Mendel knew what he was talking about, semen
from (homozygous dominant polled P¢/P¢) Buri bull was
used to inseminate 10 horned Hereford cows. On the 10
February (Friday) we performed ultrasound evaluations.

Ho: All calves will be
polled (due to inheriting
the dominant PcAllele)

Animal Genomics and Biotect

Traits that might be if interest to edit
in Beef cattle

- Polled/Horned
Myostatin
Recessive Genetic Conditions
Tenderness loci (calpastatin/calpain)
Disease resistance (e.g. BRD)
SCD (stearoyl-CoA desaturase)
Editing would synergistically accelerate conventional

breeding programs (not replace them!) by precisely
bringing in discrete desired genetic variation as needed

Animal Biotechnology nomics Education

How might gene editing be integrated with
genomic selection programs?
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Van Eenennaam, A. L. 2017. Genetic Modification of Food Animals. Current Opinion in Biotechnology. 44:27-34.
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Editing is the Cherry on Top of Breeding Sundae
It will be able to introduce useful alleles without
linkage drag, and potentially novel genetic variation

Genome Editing
Somatic cell nuclear transfer cloning
Genomic Selection
& = Embryo Transfer
Artificial insemination
Progeny testing
Performance recording
Development of breeding goals

Association of like minded breeders

Will gene editing be a trigger for
regulatory oversight? Yes/No/Maybe

+

The Cartagena Protocol defines “Living modified organism” to mean
any living organism that possesses a novel combination of genetic
material obtained through the use of modern biotechnology

"Modern biotechnology" means the application of:

a. In vitro nucleic acid techniques, including recombinant deoxyribonucleic acid
(DNA) and direct injection of nucleic acid into cells or organelles, or

b. Fusion of cells beyond the taxonomic family,

that overcome natural physiological reproductive or recombination barriers

and that are not techniques used in
traditional breeding and selection

nology ar

N

The regulation of genetically
engineered (GE) animals in US is by
Food & Drug Administration

The Food and Drug Administration’s Center for Veterinary Medicine (CVM)
evaluates GE animals under the new animal drug provisions of the Federal Food
Drug and Cosmetic Act (FFDCA). The act defines drugs as “articles (other than
food) intended to affect the structure or any function of the body of man or other
animals.” The rDNA construct in the resulting GE animal is thus a regulated article
that meets the drug definition; the GE animal itself is not a drug.

http://www.fda.gov/downloads/AnimalVeterinary/GuidanceComplianceEnforcement/GuidanceforIndustry/ucm113903.pdf
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Will breeders be
able to use

or will it go

the way of
GMOs ...
THAT’S THE BIG
QUESTION !!

Editing may or may not introduce rDNA
and it may or may not be transgenic

Meganuclease
Zinc finger
TALENs
CRISPR/Cas9 NHEJ

Nuclease-induced
double-strand break

Variable length
indels

Hierarchical Risk-Based Evaluation (by level)

Environmental/Food/Feed Safety | IS it safe?

I Genotypic and Phenotypic Durability Plan I Is it durable?

Phenotypic Characterization of the GE Animal_| What is its phenotype?
What is its genotype?

rDNA description
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Fast growing salmon

The founder female was generated in 1989 — 28 years ago
Nature Biotechnology 10:176 — 181. 1

©1992 Nature Publishing Group. http://www.nature.com/naturebiotechnology

GROWTH ENHANCEMENT IN TRANSGENIC ATLANTIC
SALMON BY THE USE OF AN “/ALL FISH"” CHIMERIC
GROWTH HORMONE GENE CONSTRUCT

Shao Jun Du, Zhiyuan Gong, Garth L. Fletcher', Margaret A. Shears', Madonna J.

King’, David R. Idler' and Choy L. Hew*

)mmm In!ulumz The Hospital for Sick Children and Departments of Clinical Bm(h:mmn and Bmchemm.y bnl\emly of
‘oronto, Toror nada M5G 1L5. 'Ocean Sciences Centre, Memorial University land, St

New{oundlznd " Canada AIC 387, *Corresponding author.

We have developed an “all fish” growth
hormone (GH) chimeric gene construct by
using an antifreeze protein gene (AFP)
promoter from ocean pout linked to a
chinook salmon GH cDNA clone. After
microinjection into fertilized, nonacti-
vated Atlantic salmon eggs via the micro-
Ppyle, transgenic Atlantic salmon were gen
erated. The presence of the transgene was

University of Toronto/Memorial University of Newfoundland, Canada
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January 18th, 2017 FDA draft guidance
considers all gene edited animals whose
NR genomes have been “altered intentionally” to
be drugs

Timeline of AquAdvantage
regulatory process

Year  Event
1989 + Founder AquAdvantage fish produced at University of Toronto in Canada

1995 -+ FDA review of AquAdvantage salmon begins (INAD)

2001 * First regulatory study submitted by Aqua Bounty Technologies to U.S. FDA for a New
Animal Drug Applications (NADA)

2009 * FDAguidance on how GE animals will be regulated
Final AquAdvantage regulatory study submitted to FDA

2010 + FDAVMAC meeting on AquAdvantage salmon (9/20/10)

2015 + November 19th, 2015 Approval (~$60 million to bring the AquAdvantage® salmon
through the regulatory approval process)

January: US FDA issues a ban on the import and sale of GE salmon until FDA
“publishes final labeling guidelines for informing consumers of such content”. The ban
was the result of language Alaska Sen. Lisa Murkowski introduced into the 2016 fiscal
budget, or omnibus, bill. It also authorizes “an independent scientific review” of the
effects of GE salmon on wild salmon stocks and for human consumption.”

March: a coalition of environmental organizations sues US FDA over approval of GE
salmon approval

2016

May: Canadian Approval of AquAdvantage for sale in Canada
December: FDA bills AquaBounty for $113,000 “Animal Drug” User Fee for their
“approved” animal drug product despite continued FDA ban on the import and
commercial sale of AquAdvantage® fillets

nforcement/GuidanceforIndustry/UCM113903.pdf

Animal Biotechnology ant Animal Biotechnology and Education

Are Gene Edited Horn-less calves a drug?
Naturally-occurring bovine allele at Polled locus
What is the “new animal drug” in this case?

Draft FDA regulations consider all
NE animals whose genomes have been
altered intentionally as drugs

<’>In the past, FDA has used the term “genetically engineered” to refer to animals
containing recombinant DNA constructs intended to alter the structure or
function of the body of the animal. The new guidance uses the phrase
“animals whose genomes have been altered intentionally”. In general,
each specific genomic alteration is considered to be a separate new animal
drug subject to new animal drug approval requirements.

Iam not a
drug

FW Alison Van Eenennaam
i s DNA 2 drug? If so then is al Ife on Earth high? BLOG on draft regulation for

genome et

ﬂ Grant Jacobs =

@BioBeef Doesn’t making it about if people
were involved, make it ideological rather than
about safety?

Animals were 20X sequenced to look for off target mutations and none were found - only the
intended edit (where the polled allele replaced the horned allele) mapped to within 10 bp of any of
the identified degenerate targets supporting the high specificity of TALENs for this locus.

Carlson et al. 2016 Nat Biotech 34: 479-81

2017 BIF Symposium, Athens, Ga.
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: Use of gene editing to introduce a

naturally-occurring polled allele into
m olstein cattle versus selective breeding

Attribute

Polled Holstein Polled Holstein

through gene through
editing introgression
Phenotype: No horns YES YES

Mutation uniquely detectable NO - polled allele NO - polled allele
Food safety concerns associated

NO NO
with phenotype

# generations taken to achieve

ONE MANY
polled >15/16 Holstein (FAST) (sLow)
Linkage drag? NO YES
P“’ Improved animal welfare YES YES
Regulated? Yes because of human NO
v intention???
% Likely to happen

Not if takes years and

NO
costs millions of dollars

BIF 6/2/2017
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Gene editing of myostatin to obtain double muscle
Nelore cattle — same allele as occurs “naturally”
What is the “novel combination of genetic material?

Proudfoot C, et al. 2015. Genome edited sheep and cattle. Transgenic Res. 2015 Feb;24(1):147-53.

Mr. Chow from The Hangover
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Selective breeding of double
muscle cattle (natural mutation
in the myostatin gene)

Mutation breeding in plants introduces double stranded breaks and
has been in use in since the 1950s. Excluded from GMO
legislation up to now. More than 3200 officially released cultivars
are known to have been obtained by mutation breeding, among
them more than 600 cultivated lines of wheat, rice and maize

- 3 111
& \ /

Photo by Stephen Ausmus, USD»

The Genomic Bull

Selection Candidates

Known genotypes & ¥ Marker
and phenotypes  ** genotypes

Prediction Equation
Genomic breeding value =
tXq + Xy + tXg + ...

Selected Breeders

http://civileats.com/2015/02/19/no-scrubs- Using genomic
breeding-a-better-bull-audio breeding values

https://www.animalsciencepublications.org/images/publications/af/2/1/AF0027_f2.jpeg
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There is a public comment period on FDA

draft guidance open until June 19, 2017

+The new FDA Guidance contends that “a specific DNA alteration is
\ an article that meets the definition of a new animal drug at each
site in the genome where the alteration (insertion, substitution or
deletion) occurs.. herefore, in general, each specific genomic
alteration is considered to be a separate new animal drug subject
to new animal drug approval requirements.” So every SNP is
potentially a new drug, if associated with an intended alteration.

The FDA draft guidance for industry #187
entitled “Regulation of Intentionally
Altered Genomic DNA in Animals”
O rtunit revises GFI #187 entitled “Regulation of
Pw y Genetically Engineered Animals
Con g Heritable Recombinant
DNA Constructs”.

6/2/2017

Many animal breeding goals, including gene edited
animals, have the potential to address sustainab
goals including improved animal well-being,
efficiency and reduced environmental footprint

Comments on the revised FDA Draft Guidance #187
regulating intentional gene alterations as a new
animal drug can be submitted until June 19t, 2017
Speak up scientists — be a #Force for Science

oV,
394-0279

https://www.regulations.gov/docket?D=FDA-2008 394

1 Animal Biotechnology and Geno catio - i Animal Biotechnology and Genomics Education

Does it really make sense to
regulate polled dairy calves
differently to polled beef calves?

reproductive technologies and genomic tools to accelerate the rate of
genetic gain.

There are a number of biotechnologies that involve the use of in vitro
processes, and many result in genetic modifications that are
indistinguishable from the naturally-occurring variation that is the driver
of both traditional breeding programs and evolution.

A number of useful traits including disease resistance and animal welfare
traits have been successfully introduced into various livestock species
using both genetic engineering and gene editing techniques.

Ultimately these biotechnologies complement the genetic improvement
that can be accomplished using traditional selection techniques and, if 8 g
judged acceptable, offer an opportunity to synergistically accelerate k& \ i

genetic improvement in food animal species. Carroll D, Van Eenennaam AL, Taylor JF, Seger J, Voytas DF. 2016. Regulate genome-
edited products, not genome editing itself. Nat Biotech 34: 477-9 rdcu.be/hUVn

Animal Biotechnology and Gena ducation Animal Biotechna omics Education

My laboratory receives public funding support from the
National Institute of Food and Agriculture and the
Biotechnology Risk Assessment Grant (BRAG)
program, U.S. Department of Agriculture, under award
numbers 2011-68004-30367, 2013-68004-20364,
2015-67015-23316 and 2015-33522-24106.

United States  National Institute] "l!'w!
Department of  of Food and : ]
Agriculture Agriculture

Animal Genomics and Biotechnology Education

2017 BIF Symposium, Athens, Ga. 8



