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What would the average Brit think’

RobertHook, no average Brit

Pl ant research Dbrought u



Equi valent 1 n signif|
Is the Cell theory (1831).

Matthias Schleidenfirst working with plant cells,
later Theodor Schwann working with animal cells

Cells are the basic unit of life
Cells come from cells

Library of Congress



Ao Ict veuer - uidrl -
average Brit
Scottish Botanist, Robert
Brown

é first def i
cell nucleus (1833).

Plant research brought us the cell nucleus.


http://en.wikipedia.org/wiki/Image:Brown.robert.jpg

The first virus was discovered by a

He also worked out nitrogen fixation
and provided the archetypical
example of symbiosis



http://en.wikipedia.org/wiki/Image:Mwb_in_lab.JPG

Melvin Ellis Calvinfamed for discovering

The Calvin cycle for which he was awarded
the 1961 Noble Prize in Chemistry.
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But did you realize he pioneered the
pulse chase technique which lead to
other major discoveries.

o 1974 Nobel Prize in Physiology or Medicine
Albert Claude

Christian de Duve

George Emil Palade

"for their discoveries concerning the structural
and functional organization of the cell"


http://upload.wikimedia.org/wikipedia/commons/0/04/Melvin_Calvin.jpg

The list of accolades to plant
NEaSlI NOKSNAR 372
Genes: Gregor Mendel Experiments in Plant Hybridization in 1865
The first gaseous hormone: 1901 Neljubow Russian botanist
Programmed Cell Death: Peter J Allen, Plant Pathologist 1927

Transposable elements: Barbara McClintock Ma
Molecular Chaperones: John EIlIlis English Bot
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http://en.wikipedia.org/wiki/Image:Barbara_McClintock.png

Albert Lasker

Basic Medical Research Award
Victor Ambros, David Baulcombe, and Gary Ruvkun

For discoveries that revealed an unanticipated world of tiny RNAs that requlate gene function in plants and animals. (More >)

Victor Ambros Ph.D. David Baulcombe Ph.D. Gary Ruvkun Ph.D.
University of Massachusetis University of Cambridge Harvard Medical Schog

Mass. General Hospita

A Species of Small Antisense
RNA in Posttranscriptional
Gene Silencing in Plants

Andrew J. Hamilton and David Baulcombé "

29 OCTOBER 1999 VOL 286 SCIENCE .

WWWw.sciencemag.org
Chalconesynthasesenseexpression induces silencing
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In recent times, much of the impact of plant biology on human
health research comes from the model, Arabidopsis

So, why Arabidopsis?



Arabiglopsis:
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Rice, Barley x4

Small, compact Tomato, Soybean x10
Corn X25
genome . Wheat x160
125 million bp Human %32

6 week generation time

Genome sequenced

Forward and reverse genetics to make mutants
Excellent and growing Bioinformatics base
Over 100 naturally isolated inbred lines

Open and free sharing of information and materials



Mumber of Publications per Year
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NUMBER

Arabidopsis has more genes than Drosophila or C. elegans

But around the same number of different protein families

30000 -

0 GENES
B PROTEIN
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ORGANISM

Human: 30,000 genes Rice: 40,000 genes



Nearly half of all Arabidopsis.genes
have unknown fUﬂCtIOnS division and dna

synthesis
transcription

cell rescue, defense,

metabolism cell death, ageing

cellular
—— communication /
signal transduction

—protein destination
intracellular transport
unclassified : .
cellular biogenesis
transport facilitation

—energy

Lprotein synthesis

Lionic homeostasis



Arabidopsis is the ideal model to study DNA and histone methylation

Cytosine methylation is important for genomic imprinting, X chromosome inactivation,
Transposon silencing, gene silencing, to name a few:

Humans do it and Arabidopsis does it, but S. cereviseae and C. elegansd on o0 t .
Unt i | recently, we thought flies dond6t either but

Mutations eliminating DNA methylation is embryo lethal in mouse, but not in Arabidopsis.
Viability in Arabidopsis enabled several advances:

ADECREASE IN DNA METHYLATION 1 (DDM1), a chromatin remode
LSH is the human ortholog

MRelationship between DNA and histone methylation was worked out in Arabidopsis

AThe methyl transferase accessory protein, UBIQUITIN-LIKE RING FINGER 1,
required for methylation maintenance


http://images.google.com/imgres?imgurl=http://upload.wikimedia.org/wikipedia/commons/thumb/c/c8/Dead_mouse.svg/375px-Dead_mouse.svg.png&imgrefurl=http://commons.wikimedia.org/wiki/Image:Dead_mouse.svg&h=218&w=375&sz=35&hl=en&start=3&um=1&usg=__AVTq4_GQsH440Lh0hfATrS2BEn0=&tbnid=XVYXOlhZ6aH6lM:&tbnh=71&tbnw=122&prev=/images?q=dead+mouse&um=1&hl=en&rlz=1T4DMUS_enUS283US289&sa=N

Human disease Fly Worm Budding Yeast Arabidopsis

Cancer 43/64 46/64 25/64 45/64 = 70%
Arabid op S18 ffas ¥
Cardiovascular 3/6 4/6 2/6 416 = 67%

hamologues.of many..
IngEertant.iuman proteins
Imvolvet i diseasé and

Renal 10/16 11/16 6/16 9/16 = 56%
C a@@@ r :0/17 9/17 5/17 5/17 = 29%
Immune 9/17 8/17 7117 6/17 = 35%

E values < 1010



Arabidopsis evolved in diverse climates

Variations in locally adapted traits can teach us:
Gene function
Evolutionary history

Variations in locally adapted traits impact:
Drought, cold, salt tolerance
Pathogen resistance
Flowering time
Seed nutritional value



The impact of Arabidopsis on Human Health:
Diversifying our Portfolio

Annate Immunity
ACOP Signalosome
KCryptochomes and |
the circadian clock |
AJbiquitin Cycle
ARNA silencing

AONA methylation

MNatural Genetic
Variation

' :

Arabidopsis shows up in unexpected places.

June 13, 200€ell133:939943



A Innate immunity and disease resistance
A Cop Signalosomeand cancer

A Plants as bioreactors forpharma and
neutraceuticals

A Improvement in nutrition and farming
practices

A A story out of my own playbook how can
Arabidopsis possibly make an impact in the
mature field of G protein signaling?
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Resistance to all 0 se classes of parasites is mediated:
evolutionarily -conservedc | ass of protei‘ns
~Proteinso. -

Jeff Dang| N <>
UnivNorth Carolina™ P, . . <




Baeteria

Jeff Dangl S.Y. He, I\/Iig:hggnState Unl\{(

UnivNorth Carolina



Jeff Dangl
UnivNorth Carolina

Plant-cellwall

PAMP/MAMP Triggered Immunity (P71)



high

threshold for HR

amplitude of defence

threshold for
effective resistance

Jeff Dangl
UnivNorth Carolina




Plant-cellwall
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suppress PTI
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Jeff Dangl
UnivNorth Carolina



Type |ll Effectors

Plantcell-wall
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NB-LRR

APAF1

CIITA

Cryopyrin

NOD2

NAIP

NBD LRR

WD40
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Animal intracellular receptors can perceive microbes

PATHOGENS PATHOGEN ASSOICATED
MOLECULES
STAPHYLOCOCCUS AUREUS MONOSODIUM URATE (MSU)

LISTERIA MONOCYTOGENES
SHIGELLA FLEXNERI
KLEBSIELLA PNEUMONIAE
SENDALI VIRUS
INFLUENZA VIRUS

CALCIUM PYROPHOSPHATE DEHYDRATE (CPPD)
MAITOTOXIN

NIGERICIN

IMIDAZOQUINOLINE COMPOUNDS
BACTERIAL RNA

ADENOVIRUS LPS+ATP
SALMONELLA TYPHI
SHIGELLA FLEXNERI NLRC4
ANAPLASMA PHAGOCYTOPHILIUM e X0k ((

PSEUDOMONAS AERUGINOSA

LEGIONELLA PNEUMOPHILA

MNERFS o ANTHRAX LETHAL TOXIN
((((“‘((' MURAMYL DIPEPTIDE
SHIGELLA FLEXNERI NLRC1
HELICOBACTER PYLORI ((((f{’((. PEPTIDOGLYCAN (GM-TRIDAP)
CAMPYLOBACTER JEJUNI 3
PSEUDOMONAS AERUGINOSA —— 7
CHLAMYDOPHILA PNEUMONIAE ((( z“ (l MURAMYL DIPEFTIDE

LISTERIA MONOCYTOGENES NLRC2

BACTERIAL DNA
VIRAL DNA

FRANCISELLA TULARENSIS

-7

CASPASE-1 ACTIVATION
INFLAMMATORY CYTOKINE PRODUCTION .
CELL DEATH INDUCTION Stephen Willingham
NFKB ACTIVATION .
BACTERIAL CLEARANCE Jenny Ting



Strong association of NOD2/CARD mutations witiN2 KligeQse

Clear evidence now that many inflammatory responses involve the NOD/CARD proteins

Ileocecal reg1on

Stomach

Large intestine |
(colon) :

Small intestine |

#ADAM. Once thought to be an autoimmune
disease now is clearly due to
impaired innate immunity



NLR superfamily activation differs between
plants and animals
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Type Il Effectors
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Jeff Dangl
UnivNorth Carolina



threshold for HR

amplitude of defence

threshold for
effective resistance

Jeff Dangl
UnivNorth Carolina



A Innate immunity and disease resistance
A Cop Signalosomeand cancer

A Plants as bioreactors forpharma and
neutraceuticals

A Improvement in nutrition and farming
practices

A A story out of my own playbook how can
Arabidopsis possibly make an impact in the
mature field of G protein signaling?



Light Control of Arabidopsis Development

Adult Seedling

Development
Arrested

Ligh\ / Darkness

Seed

Xing Wang Deng
Yale University



A Genetic Approach

Dark Light

Dark Light

Wild Type coplMutant

nstitutive “hotomorphogenesis
e-—iolated; FUS=' ' 'ca

Xing Wang Deng
Yale University




The PleiotropicCOP/DET/FUGenes

COP1/FUSY
DET1/FUS2

_ COP10/FUS9 N .
COPYFUS7IFUSS -
ng ht FUS6/COP11 P otomorp O
- FUS12/COP12
Signals geNEsIS

COP8/FUS4

A All mutations are reces Iive and lesfsfunction,
thus the genes they defined act as repressors of
photomorphogeniaevelopment.




The COP9 signalosome (C<SN)
subunits & the COP/DET/FUS genes

COR/DET/FUS ) Gene

Skt Alfect the Compliag
Sy FUS6/COP11
S2 FUS12/COP12
53 FUST1/COP13
S4 COP8/FUS4
S5 AJHT & AJH2
S6 CSNBA/CSN6B
S7 FUSS/COP15

59 COPYFUS7/IFUSE

Xing Wang Deng
Yale University
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26S
COP9 signaliosermme proieasyne
(CSN)
COP9 signalosome S.cerevisiae
subunits of plants ldentity lid subunits
CSN1 22% Rpn7p
CSN2 21% Rpn6p
CSN3 20% Rpn3p
CSN4 19% Rpn5p
CSNb5 28% Rpnllp
CSNG6 22% Rpn8p
CSN7 15% Rpn9p

CSN8 18% Rpnl2p



Far-red light Red light

U U

A

OP1, CSN,
COPlO/DETl Ahe COP/DET/FUS

proteins form 3
I complexes to negatively
regulate key
transcription factors
responsible for the
photomorphogenic
ﬂ genome expression

Photomorphogenesis

CRY1




COP1 acts as a RING E3 ligase to
target HY5 for Ub & degradation

r WD-40 repeats I
O
*

Xing Wang Deng Osterlund, Hardtke, et al, Nature, 2000
Yale University




The COP9 signalosome physically contacts the Cull and Rbx
subunits of SCF and regulates the E3 activity

NEDDS
or RUB
COP9
Signalosome
De-neddylation
Or derubylation)

SCF

Xing Wang Deng | DeShaeS Iab and Deng Iab, 20(1]

Yale University
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Far-red light Red light
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Genome Expression &
Photomorphogenesis

Xing Wang Deng
Yale University




null mutations in CSN subunits:

-

Areast Cell elongation (reduced division), UV sensitive

Aly- larval lethal, DNA damage check point’is
activated

ANorm, sterile- defectiveoogenesis

Adrabidopsis, seedling lethal, constitutive
photomorphogenic


http://images.google.com/imgres?imgurl=http://www.ah.novartis.com/images/fhp/dead_fly.jpg&imgrefurl=http://www.ah.novartis.com/fhp/en/index.shtml&h=259&w=283&sz=9&hl=en&start=5&um=1&usg=__-mziiDIUlWLH_rf7xTZpWFU6TRY=&tbnid=rhLPKmveqWCihM:&tbnh=104&tbnw=114&prev=/images?q=dead+fly&um=1&hl=en&rlz=1T4DMUS_enUS283US289&sa=N
http://radiationbiology.arc.nasa.gov/images/yeast1_s.jpg
http://images.google.com/imgres?imgurl=http://www.ars-grin.gov/ars/SoAtlantic/fp/stpp/burelle/nematode.jpg&imgrefurl=http://www.ars-grin.gov/ars/SoAtlantic/fp/stpp/burelle/nematode.html&h=279&w=426&sz=30&hl=en&start=1&um=1&usg=__V2q1gwYPorQ6ZpO-SFnIuILW8Io=&tbnid=oAKJKF5PXEgqLM:&tbnh=83&tbnw=126&prev=/images?q=nematode&ndsp=21&um=1&hl=en&rlz=1T4DMUS_enUS283US289&sa=N

0The CSN plays a central and n
mul tiple proteins that are kn

-RicharsorandZundel(December 2005) Mol Can Res 3(12)

Their table 2 lists 23 target proteins
Their table 1 references 14 types of malignancies associated
with mutations in CSN

MRapiddegradation of DNAlamagebinding protein 2 (facilitates DNA lesion repair)
cchromosome instability

A oss of degradation of Cdtl (initiates replication)
-too much Cdtl = genome instability

A oss of degradation p27 and pZ¥¢lindependentkinaseinhibitors), severatyclins
-paradoxicahyperproliferationof cells



Motecutar ANn Cruiutar Biolocy, Oct. 2003, p, 6790-6797 Val. 23, No. 19
0270-730603/508.00+0  DOE: 10.1128/MCB.23.19.6790-6797.2003
Copyright © 2003, American Society for Microbiology. All Rights Reserved.

Disruption of the COP9 Signalosome Csn2 Subunit in Mice Causes
Deficient Cell Proliferation, Accumulation of p53 and Cyclin E,
and Early Embryonic Death

Karin Lykke-Andersen,'t Laura Schaefer,? Suchithra Menon,' Xing-Wang Deng,'
Jeffrey Boone Miller,” and Ning Wei'*

Department of Molecular, Cellular, and Developmental Biology, Yale University, New Haven,
Connecticur 06520-8104," and Neuromuscular Biology & Disease Group, Boston
Biomedical Research Institute, Watertown, Massachusetts 02478°

Received 25 Apeil 2003/Returned for modification 19 May 2003/Accepted 27 Junc 2003 |

Csn2 (Tripl5/Cops2iAlien) encodes the second subunit of the COPY signalosome (CSN), an eight-subunit
heteromeric complex homologous to the lid subcomplex of the 268 proteasome. CSN is a regulator of SCF
(mlmrummmwmuwmumm
ubiquitin-ike protein Nedd8 from the SCF Cull component. In addition, CSN associates with protein kinase
activities targeting pS3, c-Jun, and IxB for phosphorylation. Csn2 also interacts with and regulates a subset
of nuclear hormone receptors and is considered a novel corepressor. We report that targeted disruption of Csn2
in mice caused arrest of embryo development at the peri-implantation stage. Csn2 ™'~ blastocysts failed to
outgrow in culture and exhibited a cell proliferation defect in inner cell mass, accompanied by a slight decrease
in Octd. In addition, lack of Csn2 disrupted the CSN complex and resulted in a drastic increase in cyclin E,
m-wkCSNhMﬂMMWwaw !
turnover. Furthermore, Cxn2 ™'~ embryos contained elevated levels of pS3 and p21, which may contribute to
premature cell cycle arrest of the mutant.




A Innate immunity and disease resistance
A Cop Signalosomeand cancer
A RNA Silencing and disease

A Plants as bioreactors forpharma and
neutraceuticals

A Improvement in nutrition and farming
practices

A A story out of my own playbook how can
Arabidopsis possibly make an impact in the
mature field of G protein signaling?



Plant-Made Pharmaceuticals (PMPSs)

1989 Hiatt, A., Cafferkey R. and
Bowdish K. Production of
Antibodies in Transgenic Plants
Nature342:76-78.

1992 Mason, H.D., M.-K. Lam
and C. J. Arntzen. Expression
of hepatitis B surface antigen in

transgenic plants. Proc. Natl.
Acad. Sci. USA 89:11745-749.

The first licensed human vaccine may combine these approaches in a therapeutic vaccit
nonl 2RITAYQa fe&YLK2Y!

49



Plantproducedidiotype vaccines for the treatment of nofHodgkin's lymphoma:
safety and immunogenicity in a phase | clinical study.
McCormick et al (2008) PNAS

In Phase | clinical trials

Nonl 2R3ITAYQa [&YLIK2Y!
#1 Hematologic malignancy, 54,000/y in USA
Median survival of 9 years

Most patients relapse after therapy

B cell lymphoma have unique cell surfalg idiotypes
Lymphomas arelonalin origin.
Consequently, thesaliotypesare tumorspecific markers

In animal modelsdiotypic scFMragments induced anidiotypicantibodies responses
and are effective in blocking tumor progression.


http://images.google.com/imgres?imgurl=http://www.lymphomainfo.net/blog/1104548613-0.jpg&imgrefurl=http://www.lymphomainfo.net/blog/index.cgi?page=47&usg=__f2BWQ9X9iAjUBo195WCiaQEaBeg=&h=179&w=259&sz=20&hl=en&start=198&um=1&tbnid=iX7ciKpvE5LtCM:&tbnh=77&tbnw=112&prev=/images?q=Non-Hodgkin%E2%80%99s+Lymphoma&start=189&ndsp=21&um=1&hl=en&rlz=1T4DMUS_enUS283US289&sa=N

Patient Specific Cancer Vaccine for Ndiodgkins Lymphoma

TMV GENEWAREector

Identify tumor Ig genes _
: STAGE 2:Cloning the Variable RegiscFy Sequenceslight

Entire process takes 6
10 weeks

---------------------------------

: Distribute to

: pp pharmacies

: of clinical
centers

| STAGE3: Cloning i | STAGE 4: Downstreand i STAGE 5: Finish'
i and Selection i Purification--cGMP i and Fill :

Slide provided by Dr. Barry Holtz; original source was Large Scale Biology, Inc.

Challenges: Ig may be IgM, IgG, IgA. Need a robust system to rapidly clone the gene
each biopsy and produce the corresponding Ig molecule under GMP as a vaccine

51



The Technology Is Suitable for Industrial Scale Productic
Automation of Agroinfiltration to Deliver Viral Vectors to
Non-Transgenic Plants

B. Infiltration
and growth

Agrobacterium production
Media

= 30
it

C. Protein purification

o
Master
cell bank . - A -
Q Q

Inoculum _
preparation Fermentation

G |
Working
cell bank

52




Current protein drug pricing (Wall Street Journal)

Saturday/Sunday, February 23 - 24, 2008

Genentech Clears Hurdle
On Cancer Druag Avastin

CTAMTLLTU 1ALTL L1110 yLuii,

Of 45,000 U.S. women diagnosed
with metastatic breast cancer each
year, 38,000 are estimated to be eligible

Avastin costs about $7,700 a month,
or $84,700 for an average 11- month

FDA approval, enact a
$55,000-a-year price cap.

Genentech, South San Francisco, Ca-
lif., had been waging an uphill battle for
approval to sell Avastin to those newly
diagnosed with metastatic breast can-
cer. Avastin, already approved to treat
colorectal and lung cancer, fetched
2007 sales of $2.3 billion. Analysts said
Genentech needed the new use to fuel
growth.

a IR S % IR (O ST

Multipurpose

Avastin sales have grown as the drug
has been approved for multiple cancers

Feb. 2004: Oct. 2006: Feb. 2008:

Approved for Approved for Accelerated

colorectal advanced non-  approval

cancer small cell for breast
lung cancer cancer

U.S. sales, in billions:
- $2.5

2.0
219
- 1.0
- 0.5

2004 2005 2006 2007 .
Source: Genentech

Avastinis amonoclonal antibodyagainstvascular
endothelial growth facto{VEGF). 53



http://en.wikipedia.org/wiki/Monoclonal_antibody
http://en.wikipedia.org/wiki/Vascular_endothelial_growth_factor
http://en.wikipedia.org/wiki/Vascular_endothelial_growth_factor
http://en.wikipedia.org/wiki/Vascular_endothelial_growth_factor

In the bag. These cultured carrot cells are engineered to make a human drug.
CREDIT: PROTALIX

Is the Drought Over foPharming
Jocelyn Kaiser

Despite technological, economic, and social issues, companies are plowing ahead,
making drugs and other compounds in plants

Science&5 April 2008:
Vol. 320. no. 5875, pp. 4375


http://www.sciencemag.org/cgi/content/full/320/5875/473/F1

Selected Plant-Made Pharmaceuticals

Company

Human drugs

Protalix Biotherapeutics
Biolex Therapeutics
SemBioSys Genetics

Meristem Therapeutics

Other products

Ventria Biosaence
Caobento

Planet Biotechnology
Dow AgroSciences
C1GB, Cuba

Plant

carrot
duckweed
safflower

com

rce
Arabidopsis
tobacco
tobacco

tobacco

Grown in

cell culture
indoor chambers
field

field

field
greenhouse
field
cell culture

greenhouse

* Ongoing; 1 Projected late 2008; § Completed; 11 In Ukraine.

Drug or product

glucocerebrosidase
alpha interferon
insulin

lipase

lactoferrin, lysozyme
human intrinsic factor
secretory antibody vaccine
peultry vaccine

vaccine purification antibody

Disease

Gaucher disease
hepatitis C
diabetes

cystic fibrosis

diarrhea

Status

Phase il trial*
Phase Il trial*
Phase VIl trial 1
Phase Il trial 1

Efficacy trial §

Vitamin B-12 deficiency Approved 11

tooth decay
Newcastle disease

hepatitis 8

E.U. approved
USDA approved

On market



A Innate immunity and disease resistance
A Cop Signalosomeand cancer
A RNA Silencing and disease

A Plants as bioreactors forpharma and
neutraceuticals

A Improvement in nutrition and farming
practices

A A story out of my own playbook how can
Arabidopsis possibly make an impact in the
mature field of G protein signaling?



Gaz2NBF GKIYy KItTF 2F [ttt OKAfR RSIOKAa ¢
30 percent of all children are undernourished and 60 percent who die of common
RAASIF&aSa a4dzOK |a YFEFNAIF YR RAFNNKSE

Exploring a Vision: Integrating Knowledge for Food and Health (2004)

THEINATIONALACADEMIES

Wi dvisersito'theWation'on Science \Engineering, ‘ond Medicing

50% of disease world wide is due directly to poor
nutrition.

WHO report 2002 57207 5o v Fo o

W s Wy


http://www.nap.edu/catalog/10936.html
http://www.nationalacademies.org/
http://www.who.int/en/

Challenges facing Plant Biologists
and Human Nutritionists

A >800 Million are chronically malnourished.

A>33BilliBni livelon <0$@ a day (var't afford < $ 2
nutritional supplements!!).

A Between 1990 and 2020 population is expected
to increase 45%, mostly in developing countries.

A Developed countries are seeing rises in
fdiddases of abendance”f(heartlattacks, eancers, O
obesity and extended longevity related
problems).

DeanDellapennaviSU



Good Nutrition Can Postpone Chronic Diseases
and Compress the Period of Age Related Infirmity

Lung .
L Heart Cancer™.”
Poor Nutrition Attack
Pneumonia
A Emphysema
| | |
Lung
Good Nutrition Stroke Cancer;
~Y
Pneumonia Heart -
Attack S
A Emphysema
| | |
0 50 100

Years



