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Chinese hamster ovary cells are a
widely used protein production
host because....

= Glycosylation patterns accepted by human
Immune system

= High production efficiency
= Growth to large scales in bioreactors
= Resistance to viral infection




First Step:
Decipher the Chinese Hamster Ovary Genome

Chinese Hamster Ovary
(CHO) Cells
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Analysis and Application of Gene
unction in Chinese Hamster Ovary (CHO)
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Glycosylation (N-glycan):

Polypeptide Struc Attached sugar group

Biotherapeutics are Glycoproteins
*Polypeptide chain of amino acids
*Attached sugar (glycan) chains: glycosylation

“Biomolecular
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Cell density

Can We Prevent Death Phase in Cell Culture?

Lag
phase

Exponential
growth phase

Stationary
phase

Death
phase

I

Ny

Death phase: number of viable

(living cells) in the stationary phase

culture decreases due to cell death

Time (days)




Apoptotic Detectlon Examples

Healthy Chinese Hamster Ovary (CHO) cell L _

Apoptotic CHO cell

Blebbi

Chromati
condensatio

CHO cells (3 and 7) and
Baby Hamster Kidney (BHK)
(5 and 8) undergo DNA fragmentation

Acridine Orange Staining



Does Nutrient Depletion Stimulate

Extracellular Space
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Comparison of Cell Viability in
Depleted (Spent) and Nutrient Rich (Fresh) Media
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Time, (h)
Alex Druz and Yossi Shiloach

Rapid decline (hours) of cell viability for cells
Resuspended in spent media



Are CHO Apoptosis Pathways activated in Depleted
Media:
Measurement of Caspase Activity
15.3h in depleted media
18.8h in depleted media

—
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40000 - 25.4h in depleted media
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10000 |'V
0 N ] ]

0 10 20 30
Time of caspase plate exposure, (

40
in

Caspase activity, (relative fluorescent units)

Caspase activity (apoptosis) increased for cells exposed
for longer periods (20-25 réc_)urs) in depleted (spent)
media



Higher Antibody Biotherapeutic Yields in
Chinese hamster cells expressing anti-apoptotic

genes

6007 —0— Control-Ab#1 7001
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D 400- S, 500
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a 200 2 200-
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Time (days) Time (days)

Dorai et al., Biotechnol. Bioeng.,
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Can we apply
‘Omics approaches to help interpret
mammalian cell performance for biotechnology



Are MicroRNAs involved in
Regulating Apoptosis Cascade
In Mammalian cells

Transcription fac tors miR
Pleiotropy 1117011 v Iﬂ]]_:ll_]]]th DNA ___________.u,:"f‘ \
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I iy Target #2
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ard
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activit
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Microarray Analysis of MicroRNA:
Fresh and Depleted Media

mmu-miR-466h

mmu-miR-669c¢
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(A) Microarray map of overlaid
images of miRs in fresh
(labeled red) and

conditions.




Location of microRNAs within cluster

Fresh media

Mouse miR relative Depleted media Up-regulation in
D Variant Mature miR sequence relative depleted media p-value
fluorescent . .
(mmu-) K fluorescent signal (times)
signal
miR-297a
- AUGUAUGUGUGCAUGUGCAUGU 14+4 14124220 10113 0.039
miR-466a 3
P UAUACAUACACGCACACAUAAGA 8+1 203£30 25%1 0.050
miR-466b
3-3p AAUACAUACACGCACACAUAAGA 5+1 209439 42+1 0.035
iR-466d 3p UGUGUGUGCGUACAUGUACAUG 10£1 648+122 6546 0.039
miR-
5p UAUACAUACACGCACACAUAG 812 552492 696 0.050
(R-466f 3p CAUACACACACACAUACACAC 1941 5056105 26648 0.009
e 5p UACGUGUGUGUGCAUGUGCAUG 102413 2220045982 218431 0.036
miR-466g
- AUACAGACACAUGCACACACA 51+9 14935+4286 29332 0.038
miR-466h
- UGUGUGCAUGUGCUUGUGUGUA 294 13105£2366 452+19 0.023
miR-467a .
minor AUAUACAUACACACACCUACAC 44x1 9567+2001 217+40 0.025
miR-467b .
minor AUAUACAUACACACACCAACAC 728 144512817 20117 0.027
miR-467¢ .
minor AUAUACAUACACACACCUAUAU 1442 105638 75+8 0.022
miR-669a
- AGUUGUGUGUGCAUGUUCAUGU 7+0 57+3 8+0 0.016
miR-669b
- AGUUUUGUGUGCAUGUGCAUGU 8+0 46x1 620 0.003
miR-669¢
- AUAGUUGUGUGUGGAUGUGUGU 234 28704299 12549 0.023
miR-669d
- ACUUGUGUGUGCAUGUAUAUGU 7+0 1511+463 216266 0.038
miR-669¢
- UGUCUUGUGUGUGCAUGUUCAU 1240 4090971 34181 0.027
miR-669f
- CAUAUACAUACACACACACGUAU 44x1 1344444267 30690 0.037
miR-669h
UAUGCAUAUACACACAUGCACA 3266 411 0.007

0 18'detected membekrs.of mouse miR 297-669.:
cluster were up-regulated in CHO cells in




MicroRNA and gene upregulation in

glucose-deprived media
* 466h microRNA *  669c microRNA
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Micro-RNA cluster miR 297-669 is intronic
and co-expresses 466h and 669c
together with the Sfmbt2 gene

M~ Intron 10 m J |
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Effect of glucose deprivation on oxidative stress and
reactive oxygen species (ROS) accumulation

A40
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Intracellular ROS levels, (MFI of DCF labeled cells)

300 +

200 +

100 +

o
I

Intracellular ROS levels (A) Green fluorescence is
proportional to

intracellular ROS levels
following glucose
deprivation

(B) Intracellular ROS levels
increase with time of
exposure to glucose

0 5 15 25 35 45 50 free-media

Time of glucose-free media exposure, (h)




Effect of oxidative stress (glucose depletion or
hydrogen peroxide) on miR-466h

A B

(o))
]

[3)]
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N =N

N
1

Relative expression of miR-466h

Relative expression of miR-466h
w

T

0 5 15 25 35 45 50 0 1 2 3 4 5
Time of glucose-free media exposure, (h) Concentration of HoO5 in media, (mM)

(B) miR-466h activated by|exogenous oxidative stress - H,O,

(A) miR-466h also activated by exposure to glucose-free media



Other effects of glucose depletion:

800 -

H

600

400

N

Hi

200 +

GSH content, (Relative fluorescent units)

0 5 15 25 35 45 50

o

Time of glucose-free media exposure, (h)

Depletion of glucose lowers
intracellular glutathione (GSH) levels in cell lines



Effect of glucose deprivation on
histone,deacetylase (HDAC) activity

120 ~
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Effect of chemical
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Different epigenetic drugs concentrations

466h microRNA
1 3m
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PBA = HDAC Inhibitor
Aza = DNA demethylating agent

HDAC inhibitors (PBA)
increase Sfmbt2 gene
and miR 466h expression

M

Demethylating agents have

Different epigenetic drugs concenixation

neglible effects on
Sfmbt2 and 466h expression



Effect of glucose deprivation on
histone acetylation

1.8

1.6

——

Enrichment
Of
Acetylated
Histones
Near
miR-466h
Promoter

HH

1.4 -

i

1.2

=

richment of Ac-H3 in miR-466h-5p promoter area

HH
o

1.0

|
1

0.8

Relative en

0 5 15 25 35 45 50

Time of glucose-free media exposure, (h)
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Glucose deprivation lowers HDAC activity and this

Increases acetvlated histones



Pathway for MicroRNA Activation

Transcriptional activation, miR-466h-5p expression

Glucose \——) - —J MiR-466h-5p

Ac
S Ac @Ac

A
XX
E nric h me nt 02=3»  mitochondria Histone Acetylation

Of
Acetylated ... ROS - _)_)%;_) ‘ 1
Histones ""

Histone Deacetylation

GSSG  NADPH Detoxified
T products GSSG ®®
| Proteosomal degradation @

Silencing of miR-466h-5p
transcription

Glucose deprivation pathway leads to ROS,
Histone acetylation, and microRNA activation



What are targets of MicroRNA mir-466h

(18708 mmu-miR-466h potential targets
were obtained from miRecords using
bioinformatics analysis

 Targets were narrowed to 38 anti-
apoptotic genes with DAVID NCBI (which
classifies genes according to their
biological roles)

9 anti-apoptotic genes were predicted to
be targeted by mmu-miR-466h by 3
prediction engines



Potential targets of mir-466h

—/ fresh media
120 A mmmm depleted media

R S T S

80 -

60 -

40 -

20 -
0 . . . fl—

stat5a bcl212 birc6 dad1 smo
Predicted anti-apoptotic gene targets of mmu-miR-466h

Relative mRNA expression levels, (%)

Five anti-apoptotic genes were detected in CHO and
DOWN-REGULATED in nutrient-depleted conditions:
statb5a, bcl212, birc6, dad1, smo



MicroRNA and Apoptosis Signaling

Glucose Depleti .
“f—“%:».%b
activates

Reduces mRNA

Anti-a pow genes

® - -
APOPTOSIS —— e —— €5
- Stimulates

caspases




Chemical Inhibition of MicroRNA

D - -
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Anti-apoptQosis genes

2 -
APOPTOSIS < 7— < ~ -
- Blocks

Caspase
Activation




Effects of anti-mir466h

A chemically modified single stranded

)
oligonucleotide specific for mmu-miR-466h e
< 1000 -
was added to the cells ©
L 900 -
C  goo -
The levels of mmu-miR-466h in fresh media E 200 -
and in the depleted media, with or without g
anti-miR-466h, were measured g 600 -
© 500 -
c
O 400 -
Compared with fresh media, mmu- @ 300 |
miR-466h levels were 10 times S 200 -
higher in depleted media in the s | _
absence of the inhibitor S -
= 0 .
% fresh media depleted media depleted miR-466h inhibited
(0’

Mir-466h levels were reduced by a
factor of 4.5 in depleted media
containing anti-miR-466h.

Different media conditions for CHO-S growth



Effects of anti-mmu-mir466h
onh potential anti-apoptotic targets

N
(3]
]

HEN depleted media mmu-miR-466h not inhibited T
1 depleted media mmu-miR-466h inhibited

N
o
1

-
a
1

-
o
1

o
1

Relative mRNA levels in spent media

aaldld.

statba bcl212 birc6 dad1 smo

o

Anti-apoptotic genes targeted by mmu-miR-466h

Addition of anti-mmu-mir-466h enhances mRNA
levels of anti-apoptotic genes in depleted media



Does chemical inhibition of
mir-466h affect apoptosis?

3000 -
1 Fresh media

I Depleted media with miR-466h inhibi
2500 1  mmmm Depleted media with negative contr

2000 -

1500 -
1000 -
500 - -
0
15 30 45

Time of caspase plate exposure, (min)

Caspase-3/7 activity at 20h, (relative fluorescent units)

60

Addition of anti-mir-466h chemical to cells lowers
caspase activity following nutrient depletion



Does chemical inhibition of
mir-466h affect cell viability

O Cell viability in the depleted media
started to decline after about 18 hours
and fell to 81% by 23 hours.

0 When the cells were chemically
treated with anti -miR-466h
oligonucleotide, the cell viability was
higher at both the 20 and 23 hours
time points.

Viability, (% of initial viability)

-
(=}
o

90 -

80 -

70 A

60

1 Fresh media
I Depleted with miR-466h inhibitor
EE Depleted with negative control

18 20 23
Time, (h)

Addition of anti-mmu-mir-466h chemical to cells
enhances viability following nutrient depletion



Mammalian Cell Engineering

CHO Genome: www.chogenome.org
*Host genome sequence
=Integrate protein, transcript,
metabolic data

=Provide community resource for [,

ongoing cell engineering efforts

Conclusions:
MicroRNAs are activated in CHO cells under nutrient

d

d

depleted conditions

Chinese Hamster
Genome Database

A0 GENOWYWR:

The microRNA mmu-mir-466h has a number of anti-

apoptotic gene targets

Inhibition of mmu-miR-466h lowers CHO caspase activity

and increases cell viability

MicroRNAs may play an important role in control of
multiple cellular activities for cell engineering applications
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Can we apply microRNA information in
cell re-engineering strategies to alter
mammalian culture systems performance



Mass Spec Proteomics
Analysis in CHO
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Proteome all (8300) Glycoproteome (525)

6000

ldentified proteins include:
*Cell adhesion molecules
*Growth Factors
*Receptors
*Glycosyliransferases and glycosidases
*Chaperones
*Apoptosis inhibitors
«1292 different proteins were observed to be N- 38
alvcosvlated



MicroRNA Biogenesis

Pri-miRNA

1€

PremRNAE

Nucleus

Cytoplasm dsRNA
e @ T
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MW
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/ \

Asymmetric RISC Some
assembly mMiRNA
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Ribosome \/—\
m Target
mRNA

RISC RISC RISC

Translational repression mRNA cleavage

ORF

microRNA information center




www.CHOgenome.org

One-stop shopping for everything genomic related to CHO.

A community website sponsored by academic, government
and industrial collaborators has organized and financially
committed to share and host genome-scale information
about CHO and activities for the biotechnology community.

Chinese Hamster
Genome Database

o €07 GENOYNR ¢
T AT ATTGGACTN WIS

Accession number, gene name or GO term:

Genes BLAST Function

e\
=
flybase.org &) (o)

wikipedia
etc.

Downloads

@1

Genome Viewer
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Can we apply genomic information to help us
better understand and improve mammalian
Cell culture?



CHO K1 Genome Assembly and Annotation
= CHO-K1 (ATCC CCL-61)

» CHO-K1 genome sequence
 Total of 343 Gb sequence generated

» >95-fold coverage of the CHO
genome

» CHO-K1 genome assembly

» 2.45 Gb of estimated 2.6 Gb genome

assembled ,
CHO-K1 genome annotation

= 24,383 predicted genes

= 29,291 predicted transcripts
= 416 ncRNAs predicted Xu et al (2011)



Comparative Genomic Features

CHO-K1 | Mouse Rat Human
Genome size 2.6 Gb 26Gb | 275Gb | 29Gb
Chromosomes 21 40 42 46
(2n)
Average GC 41.3% | 415% | 41.8% | 40.9%
content
Repeat content* 38% 37% 40% 46%
Predicted genes® | 24,383 21,662 | 22,416 | 20,935

*Repeat content: RepeatMasker against Repbase transposable element
liorary and RepeatModeller to construct de novo repeat library.

AGenscan, Augustus, GlimmerHMM to predict genes which are aligned to
Ensembl rel. 58). GLEAN used to reconcile gene set that was
augmented with transcriptome data using Tophat and Cufflinks.

Xu et al (2011)



Functional Analysis of Gene
Expression

Analysis of global gene expression
* |dentify human genes in these pathways
» Look for CHO homologs in genome

= Examine gene expression using RNA-Seq
data




Most Commercial Biotherapeutics

Cancers
PCOGEN’ iti ACTIVASE
E EN Arthritis f A ALTEPLASE
{EPQEI\!H.\&-I-FA] Anemia i A BECOIMMMENT FRSUE PLAIMINGCEN ECTRATDE
f i,
Stroke and Heart Attack REMICADE t\‘{_j
Rituxan A s
AT tuximab Genetic Disorders INFLIXIMAB 1
Infertility

Sales of 100 billion dollars
Nearly 50% of FDA Pipeline

Includes Vaccines and Gene Therapy Products
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N-Linked Glycosylation

Secreted

Endoplasm glycoprotein

Golgi

Re’rlculum : Addition of N- -glycan
N-glycarbecretory ompalﬁm fRiB8accharide) to Asn

-Large high mannose oligosaccharide (N-glycan) is linked
to Asn of Asn-X-Thr/Ser of a protein in the endoplasmic
reticulum (ER)




Glycosylation Genes Expressed in CHO Ki:
What pathways are missing; What pathways are present?

Expressed JNot Expressed

All expressed:
Fucosidases
Gal-T & GalNAc-T bifunctional
HSGIcNAc/GIcA Transferases
Heparanases
** Hyaluronoglucosaminidases
Miscellaneous
N-glycans-transferases
Sulfohydrolases Mannosyltransferases
Lysozomal Enzymes

I Aryisufatases
I Fucosyltransferases

I Galactosyltransferase
I ¢ GalNAc-transferases
I Galactosidase
I Glucosyltransferases
[ GleNAc-transferases
[ UDP-glucuronosyltransferases
[ Hexosaminidases
[ Hyaluronan synthase
Iduronidases
** Lysozomal Enzymes
** Mannosyltransferases
Mannosidases
** Nuc. Sugars Transporters
[ Nucleotide Synthesis
I Sialyltransferases
I Sialidases
I Sulfatases
I ¢ Sulfotransferases

I Xylosyltransferases




Glycosylation Processing in the Cell

Complex

High Mannose

@ Galactose O N-acetylglucosamine ® Mannose
A Glucose ® Fucose \/Sialic Acid

EL

f- ] JOHNS HOPKINS .Chemical&

Y AN Biomolecular



Example reaction: Sialylation ot Glycoproteins

Gal -
ACCEPTORP, oogP®®{  Calsctose

+
DONOR: uppP-s {4 S NeusAC :

+

ENZYME: E ﬂ Alpha 2-3 Sialic acid Transferase \/

PRODUCT:P PRODUCT:P, .,

n+1



Genome Analysis of Sialic acid Reactions

in CHO v
CMP-Neu5A
CMP-sia?i?: ac(i:d O_A
CMP-Sialic Acid
Hyd roxylase u Sialic acid Transferase

-not transcribed in CHO

Linactive in humans N-glycosylated glycoprotein
NeubSAc

e y
CMP-Neu5Gc O—A

Sialic acid Transferase

,,

Immunogenic N-glycosylated glycoprotein with Neu5Gc v




Glycosylation Observations:
NO Bisecting GIcNAc to Block Fucose

B4 GIcNAc from GnTIII:

GnTIll observed in CHO genome, but not transcriptime

CHO Pathway =‘pmm ot 000 F‘—;

Human Pathway:gon =, I%DII Fl;.%).:
GnT-111 uc

& ,Glc;O ,Manfll ,GlcNAc; 9 ,Fuc




Can We Connect Transcriptomics
and Proteomics Data Sets?

B8 Transcriptomics Profiling

b -
Proteomics Profiling

Baycin-Hizal et al



Frequency

Amino Acid Codon Usage:

1.0

e

LN
=

25

Codon frequency for CHO cells and the ratio of

codon frequency in CHO cells to human.

Phe (Ley | Ile |Met [val |Ser |Pro |Thr [Ala|Tyr |His [Gln | Asn | Lys |Asp [GJY | Gys [ Trp | Arg stop
TIC | CTG | ATC | ATG | GTG | AGC | CCT | ACA | GCC | TAC | CAC | CAG | AAC | AAG | GAT | GAG | TGT | TGG | AGA TGA
T AGG
ACC
CTC oA oCT
ATT GTC | TCC CGG
TAA
L1 AAT -l TeC
T TAT | CAT GAA
AAA
AGT (GA
ACT
— GIT ocC A
A ceC TAG
TCA
CTA | ATA
GTA
cer
TTA ACG
T €C6 GG
R)"OQ E)l\b ’vbg ';’Q




Connecting Transcriptomics
and Proteomics Data Sets?

Only genome Only mRNA N Only proteome [ In proteome and mRNA

Extrinsic Pathway
Death Ligand Adapiter

Fas-L

c
rbepor

Survival Faciers

Cal*-imduced Cell
Death Pathways

B

Baycin-Hizal et al



Connecting Transcriptomics
and Proteomics Data Sets?

I PROTEIN PROCESSING N ENDOPLASMIC RETICULUM |

Gﬂ:m’ Only genome
Ribosome . s 7 Only mRNA
I Only proteome
e Clmﬂjild
13n
m@" @-‘5’ B 1 proteome and mRNA

Trarslocon

pi20 -
reCephox [Sec1a ]
= -

G1Me
osome anchor [ pld0 | A S'-W!ﬂﬂﬁﬂ

ﬁl glacosylation ER- ulu&ﬁﬁ;ﬁdam
Ntlam
Protein mcogaition -
byhmm\aloiapzm s Do 2 -

Folding 1
I = ongl/” — n_ e ajp—
Misfokled — oo
AL
Endoplarmnk reticubim s - ——————— - ( Preasome
Acrumulytion of
MERL N s EE, (] [T ]
_ $ e R L% I (e ]
Pibicin meepence ER stress 2+ B
(UFR) Releass of Bip H
4 l 4
o 7 bt
P i
dimer I
Alrhamer's Fornation _ COPIL dimar | Bl |
Afternsting <k ——=— {Golgibody) | TRAF2 |
me— ] T
o T (1)
Type IT
dubeh)spmmm
Nucleus

Baycin-Hizal et al



Effects of anti-mmu-mir466h
onh potential anti-apoptotic targets

N
(3]
1

U mRNA level for five anti-apoptotic
targets increased between 4 and 23
fold in the presence of anti-miR-466h

I depleted media mmu-miR-466h not inhibited
[ depleted media mmu-miR-466h inhibited

N
o
1

-
o
1

O The largest relative increases in mRNA
observed in smo and dad1 genes

-
o
1

(3]

U Addition of the negative control
(irrelevant anti-miR) at the same

Relative mRNA levels in spent media

aaldld.

o

concentration generated the respective
MRNA levels that were comparable to
their levels without inhibitor (data not
shown).

stat5a bcl2i2 birc6 dad1 smo

Anti-apoptotic genes targeted by mmu-miR-466h

Addition of anti-mmu-mir-466h enhances mRNA
levels of anti-apoptotic genes in depleted media



Does chemical inhibition of

mmu-mir-466h affect apoptosis
lavwarawvef

3000 -

O Caspase 3/7 activity was analyzed Rat
17 to 20 hours of incubation in fresh or
depleted media

1 Fresh media
I Depleted media with miR-466h inhibited
2500 - I Depleted media with negative contrgl

A

0 -
15 30 45 W

Time of caspase plate exposure, (min)

O Caspase activity increased only slightly .

in fresh medium 1500 -

1000 -

O No difference in caspase activity after 17
hours exposure in spent/depleted media

500 -

Caspase-3/7 activity at 20h, (relative fluorescent units)

O After 20 hours exposure, the caspase-
3/7 activity increased in depleted media

U Addition of anti-miR-466h
oligonucleotide reduced caspase

AU ierrsfanti-mmu-mir-466h chemical to cells
lowers caspase activity following nutrient depletion



Examine Potential targets of mmu-mir-

— fresh media
120 A mmmm depleted media

R S R S

(o]
o

(22}
o

=Y
o
1

N
o
1

Relative mRNA expression levels, (%)

stat5a bcl2]2 birc6 dad1 smo
Predicted anti-apoptotic gene targets of mmu-miR-466h

Five anti-apoptotic genes were detected in CHO and
DOWN-REGULATED in nutrient-depleted conditions:
statba, bcl212, birc6, dad1, smo

o



Ruestio
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Can we apply ‘omics and
cell re-engineering strategies to alter
mammalian culture systems performance



Location of microRNAs within cluster

Mouse miR

D Variant Mature miR sequence Fresh media re.lauve Depleted media .relallve Up-regulatlon in dfpleted p-value
fluorescent signal fluorescent signal media (times)
(mmu-)
miR-297a
- AUGUAUGUGUGCAUGUGCAUGU 1424 14124220 10113 0.039
miR-466a
3p
UAUACAUACACGCACACAUAAGA 81 203430 251 0.050
miR-466b
3-3p AAUACAUACACGCACACAUAAGA 5+1 209+39 42+1 0.035
miR-466d 3p UGUGUGUGCGUACAUGUACAUG 101 648+122 656 0.039
5p UAUACAUACACGCACACAUAG 8£2 552492 6916 0.050
miR-466f 3p CAUACACACACACAUACACAC 19+1 5056105 266x8 0.009
i sp UACGUGUGUGUGCAUGUGCAUG 102¢13 222005982 218431 0.036
miR-466g
- AUACAGACACAUGCACACACA 5149 14935+4286 293432 0.038
miR-466h
UGUGUGCAUGUGCUUGUGUGUA 29+4 13105+2366 45219 0.023
miR-467a .
minor AUAUACAUACACACACCUACAC 44+1 9567£2001 217440 0.025
miR-467b .
minor AUAUACAUACACACACCAACAC 7218 144512817 201£17 0.027
miR-467e .
minor AUAUACAUACACACACCUAUAU 14£2 1056£38 758 0.022
miR-669a
- AGUUGUGUGUGCAUGUUCAUGU 7+0 5743 80 0.016
miR-669b
- AGUUUUGUGUGCAUGUGCAUGU 80 461 60 0.003
miR-669¢
AUAGUUGUGUGUGGAUGUGUGU 23+4 2870£299 1259 0.023
miR-669d
- ACUUGUGUGUGCAUGUAUAUGU 70 15114463 216166 0.038
miR-669¢
- UGUCUUGUGUGUGCAUGUUCAU 1240 4090£971 341481 0.027
miR-669f
- CAUAUACAUACACACACACGUAU 44+1 134444267 30690 0.037
miR-669h
3p UAUGCAUAUACACACAUGCACA 80 3266 4121 0.007
miR-669i
- UGCAUAUACACACAUGCAUAC 18x1 3941 20 0.048

1 18 detected members of mouse miR 297-669
cluster were up-regulated in CHO cells in
nutrient-depleted conditions based on
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Can we apply
Omics approaches to improve or enhance these
Cell Engineering Methodologies
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Can we apply
cell re-engineering to improve or enhance these
Production Systems



A Typical Batch Growth Curve for Cell Culture

~fag phase:rcells-adapt-to-the new——

environment (temp, nutrients, etc.)

Exponential phase: cells dividing at a
constant rate (i.e. the maximum for
the species under the given

conditions of temp, pH, nutrients,

oxygen, etc.)

Stationary phase: cell growth ceases
as nutrients are exhausted and/or

waste products build up in the media

Death phase: number of viable

(living cells) in the stationary phase

culture decreases due to cell death




A Typical Batch Growth Curve for Cell Culture

~fag phase:rcells-adapt-to-the new——

environment (temp, nutrients, etc.)

Exponential phase: cells dividing at a
constant rate (i.e. the maximum for
the species under the given

conditions of temp, pH, nutrients,

oxygen, etc.)

Stationary phase: cell growth ceases
as nutrients are exhausted and/or

waste products build up in the media

Death phase: number of viable

(living cells) in the stationary phase

culture decreases due to cell death




Cell density

Can We Prevent Death Phase in Cell Culture?

Lag
phase

Exponential
growth phase

Stationary
phase

Death
phase

I

Ny

Death phase: number of viable

(living cells) in the stationary phase

culture decreases due to cell death

Time (days)




Apoptotic Detectlon Examples

Healthy Chinese Hamster Ovary (CHO) cell L _

Apoptotic CHO cell

Blebbi

Chromati
condensatio

CHO cells (3 and 7) and
Baby Hamster Kidney (BHK)
(5 and 8) undergo DNA fragmentation

Acridine Orange Staining



Can we apply Metabolic Engineering to
Apoptosis Pathways . .

e ——————]
Anti Apoptotic e
@@ W Bcl-2 Family -
Pro-Apoptotic Bcl-2, Bel-X, EIBI19K)
- , - D |, 10p1050ME

Initiator Caspase

Effector Cas 12



Effects of anti-apoptosis genes on
Chinese hamster ovary cell apoptosis

Untreated DMSO (Vehicle) treated Staurosporine Treated:
-apoptosis chemical
Control Cell Line Control Cell Control Cell
ine Line
; Apoptosis ; Apoptosis ;: Apoptosis3
24 Positive 2 Positive Bal
. 1% 1% 91% Positive
E1B-19K + Aven . .
DE_EA#167-unireatedcaspase . . AntI-ApoptOtIC
' Anti-Apoptotic | ¢ E1B-19K + Aven
i o E1B-19K + :
e 0.8% positive 2. Aven 5°
AL P 0.7% positive 30% positive
. E1B-Aven-Xiap
E1B-Mén-Xiap
s DE_E-#-)#197-untreatedcaspa . DE_E-A3#197-DWEOeaspas - AntI-ApOptOtIC
E1B-Aven-
: 0.4% positive : P 0.4% posiitve i Xiap
EC v 9% positive

Collaboration with Centocor: Dorai et al., Biotechnol. and Bioeng.



Higher Antibody Biotherapeutic Yields in
Anti-Apoptotic Chinese hamster cells

Ab Titer (mg/l)

6007 ——— Control-Ab#1 700-
5004 ™ EAX197-Ab#1 600-
400- 2 >00-
— 400
300- = Control
Control = 3007
200+ 2 200
<
100- 100-
c I I I I I I 0 llllllllllllll
0 2 4 6 8 10 12 14 012345678 91011121314151617
Time (days) Time (days)

Dorai et al., Biotechnol. Bioeng.,
Licensed to Johnson & Johnson




Does Nutrient Depletion Stimulate

Extracellular Space
\ C OOOOOO

= .~ APOPTOSOME
C

O

>
. &=

APOPTOSI

T A
Effector Cam



Are CHO Apoptosis Pathways activated in Depleted Media:
Measurement of Caspase Activity

1 15.3h in depleted media
™ 18.8h in depleted media
e 21.4h in depleted media
I

40000 1 25.4h in depleted media

30000 -

20000 ~

10000 - |'V
0 N ] ] ]

0 10 20 30
Time of caspase plate exposure,

Caspase activity, (relative fluorescent units)

40
in)

Caspase activity (apoptosis) increased for cells exposed
for longer periods (20-25 I&ours) in depleted (spent)
media



Microarray Analysis of MicroRNA:
Comparlson of Fresh and Depleted
sledia

Imm -miR-669c

(A) Microarray map of overlaid
images of miRs in fresh

(labeled red) and
conditions.

“o
S
]
c
o]
O
&)
-



Relative microRNA expression , (%)

Quantitative PCR Analysis of
MicroRNA:
esh and Depleted

.gRT-PCR of miR-669c¢ and
d ||aR-466h in fresh and
depleted conditions

g

BN Fresh media
I Depleted media

g

g

g

g

100 -

o
|

mmu-miR-669¢ mmu-miR-466h

Mir-669c and mir-466h upregulation in depleted
conditions confirmed with quantitative PCR analysis



Potential targets of mmu-mir-466h

(18708 mmu-miR-466h
potential targets were
obtained from miRecords
using bioinformatics

analysis

 Targets were narrowed to 38
anti-apoptotic genes with
DAVID NCBI (annotation
tool which classifies genes
according to their biological



Examine Potential targets of mmu-mir-

— fresh media
120 A mmmm depleted media

R S R S

80 -

60 -

40 -

20 -
0 . . . fl—

stat5a bcl2]2 birc6 dad1 smo
Predicted anti-apoptotic gene targets of mmu-miR-466h

Five anti-apoptotic genes were detected in CHO and
down-regulated in nutrient-depleted conditions:
statba, bcl212, birc6, dad1, smo

Relative mRNA expression levels, (%)



Effects of anti-mmu-mir466h

A chemically modified single stranded g
oligonucleotide specific for mmu-miR-466h 5 1000 1
o |
was added to the cells < 900
% 800 -
, , . &5 700 -
The levels of mmu-miR-466h in fresh media g
and in the depleted media, with or without g 6001
anti-miR-466h, were measured © 500 -
_S 400 -
(/)]
_ _ @ 300 -
Compared with fresh media, mmu- 3 200 -
miR-466h levels were 10 times > 106 _
higher in depleted media in the S .
absence of the inhibitor ® 0 — ) ) —
o fresh media  depleted media depleted miR-466h inhibited
o

Mir-466h levels were reduced by a Different media conditions for CHO-S growth

factor of 4.5 in depleted media
containing anti-miR-466h.



Effects of anti-mmu-mir466h
onh potential anti-apoptotic targets

N
(3]
1

U mRNA level for five anti-apoptotic
targets increased between 4 and 23
fold in the presence of anti-miR-466h

I depleted media mmu-miR-466h not inhibited
[ depleted media mmu-miR-466h inhibited

N
o
1

-
o
1

O The largest relative increases in mRNA
observed in smo and dad1 genes

-
o
1

(3]

U Addition of the negative control
(irrelevant anti-miR) at the same

Relative mRNA levels in spent media

aaldld.

o

concentration generated the respective
MRNA levels that were comparable to
their levels without inhibitor (data not
shown).

stat5a bcl2i2 birc6 dad1 smo

Anti-apoptotic genes targeted by mmu-miR-466h

Addition of anti-mmu-mir-466h enhances mRNA
levels of anti-apoptotic genes in depleted media



Does chemical inhibition of

mmu-mir-466h affect apoptosis
lavwarawvef

3000 -

O Caspase 3/7 activity was analyzed Rat
17 to 20 hours of incubation in fresh or
depleted media

1 Fresh media
I Depleted media with miR-466h inhibited
2500 - I Depleted media with negative contrgl

A

0 -
15 30 45 W

Time of caspase plate exposure, (min)

O Caspase activity increased only slightly .

in fresh medium 1500 -

1000 -

O No difference in caspase activity after 17
hours exposure in spent/depleted media

500 -

Caspase-3/7 activity at 20h, (relative fluorescent units)

O After 20 hours exposure, the caspase-
3/7 activity increased in depleted media

U Addition of anti-miR-466h
oligonucleotide reduced caspase

AU ierrsfanti-mmu-mir-466h chemical to cells
lowers caspase activity following nutrient depletion



Does chemical inhibition of
mmu-mir-466h affect cell viability

Q Cell viability in the depleted media === Donetd with miR-466h inhibitor
started to decline after about 18 hours = 4gp | "™ Depleted with negative control
(o) -
and fell to 81% by 23 hours. %
% 90 -
0 When the cells were chemically =
treated with anti -miR-466h 5
oligonucleotide, the cell viability was & *° |
higher at both the 20 and 23 hours £
time points. § 07
60

18 20 23
Time, (h)

Addition of anti-mmu-mir-466h chemical to cells
enhances viability following nutrient depletion



MicroRNA and Apoptosis Signaling

Nutrient D ’ :
e‘m—m?=».%b
activates

Reduces mRNA

Anti-a pow genes

® - -
APOPTOSIS —— e —— €5
- Stimulates

caspases




Chemical Inhibition of MicroRNA

D - -

Maintains

Anti-apoptQosis genes

2 -
APOPTOSIS < 7— < ~ -
- Blocks

Caspase
Activation




STRESS In Algae?

* Photooxidative Stress
— Intense Light = Photoinhibiton = Reactive Oxygen Species

— Intense Light + O, Build-Up in Closed PBRs => ROS
— Reduced Photosynthetic Efficiency

T 0 r » Potential

¢ 35 /

%_\. 30 / FPhotoinhibitory

S 25 /f// losses

ﬁ / L ¥

2 20T r * Measured
L

g 15 <

C /A

‘5 10 /

@ L

= 5

o

=

0 500 1000 1500 2000
Photon flux density, pmn::ulm'zs'1




Representative Algae

Dunaliella

Chilorella
with virus
on surface



Examine Algal Response to Model
Stress Insult

Camptothecin-Model Insult for DNA damag
In Chlamydomona reinhardtii

Camptothecin binds to Topoisomerise |
and prevents DNA re-ligation

—  Creates ‘nicks’ in DNA resulting in permanent
DNA damage and subsequent apoptosis

Wanted to test whether pRelax would
rescue cells from undergoing apoptosis
upon Camptothecin treatment

Hoescht Nuclear Staining
—  DNA fragmentation

Guava Viacount viability

DNA fragmentation in Algae 7



Effect pf other....-EnvironmentaI Stresses

Other stress imposition on wild-type (UTEX 2244) Chlamy

’ % 4
(2 2y
Q ;.r‘ ) v’
NaCl @ NS o
6 &
& ] O G T AR
Control 150mM Nacl — 250mM Nacl
: - ' I’ AJ- . )
.‘;?Ej V7 "?«' -
' k8. \ "'.‘f
- * 1%
@ ¢ .‘ " ; ;';, : . . E_'g
Control : 1000 J/m2 5000 J/m2

C.Reinhardtii after 3 days of stress



Other Stresses Reduce Cell Survival

Abiotic stress imposition on wild-type (UTEX 2244) C.reinhardtii

200mM NaCl, 300mM NaCl, 42°C Heat Shock (2h)

iz
Stresses added

15 | T

’ S S ’ S—
_ L 2 A +
£ A

= 10 — T/ sssronbrol
E el 200k HaC]
E ) 0mtd Hell
i } . He st Shiork

I

Ve i

Time [1]

Wild Type Chlamydomona

5 - Multiple abiotic stresses - [Viable Cells)

Figure 3% Wild-type C.reinhardtl growih curves - Multiple abiotic siress imposition

Figure 33 Wild Type Chlamydomonas - Multiple abiotic siesser (viability)




PHOTOOXIDATIVE STRESS TEST

Chlamydamonas

| Control
/
Cell Density /
(108 cells/ml) |
: /
f y/

Generation of Reactive Oxygen Species with 2 uM Rose Bengal

ARy




Effect of anti-apoptosis genes:

) - mi=1019 eln AMOINOLA VAN -
Abiotic stress imposition on pBcl-x transformants (UTEX 2244) 1o determine tolerance

120

« NaCl: 50mM, 75mM, 100mM, 150mM, 250mM

]

@
e

z

100

Percentage Change (%)

&

pBcl-x #2

2
=

Wild-Type

Percentage Difference (3)

100
0 26 48 72 96 120
Time (h) a0 [
W 75mh Stresses added
100mM ‘ I
Figure 38: Wild-tvpe cell density difference to control (%) of NaCl stress curves &0 W 150mM

W 250mM

pBcl-x #8

Percentage Difference (%)

Average growth reductions: °
- WT: 50.8%
*  pBcl-x-2: 31%
. pBcl-x-8: 26.1% -

Figure 40: pRelax %8 cell density difference to control (%) of NaCl stress curves




Effect of anti-apoptosis genes

At high'salt concentrations

NaCl range 175mM, 200mM, 225mM, 250mM

Figure 61- Growth curves of Wild-Type Creinbordtil under High Nall stress

Wild-Type

Figure 63: Growth Curves of pRelad10 under High NaCl Stress

pBcl-x8

pBcl-x #10



Stress analysis on flow
cytometer- Guava?

Viable celis

1024
s
J / Dead/Necratic
- ;
o 1053 : el
=iy . :
>
@ -
E 1022 o P
B S - _
*E; 7 Apoptotic cells
. ;
=R e e
&
b
A
10=0 TTTIIT T LLLL L LR | TTTTm
100 ey (it 10E 105
Wiahility (Rl

Screenshot from ViaCount sofiware of C.Remnhardtu



Percent viable of wild-type and algae expressing Bcl-x
— High NaCl — (Day 3) on flow cytometer (Guava)

Wild-Type

10=4 -
S
. R
T 1= soppsr o
= & S
i T i
3 v A _-'/-r .
O fo
= - . o)
Control ; - 90%
& /
= 10s ""'_‘,'4"'“'"“""""""""
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10e0

] LR LR e e s e
10e0 10ed 10e2 1083
Aakilty (PR

R

175mM = & 2%

Wikd-type: 175mM
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| (g
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21 e
pRe B
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Control

175mM



Percent viable of wild-type and algae expressing Bcl-x
— High NaCl — (Day 3) on flow cytometer (Guava)

200mM

225mM

250mM
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PHOTOOXIDATIVE STRESS TEST

Chlamydamonas , , | |
Control __ Anti-apoptotic 1 ~ Anti-apoptotic 2

Generation of Reactive Oxygen Species with 2 yM Rose Bengal

Expression of anti-apoptotic gene inhibits algae death by
photosensitizing dye Rose Bengal similar to photoxidative stress



Microalgae and Stress
Response

Microalgae appear to respond to different stresses through cell death
pathways

- Salt stress
- Photooxidative stress
- UV Stress

Some of the cell death pathways may be conserved between
microalgae and mammalian cell lines

Anti apoptosis strategies may also be appropriate for some
microalgae at least for some stresses

— Salt Stress

— Photooxidative Stress

— Does not work for high UV stresses



Algae Growth.in Different Environments

« Photoautotrophic: CO2 and Light
« Mixotrophic: Carbon Source and CO2

« Heterotrophic: Carbon Source Alone

Chlorella protothecoides - Autotrophic & Heterotrophic

Collaboration with CSU-Minxi Wan



Mixotrophic and Photoautotrophic

. e i1 Mixotrophic
Photoautotrophic

S Mixotrophic| ° 4 1

0 2 4 6 8 10 12 50 ) S Time (d) . .

e (@ w] @ Cuepo) 11 Chlorella sorokiniana
[ 7 :150 T + 34
Nannochloropsis oculata sel 1B P CS-01
HQWO03 Bw] "
A Photoautotrophic

Dunaliella salina
HQWO04



Effect of nitrqgen source and carbon
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Substrate growth inhibition of
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Comparison of Chlorella Lipid Content

in‘Loqgarithmic and.Stationary Phase
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Lipid content increases from log to stationary phase



Change in Chlorella Gene Expression

Gene 1 Expression
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Gene 1 expression decreases from photoautotrophic to mixotrophy



Change | in Chlorella Gene 3 Expressmn |

Gene 3 Expression
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Gene 3 expression increases from logarithmic to stationary phase



CONCLUSIONS

Metabolic Engineering has been used to improve cell performance
* Improving Product Quality through Changes in Glycosylation Patterns
« Improving Yields of Cells and Target Biotherapeutics

Genomics and other ‘omics tools will be an integral part of metabolic
engineering
« CHO genome has yielded information on potential Met. Eng. targets

« MicroRNA is an emerging genomic control tool that can alter expression
of multiple factors including anti-apoptosis genes simultaneously.

Cell Engineering of Bcl-x, Protects both Mammalian Cells and Microalgae
from a Variety of Stresses that may be found in Bioreactor Environments



Other Glycosylation Observations:

NO Bisecting GIcNAc to Blocks Fucose
B34 GIcNAc from GnTlII:

No observed bisecting (B4) N-acetylglucosamine (found on 10% of human
lgG glycoforms)

GnTIll observed in genome, but not transcriptome

& ,Glc;O ,Manfll ,GleNAc; 9 ,Fuc

. ¢
Human Pathway:gbll et '%9“ M'%?'I

Humans have bisecting GIcCNAC sugars on proteins
CHO cells do NOT produce bisecting GIcNAcs
10% of human antibodies include bisecting GIcNAcs

Biological Function?

-Bisecting GlcNAc will inhibit the binding of fucose

-Absence of fucose will increase the antibody-delivered cytotoxicity
-Antibodies from CHO cells will be LESS active in humans (have fucose)
-Antibodies from Humans will be more active (less fucose)



Targets of mmu-mir-466h

Mouse mmu-miR-466h
gene binding site(s) in Anti-apoptotic role of targeted gene
symbol mRNA 3’-UTR
bcl2I2 GCACAC Inhibits formation of permeability transition pore and
TGCACA release of cytochrome C by binding to bax
birc6 GCACA Inhibits apoptosome by binding to active-site pocket of
Caspase-9. Functions as E2 ubiquitin  conjugase for
Caspase-9 and Smac/Diablo.
dad1 2 of TGCACA Component of N-oligosaccharyl transferase catalyzing
transfer of oligosaccharide from lipid-linked donor to
nascent polypeptide chain. Loss of dadf triggers
apoptosis
smo TGCACAC Uninhibits gli-1 transcriptional factor which stimulates up-
GCACAC regulation of bcl2
stat5a GCACAC Statba dimers are transcriptional factors for bcl-x; and

bcl2 genes

statba, bcl2I2, birc6, dad1, smo



What factors cause can cell death in
mammalian bioreactors?

* Nutrient limitations

* Oxygen limitation

« Toxin accumulation

* Virus infection

» Hydrodynamic Stress
 Recombinant Protein Expression



Morphological/Physical
Changes Associated
with Apoptosis




CHO Genome Assembly Strategy

Use small insert e | | - — -
: : ] - T | -
(< 500 bp) libraries to {1 [ 3+ - — ——
assemble contigs /| T T
Align libraries (in order of
Increasing insert size) to m——mm E— B— BE——
: 1
contigs to assemble ;
scaffolds
(2kb, 5kb, 20kb) @

*CHO-K1 genome assembly
»2.45 Gb of estimated 2.6 Gb genome
assembled




P~2CX & Welcome

Chinese

27T GAG A AGTRNNRS S Hamster

o €20 GENQOYNR: ¢ Genome

7 S A7 AT7TT GG ACGN B ; Database

Accession number, gene name or symbol, or GO term: caspase

This is a beta version of the CHO-K1 genome database veri.0
containing information for the CriGri_1.0 genome assembly.

The database can be searched by:

1) Accession number (i.e. EGV99227)

2) Gene name or symbol (i.e. Transcription factor E2F3 or E2F3)
3) GO term (i.e. GO:0003700 or Transcription factor activity)

Use % in the search field to list all DB records.
There are currently 24240 entries in the database.

The CHO-K1 genome may be BLAST searched here and at NCBI.
For the NCBI BLAST search, select the Cricetulus griseus WGS
database from the "Choose Search Set" menu.

|Please Report Any Issue Or Provide Feedback|

photo courtesy of link

| visits to date: IINLEEAM |




v.chogenome.org/gene_embl_cho.php?TermSearch=caspasefisearch=search P~2EX & Welcome X -

Chinese

T A GA NG RS Hamster
/A0 GENOYXx: Genome

0 T AT e (A C SN Se Database

Home General Info Genomes Resources Community

Found 13 search results for: caspase

Genes
No. 'Gene Accession Parent Locus ﬁg roduct Qualifier
Accession
(] ST SR S e ————— S R
1 Casp8 EGV99437 JH000741 179_014611 Caspase-8
| T— G T R — R
2" 'Pacap EGV97626 JHO00776 179014961 "F"roapoptotic caspase adapter protein
¢ Card11 EGV95787 JHO00039 179001680 Caspase recruitment domain-containing
protein 11
S TIPS (S R ————r T — S N —
4 Casp7,Mchd EGW14942 JH003907 179_024625 Caspase-7
B Cards "EGW12771 "JH001398  '[79.019269 'Caspase recruitment domain-containing |
protein 9
3 Eaﬂ“,ﬂmp! "EGW08250 'JH000695 m Easpase recruitment aomain-containing
protein 14
PO P Y S PSS
7 Casps,Cpps2 EGWO06745 JHO02126 179_021949 Caspase-3
PUSSESS WUENU— F  ——— F————
8 Caspi2 EGWO01061 JH001131 179_017574 Caspase-12
S VTP [ [ — I ————
9 Casp9,Mche EGV96884 JHO001574 179_020089 Caspase-9
A S (S | ——————————— P ———————————
10 Caspi4 EGV95473 JHO000504 179_011797 Caspase-14
| S — [ —————— —— ——
11 Casp2,lch1 EGV93989 JH00047T7 "ﬁ_onus Caspase-2
U P —, [ ———— e ———— R — —————— | f— —
12 Casp14l EGV93647 JH000995 179 016717 Putative caspase-14-like protein
13 'Carde "EGV92856 'JH000578 [79 010067 Caspase recruitment domain-containing

protein 6




Change in Chlorella Gene 2 Expressmn
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Lack of a consistent trend for Gene 2 expression in stages
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CHLORELLA SPECIES GROWTH

Chiorella sorokiniana UTEX 1230

Chlorella sorokiniana UTEX 1669
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Autotrophic
Heterotrophic

o Tioiroropnic ot o x Hetoronoptic
“““ TR T e T e e T T
Time Afer noculation (@) Time Afer Inoculatio (¢ Time Afer noculation (@)
Strain UTEX 265 UTEX 411 UTEX 1669  UTEX 1230
Species C. vulgaris  C. protothecoides C. sorokiniana C. sorokiniana
Specific Growth Rate, K*  0.84 = 0.09 0.48 = 0.01 0.77 £ 0.10 1.77 £ 0.04
(dh 0.23 = 0.01 0.32 +0.05 0.19 +0.02 0.36 = 0.05
Doubling Time 20£2.0 35+1.4 21£2.2 9.2+1.0
(hr) 72£3.0 52+3.8 89 +2.6 46+3.2
Divisions per Day 1.2+0.1 0.69 = 0.04 1.1=0.1 2.6=0.1
(dh 0.33 = 0.04 0.46 £ 0.07 0.27 £ 0.03 0.52 = 0.07




Effect of Temperature and pH on

heterotrophic arowth of Chlorella
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Chlorella exhibits Temperature and pH optimums for biomass



Interpreting Algal Dynamics:

“Kinetic'Model.of C. reinhardtii

« 15 Pathways were included for a total of:

320 Biochemical Reactions
218 Compounds

» 376 kinetic constants were retrieved from the
BRENDA enzyme database, while 216 (36% of total)
were estimated.

» |In addition, 275 turnover numbers were obtained and
45 (14% of total) are estimated.

» Numerical integration was accomplished using an
adaptive 4" order Runge-Kutta with adaptive step size
(max error 1E-4)

Goncalo Maia and Mariajose Castellanos-University of Maryland, Collaborators



Effect of nitrogen on growth and lipid

Biomass Nitrogen Sources
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The nitrogen and carbon source can alter the biomass/lipid content



Abiotic stress imposition on pBcl-x transformants (UTEX 2244) to determine tolerance
*  Ultra-Violet: 1000J,2000J, 3000J, 4000J, 5000J

* No effect of Bcl-xL on protection
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Figure 42 pRelax®% exposed to UV stress (1000] /m* — S000] fm?) Figure 44 pRelae®8 UV wiabilites over 10007 /'m* — 5000] /m* stress range




5. Tolerance and Adaptation

Stresses on previously Heat-shocked microalgae Chlamy
 Algae are able to adapt to new abiotic stresses after prior shock
ex

Ztresces added
o |
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ol Deres iy (MAon celis) i)

; l_
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enoen tage Visbilty
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Figure 50: Wild-Type and previously heat chocked calls (HS-1) expoced to 200mM INaCl Figure 4% Viabilities of Wild-Type and previously heat chocked cells (HS-1) expozed to
200mM MNaCl

200mM NacCl



5. Tolerance and Adaptation

Stresses on previously Heat-shocked C.reinhardtii

Stresses asded

;

Figure 73: Wild-Type and previously heat chocked cell: (HS-1) expoced to 424C heat chock Figure 74 Viabilitiez of Wild-Type and previously heat chocked cells (HS-1) expored to 42C heat
shoek

Heat Shock # 2



Effect _of otherEnvironmental Stresses

Plants and Algae must weather High Irradiance

(UV) , pH fluctuations, NaCl changes and
Peroxide stresses and Heat

Photooxidation and Reactive Oxygen Species

Reactive Oxygen Species (ROS) produced by
Photosystems/ETS upon various stresses

Damage intracellular components
Can induce apoptosis through signaling

Bcl-x, can possibly inhibit apoptosis from ROS
induction

SCAVENGING anzymes complex
antioxidants

cell death trigger

* proteases/caspases
Ca 2

‘ MAPK (CDPK 7?) signalling

NADPH oxidase

AW o
m|

* —
‘+ MARK

+ signaliing cyte

‘__.-——" factors 7
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vacuolar collapse
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cell death
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APPROACH: APPLY ANTI-APOPTOSIS GENES

~TO ALGAE

rihsp?ﬂ Enhancer rbcS2 Promoter ! Intron Venus ” Bel-x : rbeS2 3' UTR
N— —
~"
_————__ C. reinhardtii codon-optimized (nuclear)
A \

pRelax (6458 bp)

rbcS2 3' UTR rbcS2 Imtrons f Fromoter




CONFIRMATION OF GENE EXPRESSION

* Reverse Transcriptase (RT)-PCR
— Total RNA Extraction
— cDNA Synthesis (oligo-dT,g Primers)
— PCR (200 bp of Venus)

UTEX V7A V7D R20B, R20C, pVefnus-_
2224 Only

() (+)

RNA Preparation RT-PCR Products



Effect of Model Insult on Algae and Anti-

AVeleleile
‘° I ==
Camptothecin-induced cell death in wild-type % : /T'““xf‘“"“
wall-less C.reinhardtii i — f,{/ L
« Range: 10uM, 25uM, 50uM, 100puM, 200uM 3 v ~
—T
*  51% reduction in growth rate in 10uM / %
90.1%+ reduction after 25uM sime

Pi.gl:i.te 27: Wild Type C.reinhardni (CW-15+) growth curver (Campthothecin
« Same test was applied for Wall-less with ppcaton)
and without pBclx but no significant

difference in apoptosis reduction

*  Perhaps death from DNA damage in Chlamy &
(C. Reinhardtii) occur by Mitochondria-
independent pathway through which Bcl-x,
has no effect

Parc dwilage Viahlity (%]
a &

4 &

Figure 27: Wild type Creinbardei (UTEX 2337) Viability (Camptothecin application)
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Glycosylation Processing Events in cells

Nature versus the Drug Approval Process
Nature Desires Diversity and Variability
Biopharma Demands Consistency and Reproducible

mical &

“Biomolecular
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Analysis of Gene Function in Chinese

Hamster Ovary Cells
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Xu et al, Nature Biotechnoloy (2011)



5. Metabolic Engineering

Metabolic Flux Analysis (MFA) overview
 Use stochiometric reactions of metabolic networks to determine fluxes
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Figure75: Pathways in a hyvpothetical algal cell with three compartments, the mitochondria,
cytosol and chlorophyll, the v values indicate the fluxes in the partcular reactons and the bold
capital letters (A.B.C etc.) are the metabolites.
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Algae Growth.in Different Environments

« Photoautotrophic: CO2 and Light
« Mixotrophic: Carbon Source and CO2

« Heterotrophic: Carbon Source Alone

Chlorella protothecoides - Autotrophic & Heterotrophic

Collaboration with CSU-Minxi Wan



Mixotrophic and Photoautotrophic

. e i1 Mixotrophic
Photoautotrophic

S Mixotrophic| ° 4 1
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[ 7 :150 T + 34
Nannochloropsis oculata sel 1B P CS-01
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Dunaliella salina
HQWO04
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CHLORELLA SPECIES GROWTH

Chilorella sorokiniana UTEX 1230

Chlorella sorokiniana UTEX 1669
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O Autotrophic
® Heterotrophic

Chlorella vulgaris UTEX 265
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B Heterotrophic

14 21 2% % 7 14 N 2 %
Time Afer noculation (@) Time Attr Inoculaton () Time Afer noculation (@)

Strain UTEX 265 UTEX 411 UTEX 1669  UTEX 1230

Species C. vulgaris  C. protothecoides C. sorokiniana C. sorokiniana

Specific Growth Rate, K*  0.84 = 0.09 0.48 = 0.01 0.77 £ 0.10 1.77 £ 0.04

(dh 0.23 = 0.01 0.32 +0.05 0.19 +0.02 0.36 = 0.05

Doubling Time 202.0 35+1.4 2122 9.2+1.0

(hr) 72£3.0 52+3.8 89 +2.6 46+3.2

Divisions per Day 1.2+0.1 0.69 = 0.04 1.1=0.1 2.6=0.1

(dh 0.33 = 0.04 0.46 £ 0.07 0.27 £ 0.03 0.52 = 0.07




Effect of Temperature and pH on

heterotrophic arowth of Chlorella
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Chlorella exhibits Temperature and pH optimums for biomass



Effect of nitrqgen source and carbon
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Comparison of Chlorella Lipid Content

in‘Loqgarithmic and.Stationary Phase

Initial Glucose Concentration

50 U210 g/L
45 V7425 g/L
40
35 - 257g/|_
. e 0 -
Lipid Content %] O;/L
25 -
] %
20472 ]
~ 5
0
5
0 . . . . .
logarithmic phase stationary phase

Growth period

Lipid content increases from log to stationary phase



Change in Chlorella Gene Expression

Gene 1 Expression

1.60E+03

1.40E+03

1.20E+03

1.00E+03
Expression level

relativeto 185 8.00E+02

RNA m Log Phase
6.00E+02 .
M Stationary Phase
4.00E+02
2.00E+02 -
0.00E+00 - —
0 10 25

Glucose Levels (g/L)

Gene 1 expression decreases from photoautotrophic to mixotrophy



Change in Chlorella Gene 2 Expressmn

Gene 2 Expression
1.4

1.2

Expression 0.8
level relative to

185 RNA 00 ® LogPhase
0.4 M Stationary Phase
ﬂlz .
0 . .
0 10 2

Glucose Levels (g /L)

Lack of a consistent trend for Gene 2 expression in stages



Change | in Chlorella Gene 3 Expressmn |

Gene 3 Expression

1.60E+01

1.40E+01

1.20E+01
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Expression level
relativeto 185 8.00E+00

RNA 6.00E<00 ® Log Phase
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0.00E+00 -

Glucose level {g/L)

Gene 3 expression increases from logarithmic to stationary phase



Interpreting Algal Dynamics:

“Kinetic'Model.of C. reinhardtii

« 15 Pathways were included for a total of:

320 Biochemical Reactions
218 Compounds

» 376 kinetic constants were retrieved from the
BRENDA enzyme database, while 216 (36% of total)
were estimated.

» |In addition, 275 turnover numbers were obtained and
45 (14% of total) are estimated.

» Numerical integration was accomplished using an
adaptive 4" order Runge-Kutta with adaptive step size
(max error 1E-4)

Goncalo Maia and Mariajose Castellanos-University of Maryland, Collaborators



Effect of nitrogen on growth and lipid
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The nitrogen and carbon source can alter the biomass/lipid content



ngher nltrogen supply leads to higher

0
7]
©
=
S
(0]

——Nitrogen-limiting
——Nitrogen-abundant

» Nitrogen-abundant conditions exhibit a biomass
generation factor about than in the
nitrogen-limiting scenario

» Experimentally, it has been reported 35-43% increasel'!

[1] Shobha et al, Applied Biochemistry and Biotechnology, 1990
Goncalo Maia and Mariajose Castellanos-University of Maryland, Collaborators



Effect of nitrogen supply leads on
| lipid: intermediates

Intermediate 1 Intermediate 2

10 20 30

10 20 30 40

Time
—=—Nitrogen-abundant ——Nitrogen-limiting

» nitrogen-limiting conditions leads to a |
when compared with
the standard or nitrogen-abundant case
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Effect of Nltroge_n Higher Lipid Intermediate
Production
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Analysis of Intracellular Pathways:
Metabolic Flux Analysis

vl v2 v3 v4 vb vo v’/ v 8
A (1 -1 -1 0 0 0 0 0 ) 0
B 0 1 0 -1 0 0 0 0 [ v1 0
C 0 0 -1 0 0 0 v2 0
D 0 0 0 1 0 0 -1 0 v3 0
E 2O 0 | S 1 -1 0 - 1| | v | = |0,
S ~1 0 0 0 0 0 0 0 v5 r.
= 0 0 0 0 0 0 1 0 v6 r,
0 0 0 0 0 0 0 0 1 v7 r,
R 0 0 0 0 0 1 0 0 ) L v8 r,

Collaborator: Maciek Antoniewicz, University of Delaware



Flux Determination using '°C-

(1)
6 lls with (2) (3)
13C-|£g\év|:§ Sugvsl,rm,ré/\easure 13C-labeling Estimate Fluxes

[1-13C]glucose & GC-MS Least-squares
[U-13C]glucose LC-MS parameter estimation
often used NMR

Collaborator: Maciek Antoniewicz, University of Delaware



Determine Metabolite Mass

GC/MS
analx. SIS

Collaborator: Maciek Antoniewicz , University of Delaware



Determination of Fluxes

Mass isotopomers

EOE e

. Bl WT Mutant
i Metabolic
. C oe Metabolite A
conversion g 0al
Gluco::o G C / M S 7 0 1 2 3 4 5

Pyr{—MaVOAc ana|¥SiS

AcCoA » Fatty

MallOAC iCIt .

‘ AKG <mm Glutamine r—— !
42

102 Flux
Analysis

(least-squares regression):

Fraction

Fraction

Collaborator: Maciek Antoniewicz, University of Delaware



Model Prediction: Effects of Nitrogen,
ATP, Enzymes on Biomass and Lipids

5 10 15 20 25 30
N at 1E-5 — N at 100, ATP, Ecs —= N at 100

» Coupling nitrogen changes and ATP changes together
with enzyme changes can increase biomass and provide
for high lipid production



Separations<of Lipids from Algae

Fig. 4: Disrupted Algae in
Separation Chamber



Separations<of Lipids from Algae

Test Sample ¢ gntrol

k

Lipid and Biomass are separated
into two separate phases after
several hours in test sample
versus the control sample

Test Sample 2 Control

Lipid and Biomass are separated

into three separate phases after

variable treatment in test sample

as compared to no separation in
control sample



CONCLUSIONS

Metabolic Engineering has been used to improve cell performance
* Improving Product Quality through Changes in Glycosylation Patterns
« Improving Yields of Cells and Target Biotherapeutics

Genomics and other ‘omics tools will be an integral part of metabolic
engineering
« CHO genome has yielded information on potential Met. Eng. targets

« MicroRNA is an emerging genomic control tool that can alter expression
of multiple factors including anti-apoptosis genes simultaneously.

Cell Engineering of Bcl-x, Protects both Mammalian Cells and Microalgae
from a Variety of Stresses that may be found in Bioreactor Environments



EIIPNE

W2 [m] (7 A3 30)



pHelax siress
imposition — High

« NaCl range 175mM,N)§\GZISmM, 250mM

W Cantrel pARE

WT Nall [Visbility] mContrel
LTSk T
100 T ———
] A T
0 T
=
i
£ w
i
50
i
8
]
L
20
1 -
ad
] = 24 50 =
Tirna (b}

Figur= 64- Visbilities of Wild-Type Creinfardtii under High NaCl stress

Wild-Type

phelnx #8 High NeCl (Visbility) W1TSm pARd
H200mba pARE
10 ptits
Z80mM pEs
w0 e T
=
mn
F
1 &0
i
= &
E 7
L —
an
o
o
20 e B o i)
Tirnm [
Figure 65: Viabilities of pRelax# B under Hizh MNall stress
Strusieni added
[ |
pRetax B10 High NaCl [Viability) b g
i [ 200 pRE1D
[ Frrn T
« | T T = FARO
B -
m |
£
F o
i
T
¥
P
4
= |
m |
10 4
al
n =5 B o 104

Tirsa [h]

Figure £6: Viabilities of pRel= 10 under High Na(l stress

pRelax #8

pRelax #10



CONCLUSIONS

« Metabolic Engineering has been used to improve cell performance
« Solving the Product Quality and Yield Paradox
« Improving Yields of Target Biotherapeutics

« Cell Engineering of Bcl-x, Protects C. reinhardtii from Photooxidative Stress
due to Rose Bengal and Improves Cell Densities

« Mixotrophic/Heterotrophy vs Photoautotrophy
Stationary vs Exponential
« Optimize Growth Rate and Cell Density
* Optimize Carbon and Nitrogen Sources
« Alter Lipid and Protein Content
« Determine Gene Expression Important to Productivity



Gonclusions

» Modeling can be used to indicates effects of nitrogen
limiting conditions and illustrate trade-off between
biomass and lipid content

» ATP plays a relevant role in metabolism and is
Important to lipid generation and growth

» A efficient lipid-producing, high growth microalgae is
possible in an optimized cellular environment

» Metabolic flux analysis will provide insights into
production bottlenecks for both biomass and biofuels

» Algal biological products will require proper integration
of biology, modeling, and engineering systems to
realize full potential
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SPECIES SELECTION: CHLORELLA SPP.

» Four strains suggested to grow heterotrophically (lipids & lutein):
— C. sorokiniana UTEX 1669
— C. sorokiniana UTEX 1230
— C. vulgaris UTEX 265
— C. protothecoides UTEX 411

« Analyzed heterotrophic growth supplemented with 10 g glucose L
— Growth Rate
— Metabolic Efficiency
— Relative Lipid Content

« Compared to autotrophic growth
— BBM (Bold’s Basal Medium)
— Aerated with Ambient CO,

Chlorella protothecoides - Autotrophic & Heterotrophic



Algal Biotechnology Alliance
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Insect and Mammalian Metabolic Processing
Diverges in Golgi
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Metabolic Flux Analysis

P

R
Metabolite balances (pseudo steady state assumption):

Balance for A : vl =v2 +Vv3 (FLUXES IN = FLUXES
OuT)

Balance for B : v2 =v4

Balance for C : v3 =Vv5

Balance for D : v4 = v7

Balance for E : VO =V6 + v8

Collaborator: Maciek Antoniewic, University of Delaware






Biodiesel is a fatty acid ester with a short carbon alcohol
(methanol or ethanol). The conversion is accomplished by
transesterification.

2 3 '.*
R—C—0—C—H + H—0O—CH, R,—C—0-CH, H—0—C—H
0 0
Il MNa* Il
R,-C—0—C-H + H-0-CH; —/—= R;~C-O0-CH; + H-0-C—H
0 I
R,~C—O-C—H + H-0—CH, Ry—C—0O—CH, H-0—C—H
H H
| | Catalyst
1 Triglyceride + 3 Methanol —<—* 3 Methylesters + 1 Glycerin
‘t + 3 Alcohol (RCOOCH:)

Vegetable oil ‘ t
(Animal Fat) Biodiesel



DRY WEIGHTS & RELATIVE LIPID CONTENT

Nile Red Fluorescent Analysis of Neutral Lipids

Chlorella spp. Dry Weights
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hesapeake Bay offers great potential

forapplication of Algae Technology
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Focus on environmental improvement with algal systems as

well as‘biofuels and coproducts

nutraceuticals

ag fe< biofuels /
/
Conversion to fuel
and coproducts

. m

Harvesting

of algae

Develop system to use waste streams such
as wastewater and CO2 as inputs to provide
environmental improvement.

Develop for co-products leads to multiple value streams.



Algae have the.great potential biofuels yield

Table 1 Potential oil yields per acre per year

Crop Gallons of oil/acre/year
Soybeans 43

Sunflower 86

Canola 177

Jatrjopha 214

Palm ol 641

Microalgae up to 6,000 (with future technology)




Algal Biotech focus on Chesapeake

«Improve water quality while enhancing economic
viability of Chesapeake basin development.

*Support sustainable agriculture
*Reduce greenhouse gas emissions

*Provide significant biofuels to reduce dependence
on fossil fuels

Technology under consideration will be usable throughout
the United States and world-wide



Photobioreactor design and growth systems

keys to-economic viability

Water and nutrients

h

CO, in O, out

Light supply

What is so difficult in building photo-bioreactors ?

A focus of the JHU Ciritical Pathway will be PBR development



Why -Algae for Biofuels?

Algae have great potential in biofuels and GHG abatement

Caveats:

Despite these virtues, algae biofuels are not yet economically
viable.

*Major breakthroughs in both engineering and biology are
required.

JHU and ABA will apply a Critical Pathway approach to
providing transformational algal biofuels technology.



Algae Blotechnology and Chesapeake Bay

Preservation

Largest Estuary in US with large diverse ecosystem but under
stress.

-8 Billion spent over 10 years for environment remediation — will
continue to grow.

*Nitrogen run off and input from development and agriculture
important sources.

«CO2 Emissions from energy production are important concerns.

-Chesapeake Bay region rich in biotechnology base.

*Most recently EPA has assumed clean-up authority!



CONCLUSIONS.FROM CHLORELLA STUDY

« Characterized four Chlorella strains auto- & heterotrophically

« Recognized diversity of algal strains within species
— C. sorokiniana UTEX 1669 & UTEX 1230
« Desire to study genetics of Chlorella spp.

— Chlorella virus host NC64A genetics
— Need strain specific genomic information

Chlorella sp. NC64A infected
with surface-bound virus
particles



Growth System: 2 stage Concept
for Wastewater Treatment

Photobioreactor:
highly controlled
monoculture

Raceway: high nutrient influx and
polymicrobial community with wastewater
input. Maintain a relative monoculture
due to high inoculum from PBR.

Images from Lab of Dr Boussiba, MBL, Ben Gurion University



Hypoxic Zones : Algal environmental enhancement and

Biofuels production can have worldwide impact

World Hypoxic and Eutrophic Coastal Areas
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JHU AND ABA Algal Environmental
Enhancement Vision
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Algae have great potential in biofuels and green house gas
abatement

*High potential biofuel productivity.

*Algae sequester CO, from a point source of emission.

*Algae do not compete with food crops.

*Algae do not require premium farm land.

*Algae can grow on waste, salty, and brackish water.

*Algae for wastewater treatment offers value added potential.

*Algae biomass for aquacultural and animal feed.



Algae Bioprocessing Issues

agricultural nutriceutical

feed \ biofuels S /
Algal Growth
gsystems Conversion to biofuel

(Bioreactors) T
\ Production Optimization
Extraction of oil from algae

And
Cell Optimization

N\

Harvesting of algae

*Technological and biological barriers at many levels.
*Solution: Systems integration and Analysis of Multiple Issues



Comparing Expression Systems:
An Engineering Problem

Desirable product Efficient and inexpensive
properties production scheme



Some Glycosylation Observations
34 GIcNAc from MGATS:

No observed bisecting (B4) N-acetylglucosamine (found on 10% of human
lgG glycoforms)

MGAT3 observed in genome, but not transcriptome

Fucosylation:
Most mammals have 5 primary types:
a(1,2), a(1,3), a(1,4), a(1,6), and protein O-fucosyltransferases

Only a(1,6) and protein O-fucosyltransferases expressed.

Sialylation:
CHO K1 homologs to all six human ST3Gal enzymes (a(2,3)) sialic acid to
galactose. ) All expressed.

CHO K1 homologs to human ST6Gal genes (a(2,6)) but not expressed.



CHO Genome Assembly Strategy

Use small insert [ - D -
. . ] [ T | ]
(< 500 bp) libraries to 4 [ - - —
assemble contigs /| T T
Align libraries (in order of
increasing insert size) to  EE——mm BE— BE—— BE———
- 1
contigs to assemble ;
scaffolds
(2kb, 5kb, 20kb) @
Longer reads or BAC — —
sequences will assist in — —/

assembling longer scaffolds




Comparative Genomic Features

CHO-K1 | Mouse Rat Human
Genome size 2.6 Gb 26Gb | 275Gb | 29Gb
Chromosomes 21 40 42 46
(2n)
Average GC 41.3% | 415% | 41.8% | 40.9%
content
Repeat content* 38% 37% 40% 46%
Predicted genes® | 24,383 21,662 | 22,416 | 20,935

*Repeat content: RepeatMasker against Repbase transposable element
liorary and RepeatModeller to construct de novo repeat library.

AGenscan, Augustus, GlimmerHMM to predict genes which are aligned to
Ensembl rel. 58). GLEAN used to reconcile gene set that was
augmented with transcriptome data using Tophat and Cufflinks.

Xu et al (2011)



Global Analysis of Viral
CHO genome&%ﬁjﬁgmﬁgogs to 99% of the

~388 human genes important for viral infection
(IL1A, SNRPC, MT1X, CD58)

CH3%4¢):eIIs express ~ 60% of these genes (226 of

Viral resistance due to reduced expression (GO)
= Glycoprotein binding, T-cell activation.

* Membrane receptors and cell adhesion
molecules

= Genes involved in T-cell activation

» EGFR expressing CHO cells susceptible (HSV
entry), but wildtype CHO resistant.

Xu et al (2011)



CHO Genome: Where do we go
from here?




The Next Phase for CHO-
Understanding

CH@ngstaepegpraagioiour Production
= We screen thousandMH*esh;ihep’fynal producers

= What are the genetic causes for enhanced production
= Can we incorporate these improvements into future hosts
= What are the best “hot spots” for expression and why
= (Gene expression and regulation
» Transcriptome sequencing
= Small RNA and microRNA discovery
» Genome sequencing and assembly
= Global analysis of pathway function and regulation
= Understanding metabolic and signaling pathways

= Cell Engineering to upregulate or downregulate targeted
pathways



Gene Annotation

Genes functionally annotated using
Swissprot, GO, TrEMBL, InterPro, and KEGG.

83% of CHO-K1 genes were functionally
annotated.

Significant coverage (GO) of translation,
metabolism, and protein modification
compared to human and mouse.

Less coverage of human/mouse genes for
behavior, embryo development, and

anatomical structure morphogenesis.
Xu et al (2011)



Comparative Analysis of Gene

Function

Functional Analysis of CHO Genes

I g lation of Diolegical process
I rolticellu lar organismal develspment
I =icnal trensduction
I tr=nscription
N tr=nsport
I nucleic acid metabalic process
I metabolic process
I colabolic process
I protein modification procass
N cell differentiation
I response to stress
N biosyrthetis process
" cellular companent arganizatian
anatamical structure merphogenesis
protein metabolic process
cell death
ion transport
cell praliferation

protein transport

lipid matsholic process
organelle arganization
cell oycle

cell communicatan

reproduction

responss to axternal stimulus
translaticn

embrya development

cell-cell signaling

carhohydrate metabalic prosess
DNA metabalic process
response o endogenous stimulus
cellular homanstasis

cytoskelston organization

Classes with highest coverage
carbohydrate metabolic process
nucleic acid metabolic process
protein modification process
protein metabolic process
metabolic process

translation

Classes with

lowest coverage

behavior

cell proliferation

cell differentiation

embryo development
respense to abiotic stimulus
secondary metabolic process
response to external stimulus
anatomical structure morphogenesis
symbiosis, mutualism through parasitism

|| rasponse Lo bictic stimulus
0 rasponse to abiotic stimulus
[ behavior
N crowth
I anine acid and derivative metabolic process
] presursar matsbelitas snd energy generation
I call growtn
I ritochorsdricn arganizaticn
N sl raproduction
I r=culation of gene expression, epigenstic
N sccondary metabalic process
| ] symibiosis. mulualism through parasitism
I =il recognition
I rirnary metabolic process
I cicath
[ | cytoplasm crganization

Orthologous Clusters

91 407

e

296 17%
13374

151 193
862

-

CHO Human Mouse Rat

80-87% of genes have orthologs.
2428 Gene clusters contained

human, mouse, and rat, but not CHO
K1.

Xu et al (2011)



he International Community's assembled
to sequence the CHO Genome

BGIl: Xu Xun, Shengkai Pan, Xin Liu, Wenbin
Chen, Min Xie, Wenliang Wang, Jun Wang

UCSD / GT Life Science: Harish Nagarajan, Nate
Lewis,
Iman Famili, Bernhard Palsson

Stanford University: Norma Neff, Benjamin
Passarelli, Winston Koh, Steve Quake

Johns Hopkins Univ: Michael Betenbaugh, Amit
Kumar

DTU: Mikael Andersen

Delaware / Cornell: Kelvin Lee, Stephanie Hammond,




CHO K1 Genome Assembly and

Annotation
= CHO-K1 (ATCC CCL-61)

» CHO-K1 genome sequence
 Total of 343 Gb sequence generated

» >95-fold coverage of the CHO
genome

» CHO-K1 genome assembly

» 2.45 Gb of estimated 2.6 Gb genome
CHO-K1 gasseaiuabdedhotation

= 24,383 predicted genes

= 29,291 predicted transcripts
= 416 ncRNAs predicted Xu et al (2011)



Chinese Hamster Genome Database

Chinese hamster database
verl.0

= Host CriGri_1.0 genome
assembly

= Sequence and annotation
retrieved from NCBI, EMBL-

CurrERb PG HUE oL Afdphases

» 24,240 protein-coding gene products

= Gene symbols for 18,729 gene
products

» Gene Ontology terms for 11,895
gene products




P~2CX & Welcome

Chinese

27T GAG A AGTRNNRS S Hamster

o €20 GENQOYNR: ¢ Genome

7 S A7 AT7TT GG ACGN B ; Database

Accession number, gene name or symbol, or GO term: caspase

This is a beta version of the CHO-K1 genome database veri.0
containing information for the CriGri_1.0 genome assembly.

The database can be searched by:

1) Accession number (i.e. EGV99227)

2) Gene name or symbol (i.e. Transcription factor E2F3 or E2F3)
3) GO term (i.e. GO:0003700 or Transcription factor activity)

Use % in the search field to list all DB records.
There are currently 24240 entries in the database.

The CHO-K1 genome may be BLAST searched here and at NCBI.
For the NCBI BLAST search, select the Cricetulus griseus WGS
database from the "Choose Search Set" menu.

|Please Report Any Issue Or Provide Feedback|

photo courtesy of link

| visits to date: IINLEEAM |




v.chogenome.org/gene_embl_cho.php?TermSearch=caspasefisearch=search P~2EX & Welcome X -

Chinese

T A GA NG RS Hamster
/A0 GENOYXx: Genome

0 T AT e (A C SN Se Database

Home General Info Genomes Resources Community

Found 13 search results for: caspase

Genes
No. 'Gene Accession Parent Locus ﬁg roduct Qualifier
Accession
(] ST SR S e ————— S R
1 Casp8 EGV99437 JH000741 179_014611 Caspase-8
| T— G T R — R
2" 'Pacap EGV97626 JHO00776 179014961 "F"roapoptotic caspase adapter protein
¢ Card11 EGV95787 JHO00039 179001680 Caspase recruitment domain-containing
protein 11
S TIPS (S R ————r T — S N —
4 Casp7,Mchd EGW14942 JH003907 179_024625 Caspase-7
B Cards "EGW12771 "JH001398  '[79.019269 'Caspase recruitment domain-containing |
protein 9
3 Eaﬂ“,ﬂmp! "EGW08250 'JH000695 m Easpase recruitment aomain-containing
protein 14
PO P Y S PSS
7 Casps,Cpps2 EGWO06745 JHO02126 179_021949 Caspase-3
PUSSESS WUENU— F  ——— F————
8 Caspi2 EGWO01061 JH001131 179_017574 Caspase-12
S VTP [ [ — I ————
9 Casp9,Mche EGV96884 JHO001574 179_020089 Caspase-9
A S (S | ——————————— P ———————————
10 Caspi4 EGV95473 JHO000504 179_011797 Caspase-14
| S — [ —————— —— ——
11 Casp2,lch1 EGV93989 JH00047T7 "ﬁ_onus Caspase-2
U P —, [ ———— e ———— R — —————— | f— —
12 Casp14l EGV93647 JH000995 179 016717 Putative caspase-14-like protein
13 'Carde "EGV92856 'JH000578 [79 010067 Caspase recruitment domain-containing

protein 6




Chinese _Hamster Genome Database

Chinese Hamster

Z/CGAGAL AN NSGSR Genome Database
/0 GENOYWYWx

7 A7 A7 T GG ACGNS® =
| Home General Info | Genomes | Resources | Community Partners

Accession number, gene nanjiCEIEETIN - search |
Genes BLAST Function
oNe
oy T A ™
GATCCGA 3 b 6]
Genome Viewer Downloads

L

Current and FPlanned features:
*Host genome sequence
*Develop genome browser
=|[ntegrate protein, transcript, metabolic

data
=Provide community resources




Functional Analysis of Gene
Expression

CHO cells are preferred hosts
because

= Human-like glycosylation patterns
= Resistance to viral infection

Analysis of global gene expression
* |dentify human genes in these pathways
* Look for CHO homologs in genome

= Examine gene expression using RNA-Seq
data




Develop an organism database for CHO
to facilitate

* Improved understanding of your host
organism

= Data accessibility for the CHO community
* Development of genome-scale tools

= Collaboration between groups

» Incorporation of new datasets



Apoptotic Morphology in Cell Culture

Apopiosis siress stinm I||-~||| s I|III|- ||

Plasma membrane deform
and Phosphatidylserine
is euprsed

?;r—

Muelear fragmentation and
Cdl membrane blebbing

Fiu,.l Schematic  describing |I|._ variows  morphological
feaiune ate r_‘l-.l. |I|. | pioas. An imitially heality II
IR O be |I|._ el lulai ar ext wellular  stress
leading 10 |I|-_ mitiation ¢ | poplosE whic I|. 8 i II g by

cell and nuclear shrinkage. As the a_II 1 5 1o late

stapes of apoplosis, |I|-_ |I M e nI 11 I\_ ins 1o
deform |.-.‘||I|._nnl h_||d||b'||ilnﬂ|:- e is

CHHE dTIi iz falko '.'u_'dl muclear fragmentation and 1 he
hreaking off of the cell membrane also refermed 1o as
hlebhing

Apoptosis is a genetically
controlled process and can be
morphologically recognized by
cell and chromatin shrinkage
followed by plasma membrane
blebbing. Blebbing involves the
shedding of membrane
fragments from the whole in the
form of apoptotic bodies that
often include cytosolic and
nuclear contents. Apoptotic
Chinese hamster ovary (CHO)
cells exhibiting membrane
blebbing and chromatin
shrinkage are compared to wild-

Wild type CHO Apoptotic CHO type CHO cells either expressing



Targets of mmu-mir-466h

Mouse mmu-miR-466h
gene binding site(s) in Anti-apoptotic role of targeted gene
symbol mRNA 3’-UTR
bcl2I2 GCACAC Inhibits formation of permeability transition pore and
TGCACA release of cytochrome C by binding to bax
birc6 GCACA Inhibits apoptosome by binding to active-site pocket of
Caspase-9. Functions as E2 ubiquitin  conjugase for
Caspase-9 and Smac/Diablo.
dad1 2 of TGCACA Component of N-oligosaccharyl transferase catalyzing
transfer of oligosaccharide from lipid-linked donor to
nascent polypeptide chain. Loss of dadf triggers
apoptosis
smo TGCACAC Uninhibits gli-1 transcriptional factor which stimulates up-
GCACAC regulation of bcl2
stat5a GCACAC Statba dimers are transcriptional factors for bcl-x; and

bcl2 genes

statba, bcl2I2, birc6, dad1, smo



MicroRNA and Apoptosis Signaling

Nutrient D ’ :
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Chemical Inhibition of MicroRNA
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Concluding Remarks and Future
Conclusions: WOrk

d MicroRNAs are activated in CHO cells under nutrient
depleted conditions

d Many of these, including mmu-miR-466h and mmu-miR-
669c, are contained within the mmu-297-669 microRNA
cluster

d The microRNA mmu-mir-466h has a number of anti-
apoptotic gene targets including bcl2l12, birc6, dad1, statb5a
and smo

IJ-‘_[ltngl\& Bifion of mmu-miR-466h lowers CHO caspase activity

increases cell viabilit I-Y _ _
Develop stress-tolerant CHO cell lines through continuous

inhibition of mmu-miR-466h

O Identify genomic location and pathways for upregulation of
pro-apoptotic microRNAs

O Examine the role of other microRNAs in CHO cells apoptosis
and other cell functions



Effect of Anti-apoptosis genes on

Abiotic stress imposition on pRelax transformants (UTEX 2244) to determine tolerance

NaCl: 50mM, 75mM, 100mM, 150mM, 250mM

el Density (millan cells fml)
- 5 ] 4

Figure 35 Wild-type Creinhardel expoced to INaCl over 5 dayz

Wild-Type

Growth reductions:
WT: 50.1% - 84.7%
pBcl-x1: 12.8% - 82.9%
pBcl-x2  22.9% - 92.7%

el Density fmilion cells) i)
w 5 5 B 1

—— 20T
-l 73m HaC
g 100 2
s 15 N
T T5OmM NaC
T\i Control
A i

{Cell Diensity fmillion ¢ ells/ i)
5 5 5] 1]

Figura 37: pRalax# 3 exposed to INaCl over 6 daye

pBcIX-1

pBcIX-2



GENETIC TRANSFORMATION WITH BCL-X,

« Microparticle Bombardment (Biolistic Transformation)
— DNA-Coated Gold Particles, Diameter < 10 um
— Venus-Bcl-x (1.7 kb), Venus (1.0 kb), ble (0.75 kb)
— Selection on 1 mg L' Bleocin Plates, 1 Week

-
-

V. :—;s-' _ pSP124 “
/ ..f‘t . Ry ,
M - - ——_

pVenus-Only . I pAnti-Apop
V7A — ~ R20B, R20C, W
\ 4 : Y. b 4




Abiotic stress imposition on pRelax transformants (UTEX 2244) to determine tolerance
Peroxide: 1TmM, 2mM, 4mM, 8mM

el ey (milion cedlgfmi)
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Figure 46 pRelax®5 exposed to ange of HLO:, siresses

Wild-Type

pRelax #8
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Figure 48: pRelx®8 viabilities over Hi; soess range
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Results and Discussion (High
NaCl)

pRelax #8 and #10 show high tolerance to High NaCl stress
49.3% overall higher tolerance to NaCl stress than wild type

Growth rate seems to be significantly affected in both pRelax
and WT

pRelax cells seem to maintain integrity of cell walls
— Prevention of apoptotic cell disintegration
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Can metabolic engineering solve
problems of yield and quality?

Can we use metabolic eng. to achieve
high yields and high quality?



Importance of Quality: Glycosylation Pathways
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How can we engineer better
Product Yielg?production hosts?

(,». ﬁ Product Quality ?
L ____§
|| Man
ammalian
S
>
LLI

Plants and Alga

Bacteria (E. coli)

Plants and Algae Ce
Insect Cells
Mammalian




Apply metabolic engineering to alter
glycosylation in insect cells?

Quality O

Human :
Mammalign
Plants and Algae
Yeast

Bacteria




Engineered Insect Cells:

Humanized Biotherapeutics

Low Quality
FromERg o G"J)i _féfigrom Insect Cells

GlcNAc Transferase Il

Sialic Acid
Sialic Acid Metabolism ‘i’
@A
GlcNAc )
< -
Sialic Acid 4 Galactose +
Transferase
Transferase

JOHNS HOPKINS  ChemiceCu i Licensed to Merck, 2009
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How do we apply genomics to
metabolic engineering problems:
Mammalian cell culture



One problem:
No Chinese Hamster Ovary Genome




Global Analysis of Glycosylation

CHO genome contains homologs
to 99% of human glycosylation
genes (297 of 300, missing
ALG13, CHST7, CHST13)

CHO cells express ~ 50% of these
genes (141 of 297)

* Includes genes involved in
construction and localization of
core glycan structure

Xu et al (2011)



Glycosylation Genes Expressed in K1

Expressed JNot Expressed

All expressed:
Fucosidases
Gal-T & GalNAc-T bifunctional
HSGIcNAc/GIcA Transferases
Heparanases
** Hyaluronoglucosaminidases
Miscellaneous
N-glycans-transferases
Sulfohydrolases Mannosyltransferases
Lysozomal Enzymes

I Aryisufatases
I Fucosyltransferases

I Galactosyltransferase
I ¢ GalNAc-transferases
I Galactosidase
I Glucosyltransferases
[ GleNAc-transferases
[ UDP-glucuronosyltransferases
[ Hexosaminidases
[ Hyaluronan synthase
Iduronidases
** Lysozomal Enzymes
** Mannosyltransferases
Mannosidases
** Nuc. Sugars Transporters
[ Nucleotide Synthesis
I Sialyltransferases
I Sialidases
I Sulfatases
I ¢ Sulfotransferases

I Xylosyltransferases




CHO N-i

nked Glycosylation Pathways

Sialylation
a(2,6) linkage possible
Not expressed.
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Some Glycosylation Observations

Sialylation:
CHO K1 homologs to all six human ST3Gal enzymes (a(2,3)) sialic acid
to galactose. ) All expressed.

ST6Gal genes (a(2,6)) not expressed.

£>,Glc;O Manfll ,GleNAc;@ ,GalA ,NeuSAc; 9 ,Fuc

Human contains two types of sialic acid linkages.
CHO cells can only make one of those.
Sialic acids linkages can affect binding such as with influenza virus infection



Other Glycosylation Observations:

NO Bisecting GIcNAc to Blocks Fucose
B34 GIcNAc from GnTlII:

No observed bisecting (B4) N-acetylglucosamine (found on 10% of human
lgG glycoforms)

GnTIll observed in genome, but not transcriptome

& ,Glc;O ,Manfll ,GleNAc; 9 ,Fuc

. ¢
Human Pathway:gbll et '%9“ M'%?'I

Humans have bisecting GIcCNAC sugars on proteins
CHO cells do NOT produce bisecting GIcNAcs
10% of human antibodies include bisecting GIcNAcs

Biological Function?

-Bisecting GlcNAc will inhibit the binding of fucose

-Absence of fucose will increase the antibody-delivered cytotoxicity
-Antibodies from CHO cells will be LESS active in humans (have fucose)
-Antibodies from Humans will be more active (less fucose)



www.CHOgenome.org

Can the community come together to assemble CHO ‘omics information?.

A community website sponsored by academic, government
and industrial collaborators has organized and financially
committed to share and host genome-scale information
about CHO and activities for the biotechnology community.

Chinese Hamster
Genome Database

o €07 GENOYNR ¢
T AT ATTGGACTN WIS

Accession number, gene name or GO term:

Genes BLAST Function

— | O_ @
flybase.org &) (o)

wikipedia
etc.

Downloads
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ZOAGGTUONSS Chinese Hamster
I E GAGARS SN\ W2 Genome Database
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Home General Info Genomes Resources Community Partners

CHO Genome Community

The Chinese hamster (Cricetulus griseus) ovary (CHO) cell line was first isolated by Puck (J. Exp.
Med. 1958; 108: 259-271) more than 50 years ago. Currently, CHO cells are the most important §
cell line for production of biopharmaceutical proteins ($100 billion USD in annual revenue) and |
they offer tremendous promise for production of vaccines as well as in their ongoing critical role
as a transfection host for understanding gene funclion. Despite the scientific and economic §
importance of this cell line, there is no publicly available genome sequence information for CHO |
cells.

A Resource for CHO cell genomics

Based on an open source model, the mission of the CHOgenome.org User Group is to share genome-scale information on Chinese|
Hamster Ovary cells to the international scientific community.

This website, currently hosted at the University of Delaware, is dedicated to hosting data and resources to suppor the internationall
community working with CHO cells.

We are building the infrastructure to support genome sequencing activities through an international not-for-profit community-based effort.

For maore information, feel free to contact Kelin Lee (Univ Delaware; KHL at udel dot edu)
Nicole Borth (BOKU: nicole dot borth at boku dot ac dot at)
Michael Betenbaugh (Johns Hopkins Univ; beten at jhu dot edu)

www.CHOgenome.org
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