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Insights on biomarkers from Chinese

hamster ovary ‘omics’

studies

As efforts for selecting high-producing cells during cell line development are moving
toward the use of high-throughput, automated methods, there is considerable
promise for identifying suitable markers arising from transcriptomic, proteomic and
metabolomic studies. Herein we discuss the opportunities presented from recent
characterization studies of high producers as well as comparisons with non- and lower-
producing clones. We further put forward unique characteristics of cell lines with high
productivity, which can be used for cell line screening and genetic engineering.

The production of glycoprotein-based thera-
peutics involves a complicated, expensive
and lengthy development process, a critical
step of which is arguably generating the pro-
ducer cell line [1-3). Two obvious properties
are required for this cell line: good growth
characteristics, in other words, maintaining
a high integral of viable cell concentration in
culture; and sustained high specific protein
productivity (q ). Most cell line develop-
ment platforms select for cell lines with good
growth characteristics at the early stages of
the process, usually picking the fastest grow-
ers. As previous studies have shown [4], this
approach does not necessarily identify the
best cell lines in terms of overall characteris-
tics and often misses the top producers. It is
therefore important to screen cell lines for a
range of properties including growth, metab-
olism and specific protein productivity. Cur-
rent research is focusing on developing assays
for Chinese hamster ovary (CHO) cell line
selection based on known characteristics of
high producers from the wealth of published
studies, in which producer cell lines from the
same parental cell line exhibiting different
characteristics in terms of growth rate and
recombinant protein productivity are com-
pared using —omics technologies.

In this review, we summarize recent compar-
ative studies on CHO cells using transcrip-
tome, proteome and metabolome profiling

and highlight prominent targets that have
been found to be correlated with cell growth
and recombinant protein productivity. We
further compare these targets with current
strategies for genetically engineering high
producing cell lines. We expect that these
characterization efforts will shed light on
appropriate selection criteria during cell line
development, especially given the industry’s
investment in automated high-throughput
devices, or provide targets for genetic modifi-
cation of host cell lines.

Overview of most interesting genes
& proteins

Table 1 summarizes recent studies involv-
ing the comparison of different producer
cell lines from the same parent cell line. It
focuses on genes that have been found to be
positively correlated with recombinant pro-
tein productivity at the mRNA or protein
level in two or more studies as classified by
their biological role. The complete list of
studies can be found in Supplementary File 1
(see online at www.futuremedicine.com/doi/
suppl/10.2217/pbp.14.45). As expected, the
majority of genes identified in these studies
are involved in aspects of protein synthe-
sis and processing. These range from genes
involved in transcription regulation (E2/6,
E#f3) 15.6] and mRNA processing (Hspa8) (7]
to protein synthesis (Cedel22, Cede72, Rps20,
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Rps6) [5.8-10]. A gene related to the unfolded protein
response (Hspa5, encoding for BiP) also features in the
list. This is unsurprising since the encoded endoplas-
mic reticulum (ER) chaperone (BiP) and foldases (for
example PDI), associated with protein folding in the
ER, have long been targets for genetic modification to
improve productivity in CHO [11,12] but also yeast cells
albeit with varying results.

Interestingly, only one gene was identified in more
than one study: Rps6 encoding for the 40S ribosomal
protein S6 identified in [10] and [6]. The majority of
recombinant protein products evaluated are mono-
clonal antibodies (mAbs), although there are also
comparative studies between cell lines expressing
mAbs and fusion proteins with similar findings [7).
In terms of metabolic markers, genes related to fatty
acid oxidation (Acaa2) and lipid (Aesi4) metabolism
have been found to be positively correlated to recom-
binant protein productivity [59], as identified with
analysis of mAb-producing CHO cell lines at both the
transcriptomic and proteomic level.

It is also interesting to identify genes that are nega-
tively correlated with recombinant productivity, which
can be used in cell line selection as well. The complete
list is again presented in Supplementary File 1 of the
supplementary material. A summary of genes with the
same or similar biological role reported in two or more
studies is shown in Table 2, and comprises only two
ribosomal proteins (S12 and SA) and two ribosomal
protein kinases (ribosomal protein S6 kinase o-1 and
0.-2) identified at the transcriptomic level [10,14].

Since recombinant protein titer is a function of
both specific productivity and cell growth, identifying
genes and functions that are positively correlated with
cell growth is also of interest. Differentially expressed
genes found to be positively correlated with growth in
two or more studies are presented in Table 3 (the com-
plete list can be found in Supplementary File 2). Genes
involved in mRNA processing (Hnrnpa2bl, Hnrnpc)
(15.16], the unfolded protein response (Hspdl) [1617],
intracellular transport of proteins (Pena, Vep) (715 and
cell cycle (Mcm5) (7.15] were identified as positively cor-
related with cell growth. A similar analysis has also
been performed in [15].

Table 4 (the complete list can be found in
Supplementary File 2) presents genes reported to be
negatively correlated with cell growth. None of these
genes were identified in more than one study, so instead
we report genes with similar biological role identified
in two or more studies. Genes associated with various
types of motility (Aeth, Actgl) (1617), with pathways
involved in glycosylation (Man2al, Uapl) 16,17), with
cell redox homeostasis (Txndc4, Txndc5) [716] and with
mitochondrial electron transport (Ugerb) (16) and the

Transcriptome: Collection of all RNA molecules,
the monitoring of which allows characterization of
transcriptional activities.

Proteome: Set of all proteins expressed, in this case, by a
single cell or a population of cultured cells.

Unfolded protein response: Multibranched pathway
that is caused by the accumulation of un/misfolded
proteins in the endoplasmic reticulum and acts via three
mechanisms to restore homeostasis.

tricarboxylic acid (TCA) cycle (Idh3a) (17] were all
identified as negatively correlated with cell growth.

Overall, a closer look at the global findings of tran-
scriptomic and proteomic studies reveals that relatively
few events are correlated to productivity compared
with those linked to cell size and growth, as also con-
cluded in (9. It is also interesting that although some
trends emerge, certain classes of genes, for example,
those encoding for ribosomal proteins, can be either
positively (Rps20 in [5]) or negatively (Rpsl2 in [14])
correlated with productivity.

Transcriptomic & proteomic traits of high
producers
Several groups have conducted comparative tran-
scriptomic and proteomic studies between high and
low producers derived from the same parental cell
line. Vishwanathan et al. (5] performed transcrip-
tomic analysis of nine mAb-producing DHFR-CHO
(CHO-DUXB-11 derived) cell lines. Their analysis
revealed that the characteristics of the parent cell line
are different than that of producers and that the char-
acteristics of certain clones are carried forward through
selection and methotrexate amplification to their sub-
clones regardless of the productivity levels of the latter.
A set of genes were found to be differentially expressed
between parent and transfected clones: genes associ-
ated with EDG-1, PDGF, mTOR, Toll-like receptor
and cytokine signaling pathways were upregulated.
Enriched EDG-1, PDGEF, Ras and extracellular matrix
receptor interaction was also found to be differentially
expressed between clones along the amplification
process. Finally, a subset of 15 genes was found to be
differentially expressed between low and high produc-
ers. These include cell cycle (Neapd2, Tfdpl), tran-
scription regulation (£2f6), chromatin organization
(H2afy), lipid metabolism (Hmger, Acsi4, Hsd17b12),
protein processing (Dnpep, Fnl, Timp2), protein secre-
tion (Arfrpl, Ckap4), protein synthesis (Rps20) and
signaling pathways (Sarlb, Pask).

Carlage et al. [6) performed proteomics
(LC-MY) analysis of low and a high producing CHO
(CHO-DG44 derived) cell lines expressing a recombi-
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Table 2. Genes with very close biological role that were found to be negatively correlated with recombinant protein

productivity in more than one study.

Gene ID  Protein name Biological rolet -omics technique; sampling Cell line Product Ref.
phase; process mode
Rpsi2 Ribosomal Protein synthesis  Transcriptomics (Microarray CHO-DUX and mADb, fusion [14]
protein S12 and Coexpression analysis); CHO-K1; 167 cell protein,
Multiple phases; multiple lines (ranging growth factors,
Rpsa Ribosomal process modes from -0.0058 to coagulation
protein SA 0.0467 h") factors,
nonproducing
Rps6kal  Ribosomal mTOR pathway Transcriptomics (Pathway- CHO-K1SV (two mAb [10]
protein S6 related; focused PCR array for mouse cell lines, 17.4-
kinase a-1 Intracellular signal genes); Exponential; Batch  fold change in
transduction q, Initially, then six
Rps6ka2  Ribosomal varying from 2 to
protein S6 50 pg/cell/day)
kinase a-2
Note that cell lines CHO-DUXB-11, CHO-DUX and CHO-DUKX are the same and originate by the mutagenesis of CHO-K1 to remove DHFR activity.
CHO: Chinese hamster ovary; mAb: Monoclonal antibodies.
Biological role was cross-validated using UniprotKB database [13].

nant fusion protein. The high producing cell line was
also engineered to overexpress the Bel-x, gene and sam-
ples for the analysis were taken at exponential, station-
ary phase and decline phases of cell culture. Thirty-
two differentially expressed proteins were identified
from the total of 392 resolved.

Clarke et al. 7] developed a partial least squares
model able to predict cell-specific productivity within
4.44 pglcell/day based on microarray data includ-
ing 287 genes (212 of which were annotated). Data
were collected at stationary phase of fed-batch cell
culture with temperature shift of ten different CHO
(CHO-K1 and CHO-DXBI1 derived) cell lines pro-
ducing an mAb or Fc fusion protein. Prioritized genes
involved protein folding (Canx, Hspa8, Pdia4, Ppid),
protein processing (Anxa2, Cisl, Psmd4, Nedd4), intra-
cellular protein transport (Lman2, Nsf; Rab6a, Rtn3),
lipid metabolism (Npcl), transcription regulation
(App, Pparbp) and regulation of mitosis (Cdc20) bio-
logical processes, which were all found to be positively
correlated with productivity.

Doolan et al. 8] performed microarray analysis of
mAb-producing CHO (CHO-K1 derived) cell lines
varying in their ability to sustain q, during the course
of fed-bath culture. In total, 22 gene transcripts were
found to be differentially expressed between cell lines
that sustained high productivity versus cell lines that
did not sustain this phenotype. Two of those genes
were also verified by quantitative reverse transcription-
PCR: Cryab, associated with protein folding and Mgst1,
associated with antioxidative activity.

Kang et al. (9] used proprietary microarray chip-based
transcriptomics and LC-MS/MS proteomics analysis

to study 17 different DHFR-CHO cell lines varying in
productivity during a 13-day fed-batch culture. Sam-
ples for transcriptomic and proteomics analyses were
collected at exponential phase and correlated with the
titer on days 10 or 13. The researchers identified several
proteins positively correlated with ¢, including pro-
teins associated with DNA repair (DDB1), intracellular
trafficking (AP3D1, AP2B2) and ER translocation effi-
ciency (SRPR). DHEFR protein levels were also well cor-
related with productivity. Similarly with an aforemen-
tioned study [5], no correlation was observed with heavy
or light chain of the recombinant mAb and productiv-
ity. Interestingly, the only top ranked protein positively
correlated with g, at the proteomic level that was also
top ranked at the transcriptomic level was ACAA2.
This is an enzyme involved in fatty acid oxidation in
the mitochondria, which is associated with TCA cycle
activity. Proteins negatively correlated with q, include
folding chaperones (CCT3, TCP1, CCT4, CCT7 and
CCTS8), suggesting poorer folding efficiency in low
producers. Another negatively correlated protein is
MTHFD2, which is involved in folate metabolism and
may be associated with efforts of cells with low levels of
DHER to survive. This is because MTHFD?2 supplies
precursors for metabolites involved with the DHFR
enzyme. On the transcriptomics side, along with the
aforementioned Acaa2 transcript, other genes positively
correlated with ¢ include calcium sensing and signal
activation related genes (7mem20, anticorrelated with
Recanl). Finally, the transcriptomic and proteomic data
were analyzed with principal component analysis and
were found to correlate much better with cell size and
doubling time than with productivity.

Pharm. Bioprocess. (2014) 2(5)

fsg

future science group



Insights on biomarkers from Chinese hamster ovary ‘omics’ studies Perspective

[L1°sT]

[s191]

[s191]

[£1°91]

[o1°¢1]

[ot°sT]

J9

(X>INQ@-oHd)
Bupnpoiduou pue qyw

Bupnpoiduou
‘sj01>e} uolle|nbeod ‘si01dey
yimoub ‘urazoud uoisny ‘qyw

Bupnpouduou
‘sjo1dey} uolle|nbeod ‘siodey
yimoub ‘uieroud uoisny ‘qyw

(X3NQA-oHd)
Bupnpoiduou pue qyw

qvw

qvw

1npo.d

LX-OHD pue
XNQa-OHD pue
7¥5a-0OHD

LX-OHD pue
XNa-OHD pue
v¥5d-0OHD

LJ-OHD

pue XNA-OHD
pue #¥5a
-OHD

XINAa-OHD
pue L3-OHD

LJI-OHD pue
v¥5d-0OHD

LJ-OHD pue
v¥5d-0OHD

aul| 132

[yoreq ‘jerrusuodxa]

(3ID1a @z pue SIN/SIN-DT)
$O1W03104d pue (Aesieoudip)
s>jwodiidsuel) pue (sjood YNY
1U31944IP JO Aesseodi|n) swole|suel]
[sepow

s|dinnw ‘saseyd a|diynw] (sisAjeue
uoIssa1dx20) pue Aesseodiy)
s>jwodiidsuel) pue (sjood YNY
1UB19}4Ip JO Aesseoudi|A) dwole|suel]

sapow
9|dnnw !saseyd ajdinw !(siskjeue
uoissaidxa0) pue Aesseo.niy)
sJlwoldiidsuel) ‘(sjood wYNY
1UBJ3441p JO AesaeOIDIN) SWoOole|Suel]

yo1eq ![eruauodxa (39|g 4z pue
SIN/SIN-D1) S21w03304d ‘(Aesseoii|n)
VNY!w ‘(Aesseonipp) soiwordiidsuel)

ydyeq !|enrusuodxa

(SIN/SIN-DT) solwoal0oud
‘(ResaeoniN) YNYIW ‘(Aesseoldi|n)
s>lwoldidsuel) ‘(sjood yYNY
1UB1944IP JO Aesseoudi|n) swole|suel]

yd1eq ‘|errusuodxa

‘(SN/SIN-DT) $21w03104d
'(Reaseoni) VNYIW ‘(Aedseoudin)
s>jwoldiidsuel) ‘(sjood yYNY
1UBJ3441p Jo AesaeoudIN) Swole|suel|

apouw ssd>04d
‘aseyd Huijdwes ‘anbiuyd9) sd1wo-

'90Z-YIW :[91] *fe 18 3¥4Ie|D WO} SYNYIW PIIRIDOSSY,

"dG-GGp-YIW ‘B0E-YIW :[9T] /e 33 BYIB|D WO} SYNYIW PRIenossy,
L67-HIW F0Z-HIW ‘GO6L-YHIW :[9T] e 38 d4I.|D WO} SYNYIW PIIRIdOSSY
‘[€1] aseqeiep gyioidiun Buisn pa1epl|eA-Ssold sem 3joJ [ed160[01g,

“[ST] *7e 18 sa1IN0D Ul patuasald Os[e sI Ma3IABI SIYL JO Lied,

'S3IPOQIIU. [BUOIPOUOIA 1YW ‘Winindiias diwsejdopud 143 ‘A1ero Jsiswey asaulyd :QHD ‘sisaioydolida|a [96-ul [ernualapig :3oid
"A}IAIR Y4HQ A0WRl 0} |M-OHD 4O sisauabeinw ayl Ag a1eulbiio pue awes sy} aie X¥NAd-0OHD pue XNd-0OHD ‘LL-aXNd-OHD saul| |93 1y} 310N

sninwils w@mEm_u vYNd

0} asuodsal Je|n||9) ‘34odsueuy

palelpaw-32IsaA 16]0D 03 Y3
!suiojoud jo 1i0dsuesy dI9PNN

324> 19D “aiedau

VNQ@/sassa>04d dijogelsw YNd

!suiayoad jo piodsuesy dIdPNN

Jredau yN@/sassad0ud
Jljogelaw NG 2P (19D

Alquiasse Je|ndajowosdew pue

1odwi uid1o4d |elIPUOYIOLIN
‘buip|oja. ula3l0ud ‘uieroid
pap|ojun 03 asuodsay

Buissaroid vNY

uoliezijexo|
VNY ‘Buissadoud vNY

.9]04 |ed1bojolg

uiayoud
Buluieluod uisojep

uabijue Jespnu
119> Bunesayljoid

312> uoisialp

1193 g 3uadiyap
9dueuauleWw
SWOSOWOIYIIUIN

|el puoydOHW
‘uiayoud jpoys
1eay ed> 09

D uiaroidoapnuoqu
Jeapnu
snoauabolialaH

La/¢ev
uisyoidoapnuoqi

Jeapnu
snoausabolialaH

sweu uid304d

o

eudd

SUWoW

sLPdsH

Waduiuy

sqzeduiuy

(LD

",9]0J |e2160]01q JI3Y} UO paseq ApN3s SUO UeY} SJ0W Ul PaIHIIUIPI Se YiModb ||93 Yiim pare|atiod Ajaaiysod sauap ¢ ajqel

www.future-science.com

future science group



Perspective

Kyriakopoulos & Kontoravdi

Driven by the importance of the mTOR pathway,
Edros et al. (10] used a pathway-specific PCR array to
quantify the levels of associated genes in two mAb-pro-
ducing CHO cell lines with a 17.4-fold difference in g,.
Eight genes (Pik3cd, Pik3cg, Pldl1, Rrage, Ins2, Telo2,
Rps6, Prkabl) were found to be differentially expressed
out of the total of 84 genes associated with the mTOR
pathway that were tested. The transcript (Pik3cd)
that presented the greatest upregulation (more than
70-fold), which encodes for the p1103 protein, was also
confirmed at the protein level using western blot. Tests
on additional cell lines revealed that the p1108 protein
presented a Pearson correlation coefficient of 0.835
with the ¢ of six different mAb-producing CHO cell
lines with g, ranging from 3 to 51 pg/cell/day.

Clarke et al. 14] performed coexpression analysis of
microarray data resulting from a wide range of pro-
cesses (fed-batch with different media, temperature
and feeds), products (mAb and fc fusion protein) and
167 cell lines CHO (CHO-DXBI11 and CHO-K1) cell
lines with g, ranging from 0.52 to 55.39 pg/cell/day.
Such a study adds one more level of information to the
typical microarray data analysis, as correlation between
the different transcripts was also employed indepen-
dently of phenotype (in this case g,). Coexpression
analysis identified 70 genes to be positively correlated
with productivity, whereas about 110 were negatively
correlated. Positively correlated genes included lipid
metabolism (Lp/) and intracellular protein transport
(Sec22b, Vamp3) related processes. Genes with nega-
tive correlation with productivity included cholesterol
biosynthesis (Fdps, Mvd, Cyp51al, Dhcr7, HmgesI) and
fatty acid metabolism (Acaz2) related processes.

Kyriakopoulos ez al. 18] used gqRTPCR to ana-
lyze the expression of 40 amino acid transporters in
the parental and two mAb-producing GS-CHO
(CHO-K1 derived) cell lines with a twofold differ-
ence in ¢, at exponential and stationary phase of batch
culture. They observed that genes s/cla2 (acidic amino
acid transport) and s/c4342 (branched chain amino
acid transport) were positively associated with produc-
tivity as were found to be constantly higher in producer
cell lines than in parental. Gene s/c646, which encodes
for a taurine transporter, was found to be differentially
expressed and positively correlated with productivity
during exponential phase of batch culture. The overex-
pression of the latter gene has been found to enhance
productivity in a previous study [19].

Edros et al. 120) used qRTPCR and flow cytometry to
analyze a panel of six mAb-producing CHO cell lines
with g, ranging from 3 to 51 pg/cell/day. They identi-
fied that heavy and light mAb chain mRNA, heavy
chain polypetides and intracellular mAb presented the
greatest correlation with g . Growth rate, biomass, ER

content and light chain mAb polypeptide were also
correlated with ¢, but not for all time points tested.
Also molecular markers, such as total protein content,
cell size and Golgi apparatus content were not found to
be correlated with productivity.

Davies ez al. [21] performed a large-scale study assess-
ing functional heterogeneity and heritability of 100 cell
line clones. The selection process involved selecting for
cell lines that presented the least variation in growth
rates during extensive subculture. These cell lines were
then transiently transfected with a vector encoding for
both mAb and green fluorescent protein (GFP), uti-
lizing two different transfection methods: chemical
treatment with lipofectamine and electroporation. Dif-
ferences were found when comparing titers of the dif-
ferent clones and of the two products. MAD titer varia-
tion between the clones, for example, was much less
than GFP titer variation. This was attributed to the fact
that GFP is a nonmammalian protein. MAb and GFP
expression was found to be better correlated for the cells
transfected by lipofection suggesting that the transfec-
tion method also plays an important role in observed
product titer variations. Transient mAb expression of
individual clones was not found to be heritable, how-
ever clones were identified that presented differences in
growth rate, endocytotic transfectability and N-glycan
processing after multiple subcultures. In conclusion,
the results in [21] show the broad diversity of subclones
during selection and extensive cultivation attributed to
the dynamic nature of their functional genome.

Finally, O’Callaghan et al. [22) performed a transcrip-
tomic and proteomic analysis of heavy and light chains
in seven mAb-producing CHO cells varying over
350-fold in q, Their findings suggest that heavy chain
controlled mAb production, as light chain mRNA lev-
els were in excess in all cell lines tested. There was also a
positive correlation between ¢ and heavy chain mRNA
transcription and translation rates. Overall, a variable
expression of heavy and light chain between different
cell lines was observed, leading to the conclusion that
cell line engineering should be cell line specific.

Metabolic traits of high producers

Comparative studies of cell metabolism have been
carried out, yielding a higher degree of converging
findings in terms of characteristics of high producers
compared with transcriptomic and proteomic studies.
Specifically, Ghorbaniaghdam ez a/. 23] used a cumate-
inducible vector for expressing an mAb product in
CHO cells in batch culture and performed metabolic
analysis of resulting ¢, phenotypes. A kinetic metabolic
model was also emproyed to assess metabolic regula-
tion. Their findings suggest that the high producer cell
line presented a higher global flux in TCA cycle, result-
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Principal component analysis: Statistical procedure used
to find patterns in data of high dimension.

ing in better redox and increased metabolic efficiency
both before and during induction.

Kyriakopoulos ez al. 18] performed a time-course
analysis of extracellular and intracellular amino acid
concentrations during the batch culture of a parental
and two mAb-producing GS-CHO cell lines (vary-
ing twofold in qp). Specific extracellular rates of amino
acid, lactate and ammonia were not found to present
any specific trends in the producer cell lines. Along
with the transcriptomic data for amino acid transport-
ers presented in the same study which showed that
none of the proteinogenic amino acid transporters
were differentially expressed between the producer cell
lines, the researchers suggested that transport of amino
acids is not the limiting step for recombinant protein
formation.

Chong et al. [24] performed metabolomic analysis
(LC-MY) of different mAb-producing CHO cell lines
(CHO-DG44 derived). The researchers identified that
oxidized (GSSG) and reduced (GSH) glutathione,
FAD, NADH, UDP-Glc or UDP-Gal (could not be
distinguished with their method), UDP-GIcNAc or
UDP-GalNAc (could not be distinguished with their
method) pools were increased for high producers. The
results suggest that high producing cell lines regulate
their redox status (glutathione, FAD, NADH) better
than lower producers. In general, it appears that high
producing cell lines present an increased capacity for
oxidative metabolism and, consequently, more efficient
energy utilization mechanisms. This was also recently
observed in a study where maximum mAb produc-
tion along the course of a typical fed-batch culture
was found to be correlated with increased oxidative
metabolism [25].

Transcriptomic & proteomic traits of fast
growers

Given the synergistic effect of specific productivity
and cell growth toward increasing recombinant pro-
tein titers, it is also interesting to review recent stud-
ies that identify genes associated with high specific
growth rates. Translatome analysis was performed for
the first time by Courtes ez al. [15] to identify the traits
of a mAb-producing CHO (CHO-DG44 derived) cell
line during exponential phase of batch culture. The
technique involves microarray analysis of different
pools of mRNA that were separated on sucrose gra-
dient. Results were reported by taking into account
the resulting pools that correspond to ribosome load-
ing, in other words, RNA bound to polysomes and

to monosomes. Overall, 43 genes were found to be
well expressed at exponential phase. Highly expressed
genes were associated with RNA processing and RNA
localization (Hnrnpe and Hnrnpa2bl encoding for
heterogeneous nuclear ribonucleoproteins), cell-cycle
regulation (Prcl encoding for the protein regulator of
cytokinesis 1), carbohydrate metabolic processes and
cofactor metabolism (G6pdh encoding for glucose-
6-phosphate dehydrogenase), RNA processing and
ribosome biogenesis (Uzp6 encoding for UTP6 small
subunit processome) and chromosomes organization
and modification, DNA metabolic processes and DNA
repair (Ruvbll encoding for RuvB-like proteinl). The
researchers concluded that transcript level and tran-
scriptional efficiency are not correlated for 95% of
the genes, a finding that highlights the importance of
transcriptional control mechanisms in CHO cells.

In the aforementioned study by Carlage ez al. (6],
in which proteomic analysis of CHO (CHO-DG44
derived) cells expressing a recombinant fusion protein
was performed, certain classes of proteins were also
found to be correlated with cell growth. Specifically,
eukaryotic translation initiation factor 3 (£7f3) and
the 40S ribosomal protein S6 (HspaG), a molecular
chaperone associated with ER stress and unfolded pro-
tein response (BiP) and cell-cycle regulation proteins
(RACKI1, GTP-binding nuclear protein Ran, calcy-
clin) were all found to be positively correlated with
growth. Proteins including ribosomal intermediate
filament proteins (vimentin, annexin, histone H1.2,
histone H2A) and a growth inhibitor (galectin-1) were
negatively correlated with growth.

In Clarke e al. (16] three -omics levels, transcrip-
tomics including miRNA analysis and proteomics,
were used to study ten mAb-producing CHO
(CHO-K1 derived) cell lines varying in growth rate
from 0.01 to 0.044 h™'. Such an analysis has the advan-
tage of allowing for cross-validation of the target genes
and proteins identified as differentially expressed
with the regulation of the miRNA levels. The analy-
sis focused on the exponential phase of batch culture.
Forty-one genes and proteins (29 positively correlated
and 12 negatively correlated with growth) were found
to be differentially expressed and were also verified
with the miRNA profiling data (22 miRNA differen-
tially upregulated and 14 differentially downregulated
with growth). The genes and proteins that best cor-
related with high specific growth rate were involved
in mRNA processing and protein synthesis. The same
transcriptomic data (not including the miRNA and
proteomic analyses) were also analyzed in another
study of the same group [26]. Therein, cell cycle and
translation genes were found to be upregulated for cell
lines presenting high growth rate, while genes associ-
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ated with cellular homeostasis were downregulated.
Overall, 416 transcripts (190 upregulated; 226 down-
regulated) were found to be differentially expressed
across the cell lines tested.

The same group have also performed a large-scale
microarray and coexpression analysis of cell lines with
different growth rates (14]. This study was also men-
tioned in the transcriptomic and proteomic traits of
high producers part as the researchers performed cor-
relation analysis for both growth and productivity. In
total, 167 cell lines with specific growth rates ranging
from -0.0058 to 0.0467 h!' were studied which allowed
them to report results for several desired traits of pro-
duction cell lines. Genes that were positively correlated
with growth were involved in cell cycle and DNA rep-
lication (Mem7, Mcem5, Mem4, Cdc20, Mad2l1, Nolcl,
Pena, Npml, Ran) and folate metabolism (Atic, Shmt2,
Gart, Mthfd2). Genes that were negatively correlated
with growth were involved in lipid metabolism (Pgs/,
Gpaal, Pigt) and vesicle-mediated transport (Txndc4,
Cope, Copb2, Timed10).

Finally, one more study by the same group [17]
involved the use of transcriptomics and proteomics to
profile fast versus slow growing mAb-producing CHO
(CHO-K1 derived) cell lines as well as fast versus slow
growing CHO-DXBI11 cells not expressing a recombi-
nant product. Overall 118 gene transcripts and 58 pro-
teins were found to be differentially expressed when
comparing slow and fast growers. Genes found to be
positively correlated with growth were associated with
the unfolded protein response (Hspbl, Hspdl) and ER
to Golgi vesicle mediated transport (Vep). In contrast,
genes involved in cell motility (Actb, Laspl), glycoly-
sis (Enol), nucleotide sugar biosynthesis (UapI), TCA
cycle (Idh3a) and glutathione biosynthesis (Gss) were
found to be negatively correlated with growth.

Metabolic traits of fast growers

Only one study has focused on performing metabolo-
mic analysis of CHO cells with different growth char-
acteristics so far. Dietmair e¢ a/. [27] analyzed the per-
formance of a CHO cell line expressing a recombinant
growth hormone growing in three different media and
hence presenting three different growth rates. Intracel-
lular samples were analyzed using HPLC and GC-MS
in exponential and stationary phase of batch culture.
Metabolites such as dCTP, CTP, ATP, GTP, NAD,
UDP-GIcA, glutamine, glutamate and thymine were
found to be in higher levels intracellularly for the faster
growing cells, while UDP-Glc was lower. During sta-
tionary phase, the researchers identified that CTP was
the main metabolite limiting cell proliferation rate and
hypothesized that its depletion was the reason for cells
entering that phase during batch culture.

Translatome: Polysome-associated mRNAs, which serve
as a measure of translational efficiency and form the
background of the proteome.

Genetic engineering strategies for CHO cells
Current genetic engineering strategies for CHO cells
include mainly gene overexpression, with unfolded
protein response (UPR) markers, for example, spliced
form of X-box-binding protein 1 (XbpIs), having been
widely targeted [1128-32). Other UPR markers include
Ppib, which encodes for cyclophilin b, an ER residence
protein, in [11], co-overexpression of Hspa5, which
encodes for BiP, A#f6c, which encodes for cleaved acti-
vating transcription factor 6, a UPR transactivator and
Xbpls in the same study [11] and co-overexpression of
EROI-Lo and Xbpls in [32]. Additionally, the gene
encoding for growth arrest and DNA damage induc-
ible protein GADD34 was targeted in (33], while Ohya
et al. [34] overexpressed the gene encoding for ATF4
and Mohan and Lee [35] overexpressed calnexin.

Overexpression strategies have also targeted anti-
apoptotic proteins, for example, the caspase-inhibi-
tor XIAP in [29] and co-overexpression of E1B-19K
(BCL2/adenovirus EIB 19 kDa protein-interacting
protein 3-like) and Aven, a cell death regulator, in
(36]. Genes facilitating intracellular protein transport
have also been used as genetic engineering targets,
for example, the gene encoding for ceramide transfer
protein (CERT) in (37) and [38], or the genes encoding
for Secl family domain-containing protein 1 (SLY1)
and Muncl8c (mammalian uncoordinated) that were
successfully co-overexpressed in Peng and Fussenegger
(30]. In a previous study, Fussenegger ¢t a/. attempted
to arrest cell proliferation in high cell density cultures
by coexpression of p21 and the differentiation factor
CCAAT/enhancer-binding protein o using an induc-
ible vector [39]. The resulting production of recom-
binant secreted alkaline phosphatase was increased
10-15-times on a per cell basis, which was further
increased by coexpressing a third gene, bclxL, to pre-
vent the onset of apoptosis. A few studies have also
successfully overexpressed cell membrane transport-
ers, for example, the s/c6a6 taurine transporter in
(19] and the Glut5 gene encoding for a fructose trans-
porter in [40]. Overexpression of miRNA targets arises
as a more recent trend and has been shown to result
in high q, phenotypes, for example, miR-17 overex-
pression in [41], and miR-557 co-overexpression with
miR-1287 in [42].

Gene silencing or knock-out strategies have also
been successful. As such, miRNA targets have been
employed, for example, miR-7 in [43] and mmu-miR-
466h-5p in [44]. Other targets include the glutamine
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synthetase (GS) gene knockouts in [45] and genes Ldha,
encoding for lactate dehydrogenase A catalyzing the
pyruvate to lactate reaction, and Pdbks, encoding for
pyruvate dehydrogenase kinases 1, 2 and 3 that catalyze
the suppression of the enzyme catalyzing the reaction
from pyruvate to acetyl-CoA, associated with pyruvate
metabolism and lactate production. Apoptotic genes
have also been targeted successfully in silencing stud-
ies, for example, genes encoding for apoptosis regula-
tor BAX and Bak (Bcl-2 homologous antagonist/killer)
in 46) and [47]. A list of recent genetic engineering
strategies can be found in Supplementary File 3.

Conclusions & future perspective

A review of recent —omics studies comparing CHO
cell lines with different characteristics has identified
a small subset of genes that are correlated either posi-
tively or negatively with recombinant protein produc-
tivity and cell growth. These are mainly related to
oxidative metabolism, the cell cycle, transcription
and translation regulation, protein processing and the
unfolded protein response with respect to recombi-
nant protein productivity. This points to the need of
engineering greater protein synthesis and processing
capacity in professional secretors. Intervention could
involve a variety of targets, which have, however,
yielded variable results when evaluated with differ-
ent protein products [11] as also reviewed in [48]. In
parallel, genes related to the cell cycle, DNA repair,
RNA processing and mitochondrial function have
been found to predominantly correlate with cell
growth. However, there are no genes consistently
being identified as positive or negative indicators of
growth or productivity across cell lines and recom-
binant products. In fact, the clusters of genes iden-
tified by two or more studies of different CHO cell
lines producing different mAb and non-mAb prod-
ucts is substantially smaller than the list of genes that
have been identified as being differentially expressed
at the mRNA, or protein level in individual stud-
ies. Interestingly, some studies demonstrate contra-
dicting results, for example, overexpression of XbpIs
does not always result in increased g, phenotypes
(34.37]. Similarly, ribosomal proteins have been found
to be both positively and negatively correlated with
productivity in different studies. Overall, the UPR,
apoptosis, cell cycle and lactate metabolism appear
to be the pathways that are most frequently targeted
in genetic engineering attempts, usually with positive
outcomes. Although there are studies targeting more
than one gene [11,39], these usually target a single path-
way. Additional targets identified in —omics studies
involve the overexpression of the Rps6 gene (involved
in protein synthesis and mTor pathway, see Table 1)

and the overexpression of the six genes (Hnrnpa2bl,
Hnrnpe, Hspdl, Mcm5, Pena, Vep) found to be associ-
ated with good growth characteristics (Table 3). Our
analysis does not identify any obvious silencing tar-
gets that have been reported in more than one study
(Tables 2 & 4).

These observations point to the fact that genes cor-
related with cell growth and recombinant protein pro-
ductivity are largely cell line dependent and that find-
ings relating to cellular events other than metabolism
could be the result of clonal variation rather than a
global indicator of performance. This is exemplified in
[21], which showed that the breadth of clonal variation
in terms of recombinant protein titer varies depending
on the product itself. The argument is reinforced by a
recent study on difficult-to-express proteins, in which
the same host was used to transiently express a panel
of eight mAbs that reached low process titers [11]. The
researchers examined the effect of coexpressing a vari-
ety of molecular chaperones involved in the unfolded
protein response and their results showed that the
effectiveness of each chaperone coexpression varied
depending on product. They therefore concluded
that the optimal strategy is different for each product,
despite using the same host and working with the same
class of difficult-to-express proteins. The same group
has further suggested that predicting the expression
levels of different proteins requires knowledge of the
product sequence and could be aided by computational
tools [11,13].

Additional complications arise from the inherent
genetic variability of different CHO cell hosts [49].
CHO cells have been the workhorse of the biophar-
maceutical industry thanks to their amenability to
genetic modification. Over the decades they have been
adapted to different processing environments (sus-
pension, serum-free cultivation, proprietary media
and process conditions) and have undoubtedly gone
through an evolution process that results in the docu-
mented genetic diversity of hosts existing in academic
and industrial laboratories [50].

An additional challenge is the lack of commer-
cially available standardized tools for —omics analyses
specific to CHO cells. The bioprocessing commu-
nity would benefit from a universal CHO cell DNA
microarray or sequencing method that would stan-
dardize analyses performed in different laboratories
and ensure transferability of research methodologies.
To establish such tools, it is necessary to have a well-
defined reference genome that is relevant to all cell
lines. This would also help identify any mutations
with adverse effects, which would point to the need
of re-engineering these functions into the specific
cell lines. Standardization of data analysis methods
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would also help ensure comparability of studies and
results across different hosts and studies, even though
it would be difficult to carry out microarray analysis
for each cell line development campaign due to the
large number of cell lines involved. Finally, transcrip-
tomic results arising from such analyses require vali-
dation at the proteomic level on an individual cell line
basis. This prompts the use of multiomics approaches
for obtaining a global view of strategies for attaining
higher levels of recombinant protein production, as
also advocated by [15.16], or aiding the production of
difficult-to-express proteins.

Despite the disparity of current ‘-omics’ char-
acterization efforts and genetic engineering strate-
gies, knowledge of differentially expressed genes has
already been demonstrated to benefit genetic engi-
neering approaches. A prominent example is that of
the slc6a6 taurine transporter, which was shown to
be highly expressed at the transcriptomic level dur-
ing late stage culture, and was subsequently overex-
pressed resulting in prolonged viability and a 47%
increase in mAb titer [19]. The question then becomes
how best to assess the effect of different potential
strategies if the outcome is cell line- and product-
dependent. Once targets for overexpression have been
identified through —omics studies, it is possible to use
the transient expression set-up put forward in [11] to
identify the most suitable methodology for the par-
ticular experimental system. The advantage of tran-
sient gene expression is that it is fast and amenable to
high-throughput studies. The final outcome can be
a tailored cell line co-overexpressing the most prom-
ising target stably or even transiently to reduce the
metabolic burden.

Contrary to the variable results of transcriptomic
and proteomic studies, there appears to be wider
consensus in the literature with regards to the met-
abolic traits of high producers compared with their
transcriptomic and proteomic characteristics. Given
the established methodologies for high-throughput
automated assays, for example, FACS, ClonePix™
(Molecular Devices, CA, USA), Cell Xpress™
(Cyntellect Inc., CA, USA) reviewed in [s1], meta-

bolic profiling offers a promising and robust strategy
both for selection and cell engineering. This could
involve, for example, a process selecting for increased
glutathione pools or other redox-related metabolites
(FAD, NADH), nucleotide sugars (UDP-GlcNAc or
UDP-GalNAc) or nucleotides as described in [24] and
(27]. Due to the complex nature of the system, it is
expected that more than one metabolite would need
to be screened. In terms of process engineering, time-
course —omics data would need to be available for
refining process conditions. In addition, these data
would need to arise from protocols and materials that
closely mimic the production process, after a suitable
cell line has been identified. This point is also empha-
sized in a recent review by Dickson [52] who stresses
the importance of aligning media and feed composi-
tions to specific cell lines and recombinant products
(particularly non-mAbs) by using metabolomics to
achieve a molecular-level understanding of individual
metabolic requirements.

An important metric that has not been widely
considered in comparative studies carried out to
date is that of protein product quality. Strategies
that increase specific protein productivity or alter
cell metabolism have the potential of changing the
extent of post-translational modification, with the
most obvious example being that of protein glycosyl-
ation (as reviewed in [53,54]). It is therefore imperative
that cell line selection or engineering approaches are
compared in terms of their effect on cell growth, spe-
cific productivity and product quality to arrive at the
optimal strategy for each cell line and recombinant
protein product.
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Executive summary

dependent.

processing and mitochondrial function.

e Correlation of gene expression with cell growth and recombinant protein productivity appears to be cell line

e Biological clusters of genes positively correlated with productivity include oxidative metabolism, the unfolded
protein response, transcription and translation regulation.
* Biological clusters of genes positively correlated with cell growth include cell cycle, DNA repair, RNA

e Multiomics approaches are required since transcript levels do not necessarily correlate with protein levels.
e Metabolic profiling has been more successful at identifying characteristics of high producers.
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