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Abstract

Chinese hamster ovary (CHO) cells are essential to biopharmaceutical manufactur-

ing and production instability, the loss of productivity over time, is a long-standing

challenge in the industry. Accurate prediction of cell line stability could enable effi-

cient screening to identify clones suitable formanufacturing saving significant timeand

costs. DNA repair genes may offer biomarkers to address this need. In this study, over

40 cell lines representing various host lineages from three companies/organizations

were evaluated for expression of five DNA repair genes (Fam35a, Lig4, Palb2, Pari, and

Xrcc6). Expressionmeasured in cellswith less than30populationdoubling levels (PDLs)

was correlated to stability profiles at 60+ PDL. Principal component analysis identi-

fied markers which separate stable and unstable CHO-DG44 cell lines. Notably, two

genes, Lig4 and Xrcc6, showed higher expression in unstable CHO-DG44 cell lines with

copy number loss identified as themechanismof production instability. Expression lev-

els across all cell ages showed lower DNA repair gene expression was associated with

increased cell age.Collectively,DNArepair genesprovide critical insight into long-term

behavior of CHO cells and their expression levels have potential to predict cell line

stability in certain cases.
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1 INTRODUCTION

Chinese hamster ovary (CHO) cells are the primary cell type used

for manufacturing of therapeutic proteins, especially monoclonal anti-

bodies (mAbs). CHO cells are used for manufacturing of 70% of all

recombinant proteins and all mAbs approved in the past 8 years.[1]

These biopharmaceuticals generate more than $100 billion in revenue

per year with at least four mAb products reaching blockbuster sta-

tus within the first year of approval as of 2016.[2,3] CHO cells possess

a variety of desirable features for biopharmaceutical manufacturing

Abbreviations: AMBIC, advancedmammalian biomanufacturing innovation center; CHO,

Chinese hamster ovary; HR, homologous recombination; IVCC, integrated viable cell count;

mAb, monoclonal antibody;MTX, methotrexate; NHEJ, non-homologous end joining; PCA,

principal component analysis; PDL, population doubling level; qP, cell-specific productivity;

VCD, viable cell density.

such as robust growth in suspension culture, the ability to generate

human-compatible glycosylationpatterns, andmulti-gram titer expres-

sion. The use of CHO cells can also be attributed to inherent genome

plasticity which enables the selection of cells with desirable pheno-

types. However, this same genome plasticity, can also result in chromo-

somal rearrangements and unstable mAb production during long-term

culture durations once desirable phenotypes are achieved.[1] One par-

ticular example of this issue is in the selection of clones expressing high

titers. Genome plasticity facilitates screening of clone pools to identify

cells with high titers. However, the stability of the titer must be evalu-

ated over 60 generations.[3,4] Clonal development can be accelerated

with newmethods for predicting cell line stability.

Previous work has identified genetic and epigenetic mechanisms

including copy number loss, gene silencing, and histone modifica-

tion as contributors to cell line instability.[4,5] Multiple of these
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mechanisms may act together to cause cell line instability which can

also be impacted by phenotypes inherent to the host cell line. Addi-

tionally, the integration location of transgene cassettes can influence

expression as some locations are considered “hot spots” capable

of high expression. Despite these diverse mechanisms for cell line

instability, early prediction of cell line instability is of great interest

for the biopharmaceutical process development community. In the

search for these predictive markers, multiple studies have sought

mechanistic or broad expression-based screens but were limited to a

single CHO host cell lineage.[4,6,7] Since the first isolation of CHO cells

in 1958, adaptation, mutagenesis, and genetic engineering have been

widely applied resulting in vast genomic differences attributed to each

lineage.[1,8–10] CHO-K1, CHO-DG44, CHO-DUXB11, and CHO-GS

represent the most widely used CHO cell lines in biopharmaceutical

production.[1] Although these cell lines are all CHO-derived, their

behavior with respect to production capacity and cell line stability can

vary across host lineages, due to the use of mutagens in their creation

and the methods employed in final selection. Therefore, identification

of universal, early biomarkers of cell line instability across multiple

CHO cell hosts would enable significant time and resource savings

during biopharmaceutical development.

Genome instability, which can serve as one mechanism of pro-

duction instability across CHO cell lines, occurs primarily through

chromosomal rearrangement.[11] This instability is inherent to the

CHO genome as compared to the ancestral Chinese hamster genome

and may be due to improper DNA double strand break repair.[1,3]

The two most widely studied pathways for DNA repair are homol-

ogous recombination (HR) and non-homologous end joining (NHEJ)

with recent work identifying microhomology-mediated end-joining as

a third alternative mechanism.[12,13] Detailed information about DNA

repair pathways and behavior specifically within CHO cells is exten-

sively reviewed elsewhere.[10,14–16] Five key genes studied in this

work, which show mutations between the CHO and Chinese hamster

genome, Fam35a, Lig4, Palb2, Pari, and Xrcc6, span activity within both

HR and NHEJ pathways. Fam35a acts as part of the shieldin complex

to initiate NHEJ DNA repair while Lig4 is responsible for the final lig-

ation step to repair DNA breaks.[17–19] The Xrcc6 gene which encodes

theKU70 protein is amember of the x-ray repair cross-complementing

group responsible for NHEJ.[20] Conversely, Palb2 and Pari are directly

involved in HR-directed repair mechanisms with Pari expression as a

rate-limiting factor in CHO cells.[18] Collectively, these five genes and

others involved in DNA double strand break repair have been impli-

cated in human cancers.[20–22] andmay also provide critical insight into

CHO cell line instability.

In this work, expression of five DNA repair genes (Fam35a, Lig4,

Palb2, Pari, and Xrcc6) at early cell ages was measured and associated

with relative productivity at PDL60. Through a partnership with the

Advanced Mammalian Biomanufacturing Innovation Center (AMBIC),

analysis of industrially-relevant cell lines ultimately identified Lig4 and

Xrcc6 as potential biomarkers for stability prediction specificallywithin

the CHO-DG44 host lineage. Further study of these cell lines con-

firmed stability trends and identified copy number loss as the main

cause of production instability in cell lines aged without selection

pressure. This work provides insight into DNA repair gene expres-

sion during cell aging and presents preliminary biomarkers for early

prediction of CHO cell production instability.

2 MATERIALS AND METHODS

2.1 Cell lines and culture information

The CHO-DG44 cell lines used in this work were generously provided

by the National Institutes of Health as part of the AMBIC consortia.

Three cell lines, designated here as cell lines A, B, and C, were isolated

from a single cell cloning campaign and express the same monoclonal

antibody construct. These cell lines were grown in ActiPro media

(Cytiva) with 6 mM glutamine using 125 mL shake flasks, an operating

volume of 20–30 mL, and a shake speed of 135 rpm (25 mm incubator

throw diameter). Culture conditions were 37◦Cwith 5%CO2 and 80%

relativehumidity using a seedingdensity of 0.3–0.4million cells permL.

To generate various cell line ages, doubling times were calculated at

each passage and cultures were maintained until the cumulative pop-

ulation doubling level (PDL) reached the desired age. Cell count and

viability were measured every 3–4 days using a Vi-Cell XR (Beckman)

prior to passage and PDL at each passage was calculated using initial

and final viable cell counts.[23,24] Frozen bankswere created at approx-

imately PDL20, 35, 60, and 90. Cultureswere aged in the presence and

absence of 30 µMmethotrexate (MTX) selection to generate a total of

six different cell line populations for detailed analysis. Additional cell

lines were analyzed off-site for DNA repair gene expression by indus-

try partners and included CHO-GS and CHO-K1 lineages. Cultivation

methods for these cell lines including growth media, temperature and

shaking speed varied, andwere not disclosed by industry partners. The

CHO-K1 cell vial for use as an RNA internal standard was generated

using the same culture conditions outlined above for growth in ActiPro

media. Cell banks were created using cells from passage three and

frozen in 10%DMSO.

2.2 Fed-batch culture conditions

For accurate comparison of production instability, all DG44-based cell

lines were grown in fed-batch culture using the same basal media as

outlined above with the CellBoost 7a/7b system (Cytiva). Feeds were

added daily starting on day 3 and maintained at 3% vol 7a (0.3% vol

7b) until culture termination. Concentrated glucose solution (200 g

L−1) was also added daily after day 5 at 33 µL to supplement the glu-

cose provided in the 7a feed solution to reach approximately 5 g L−1

total glucose at each feeding To assess all ages and required conditions

within a single experiment, fed-batch culture was performed in biore-

actor spin tubes with an operating volume of 10 mL and a shake speed

of 200 rpm (incubator throw diameter 25 mm). Daily sampling volume

wasmatchedwith daily feed/glucose addition tominimize volume loss.

Cell count and viability were analyzed daily for these experiments with

cultures terminated when viability fell below 70%.

Titer from fed-batch cultures was quantified using an Octet Red

96e with Protein A biosensors. Samples were diluted 10-fold with
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phosphate buffered saline containing 0.1% bovine serum albumin and

quantified using Octet Calibrators (1–700 µg mL−1, Sartorius). MAb

titer was assessed every other day and at culture termination. Overall

cell specific productivity was determined as the slope of titer plotted

as a function of integrated viable cell count (IVCC). Daily IVCCwas cal-

culated using the trapezoid approximation of daily viable cell density

measurements.

2.3 Quantification of DNA repair gene and mAb
expression

Gene expression was quantified from bulk RNA extracted using the

RNeasyMini Kit (Qiagen). For CHO-DG44 samples, an aliquot of 5mil-

lion cells was used for RNA extraction at fed-batch culture onset. For

all other cell lines, RNA extraction and qPCR analysis was performed

off-site by each industry partner following the protocol provided in

Document S1. RNA extraction was followed by DNase treatment

with a DNA-free kit (Invitrogen) and clean up using RNeasy MinElute

Cleanup Kit (Qiagen). RNA concentrationwasmeasured and diluted to

20 ng µL−1 with 40 ng loaded per sample. Reverse transcription and

quantification were completed using the TaqMan RNA-to-Ct 1-Step

kit (Applied Biosystems) according to the manufacturer’s protocol.

PrimeTime PCR assays (Integrated DNA Technologies) used the FAM

fluorophore. Primer sequences for all DNA repair genes, Actr5 as a

housekeeping gene andmAbheavy/light chain canbe found in Table S1.

Relative expression was quantified using theΔΔCtmethod compar-

ing to a standard CHO-K1 RNA isolated from a frozen cell bank. This

reference material was provided to participating sites to enable nor-

malization and comparison across cell lines and locations. TheCHO-K1

RNA sample was directly isolated from a frozen vial with three washes

using 5 mL sterile Phosphate Buffered Saline prior to RNA extraction

to completely remove residual cryoprotectant. Raw qPCR expression

datawas analyzed using templated spreadsheets, collected, and aggre-

gated for broader analysis. qPCR expression data was collected in

technical triplicate with isolated, divergent values removed from the

averageCt calculation across the dataset. FormAb expression of CHO-

DG44 clones within the aging study, light and heavy chain expression

was determined using the ΔΔCt method comparing to PDL20 condi-

tions. Data was further normalized to the mAb light chain in cell line A

to allow for easier comparison across cell lines.

2.4 MAb copy number quantification

Copy number of the light and heavy chain of the IgG antibody

expressed by the CHO-DG44 cell lines was quantified using TaqMan

Applied Master Mix (Applied Biosystems) with genomic DNA. At ini-

tiation of fed-batch culture, a sample containing 5 million cells was

collected from each cell line/age. Genomic DNA was isolated using a

QIAmp DNA Mini Kit (Qiagen) with RNase and Proteinase K added

according to manufacturer’s instructions. DNA solutions were diluted

to15ngµL−1 with75ng loadedper samplewell. PrimeTimePCRassays

F IGURE 1 Cell age and relative productivity of cell culture
samples considered in this study. The full dataset included 44 total
samples across multiple ages and CHO cell lineages. Relative
productivity of 70% is shown as the stability cut-off with a dashed line.

(Integrated DNA Technologies) which contain preformulated primer

and probe sequences were used with quantification determined by

comparison to a gBlock (Integrated DNA Technology) standard curve

of known copy number. To minimize material usage, the housekeep-

ing gene Actr5 used a HEX fluorophore to enable multiplexing with the

FAM fluorophore on the heavy and light chain mAb probe sets (see

Table S1 for primer/probe sequences). Amplification followed manu-

facturer’s instructions for TaqMan Applied Master Mix with a CFX96

Real-Time PCR Detection System (BioRad). Relative copy number was

generatedbynormalizing copynumbers to those atPDL20 for each cell

line/condition.

2.5 Dataset from multiple industrial CHO hosts

Information about specific stability of cell lines used in this study was

aggregated by various companies and organizations (Figure 1). These

cell lines span a variety of ages covering relevant timeframes from vial

thaw to production bioreactor (PDL60). For some cell lines, informa-

tion was available at longer cell ages up to PDL110. For comparison

across different cell line platforms, cell specific productivity (qP) was

normalized to the youngest cell age available (PDL0-20). Stable cell

lines are defined as maintaining a cell specific productivity greater

than 70% of the initial value (i.e., greater than 0.7 normalized qP)

(Figure 1).[25] This full dataset represented a total of 44 cell line sam-

ples with 53% of the dataset designated as stable and 58%, 32%, and

11% of the dataset representing the CHO-GS, DG-44, and K1 host lin-

eages, respectively. Within each CHO host lineage, there is an equal

distribution of stable and unstable cell lines.

2.6 Statistical methods and analysis

All data for fed-batch culture represents themean and standard devia-

tion from two biological replicates. All qPCR analysis was performed
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in biological duplicate and technical triplicate with the average Ct

value and corresponding standard deviation used in calculations. All

statistical analysis was performed in R (4.2.0) using RStudio version

2022.02.1. Principle Component Analysis (PCA) used the factoextra

package and box plots were generated using the ggplot2 package.

3 RESULTS

3.1 DNA repair gene expression in early age
relevant cell lines

The CHO genome has been characterized by reduced copy number

or mutations in key DNA repair pathways.[3] To interrogate the rela-

tionship between these DNA repair genes and CHO cell line stability,

each cell line was evaluated for expression of five DNA repair genes

(Fam35a, Lig4, Palb2, Pari, and Xrcc6). These genes were selected for

analysis because the CHO genome contains at least one nucleotide

mutation within the gene which changes an amino acid in the protein

sequence as compared to the Chinese hamster genome which might

impact function. Additionally, Lig4 and Xrcc6 have been previously

exploredwithin the context ofDNA repair and production instability in

CHO.[3] Only cell line samples with PDL between 0 and 30 were con-

sidered for this portion of the study. A total of 19 cell lines (dataset

shown in SI Table 2) were evaluated for DNA repair gene expression

with 10 cell lines classified as stable (relative qP at PDL60 greater

than 70%).[25] Principal Component Analysis (PCA) applied to the full

datasetwith cell line stability as the separationmetric showed overlap-

ping PCA 95% confidence interval ellipses suggesting that there is no

linear combination of the five DNA repair gene expression that suffi-

ciently explains population differences (i.e., serve as an early predictor

of cell line instability) (Figure 2A).

Because most samples were from either the CHO-DG44 or CHO-

GS hosts, we next sought to use host lineage host as a grouping metric

for PCA analysis.[26] (Figure 2B). The 95% confidence ellipses show

distinct separation of the two host cell line groups indicating charac-

teristic DNA repair gene expression within each CHO host cell line,

with all five DNA repair genes contributing to the loading of the first

two PCA dimensions (Table S3). These findings are consistent with the

notion that each host cell lineage has a distinctive expression profile

of these DNA repair genes, as might be expected due to the distinct

developmental stages required to generate each lineage.

The early stability dataset was split into subsets for the two most

abundant lineages (CHO-GS, CHO-DG44). PCA of the CHO-GS host

showed nearly complete overlap of the data (Figure 2C) while clear

separationwas observed between the stable and unstable CHO-DG44

populations (Figure 2D). From this dataset of CHO-GS cell line sam-

ples, long term cell line stability is likely not attributable to expression

of these five DNA repair genes in any linear combination. For this lin-

eage, cell line stability may be attributable to expression of different

genes or other phenotypic signatures. For the CHO-DG44 samples,

PCA dimension 2 completely separates stable and unstable popula-

tions with 12.8% and 73.1% loading from Lig4 and Xrcc6, respectively

(Table S3).

Low expression of both Lig4 and Xrcc6 in CHO-DG44 hosts was

observed in stable cell populations while elevated expressionwas seen

in unstable populations (Figure 3). DNA repair gene expression of

Lig4 and Xrcc6 in the CHO-GS/K1 host cell lines along with expres-

sion of Fam35a, Palb2, and Pari for all cell lines show between a 0.3

and 0.5-fold change in expression relative to the CHO-K1 standard

sample (Figures S1–S4). Fam35a, Palb2, and Pari (Figures S2–S4) show

similar expression levels (p > 0.05) between the stable and unstable

populations in both CHO-DG44 and other CHOhost cell lines.

To further probe the ability of DNA repair genes to predict cell

line stability a priori, linear regression was applied to predict relative

qP from relative RNA expression of Lig4 and Xrcc6. The regression fit

(Relative qP = 1.45–0.35* Relative Lig4 RNA expression – 0.4*Rela-

tive Xrcc6 expression) was statistically significant (p< 0.05) with these

two variables explaining 94% of the variation in the data as shown

in Figure S5 (R2
= 0.94, adjusted R2

= 0.91). This relationship sug-

gests that Lig4 and Xrcc6 have potential as marker genes to screen

CHO-DG44 based cell lines for long-term production stability.

3.2 Aging study of CHO-DG44 clones

A study using the CHO-DG44 cell lines was performed to determine

the mechanisms of production stability in these cell lines. Cells were

aged to PDL 20, 35, 60, and 90 in the presence or absence of 30 µM

MTX, banked and thawed for simultaneous fed-batch screening of all

conditions. Addition of MTX provides selection pressure to maintain

the mAb construct and dihyrofolate reductase (DHFR) copy number.

Without the DHFR activity, the presence ofMTX prevents synthesis of

essential nucleotide precursors. While addition of MTX can maintain

construct copy number, use of this compound in industrial biomanu-

facturing is not desirable. The three cell lines evaluated here, in both

the presence or absence of MTX, showed consistent growth behavior

reaching a peak viable cell density (VCD) between 15 and 25 million

cells mL−1 between day 6 and 8 of culture (Figure S6). Culture VCD

and viability dropped rapidly at the end of culturewith cell lines aged in

MTXsurviving longer than their non-selected counterparts (Figure S7).

PDL90 cultures had the shortest fed-batch culture duration compared

to younger cell age cultures often terminating at least a day earlier,

regardless of the cell line/selection conditions (Figure S7).

In addition to monitoring cell growth and viability, samples were

periodically collected formAb titer quantitation. All cell lines at PDL20

produced a maximum titer between 1.2 and 1.6 g L−1 (Figure S8).

Time course samples during growth show significant mAb accumula-

tion during the fed-batch portion (day 3 onward) in all cultures. For the

conditions lacking MTX selection, lower titer is observed as cells age

(Figure S8). For cell linesA andC, titer fell with increasing agewhile cell

line B showed consistent titer at about 1 g L−1 for PDL20 and 35 with

a 40% decrease in PDL60 and 90 conditions (Figure S8). Without the

MTX selection pressure, production instability impacts each of these
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F IGURE 2 Principal Component Analysis of DNA repair genes toward predicting production instability. Analysis of data from young cell lines
(≤PDL30) to find characteristic groupings of variables shows overlap in all data (A) and separationwhen considering host cell line (B). Each host cell
line in this work has a characteristic set of DNA repair gene expression levels. Analysis of each subgroup of host cell lines CHO-GS (C) and
CHO-DG44 (D) indicate that characteristic/predictable behavior between stable and unstable cell lines is observed in only the DG44 subset.

cell lines. For cell linesmaintainedwithMTX selection during the aging

process, titer was nearly identical across all cell ages.

From the VCD and titer data, cell-specific productivity (qP) was cal-

culated for each condition andnormalized to the correspondingPDL20

condition for comparison across cell lines (Figure 4A). Consistent with

the titer results, cultures without MTX selection show a drop in nor-

malized qP with cell age. All three cell lines demonstrate behavior

consistent with production instability; cell line B reached a normalized

productivity of 66% at PDL60 which is maintained at PDL90 while cell

line C had a normalized productivity of 50% by PDL35. As expected,

MTX selection maintained a high normalized qP for all cell ages with a

12%–16% increase from PDL20 to PDL90 (Figure 4A).

DNA copy number and RNA expression of the mAb cassette were

quantified, as loss of either can indicate production instability has

occurred within CHO cells. For the cell lines aged in the absence of

MTX selection, cell lines A and C show loss in light chain copy number

at PDL35 (Figure 4B) consistent with the observed decreased in rela-

tive qP (Figure 4A). A reduction in light chain copy number was seen in

cell line B by PDL60 (Figure 4B). Despite these losses, the mAb heavy

chain copy numberwasmaintained at above 60% relative copy number

for all cell line ages (Figure4C). For cultures aged inMTX, the light chain

andheavy chain copynumbers remained constantwith age for cell lines

B andC (Figure 4BC)while themaintenance ofMTX selection pressure

mayhave resulted in a duplicationof the light chain expression cassette

between PDL60 and PDL90 for cell line A (Figure 4B).

In a parallel analysis, RNA expression of the mAb light and heavy

chain indicated expression was lower in cell lines in non-MTX aged

conditions as compared to the MTX aged conditions (Figure 4D). A

decrease in light chain expression was observed in cell lines B and

C when aged without MTX selection(Figure 4D) but did not show

 18607314, 2024, 1, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/biot.202300425 by Johns H

opkins U
niversity, W

iley O
nline L

ibrary on [09/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



6 of 9 CORDOVA ET AL.

F IGURE 3 Box plot of relative expression of Lig4 and Xrcc6 DNA repair genes in early age of industrial CHO-DG44 cell lines. Stable cell lines
were defined by≥ 70% relative productivity at PDL60 and considers only samples between PDL0 and 30with normalization to housekeeping gene
Actr5 and a CHO-K1 RNA standard.

F IGURE 4 Relative cell specific productivity, mAb copy number andmRNA expression of CHO-DG44 cell lines. (A) Cell specific productivity
(qP) shows production instability occurs without maintenance ofMTXwith the limit of stability (70%) shown as a dashed line. Relative copy
number of themAb light chain (B) and heavy chain (C) demonstrate decline with age without selectionmirroring relative qP. mRNA expression of
the light chain (D) decreases with age in cell lines agedwithoutMTXwhile lower expression was observed for heavy chainmRNA expression (E).
Points represent average of two replicates normalized to the PDL20 value.

the same correlation with relative qP as light chain copy number

(Figure 4B). For all samples, light chain expression was maintained

higher than heavy chain expression (Figure 4D,E). Maintenance of

MTX selection led to constant mRNA expression (both heavy and light

chain) that did not change with age except for the likely outlier in cell

line C at PDL60 (Figure 4E). Overall, copy number loss is the mech-

anism for production instability within the studied CHO-DG44 cell

lines.
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F IGURE 5 Expression profile of DNA repair genes as a function of cell age. All qPCR data across a span of ages was combined for this analysis.
Expression decreases as cells age for Fam35a (A), Lig4 (B), Palb2 (C), Pari (D), and Xrcc6 (E).

3.3 DNA repair gene expression profiles with cell
age

We sought to combine all collected qPCR results for DNA repair

genes across all sample ages and identify predictive profiles associ-

ated with cell aging. A total of 44 samples were available to model

expression changes as a function of age (PDL) with 52% representing

stable cell lines (Table S4). Expression of DNA repair genes generally

decreased as cells aged when normalized to the CHO-K1 reference

sample (Figure5). Linear regressions fit to the full dataset for each gene

showed a negative correlation between cell age and Lig4 (Figure 5B) or

Pari (Figure 5D) expression, where expression consistently fell in both

stable and unstable populations (p-value < 0.005, Table S5). The other

DSB repair genes, Fam35a, Palb2, and Xrcc6 showed no overarching

correlation with cell age (Figure 5ACE).

When considering the stable and unstable populations as sep-

arate groups for linear regression, Fam35a expression shows a

slightly negative correlation specifically within unstable cell lines.

Interestingly, Xrcc6 expression rapidly drops beyond PDL20 for

both populations with stable cell lines showing lower expres-

sion as compared to unstable cell lines. The Xrcc6 expression in

stable cell lines was significantly correlated with age (Table S5).

Assessment of DNA repair gene expression, specifically Xrcc6, pro-

vides useful insight that could be leveraged throughout culture

duration.

4 DISCUSSION

In this work, DNA expression data was collected from several com-

panies and organizations using different CHO cell line hosts to

understand the feasibility of identifying biomarkers for predicting cell

line stability. Over 40 mAb production cell line samples were analyzed

for DNA repair gene expression at various cell ages (Figure 1). The

five genes assessed here (Fam35a, Lig4, Palb2, Pari, and Xrcc6) are

genes involved with different pathways for DNA repair and were

selected based on mutations in their coding sequences between the

Chinese hamster and CHO genomes. PCA analysis of expression

patterns for these five DNA repair genes identified CHO host specific

profiles with statistically significant classification of stable populations

for CHO-DG44 samples (Figure 2). The distinct grouping between

CHO-GS host cell lines and CHO-DG44 cell line is not surprising, as

CHO-DG44 was generated through mutagenic selection and has a

predominant history of chromosomal haploidy while CHO-GS was

created through targeted genetic engineering.[1] The mutagenesis

required to create the CHO-DG44 host cell line may be associated

with deficiencies in the DNA repair machinery. Given the targeted

nature of geneticmodifications.[2] DNA repairmachinerymay bemore

intact within the CHO-GS cell line. With many possible mechanisms

of instability including chromosomal rearrangement and epigenetic

changes, additional work is needed to identify biomarkers withing the

CHO-GS and CHO-K1 cell lineages.
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Within the CHO-DG44 samples, Lig4 and Xrcc6 expression levels

were elevated in unstable cell lines (Figure 3) while Fam35a, Palb2,

and Pari expression did not change between the stable and unstable

groups (Figure S2-S4). These findings support the importance of Lig4

and Xrcc6 in CHO cell line stability as previous work[3] has shown

that expression of the Chinese hamster versions of these genes main-

tained higher average titer and transgene copy numbers over 74 days

of culture. In human cells, both Lig4 and Xrcc6 have associations with

cancer and other conditions which also display genome instability.

Specifically, elevated Lig4 levels have been associated with glioma and

prostate cancer[21–22] while elevated Xrcc6 expression has been stud-

ied within various cancer modalities from gastric, lung, and cervical

cancers toosteosarcoma.[20] In the caseof osteosarcoma, upregulation

of Xrcc6 is observed in cancerous cells as compared to adjacent non-

tumor tissues.[20] The higher expression of Xrcc6 seen in this work for

unstable CHO cell lines in conjunction with previous findings further

supports a conserved mechanism for genome destabilization via DNA

repair pathways.

A fed-batch study of CHO-DG44 clones identified mAb copy num-

ber loss as the primary mechanism for cell line instability (Figure 4).

Only cell lines with MTX addition during the aging process displayed

stable production which is expected although not ideal for manufac-

turing purposes. Cell lines A and B showedmaintenance of heavy chain

copy number with light chain copy number loss observed in all cultures

aged without MTX selection. Copy number loss is a common mecha-

nism of production instability particularly within the CHO-DG44 host

cell line as a result of the randommutagenesis used to develop the cell

line platform.[1,7] In addition to mutagenesis, gene amplification, often

used to generate high expressing pools, has significant limitations as

many cell lines with high transgene copy numbers subsequently lose

these sequences through spontaneous elimination.[1,4,7] Copy num-

ber loss represents only one of many mechanisms which contribute to

challenges in CHO cell line stability, which include chromosomal rear-

rangement, DNA methylation, transcriptional/translational silencing,

and histonemodification.[1,4,7,28]

Collection of additional data points across CHO cell ages from early

culture to long-term (PDL100+) can continue to identify patterns asso-

ciated with cell line stability. From the combined dataset which spans

multiple ages and CHO host lineages (Figure 5), Lig4 and Pari show

decreased expression with cell age while Xrcc6 levels are significantly

lower in stable cell lines which can be used in assessing cell lines dur-

ing aging. Expression of Pari is related to HR suggesting that lower

expression would enable higher recombination frequencies making an

unstable genome more likely.[18] As shown previously, Lig4 and Xrcc6

have distinct behavior useful toward predicting cell line instability.[3]

This work identifies possible biomarkers for CHO cell line instabil-

ity for theCHO-DG44 lineage. Expression profiling effortswithin CHO

have also predicted relative qP froma dataset of 70 cell lines.[29] These

efforts identified Pari expression as part of the qP predictive model[29]

but did not identify impacts from other DNA repair genes. With a

dataset of similarmagnitude, thiswork identified Lig4 andXrcc6 as crit-

ical players which suggests a subset of genes can be profiled to predict

properties in CHO cells. Overall, these results suggest the potential

for using gene expression-based biomarkers to predict cell line stabil-

ity which could reduce the time and resource intensive aging studies of

CHO production clones.
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