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Abstract The objective of this approach was to identify new

CHO endogenous gene regulatory elements that are capable of

regulating foreign gene expression in recombinant CHO host

cells. The standard technology for the production of many

biopharmaceutical products is frequently based on expression

vectors that utilize strong mammalian viral promoters like

SV40 or CMV which allow for very high expression rates but

this may lead to constitutive over-expression resulting in a

permanent stress for the cell. In addition, some heterologous

promoters are cell-cycle dependent and can be subject to gene

silencing generating heterogeneity within the cell population.

Here, we describe the construction of a genomic CHO library

and the subsequent identification and isolation of selected

target sequences that are believed to be responsible for high

level expression of the associated genes. The method that was

used to isolate these regions of interest relies on gene specific

amplification with primer pairs binding on different genes and

the vector sequence. Flanking regions of these fragments were

identified through Inverse PCR from fragmented and self-

ligated genomic DNA. Expression levels of both the initially

derived and the mapped fragments were determined through a

luciferase reporter assay.
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Introduction

In recent years, mammalian cells have become the host

system of choice for the production of recombinant

proteins used for therapeutic applications. Using a

mammalian expression system is advantegous concerning

product secretion and post-translational modifications such

as correct protein folding and glycosylation. Product

quality, drug safety, and process-economy play a key role

in the evaluation of expression systems to be used for the

production of biopharmaceuticals [1]. One of the most

widely used mammalian expression systems is the Chinese

hamster ovary (CHO) cell system.

Efforts to optimize this system are mainly focused on

process and cell line improvement but the transfected vector

construct has significant impact on the overall performance.

To achieve efficient transcription of the recombinant gene

the expression plasmid is frequently engineered to contain

regulatory sequences. A well-designed mammalian active

expression cassette allows efficient cellular transcription

and translation and ensures the production of large amounts

of stable messenger RNA. For that purpose, commonly

strong viral promoters are used, which guarantee high

yields, but at the expense of premature activation of cellular

apoptotic pathways. There are also several other drawbacks

related to viral promoters such as the cytomegalovirus

(CMV) immediate early promoter, the simian virus 40

(SV40) immediate early promoter or the Rous sarcoma virus

(RSV) long-terminal-repeat promoter [2], since they can

lead to permanent over-expression of the recombinant pro-

tein resulting in a number of stress reactions like the

unfolded protein response (UPR) or the endoplasmatic

reticulum (ER) stress response. Furthermore, these viral

promoters show a cell-cycle dependence with the greatest

transcriptional activity in the S-phase and the possibility of
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gene silencing in stable cell lines leading to a heterogeneity

between transfectants [3].

Here, we describe the identification of CHO-specific

promoters directly from genomic DNA. For that purpose a

CHO genomic library was constructed containing fragments

of various lengths which were derived after enzymatic and

mechanical fragmentation. This method is based on a gene

specific amplification with primer pairs binding on different

genes and the vector sequence. Flanking regions of these

fragments were identified through Inverse PCR from frag-

mented and self-ligated genomic DNA. Expression levels

were determined through a luciferase reporter assay.

Materials and Methods

Molecular Cloning and PCR

All cloning procedures were performed as described by

Sambrook and Russel [4]. Restriction endonucleases and

other modifying enzymes were purchased from New

England Biolabs (USA) and used as recommended by the

manufacturer. For all PCR amplifications, the Phusion

High-Fidelity DNA Polymerase (Finnzymes, Finland) was

used according to the manufacturer’s instructions to

achieve high accuracy of the products.

Genomic DNA was isolated from 2 9 107 CHO cells

using the DNeasy tissue kit (Qiagen, Germany) according to

the manufacturer’s instructions. The purified DNA was

fragmented using restriction endonucleases Stu I, Ssp I, Msc I

and Sca I and mechanical shearing using a nebulizer (Invit-

rogen, USA) to ensure maximum heterogeneity of the library.

Library Construction and PCR Amplifications

The obtained genomic DNA fragments were inserted via

blunt-end coning into the pMACS 4.1 vector (Miltenyi

Biotec, Germany) containing the ampicillin resistance gene.

In order to avoid re-ligation without an insert, PCR amplified

vector copies were used, which drastically reduced back-

ground. After transformation of the ligation mixture into

electrocompetent E. coli (MegaX DH10B, Invitrogen,

USA), colonies on LB/ampicillin agar plates were rinsed

with 10 ml of LB/ampicillin medium and cultured in 50 ml

LB/ampicillin medium over night. Subsequent plasmid

preparation, using the PureYield Plasmid MidiPrep System

(Promega, USA), resulted in a genomic DNA library.

Nested PCR reactions were performed using 6 ng of the

constructed library per 50 ll reaction volume as template

with primer pairs binding on different genes and the vector

sequence, whereas an adequate amount of PCR product of

the first round of amplification was directly used as tem-

plate for a second amplification run without purification.

To generate templates for Inverse PCR, genomic CHO

DNA was digested using a single restriction endonuclease

for each preparation. The term ‘‘inverse’’ refers to a pair of

primers that extends divergently from the known to the

unknown region. Different restriction endonucleases (ApaL

I, Apo I, BamH I, Bgl II, BsaH I, BsaW I, BspH I, BsrF I,

Eae I, EcoR I, Hae II, Hind III, Kpn I, Nhe I, Pci I, Sac I,

Sph I, Xba I, Xho I) have been used. The obtained genomic

DNA fragments were purified using NucleoSpin Extrakt II

(Macherey–Nagel, Germany) and self-ligated in order to

generate a pool of circular DNA fragments followed by

isopropanol precipitation. Two sets of Inverse PCR primers

oriented in reverse direction of the usual orientation were

designed on the obtained DNA sequence of the fragments

derived from Library PCR in order to perform a nested

PCR. The first PCR reaction was conducted using 200 ng

of the self-ligated template per 50 ll reaction volume. The

resulting PCR products were separated via agarose gel

electrophoresis, bands were cut out and purified using

NucleoSpin Extrakt II (Macherey–Nagel, Germany).

Fragment Preparation and Reporter Vector Cloning

Potential transcription factor binding sites like TATA boxes

or Sp1 binding sites located on the DNA fragments obtained

by Inverse PCR were identified using the online transcrip-

tion factor prediction program Consite (http://asp.ii.uib.no:

8090/cgi-bin/CONSITE/consite/) or the online promoter

prediction program Neural Network Promoter Prediction

(http://www.fruitfly.org/seq_tools/promoter.html). Based

on these data, fragments of different length were generated

in order to identify motifs essential for promoter activity.

Therefore, several primers were designed based on the

sequenced fragments derived from Inverse PCR to generate

different constructs of various length directly from chro-

mosomal DNA by PCR amplification using 200 ng of

genomic CHO DNA as template per 50 ll reaction volume.

Products from PCR libraries and amplified fragments

were separated via agarose gel electrophoresis and cut out

bands were purified using NucleoSpin Extrakt II (Mache-

rey–Nagel, Germany). The obtained fragments were cloned

into the multiple cloning region of the pGL3-Basic reporter

vector (Promega, USA) containing the firefly (Photinus

pyralis) luciferase gene.

CHO Cell Line Cultures and Transfections

The CHO dhfr- cell line was purchased from the

American Type Culture Collection (ATCC, USA). These

cells were cultured in Dulbecco’s modified eagle medium

(DMEM) and Ham’s F-12 medium mixed in a 1:1 ratio

(Invitrogen, USA) supplemented with 4 mM L-glutamine,

0.1% (w/v) Pluronic, 0.25% (w/v) soya peptone,
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13.60 mg/l of hypoxanthine and 3.88 mg/l of thymidine,

at 37�C and 7% CO2.

4 9 106 CHO dhfr- cells were transfected with 10 lg

of the cloned reporter vectors and 1 lg of the pRL-SV40

vector (Promega, USA) containing the Renilla luciferase

gene using the Amaxa Cell Line Nucleofector Kit V

(Lonza, Switzerland) electroporation system. The pGL3-

Basic vector (Promega, USA) containing no promoter

served as negative control whereas the pGL3-Promoter

vector (Promega, USA) containing the SV40 promoter was

used as positive control. The appropriate amount of plas-

mid DNA and pRL-SV40 vector was diluted into 100 ll

transfection medium and processed according to the man-

ufacturer’s instruction.

Reporter Assay

For evaluation of promoter activity of obtained CHO DNA

fragments the Dual-Glo Luciferase Assay System

(Promega, USA) was used. To measure firefly luciferase

activity, 50 ll of Dual-Glo luciferase reagent was added to

50 ll of the cell suspension 48 h post transfection. After

incubation for 10 min, bioluminescence was measured

using the Synergy 2 Multi-Mode Microplate Reader

(Biotek, USA). For subsequent measurement of Renilla

luciferase activity, 50 ll of Dual-Glo Stop & Glo reagent

was added and bioluminescence was measured after incu-

bating for another 10 min. The normalized promoter

activity was determined from the ratio of firefly luciferase

activity to Renilla luciferase activity.

Results and Discussion

Genomic CHO DNA Library

The construction of a genomic library requires the gener-

ation of a random pool of genomic DNA. For this purpose,

many different methods are described in the literature

including mechanical techniques like passage through a

large gauge needle of a syringe [5–7], nebulization [8],

sonication [9], stirring in a blender [10], or enzymatical

treatments like digestion by restriction endonucleases [4]

or DNase I [11]. For this experiment, the chromosomal

CHO DNA was sheared by nebulization as well as cut by

single digestion using the blunt-end generating restriction

endonucleases Msc I, Sca I, Ssp I, and Stu I in order to

ensure maximum heterogeneity. These endonucleases were

chosen from a panel of different restriction endonucleases

tested with regard to high efficiency and absence of

methylation sensitivity. Resulting fragments were blunt-

end cloned into a promoterless vector resulting in a

genomic CHO DNA library. PCR amplification of the

pooled genomic DNA library showed an even size distri-

bution over a wide range (Fig. 1).

Identification of 50 Flanking Regions of Known CHO

Genes

Transcription regulatory sequences are generally located

upstream of the transcription start site [12, 13]. Our

intension was the identification of the 50 flanking region

of highly abundant CHO genes like those coding for

ribosomal proteins. Therefore, known cDNA sequences

derived from the Consortium for Chinese Hamster Ovary

Cell Genomics [14] of highly expressed CHO genes were

aligned against the fully annotated genome of the house

mouse (Mus musculus) in order to identify exon 1 of the

respective genes. Two primers specifically binding to

exon 1 were designed to perform a nested PCR. Addi-

tionally, two other sets of primers were constructed,

annealing to the backbone of the vector upstream and

downstream of the inserted CHO DNA sequence, in order

to achieve amplification of the specific genomic fragment,

which was inserted in random orientation into the plasmid

via blunt-end cloning (Fig. 2). Applying this technique,

several 50 flanking regions of known genes could be

obtained by amplification via nested PCR (Fig. 3).

Obtained fragments were cloned into the reporter vector

pGL3 Basic upstream of the firefly luciferase gene in

order to analyze putative promoter activity of these

constructs.

In order to further characterize identified sequences and

to potentially increase promoter or enhancer activity, the

flanking regions have been investigated by Inverse PCR, a

Fig. 1 Agarose gel electrophoresis, size distribution of the genomic

CHO DNA library determined by PCR amplification of the library

pool; Lane L: 1 kb DNA Ladder (New England Biolabs, USA)
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method that enables the rapid in vitro amplification of

unknown DNA sequences that flank a region of a known

sequence. This technique uses the common PCR, but has

the primers oriented in the reverse direction of the usual

orientation. The template for Inverse PCR is a restriction

fragment that has been self-ligated to form a circular DNA

molecule (Fig. 4) [15]. Applying this technique, 50 and 30

flanking regions up to 3,500 bp of the three fragments

showing promoter activity could be identified (Fig. 5).

These fragments were fully sequenced and the self-ligation

sites (Gene A: Eae I-site, Gene B: Bgl II-site and Gene C:

EcoR I-site) could be rediscovered and thus enabled the

exact identification of the 50 and 30 flanking region of the

initial sequences. Several PCR amplifications were

performed directly from genomic DNA in order to get

fragments of various length using primers specific to the

newly discovered flanking regions containing the restric-

tion sites Nhe I and Xma I for direct cloning into the

reporter vector0s multiple cloning region. All plasmids

were transfected into CHO cells and after 48 h the resulting

bioluminescence was measured. Promoter activity was

determined as percentage of the value for the SV40 pro-

moter which was used as positive control. Values were

further normalized to Renilla luciferase measurements,

expressed from a co-transfected plasmid, to account for

transfection efficiency and cell number variabilities.

Figure 6 shows the map of all different constructs and

Figure 7 corresponding promoter activity as percentage

of the value for the SV40 promoter. While the original

Fig. 2 Primer design for Library PCR; AMP ampicillin resistance

gene, ORI origin of replication for propagation in E. coli

Fig. 3 Agarose gel

electrophoresis, Identified 50

flanking regions of three genes

by PCR amplification using a

genomic CHO DNA library as

template; Lane L1: 2-log DNA

Ladder (New England Biolabs,

USA); Lane L2: FastRuler DNA

Ladder Low Range (Fermentas,

Canada)

Fig. 4 Inverse PCR schema;

SP1 sense primer 1, AP1
antisense primer 1, SP2 sense

primer 2, AP2 antisense primer

2; First PCR was performed

using the self-ligated CHO

DNA fragments as template and

the primers AP1 and SP1. The

second PCR using the product

of the first round of PCR

amplification as template and

SP2 and AP2 as primers led to a

fragment containing the 30 and

50 flanking region of the initial

DNA fragment
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construct C1 derived via PCR amplification from the

genomic DNA library shows 25% of the activity of the

SV40 promoter, for construct C4 derived through Inverse

PCR nearly 40% of the SV40 control could be detected.

Compared to construct C1, which contains only one pre-

dicted TATA box, C4 comprises two predicted TATA

Fig. 5 Agarose gel

electrophoresis, Identified 50

and 30 flanking regions of the

three fragments showing

promoter activity by Inverse

PCR; Lane L: 2-log DNA

Ladder (New England Biolabs,

USA); Remaining lanes: various

restriction endonucleases used

for generating self-ligated

templates for Inverse PCR led to

fragments of different sizes

Fig. 6 50 noncoding region of Gene C: schematic representation of the

original and truncated fragments used in transfection experiments,

TATA boxes predicted by the online promoter prediction program

Neural Network Promoter Prediction (http://www. fruitfly.org/seq_

tools/promoter.html) and the start codon ATG

Fig. 7 Reporter activity assay;

Constructs transfected in

Chinese hamster ovary cells and

their promoter activity as

percentage of the value for the

SV40 promoter; (-): negative

control, promoterless luciferase

reporter vector pGL3-Basic; A:

50 region of Gene A; B: 50

region of Gene B; (?): positive

control, firefly luciferase

reporter vector pGL3-Promoter

containing the SV40 promoter;

C1–C5: constructs of various

length of Gene C 50region
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boxes and has a shortened 30-end starting from the start

codon ATG. Constructs C2, C3, and C5, which include a

third predicted TATA box (and a prolonged 30-end in case

of construct C2) did not show an improved luciferase

activity in the reporter system.

These constructs have to be further characterized con-

cerning their function in stable cell clones expressing an

industrially relevant product. Another attractive goal could

be to screen for constructs encoding inducible promoter

sequences suitable for the expression of, e.g., cell toxic

products. Such conditionally inducible gene expression can

be particularly advantageous in order to optimize cell

growth and achieve high cell densities during the initial

phase. In a second production phase the promoter for the

target protein can be activated by a specific stimulus to

increase and prolong transgene expression. This kind of

integrated process optimization allows adjusting gene

expression characteristics and process conditions.

Overall, this method offers a very comfortable tool for

the discovery of novel endogenous promoters even though

only regulatory elements of known gene sequences can be

identified using this approach. However, it is possible to

directly target only highly expressed genes in order to

increase the chance to find strong regulatory elements.
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