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Aptamers Improve the Expression of a Human 
Granulocyte-Macrophage Colony Stimulating Factor 

in Transgenic Arabidopsis thaliana Seeds 
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Domain IV nucleotides of human 7SL RNA comprise an approximately 50-nucleotide region with a highly conserved second- 
ary structure consisting of two internal loops. We inserted these into a modified 3'-untranslated region of the human granulo- 
cyte-macrophage colony stimulating factor (hGM-CSF) gene. The expression vector, under the control of a tissue-specific 
promoter derived from the soybean ~' subunit of ~3-conglycinin, was introduced into Arabidopsis thaliana by Agrobacteriurn. 
mediated transformation. Expression of the recombinant hGM-CSF significantly improved, accounting for as much as 0.049% 
of the total soluble protein in the Arabidopsis siliques. Western blots showed that the molecular weight of this recombinant 
hGM-CSF was approximately 21 kD. In addition, TF-1 cell proliferation data demonstrated that the recombinant hGM-CSF 
was biologically active. Our results provide evidence that aptamers can strongly enhance gene expression. 
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When genetically engineering plants to produce pharma- 
ceuticals, it is crucial to improve the expression of foreign 
genes (Kim et al., 2006). Synthesis of non-native proteins 
may be enhanced by an increase in transgene copies or the 
insertion of regulated sequences (Roh et al., 2006). The 
aptamer regulates gene expression at the level of transcrip- 
tion or translation through DNA/RNA aptamer-small mole- 
cule interactions (Gossen and Bujard, 1992; Joel et al., 
1997; Grate and Wilson, 2001). In plants, these double- 
stranded DNA or single-stranded RNA molecules are capa- 
ble of binding specific molecular targets with high affinity 
and specificity in vitro or in vivo (Bock et al., 1992). They 
also generally repress in vitro expression in mammalian cells 
if inserted into the 5'-untranslated region (5'-UTR) of the 
gene (Werstuck and Green, 1998). In Arabidopsis thaliana, 
the thiamine pyrophosphate-binding motif resides in the 3'- 
UTR of a thiamine biosynthetic gene, and the isolated RNA 
domain binds the corresponding coenzyme in vitro. These 
observations suggest that metabolite-binding mRNAs are 
involved in eukaryotic gene regulation (Sudarsan et al., 
20O3). 

Aptamer behavior can be regulated by specific small mol- 
ecules, which leads to the development of more sophisti- 
cated ligand-regulated aptamers (Sen, 2002). The signal 
recognition particle (SRP), a well-characterized eukaryotic 
protein containing two main components -- 7SL RNA and 
SRP54 -- plays a key role in transporting nascent secretory 
and membrane proteins. The nucleic acid element of 7SL 
RNA displays a tight functional relationship between 
prokaryotes and eukaryotes (Bernstein et al., 1989; AIthoff 
et al., 1994; Keenan et al., 2001). In the latter type, domain 
IV of human 7SL RNA is an approximately 50-nucleotide 
(nt) region in which the highly conserved secondary struc- 
ture consists of two internal loops (Schmitz et al., 1999a, b). 
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Domain IV nucleotides might be a natural aptamer that 
could be bound to the SRP54 protein in vivo (Batey et al., 
2OOO). 

Human granulocyte-macrophage colony stimulating fac- 
tor (hGM-CSF) is a cytokine used in the treatment of neu- 
tropenia and aplastic anemia, and greatly reduces the risk 
of infection after bone marrow transplantation by acceler- 
ating the response of neutrophils (Diederichs et al., 1991 ; 
Hercus et al., 1994). In the human genome, the 2:5-kb 
GM-CSF gene is present as a single copy, containing three 
introns and four exons (Kaushansky et al., 1986). cDNA of 
human GM-CSF has been isolated from concanavalin A- 
activated human T-cell clones; the mature human GM- 
CSF encodes a protein of 144 amin~ acids with 69% 
nucleotide homology and 54% amino acid homology to 
mouse GM-CSF (Lee et al., 1985). This protein has a pre- 
dicted molecular mass of 16293 daltons, with its actual 
molecular weight depending upon the level of glycosyla- 
tion. An adenosine-uridine-rich element in the 3'-UTR 
may affect the stability of human GM-CSF mRNA (Jarzem- 
bowski et al., 1999), which has an expected half-life of 
approximately 90 min in vitro (Rajagopalan and Malter, 
1994). 

Recombinant human GM-CSF protein has been pro- 
duced in such plants as tomato (Kwon et al., 2003), 
tobacco (Sardana et al., 2002), rice (Shin et al., 2003), and 
sugarcane (Wang et al., 2005). Howevel; the high cost and 
low deposition of proteins in harvestable organs are still 
limiting factors in exploiting plants as biofactories for 
recombinant hGM-CSE Chung II et al. (2006) have 
reported the extensive presence and importance of small 
noncoding RNAs in eukaryote gene regulation. Insertion of 

Abbreviations: DAB, 3,3'-diaminobenzidine tetrahydrochloride; 
DAP, days after pollination; ER, endoplasmic reticulum; hGM-CSF, 
human granulocyte-macrophage, colony stimulatin, g factor; KDEL, 
lys-asp-glu-leu; NOS, nopahne synthase terminator; SRP, signal 
recognition particle. 
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a pre-selected aptamer into the 5'-UTR of an encoding 
mRNA not only allows its translation to be repressed by the 
addition of ligands in vivo but also reduces the translation 
efficiency of targets of interest and alters reporter gene 
expression by riboswitches (Werstuck and Green, 1998; 
Suess et al., 2003; Hanson et al., 2005). Aptamers also 
improve translation initiation by introducing a synthetic 15 
nt RNA stem-loop downstream from the start codon, 
thereby enhancing gene expression (Paulus et al., 2004). 
Here, we added the endoplasmic reticulum (ER) retention 
signal lys-asp-glu-leu (KDEL) to the C-terminus of human 
GM-CSE Nucleotide sequences from domain IV of human 
7SL RNA were also introduced into the 3'-UTR of the 
hGM-CSF gene, and AU-rich elements at its Y-UTR were 
replaced by nopaline synthase poly(A) signal sequences. 
The modified hGM-CSF gene was also cloned into a plant 
expression vector and transformed into Arabidopsis 
thaliana. Our objective was to investigate the accumulation 
of recombinant hGM-CSF in transformants. 

MATERIALS AND METHODS 

DNA Cloning and Plasmid Reconstruction 

The phytohemagglutinin (PHA-E) signal peptide was con- 
jugated to the mature hGM-CSF coding region via PCR, 
using two forward primers: CSF-F1 (5'-CCCTCTTCCTTG- 
TGCTTCTCACCCACGCAAACTCAGCACCCGCCCGCTCG- 
3') and CSF-F (5'-gtgcacAATGGCTTCCTCCAACTTACTCTC- 
CCTAGCCCTCTTCCTTGTGC-Y), and a reverse primer: 
CSF-K (5'-TCATCAAAGCTCATCCTTCTCCTGGACTGG-3'). PCR 
amplification from the plasmid pET28a(+)-CSF, which con- 
tained the cDNA sequences of hGM-CSF, was completed 
with primers CSF-F1 and CSF-K. PCR conditions included 
initiation at 94~ 5 rain; then 35 cycles of 94~ 1 min; 
65~ 1 min; 72~ 35 s; and a final extension at 72~ 8 
rain. After cloning into a pMD18-T vector (Takara, Japan) 
and sequencing, the DNA product was used as template for 
PCR amplification with primers CSF-F and CSF-K, following 
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Figure 1. Schematic maps of vector constructs and recombinant hGM-CSF nudeotide sequences. (A) Map of pCAMBIA2300-c~'-CSF-KDEL- 
NOS, (B) map of pCAMBIA2300-a'-CSF-AP-NOS. P1, soybean c~' subunit promoter of ]3-conglycinin; P2, CaMV35S promoter; PHA-E, phyto- 
hemagglutinin signal peptide (63 bp); GM-CSF, mature human granulocyte-rnacrophage colony stimulating factor coding region (384 bp); 
KDEL, lysine-aspartic acid-glutamic acid-leucine tetrapeptide; AP, domain IV nucleic acid sequences of human 7SL RNA (44 bp); T, NOS termi- 
nator; Kan, Neomycin phosphotransferase gene; T2, CaMV35S poly(A); Rig, T-DNA right border; Lig, T-DNA left border. (C) Recombinant GM- 
CSF nudeotide sequence from PHA-E to AP in (B). Single line, PHA-E sequence; Double line, mature hGM-CSF coding region sequence; Dot- 
ted line, KDEL sequences; Bold single line, termination codon sequences; Dashed line, AP sequence. 



Aptamers Improve Gene Expression in Plants 31 

similar PCR protocols. The PCR fragment was then ligated 
into a pMD18-1- vector to generate the pMD18-CSF-KDEL 
plasmid, which contained the phytohemagglutinin signal 
peptide, the mature hGM-CSF coding domain, and KDEL 
sequences. Domain IV of human 7SL RNA nucleotide 
sequences was introduced into the 3'-UTR of the hGM-CSF 
gene by PCR, with the forward primer: CSF-F, and two 
reverse primers: 5'-CCGACCTGGGCCGGTTCACCCCTCAT- 
CAAAGCTCATCC-3' (AP1) and 5'-tggtaccGGAGT1TI-GACCT- 
GCTCCG1TrCCGACCTGGGCCGG-3' (AP2). Plasmid pMD18- 
CSF-KDEL, as template, contained a phytohemagglutinin 
(PHA-E) signal peptide and mature hGM-CSF coding 
sequences tagged with the ER retention signal, KDEL. PCR 
was performed with the CSF-F and AP1 primers, under the 
following conditions: 94~ for 5 min; followed by 35 cycles 
of 94~ for 1 rain, 68~ for 30 s, 72~ for 35 s; with a final 
extension at 72~ for 8 min. Products were then cloned into 
a pMD18-T vector and sequenced. The DNA product was 
used as template for PCR using primers CSF-F and AP2 and 
similar cycling conditions. Afterward, the PCR fragment was 
ligated into a pMD18-T vector to generate the plasmid 
pMD18-CSF-AP, which contained the PHA-E signal peptide, 
the mature hGM-CSF coding sequences with the KDEL ER 
retention signal, and 44 nucleotides of the human 7SL RNA 
domain IV within the hGM-CSF 3'-UTR. Both plasmids 
were digested with EcoRI and Sail, blunted with T4 DNA 
polymerase, and sub-cloned into the Sinai site of the 
pCAMBIA2300-cd-NOS (unpublished) expression vector. 
This vector contained a tissue-specific promoter derived 
from the soybean cd subunit of [3-conglycinin and the nopa- 
line synthase terminator (NOS). Figure 1 shows detailed 
sequences of the recombinant hGM-CSF gene and sche- 
matic constructs of plasmids pCAMBIA2300-c~'-CSF-KDEL- 
NOS and pCAMBIA2300-cd-CSF-AP-NOS. 

Transformation and Regeneration 

The pCAMBIA2300-cd-CSF-KDEL-NOS and pCAMBIA2300- 
cd-CSF-AP-NOS expression vectors were introduced into 
Agrobacterium tumefaciens GV3101, and floral-dip proto- 
cols were used to transform A. thaliana (Clough and Bent, 
1998). Sterilized transformed seeds were grown on 0.8% 
agar plates with a 0.5 Murashige-Skoog medium containing 
30 l~g mL 1 kanamycin for selection. They were first sub- 
jected to cold treatment for 2 d, then placed under a 16-h 
photoperiod (100 I~E m 2s-~) for 7 to 10 d. As the trans- 
formed plants matured, T1 plants were self-pollination and 
homozygous lines were identified from the progeny for fur- 
ther analysis. In all, 27 KD (from pCAMBIA2300-cd-CSF- 
KDEL-NOS) and 5 AP (from pCAMBIA2300-cd-CSF-AP-NOS) 
independently transformed lines were used to analyze the 
expression of hGM-CSF. 

Tissue-Specific Expression and Semi-Quantitative RT- 
PCR 

Reverse transcriptase-PCR (RT-PCR) was used to analyze 
the expression profile of hGM-CSF in different tissues. 
Roots, stems, mature leaves, and seeds at 6 d after pollina- 
tion (DAP) that were derived from KD6 transformants were 
investigated to confirm that expression was limited to the 

seed. Total RNA extraction was performed via SDS, with 
several modifications: the extraction buffer contained 0.18 
M Tris, 0.09 M LiCI, 4.5 mM EDTA, 1% (m/V) SDS (pH 8.2), 
2% polyvinylpyrrolidone (average mol. wt. 40,000) and 10 
mM cysteine. Total RNA was subjected to DNaseI digestion 
(RNase-free, 30 min, 37~ Takara, Japan), then purified on 
a mini-RNA extraction column (Watson Biotechnologies, 
China) according to the manufacturer's instructions. The A. 
thaliana 2S albumin gene (at2S2, Accession number 
M22034), which is expressed only in the seed (Guerche et 
al., 1990), served as a control to confirm that no trace 
genomic DNA contamination was present after the DNaseI 
digestion. Amplification was performed with a one-step RT- 
PCR kit (Takara, Japan) and two consensus hGM-CSF prim- 
ers: CSF-F and CSF-K. RT-PCR cycling parameters included 
an initial RT reaction (50~ 30 min) that was stopped by 
heating (94~ 2 min). This was followed by Taq polymerase 
activation (95~ 3 rain) and 30 cycles of 95~ for 30 s, 
65~ for 30 s, and 72~ for 1 min. The forward primer 5'- 
AGTAAGAATACAAACACAAATAGC-3' and reverse primer 5'- 
CGCTCGAGGGTlqTFGTTTGGAATC-3' were used to detect 
at2S2 expression with a PCR annealing temperature of 
55~ We conducted semi-quantitative RT-PCR to investi- 
gate GM-CSF mRNA levels, with actin2 (At3g18780) as a 
control, in siliques harvested at 3, 6, 9, and 12 DAP. Total 
RNA (1 ~g, 0.5 t~g I~L 1) was added to a 50 ~L reaction vol- 
ume containing 5 ~L of 10xone step RNA PCR buffer, 10 
~L MgCl~ (25 mM), 5 l~L dNTP mixture (10 mM), 1 l~L 
RNase inhibitor (40 U luL 1), 1 I~L AMV RTase XL (5 U ~L 1), 
1 ~L AMV-Optimized Taq (5 U luL 1), 1 I~L forward primer 
GM-CSF-F (10 l~M), 1 l~L reverse primer CSF-K (10 l~M), 
and 23 I~L RNase-free dH20. The mixture was incubated 
(50~ 30 rain), and RTase activity was stopped by heating 
(94~ 2 min). PCR amplification of the hGM-CSF gene was 
performed for 20 or 25 cycles of 94~ for 30 s, 65~ for 30 
s, and 72~ for 1 min. Primers 5'-TAACTCTCCCGCTATG- 
TATGTC-3' (ACTIN2F) and 5'-GAGGTAATCAGTAAGGT- 
CACG-3' (ACTIN2R) were used to amplify the acdn2 gene 
for 25 cycles, at an annealing temperature of 55~ The PCR 
products were fractionated on a 1.5% agarose gel. 

Human GM-CSF-Specific EL|SA and Western Blotting 

Siliques at 10 to 12 DAP were collected and stored at - 
70~ Crude protein extracts were prepared by grinding 
approximately 100 mg of sample in 0.5 mL extraction buffer 
containing 50 mM Tris (pH 7.5), 50 mM NaC], 1 mM EDTA, 
1 mM phenylmethylsulfonylfluoride, 1% ]3-mercaptoetha- 
nol, 0.1% Triton X-100, 1% ascorbic acid, and 1% polyvi- 
nylpyrrolidone. Extracts were centrifuged (14000g, 4~ 20 
min), and the supernatants were transferred to new tubes 
and centrifuged again (20800g, 4~ 2 rain) to remove the 
remaining debris. Total soluble protein was analyzed by the 
Bradford (1976) method, with bovine serum albumin as the 
standard. Enzyme-linked immunosorbent assay (ELISA) pro- 
tocols have been previously published (Ausubel et al., 
2001). Rabbit anti-hGM-CSF antibody (Cytolab, Israel) and 
goat anti-rabbit-lgG-HRP (Sino-American Biotechnology, China) 
were used to detect protein levels, with commercial recom- 
binant human GM-CSF produced by Escherichia coil (Cyto- 
lab, Israel) serving as a standard. Crude protein extracted 
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from siliques at 10 to 12 DAP were fractionated on 15% 
SDS polyacrylamide gels and transferred onto polyvinyldiflu- 
oride membranes (Osmonics, USA). Proteins were detected 
with a polyclonal antibody to hGM-CSF and horseradish 
peroxidase-conjugated goat anti-rabbit IgG, and were devel- 
oped with a DAB (3,3'-diaminobenzidine tetrahydrochlo- 
ride) substrate system (Sino-American Biotechnology). 

Quantitative Real-Time PCR 

A. thafiana siliques were harvested at 10 to 12 DAP to 
measure the levels of hGM-CSF mRNA. PCR was performed 
in a Rotor-gene RG-3000A, using SYBR Greenl | dye to 
monitor DNA synthesis. DNase][-treated mRNA served as 
template to synthesize first-strand cDNA. Primer pairs were 
designed to amplify a 150- to 200-bp fragment, and expres- 
sion levels were compared against the acdn2 gene standard. 
A PCR reaction volume of 25 t~L contained the first-strand 
cDNA, DNA polymerase (Takara), the corresponding primer 
pairs (40 nM each), dNTP mix (200 nM each), MgCI2 (3.0 
raM), and 0.8 [~L 20x SYBR Greenl | fluorescent dye. After 
the polymerase was heat-activated at 95~ for 3 min, we 
performed 35 cycles of denaturation (95~ 30 s), annealing 
(60~ 30 s), and amplification (72~ 45 s). Melting curves 
for each PCR reaction were calculated by measuring the 
decrease in fluorescence while the temperature increased 
from 55 to 95~ The specificity of PCR reactions was con- 
firmed by analyzing those curves with Rotor-Gene 6 soft- 
ware, as well as through agarose gel electrophoresis of the 
products. Threshold cycles at which the fluorescence of the 
PCR product SYBR | complex first exceeded the background 
level were determined according to integrated analysis soft- 
ware for each gene. R2-values were >0.95. The slope (M) of 
a reaction was used to determine the exponential amplifica- 
tion and efficiency of a reaction, with a value of approx. -3. 
Relative template concentrations were evaluated based on 
the standard curve for the hGM-CSF and actin2 genes. Each 
PCR run was carried out three times in duplicate. 

GM-CSF Biological Activity Assay 

Cell proliferation was measured by the 3-(4,5-dimethylthi- 
azol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay 
(Kasugai et al., 1990). To avoid suppression of TF-1 cell pro- 
liferation by the protein extraction buffer, we used 1 xPBS 
buffer (137 mM NaCl, 2.7 mM KCI, 10 mM Na2HPO4, and 
2 mM KH2PO4 pH 7.4), containing 0.1% Tween-20, to 
extract soluble proteins from the seeds. TF-1 cells were 
maintained (37~ 5% CO2) in an RPMI-1640 medium sup- 
plemented with 10% fetal bovine serum and E. coli hGM- 
CSF (2 ng mL-1). Cells were washed twice with 1 x PBS, re- 
suspended (2x10 s mL -~) in an RPMI-1640 medium with 
fetal bovine serum, then transferred (2 x 104 per well) to tis- 
sue culture plates for the proliferation assays. An RPMI-1640 
medium (0.5 mL) with 10% fetal bovine serum was added 
to wells containing one of the following samples: E. coil- 
derived commercial GM~CSF (2 ng mL-1); silique extracts 
from transgenic KD lines (10 to 12 DAP) containing 2 ng 
mL ~ hGM-CSF; silique extracts from transgenic AP plants 
(10 to 12 DAP) containing 2 ng mL -~ hGM-CSF; silique 
extracts (10 to 12 DAP) from non-transformed (NT) plants; 

silique extracts (10 to 12 DAP) from non-transformed (NT) 
plants with 2 ng mL -1 commercial GM-CSF; seed protein 
extraction buffer (EB); and seed protein EB containing 2 ng 
mL -1 of commercial hGM-CSE Cells were cultured for 72 h, 
then incubated with MTT (20 ~L per well, 37~ 4 h) before 
dissolution in 100 l~L lysis buffer that contained 2% SDS and 
50% dimethylsulfoxide (pH 4.7). Absorbance (570 nm) was 
determined on a plate reader after 1 h. All experiments 
were repeated in triplicate (N=3 per treatment) under ster- 
ile conditions. 

Data Analysis 

F-tests for variance and a student's t-test analysis for the 
means of pooled data were conducted with SAS version 8.0 
(SAS, 2000) to analyze our hGM-CSF accumulation data. 
Analysis of variance within the cell proliferation data utilized 
q tests of the mean values. 

RESULTS 

Identification of Independent Transgenic Lines 

The constructs used to transform A. thaliana are shown in 
Figure 1A and B. Many AP transformants in the T1 genera- 
tion produced no seeds but were otherwise phenotypically 
normal, more so than the KD transformants. The GM-CSF 
gene was amplified from 27 KD and 5 AP independent 
transgenic plants from the T3 generation, using primers CSF- 
F and CSF-K. PCR results were also confirmed by Southern 
analysis of the transformed plants. In all, 5 of 27 KD trans- 
genic lines showed unique hybridization patterns, and all AP 
transformed plants displayed positive bands. 

Tissue-Specific Expression and Semi-Quantitative RT- 
PCR 

To determine whether expression of the transgene was tis- 
sue-specific, we analyzed levels of hGM-CSF transcripts in 
roots, stems, leaves, and seeds. No PCR products were ampli- 
fied from the first three tissue types, but strong hGM-CSF 
mRNA expression was noted in the seeds. The A. thafiana 
albumin at2S2 gene also was expressed only in the seed, with 
profiles similar to those for the at2S2 control, suggesting that 
the total RNA contained no contaminating genomic DNA 
(Fig. 2A). Our assay data suggested that, in the developing 
seeds, hGM-CSF was actively transcribed and the soybean c~' 
subunit of the [3-conglycinin promoter was preferentially acti- 
vated. We further investigated hGM-CSF mRNA levels in the 
early and late stages of seed development, using siliques at 3, 
6, 9, and 12 DAP and actin2 as a control. In general, weaker 
bands were noted in 3 DAP siliques compared with those 
from later on, and 12 DAP siliques still displayed strong hGM- 
CSF expression (Fig. 2B). These results suggest that the soy- 
bean ~' subunit of the ~-conglycinin promoter was activated 
during early seed development and became stable in later 
stages (Chen et al., 1986). 

ELISA and Western Blots 

Recombinant hGM-CSF protein was measured in the KD 
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Figure 2. Detection of hGM-CSF mRNA and seed developmental 
stages. (A) KD6 transformants were used to monitor tissue-specific 
expression of GM-CSF mRNA with gene-specific primers GM-CSF-F 
and GM-CSF-K. A. thaliana seed-specific albumin gene at2S2 was 
used as control for genomic DNA contamination. M, DL2000 
marker; R, St, L, and S, total RNA from roots, stems, leaves and seeds, 
respectively. (B) Total cellular RNA from KD6 siliques at 3, 6, 9, and 
12 d DAP was digested with DNase[ and subjected to semi-quantita- 
tive RT-PCR and gel electrophoresis. The actin2 gene served as inter- 
nal control. M, DL2000 marker; 3, 6, 9, and 12 d, number of days 
after pollination. 

and AP transgenic lines by the ELISA method. KD lines var- 
ied in their expression level of hGM-CSF, whereas the 
amount of recombinant protein was very high in AP trans- 
genic plants, except for the AP17 transformants. Of the five 
AP independent transgenic lines, four had recombinant pro- 
tein accumulations far higher than the mean expressed in 
the KD transformed lines. For example, the AP1, AP5, and 
AP8 lines showed greater expression than the KD6 transfor- 
mants (0.026% of the total soluble protein). 1-he highest 
level accounted for up to 0.049% of the total soluble pro- 
tein in siliques, and was even greater in the seed (Table 1). 
Five independent KD transgenic lines containing single cop- 
ies of the hGM-CSF gene displayed high accumulations of 
hGM-CSF, with multi-copy KD lines varying in their expres- 
sion of hGM-CSF and exhibiting far less expression than 
from AP8. Recombinant hGM-CSF accumulations in our AP- 
transformed lines were generally more abundant than in the 
KD lines, indicating that the insertion of aptamers caused 
hGM-CSF expression to be elevated by mechanisms other 
than gene copy number, etc. 

The molecular weight of GM-CSF from KD- and AP-trans- 
formed plants was approximately 21 kD (Fig. 3), which is 
similar to that of recombinant hGM-CSF produced by trans- 
genic tobacco seeds (Sardana et al., 2002). A main band at 

Table 1. Expression levels of recombinant hGM-CSF from developing 
siliques at 10 to 12 d after pollination (DAP). 

Plant Seed age/DAP hGM-CSF as % of to~al 
soluble protein 

KD1 10-12 0.012% 
KD2 10-12 <0.01% 
KD3 10-12 0.021% 
KD5 10-12 <0.01% 
KD6 10-12 0.026% 
KD7 10-12 <0.01% 
KD8 10-12 0.028% 
KD11 10-12 <0.01% 
KD12 10-12 0.017% 
KD13 10-12 <0.01% 
KD15 10-12 0.010% 
KD16 10-12 <0.01% 
KD17 10-12 <0.01% 
KD18 10-12 0.019% 
KD19 10-12 <0.01% 
KD20 10-12 0.026% 
KD22 10-12 <0.01% 
KD23 10-12 0.020% 

KD24 10-12 <0.01% 
KD26 10-12 <0.01% 
KD27 10-12 0.015% 
KD28 10-12 0.011% 
KD30 10-12 <0.01% 
KD31 10-12 <0.01% 
KD32 10-12 0.017% 
KD33 10-12 0.016% 
KD35 10-12 <0.01% 
AP1 10-12 0.047% 
AP5 10-12 0.031% 
AP8 10-12 0.049% 
AP12 10-12 0.020% 
AP17 10-12 <0.01% 
NT 10-12 0.0 

Percentage data are mean values (from 3 independent experiments, 
each in duplicate). KD, lines transformed with the plasmid 
pCAMBIA2300-r AP, lines transformed with the 
plasmid pCAMBIA2300-cz'-CSF-AP-NOS; NT, non-transformed 
plants. 

the same molecular weight was observed through western 
blotting in both KD and AP transformants, suggesting that 
the PHA-E signal peptide was correctly removed and that 
the recombinant hGM-CSF had been targeted to storage 
vesicles. Because the molecular mass of natural human GM- 
CSF is approximately 16 kD (Cantrell et al., 1985), we pro- 
pose that the high-molecular-weight band observed in our 
study might represent a glycosylated form of the recombi- 
nant hGM-CSF protein. 

Quantitative Real-Time PCR 

To ascertain the levels of hGM-CSF mRNA expressed in 
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Figure 3. Western blot analysis of transgenic plants. Crude protein 
extracts (15 IxL) from immature siliques were subjected to western 
blot and probed with rabbit anti-hGM-CSF antibody and goat anti- 
rabbit IgG-HRP~ NT, protein from non-transformed plants; E, 50 ng 
GM-CSF produced and purified from E. coil; KO, silique extracts from 
KD6 lines; AP, silique extracts from AP8 lines. 

transgenic plants, seeds from nine transformants at 10 nAP 
were analyzed by real-time quantitative SYBR-Greenl | RT- 

PCR, using gene-specific primers. We chose the A. thaliana 
actin2 gene as a control to normalize differences in RNA 
template concentrations. Transformants with increased 
accumulations of recombinant hGM-CSF also displayed rel- 
atively high levels of hGM-CSF mRNA (Fig. 4), with amounts 
being greater in AP8 than in other transformants. Moreover, 
the hGM-CSF expression level (hGM-CSF/actin2) reached a 
relative value of 2.4 compared with only 0.8 in KD15 trans- 
formants. The greater the accumulation of recombinant 
hGM-CSF, the higher its mRNA expression level, thereby 
implying that the insertion of nucleogdes from domain IV of 
human 7SL RNA into the 3'-UTR of our hGM-CSF gene 
could improve mRNA stability and, therefore, enhance pro- 
tein accumulation. 

Biological Activity of the Seed-Expressed Recombinant 
GM-CSF 

We used an MTT assay to investigate the biological activity 
of hGM-CSF derived from transformed A. thaliana seeds. Inter- 
estingly, TF-1 cells grew only in the medium supplemented 
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Figure 4. Quantitative real-time PCR analysis. Total RNA was isolated from seeds (10 nAP), reverse-transcribed, and subjected to real-time 
PCR. Relative amounts were calculated and normalized with respect to actin2 transcript levels (= 100%). Data represent mean values obtained 
from 3 independent amplification reactions; error bars indicate SE of means. Note that data in parentheses show ELISA va[ues x 100. 

Figure 5. Biological activit~ of seed-expressed human GM-CSE Bioassays were performed on TF-1 cells (2 • 104 cells per well), and cell prolifer- 
ation was analyzed by MTT assay. Cells were incubated in presence or absence of seed protein extracts from KD transformants (KD), AP trans- 
formed lines (AP), non-transformed plants (NT), extraction buffer (EB!, and with E. co/i-derived human GM-CSE All experiments were 
completed 3 times in triplicate. Standard errors are indicated on each bar. 
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with GM-CSF. Over 72 h, absorbance values were main- 
tained at approximately 0.4 from all groups, including the 
RPMI-1640 medium (M) alone, M added to silique extracts 
from non-transformed plants (NT), and the protein extrac- 
tion buffers (EB) (Fig. 5). This may have been due to the 
presence of live cells or background. Both the medium sup- 
plemented with extracts from KD transformants (M+KD 
plus 2 ng mL 1 recombinant hGM-CSF) and the medium 
containing protein extraction buffer from AP-transformed 
plants (M+AP, plus 2 ng mL -1 recombinant hGM-CSF) sup- 
ported the proliferation of TF-1 cells, similar to yields from 
the medium supplemented with 2 ng mL -1 E. coil-produced 
hGM-CSF and non-transformed extracts (M+GM-CSF+NT). 
Cell activity from the medium supplemented with 2 ng mL -~ 
commercial hGM-CSF and extraction buffer (M+GM- 
CSF+EB) was similar to that observed from the RPMI-1640 
medium containing 2 ng mL ~ E. coli-produced human GM- 
CSF (M+GM-CSF). No significant differences were found 
among the M+GM-CSF, M+GM-CSF+EB, M+GM- 
CSF+NT, M+KD, and M+AP treatments. While the MTT 
assay measured relative TF-1 cell proliferation, its data sug- 
gested that hGM-CSF from the seeds of transformed A. 
thaliana was biologically active. This activity was indepen- 
dent of the glycosylation status. 

DISCUSS|ON 

We introduced nucleic acid sequences from domain IV of 
human 7SL RNA into the 3'-UTR of hGM-CSF to allow its 
secondary loop structure to sense the SRP54 protein, its 
intrinsic ligand. In doing so, we ensured that the mRNA 
would be protected by proteins from rapid degradation, 
thereby prolonging the mRNA half-life and improving the 
accumulation of recombinant protein. Although the in vivo 
elimination half-life of recombinant human GM-CSF depends 
on many factors, it is mainly controlled by the 3'-U FR ade- 
nosine-uridine-rich element that can bind the RNA binding 
protein AUF1 to regulate transcript stability (Rajagopalan 
and Malter, 1994; Jarzembowski et al., 1999). Here, we 
determined that the 3'-UTR of recombinant human GM- 
CSF contained domain IV sequences from human 7SL RNA 
plus the NOS poly(A) signal to improve its mRNA stability. 
However, the actual mRNA half-life remains unknown in 
transformed plants. Our AP transformants not only displayed 
higher mRNA levels of hGM-CSF than did KD transgenic 
plants, but also showed greater accumulation of recombi- 
nant protein than the KD lines. This suggests that the intro- 
duction of aptamers into the gene may increase mRNA 
stability and, therefore, heighten protein accumulation. 

The chromatin structure at the site of integration -- 
euchromatin and heterochromatin - is interspersed through- 
out the chromosome, and can positively or negatively affect 
transgene expression (Wakimoto, 1998). Differences in 
these integration sites may have lead to variations in hGM- 
CSF gene expression in our AP and KD transformants. Some 
transformed plants exhibited very low levels of hGM-CSF 
expression even though the Southern blots confirmed its 
integration into the plant genome. This may have been the 
result of post-transcriptional gene silencing, which fie- 

quently occurs in transgenic plants but for which the mecha- 
nism is not clearly understood (Kooter et al., 1999). Our AP 
transformants had generally higher levels of expression than 
did our KD transgenic plants, which indicates that the inser- 
tion of aptamers into the 3'-UTR of the gene might function 
in mRNA stability and protein accumulation, rather than 
because of any side effect of the integrated position. 

In genetic engineering of plants, sterility can be caused by 
the high accumulation of human cytokines. For example, 
constitutive expression of the human epo gene affects vegela- 
rive growth and male sterility of transgenic tobacco (Cheon et 
al., 2004). In our study, few AP-transformed plants bore 
seeds, suggesting that high constitutive hGM-CSF expression 
during early seed development may have harmed fertility. 
However, recombinant hGM-CSF protein still accumulated in 
the harvested storage organs from some AP transgenic lines. 

Although the predicted molecular mass of natural human 
GM-CSF is 16 kD, we observed a band at 21 kD from seed- 
produced hGM-CSF. This may have been due to glycosyla- 
tion of the protein, although its carbohydrate content has 
not yet been analyzed (Sardana et al., 2002). Human GM- 
CSF contains two potential N-linked glycosylation sites, at 
Asn27 and Asn37, as well as two Ser/Thr/Pro rich regions 
that also may be substrates for O-linked glycosylation. In 
fact, the 21-kD GM-CSF protein may be glycosylated at 
both sites (Wang et al., 2005). Our results, as well as those 
of Raemaekers et al. (1999), confirmed that the phytohe- 
magglutinin signal sequences were correctly processed. This 
might then imply that the PHA-E signal peptide was cor- 
rectly removed in the mature recombinant hGM-CSF. 

While glycosylation does not seem to affect the biological 
activity of GM-CSF either in vivo or in vitro, previous 
research has demonstrated that hGM-CSF purified from 
yeast, bacteria, or mammalian cells shows variations in its 
pharmacokinetics and immunogenicity (Burgess et al., 
1987; Dorr, 1993). Further research is needed on seed- 
derived hGM-CSF and its chimeric fusions, as well as analy- 
sis of its carbohydrate composition and structure. 

Seeds are natural storage sites for edible proteins, and are 
also harvestable as high-quality products. Pharmaceutical 
proteins may maintain long-term natural status and biologi- 
cal activity in the seeds, reducing the cost of refrigeration 
and preservation. For these reasons, seed may provide an 
effective system for manufacturing therapeutic protein drugs 
(de Jaeger et al., 2002). 

The technique reported here can also be applied in the 
production of other valuable proteins in plants. Using a 
combination of multiple mechanisms, e.g., a strong pro- 
moter, and increasing the gene-copy numbers may allow for 
effective exploitation of plants as drug sources. 
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