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SARS Coronavirus Spike Protein Expression in

HL-CZ Human Promonocytic Cells: Monoclonal

Antibody and Cellular Transcriptomic Analyses
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Abstract The SARS coronavirus (CoV) spike protein is a target of intensive

research, as it is a major virulence factor. Transfection of SARS-CoV spike into

Vero E6, HEK293T and HL-CZ cells leads to strong expression of the glycosylated

spike protein, as shown by Western blot analyses and immunofluorescent imaging

using spike-specific human monoclonal antibodies, indicating the potential utility

of these antigens and antibodies as diagnostic reagents. Furthermore, we employed

cDNA microarray analysis to probe the changes in host gene transcription attrib-

uted to transfection of a codon-optimized spike construct into the HL-CZ cell line

of monocyte lineage that is linked to immunological responses. A diverse represen-

tation of 100 genes displayed altered transcriptional patterns in response to

SARS-CoV spike expression, with 61 upregulated and 39 downregulated genes.

Genes involved in intracellular trafficking, signaling, modulation or transcription

were generally upregulated. In contrast, genes involved in cell metabolism and

cytoskeleton formation were notably downregulated. The transcripts of other func-

tional categories exhibited varied responses to SARS-CoV spike transfection.

Collectively, our analyses elucidate numerous and complex transcriptomic events

that occur in response to spike protein expression and that contribute towards

SARS-CoV pathogenesis.
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18.1 SARS Coronavirus: A Lethal Zoonotic Virus with

Future Potential for Reemergence

In November 2002, the outbreak of the newly emerging severe acute respiratory

syndrome (SARS) in many parts of the world, especially in South-East Asia and

China, resulted in more than 8,000 cases, with a high fatality rate of about 10%.

Infection is characterized by acute flu-like symptoms, causing severe atypical

pneumonia with diffuse alveolar damage, and death within two weeks in severely

infected patients. This global outbreak of SARS wreaked havoc on public health

and socioeconomic stability, but was finally brought under control in July 2003.

Intensive collaboration identified the etiological agent as a new member of the

genus Coronavirus. Analyses of the complete nucleotide sequence of the novel

SARS-associated coronavirus (SARS-CoV) reveal significant similarities to the

other coronaviruses, with the genes encoding the spike (S), envelope (E), mem-

brane (M) and nucleocapsid (N) proteins possessing similar sequence frames. In

addition, the novel SARS-CoV contains several unique genes (Poon et al. 2004).

Similar viruses with considerable homology to human SARS-CoV have been

isolated from animals such as palm civets and horseshoe bats, suggesting zoonotic

reservoirs and the possible reemergence of this deadly virus (Shi and Hu 2008).

Hence, the mechanisms of SARS-CoV pathogenicity are the subject of extensive

scientific research (Satija and Lal 2007). Furthermore, it is highly imperative that

effective and safe vaccines are developed to counter a potential SARS epidemic in

the future (He et al. 2004a, b). Candidate SARS-CoV vaccines have been success-

fully tested in animal models and in clinical trials. The lack of specific therapies

against SARS necessitates molecular approaches for selecting attractive targets to

facilitate the design of novel vaccines and antiviral agents against SARS-CoV

infections (Groneberg et al. 2005; Han et al. 2006; van den Brink et al. 2005;

ter Meulen et al. 2004, 2006; Poh et al. 2009).

18.2 SARS-CoV Spike Glycoprotein Contributes

to Virulence and Pathogenesis

Comprising 1,255 amino acid residues, the SARS-CoV spike is the first protein to

interact with the host membrane, culminating in a cascade of infection events.

Given that this glycoprotein plays a crucial role in viral virulence and pathogenesis,

its functions have been extensively characterized, and it is probably the most

important viral target for vaccine design (Du et al. 2009). Containing intracellular,

extracellular and transmembrane domains, the spike protein is classified as a type 1

transmembrane glycoprotein that is responsible for virus binding, fusion and entry

(Simmons et al. 2004; Zhang et al. 2004; Zhou et al. 2004). Of particular interest
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and importance is the S1 unit which constitutes one of the two subunits of the

extracellular domain. This domain is responsible for binding of the virus to its main

receptor, angiotensin-converting enzyme 2 (ACE2), present on susceptible cells

(Li et al. 2003; Babcock et al. 2004). Moreover, CD209L (L-SIGN) and DC-SIGN

also facilitate cell entry of SARS-CoV (Jeffers et al. 2004; Shih et al. 2006). SARS-

CoV spike is selectively recognized by pulmonary surfactant D and activates

macrophages (Leth-Larsen et al. 2007).

Vero E6 cells are derived from the African green monkey kidney clone E6, and

are the most permissive for SARS-CoV infection and replication. Human cell lines

that are susceptible to SARS-CoV infection include LoVo, HepG2 and Huh-7. The

lytic infection produced in Vero E6 cells mimics the apoptosis observed in the

respiratory epithelial cells of severely ill SARS patients (Leong et al. 2005; Chow

and Leong 2008). In contrast, persistent infection of LoVo cells does not exhibit

visible cytopathic effect (CPE).

18.3 Generation of Human Monoclonal Antibodies by Selection

from Recombinant Single-Chain Antibody-Phage

Libraries Constructed from the Lymphocytes

of a Convalescent SARS Patient

Antibody phage display is an established technology for the isolation of antibodies

from large libraries of these molecules (Pini and Bracci 2000). Antibody-binding

regions (Fab or scFv) are cloned as fusions of the phage M13 coat proteins.

The procedure results in the isolation of genes encoding antibody-binding regions

specific for the target antigen. These genes can be used for the construction of fully

human immunoglobulin molecules, i.e., phage libraries can be either naı̈ve or

immune. The latter library is generated using antibody genes extracted from the

B cells of an immunized donor or from a convalescent patient. Both methods may

yield antibodies that can be employed for therapeutic applications (Hoogenboom

2002).

An immune scFv phage library was constructed from the lymphocytes of a

convalescent Singapore SARS patient with high neutralizing antibody titers.

Briefly, several hundred scFv clones were checked for specific binding to inacti-

vated SARS-CoV. After further selection, binding affinities of monovalent scFv

were estimated, and scFv-binding epitopes were mapped. Finally, V regions were

cloned into IgG expression vectors for the expression of human IgG1 molecules in

the human PER.C6 cell line.

Thus, human monoclonal antibodies against the SARS-CoV spike glycoprotein

have been successfully generated, and shown to completely prevent lung pathology

and abolish pharyngeal shedding of SARS-CoV in infected ferrets (ter Meulen et al.

2004, 2006).
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18.4 Expression of SARS-CoV Spike Protein in Mammalian

Cell Lines and Specific Detection by Human Monoclonal

Antibodies: Potential Application as Diagnostic Reagents

The human monoclonal antibodies (16 designated pgG103-014C03P01, pgG103-

019C03P01, pgG103-020C03P01, pgG103-022C03P01, pgG103-023C03P01,

pgG103-023aC03P01, pgG103-024C03P01, pgG103-031C03P01, pgG103-

046C03P01, pgG103-050C03P01, pgG103-053C03P01, pgG103-054C03P01,

pgG103-055C03P01, pgG103-056C03P01, pgG103-057C03P01 and pgG103-

059C03P01) were analyzed by Western blotting and immunocytochemistry on

human cell lines (HL-CZ and HEK293T) transfected with spike construct or with

the pcDNA3.1 vector alone as control.

18.4.1 Western Blot Characterization of HL-CZ Cells Transfected
with Codon-Optimized SARS-CoV Spike Construct

For expression of the spike protein, the pCon-S-Harv-Myc-His plasmid (incorpor-

ating the extracellular domain of the spike protein) was constructed on a pcDNA3.1

vector backbone with a double tag of Myc and His (kindly provided by Dr Michael

Farzan, Harvard University). The construction of this codon-optimized SARS-CoV

spike ectodomain is more effective for spike protein expression during transfec-

tion in mammalian cells by replacing the natural codons with optimum codons

(Babcock et al. 2004).

HL-CZ is a suspension cell line derived from human promonocytic leukemia

that possesses CD15, CD34 and CD11b markers, and is permissive for the pro-

pagation of dengue virus, influenza virus type A and HIV-1 (Lai et al. 2007).

Twenty-four hours after cell seeding, one batch of HL-CZ cells was transiently

transfected with pCon-S-Harv-Myc-His using TransFectin (Bio-Rad), while

another batch was mock-transfected with pcDNA3.1 only as control. Protein

samples of both batches were then analyzed by SDS-PAGE and immunoblotting

using the human monoclonal antibodies to SARS-CoV spike. Among the 16

antibodies, the antibody designated pgG103-057C03P01 detected a single distinct

band of ~180 kDa compatible with the glycosylated spike ectodomain in the total

cell lysate and pellet of HL-CZ cells transfected with SARS-CoV spike, but not in

the corresponding samples of cells transfected with pcDNA3.1 control. With the

pgG103-057C03P01 antibody, Western blotting also revealed intense SARS-CoV

spike bands in both the lysate and supernatant of spike-transfected human embry-

onic kidney HEK293T cells. These immunoblot results were further confirmed by

using spike polyclonal antibody IMG-541 (Imgenex) which detected a weaker

spike protein band (Fig. 18.1).
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18.4.2 Microscopic Analysis of SARS-CoV Spike Expression in
HL-CZ Cells by Indirect Immunofluorescence Labeling

Prior to transfection, HL-CZ cells were cultured on glass coverslips coated with

Cell-Tak (BD Biosciences). To visualize the intracellular distribution of the spike

protein, immunofluorescence assay (IFA) was performed on cells transfected for

24 h with either pCon-S-Harv-Myc-His or control cells transfected with the

pcDNA3.1 vector alone. Monoclonal antibody pgG103-057C03P01 exhibited the

strongest staining of spike protein with predominant cytoplasmic localization

(Fig. 18.2a–c). Antibodies pgG103-023C03P01 and pgG103-054C03P01 also dis-

played positive but relatively less staining, mainly in the cytoplasm. However,

antibodies such as pgG103-055C03P01 did not demonstrate any significant fluores-

cence (data not shown).

Transfected cells were also incubated with primary rabbit polyclonal antibody

against SARS-CoV spike and secondary antirabbit antibody labeled with rhoda-

mine. DAPI counterstaining was performed to highlight cell nuclei. Confocal

microscopy revealed the wide distribution of spike in the cytoplasm of Vero E6

and HL-CZ cells transfected with pCon-S-Harv-Myc-His. The intense immunos-

taining in the cytoplasm of HL-CZ cells may be attributed to spike localization in

smooth membrane vesicles or smooth endoplasmic reticulum. Spike staining is

prominent in Vero E6 cells, which may partly be explained by their adherent

property (Fig. 18.2e–f).

While spike expression has also been localized to the cell membrane, confocal

microscopy studies show that SARS-CoV spike protein subunit C localizes in the

cytoplasm of Sf-9 cells. The detection sensitivity of the spike protein-based IFA is

reflected by its ability to detect SARS-CoV specific antibody at a lower dilution

compared to commercial IFAs (Manopo et al. 2005).

Our results indicate that the pgG103-057C03P01 human monoclonal antibody is

highly specific for detecting SARS-CoV spike antigen. Furthermore, transfected

SARS CoV
Spike protein 

200 kDa

M 1 2 3 4 5 6 7 8

Fig. 18.1 Western blot analyses of SARS-CoV spike protein in transfected HL-CZ and HEK293T

cells. Lanes 1–7 were probed with anti-spike human monoclonal antibody pgG103-057C03P01

followed by secondary antihuman antibody. SARS-CoV spike bands of ~180 kDa were detected in

cells transfected with spike construct, i.e., lanes 2 (HL-CZ lysate), 4 (HL-CZ pellet), 6 (HEK293T

lysate) and 7 (HEK293T supernatant). A similar but weak band was observed in lane 8 (pellet of

spike-transfected HL-CZ cells but probed with commercial antibody). This protein was absent in

cells transfected with pcDNA3.1 vector alone, i.e., lanes 1 (HL-CZ lysate), 3 (HL-CZ pellet) and 5

(HEK293T lysate). The blots were developed using an ECL kit (Amersham Pharmacia). Lane M

depicts the prestained Kaleidoscope Protein ladder markers (Bio-Rad)

18 SARS Coronavirus Spike Protein Expression in HL-CZ Human Promonocytic Cells 293



cell lines expressing the SARS-CoV spike extracellular domain can also serve as

highly specific reagents for serodiagnosis of clinical specimens by Western blotting

or immunocytochemistry.

Fig. 18.2 Intracellular distribution of spike protein in HL-CZ cells transiently transfected for 24 h

with (a–c) pCon-Spike-Harv-Myc-His construct or (d) pcDNA3.1 vector only, and incubated with

anti-spike human monoclonal antibody pgG103-057C03P01 followed by secondary FITC-labeled

antihuman antibody. (e) Vero and (f) HL-CZ cells were stained with DAPI to display nuclei, and

with anti-spike polyclonal antibody followed by secondary antibody labeled with rhodamine. The

superimposed images localize the spike protein to the cytoplasm giving rise to characteristic “ring”

structures (arrows)
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18.5 Transcriptomic Analysis Reveals Differentially Regulated

Genes in HL-CZ Cells Following SARS-CoV Spike

Transfection

The interactions between host and virus involve an elaborate and intricate interplay

between molecular pathways initiated by the host in response to the infection and

the mechanisms triggered by the virus to successfully infect the cell. Unraveling the

transcriptomic events that ensue from the host–virus interactions can enhance our

understanding of viral pathogenesis and disease manifestations, and can provide

clues for designing preventive and therapeutic strategies to counter the infection

(Leong and Chow 2006; Liew and Chow 2006). For example, multifarious and

intriguing changes in genetic expression occur during infection of Vero E6 cells

with whole live SARS-CoV (Leong et al. 2005). Compared with HL-CZ cells, Vero

E6 cells are highly permissive to SARS-CoV infection and exhibit extensive CPE.

In order to gain insights into the role of the SARS-CoV spike protein in the

human genetic responses and pathophysiology of SARS, we employed cDNA

microarray to investigate gene expression changes in HL-CZ promonocytic cells

following spike transfection. The various downstream transcriptomic changes that

occur following this interaction will offer a clearer understanding of the role of

spike during SARS-CoV pathogenesis.

Total cellular RNAs were extracted from HL-CZ cells transfected with pCon-

S-Harv-Myc-His construct or with pcDNA3.1 alone using the SV Total RNA

isolation kit (Promega). Labeling of first-strand cDNA with amino allyl-dUTP

and purification of the CyDye-labeled cDNA prior to hybridization were per-

formed with the CyScribe Post-Labeling kit and CyScribe GFX Purification kit

(Amersham Biosciences). In both slides of set A of the gene array, Cy3 dye was

incorporated into the spike-transfected cellular RNA, and Cy5 dye into vector-

transfected cellular RNA. For set B, Cy5 and Cy3 dyes were incorporated into

total RNA from cells transfected with spike and vector alone, respectively. This

allows comparison of Cy-dye uptake efficiency as well as authentication of the

microarray data.

Gene expression studies were performed using the Atlas Human 3.8I and 3.8II

cDNA microarray panel (BD Biosciences) which comprises 7,600 human genes

spotted onto two slides each consisting of 3,800 genes. Following microarray

hybridization, the slides were scanned for Cy3 and Cy5 with a Genepix 4000B

dual color image scanner (Axon Instruments).

Using the Acuity analysis software, low quality spots (e.g., extreme unevenness

in intensity) were flagged off, but spots that exhibited sufficient signals were

retained. Log values obtained from the scanning of labeled spike-transfected

cellular cDNA were then normalized against values from labeled vector-transfected

cDNA using locally weighted linear regression (LOWESS) analysis. Significant

scan log ratios (spike versus vector transfection) of transcripts were then translated

to actual fold changes in gene expression. By defining the threshold to be equivalent

to greater than 1.96 standard deviations from the local mean based on the duplicated
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set, a total of 100 genes were identified at the 95% confidence level to be differen-

tially expressed greater than two-fold. Of these, 61 transcripts were significantly

upregulated, while 39 genes displayed reduced expression. Table 18.1 classifies the

transcripts that were significantly altered at 24 h after spike transfection according

to their known functional roles, including mRNAs of unknown function.

The most distinguishable genes to be downregulated by spike transfection were

those involved in cell metabolism and cytoskeletal framework, while genes that

mediate protein trafficking were generally upregulated. This was accompanied by a

mixed response of transcripts that encode cell cycle and other proteins, suggesting

an interesting interplay of host transcriptional alterations in response to spike

protein expression.

18.5.1 Immune and Inflammatory Genes

Patients infected by SARS-CoV exhibit high plasma levels of IL1, IL6, IL8, IL12,

monocyte chemoattractant protein-1 and IFN-g inducible protein. High levels of

IL8 and IL6 are associated with lung lesions in SARS patients at the acute stage.

Elevations of IL8 and Th1-related cytokines induce hyperinflammatory innate

responses following SARS-CoV invasion of the respiratory tract (Wang et al.

2007; Thiel and Weber 2008). Recombinant baculovirus expressing amino acids

17–688 of the spike protein induces AP-1 activation through MAP kinases and

AP-1, with the domains spanning residues 324–488 and 609–688 being crucial for

the induction of IL8 release in lung cells (Chang et al. 2004). IL8 induction can be

specifically inhibited by antibody against ACE2. The IL-8 receptor binds to IL8

with high affinity, also binds to chemokine (C–X–C motif) ligand 1 (CXCL1/

MGSA), and mediates neutrophil migration to sites of inflammation.

From our microarray data, the sharp upregulation of IL8 receptor transcript

b (~12-fold increase) implies that spike actively induces expression of this receptor

which has a stronger affinity for IL8. This finding concurs with Versteeg et al.

(2007) who documented IL8 receptor induction by SARS-CoV spike. Interestingly,

our previous study showed that the expression of IL8 receptor A or IL8RA (which is

a low affinity receptor for IL8) is also upregulated in Vero E6 cells infected with

SARS-CoV (Leong et al. 2005). Overproduction of specific inflammatory cytokines

is a typical hallmark of SARS-CoV infections, and overactivity of the IL-8 receptor

may be partly mediated by spike protein as an inflammatory response.

Another upregulated gene is the major histocompatibility complex (MHC) class

I A. MHC class I molecules are expressed in nearly all cells, and play a central

role in the immune system by presenting peptides derived from the endoplasmic

reticulum lumen. Given that HL-CZ cells are derived from adult T cells on which

MHC class I is typically expressed, upregulation of this gene is not surprising. In

addition, the B-cell-specific transcription factor mRNA is increased ~9-fold upon

spike transfection, indicating B-lymphocyte activation in response to SARS-CoV

infection.
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Table 18.1 Categories of human genes showing altered transcription following SARS-CoV spike

transfection in HL-CZ cells

GenBank

accession

no.

Genes and their classification Fold change in

transcription

Up or down

regulation

Cell cycle and development
NM_006527 Stem-loop (histone) binding protein 2.18 #
NM_003495 Histone 1, H4i 2.14 "
NM_005474 Histone deacetylase 5 2.18 "
NM_002895 Retinoblastoma-like 1 (p107) 2.74 "
AF059617 Serum-inducible kinase 2.78 #
U66838 Cyclin A1 3.95 "
M26708 Prothymosin alpha 6.37 "
Intracellular modulators
NM_006762 Lysosomal associated multispanning membrane

protein 5

3.25 #

NM_016201 Angiomotin-like 2 2.15 #
NM_004822 Netrin 1 2.10 "
NM_004078 Cysteine and glycine-rich protein 1 2.19 "
NM_016084 RAS, dexamethasone-induced 1 4.13 "
U43148 Patched homolog 2.53 #
X65293 Protein kinase C-epsilon 2.12 #
U20537 Cysteine protease Mch2 isoform beta 2.11 #
X74210 Adenylyl cyclase 2 2.11 "
L13698 Gas1 2.30 "
M68520 Cdc2-related protein kinase 2.51 "
M55983 DNase I 2.69 "
U02082 Guanine nucleotide regulatory protein 2.80 "
D45887 Calmodulin 3.45 "
M27544 Insulin-like growth factor 4.78 "
X00351 Beta-actin 7.69 "
Cell metabolism
NM_016327 Ureidopropionase, beta 3.46 #
NM_016203 Protein kinase, AMP-activated, gamma 2 non-

catalytic subunit

2.40 #

M61856 Cytochrome P450, subfamily IIC (mephenytoin

4-hydroxylase), polypeptide 18

2.12 #

Cytoskeleton
NM_003461 Zyxin 44.72 "
NM_007127 Villin 1 4.06 #
X03212 Mesothelial type II keratin K7 2.18 #
X07695 Cytokeratin 4 C-terminal region 2.09 #
M99063 Cytokeratin 2 2.05 #
Signal transduction
NM_004734 Doublecortin and CaM kinase-like 1 4.59 #
NM_002730 Protein kinase, cAMP-dependent, catalytic, alpha 16.53 "
L29511 GRB2 isoform 3.59 #
L26584 Ras protein-specific guanine nucleotide-releasing

factor 1

4.68 "

U13667 G protein-coupled receptor 10.39 "
X14034 Phospholipase C 10.64 "
Protein trafficking
NM_015930 2.07 #

(continued)
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Table 18.1 (continued)

GenBank

accession

no.

Genes and their classification Fold change in

transcription

Up or down

regulation

Transient receptor potential cation channel,

subfamily V, member 2

NM_007033 RER1 retention in endoplasmic reticulum 1 homolog 2.01 #
NM_005085 Nucleoporin 214 kDa 2.07 "
NM_016601 Potassium channel, subfamily K, member 9 2.15 "
NM_007263 Coatomer protein complex, subunit epsilon 2.27 "
NM_015994 ATPase, H + transporting, lysosomal 34 kDa, V1

subunit D

2.38 "

NM_013245 Vacuolar protein sorting 4A 3.32 "
M77235 Cardiac tetrodotoxin-insensitive voltage-dependent 2.39 "

sodium channel alpha subunit

X91788 Icln protein 5.07 "
S70609 Glycine transporter type 1b 2.70 "
Protein translation
NM_016199 LSM7 homolog, U6 small nuclear RNA associated 2.55 #
NM_005520 Heterogeneous nuclear ribonucleoprotein H1 2.07 "
NM_016024 RNA binding motif protein, X-linked 2 3.05 "
Transcriptional regulators
NM_003428 Zinc finger protein 84 2.58 "
NM_003425 Zinc finger protein 45 3.03 "
NM_003426 Zinc finger protein 74 5.29 "
NM_003446 Zinc finger protein 157 10.41 "
NM_003430 Zinc finger protein 91 46.05 "
NM_004865 TBP-like 1 6.05 #
Cell receptors
NM_016240 Scavenger receptor class A, member 3 2.14 "
NM_002116 Major histocompatibility complex, class I, A 2.40 "
NM_001557 Interleukin 8 receptor, beta 12.44 "
S85655 Prohibitin 3.68 #
L04947 Receptor tyrosine kinase 2.06 #
Miscellaneous proteins
NM_005625 Syndecan binding protein (syntenin) 221.40 "
NM_003462 Dynein, axonemal, light intermediate polypeptide 1 2.45 "
NM_015878 Antizyme inhibitor 1 4.51 #
NM_002450 Metallothionein 1 L 3.48 #
NM_004882 CBF1 interacting corepressor 3.22 #
NM_016316 REV1-like 2.43 #
NM_005822 Down syndrome critical region gene 1-like 1 2.07 #
NM_002780 Pregnancy specific beta-1-glycoprotein 4 2.01 #
NM_016229 Cytochrome b5 reductase 2 2.06 "
NM_006303 JTV1 2.36 "
NM_016243 Cytochrome b5 reductase 1 2.53 "
NM_016023 CGI-77 protein 3.22 "
NM_016528 Hydroxyacid oxidase 3 (medium-chain) 4.02 "
NM_016227 Chromosome 1 open reading frame 9 7.58 "
NM_006982 Cartilage paired-class homeoprotein 1 13.85 "
U02081 Guanine nucleotide regulatory protein 2.67 #
Z29083 5 T4 oncofetal antigen 2.52 #
M38690 CD9 antigen 2.43 #

(continued)
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18.5.2 Cell Cycle Genes

Infectious bronchitis coronavirus infection induces cell cycle perturbations with

downstream effects on viral replication (Dove et al. 2006). SARS-CoV spike

expression in HL-CZ cells is also accompanied by differential responses of tran-

scripts that encode cell cycle-related proteins. Following spike transfection, the

cyclin A1 transcript is upregulated ~4-fold. Cyclin A1 binds to and regulates cdk1

and cdk2 which are critical factors during the S and G2 phases of the cell cycle.

Consequently, modification of cyclin A1 transcription has an indirect impact on

virus maturation and life cycle. In HIV-1 progeny formation, cyclin A1 binds Rb

family members, and the p21/waf1 family of endogenous cdk inhibitors, as well as

the E2F-1 transcriptional factor, all of which are important in regulating cell cycle

progression (Liang et al. 2005).

Also upregulated is the retinoblastoma-like 1 (p107) (RBL1) transcript variant 1

whose protein is similar in sequence and possibly function to the retinoblastoma 1

(RB1) gene product. RB1 is a tumor suppressor protein involved in cell cycle

regulation, being phosphorylated in the S to M phase transition, but is depho-

sphorylated in the G1 phase.

Prothymosin a is an abundant acidic nuclear protein with a role in supporting

cell proliferation. It is present in all mammalian tissues, and is usually proportional

Table 18.1 (continued)

GenBank

accession

no.

Genes and their classification Fold change in

transcription

Up or down

regulation

M81882 Glutamate decarboxylase 2.33 #
M37033 CD53 glycoprotein 2.20 #
U91618 Proneurotensin/proneuromedin N 2.09 #
Y00978 Dihydrolipoamide acetyltransferase 2.07 #
AB011539 MEGF6 2.24 "
Z24459 MTCP1 2.31 "
U49089 Neuroendocrine-dlg 3.13 "
NM_003460 Zona pellucida glycoprotein 2 (sperm receptor) 2.33 "
Hypothetical proteins
NM_015919 Zinc finger protein 226 2.18 #
NM_004793 Protease, serine, 15 2.02 #
NM_012118 CCR4 carbon catabolite repression 4-like 2.33 "
U08853 Transcription factor LCR-F1 2.07 "
AF060515 Cyclin K 2.34 "
U08191 R kappa B 2.77 "
M83221 I-Rel 3.12 "
AF015950 Telomerase reverse transcriptase 4.08 "
D28118 DB1 8.47 "
M96944 B-cell specific transcription factor 9.19 "
NM_016385 Cylindromatosis (turban tumor syndrome) 3.27 #
NM_016627 Archaemetzincins-2 2.78 #
NM_015913 Thioredoxin domain containing 12 (endoplasmic

reticulum)

2.46 "
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to the proliferative activity of the tissue. Although this protein does not directly

regulate cell division, it is required for entry from the G2 to M phase, and its

mRNA is induced in normal human lymphocytes when stimulated by mitogens

(Gómez-Márquez and Rodrı́guez 1998). Spike transfection upregulates prothymo-

sin a (6.4-fold), compatible with extensive studies establishing that viral infections

transmit proliferation signals to otherwise terminally differentiated cells (Vareli et al.

1995). Cells that overexpress this transcript also exhibit higher levels of histone-H1

depleted chromatin, by interacting with histone H1, leading to the decondensation

and remodeling of chromatin fibers. Such changes in chromatin organization are

important in essential cellular processes such as recombination, replication, transcrip-

tion and chromosome packaging. Microarray analysis demonstrated upregulation of

the histone H1 transcript concurrent with that of prothymosin a.
Another notable upregulated transcript (~2.2-fold) is histone deacetylase

5 (HDAC5) which also plays an important role in chromatin remodeling. Whether

a cell is permissive for viral infection may be dependent on the state of cellular

differentiation. For example, permissiveness for human cytomegalovirus (HCMV)

infection is linked to repression of the viral major immediate early promoter

(MIEP). In HCMV, monocytes represent a site of viral latency in HCMV carriers,

and reactivated virus is only observed upon differentiation into macrophages.

Histone deacetylases (HDACs) are involved in MIEP repression in nonpermissive

cells, since inhibition of HDACs induces viral permissiveness and increases MIEP

activity (Murphy et al. 2002). HDACs modulate MIEP transcriptional activity by

affecting the acetylation of transcriptional factors as well as histones. A related

protein, HDAC6, regulates formation of the HIV-mediated fusion pore. Binding of

the HIV gp120 protein to CD4-positive permissive cells increases the level of

acetylated a-tubulin. Overexpression of active HDAC6 inhibits tubulin acetylation,
thus preventing HIV-1 envelope-dependent cell fusion as well as infection without

affecting the expression of other HIV-1 receptors (Valenzuela-Fernández et al.

2005).

18.5.3 Cytoskeletal Genes

SARS-CoV-infected cells exhibit diminished expression of genes associated with

the maintenance of cytoskeletal structure. Many cellular processes depend on

cytoskeletal rearrangements. Villin 1 is a structural protein regulated by increased

intracellular calcium that in turn binds to actin, and contributes to the formation of

microvilli in the small intestine. Cytokeratins are part of the family of keratins

consisting of about 20 different proteins that comprise intermediate filaments in

almost all epithelial cells. These filaments form the internal infrastructure of

cells and are vital for maintaining cellular integrity. Disruption of such features

affects cellular flexibility, tensile strength and interaction with other cellular com-

ponents (Glass et al. 2006). Infection of animal cells by a number of viruses

generally results in CPE. In lytic viral infections, there is a profound impairment
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of cell structural integrity, and inhibition of host protein synthesis related to

widespread destruction of the intermediate filament network, e.g. proteolysis of

cytokeratins K7 and K18 by the adenovirus late-acting L3 proteinase (Zhang and

Schneider 1994). The collapse of this network (including vimentin and lamin),

coupled with suppression of new keratin synthesis to restore the damaged filament

network, contributes to CPE. In SARS-CoV infection, these microtubule networks

may become disrupted, making it conducive for subsequent viral release, partially

attributed to the spike protein.

Following SARS-CoV spike transfection, the mRNA encoding zyxin is greatly

upregulated ~45-fold. Zyxin enhances cell motility through rearrangement of the

actin cytoskeleton, and it facilitates the formation of the molecular complex that

promotes the assembly of actin-rich structures targeted particularly to the inner face

of the plasma membrane (Beckerle 1997). Correct positioning of zyxin within the

cell is also critical for its physiological function. Mislocation of zyxin affects cell

migration and spreading, influences behavior of the cell edge, and causes irregular

distribution of important proteins that promote actin assembly (Drees et al. 1999).

Furthermore, the b-actin transcript is upregulated ~7.7-fold, suggesting the com-

plex interplay between the various elements that contribute to structural integrity

within the cell.

18.5.4 Trafficking and Transport Genes

The vacuolar protein sorting 4A gene transcript is upregulated upon spike transfec-

tion. In many viral infections, viral proteins must recruit a variety of cellular

factors, including members of the vacuolar protein sorting family, for subsequent

viral budding and egress, failing which the viral particles would be nearly assem-

bled but remain tethered to the cell surface (Sherer et al. 2003).

Another noteworthy upregulated transcript (~5-fold) is ICln mRNA which

encodes a 42-kDa chloride channel regulatory protein essential in regulating cell

volume, and which interacts with the specific platelet integrin aIIbb3 through the

KVGFFKR motif on platelet membranes (Larkin et al. 2004). Treatment with the

specific channel protein inhibitory agent, acyclovir, culminates in inhibition of

platelet aggregation and integrin activation. It is also noteworthy that the SARS-

CoV protein 3a upregulates fibrinogen expression in lung epithelial cells, congruent

with observations of SARS patients with thrombocytopenia, and suggesting dys-

functional coagulation and activation of the fibrinogen pathway (Tan et al. 2005).

18.6 Conclusions and Future Prospects

This is the first report documenting SARS-CoV expression in the human HL-CZ

cell line that triggers a cascade of host transcriptional responses involving a wide

repertoire of genes belonging to key functional classes including inflammation,
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immunity, cell signaling and trafficking. Intriguingly, most of the transcriptional

factors upregulated in response to spike transfection are zinc finger proteins. In

contrast to live SARS-CoV infection, this study provides comparative insights into

the host transcriptomic effects of the spike protein when expressed alone in relevant

human cells, thus shedding light on its specific roles during viral infection. These

data indicate that SARS-CoV spike expression significantly modifies the regulation

of numerous genes in HL-CZ cells, reiterate its importance in SARS pathogenesis,

and further justify it as a key target for vaccine development. Such studies can

enhance our understanding of the “infectomics” of viral infections in different

human and mammalian cell types. More in-depth analyses of the individual genes

may be conducted by quantitative real-time RT-PCR to verify the microarray data,

and by using gene-knockout animal models to further explore their specific roles in

SARS-CoV infection in vivo.
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Valenzuela-Fernández A, Álvarez S, Gordon-Alonso M, Barrero M, Ursa Á, Cabrero JR,
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