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ORIGINAL ARTICLE

SAAI polymorphisms are associated with variation
in antiangiogenic and tumor-suppressive activities in

nasopharyngeal carcinoma

HL Lung', OY Man', MC Yeung', JMY Ko', AKL Cheung’, EWL Law', Z Yu', WH Shuen', E Tung'?, SHK Chan', DK Bangarusamy>%,
Y Cheng’, X Yang', R Kan', Y Phoon', KC Chan', D Chua'**, DL Kwong'?, AWM Lee*>®, MF Ji’ and ML Lung'*

Nasopharyngeal carcinoma (NPC) is a cancer that occurs in high frequency in Southern China. A previous functional
complementation approach and the subsequent cDNA microarray analysis have identified that serum amyloid A1 (SAAT) is an NPC
candidate tumor suppressor gene. SAA1 belongs to a family of acute-phase proteins that are encoded by five polymorphic coding
alleles. The SAAT genotyping results showed that only three SAAT isoforms (SAAT.1, 1.3 and 1.5) were observed in both Hong Kong
NPC patients and healthy individuals. This study aims to determine the functional role of SAAT polymorphisms in tumor progression
and to investigate the relationship between SAAT polymorphisms and NPC risk. Indeed, we have shown that restoration of SAAT.1
and 1.3 in the SAAT-deficient NPC cell lines could suppress tumor formation and angiogenesis in vitro and in vivo. The secreted
SAA1.1 and SAA1.3 proteins can block cell adhesion and induce apoptosis in the vascular endothelial cells. In contrast, the SAA1.5
cannot induce apoptosis or inhibit angiogenesis because of its weaker binding affinity to aVB3 integrin. This can explain why
SAA1.5 has no tumor-suppressive effects. Furthermore, the NPC tumors with this particular SAA1.5/1.5 genotype showed higher
levels of SAAT gene expression, and SAAI1.7 and 1.3 alleles were preferentially inactivated in tumor tissues that were examined.
These findings further strengthen the conclusion for the defective function of SAA1.5 in suppression of tumor formation and
angiogenesis. Interestingly, the frequency of the SAA1.5/1.5 genotype in NPC patients was ~ 2-fold higher than in the healthy
individuals (P=0.00128, odds ratio = 2.28), which indicates that this SAAT genotype is significantly associated with a higher NPC risk.
Collectively, this homozygous SAA1.5/1.5 genotype appears to be a recessive susceptibility gene, which has lost the antiangiogenic

function, whereas SAA1.T and SAA1.3 are the dominant alleles of the tumor suppressor phenotype.
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INTRODUCTION

Nasopharyngeal carcinoma (NPC) is a squamous cell carcinoma
originating from the epithelial cells around the nasopharynx. NPC
has a high incidence in Southern China and Southeast Asia, but is
rare in most Western countries,'™* suggesting there may be a
genetic predisposition to NPC. We have previously used a
functional complementation approach to generate chromosome
11 microcell hybrids (MCHs) after the transfer of an additional
intact chromosome 11.> The current oligonucleotide microarray
profiling of tumor-suppressive MCHs versus the tumorigenic
recipient NPC cell line and tumorigenic revertants identified
an interesting differentially expressed gene, serum amyloid A1
(SAAT), as a candidate gene.

SAA encodes an acute-phase high-density lipoprotein-
associated apolipoprotein, whose levels are greatly elevated
following injury, inflammation and cancer.® It has been reported
that SAAT is involved in several functions, which include induction
of extracellular matrix-degrading enzymes for tissue repair,”®
recruitment of immune cells to inflammation sites®'" and lipid

transport and metabolism.'>'® SAA is a generic term for a family
of acute-phase proteins encoded by various SAA genes with a high
genetic variation. The human SAA7, 2, 3 and 4 genes map ina 150
kb region of chromosome 11p15.1."” SAAT has five polymorphic
alleles, SAAT1.1, SAAT1.2, SAA1.3, SAA1.4 and SAAI5, encoding
distinct proteins with a few amino-acid differences (Figure 1a).
The SAAT polymorphisms have been reported as risk factors in
certain inflammatory diseases. However, how each SAAT variant is
associated with NPC development remains unknown. In the
present study, three SAAT allelic variants, SAAT1.1, 1.3 and 1.5, were
identified in NPC patients and healthy Chinese individuals
(Figure 1b). We compared the genotypes and allelic frequencies
between the NPC patients and healthy individuals.

SAA has been identified as a serum biomarker in many different
tumors,'®'® including NPC2°?' The elevated serum SAA level
might not be directly associated with early NPC tumor lesions, but
could be a secondary product produced by the hepatocytes.® Our
gene and protein expression analyses clearly showed that indeed
SAAT was consistently downregulated in most tumorigenic NPC
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Figure 1. Disproportionate frequency of homozygous SAA1.5/1.5 in NPC patients. (a) The amino-acid differences among the five SAAT
isoforms (SAAT1.1, 1.2, 1.3, 1.4 and 1.5.) The five human SAA1 proteins are distinguished by several amino-acid changes at positions 70, 75,
78 and 90, and are highlighted in red. The YIGSR- and RGD-like motifs are highlighted in blue. Comparisons of SAAT (b) alleles and
(c) genotypes between NPC patients (n=196) and healthy groups (n=289). SAA1.1, 1.3 and 1.5 alleles were present in the NPC patients and
healthy Hong Kong Chinese. The frequency of SAA1.5/1.5 genotype in NPC patients was ~2-fold higher than in the healthy group

(P-value =0.00128, y“-test).

cell lines and tumor tissues. These results suggest that the
physiological levels of SAAT expressed locally in the normal
nasopharyngeal tissue might have a novel protective role against
tumor development. In addition, both functional YIGSR- and RGD-
like motifs are present in the SAA protein within close proximity
(YIGSDKYFHARGNY; residues 47-60) (Figure 1a),*? and proteins
with YIGSR- and/or RGD-like motifs can inhibit angiogenesis,
tumor cell adhesion to extracellular matrix, tumor growth and
metastasis.”>>> We examined the role of SAAT.1, 1.3 and 1.5
variants in inhibition of angiogenesis and involvement in tumor
growth in NPC and investigated whether their biological activities
would be distinguishable and be specifically associated with the
risk, as observed in the SAAT genotyping analysis of the NPC
patients.

RESULTS

SAAT was differentially expressed in tumorigenic and tumor-
suppressive cell lines

Suppression of tumorigenicity in the NPC HONE1 cells was
observed after the transfer of an additional intact human
chromosome 11 in the MCHs. The tumor segregants (TSs) are
cell lines derived from tumors arising after a prolonged latency
period after MCH inoculation in nude mice’> The tumor
appearance may be associated with loss or inactivation of wild-
type tumor suppressor genes originally present on the intact
normal donor chromosome 11.2° By using a 19K oligonucleotide
microarray, SAAT was also shown to be differentially expressed in
comparative analysis of the chromosome 11 MCHs and TSs
(Figure 2a). Genes upregulated in MCHs after chromosome
transfer and downregulated in the TSs are presumably putative
tumor suppressor genes.>” Under the above criteria, SAAT, located
at 11p15.1, was found to be the most differentially expressed gene
(Figure 2b and Supplementary Table S1). The SAAT gene and the
secreted SAA protein expression was verified by reverse
transcription-polymerase chain reaction (RT-PCR) and western
blot analyses and a good correlation was demonstrated
(Figure 2c¢). In addition, from microarray analysis of the gene
expression profile of four NPC cell lines (HONE1, HK1, CNE1, C666)
versus the immortalized nasopharyngeal epithelial cell line NP460
(non-tumorigenic),®® SAAT ranks the 7th most frequently
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downregulated genes (out of the 19K genes) in the selected
NPC cell lines (Supplementary Figure ST and Supplementary Table
S2). The frequencies and fold changes of downregulation and
gene expression of other family members such as SAA2 and
SAA4 were not as high as the SAAT (Supplementary Tables S1 and
S2 and Supplementary Figures S2 and S3); SAA3 is a
pseudogene.'” As a result, SAAT was chosen for further analysis.

Gene silencing of SAAT in NPC cell lines and tumors

The SAAT gene expression was frequently downregulated in
NPC cell lines (6/7=85.7%) (Figure 2d) and tumor biopsies
(39/57=68.4%) (Figure 3a). The SAAT gene silencing was
attributed to promoter hypermethylation, as indicated by the
bisulfite genomic sequencing (BGS) and the demethylation
analyses (Figures 2e and f). As shown by the immunohistochem-
istry analysis of the NPC tissue microarray (TMA), the SAA protein
was found primarily in the extracellular matrix and cytoplasm
in the normal nasopharyngeal mucosae (Figure 3b). In the
Zhongshan NPC cohort, reduced staining of SAA was observed
in 28/31 (90.3%, P-value=0.0025) informative NPCs (Figure 3c).
In the Hong Kong cohort with more informative samples,
the average intensity of the early NPC (T1/T2) primary tumors
is significantly higher than the Ilate-stage NPC tumors
(P-value =0.0018; Figures 3d and e). The current data suggest
that the ‘normal’ physiological or the basal level of SAAT in the
epithelium may have an important role in cancer development.

Disproportionate frequency of homozygous SAA1.5/1.5 in NPC
patients versus healthy individuals and its association with higher
gene expression levels in NPC tumors

To study the relationship between the SAAT allelic variants and
NPC risk, the allelic frequencies of SAAT isoforms in NPC patients
and healthy Chinese people were investigated by direct DNA
sequencing. A total of 196 Hong Kong NPC patients and 289
healthy individuals were included in this SAAT genotyping study.
Only SAA1.1, 1.3 and 1.5 were observed in both NPC patients and
healthy individuals, whereas SAA1.2 and 1.4 were not detected
(Figure 1b and Supplementary Table S3). When the SAAT
genotypes of the NPC group versus the healthy group were
compared, the current results showed that the frequency of
the SAA1.5/1.5 genotype in NPC patientswas ~2-fold higher
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(P-value =0.00128) (Figure 1c). The P-value of this disproportionate power. When tumor SAAT gene expression levels of the six SAAT
frequency of SAA1.5/1.5 genotype between the disease and genotypes were analyzed (Supplementary Table S4), we found
healthy groups is statistically significant with >99% statistical that the frequency of SAA1.5/1.5 with high levels of SAAT7
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Figure 2. SAAT is differentially expressed in the tumor-suppressive MCHs against their matched TSs and is frequently downregulated in NPC
cell lines and biopsies. (a) The heat map of the chromosome 11 19K oligomicroarray results shows that the SAAT expression is differentially
expressed in MCHs and their matched TSs. Red, upregulated expression; green, downregulated expression. (b) Microarray detection of SAAT in
HONE1 versus MCHs (HK11.8, HK11.12, HK11.13, HK11.19) and the same MCHs versus their TSs (HK11.8-3TS, HK11.12-2TS, HK11.13-1TS,
HK11.19-4TS). (c) The SAAT gene and protein expression in HONE1, MCH556.15, the four MCH cell lines and their TSs mentioned in (b). The
gene expression was verified by RT-PCR. GAPDH was used as an internal control. The expression of the secreted SAA protein in the
conditioned media was detected by western blot (WB) analysis. Coomassie blue staining was used to indicate equal loading of total protein in
the conditioned media. (d) The SAAT gene expression in seven NPC cell lines. GAPDH was used as an internal control. NP460 cells were used as
a normal control. (e) BGS analysis of five CpG sites in SAAT promoter region of seven NPC cell lines (HONE1, HK1, HNE1, CNE1, CNE2, C666,
SUNE1), the immortalized NP460 cell line and one NPC tumor (T)/non-tumor (N) tissue pair (no. 238). Each row represents an individual allele
and the circles represent a single CpG dinucleotide. The CpG sites —297, —289, —268, —163 and —121 are shown from left to right;
unmethylation (°) and methylation (@) status of CpG sites are as indicated. x, Methylation status not determined owing to nucleotide change
to an ‘A’ at the CpG site. (f) Re-expression of SAAT in NPC cell lines after treatment with 5 pm 5-aza-2'-deoxycytidine (5-aza) was monitored by
RT-PCR analysis. GAPDH served as an internal control. NP460 was used as normal controls for comparison.
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Figure 3. Clinical relevance of SAAT gene and protein expression in NPC. (a) Quantitative PCR (Q-PCR) was performed with 57 pairs of NPC
tissues to study the fold change of SAAT expression in normal versus tumor tissues; 39 of 57 (68.4%) tumor tissue samples showed
downregulated SAAT expression. The bar chart shows mean fold change of SAAT expression +s.e.m. The comparison of frequencies of
SAA1.5/1.5 tissue samples with high SAAT gene expression levels against the frequencies with other SAAT genotypes is shown in the lower
right-hand corner. High levels of SAAT expression is defined as fold change > 1. Representative sequencing results of SAAT in tumor (T) versus
non-tumor (N) RNA in the NPC patient no. 71. A complete loss of SAAT.T mRNA expression was observed in the tumor RNA, as indicated by the
arrows (loss of G and A at nucleotide positions 224 and 209, respectively; Supplementary Figure S4A). Part of the ‘reverse’ sequencing results is
shown for the RNA samples. (b) Immunohistochemical staining of SAA in a normal nasopharyngeal mucosa (NM) of the Zhongshan NPC TMA.
The underlying lamina propria of a normal human nasopharynx contains dense aggregates of lymphoid tissue (L).>® Scale bar=50 um.
(c) Comparison of immunohistochemical staining of SAA in NPC tissues (n=31) versus normal tissues (n=4) in the Zhongshan NPC TMA by a
box plot. The P-value was calculated by Student’s t -test. @ = outliner. (d) Comparison of SAA staining in early- (n=11) versus late- (n=24)
stage primary NPC tissues in Hong Kong NPC TMA by a box plot. The P-value was calculated by Student’s t-test. (e) Representative results of
SAA with a staining index more than 2 were observed in a T1 or a T2 NPC specimen. T3 and T4 NPC tumors showed downregulation of SAA
expression with a staining index < 1. The intensity of staining was graded by an arbitrary scale that ranged from 0 to 3, representing negative
(‘0"), weak (1), moderate ('2') and strong ('3’) staining, respectively, and the proportion of immunopositive cells of interest were calculated.
Scale bar=10 pm.

expression was more than twofold higher than for other SAAT NPC cell line and is comparable with the nasopharyngeal
genotypes (P-value=0.018; Figure 3a). Interestingly, when com- epithelial cell line NP460, which reflects the ‘normal’ physiological
pared with the matched non-tumor RNA samples, we found that SAAT level (Figure 4a). Tumorigenicity was suppressed with
the SAAI1.7 or 1.3 mRNA expression was completely lost similar kinetics by restoration of SAA1.7 and SAA1.3 in all three
in three tumor tissues (sample nos. 71, 79 and 95), whereas cell lines (Figure 4b and Supplementary Table S5). In contrast,
the SAAT1.5 expression was retained (Figure 3a, Supplementary the growth rates of the SAAl.5-expressing cells were not
Figure S4 and Supplementary Table S4). In contrast, the DNA levels significantly different from the vector alone. To further confirm
remain unchanged in the available cases (Supplementary the tumor-suppressive effect of SAAT in NPC, the SAAT short
Figure S4). Epigenetic inactivation could have a role in the gene hairpin  RNA (shRNA) knockdown was performed for the
silencing of SAAT.7 and SAA1.3 alleles in these NPC tissues. tumor-suppressive HK11.8 and HK11.12 MCHs, which express

high levels of SAAT gene expression (Figure 2c). The SAAT

genotyping results show that HK11.8 and HK11.12 express
Tumor suppressor function of SAAT is isoform specific SAA1.3 after the chromosome transfer from the chromosome 11
To study the functional roles of the three SAAT isoforms in donor cells MCH556.15 (which contains the SAA1.3 locus on the
NPC development, SAAT.1, 1.3 and 1.5 were constitutively exogenous human chromosome). Reduction of SAA7.3 gene and
expressed in HONET, HK1 and C666 cell lines. The mRNA of the protein expression was observed in the two MCH cell lines
three SAAT isoforms was expressed in similar levels in each by SAAT shRNA 364 (Figure 4c). After the SAAT gene knockdown
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Figure 4. Tumor suppressor function of SAAT is isoform-dependent. (a) Restoration of SAAT gene and secreted SAA protein expression in the
SAAT.1, SAA1.3 and SAA1.5 lentivirus-transduced NPC cell lines, as detected with semiquantitative RT-PCR and western blot analyses. NP460
was used as the normal SAAT level control. Total protein in the conditioned media was indicated by Coomassie blue staining. (b) The tumor
growth curves for three SAAT variant-infected cell lines represent an average tumor volume of six injection sites inoculated for each cell
population. Data are presented as the mean + s.e.m. (c) Semiquantitative RT-PCR and western blot analyses of SAAT gene and secreted protein
expression in the SAAT-knockdown MCHs. The two MCHs were stably infected with the SAAT shRNA oligonucleotides, SAAT1shRNA343 and
SAATshRNA364. HONE1 cells served as a basal SAAT level control. Coomassie blue staining of total protein in the conditioned media was used
to indicate equal loading. (d) Tumor growth kinetics of SAAT-knockdown MCHs versus the scramble controls. The tumor growth curves
represent an average tumor volume =+ s.e.m. of six sites. SCsh, scramble oligonucleotide control; VA, vector-lone; WB, western blot analysis.

by this shRNA, the tumorigenicity of both HK11.8 and HK11.12 was
reversed (Figure 4d and Supplementary Table S5). For the
shRNA343-infected cells, their tumor growth kinetics were not
significantly altered. Thus, the secreted SAA1.1 and 1.3 protein
levels are negatively correlated with the tumor formation capacity
of the NPC cell lines.

Oncogene (2015) 878-889

SAAT.1T and SAA1.3, but not SAA1.5, inhibited in vivo and

in vitro angiogenesis

To examine the role of SAAT.1, 1.3 and 1.5 variants in inhibition of
angiogenesis, vascular endothelial cell tube formation and gel
plug assays were performed. Both the in vitro and in vivo
angiogenesis assay results showed that the SAA7.5-transduced cell
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Figure 5. SAAT.7 and SAA1.3, but not SAA1.5, inhibited in vivo and in vitro angiogenesis. (a) Representative results of the in vitro HUVEC tube
formation assay after restoration of SAAT.1, SAA1.3 and SAA1.5 in the three NPC cell lines. Scale bar=200 pm. (b) The percentage of HUVEC
tube formation ability of three SAAT isoform-infected cells, as compared with their corresponding vector-alone controls. Data are presented as
the mean +s.e.m. of at least three independent experiments. *Statistically significant difference from the vector-alone clone (P < 0.05,
Student’s t-test). (c) The percentage of telomerase-immortalized human microvascular endothelial cell (TIME) tube formation ability of three
SAAT isoform-infected HONE1 cells. Data are presented as the mean +s.e.m. of four independent experiments. *P < 0.05, Student’s t-test.
(d) The percentage of HUVEC tube formation ability after treatment of SAA1.1, SAA1.3 and SAA1.5 recombinant proteins (20 pm) for 5 h. Data
are presented as the mean +s.em. *P < 0.05, Student’s t-test. (e) Representative results from in vivo Matrigel plug assay in the SAAT.1,
SAA1.3 and SAA15 lentivirus-transduced NPC cell lines. The endothelial cells were stained with anti-CD34 antibody, as indicated by arrows.
Scale bar=100 pm (f) CD34 staining index of the three SAAT variant-transduced NPC cells as compared with their corresponding vector-alone
controls. Data are presented as the mean +s.e.m of 4-5 gel plugs per cell line. *P < 0.05, Student'’s t-test. rSAA, recombinant SAA proteins;
SC, solvent control.

lines could not significantly reduce the tube formation of
the human umbilical vein endothelial cells (HUVECs) and
telomerase-immortalized human microvascular  endothelial
cells (Figures 5a-c and Supplementary Figure S5) or the number of
microvessels in the gel plugs (Figures 5e and f), whereas the
SAAT1.1 and 1.3 substantially reduced the tube formation (34-46%

© 2015 Macmillan Publishers Limited

inhibition) and the number of microvessels (53-76% inhibition).
There was no significant effect on the number of viable cells after
restoration of the three SAAT isoforms in the NPC cell lines
(Supplementary Figure S6). The tumor suppression by SAAT.1
and 1.3 is likely due to inhibition of angiogenesis. To ascertain
the direct antiangiogenic activities of the SAA1 proteins, the
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recombinant proteins of the three SAA1 isoforms were produced.
An identical quantity (20 uwm) of the three SAA variant proteins was
used to treat the HUVECs. The SAA1.1 and SAA1.3 protein-treated
samples showed the greatest suppression in the tube formation
abilities (~40% inhibition), whereas the SAA1.5 treatment showed
no reduction (Figure 5d). These results are consistent with the
secreted SAA1.1 and 1.3 proteins being able to act directly on the
vascular endothelial cells to suppress their tube formation.

SAA1.5 delayed the stress fiber formation and focal adhesions, but
did not induce apoptosis of vascular endothelial cells

The integrin aVP3 is a receptor for RGD-containing proteins and
actively contributes to the regulation of tumor angiogenesis.>>>
The current mechanistic study clearly shows that with the
recombinant SAA1.5 protein there was a temporary delay in the
assembly of integrin aVp3-mediated focal adhesions and stress
fiber of the HUVECs (1-6 h); the aberrant cell morphology was
eventually restored at 24 h (Figure 6). In contrast, the SAA1.1- and
1.3-treated cells shrank with abolishment of formation of stress
fiber and aV33 focal adhesions from 1 to 24 h (Figure 6) and the
cells eventually underwent apoptosis with the decrease of viable
cell numbers at 72 h (Figures 7a and b). In addition, when a high

rSAA1.1

concentration of the aVB3/B5 agonist (vitronectin) was added to
the HUVEGs, the effects of SAA1.1- and 1.3-induced apoptosis and
disruption of focal adhesions were completely abolished (Figures
7c and d). Interestingly, the closely related aVf35-mediated focal
adhesions were undetectable in HUVECs despite any treatment
(Supplementary Figure S7). At the molecular level, the focal
adhesion kinase (FAK) phosphorylation (at residue Y397) was
detected in the solvent control HUVECs and the SAA1.5-treated
cells with weaker signal; however, activated FAK was barely
detected in the HUVECs treated with SAA1.1 and 1.3 (Figure 7e). In
contrast, the active caspase-3 was exclusively observed in HUVECs
treated with these two SAAT1 variant proteins. The co-immuno-
precipitation results showed that the purified aV3 protein indeed
could directly interact with the three SAA1 proteins. The
interaction of SAA1.5 protein was weaker than the other two
SAA1 proteins, when vitronectin was added (Figure 7f). Indeed,
the integrin-binding assay results show that the SAA1.1, 1.3 and
1.5 proteins could displace the competing binding ligand
(vitronectin) with 1Csy (half-maximal inhibitory concentration)
values of 0.26, 0.32 and 0.78 pm, respectively. It is likely that the
SAA1.1 and 1.3 proteins are more effective in inhibiting the
assembly of focal adhesion and stress fiber by directly blocking
the integrin aVB3 on HUVECs.
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The SAA1.5 protein delayed the assembly of stress fiber and focal adhesions. (a) Representative fluorescent images of the effects of

the SAA1.1, 1.3 and SAA1.5 (25 pg/cmz) on remodeling of actin cytoskeleton and focal adhesions of HUVECs on vitronectin (0.25 pg/cmz) from
1 to 24 h. Stress fibers (red) and focal adhesions (green solid spots) were stained with rhodamine phalloidin and anti-aVp3 integrin antibody,
respectively. Fluorescence images are enlarged in the yellow boxes to show the F-actin and focal adhesion staining. The nuclei were stained
with 4,6-diamidino-2-phenylindole (DAPI, blue). Scale bar =4 pm. (b) Analyses of formation of stress fibers and focal adhesions in HUVECs after
treatment with the three SAA1 proteins from 1 to 24 h. Data are presented as the mean + s.e.m. *Statistically significant difference of stress
fiber formation from the solvent control (SC), **Statistically significant difference of focal adhesions from the SC (P < 0.05, Student’s t -test).
rSAA, recombinant SAA proteins.
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Figure 7.

The SAA1.1 and 1.3 proteins induced the integrin blockade in HUVECs. (a) The number of viable HUVECs after the recombinant SAA1

protein treatments (25pug/cm?) for 72 h. MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) assay was performed to
determine the number of viable cells. Data are presented as the mean + s.e.m. *P < 0.05, Student’s t -test. (b) The number of apoptotic cells in
the SAA1.1, 1.3 and 1.5 protein-treated HUVECs for 48 h. Apoptosis of HUVECs after the recombinant SAA1 protein treatments (25 pg/cm?) was
detected by the terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) assay. Data are presented as the mean+s.e.m.
*P < 0.05, Student’s t -test. (c) Analyses of formation of focal adhesions in HUVECs after treatment with the three SAA1 proteins (25 pg/cm?) in
the presence or absence high concentration of VN (5.4 pg/cm?) for 2 h. Data are presented as the mean + s.e.m. *Statistically significant
difference from the solvent control (SC) (P < 0.05, Student’s t -test). VN, vitronectin. (d) The number of apoptotic cells in the SAA1.1, 1.3 and 1.5
protein-treated HUVECs in the presence of high concentration of VN for 72 h. Apoptosis of HUVECs after the recombinant SAA1 protein
treatments (25 pg/cm?) + VN (5.4 pg/cm?) was detected by the TUNEL assay. Data are presented as the mean + s.e.m. *P < 0.05, Student’s t-test.
(e) Western blot analysis of phosphorylated-focal adhesion kinase (FAK) (at Y397), total FAK and activated caspase-3 in HUVEC cells treated by
SAA1.1, 1.3 and 1.5 proteins (25 pg/cm?) for 1 h. Coomassie blue staining of total protein in the cell lysates was used to indicate equal loading.
(f) The SAAT proteins are associated with the aVp3 integrin protein as shown by co-immunoprecipitation (IP) assay. The recombinant aVp3
integrin (1 pg) and SAA1 proteins (1 pg) in the presence or absence of VN (1 pg) were precipitated with antibody against aVf3, or with purified

immunoglobulin G (IgG) control, followed by immunoblotting (IB) with the SAA antibody. rSAA, recombinant SAA proteins.

DISCUSSION

Although SAA is well known as an acute-phase protein and is
produced in the liver in response to a variety of stimuli, the current
data suggest that the ‘normal’ physiological or the basal level of
SAAT1 in the epithelium may have an important different role in
cancer development. Indeed, the SAA expression was shown to be
predominantly expressed in the epithelia of many histologically
normal human tissues.3"3? In a number of cancer tissues, SAA
protein expression was almost undetectable or reduced as
compared with their normal counterparts.®> With the transfer of
an intact chromosome 11 or lentiviral infection of SAAT, the
physiological level of SAAT can be restored in the SAAT-deficient
NPC cell lines. Restoration of the SAAT.7 and SAA1.3 in the NPC cell
lines can effectively suppress tumor formation and angiogenesis
in vitro and in vivo; the knockdown of SAAT.3 in the SAAT-
expressing MCHs can initiate tumor formation.

© 2015 Macmillan Publishers Limited

Surprisingly, the constitutively expressed SAA1.5 is defective in
tumor suppression and inhibition of angiogenesis. In agreement
with these findings, tumors with SAA1.5/1.5 genotype expressed
higher SAAT gene expression levels, whereas the SAAT.7 and 1.3
alleles seem to be preferentially inactivated in some NPC tissues by
an epigenetic mechanism. Interestingly, when we genotyped the
SAAT polymorphisms in NPC patients versus the healthy individuals,
we showed that the probability of the SAA1.5/1.5 genotype
occurring in the NPC group is ~2.3 times greater than the
probability of this genotype occurring in the healthy individuals
(odds ratio=2.28); individuals having the SAA1.5/1.5 genotype
would be ~ 1.5 times as likely as genotypes other than SAA1.5/1.5 to
develop NPC (relative risk=1.54). This suggests that individuals
harboring the SAA1.5/1.5 homozygous genotype are more suscep-
tible to develop NPC. To our knowledge, this is the first report to
describe the preferential association of SAAT variants with cancers.
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The current mechanistic study clearly shows that with the
SAA1.5 protein, there is a temporary delay in the assembly of
stress fiber and integrin aVP3-mediated focal adhesions of the
HUVECGs; the aberrant cell morphology is eventually restored. In
contrast, the fate of the SAA1.1 and 1.3 treatments differ; the cells
shrank (because of disruption of focal adhesions and stress fiber
formation) and underwent apoptosis in an integrin aV(33-
dependent manner as a likely consequence of loss of cell contact
with the extracellular matrix induced by the integrin blockade by
these two SAA1 proteins and resulting in a type of caspase-
dependent apoptosis known as anoikis.>® This observation can be
attributed to the lowest affinity of the SAA1.5 protein for the
integrin aVP3 among the three SAA1 isoforms identified in the
present study. The present study clearly showed that the SAA1.1
and SAA1.3 proteins are antiangiogenic proteins, which strongly
bind to integrin aV3 to abolish the stress fiber assembly and focal
adhesions of the vascular endothelial cells. Structurally, the major
differences among these three SAA1 isoforms lies in the variant
amino acids located at positions 70 and 75, which are not located
within the RGD- and YIGSR-like motifs (Figure 1a). This change
may affect the exposure of these implicit functional motifs and
contributes to the variations in the biological activities among the
three SAA1 isoforms. Collectively, we clearly show that the SAA1.5
variant is a defective form of the family with respect to its
antiangiogenic phenotype, whereas SAAT.1 and SAA1.3 are the
dominant functional alleles. As a result, the homozygous SAAT.5-
/1.5 genotype is likely to be a recessive susceptibility genotype,
which is supported by the higher occurrence of SAA1.5/1.5 in the
NPC patients, when compared with the healthy individuals.

In conclusion, the SAA1.5/1.5 polymorphism represents one of
the genetic predisposition factors that may be an identifier of
those individuals at greater risk for NPC. The SAA protein is
reported to be predominantly expressed in the normal epithelia of
various tissues; thus, the SAAT genotypes may have some role in
tumor development of other cancer types of epithelial origin. Will
this particular SAA1.5 variant alter other reported functions of
SAA1T as an acute-phase protein? Apparently, the other two SAAT
variants, SAA1.2 and SAAT.4, are absent in the Hong Kong Chinese;
what are their roles in angiogenesis and tumor development? As
these two SAAT variants might be present in other ethnic groups,
would their absence/presence in different populations have any
role in the high NPC incidence rates in the endemic regions? This
study of SAAT polymorphisms in NPC has opened up several new
intriguing avenues for future investigations.

MATERIALS AND METHODS

Cell lines

Culture conditions for the NPC cell lines were as described.?®3*3¢ The
immortalized nasopharyngeal epithelial cell line NP460 was cultured as
described.?®3” The donor chromosome 11 cell line MCH556.15, the
HONE1/chromosome 11 MCHs and their TSs were cultured as
described.> HUVECs (Cascade Biologics, Portland, OR, USA) and telomer-
ase-immortalized human microvascular endothelial cells (ATCC, Manassas,
VA, USA) were cultured as described.3®*° The immortalized esophageal
epithelial cell lines, NE083 and NE1, were cultured as described.***' All cell
lines used in the current study were confirmed to be mycoplasma
negative. The NPC cell lines were obtained from the Hong Kong NPC AoE
Cell Line Repository (Pokfulam, Hong Kong) and have been authenticated.

Gene expression analysis using oligonucleotide microarray
hybridization

The microarray preparation, the dye coupling and the subsequent
hybridization were conducted, as described previously.?®

Tissue specimens for SAAT gene expression analysis

For SAAT gene expression analysis, matched normal nasopharyngeal and
NPC biopsies from 57 NPC patients were collected at Queen Mary Hospital
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in Hong Kong from 2006 to 2010, as described.** The study protocol was
approved by the Hospital Institutional Review Board and written consents
were obtained from all patients.

RT-PCR and quantitative PCR analyses

Semiquantitative and quantitative PCR were performed as reported.** The
SAA1/2 primers, SAA1-RT-F1 and -R1 (for exogenous SAAT expression), the
SAA1-specific primers, SAA1-RT-F2 and -R2, and the glyceraldehyde
3-phosphate dehydrogenase (GAPDH) primers, GAPDH-RT-F1 and -R1, were
used for semiquantitative RT-PCR (Supplementary Table S6). The SAA1
primers, SAA1-RT-F1 and -R2, and the GAPDH primers, GAPDH-RT-F2 and
-R2 (Supplementary Table S6), were used for this quantitative PCR analysis.

Western blot analysis

Western blot analysis of SAA was performed as reported.?® The SAA
antibody (Abcam, Cambridge, UK) and Ab-1 (Calbiochem, Darmstadt,
Germany) were used for the detection of SAA and a-tubulin, respectively.
To our knowledge, the current SAA antibody and other commercial or non-
commercial SAA antibodies are not able to distinguish the SAAT from SAA2
protein. By convention, the word ‘SAA” was used to describe the western
blot results of the SAA1/2. Antibodies against FAK (pY397), FAK (total) and
caspase-3 were supplied from Cell Signaling Technology (Danvers, MA, USA).

NPC TMAs

For construction of the two NPC TMAs, 45 NPC specimens were collected
in Zhongshan City Hospital, Mainland China (Zhongshan NPC cohort), and
55 NPC specimens were collected in Queen Mary Hospital and Pamela
Youde Nethersole Eastern Hospital, Hong Kong (Hong Kong NPC cohort).
Details of the clinical information of the two TMAs are listed in
Supplementary Table S7.

Immunohistochemical staining

Immunohistochemistry staining and analysis of the NPC TMAs were
performed as described.** The rabbit anti-SAA polyclonal antibody (Santa
Cruz Biotechnology, Santa Cruz, CA, USA) was used as the primary
antibody. The SAA staining intensity was analyzed by Spectrum version
11.1.1.765 software (Aperio Technologies, Vista, CA, USA).

BGS analysis

The SAAT promoter is identified based on previous studies.*>*® The
CpG sites of SAA1 in the promoter region were identified at the region
from —1 to —390 bp across the transcription start sites (Supplementary
Figure S8). The BGS primers were designed by MethPrimer (www.urgene.
org/methprimer). A promoter region of 285bp of the bisulfite-treated
DNAs (Supplementary Figure S8) was amplified by SAA1-BGS-F and -R
(Supplementary Table 6), and BGS for the amplified promoter regions was
performed, as described previously.*”

5-Aza-2'-deoxycytidine treatment

The NPC cell lines were treated with 5 pm 5-aza-2’-deoxycytidine (Sigma-
Aldrich, St Louis, MO, USA) for 5 days before analysis, as described.®

DNA sequencing for SAAT genotyping

One hundred and thirty-one NPC tissues and 112 blood samples collected
from 196 NPC patients and blood samples collected from 289 healthy
individuals were used. Identical genotyping results were observed in 44
redundant blood and the matched tissue samples. For genotyping the
tumor tissue samples, the cDNAs were used as templates for PCR reactions.
PCR amplification was carried out with forward and reverse primers (Nhel-
SAA1-F and SAAT-RT-R2; Supplementary Table S6). The amplified SAAT7
cDNA fragments from clinical tissues were sequenced by using the reverse
primer SAA1-RT-R2. The genomic DNA of the blood samples was used as
templates for PCR reactions, and the template amplification with SAA1-RT-
F1 and -R2 primers and DNA sequencing with SAA1-RT-F1 (Supplementary
Table S6) primer were carried out.

Lentiviral vectors and infection for constitutive SAAT expression

The full open reading frames of SAAT1.1, 1.3 and 1.5 were initially cloned
into the pETE-Bsd vector*® from cDNAs of cell lines NP460, MCH556.15 and

© 2015 Macmillan Publishers Limited


www.urgene.org/methprimer
www.urgene.org/methprimer

NEO083, respectively, with Nhel-SAAT-F and SAA1-BamHl-rev primers
(Supplementary Table S6). The full-length SAAT1.1, 1.3 and 1.5 cDNAs were
then subcloned into the lentiviral pWPI vector (Addgene plasmid 12254,
Addgene, Cambridge, MA, USA) with Pacl-SAA1-F and SAA1-BamH1-rev
primers (Supplementary Table S6). The 293T cell line was transfected with
the envelope and packaging vectors, pMD2.G and psPAX2 (Addgene
plasmids 12259 and 12260), and expression vectors, pWP1-SAAT.1,
-SAA1.3, -SAA1.5, or the vector alone. The NPC cells were transduced with
filtered viral particles in the presence of 16 ug/ml polybrene. The infection
efficiency was routinely >80% as demonstrated by the HONET cells
(Supplementary Figure S9).

Knockdown of SAAT in chromosome 11 MCHs by lentiviral
infection

The SAAT RNA knockdown was achieved by using the lentihair pLKO.1-TRC
cloning vector (Addgene plasmid 10878).*° In brief, two pairs of SAAT
shRNA oligonucleotides (SAA1-shRNA343 and -shRNA364) were designed
according to The RNAi Consortium (TRC) library (http://www.broad.mit.
edu/genome_bio/trc/rnai.html). The sequences of the two oligonucleotide
pairs and their target positions are shown in Supplementary Table S8. The
shRNA oligonucleotides were ligated into a pLKO.1-TRC vector and the
shRNA plasmids were transduced into the recipient cell lines 11.8 and
11.12, as described in the Addgene pLKO.1 Protocol (http://www.addgene.
org/tools/protocols/plko/). The pLKO.1-scramble shRNA  construct
(Addgene plasmid 1864) was used as a negative control, as described
previously° (the sequence is shown in Supplementary Table S8).

Tumorigenicity assay
Subcutaneous injection was performed, as described previously.”'

Production and purification of recombinant SAA1 proteins

The synthesis of the SAA1 recombinant proteins was based on the method
described by Yamada et al®? with some modifications. The pET-28a(+)
(Novagen, Darmstadt, Germany) was used for recombinant His-tag SAA1
protein production. The three SAAT isoforms with their signaling peptide
sequence removed were amplified from plasmids of pETE-BSD-SAAT.T,
1.3 and 1.5 with Pet-Nhe1-SAATF and SAA1-BamH1-rev primers
(Supplementary Table S6). Each PCR product was ligated to the pET-28a(+)
vector. The cloned plasmids were transformed into Escherichia coli (BL21) and
the protein expression was induced with isopropyl-f-p-thiogalactopyrano-
side (USB, Cleveland, OH, USA). The proteins were purified with the Ni-NTA
agarose beads (Qiagen, Hilden, Germany) and were found to be at least 98%
pure (Supplementary Figure S10). The endotoxin levels of the purified
proteins were found to be < 0.003 endotoxin units (EU)/mg.

HUVEC and telomerase-immortalized human microvascular
endothelial cell tube formation assays

The vascular endothelial cell tube formation was performed, as described
previously.**

In vivo Matrigel plug angiogenesis assay

In vivo angiogenesis was studied by using the Matrigel plug assay, as
described previously.**

MTT assay

The recombinant SAA1 proteins (25 ug/cm?) were coated onto 96-well
plates and then 1500 HUVECs were seeded on top. The MTT (3-[4,5-
dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) assay was per-
formed, as described previously.”'

Immunofluorescence staining of HUVECs

Vitronectin (0.25 ug/cmz) (BD Biosciences, Le Pont de Claix, France) and the
recombinant SAAT proteins (25 ug/cm?) were sequentially coated onto
coverslips and immunofluorescence staining for stress fiber and focal
adhesions in HUVECs was performed, as described previously.>® The
integrin-mediated focal adhesion was detected by using the aV(33 or aV35
integrin primary antibody (Chemicon, Billerica, MA, USA). F-actin was
stained with rhodamine phalloidin (Invitrogen, Carlsbad, CA, USA). Images
were captured by an Olympus BX51 microscope (Olympus, Tokyo, Japan).
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The F-actin intensity and the number of focal adhesions were counted
using Image J software (NIH, Bethesda, MD, USA).

Terminal deoxynucleotidyl transferase-mediated dUTP nick-end
labeling assay

The terminal deoxynucleotidyl transferase dUTP nick-end labeling assay
was performed by using an in situ Cell Death Detection Kit (Roche
Diagnostics, Basel, Switzerland).

Co-immunoprecipitation

The co-immunoprecipitation assay was performed, as described
previously.** In brief, 1 ug recombinant SAA1 protein was precleared with
rProtein G Agarose (Invitrogen) and incubated with 1pg purified
recombinant human aV3 integrin (derived from CHO cells; R&D Systems,
Minneapolis, MN, USA) and the mouse aVP3 integrin antibody (0.8 ug;
Chemicon) or the control purified mouse IgG (0.8 ug; Invitrogen), at 4 °C
overnight. The protein mixtures were then immunoprecipitated with the
rProtein G Agarose, washed and then subjected to western blot analysis.

Integrin-bindingactivity assay

In brief, 0.4 pg/ml of purified recombinant human aVp3 integrin (derived
from CHO cells; R&D Systems) was adsorbed onto a 96-well ELISA plate
(Nunc, Roskilde, Denmark). The recombinant SAA1.1, 1.3 or 1.5 proteins
were added to displace 0.25 pg/ml biotinylated vitronectin (Abcam) from
the recombinant aV33 integrin. Detailed procedures of this ligand-binding
assay and ligand-binding activities were evaluated, as described
previously.>* The integrin-binding results were expressed as 1Csos and
were obtained after incorporating the data set of various SAA1
concentrations (0.03125 to 40 pg/ml) to a Sigmoid curve as described.>®

Statistical analysis

The Student’s t-test was performed for the functional assays for statistical
comparison between the vector-alone and SAAT-expressing cells. Associa-
tions between clinical pathological information of NPC patients and gene
and protein expression of SAAT were analyzed using SPSS11.0 statistics
calculation software (SPSS Inc., Chicago, IL, USA). The association of SAAT
genotypes with the NPC patients was analyzed by x*-test using Epi Info 7
statistical software (Centers for Disease Control and Prevention, Atlanta,
GA, USA). The P-value of < 0.05 was considered statistically significant.

ABBREVIATIONS

ECM, extracellular matrix; MCH, microcell hybrid; NPC, nasopharyngeal
carcinoma; SAA1, serum amyloid A1; TSG, tumor suppressor gene;
TS, tumor segregant.
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