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Stannin (Snn) is a highly conserved, vertebrate protein whose cellular function is unclear. We have recently
demonstrated in human umbilical vein endothelial cells (HUVECs) that Snn gene expression is significantly
induced by tumor necrosis factor-α (TNF-α) in a protein kinase C-ε (PKC-ε)-dependent manner. In HUVEC,
TNF-α stimulation of HUVECs results in altered gene expression, and a slowing or halting of cell growth. An
initial set of experiments established that Snn knockdown via siRNA, prior to TNF-α treatment, resulted in a
significant inhibition of HUVEC growth compared to TNF-α treatment alone. In order to assess how Snn may
be involved in TNF-α signaling in HUVEC growth arrest, we performed microarray analysis of TNF-α-stimu-
lated HUVECs with and without Snn knockdown via siRNA. The primary comparison made was between TNF-
α-stimulated HUVECs and TNF-α-exposed HUVECs that had Snn knocked down via Snn-specific siRNAs.
Ninety-six genes were differentially expressed between these two conditions. Of particular interest was the
significant upregulation of several genes associated with control of cell growth and/or the cell cycle, including
interleukin-4, p29, WT1/PRKC, HRas-like suppressor, and MDM4. These genes act upon cyclin D1 and/or p53,
both of which are key regulators of the G1 phase of the cell cycle. Functional studies further supported the role
of Snn in cell growth, as cell cycle analysis using flow cytometry shows a significant increase of G1 cell cycle
arrest in HUVECs with Snn knockdown in response to TNF-α treatment. Together these studies suggest a
functional role of Snn in regulation of TNF-α-induced signaling associated with HUVEC growth arrest.
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STANNIN (Snn) is an 88-amino acid protein that is bilical vein endothelial cells (HUVEC) (30). This im-
plies a potential functional role of Snn in TNF-α-highly conserved throughout vertebrate evolution (7,

30). Rat and mouse Snn amino acid sequences are stimulated HUVECs.
TNF-α is known to be involved in many cellular100% identical, and human Snn differs by only two

amino acids at the C-terminus. Further, human and processes including: apoptosis, inflammation, and reg-
ulation of cellular proliferation (4,21,22,26,29). TNF-mouse Snn nucleotide sequences are 90% identical

(7). Such a highly conserved nature implies an impor- α is a pleiotropic cytokine capable of regulating many
cellular processes in a dose- and cell type-specifictant role for Snn in normal cellular function. To this

end, we have previously demonstrated that Snn is manner. In endothelial cells, TNF-α slows cell growth
and induces activation/differentiation (9,18,28). Spe-necessary, but not sufficient, for trimethyltin (TMT)

toxicity (35). In addition, we have recently demon- cifically, TNF-α causes an increase in the expression
of cellular adhesion molecules, such as E-selectin,strated that Snn mRNA expression is induced by tu-

mor necrosis factor-α (TNF-α) treatment in a protein and alters the expression and activity of proteins in-
volved in cytoskeletal rearrangement such as inte-kinase C-ε (PKC-ε)-dependent manner in human um-
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grins and cdc42 (9,10). Further, TNF-α activates CA) was reverse transcribed to generate cDNA probes
for hybridization. Amino-modified dUTP and dATPmany signaling molecules leading to growth arrest

including interleukin (IL)-4 (15). were incorporated into each transcript using Super
ScriptTM III RT (Invitrogen Corporation, Carlsbad,The functional analysis of native Snn protein is dif-

ficult due to the lack of specific, high-affinity anti- CA) per manufacturer’s protocol. After reverse tran-
scription, template RNA was degraded by base hy-sera. Without a Snn-specific antibody, alternative

methods are required to determine the functional role drolysis, and the reaction neutralized with 1 N HCl.
The reaction volume was brought up to 500 µl withof Snn in normal cellular processes. Thus, in this

study, microarray technology was utilized in order to water and transferred to Microcon Centrifugal Filter
Units (Millipore, Billerica, MA) for removal of unin-elucidate the potential role of Snn in HUVEC cell

growth in response to TNF-α exposure. Specifically, corporated nucleotides and primers.
The concentrated cDNA was coupled to the activewe examined the effects of Snn knockdown, via

siRNA, on the HUVEC response to TNF-α. Detailed form of either Alexa Fluor 555 (reference group) or
647 (experimental groups) labeling conjugates (Mo-analysis revealed that several critical genes associated

with cell cycle, transcription, and cytoskeletal integ- lecular Probes, Eugene, OR). Dye-labeled cDNAs
were then purified with a low-elution spin column tority were significantly altered. Knockdown of Snn ex-

pression via siRNA resulted in further inhibition of remove any unreacted dye molecules. Each labeled
experimental condition sample was cohybridized withcell growth beyond that observed with TNF-α alone,

indicating a potential regulatory role of Snn in cell the labeled exogenous universal human reference
sample, in a 1:1 ratio of 1500 ng per sample. Directlycycle control at the G1/S checkpoint.
comparing the experimental samples to the on-chip
reference sample enabled indirect comparisons be-

MATERIALS AND METHODS tween experimental groups to be met with equal effi-
ciency (6).Cell Culture

Pooled HUVEC were obtained from Cambrex Gene Expression Analysis
(East Rutherford, NJ). HUVECs were maintained as

The scanned images of each microarray wererecommended by Cambrex. Briefly, cells were cul-
quantitated with Scanarray ExpressTM image analysistured in the chemically defined EGMTM medium
software (Perkin Elmer Life and Analytical Sciences,(Cambrex, East Rutherford, NJ) containing 2% fetal
Inc., Boston). The raw data was then formatted andbovine serum (FBS). For all experiments, HUVECs
imported into Genespring 7.2 (Silicon Genetics, Red-were passage 3–5. In addition, HUVECs were al-
wood City, CA) for normalization and comparativelowed 24 h of undisturbed growth prior to any experi-
analyses. A LOWESS curve was used to normalizemental manipulation after plating. TNF-α (Roche, In-
the two-color gene expression dataset and adjust thedianapolis, IN) was dissolved in sterile PBS and
control value (universal human reference) for eachadministered at 200 ng/ml.
measurement. An additional normalization step was

Microarray Fabrication applied to pair each experimental condition against
the average intensity of the control condition arrayA total of 9998 amine-modified, human 50-mer
replicates. The measurement for each gene present inoligonucleotide probes (MWG Biotech, Germany)
the experimental samples was divided by the medianwere printed onto epoxysilane slides (Schott-Nexte-
of that gene’s measurements in the correspondingrion) using a MicroGrid II robotic microarrayer (Ge-
control sample. The control measurements had to benomic Solutions, Ann Arbor, MI). The printed arrays
flagged as being present or the data were not reported.were then incubated at 45% relative humidity for 8 h

to allow for optimal binding of the probe to the sur-
Cell Growthface of the slide, then washed in 0.02% SDS for 2

min at room temperature. The slides were rinsed with The trypan blue exclusion test was used as a mea-
several volumes of distilled, deionized water, imme- sure of cell growth. HUVECs were incubated in 0.2%
diately spun dry via centrifugation, then stored in a trypan blue (Sigma, St. Louis, MO) diluted in phos-
dessicator prior to their use. phate-buffered saline (PBS) and then subsequently

washed once with PBS. The numbers of normal and
Microarray cDNA Probe Synthesis and Indirect blue-stained, dead cells were counted in four inde-
Labeling With AlexaFluor 555 and 647 pendent microscopic fields per culture, with three in-

dependent cultures being used for each condition (12A total of 10 µg RNA from each sample or 10 µg
of universal reference RNA (Stratagene, La Jolla, total fields). The number of viable cells was com-
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pared in each treatment condition with the initial plat- The procedure for contructing the Snn siRNA was
as outlined by Ambion. In brief, sense and antisenseing density, which was considered 100% for the pur-

poses of relative viability. DNA oligonucleotides, each containing an 8 nucleo-
tide sequence complementary to the T7 promoter,

RNA Isolation/cDNA Synthesis were separately hybridized to a T7 promoter and
made double-stranded with Exo-Klenow DNA poly-RNA isolation was accomplished using the RNeasy
merase. Each reaction was mixed with a T7 RNAkit, according to the protocol recommended by the man-
polymerase in order to generate the siRNA templates.ufacturer (Qiagen, Valencia, CA). Briefly, HUVECs
Both the sense and antisense reactions were com-were harvested using 0.05% trypsin-EDTA and pel-
bined and incubated to form dsRNA. Finally, eachleted at 2000 × g. Cells were then resuspended in 350
double-stranded siRNA was purified and eluted intoµl of RLT cell lysis buffer and homogenized using
nuclease-free water. The efficiency of this siRNA hasQIAshredder homogenization columns (Qiagen, Va-
been previously validated (30).lencia, CA). The homogenized mixture was com-

bined with an equal volume of 70% ethanol and
Transfection of siRNA

added to an Rneasy RNA isolation column and spun
All siRNA used in these studies was transfectedat 8000 × g for 15 s. The RNA bound on the column

into HUVECs using the siPORT Lipid reagent (Am-was washed three times, and finally eluted with
bion, Austin, TX). Briefly, siPORT Lipid reagent wasRnase-free water as indicated by the manufacturer.
diluted in Opti-MEM I (Gibco, Carlsbad, CA) andThe synthesis of cDNA for QRT-PCR was carried
allowed to incubate at room temperature for 20 min.out using the First Strand cDNA Synthesis Kit (MBI
Each siRNA was separately diluted in Opti-MEM IFermentas, Hanover, MD). This kit employs a stan-
and allowed to incubate at room temperature for 5dard M-MLV reverse transcriptase reaction and was
min. The mixtures containing the siPORT Lipid andused according to the recommendations of the manu-
siRNA were then combined and allowed to incubatefacturer.
at room temperature for 15 min. HUVECs were washed
in Opti-MEM I, then fresh Opti-MEM I was added toQuantitative Real-Time PCR (QRT-PCR)
the cells in place of EGM media. The siPORT Lipid/The cDNA template from HUVECs were normal-
siRNA mixture was then overlaid dropwise onto theized based on their relative expression of β-actin. To
cells. In all experiments, a 50:50 mix of two Snn-detect human Snn, the following primers and probe
specific siRNA was used.were used to amplify a 100-bp product corresponding

to bases 222–322 of the mRNA: forward primer: 5′- Statistical Analysis
TTG TCA TCC TCA TTG CCA TC-3′; reverse

After normalizations, the TNF-α alone and comboprimer: 5′-GCT CTC CTC GTC CTC TGA CT-3′;
groups were compared using a one-way ANOVAprobe: 5′-CCT GGG CTG CTG GTG CTA CCT-3′.
with a cutoff p-value of p < 0.001. The results of thisPredeveloped 20X primer-probe assay kits (Ap-
ANOVA were then filtered to show only those genesplied Biosystems, Foster City, CA) were used for the
that differed between the two groups by 2.5-fold orfollowing genes: β-Actin, E-selectin, cdc42BP,
more. For the QRT-PCR and cell cycle experimentsHRasLS, PRKC, phospholipase A2, GCIP, IL-4, and
significance was determined using a Student’s t-testMDM4.
between treatment conditions and the control or vehi-Reactions were carried out using a protocol from
cle condition, unless otherwise specified. A p-valueQiagen (Valencia, CA). The PCR program was as
of <0.05 was considered significant in all cases. Eachfollows: step 1—95°C for 15 min, step 2—95°C for
experiment consisted of at least three replicates per15 s, step 3—60°C for 1 min, with steps 2 and 3
condition. The growth curve presented in Figure 6repeated for 40 cycles. All reactions were carried out
was analyzed using a two-way analysis of varianceusing the ABI Prism 7700 Lightcycler.
(ANOVA) followed by a Fisher’s least significant
difference (LSD) post hoc test.siRNA Construction

Snn siRNA was constructed using the SilencerTM

siRNA Construction Kit (Ambion, Austin, TX). The RESULTS
following oligonucleotides were utilized to construct

Knockdown of Snn Gene Expression EnhancessiRNA (only the sense strand is given, shown without
TNF-α-Mediated HUVEC Cell Growth InhibitionT7 adapter sequence): Snn siRNA 1: 5′-AAG GAA

CCC TTC CTG CTG GTG-3′ and Snn siRNA 2: 5′- TNF-α is known to inhibit the growth of HUVECs
in culture (12,20,25). To examine the functional roleAAG GGA CCG TGC GTG GAG AGA-3′.
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of Snn in TNF-α inhibition of HUVEC proliferation, tion and TNF-α were specific to the Snn siRNA treat-
ment.the effect of Snn knockdown using siRNA was exam-

ined.
Snn knockdown was achieved by using previously Snn Knockdown Results in Significantly Altered

validated, Snn-specific siRNAs (30). Cell growth was Gene Expression in TNF-α-Stimulated HUVEC
assessed in order to determine the role of Snn in TNF-
α-mediated inhibition of HUVEC growth. HUVECs TNF-α stimulates Snn gene expression in a PKC-

ε-dependent manner in HUVECs (30). In addition,were initially plated at a density of 2.0 × 105 cells per
condition. After 24 h of growth, HUVECs were then from our cell growth studies, it appeared that Snn

may play a role in HUVEC cell growth. In an efforttransfected with 20 nM Snn siRNA for 24 h. Subse-
quently, cells were treated with 200 ng/ml TNF-α for to better define a potential functional role for Snn in

TNF-α signaling in HUVECs, microarray technology24 or 48 h. As shown in Figure 1, when Snn was
knocked down via siRNA, we observed an additional was utilized.

Specifically, HUVEC were divided into four inde-impairment of HUVEC growth at both 24 and 48 h
post-TNF-α exposure. Specifically, knockdown of Snn pendent experimental groups for the analysis of dif-

ferential gene expression: a control group of HUVECsresulted in approximately 50% of the number of cells
being present in culture after 24 and 48 h of exposure growing in EGMTM complete medium (control), a group

of HUVECs stimulated with a single 200 ng/ml doseto TNF-α relative to HUVEC cells treated with TNF-
α alone. Further, a significant decrease was observed of TNF-α (TNF-α alone), a group that was transfected

with a 20 nM Snn siRNA mix (Snn siRNA alone), andin the number of cells treated with Snn siRNA alone
compared to vehicle control. Finally, all conditions a group that was transfected with Snn siRNA then

stimulated with TNF-α (Combo; see Fig. 2 for exper-differed significantly in the number of cells present
after 48 h of TNF-α exposure with/without Snn siRNA imental design). Results were normalized first in a

LOWESS algorithm, then back to the average signaltreatment.
As a control, a scrambled control siRNA was used intensity of the control group on a gene-to-gene basis.

This second normalization allows for a more meaning-in vehicle and TNF-treated cells using the identical
protocol shown in Figure 1. After 48 h (72 h total ful comparison of the other groups to control HUVECs.

The control and Snn siRNA alone groups were com-siRNA exposure), neither scrambled siRNA group
was significantly different from either untreated (571% pared using a one-way ANOVA with a p-value cutoff

of p < 0.001 and a 2.5-fold difference in expressionvs. 490%) or TNF-treated (360% vs. 371%) groups.
This suggests that the effects seen on growth inhibi- filter. A total of eight genes passed this combination

Figure 1. Alteration of HUVEC cell growth by treatment with TNF-α and/or Snn siRNA. Cell numbers were determined using a hemacytom-
eter after treatment with TNF-α (200 ng/ml) for up to 48 h with/without exposure to Snn siRNA (20 nM for up to 72 h). Growth is presented
as a percent of the plating density of 2.0 ± 105 cells. Treatment with TNF-α alone resulted in significant inhibition of growth at both 24 and
48 h of exposure (72 and 96 h of growth). Treatment of TNF-α-stimulated HUVECs with Snn siRNA resulted in significant inhibition of
cell growth compared with TNF-α alone or siRNA alone and both 24 and 48 h of TNF-α exposure. Treatment of Snn siRNA alone resulted
in a significant inhibition of cell growth compared to vehicle-treated controls by 72 h of exposure. *p < 0.05 from each other group at that
time point; †p < 0.05 from both vehicle and TNF-α + Snn siRNA groups at that time point (two-way ANOVA, Fishers LSD post hoc test,
n = 3). Scrambled siRNAs had no significant effect on growth or TNF-α-mediated growth inhibition.
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This same combination of normalizations, filters, and
statistical tests was used to compare the TNF-α alone
group to the Combo group. These groups proved
much more divergent, with 100 genes passing these
normalizations and tests. This group of 100 genes
was deemed “significantly altered” for the purposes
of the remainder of the analysis. A hierarchical clus-
ter diagram of the raw data is shown in Figure 3, with
the genes that are upregulated compared to the con-
trol condition highlighted in red and the genes that
were downregulated compared to the control condi-
tion highlighted in green. Of the genes that were
deemed significantly altered, an ontological classifi-
cation is shown in Figure 4. This classification was
made using the Database for Annotation, Visualiza-
tion, and Integrated Discovery (DAVID; apps1.niaid.
nih.gov/david/upload.asp). Of the 100 genes to be en-
tered into the DAVID software, 96 were successfully
grouped into a biological function with 68.75% being
categorized as involved in cell growth and mainte-
nance, signal transduction, or nucleobase, nucleoside,
nucleotide, and nucleic acid metabolism.

Snn Knockdown Significantly Affects Several Genes
Associated With Cell Cycle

The cell growth and maintenance classification
represents 33% of the total of significantly altered
genes, with signal transduction and nucleobase, nu-
cleoside, nucleotide, and nucleic acid metabolism
representing 18.75% and 17.7%, respectively. Be-
cause these ontological classifications represented a
large majority of the significantly altered genes, we
chose to validate our array results by using QRT-PCR
on eight genes from these classifications. These genes

Figure 2. Microarray experimental design. Four groups of
were: IL-4, p29, PRKC/WT1, MDM4, PLA2, E-HUVECs were plated (two biological replicates per group). The

groups were: a control group grown in EGM complete media, a selectin, cdc42 binding protein (BP), and human Ras-
group that was grown as control but that received a 200 ng/ml like suppressor (HRasLS). Three of the eight genes
dose of TNF-α 60 h after plating, a group grown as control that

(IL-4, p29, and MDM4) have direct implications forreceived 20 nM Snn siRNA 24 h after plating, and a “Combo”
group that was both transfected with Snn siRNA and dosed with cell cycle regulation at the G1/S checkpoint and seven
TNF-α at the appropriate time points. Before any treatments, of the eight (excluding E-selectin) have been de-
HUVECs were allowed 24 h of undisturbed growth subsequent to

scribed as important for control of cell growth. Inter-plating. The RNA isolated from each plate of HUVECs at the
“Harvest” time point was split into three aliquots, each used on a leukin 4 (IL-4) is a soluble cytokine known to have
separate microarray for a total of six technical replicates per group anti-inflammatory actions (31). In addition, IL-4 has
(one array each from the control and combo groups did not process

been shown to strongly inhibit the progression ofcorrectly and so these groups have n = 5 rather than 6).
HUVECs in the G0 + G1 phase of the cell cycle by
affecting p53, p21WAF, cyclin D1, and cyclin E
(15). When Snn was knocked down, TNF-α exposureof normalizations and statistical tests and, because the

purpose of this study was to examine a potential role resulted in a significant increase in IL-4 mRNA ex-
pression (9.25 ± 0.89-fold), whereas with no Snnfor Snn in TNF-α signaling, these eight genes were

excluded from the final analysis. For clarity, because knockdown, a less robust but significant increase was
observed (3.21 ± 0.82-fold) (Fig. 5A). The gene p29the significant changes between the control and Snn

siRNA alone groups were excluded, the Snn siRNA (GCIP) has been implicated in regulation of the G1/S
transition through its association with cyclin D, withalone group was not considered further in this study.
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an increase in GCIP expression correlating with a halt
of the cell cycle at G1 (5). When Snn was knocked
down, TNF-α exposure resulted in a significant in-
crease in GCIP mRNA expression (3.36 ± 1.44-fold);
no significant increase was observed in the absence
of Snn knockdown, (Fig. 5B).

The gene MDM4 has been characterized as a p53
inhibitor and loss of MDM4 resulted in G1 arrest in
MDM4-deficient mouse embryos and mouse embry-
onic fibroblasts (27). When Snn was knocked down,
TNF-α exposure resulted in a significant increase in
MDM4 mRNA expression (3.97 ± 0.94-fold); no change
in MDM4 was observed under control conditions
(Fig. 5C).

HRasLS has not been extensively characterized,
but multiple studies have implicated HRasLS expres-
sion with growth inhibition (2,14). When Snn was
knocked down, TNF-α exposure resulted in a signifi-
cant increase in HRasLS mRNA expression (4.63 ±
0.62-fold), no significant increase was observed un-
der control conditions (Fig. 5D).

PRKC/WT1 is a transcriptional regulator, and can
both activate and repress transcription depending
upon conditions in the cell (13). PRKC is involved
in regulating cell growth via interaction with p53
(23,24). When Snn was knocked down, TNF-α expo-
sure resulted in a significant increase in PRKC mRNA
expression (2.42 ± 0.4-fold); with no Snn knockdown,
no significant increase was observed (Fig. 6A).

Cdc42 binding protein (cdc42BP) is thought to act
as a downstream effector of cdc42, mediating the for-
mation of new actin filaments and promoting growth
via cytoskeletal reorganization (19). Upon stimula-
tion with TNF-α, HUVECs showed a significant de-
crease in cdcd42BP (0.62 ± 0.07-fold) (Fig. 6B); this
decrease was significantly enhanced when HUVECs
were treated with Snn siRNA prior to TNF-α stimu-
lation (0.31 ± 0.08-fold) (Fig. 6B).

E-Selectin is a cell adhesion molecule involved in
tumor metastasis and atherosclerosis (17,36). In addi-
tion, E-selectin levels increase in HUVECs after
TNF-α stimulation (16,34). As expected, upon TNF-
α stimulation, a significant increase in E-selectin
mRNA was observed (195.86 ± 28.25) (Fig. 6C).
This increase was partially attenuated under condi-
tions of Snn knockdown (69.30 ± 6.65) (Fig. 6C).

Phospholipase A2, group VII (PLA2), also known
as platelet activating factor acetylhydrolase, has po-

Figure 3. A cluster-based representation of the altered genes tent anti-inflammatory effects and is thought have a
across the control, TNF-α only, and Combo treatment groups.

protective function against oxidized phospholipids onGenes that are upregulated relative to the control condition are
colored green and genes that are downregulated are colored red. low density lipoprotein (LDL) (31). In addition, PLA2-
Initial analysis comparing the control condition to the Snn siRNA mediated arachidonic acid release inhibits the prolif-
alone condition resulted in 7 genes out of 9998 being statistically

eration of renal proximal tubule cells (11). When Snndifferent. Because the two groups were so similar, this condition
has been left out of the cluster diagram. was knocked down, TNF-α exposure resulted in a

significant increase in phospholipase A2 mRNA ex-
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Figure 4. Gene ontologies of significantly different genes (TNF-α vs. Combo groups). After LOWESS normalization of each condition, the
TNF-α alone and the Combo groups were normalized to the control condition according to signal intensity. Following these normalizations,
a one-way ANOVA was run on the average signal intensity values for the TNF-α alone versus the Combo group (cutoff p-value was 0.001).
From the genes that passed this test, those that were 2.5-fold different between groups were assembled as meaningfully different genes. Of
the 100 genes that met these criteria, 96 genes were successfully grouped according to ontology using the Database for Annotation, Visualiza-
tion, and Integrated Discovery. The number of genes that were classified into each ontological classification is noted.

pression (6.76 ± 0.78-fold), whereas with no Snn knockdown, cell cycle analysis was performed using
flow cytometry after cells were stained with propid-knockdown, no significant increase was observed

(Fig. 6D). ium iodide. As shown in Figure 7, there was a signifi-
cant increase (7 ± 0.13%) in the proportion of HUVECs
in the G1 phase of the cell cycle when they wereKnockdown of Snn Directly Alters Gene Expression
treated with both TNF-α and Snn siRNA versusof Several Genes Linked to Cell Growth
TNF-α or Snn siRNA alone. Accordingly, cotreat-

Treatment of HUVEC with Snn siRNA alone sig- ment with TNF-α and Snn siRNA resulted in a sig-
nificantly reduced cell growth after 48 h. An exami- nificant decrease in the proportion of cells in the S
nation of significant changes in gene expression (5–6 ± 0.08%) and G2 (3–4 ± 0.21%) phases com-
caused by Snn siRNA alone versus control is shown pared to those treated with TNF-α or Snn siRNA
in Table 1. Of those gene products showing signifi- alone. These results indicate that Snn may play a role
cant changes, COP1, a negative regulator of p53, was in progression of the cell cycle at the G1/S transition
reduced approximately threefold. This alteration may phase in HUVEC cells.
explain how Snn siRNA alone can cause modest
growth inhibition after 48 h of treatment (Fig. 1).
Two additional gene products are related to interferon DISCUSSION
stimulation (IFIT1 and G1P2), and could reflect a

Differential gene expression profiling using micro-role for Snn in this pathway.
array analysis indicates that Snn may have a func-
tional role in controlling cell cycle machinery inKnockdown of Snn Inhibits the Ability
TNF-α-stimulated HUVEC. Major shifts in relativeof TNF-α-Treated HUVEC Cells to Progress
gene expression were observed between the TNF-αThrough the Cell Cycle
and Combo (Snn siRNA + TNF-α) experimental mi-
croarray groups (Fig. 3). An unexpected result wasIn an effort to verify the mechanism suggested by

the microarray studies underlying the differential the high degree of similarity between the control and
the Snn siRNA only groups. This may imply that thegrowth of TNF-α-treated HUVEC cells due to Snn
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Figure 5. Differential gene expression of known cell growth effector genes. To validate the results of the microarrays, QRT-PCR was used.
(A) In response to 200 ng/ml TNF-α, HUVECs normally respond with a threefold upregulation of IL-4 mRNA. When Snn is knocked
down, however, HUVECs respond to this same dose of TNF-α with a 10-fold upregulation of IL-4 mRNA compared to the control group.
(B) The levels of p29/GCIP mRNA do not normally change in HUVECs after exposure to TNF-α. However, Snn knockdown results in a
threefold increase in p29/GCIP mRNA in response to TNF-α compared to the control condition. (C) No significant difference was found in
the levels of MDM4 mRNA between TNF-α-exposed HUVECs and control cells. However, under conditions of Snn knockdown, TNF-α
results in a fourfold upregulation of MDM4 mRNA compared to the control condition. (D) HRasLS mRNA was upregulated fourfold after
both Snn knockdown and TNF-α exposure. No significant difference was found in HRasLS mRNA levels between control and TNF-α alone
groups. All expression levels are relative to the control condition. *p < 0.05 (Student’s t-test, n = 3).

effect of Snn on cellular gene expression is normally 5 and 6. It appears that Snn regulates genes such as
IL-4 and MDM4, which play a role in regulating cellpassive and requires a stimulus, such as TNF-α, to

activate expression. Of note is the finding that Snn growth in response to TNF-α. Though the exact
mechanism is not known, TNF-α is capable of slow-siRNA treatment did significantly alter several genes

of interest, including COP1, a negative regulator of ing or halting HUVEC growth in vitro (9,12,18,28).
This TNF-α-induced inhibition of HUVEC growth isp53 (8). COP1 directly interacts with p53, leading to

a reduction in levels of p53. This reduction leads to significantly augmented when Snn is knocked down
via siRNA (Fig. 1).growth arrest and can sensitize cells to ionizing radia-

tion. Reduction of both COP1 and MDM2 led to a There are two possibilities underlying the differ-
ence in cell growth shown in Figure 1. One is thatsynergistic sensitization. Thus, the growth arrest seen

by Snn siRNA alone (Fig. 1) may reflect a reduction cell death is occurring and two is that the cell cycle
is being halted at one of the cell cycle checkpoints.of COP1 levels.

However, microarray technology is limited to Cell death was ruled out because a terminal deoxy-
nucleotidyl transferase biotin-dUTP Nick End Label-mRNA measures of gene expression and the func-

tional role of the respective protein results must be ing (TUNEL) assay revealed no significant cell death
in our experimental paradigm (data not shown). Fur-thoroughly validated using other approaches. With

that in mind, we further validated eight genes that ther, the growth curves were generated using a trypan
blue exclusion assay so that only viable cells werewere significantly altered from the microarray analy-

sis using QRT-PCR. The consistency between the mi- counted. Analysis of the cell cycle was made using
flow cytometry and showed that a significant pertur-croarray and QRT-PCR assays is evident in Figures
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Figure 6. Differential expression of genes involved in cell growth, transcription, and cell adhesion. (A) No significant difference in WT1/
PRKC mRNA was observed between the control and TNF-α groups. A significant upregulation of WT1/PRKC mRNA was observed
between the control and Combo groups. (B) TNF-α administration results in a significant downregulation of cdc42BP mRNA, while the
levels of cdc42BP mRNA in the Combo group are significantly decreased compared to both the control and TNF-α alone conditions. (C)
E-Selectin is known TNF-α-responsive gene in HUVECs; a significant increase in E-selectin mRNA was observed between the control and
TNF-α alone groups. This upregulation was dampened, though still significant, when the control and Combo groups were compared. (D)
Phospholipase A2 mRNA levels are unaltered by TNF-α administration alone, but are significantly altered when TNF-α is administered
under conditions of Snn knockdown. All expression levels are relative to the control condition. *p < 0.05 (Student’s t-test, n = 3).

bation of the cell cycle occurred in the G1 phase of with respect to p53. The upregulation of MDM4 (Fig.
5C), a strong p53 inhibitor, contrasts with the upregu-the cell cycle (Fig. 7), consistent with the results from

the microarray experiments. lation of IL-4, which can induce the expression of
p53. Upregulation of WT1/PRKC is known to in-PKC-ε is involved in cellular proliferation (33), in-

flammation (1), and the immune response (3). The crease the effective level of p53 in cells via stabiliza-
tion of the protein (15,23,27). The p53 protein is aapparent role of Snn in cellular proliferation via

PKC-ε is supported by the observation that stimula- primary inhibitor of the cell cycle at the G1 check-
point and limits the ability of the cell to advancetion of PKC-ε in vitro augmented cellular prolifera-

tion via increased cyclin D1 and cyclin E expression
(33). Thus, the knockdown of Snn was predicted to
inhibit cellular proliferation. The significant alter- TABLE 1

GENES SIGNIFICANTLY ALTERED IN HUVEC BY Snn siRNAation of genes known to be present in cyclin D1 sig-
naling pathways (IL-4, p29) further supports this hy-

Normalized
pothesis. Specifically, IL-4 has been shown to decrease Change
the expression of cyclin D1 and E in HUVECs and

Snnp29 is known to inhibit the transcription factor E2F,
Access Number Control siRNA Proposed Function

which is induced by cyclin D1 and transactivates the
NM-022457/COP1 1.151 0.382 Negative regulator of p53expression of genes that are involved in S phase pro-
NM-014364/GAPDS 1.041 0.288 G3PDH isoformgression of the cell cycle (5,15).
NM-001548/IFIT1 1.069 4.999 Interferon-induced geneOne challenge in interpretation of the microarray
NM-005101/G1P2 1.041 3.543 Interferon-induced gene

data is the confounding effects that may be occurring
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Figure 7. Cotreatment with TNF-α and Snn siRNA alters HUVEC progression through the cell cycle. The proportion of cells in each phase
of the cell cycle was analyzed via flow cytometry after propidium iodide staining. HUVECs exposed to both TNF-α and Snn siRNA showed
significant changes in their cell cycle compared to those treated with either TNF-α or Snn siRNA alone. HUVECs were transfected with
Snn siRNA (20 nM for 24 h) and were then treated with TNF-α (200 ng/ml) and allowed to incubate for an additional 24 h. Neither TNF-
α nor Snn siRNA alone had any effect on the progression of HUVECs through the cell cycle. *p < 0.05 (Student’s t-test, n = 3).

through the cell cycle. From the growth and cell cycle sponse to TNF-α treatment and that this inhibition is
further augmented by Snn knockdown. The most likelystudies, p53 is a likely final target for the observed

effects on cell cycle and that the upregulation of mechanism responsible for this decrease in growth
rate is an arrest of the cell cycle at the G1 checkpointMDM4 may be a transient compensatory response in-

itiated by the cell to maintain homeostasis. via disruption of cyclin D1 and/or p53.
In summary, we have shown that knocking Snn

down via targeted siRNA results in differential gene
expression between TNF-α-exposed HUVECs and ACKNOWLEDGMENTS
HUVECs that had both Snn siRNA and TNF-α treat-
ments. Using QRT-PCR, we further validated eight We would like to thank Rob Brucklacher from the

Functional Genomics Core Facility at the Penn Statesignificantly altered genes associated with the regula-
tion of the cell cycle and/or cell growth. Functional College of Medicine for helping to expedite the QRT

follow up assays.studies show that HUVEC growth is inhibited in re-
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