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Adaptor proteins with multimodular structures can par-
ticipate in the regulation of various cellular functions.
We have cloned a novel adaptor protein, XB130, which
binds the p85a subunit of phosphatidyl inositol 3-ki-
nase and subsequently mediates signaling through RET/
PTC in TPC-1 thyroid cancer cells. In the present study,
we sought to determine the role of XB130 in the tumor-
igenesis in vivo and in related molecular mechanisms.
In WRO thyroid cancer cells, knockdown of XB130 us-
ing small interfering RNA inhibited G,-S phase progres-
sion, induced spontaneous apoptosis, and enhanced in-
trinsic and extrinsic apoptotic stimulus-induced cell
death. Growth of tumors in nude mice formed from
XB130 shRNA stably transfected WRO cells were signif-
icantly reduced, with decreased cell proliferation and
increased apoptosis. Microarray analysis identified 246
genes significantly changed in XB130 shRNA transfected
cells. Among them, 57 genes are related to cell prolifer-
ation or survival, including many transcription regula-
tors. Ingenuity Pathway Analysis showed that the top-
ranked disease related to XB130 is cancer, and the top
molecular and cellular functions are cellular growth
and proliferation and cell cycle. A human thyroid tissue
microarray study identified expression of XB130 in nor-
mal thyroid tissue as well as in human thyroid carcino-
mas. These observations suggest that the expression of
XB130 in these cancer cells may affect cell proliferation
and survival by controlling the expression of multiple
genes, especially transcription regulators. (4m_J Pathol
2011, 178:391-401; DOI: 10.1016/j.ajpath.2010.11.024)

Adaptor proteins are molecules of modular structures with-
out enzymatic activity. They are composed of multiple pro-

tein-protein and/or protein-lipid interacting domains,
through which they link signaling components to form mac-
romolecular complexes and propagate cellular signals.”?
Depending on the functional role of the interacting partner,
adaptor proteins can participate in the regulation of various
signaling pathways. A number of adaptor proteins have
been demonstrated to regulate tumorigenesis. For exam-
ple, actin filament associated protein (AFAP) is required for
actin stress fiber formation and cell adhesion and is critical
for tumorigenic growth in prostate cancer.>* Tyrosine ki-
nase substrate 5 is a scaffolding adaptor protein with five
Src homology 3 (SH3) domains, co-localizes to podo-
somes, and regulates migration and invasion of various
human cancer cells.®® These findings support a broader
investigation of the effects of adaptor proteins on tumori-
genesis and their potential as diagnostic biomarkers and
therapeutic targets of cancer.

Recently, we have discovered the human xb730 gene
during the cloning process of human afap gene.”® The
human xb730 gene encodes 818 amino acids and has an
apparent molecular size of approximately 130 kDa. As an
adaptor protein, the overall structure of XB130 shares sim-
ilarity with AFAP, so it is also known as actin filament asso-
ciated protein 1-like 2 (AFAP1L2). The N-terminal region of
XB130 includes several tyrosine phosphorylation sites and
a proline-rich sequence that can potentially interact with
SH2 and SH3 domain-containing proteins, respectively. The
middle portion harbors two pleckstrin-homology domains
that may target proteins to cellular membranes through
interactions with specific phospholipids such as phospha-
tidylinositol 3,4,5-triphosphate. The C-terminal region con-
tains a coiled-coil domain, which might be involved in pro-
tein oligomerization and DNA binding.® Our studies have
implicated XB130 as a likely substrate and regulator of
tyrosine kinase-mediated signaling. Down-regulation of en-
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dogenous XB130 with small interfering RNA (siRNA) re-
duced c-Src activity, IL-8 production, and phosphorylation
of Akt in human lung epithelial cells.®

Our recent study revealed expression of XB130 in human
thyroid tissue, and we found that XB130 is a downstream
mediator of the signaling cascade propagated by RET/PTC,
a genetically rearranged, constitutively active, thyroid-can-
cer-specific tyrosine kinase.'® RET/PTC plays a pathogenic
role and exhibits transforming ability by exerting its effects
on differentiation and on mitogenic and metastatic potential
in papillary thyroid cancer."'? XB130 couples RET/PTC
signaling to the phosphatidylinositol 3-kinase (PI3K)/Akt sig-
naling through a specific binding site to the p85« subunit of
PI3K, thereby regulating cell survival and proliferation.™ We
further found that XB130 has a strong affinity with the lamel-
lipodial F-actin meshwork and is involved in the motility and
invasiveness of tumor cells.'

The objectives of the present study were to investigate
whether XB130 is involved in tumor growth in vivo and to
identify the pathogenetic molecular mechanisms. We es-
tablished XB130 short hairpin RNA (shRNA) stably trans-
fected thyroid cancer cells. Using an in vivo xenograft
model, we observed diminished tumor growth due to re-
duced cell proliferation and enhanced cell death. Further,
microarray analyses of XB130 shRNA stably transfected
cells showed that many genes are related to cancer mainly
through their functions in cell proliferation and cell survival.
To confirm the significance of the results in human disease,
we used a human thyroid tissue microarray to validate the
expression of XB130 in thyroid carcinoma. Our results indi-
cate the important role of XB130 in tumor progression.

Materials and Methods
Cell Lines, Antibodies, and Other Reagents

Human thyroid carcinoma WRO cells were maintained in
RPMI 1640, supplemented with 10% FBS, 1 mmol/L pyru-
vate and nonessential amino acids (GIBCO-BRL, Gaithers-
burg, MD), and 1% penicillin-streptomycin. Cells were cul-
tured in a standard humidified incubator at 37°C with 5%
CO..

Monoclonal XB130 antibody was generated as de-
scribed previously.® Antibody for GAPDH came from Santa
Cruz Biotechnology (Santa Cruz, CA). Anti-PCNA antibody
came from Abcam (Cambridge, MA). Anti-Ki-67 (clone Ki-
S5) came from Chemicon (Temecula, CA). Fas antibody
(clone CH11) came from Upstate Biotechnology Inc. (Lake
Placid, NY). Staurosporine came from Sigma-Aldrich (St.
Louis, MO).

Protein Studies

Immunoblotting experiments were performed according to
procedures described previously.”® Briefly, cells were ly-
sed with modified radioimmune precipitation assay buffer
(50 mmol/L Tris-HCI, pH 7.5; 150 mmol/L NaCl; 2 mmol/L
EGTA; 2 mmol/L EDTA; and 1% Triton X-100) containing 10
wg/ml each aprotinin, leupeptin, pepstatin, 1 mmol/L phen-
ylmethylsulfonyl fluoride, 1 mmol/L NazVO,, and 10 mmol/L
NaF. Protein concentration was measured by a modified

Bradford assay (Bio-Rad, Hercules, CA). Cell lysates con-
taining equal amounts of total proteins were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and then transferred onto nitrocellulose membranes. Mem-
branes were then probed with the indicated antibodies.
Proteins were revealed by an enhanced chemilumines-
cence detection kit (Thermo, Rockford, IL). Band densities
were quantified using Imaged software (http://rsb.info.nih.
gov/i).

SIRNA Transfection

Two siRNAs were designed according to the XB130 se-
quence, as described previously.®'© Cells were transfected
with 50 nmol/L pooled XB130 siRNAs using the oligo-
fectamine reagent (Invitrogen, San Diego, CA), as de-
scribed previously.®'®"* The medium containing siRNA
was replaced with fresh medium after 24 hours. The
SISTABLE V2 nontargeting siRNA#1 from Dharmacon (La-
fayette, CO) was used as a negative control.

Cell Cycle Analysis

Cell cycle distribution was analyzed by flow cytometry.'®
Briefly, cells were harvested in phosphate-buffered saline
(PBS) and fixed in 70% cold ethanol overnight. Fixed cells
were washed twice in PBS and permeabilized with 0.1%
Triton X-100 and 2 mg/ml RNase A in PBS for 30 minutes.
They were then washed once in PBS and stained with 50
pg/ml of propidium iodide (Pl) (Sigma-Aldrich). Stained
cells were analyzed by the Cytomix FC500 flow cytometry
system (Beckman Coulter, Fullerton, CA).

Cell Proliferation

Cells were seeded onto 6-well plates at a density of 1.0 X
10° cells per well and incubated at 37°C with 5% CO,. At
various time points, cells were detached from the flasks in a
trypsin-EDTA solution and counted by a hemocytometer.

Analysis of Apoptotic Cells

After being treated with staurosporine or FasAb for 24
hours, cells were harvested and stained with fluorescein
isothiocyanate-conjugated annexin V and phosphatidylino-
sitol using the annexin V kit (Beckman Coulter, Brea, CA)
according to the manufacturer’s protocols and analyzed by
the Cytomix FC500 flow cytometry system.

ShRNA Plasmid Transfection and Establishment
of Stably Transfected Cell Lines

A SureSilencing shRNA kit for XB130 was purchased from
SuperArray (Frederick, MD). Four shRNA plasmids for
XB130 were included in the kit. Negative control shRNA
plasmid was a scrambled artificial sequence that does not
match any human gene (see Supplementary Figure S1A at
http://ajp.amjpathol.org). WRO cells were transfected with
shRNA plasmids using Lipofectamine 2000 (Invitrogen).
Transfected cells were selected with 0.5 mg/ml G418
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(Roche, Indianapolis, IN) for 14 days, and antibiotic-resis-
tant pools were collected. To screen out the best gene
ablation efficiency, the expression levels of XB130 protein
from antibiotic-resistant pools were determined by Western
blotting. To establish single-cell colonies, cell pools were
diluted to obtain 1 cell/l200 uL and plated onto 96-well
plates. Cell clones were expanded under continuous selec-
tion using 0.5 mg/ml G418. Single colonies were chosen by
Western blotting and used for further experiments.

Xenograft Models in Nude Mice

The animal study was approved by the Animal Use and
Care Committee of the University Health Network. Suspen-
sions of 2.0 X 10° XB130 shRNA transfected WRO cells in
200 ulL of PBS were injected subcutaneously into one side
of the lower flanks of 6-week-old female nude mice, and the
same amount of NC shRNA-transfected cells were injected
into the opposite side. Two independent experiments were
repeated with five and four animals per group. At regular
intervals, the tumor diameters were measured with a caliper
and tumor volumes were calculated using the formula™®:

Tumor volume = length X width? X 0.5.

At defined time points, all mice were sacrificed, and the
weights of resected tumors were measured. Tumors were
fixed in 10% formaldehyde in PBS, paraffin embedded, and
stained with hematoxylin and eosin.

Immunohistochemical Analysis

Tissue sections (5 um) from the xenografts underwent im-
munohistochemical staining. Formalin-fixed and paraffin-
embedded tissue sections were deparaffinized in xylene,
rehydrated in a graded alcohol series, and transferred to
PBS. The sections were immersed in 10 mmol/L citrate
buffer (pH 6.0) and heated in a microwave for 15 minutes.
The microwave-irradiated sections were cooled to room
temperature. The slides were then blocked for endogenous
peroxidase and biotin with 1.5% H,O, in methanol. Non-
specific binding was blocked by incubating the slides with
5% horse serum albumin in a humid chamber for 60 min-
utes. Incubation for the primary antibody was performed
overnight at 4°C with the monoclonal XB130 antibody or the
mouse monoclonal anti-Ki-67 antibody diluted 1:200 in PBS
with 0.3% Triton X-100/5% horse serum albumin. The sec-
ondary antibody was a biotinylated anti-mouse IgG (1:200
in PBS with 0.3% Triton X-100/5% horse serum albumin for
1 hour in a humidified chamber). Detection was made using
a Vecstatin ABC kit (Vector Laboratories, Burlingame, CA)
with 3-3’-diaminobenzidine as chromogen; slides were
counterstained with hematoxylin. Isotype-matched mouse
IgG was used as negative control antibodies with the same
dilution as the primary antibodies mentioned earlier. To
evaluate the proliferation index, Ki-67-stained cells were
quantified in five randomly selected fields at 400X magni-
fication. The percentage of cells that showed positive nu-
clear staining for the Ki-67 antigen was considered to be the
proliferation index,'” which was calculated by analyzing five
different tumors from each group.
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A tissue microarray was built using cases of human thy-
roid tissues as described previously.'®'® The following tis-
sue cores were included (total = 251): normal thyroid, n =
283; benign lesions, n = 71; follicular adenomas, n = 35;
chronic thyroiditis, n = 18; Hurthle cell adenoma, n = 7;
infarcted/degenerative/reactive follicular lesion, n = 6; nod-
ular hyperplasia, n = 4; follicular neoplasm, n = 1; malig-
nant cores, n = 157; follicular carcinoma, n = 7; papillary
carcinoma, n = 141; Hurthle cell carcinoma, n = 5; ana-
plastic/insular, n = 4).

The tissue microarray was stained with an anti-XB130
monoclonal antibody as described earlier. XB130-positive
staining was scored on the basis of the intensity of cyto-
plasmic signal using the following criteria: the cores were
scored as 0 (no signal); 1 (weak); 2 (moderate); or 3 (strong)
and then averaged for each sample (three cores). In sam-
ples in which one of the three cores was not interpretable
(2.8%) because of either insufficient numbers of cells or loss
of the core during array slide processing, the intensity score
was based on the average of the remaining two cores.

Terminal Deoxynucleotidyl Transferase-
Mediated Deoxyuridine Triphosphate Biotin
Nick-End Labeling Staining

An in situ cell death detection kit (Roche, Laval, QC) was
used to assess cell death in 5-um sections obtained from
tumors according to a procedure described previously.?°
After deparaffinization, dehydration, and permeabilization
with 20 ug/ml proteinase K in 10 mmol/L Tris/HCI (pH 7.4 to
8) for 15 minutes, tetramethylrhodamine red-labeled nucle-
otides were detected under a fluorescence microscope.
The nuclei were counterstained with Hoechst 33258
(Pierce, Rockford, IL) at a dilution of 1:5000 for 10 minutes.
Label solution without terminal transferase was used as
negative control. Slides for positive control were pretreated
with DNase (90 U/ml in 40 mmol/L Tris-HCI, pH 7.5, 1 mg/ml
BSA). All slides were subjected to identical exposure times.
For an evaluation of the apoptotic index in each section,
terminal deoxynucleotidyl transferase-mediated deoxyuri-
dine triphosphate biotin nick-end labeling (TUNEL)-stained
cells were quantified in five randomly selected fields at
400X magnification, and the apoptotic index was calcu-
lated as the number of positive cells/total number of cells X
100%,"” from five tumors per group.

Microarray and Data Analysis

Total RNA was extracted using RNeasy kit (Qiagen, Valen-
cia, CA). Equal amounts of RNA from four single clones
in each group (NC or XB130 shRNA transfected cells)
were used for microarray. cDNA was synthesized using
high-capacity cDNA reverse transcription kits (Applied Bio-
systems, Foster City, CA). The RNA integrity number deter-
mined by the Agilent Bioanalyzer 2100 (Agilent Technolo-
gies, Inc., Santa Clara, CA) was used as a measure of the
quality of the RNA. Human gene ST 1.0 chips (28,132 spot-
ted genes) from Affymetrix (Santa Clara, CA) were used.
Affymetrix CEL files were imported into Partek software
(Partek Inc., St. Louis, MO) using the default Partek normal-
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ization parameters. Probe-level data were preprocessed,
including background correction, normalization, and sum-
marization, using robust multiarray average analysis. Data
normalization was performed across all arrays using quan-
tile normalization. The background-adjusted, normalized
values were then compiled, or summarized, using the me-
dian polish technique, to generate a single measure of
expression. As a preliminary analysis, principle component
analysis was performed using Partek. Differential expres-
sion analysis was performed using Significance Analysis of
Microarray (SAM).?" Statistical software JMP version 5 (SAS
Institute Inc., Cary, NC) was used for hierarchical cluster
analysis. Signal transduction network was analyzed with
Ingenuity Pathway Analysis (IPA) (Ingenuity Systems, Inc.,
Redwood City, CA).

Real-Time Quantitative RT-PCR

The primers used for quantitative RT-PCR for selected
genes are shown in Table 1. Total RNA was extracted using
RNeasy kit (Qiagen), and cDNA was synthesized from total
RNA using MuLV Reverse Transcriptase (Applied Biosys-
temns).?? Quantitative RT-PCR was performed using SYBR
Green | Master PCR kit on LightCycler480 (Roche).?? Each
assay included a standard curve of five serial dilutions and
a no-template negative control. All assays were performed
in triplicate. Gene expression levels were normalized to the
level of SDHA, a housekeeping gene.

Statistical Analysis

Statistical analysis was carried out using Student’s t-test (for
two-group comparisons) or Tukey-Kramer HSD test (for
multiple comparisons). Differences were considered signif-
icant when the P value was less than 0.05. Statistical anal-
yses were performed using JMP version 5.

Results

XB130 Controls Cell Cycle Progression of
Thyroid Cancer Cells

To investigate the role of XB130 in cancer cell cycle pro-
gression, we conducted knockdown experiments with
XB130 siRNA in human thyroid carcinoma WRO cells, and
we analyzed the effects using flow cytometry. XB130 siRNA
effectively reduced XB130 protein levels (Figure 1A). Down-
regulation of XB130 partially reduced cell cycle progression
from G, to S phase (Figure 1B). The expression of cell

proliferation markers Ki-67 and PCNA were also reduced in
XB130 siRNA treated cells (Figure 1C). These results sug-
gest that XB130 plays important roles in the regulation of
thyroid cancer cell proliferation.

XB130 Controls Survival of Thyroid Cancer Cells

To determine the role of XB130 in the survival of cancer
cells, we treated WRO cells with XB130 siBNA and ana-
lyzed apoptosis. Cells can undergo apoptosis through two
major pathways: extrinsic (death receptor), and intrinsic
(mitochondrial).2> Down-regulation of XB130 induced early
apoptosis (annexin V positive/Pl negative) in WRO cells at
48 hours after transfection of siRNA (Figure 1D). Further,
XB130 siRNA enhanced extrinsic (FasAb, clone CH11, 100
ng/ml) or intrinsic (staurosporine, 200 nmol/L) apoptotic
stimulus-induced early and late apoptosis (annexin V/PI
double positive) (Figure 1D). These findings indicate that
XB130 expression levels affected cell survival in WRO cells.

Diminished Proliferation in XB130 shRNA Stably
Transfected WRQO Cell Lines

To determine the roles of XB130 in vivo, we established
XB130 shRNA stably transfected WRO cell lines. Four
shRNA plasmids (C1, C2, C3, and C4) targeting XB130 and
one negative control (NC) shRNA plasmid were transfected
to WRO cells (see Supplemental Figure S1A at http.//ajp.
amjpathol.org). Following antibiotic selection with G418,
Western blotting revealed the effective reduction of XB130,
especially in C3 or C4 plasmid transfected cells (see Sup-
plemental Figure S1B at http.//ajp.amjpathol.org). To select
cells with the most optimal gene ablation efficiency, we
established single-cell colonies. From the C3 or C4 cell
pool, 12 colonies were established, and XB130 expressions
were determined by Western blotting (Figure 2A). Four
XB130 shRNA transfected colonies (C3-1, C3-4, C4-3, and
C4-11) and two NC shRNA transfected colonies (NC-1 and
NC-12) were further analyzed for cell proliferation. The num-
bers of XB130 shRNA transfected cells were significantly
lower than those of NC shRNA transfected cells at 72 hours
after plating (Figure 2B). NC-1, C3-1, and C4-3 were further
studied as representatives of each shRNA plasmid trans-
fected WRO cells in subsequent in vitro and in vivo studies.
At 24 hours and 48 hours after plating, cell counts of C3-1
and C4-3 cells were significantly lower than those of NC-1
cells (Figure 2C). Flow cytometry showed that in C3-1 and
C4-3 cells, the populations of cells in the Go/G; phase had
increased, and cells in the S phase had decreased in com-
parison with NC-1 cells at 48 hours after plating (Figure 2D).

Table 1. The Primers of the Selected Genes for Quantitative RT-PCR

Gene name Forward primer Reverse primer
HSPATA 5'-AAGAACCAGGTGGCGCTGAA-3' 5'-TTGTCTCCGTCGTTGATCAC-3'
BHLHE40 5'-TAATTGATCAGCAGCAGCAG-3' 5'-GGCCAGATACTGAAGCACCT-3'
TOB1 5'-CTCCAGTACAGTAATGCCTT-3' 5'-GCTGGTTAGAATACTGCATG-3'
DDIT3 5'-GCGTATCATGTTAAAGATGAG-3' 5'-ATGTATGAAGATACACTTCC-3'
SLC7A11 5'-TGACTGGAGTCCCTGCGTATT-3' 5'-TCTTCTGGTACAACTTCCAG-3'
MYC 5'-TCTCCTTGCAGCTGCTTAGA-3' 5'-GAGTCGTAGTCGAGGTCATA-3'

SDHA 5'-CGGCATTCCCACCAACTAC-3'

5'-GGCCGGGCACAATCTG-3'
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Reduced Growth of Tumors Formed from
XB130 shRNA Transfected Cells

To determine the role of XB130 in tumor growth in vivo, a
xenograft model in nude mice was used.'®2*2° Injection of
shRNA stably-transfected WRO cells (2.0 x 10° cells,
clones C3-1 and C4-3) subcutaneously into nude mice re-
sulted in significantly smaller tumor volumes than those of
the negative control shRNA transfected cells (NC-1) (Figure
3, A and B). The average weight of C3 tumors was reduced
by 50.9%, and the average weight of C4 tumors was re-
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Figure 1. XB130 controls cell cycle progression
and survival of WRO thyroid cancer cells. A:
XB130 siRNA effectively reduced XB130 protein
levels in WRO cells 48 hours after transfection.
B: Down-regulation of XB130 inhibited G,-S
phase progression of WRO cells. Cells trans-
fected with control or XB130 siRNA were stained
with propidium iodide (PI) and analyzed by
flow cytometry. Mean *= SEM n = 6. *P < 0.05
(compared with control siRNA). C: Reduced
Ki-67 and PCNA levels in XB130 siRNA treated
cells. D: Down-regulation of XB130 enhanced
spontaneous and induced cell death. Cells trans-
fected with control or XB130 siRNA were treated
with staurosporine (STS, 200 nmol/L) or with Fas

Kir

PCNA e

GAPDH e s—

Late apoptosis

4 * antibody (FasAb, clone CH11, 100 ng/mD for 24

hours. Apoptosis was determined by flow cy-

*® tometry using PI/annexin V double staining. 7 =

2 6. Mean * SEM *P < 0.05 (compared with con-
1 trol siRNA).

Percentage of apoptotic cells (%)
w

cont STS FasAb

Il Control siRNA
[ XB130siRNA

duced by 81.0% in comparison with NC tumors (Figure 3B).
These results indicate that XB130 has an essential role in
the growth of thyroid cancer cells in vivo.

Reduced Proliferation and Increased Apoptosis
in Tumors from XB130 shRNA Transfected Cells

Immunohistochemical analysis using a monoclonal XB130
antibody showed detectable expression of XB130 in NC
tumors but not in C3 and C4 tumors under the same staining
conditions (Figure 3C). To determine the cause of the at-
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Figure 2. Cell proliferation was diminished in
XB130 shRNA stably transfected WRO cells. Az
Expression of XB130 in shRNA stably transfected
WRO cells as determined by Western blotting.
shRNA plasmids (C3 and C4) targeting XB130
and a negative control (NC) shRNA plasmid
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Figure 3. Reduced tumor growth of XB130
shRNA transfected WRO cells in vivo. Suspen-
sions of 2.0 X 10° XB130 shRNA transfected
* WRO cells (C3-1 or C4-3 cells) in 200 uL of PBS
were injected subcutaneously into one side of
the lower flanks of 6-week-old female nude
mice, and the same amount of NC shRNA-trans-
fected cells (NC-1 cells) were injected into the
opposite side. A: Photos of tumors from shRNA
* transfected WRO cells in mice. C3 or C4 tumors
were smaller than NC tumors. B: Tumor growths

ca were significantly diminished and weights of re-

sected tumors were significantly lower in C3 or
C4 tumors in comparison with NC tumors. 7 = 9.
* Mean = SEM *P < 0.05 (compared with NC). C:
XB130 expression was decreased in C3 and C4
tumors in comparison with NC tumors (magnifi-
cation, 400X). D: The proliferation index (per-
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Mean * SEM *P < 0.05 (compared with NC).

NC C3 C4

itive cells was significantly higher in C3 and C4 tumors than
in NC tumors (Figure 3D). These results indicate that the
diminished growth of tumors formed from XB130 shRNA
transfected cells was the result of decreased cell prolifera-
tion and increased apoptosis.
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Figure 4. Analysis of gene expression change in XB130
shRNA transfected WRO cells. A: Four NC shRNA transfected
colonies (NC-1, 2, 9, and 12) and four XB130 shRNA trans-
fected colonies (C3-1, C3-4, C4-3, and C4-11) were used for
microarray studies. XB130 protein levels were effectively
reduced in XB130 shRNA transfected cells shown by Western
blotting. B: Hierarchical clustering analysis demonstrates
gene expression patterns. Each row corresponds to an indi-
vidual sample, and each column corresponds to a particular
gene. There are 246 genes that were significantly regulated.
The matrix represents the expression level of an individual
gene in each sample, with red and green indicating gene
expression levels above or below, respectively, compared to
that in the reference RNA. C: The top signaling network
related to XB130 down-regulation analyzed using ingenuity
pathway analysis. The network is named Cardiovascular Dis-
ease, Cell Death, Endocrine System Disorders.



Gene Expression Profile in XB130 shRNA
Transfected Cells

To determine the molecular mechanisms by which XB130
regulates cellular functions, we analyzed gene expression
profiles in XB130 shRNA transfected cells by microarray
and bioinformatics studies. Four negative control shRNA
transfected colonies (NC-1, 2, 9, and 12) and four XB130
shRNA transfected colonies (C3-1, C3-4, C4-3, and C4-11)
were analyzed for microarray after the confirmation of
XB130 expression using Western blotting (Figure 4A). Prin-
cipal component analysis results indicated a clear separa-
tion of samples based on the expression of XB130 (see
Supplemental Figure S2A at http.//ajp.amjpathol.org). Fur-
ther, SAM analysis showed that 246 genes were signifi-
cantly changed by the stable knockdown of XB130 in WRO
cells with a false discovery rate g value <6.66% and fold
change >1.3 (see Supplemental Figure S2B at http://
ajp.amjpathol.org). Of the genes, 86 were up-regulated, and
160 were down-regulated in XB130 shRNA transfected
cells. XB130 was one of the top 10 genes down-regulated in
XB130 shRNA transfected cells (fold of change: —2.749, q
value <0.001). In the hierarchical cluster analysis of 246
genes, XB130 shRNA transfected cells were grouped to-
gether and separated from NC shRNA transfected cells
(Figure 4B). Ingenuity pathway analysis showed that the
top-ranked disease related to XB130 is cancer, followed by
cardiovascular disease and endocrine system disorders
(see Supplementary Tables S1 at http.//ajp.amjpathol.org).
The top molecular and cellular functions related to XB130
are cellular growth and proliferation and cell cycles. Among
246 significantly changed genes, 57 genes showed cell
proliferation or survival-related functions (cellular growth
and proliferation, cell cycle, cell death, and organismal sur-
vival revealed by ingenuity pathway analysis) (Table 2). It is
interesting that among these genes, only 18 were up-regu-
lated, and the other 39 genes were down-regulated (Table
2). We then checked signal transduction networks induced
by the knockdown of XB130 expression. The top-ranked
signal network is cardiovascular disease, cell death, endo-
crine system disorders (Figure 4C). Among the 28 genes
included in this network, 21 genes can be found in Table 2.
These results indicate that the expression level of XB130
influences genes related to cellular growth and proliferation,
cell cycle, cell death, and organismal survival.

Verification of Gene Expression by Real-Time
Quantitative RT-PCR

In our previous microarray studies using Affymetrix (Santa
Clara, CA) GeneChips, the microarray results showed very
good correlation with that of quantitative RT-PCR.2%27 |n the
present study, six genes (HSPA1A, BHLHE40, TOB{,
DDIT3, SLC7A11, and MYC) were further tested using
quantitative RT-PCR. The expression levels of HSPA1A,
BHLHE40, and TOB1 mRNA were significantly increased,
and DDIT3 and MYC were significantly decreased in XB130
shRNA transfected cells compared to NC shRNA trans-
fected cell (Figure 5). The expression levels of SLC7A11
tended to be decreased in XB130 shRNA transfected cells
although the difference was not statistically significant (Fig-
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ure 5). These changes are in agreement with the microarray
results.

XB130 Expression in Human Thyroid Carcinomas

To explore the relevance of our findings to the behavior of
clinical thyroid cancer, we examined the expression of
XB130 in a tissue microarray. XB130 protein was identified
to be expressed in the cytoplasm of thyroid follicular cells in
normal thyroid tissue (Figure 6A), as shown previously.™
The respective staining also confirmed the presence of
XB130 in papillary as well as insular forms of thyroid carci-
noma (Figure 6A). Semiquantitative analysis of cytoplasmic
intensity scores demonstrated that the XB130 intensity in
papillary thyroid carcinoma and anaplastic/insular carci-
noma was significantly lower than that in normal and benign
lesion (P < 0.001), and the intensity in the Hurthle cell
carcinoma group was significantly lower than that in the
normal group (P < 0.01) (Figure 6B). The reduced expres-
sion of XB130 in tumor cells may be due to the disruption of
tissue structures and the loss of differentiation characteris-
tics of thyroid cells.

Discussion

The incidence of thyroid malignancy is increasing by 5% to
6% per year, and among these neoplasms, differentiated
thyroid cancer, predominantly papillary thyroid carcinomas,
constitute approximately 90% of the lesions.?®2° The treat-
ment of differentiated thyroid cancer typically involves sur-
gical resection, followed by radioactive iodine ablation and
long-term thyroid hormone replacement. This protocol pro-
vides an excellent prognosis for the majority of patients with
these cancers.?®~2° However, recurrence develops in 20%
to 40% of patients, and with the rare occurrence of distance
metastasis or extensive local invasion, the prognosis is sig-
nificantly poorer.283! Understanding the specific mecha-
nisms involved in the deregulation of cell growth and cell
death in thyroid cancer is critical for developing new treat-
ments.

In a recent study, we demonstrated that XB130 is ex-
pressed in several thyroid cancer cell lines and that it is a
substrate and binding partner of RET/PTC, an oncogenic
protein tyrosine kinase found in thyroid carcinoma.'® Down-
regulation of XB130 expression in the TPC1 cell line derived
from papillary thyroid carcinoma that carries the RET/PTC-1
rearrangement reduced proliferation and promoted anoikis. "
The WRO cell line used in the present study also carries a
RET/PTC-1 rearrangement (data not shown). Using the in
vivo xenograft model we demonstrated that constitutive
down-regulation of XB130 reduces growth of tumors de-
rived from WRO cells. Furthermore, we performed XB130
immunohistochemistry staining on human thyroid tumors
and confirmed expression of XB130 in multiple types of
thyroid cancers. Although XB130 appears to be reduced
(not increased, as might be expected) in tumors, and the
reduced expression seems to parallel loss of tumor differ-
entiation (Figure 6), it is found in follicular and papillary
thyroid carcinoma with recognizable expression and may
contribute to the tumorigenesis in these tumors. Taken to-
gether, these results suggest that XB130 is not only involved
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Table 2. Significantly Changed Cell Growth or Survival-Related Genes in XB130 shRNA Transfected Cells

Up-regulated

Bio functions

Cellular
Gene growth and Cell Cell Organismal
symbol Gene name proliferation  cycle death survival Fold change  g-value
HSPA1B Heat shock 70kDa protein 1B [ J 3.094 0.016
TFPI2 Tissue factor pathway inhibitor 2 [ J 2.199 0.061
HSPATA Heat shock 70kDa protein 1A [ J [ J 2.919 0.016
PLAT Plasminogen activator, tissue [ ([ ] [ 2.145 0.027
BHLHE40 Basic helix-loop-helix domain containing, ([ J 2.051 0.028
class B, 2
DNAJB4 DnaJ (Hsp40) homolog, subfamily B, [ 1.792 0.027
member 4
DNAJB1 DnaJ (Hsp40) homolog, subfamily B, [ [} 1.660 0.061
member 1
PTGES Prostaglandin E synthase [ [} 1.659 0.016
AKAP12 A kinase (PRKA) anchor protein 12 [ J [ J 1.639 0.028
EDNRA Endothelin receptor type A [ J 1.566 0.028
KITLG KIT ligand [ ] [ [ 1.557 0.061
DICER1 Dicer 1, ribonuclease type Il [ J [ J [ J [ J 1.549 0.036
RGS2 Regulator of G-protein signaling 2, [ J 1.541 0.016
24kDa
PRDX2 Peroxiredoxin 2 [ 1.527 0.027
SERTAD3 SERTA domain containing 3 [ 1.500 0.028
HES1 Hairy and enhancer of split 1, [ J 1.464 0.061
(Drosophila)
ITGAS Integrin, alpha 5 (fibronectin receptor, [ J [ J 1.435 0.052
alpha polypeptide)
TOB1 Transducer of ERBB2, 1 ([ ] 1.403 0.036
Down-Regulated
Bio functions
Cellular
Gene growth and Cell Cell Organismal
symbol Gene name proliferation  cycle death survival Fold change  g-value
DDIT3 DNA-damage-inducible transcript 3 [ J ([ J [ J —5.223 <0.001
SLC7A11 Solute carrier family 7, (cationic amino [ ([ ] —3.011 <0.001
acid transporter, y+ system) member
11
DDIT4 DNA-damage-inducible transcript 4 [ J —2.766 <0.001
CYR61 Cysteine-rich, angiogenic inducer, 61 [ ([ ] ([ [ —2.753 <0.001
AFAP1L2 Actin filament associated protein 1-like 2 ([ J —2.749 <0.001
ASNS Asparagine synthetase ([ ] —2.529 <0.001
TIET Tyrosine kinase with immunoglobulin-like [ J [ J —2.434 0.052
and EGF-like domains 1
TRIB3 Tribbles homolog 3 (Drosophila) [ J —2.278 0.036
CTH Cystathionase (cystathionine gamma- [ ([ ] —-2.219 0.061
lyase)
EGR1 Early growth response 1 [ ([ —2.163 0.041
NUPR1 Nuclear protein 1 [ J [ J —2.081 0.026
GADD45A  Growth arrest and DNA-damage- [ ([ [ —2.045 <0.001
inducible, alpha
PPP1R15A  Protein phosphatase 1, regulatory [ J [ J —2.039 0.026
(inhibitor) subunit 15A
TSC22D3 TSC22 domain family, member 3 [ J —2.009 0.026
TUBET1 Tubulin, epsilon 1 [ ] —1.941 0.033
MYC V-myc myelocytomatosis viral oncogene [ ([ ] ([ [ —1.938 <0.001
homolog (avian)
LY96 LY96 [ —1.886 0.033
uLBP1 UL16 binding protein 1 [ ] —1.854 0.026
SLC3A2 Solute carrier family 3 (activators of [ J —1.694 0.027
dibasic and neutral amino acid
transport), member 2
SLC7A5 Solute carrier family 7 (cationic amino acid [ —1.680 0.052

transporter, y+ system), member 5

table continues
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Table 2. Continued
Down-Regulated
Bio functions
Cellular
Gene growth and Cell Cell Organismal
symbol Gene name proliferation  cycle death survival Fold change g-value
CEBPG CCAAT/enhancer binding protein (C/ [ —1.664 0.041
EBP), gamma
MTHFD2 Methylenetetrahydrofolate [ —1.663 <0.001
dehydrogenase (NADP+ dependent) 2,
methenyltetrahydrofolate cyclohydrolase
HERPUD1  Homocysteine-inducible, endoplasmic [ —1.650 <0.001
reticulum stress-inducible, ubiquitin-like
domain member 1
DUSP6 Dual specificity phosphatase 6 [ [ -1.618 0.061
TNFRSF12A  Tumor necrosis factor receptor ([ [ —1.455 0.038
superfamily, member 12A
MAFF V-maf musculoaponeurotic fibrosarcoma ([ [ —1.447 0.041
oncogene homolog F (avian)
PLK3 Polo-like kinase 3 (Drosophila) ([ [ —1.435 0.036
PHGDH Phosphoglycerate dehydrogenase [ J —1.418 0.033
LPAR3 Lysophosphatidic acid receptor 3 ([ —1.406 0.036
EREG Epiregulin [ ] [ ] —1.400 0.038
HLF Hepatic leukemia factor [ —1.399 0.061
HIST1H1C  Histone cluster 1, H1c [ ] [ ] [ -1.397 <0.001
FOSL1 FOS-like antigen 1 [ [ J [ [ J -1.378 0.033
SIAH1 Seven in absentia homolog 1 [ [ [ [ -1.373 0.052
(Drosophila)
HIST1H1D  Histone cluster 1, H1 days [ J [ J —1.353 0.067
DECR1 2,4-dienoyl CoA reductase 1, ([ [ —1.339 0.061
mitochondrial
DCLRETA DNA cross-link repair 1A (PSO2 —1.331 0.026
homolog, S. cerevisiae)
SETD8 SET domain containing (lysine [ —-1.315 0.067
methyltransferase) 8
HISTTH1E  Histone cluster 1, Hle [ —1.302 0.033

in signal transduction of cultured cells but also plays a
crucial role in the growth of thyroid cancer cells that carry
the expression of XB130.

In addition to TPC-1 and WRO thyroid cancer cells, we
observed similar effects of XB130 down-regulation on the
proliferation and survival of A549 cells, a human lung car-
cinoma cell line (data not shown). It is interesting that a
study by Emaduddin and colleagues®? investigating the
implications of Src tyrosine kinases in certain colorectal
cancers distinguished XB130 from SW629 colorectal can-
cer cells as being one of the tyrosine phosphorylated pro-
teins binding to the Lck-SH2 domain. Lck is an Src family
member that is not detectable in normal colonic epithelium
but becomes aberrantly expressed in a subset of colorectal
carcinomas. Furthermore, Cunha and colleagues per-
formed gene expression profiling using 102 soft tissue tu-
mor samples and found XB130 to be one of the genes
strongly related to local aggressiveness.3® Therefore, in ad-
dition to being a factor in thyroid cancer, XB130 may also
play important roles in other neoplasms.

RNA interference (RNAI), especially siRNA, has become
a powerful tool for investigating gene functions. There is
rapidly growing interest in extending its application to in vivo
systems, such as in animal models of disease and in human
therapeutics.®*3® Knockdown of XB130 with siRNA tran-
siently inhibited tumor cell proliferation and promoted spon-
taneous as well as inducing cell death. We used shRNA to

develop stably transfected cell lines, in which XB130 ex-
pression was persistently down-regulated. Using an in vivo
xenograft model, we found not only impedance of tumor
growth but also evidence showing that both proliferation
and survival are reduced in the formed tumors. RNAi-me-
diated suppression of XB130 could be a specific gene-
targeting therapy that would suppress the progression of
thyroid cancers that expresses XB130.

Oncoproteins may enhance tumor growth by promoting
cell proliferation and/or inhibiting cell death. To determine
how down-regulation of XB130 can affect both cell prolifer-
ation and survival, we used a bioinformatics approach to
analyze the genome-wide consequence of XB130 knock-
down. Indeed, microarray analysis data showed that
among the 246 significantly changed genes, 57 genes have
cell proliferation or survival related functions (Table 2). Two
thirds of these genes are down-regulated in XB130 shRNA
stably transfected cells, suggesting that XB130-related sig-
naling may help to maintain the expression of these genes.
Moreover, many of these genes are well connected in the
top signaling network (Figure 4C), indicating that these
genes are not only functionally related but are also regu-
lated together at expression levels by XB130-related signal
transduction pathways. The top function of XB130-related
genes is connected to cancer, and the top molecular and
cellular functions of these genes are related to cell prolifer-
ation and survival.
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Figure 5. Verification of gene expression by real-time quantitative RT-PCR.
The expressions of six selected genes (HSPA1A, BHLHE40, TOB1, DDIT3,
SLC7A11, and MYC) in XB130 shRNA transfected cells were compared with
NC shRNA transfected cells using real-time quantitative RT-PCR. Gene ex-
pression levels were normalized to the level of SDHA. n = 4. Mean = SEM
*P < 0.05 (compared with NC shRNA transfected cell).

We noted that four transcription regulators (GTF2E1,
BHLHE40, HES1, TOB1) are up-regulated in the signal net-
work (Figure 4C). Both BHLHE40 and HES1 belong to the
basic helix-loop-helix family of transcription factors. HES1 is
a transcriptional repressor of genes that requires a bHLH
protein for their transcription.®® TOB1 is a member of the
tob/btg1 family of anti-proliferative proteins.®” Up-regulation
of TOB1 may contribute to the reduced proliferation of WRO
cells. Many down-regulated genes are directly connected
in the top signal network. Among them are a group of
transcription regulators, including DDIT3, CEBPG, FOSLT,
HLF, and TSC22D3. The most down-regulated gene is
DDIT3, which encodes a protein named DNA damage-
inducible transcript 3, appears to be a hub of multiple
down-regulated genes. It has been shown that DDIT3 can
interact with multiple proteins, especially transcription fac-
tors, such as JunD, C-jun and C-Fos, ATF3, and CEBPB.%®
We have found that XB130 specifically mediates AP-1 and
SRE transcription activation when co-expressed with
¢-Src.® Down-regulation of transcription factors such as
DDIT3, CEBPB, and FOSL1 may impact cell proliferation
and survival. Knocking down XB130 also reduced the gene
expression of MYC; c-Myc-encoded protein functions in cell
proliferation, differentiation, and neoplastic disease. Ampli-
fication of the c-Myc gene has been found in several types
of human tumors, including lung, breast, and colon carci-
nomas. 940

In summary, we identified the role of XB130 in tumor
growth by promoting cell proliferation and survival in thyroid
cancer cells. Microarray data suggest that XB130 has pro-
found effects on the expression of genes related to cell
proliferation and survival. These results suggest that XB130
could be a novel oncoprotein in thyroid cancers. Similar
roles may also be present in other cancer cells. A deeper
understanding of these mechanisms may lead to the dis-
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Figure 6. XB130 protein expression analysis with a thyroid tissue microar-
ray. A: Immunohistochemistry staining with XB130 monoclonal antibody for
normal thyroid, papillary carcinoma, and anaplastic/insular carcinoma
(10X). Enlargement for selected areas as indicated is shown in the right
column. Predominantly cytoplasmic staining was observed in normal thyroid
tissue localized to thyroid follicular cells. B: Semiquantitative analysis of
thyroid tissue microarray showed expression of XB130 in carcinoma samples
at reduced levels. *P < 0.01 as compared to the normal group, **P < 0.001
as compared to both the normal and benign lesion groups.



covery that XB130 is an important mediator in tumor devel-
opment and may be a novel therapeutic target for cancer.
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