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Expression of integrin alpha 10 is transcriptionally
activated by pRb in mouse osteoblasts and is
downregulated in multiple solid tumors

BE Engel1, E Welsh2, MF Emmons1, PG Santiago-Cardona3 and WD Cress*,1

pRb is known as a classic cell cycle regulator whose inactivation is an important initiator of tumorigenesis. However,
more recently, it has also been linked to tumor progression. This study defines a role for pRb as a suppressor of the progression
to metastasis by upregulating integrin a10. Transcription of this integrin subunit is herein found to be pRb dependent in mouse
osteoblasts. Classic pRb partners in cell cycle control, E2F1 and E2F3, do not repress transcription of integrin a10 and
phosphorylation of pRb is not necessary for activation of the integrin a10 promoter. Promoter deletion revealed a pRb-
responsive region between � 108 bp to � 55 bp upstream of the start of the site of transcription. pRb activation of transcription
also leads to increased levels of integrin a10 protein and a greater concentration of the integrin a10 protein at the cell membrane
of mouse osteoblasts. These higher levels of integrin a10 correspond to increased binding to collagen substrate. Consistent with
our findings in mouse osteoblasts, we found that integrin a10 is significantly underexpressed in multiple solid tumors that have
frequent inactivation of the pRb pathway. Bioinformatically, we identified data consistent with an ‘integrin switch’ that occurs in
multiple solid tumors consisting of underexpression of integrins a7, a8, and a10 with concurrent overexpression of integrin b4.
pRb promotes cell adhesion by inducing expression of integrins necessary for cell adhesion to a substrate. We propose that pRb
loss in solid tumors exacerbates aggressiveness by debilitating cellular adhesion, which in turn facilitates tumor cell detachment
and metastasis.
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The classic pRb pathway comprises pRb, the E2F family
of transcription factors, cyclins (primarily D type), cyclin-
dependent kinases (CDKs; primarily 4 and 6), and two families
of CDK inhibitors (including p16Ink4a). In this classic view,
pRb acts as a transcriptional repressor, binding E2F family
members at the promoter site of E2F-regulated genes and
maintaining transcriptional repression by blocking the trans-
activation function of E2F and by recruiting additional factors
that actively repress transcription.1 Mitogenic signaling
activates the formation of cyclin/CDK complexes, which are
responsible for phosphorylating, and thus inactivating, pRb.
Once hyperphosphorylated, pRb dissociates from E2F, which
is now free to promote the transcription of E2F-regulated
genes.

In contrast to its negative regulatory control over E2F-
mediated transcription, pRb has also been found to positively
regulate the expression of a number of genes. One such gene
that was discovered to be positively regulated by pRb is
E-cadherin, a cell surface adhesion protein that is a marker for
epithelial cells. Both pRb and c-Myc activate transcription of

E-cadherin in the epithelial cells in an AP-2-mediated
manner.2 Similarly, pRb can bind members of the AP-1 family
of transcription factors, including c-Jun, at its AP-1 consensus
sequence resulting in stimulation of its transcriptional activity.3

Other genes known to be positively regulated by pRb include
the anti-apoptotic gene, Bcl-2, which is activated in an Ap-2-
dependent manner4 and the CDK inhibitor, p21, which is
activated in an Sp1/Sp3-dependent manner.5 The transcrip-
tion factor Sp1 has also been found to be important in the
upregulation of integrin a5 through interaction with, and
activation by, the transcription factor ZEB2.6

pRb is inactivated either directly, through mutation of the Rb
gene, or indirectly in the majority of human cancers. Cancer
types that have a greater than 90% frequency of pRb gene
mutation (e.g. retinoblastoma, osteosarcoma, small-cell lung
cancer) are also characterized by disrupted cell-to-cell
adhesion as mediated by adherens junctions.7–9 Previous
work has shown that pRb-deficient osteoblasts do not
undergo contact-dependent growth arrest, lack adherens
junctions, and exhibit altered cadherin expression.10
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This same work, via microarray, identified a number of genes
involved in cell-to-extracellular matrix (ECM) adhesion that
may also be pRb regulated. One such gene that was identified
was integrin a10.

Integrins are a family of heterodimeric proteins made up of
an a and a b subunit. They mediate adhesion of cells to ECM
ligands and are unique among transmembrane receptors in
that they have the ability to signal bidirectionally, carrying both
mechanical and chemical signals.11 Integrin a10 interacts
exclusively with the b1 subunit to form a10b1 integrin. This is
one of four collagen-binding integrins and preferentially binds
collagen type IV, the primary collagen type of the basal
lamina, but also binds collagens type VI and II, the primary
collagen types of the ECM of skeletal muscle and cartilage,
respectively.12 Integrin a10 is found primarily in chondro-
cytes,13,14 but has also been found in chondrogenic
mesenchymal stem cells, as well as the endosteum (cell
lining between bone marrow and bone) and periosteum (cell
lining outside the bone),15 areas rich in osteoblasts. In these
regions, osteoblasts are responsible for bone development
and produce osteoid, a matrix composed mainly of collagen
type I. A constitutive deletion of integrin a10 in mice resulted in
a growth retardation of the long bones while maintaining
a normal lifespan and fertility.16

We hypothesized that not only was integrin a10 present in
osteoblasts, but that it was being regulated by pRb. In this
article, we demonstrate that pRb transcriptionally activates
integrin a10 and that the frequent loss of pRb in multiple solid
tumors results in a dramatic downregulation of integrin a10.
pRb exerts its tumor-suppressive effect primarily through
repressing cell proliferation and inducing a post-mitotic state
as well as driving differentiation. We would like to add
‘maintaining cellular adhesion to the ECM’ as a key tumor
suppressive function of pRb as we suspect that the
subsequent downregulation of integrin a10 is part of a greater
‘integrin switch’ that may have a vital role in the development
of cancer metastasis. Our study builds upon the growing
literature that points to the loss of pRb as a key mediator of the
progression to metastasis.

Results

Integrin a10 expression is pRb-dependent in mouse
osteoblasts. In previous work, we examined the effects of
pRb deficiency in mouse osteoblasts and identified a role for
pRb as a regulator of cell adhesion.10 The microarray screen
conducted as part of that work identified integrin a10 as a
potential pRb-activated gene. Integrin a10 expression in
osteoblasts has not been previously measured, but is known
to be high in chondrocytes. Both osteoblasts and chondro-
cytes are derived from a common progenitor cell so as a first
step, we measured the endogenous expression levels of
integrin a10 mRNA in mouse osteoblast MC3T3 cells, both
wildtype and pRb null, at two different levels of confluency to
verify that these cells are integrin a10 positive and that
integrin a10 is indeed a pRb target (Figure 1). We found that
integrin a10 expression is much higher in pRb wild-type cells
as compared with their pRb-null counterparts. Expression
levels were also found to be highest at 100% confluency
likely due to increased ECM availability at higher cell

densities. The high levels of endogenous integrin a10 and
the obvious changes in wild type versus pRb-null cells make
MC3T3 mouse osteoblast cells an ideal model system to
study changes in integrin function and expression engen-
dered by pRb.

Phosphorylation of pRb is not necessary for activation
of integrin a10 promoter. We hypothesized that pRb was
regulating integrin a10 at the level of transcription. In order to
test this, we defined a putative integrin a10 promoter as the
590 base pairs of DNA immediately upstream of the start of
the site of transcription using the fully sequenced chromo-
some 3 from the Mouse Genome Project (NCBI Reference
Sequence: NC_000069.6). A variety of constructs were
made of this integrin a10 putative promoter (Figure 2) and
were determined to be active. When acting as a regulator of
cell cycle progression, the phosphorylation status of pRb
determines whether or not cells proceed through the G1
checkpoint. Upon phosphorylation by cyclin D/CDK4/6
complexes, pRb becomes inactivated and allows progression
to S-phase. To determine if phosphorylation status altered
the role of pRb in regulating expression of integrin a10, and to
narrow down the minimal responsive region of the integrin
a10 promoter, three deletion constructs of the integrin a10
promoter were transfected into MC3T3 cells along with the
wild-type pRb large pocket or the non-phosphorylatable pRb
large pocket (Figure 3a). Phosphorylation was not necessary
for the activation of the integrin a10 promoter. In order to
confirm that differences in activation were due to intrinsic
properties of the pRb constructs and not due to increased
transfection efficiency of either one, a western blot was
conducted and the constructs expressed comparable levels
of protein (Figure 3b). As a final confirmation that the
phosphorylation of pRb is not necessary for upregulation of
integrin a10 MC3T3 pRb, wild-type cells were treated with
two doses of PD0332991, a drug specific for CDKs 4 and 6,
the two CDKs responsible for phosphorylating pRb
(Figure 3c). Endogenous levels of integrin a10 mRNA were
measured 48 h after application of the drug. Cells treated with
the drug did not exhibit any inhibition of integrin a10 mRNA
expression as compared with the untreated control cells.

E2F1 and E2F3 do not repress transcription of
integrin a10. One of the best characterized roles of pRb is
as a regulator of transcription involving its interaction with the
E2F family of transcription factors. E2F involvement would
likely be the result of the E2F transcription factor repressing
transcription of the integrin a10 promoter. Addition of pRb
would activate the integrin a10 promoter through alleviating
this E2F-mediated repression. Previous studies have
identified E2F1 as a repressor of the Mcl-1 promoter.17

We explored the potential of E2F1 and E2F3 to repress the
integrin a10 promoter in the absence of pRb. The addition
of E2F1 and E2F3 expression plasmids did not result in
repressed transcription (Figure 4) suggesting that pRb is
acting through a non-E2F mediated pathway.

Exploring the possible involvement of other transcription
factors. According to the Biological General Repository for
Interaction Data sets (BioGRID; http://www.thebiogrid.org),18
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human pRb associates with 145 unique interactors.
Bioinformatic analysis of the integrin a10 promoter was
conducted to look for putative binding sites for these
145 interactors using the Genomatix program MatInspector
(Genomatix Software GmbH, Munich; http://www.genomatix.
de; Cartharius et al.19 and Quandt et al.20). This analysis

revealed putative transcription factor binding sites for
known pRb interacting transcription factors YY1, yin-yang
1, from � 321 to � 301 bp, HBP1, high-mobility group box
transcription factor 1, from � 248 to � 224 bp (HBP1(1)),
PAX6, paired box homeotic gene-6, from � 241 to � 223,
a second HBP1 site from � 88 to � 64 bp (HBP1(2)), and
Sp1, specificity protein 1, from � 42 to � 26 bp (Figure 2).
We decided to further analyze the potential involvement of
Sp1 as it is not only known to interact with pRb, but has
previously been shown to have a role in the upregulation of
integrin a5 along with ZEB2.6 Additionally, this site identified
on the mouse promoter was also conserved on the human
promoter with a putative binding site of base pairs � 17 to
� 1 with respect to the start of the site of transcription (data
not shown). We explored the possibility that Sp1 could act
with pRb as a co-activator of transcription of the integrin a10
gene. Sp1 was added in the presence and absence of pRb to
three integrin a10 promoter constructs in MC3T3 pRb-null

Figure 1 Expression of endogenous integrin a10 mRNA in MC3T3 wild type
and MC3T3 pRb-null cells. RNA extraction was performed at two different levels of
cell confluency followed by qRT-PCR with integrin a10-specific primers to determine
expression levels relative to GAPDH. The MC3T3 pRb-null expression levels were
set as one for each RNA extraction. Asterisk represents significant P-value:
*Po0.05

Figure 2 Schematic of the integrin a10 promoter. (a) Schematic shows the
eight 50-nested deletion constructs characterized (D590, D463, D397, D275, D232,
D163, D108, D55), the five site-directed mutants of the D590 construct (D590-YY1,
D590-HBP1(1), D590-PAX6, D590-HBP1(2), D590-SP1) with their four base pair
substitutions, the putative transcription factor binding sites (underlined), and the
primers used for cloning (highlighted in gray). All constructs begin at the base pair by
which they are named (upstream relative to the start of the site of transcription) and
end at þ 60

Figure 3 Effect of pRb phosphorylation status on integrin a10 transcription.
(a) Three integrin a10 promoter deletion constructs (D590, D463, D163) and a p27
promoter construct control were co-transfected separately with either pEGFPc2
(control), pRb wild type large pocket (Rb wt LP), or pRb non-phosphorylatable large
pocket (Rb 7 LP) into MC3T3 pRb-null cells. Promoter activation was measured by
luciferase activity. p27 control activity is set to one. (b) Western blot of control
(pEGFPc2), pRb wild type large pocket (Rb wt LP), and pRb non-phosphorylatable
large pocket (Rb 7 LP) transfected into MC3T3 pRb-null cells. Blot was probed
for pRb (9309; Cell Signaling, Boston, MA, USA) and b-Actin (A5441; Sigma).
(c) Expression of endogenous integrin a10 mRNA in MC3T3 wild-type cells treated
with the CDK 4/6-specific drug, PD0332991 at two different doses (200 nM and
500 nM). RNA extraction was performed 48 h post drug treatment followed by qRT-
PCR with integrin a10-specific primers to determine expression levels relative to
GAPDH. The untreated MC3T3 pRb wild type expression levels were set as one.
Asterisks represent significant P-values as follows: *Po0.05, **Po0.01, and
***Po0.001
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cells looking for a synergistic activation when both Sp1 and
pRb were added; however, no activation was observed to
correspond with the addition of Sp1 (data not shown).

As there was no evidence of Sp1 having a role in the
activation of integrin a10, we decided to look at the other
putative pRb interacting transcription factor binding sites on
the integrin a10 promoter. Site-directed mutants were made in
which the four base pairs most critical for the binding of the
transcription factor to the promoter (the ‘canonical binding
site’ as determined by Genomatix) were mutated (D590-YY1,
D590-HBP1(1), D590-PAX6, D590-HPB1(2), and D590-Sp1).
In addition to the site-directed mutants, a series of progressive
deletion mutants were made in which each successive
deletion removed one of the putative transcription factor
binding sites (D397, D275, D232, D108, and D55). The site-
directed mutation of individual binding domains did not reveal
a single motif responsible for pRb activation of the integrin a10
promoter (Figure 5b) pointing to either a lack of individual
importance of these transcription factors in the activation of
the integrin a10 promoter, or continued binding despite the
mutated base pairs suggesting that they were not, in fact, the
canonical binding site. Interestingly, the progressive deletions
of the integrin a10 promoter resulted in progressively
diminished transcriptional activation, all the while not losing
the activating effect of pRb up until the D55 construct
suggesting a pRb responsive region between � 108 bp to
� 55 bp upstream of the start of the site of transcription
(Figure 5c).

As all of the constructs and controls are activated by the
addition of pRb, a control experiment was conducted using the
promoter of CIITA, the class II major histocompatibility
complex transactivator, a gene not known to be pRb
regulated. As expected, the addition of pRb did not cause
any significant change in CIITA transcription (Figure 5a).

pRb wildtype osteoblasts exhibit higher protein levels
and adhesion of Integrin a10 compared with matched
pRb-null cells. pRb-activated expression of integrin a10
mRNA is effectively translated into higher levels of integrin

a10 protein as visualized by immunofluorescence
(Figure 6a). Integrin a10 protein in pRb wild-type osteoblasts
is located in high concentrations at the cell membrane
forming a well-defined cellular margin. The matched pRb-null
osteoblasts are characterized by lower levels of membra-
nous integrin a10 protein with irregular signal at cell margins.
For both cell types nuclear staining with the integrin a10
antibody is likely nonspecific. No differences in b-tubulin

Figure 4 Effect of E2F1 and E2F3 on Integrin a10 promoter activation. Three
integrin a10 promoter deletion constructs (D590, D463, D163) and a p27 promoter
construct control were co-transfected separately with either pEGFPc2 (control),
E2F1pcDNA3 (E2F1), or E2F3pcDNA3 (E2F3) into MC3T3 pRb-null cells. Promoter
activation was measured by luciferase activity. p27 control activity is set to one.
No changes were statistically significant

Figure 5 Effect of pRb on activation of site-directed and deletion mutants of the
integrin a10 promoter. (a) A CIITA promoter construct and a p27 promoter construct
control were co-transfected separately with either pEGFPc2 (control) or pRb wild
type large pocket (Rb wt LP) into MC3T3 pRb-null cells. Promoter activation was
measured by luciferase activity. p27 control activity is set to one. (b) An integrin a10
promoter construct (D590), five site-directed mutants of that construct (D590-YY1,
D590-HBP1(1), D590-PAX6, D590-HBP1(2), D590-SP1) and a p27 promoter
construct control were co-transfected separately with either pEGFPc2 (control) or
pRb wild type large pocket (Rb wt LP) into MC3T3 pRb-null cells. Promoter
activation was measured by luciferase activity. p27 control activity is set to one.
(c) Six integrin a10 promoter deletion constructs (D590, D397, D275, D232, D163,
D55) and a p27 promoter construct control were co-transfected separately with
either pEGFPc2 (control) or pRb wild type large pocket (Rb wt LP) into MC3T3 pRb-
null cells. Promoter activation was measured by luciferase activity. p27 control
activity is set to one. Asterisks represent significant P-values as follows: *Po0.05,
**Po0.01, and ***Po0.001
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staining levels and patterns were observed between the two
cell lines.

Next, we decided to test the functionality of the integrin a10
protein in both the pRb wild type and pRb-null osteoblasts.
As expected, the higher levels of integrin a10 protein in pRb
wild-type osteoblasts directly corresponded to a statistically
significant change of approximately 47% greater binding to
collagen IV as compared with matched pRb-null cells
(Figure 6b). This indicates that not only is more integrin a10
protein present in pRb wild-type osteoblasts, but this protein is
functional and maintains cellular adhesion to ECM substrate
that is lost when pRb is no longer present.

Identification of an ‘integrin switch’ that occurs in
multiple solid tumors. Analysis of integrin expression in
public databases of the most common solid tumors led to
the identification of a four integrin signature that appears as
consistently significant changes in mRNA expression levels
between tumors and their matched normal tissues. Specifically,
the signature consists of overexpression of integrin b4 and
underexpression of integrins a7, a8, and a10 (Table 1, Figures
7a–d). Increased expression of integrin b4 has also
previously been linked to metastasis in human osteosarcoma
cells.21

Due to the relative rarity of osteosarcoma and the
propensity to treat the disease before tumor resection,
no data on integrin a10 expression in tumor and matched
normal tissue could be obtained. Instead, seven solid tumor
types from the National Cancer Institute’s list of the ten most
common solid tumors were examined, including two types of
lung cancer, and all exhibited significantly underexpressed
integrin a10 as compared with their matched normal control
tissues (Table 1, Figures 7e–h). Specifically, ductal breast
carcinoma, the most common type of breast cancer, had the
largest fold-change22 (Figure 7g) followed by melanoma23

(Figure 7h). Squamous cell lung carcinoma, a subtype of non-
small cell lung cancer (85% of all lung cancers), which
accounts for 25–30% of all non-small cell lung cancers, had
the third highest fold-change24 (Figure 7f). Next was super-
ficial bladder cancer, which accounts for 80% of bladder
cancers.25 Renal pelvis urothelial carcinoma was next;26 this
study also showed downregulation or no change in renal
pelvis urothelial cancer in all of the adhesion genes analyzed
(e.g. ADAM12, ADAMTS5, ADAM9, TNFAIP6, GNRH2,
CD47, CD36, ICAM1, CD96, CD99, SCARB1, CDW52). Sixth
was lung adenocarcinoma, which accounts for roughly 50% of
all non-small cell lung cancers27 (Figure 7e). Finally, colon
mucinous adenocarcinoma was seventh.28

Discussion

In this study, we have demonstrated that integrin a10 is
expressed in mouse osteoblasts and that the expression of
this gene is activated at a transcriptional level by pRb. This
activation of expression directly leads to increased integrin
a10 protein levels and greater adhesion to a collagen
substrate. Our analysis of publically available databases
revealed that integrin a10 is significantly downregulated in
tumor tissue compared with normal in multiple solid tumors.
These findings point to an important role for changes in
integrin a10 expression during disease progression.

pRb’s activation of integrin a10 occurs in a non-classical
manner in which E2Fs are not involved, and the phosphoryla-
tion status of pRb does not have a role. This is in agreement
with previous studies, which have shown that pRb mutants
associated with a low risk of retinoblastoma retained the ability
to activate transcription suggesting dual tumor suppressor
functions linked to cell cycle progression and differentiation.29

pRb mutants that can no longer bind E2F and prevent cell
cycle progression, but are still able to activate transcription of
target genes, including integrin a10, are associated with lower
risk of cancer and better overall survival.

The downregulation of integrin a10 following pRb loss may
be part of a larger oncogenic event in which cellular
differentiation is lost. Differentiation has previously been
measured as part of a ‘cadherin switch’ in which epithelial
cells lose their epithelial phenotype and become more
mesenchymal in character. We propose that there is a
simultaneous ‘integrin switch’ involving the downregulation
of integrins a10, a7, a8, and potentially other positive
prognostic integrins with concurrent upregulation of less
favorable integrins, including integrin b4, that results in a
loss of adhesion to the local extracellular matrix allowing
previously anchored cells to metastasize. As a highly

Figure 6 Effect of pRb on Integrin a10 protein levels and function. (a) MC3T3
pRb wild type and pRb-null cells were probed with antibodies against b-tubulin
(2128S; Cell Signaling) and integrin a10 (AB6030; Millipore, Chicago, IL, USA)
(green) and stained with DAPI (blue; nuclei). They were then examined using
confocal immunofluorescence microscopy. Representative images are shown. (b)
MC3T3 pRb wild type and pRb-null cells were incubated with either collagen IV or
BSA substrate and allowed to adhere. Attached cells were permeabilized and
stained with crystal violet. Absorbance at 540 nm was measured. Asterisk
represents significant P-value: *Po0.05
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tissue-specific integrin, loss of a10 may be associated with a
loss of differentiation. There is potential to use integrin a10
levels as a prognostic marker. High levels indicate a tumor
that has retained differentiation and will likely have better
overall survival while decreased expression levels are an
indicator of a more advanced disease state in which pRb has
been lost or mutated.

This study builds upon our previous work defining a role for pRb
as a regulator of mouse osteoblast cell adhesion10 and adds to the
growing literature that links pRb to the metastatic cascade.30

Materials and Methods
Cell lines and drug treatment. Cell lines and the mice they were derived
from were previously described by Sosa-Garcia et al.10 Briefly, primary osteoblasts
were isolated and 3T3 immortalized from Rb1 conditional knockout embryonic
mice and their Rb wild-type littermates to produce pRb-null and pRb wild-type
MC3T3 cell lines, respectively. They were grown in Minimum Essential Medium
Alpha (MEM-a) supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin. Approximately 2� 106 MC3T3 Rb wild-type cells were
cultured in p60 plates and received either a control treatment (complete media) or
a drug treatment consisting of complete media supplemented with either 200 nM
or 500 nM of the CDK 4/6-specific inhibitor, PD0332991 (ChemiTek, Indianapolis,
IN, USA). Cells were harvested 48 h after treatment and underwent RNA
extraction followed by QRT-PCR as described below.

Plasmid vectors. The pGL3-p27,31 Rb wt LP, Rb 7 LP,32 pEGFPc2
(GenBank Accession #U57606), pcDNA3-E2F1,17 pcDNA3-E2F3,33 CMV-
Sp1(Plasmid 12097 purchased from http://www.addgene.org), and pGL3-CIITA-
D195 (Gift from Ken Wright, Moffitt Cancer Center; Ghosh et al.34) have all been
previously characterized. The novel promoter plasmids were generated by PCR
using the following primers: D590 forward (50-GAGAGGTACCTGTTGGGGGAAA
GGTGCGGA-30), D463 forward (50-GAGAGGTACCACAGGCAGTGACTCCCCAAAA
GC-30), D397 forward (50-GAGAGGTACCAGGTCACACAGTAGGACTGCCC-30),
D275 forward (50-GAGAGGTACCCCTACTTTCTGTTCCAAACTGGAGG-30), D232
forward (50-GAGAGGTACCACCGTGCATAAAAGTAGCCTCAGAA-30), D163
forward (50-GAGAGGTACCAGGGGGCAGCACCAAGGTAGAG-30), D108
forward (50-GAGAGGTACCGGGCTCCCCACAGCTCCCTTC-30), D55 forward
(50-GAGAGGTACCTTAGCTGCCAGTGGGAGGGGG-30), Reverse primer for all
of the aforementioned (50-GAGAAGATCTAGACTCCATGGGCGCTTGTCC-30). The
products were cleaved with KpnI and BglII and cloned into those sites of the pGL3-
basic vector (Promega, Chicago, IL, USA). Site-directed mutants were created
using the D590 plasmid altered with the following internal mutational primers
and their reverse complements as reverse primers: D590-YY1 forward (50-GTTAT
TTTGCATATCAACGGTTAAGATTAATAAG-30), D590-HBP1(1) forward (50-TGGA
GGAAATTATTGGGCGAATAAACCGTGCATA-30), D590-PAX6 forward (50-TATT
GAATAAATAAAATACGCATAAAAGTAGCCT-30), D590-HBP1(2) forward (50-TTC
CACCACCACTCCACGCCCATCCAACTTTATT-30), D590-SP1 forward (50-GCTG
CCAGTGGGAGGTTTAAGGATAGGAGGGAAA-30).

Luciferase assays. Approximately 100 000 cells per well of MC3T3 Rb-null
cells were cultured in 24-well plates and transfected with a mixture containing 500 ng
promoter construct, 50 ng Renilla luciferase reporter (pRL-TK, Promega), and 2.5mg
of either Rb expression plasmid or empty control vector (pEGFPc2) for an equal
amount of DNA diluted in 100ml serum-free MEM-a for each transfection.
One microliter X-tremeGENE HP DNA transfection reagent (Roche Disgnostics,
Indianapolis, IN, USA) was added to the DNA mixture and allowed to incubate for
20 min before being added to the MC3T3 Rb-null cells to a total volume of 600ml
(500ml serum-free medium plus 100ml transfection mixture). Cells were incubated
with the transfection mixture for 4 h before being returned to complete media
(MEM-a plus 10% FBS, 1% penicillin/streptomycin). Cells were harvested 48 h after
transfection and luciferase assays were performed using the dual-luciferase reporter
assay system (Promega) following the manufacturer’s protocol and read using a
20/20n Luminometer (Turner Biosystems, Sunnyvale, CA, USA) with standard
promega protocol DLR-O-INJ. Experiments were done in triplicate. To control for
transfection efficiency, firefly luciferase values were normalized to the values for
Renilla luciferase.

Quantitative real-time PCR. Total cell RNA was harvested using the
RNeasy Mini Kit (Qiagen, Carol Stream, IL, USA) following the manufacturer’s
instructions. Reverse transcription reactions were carried out using iScript cDNA
Synthesis Kit (Bio-Rad, Chicago, IL, USA). Real-time PCR was performed using
Bio-Rad iQ SYBR Green Supermix on a CFX96 real-time PCR detection system
(Bio-Rad). The following primers were used: Itga10 forward (50-GGCTCCAACAGT
ATCTATCC-30), Itga10 reverse (50-TGCTCTCACAACTTCTTCC-30), GAPDH
forward (50-AACGACCCCTTCATTGAC-30), GAPDH reverse (50-CTCCACGACATA
CTCAGCAC-30).

Western blotting. Western blots were performed as previously described.35

Briefly, cell lysates were normalized for total protein content (35mg) and subjected to
SDS-PAGE. Detection of proteins was accomplished using horseradish peroxidase-
conjugated secondary antibodies and enhanced chemiluminescence (ECL;
Amersham Biosciences, GE Life Sciences, Pittsburgh, PA, USA). Antibodies
used include a mouse monoclonal antibody specific for endogenous pRb residues
701–928 (9309; Cell Signaling), a goat polyclonal antibody corresponding to amino
acids 528–546 of Sp1 (sc-59-G; Santa Cruz Biotechnology), and a mouse
monoclonal b-actin antibody (A5441; Sigma).

Immunofluorescence. Immunofluorescence was performed as previously
described36 without permeabilization. Briefly, cells were seeded in a Lab-Tak
eight-chamber slide (Thermo Scientific, Waltham, MA, USA) 1 day before
experimentation. They were rinsed with PBS and fixed in 4% paraformaldehyde
followed by neutralization with glycine. Cells were then sequentially incubated in
10% bovine serum albumin (BSA), either anti-integrin a10 (AB6030; Millipore) or
anti-b-tubulin (2128S; Cell Signaling), followed by secondary AlexaFluor 488-
conjugated goat anti-rabbit antibody (Invitrogen, Life Technologies, Grand Island,
NY, USA) with added DAPI. This was followed by washing three times in PBS and
covering the wells with Vectashield mounting media (Vector Labs, Burlingame,
CA, USA) and coverslips. Cells were imaged by the Moffitt Cancer Center
Microscopy Core with a Leica SP5, Chicago, IL, USA AOBS tandem scanning
inverted confocal microscope.

Table 1 Oncomine (http://www.oncomine.org, Compendia Bioscience, Ann Arbor, MI, USA) was used for analysis of integrin expression in seven common solid
tumor types

Database Integrin a7 Integrin a8 Integrin a10 Integrin b4

Fold Change P-value Fold Change P-value Fold Change P-value Fold Change P-value

Dyrskjot Bladder 3 � 1.587 �1.63E-05 �1.475 2.25E-04 �1.604 3.99E-07 2.313 1.82E-05
Haqq Melanoma NC 2.68E-01 �1.504 3.00E-03 �3.471 2.04E-04 N/A N/A
Hou Lung � 1.734 1.64E-14 �5.742 1.91E-15 �1.828 2.88E-18 3.591 8.92E-10
Jones Renal � 1.523 2.45E-05 �3.993 7.00E-17 �1.499 5.91E-10 2.500 2.00E-03
Kaiser Colon NC 9.40E-02 �1.494 1.00E-03 �1.222 6.09E-06 2.852 5.81E-05
Landi Lung � 1.239 1.01E-07 �2.375 4.58E-17 �1.357 9.02E-14 1.588 3.36E-07
Richardson Breast � 5.362 3.41E-06 NC 1.70E-02 �3.491 2.00E-06 � 2.735* 1.86E-08

The fold change value is determined by comparing the means of the two classes in an analysis on a log2 scale and then converting that difference to a linear scale
(http://www.oncomine.org). NC, no significant difference in expression between normal and tumor tissue. N/A, this study did not have a probe for the gene of interest.
Only one significant change occurred in the opposite direction of the other six data sets and is denoted with an asterisk
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Figure 7 Changes in integrin expression occur in multiple solid tumors. (a–d) The GSE19188 data set of NSCLC tumor and adjacent normal samples was ranked from
most normal to most tumor like. Samples 1–58 are the adjacent normals (black diamonds) whereas samples 59–145 represent tumor samples (light gray diamonds).
Gene expression was determined via microarray for integrin a7 using probe 216331_at (a), a8 using probe 214265_at (b), a10 using probe 206766_at (c), and b4 using probe
204990_s_at (d). (e–h) Oncomine (http://www.oncomine.org, Compendia Bioscience, Ann Arbor, MI, USA) was used for analysis and visualization of integrin a10 expression
in four common solid tumor types. Data sets were ordered by underexpression: P-value of Itga10. (e) Analysis of integrin a10 expression in normal lung (n¼ 49) versus lung
adenocarcinoma (n¼ 58) from the Landi Lung database. (f) Analysis of integrin a10 expression in normal lung (n¼ 65) versus squamous cell lung carcinoma (n¼ 27) from
the Hou Lung database. (g) Analysis of integrin a10 expression in normal breast (n¼ 7) versus ductal breast carcinoma (n¼ 40) from the Richardson Breast 2 database.
(h) Analysis of integrin a10 expression in normal skin (n¼ 3) versus melanoma (n¼ 6) from the Haqq Melanoma database
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Functional adhesion assays. Functional adhesion assays were performed
as previously described.37 Briefly, 96-well Immunosorp (Nunc, Sigma Aldrich, St
Louis, MO, USA) plates were coated with either 50ml (40mg/ml) of soluble Cultrex
mouse collagen IV (BD Biosciences, San José, CA, USA) or BSA and allowed to
evaporate overnight at room temperature. Cells were washed once in serum-free
MEM-a and resuspended at a density of 1� 106 cells/ml with 1� 105 cells added to
each well. After 2 h of adhesion, unattached cells were removed by three washes
with MEM-a, and adherent cells were fixed with 70% methanol for 10 min, dried, and
subsequently stained with a solution of 0.02% crystal violet at 0.2% ethanol. The
stained cells were solubilized in 100ml Sorenson solution and absorbance was read
at 540 nm with an automated 96-well plate reader (VERSAmax, Sunnyvale, CA,
USA). Mean and SE values were calculated from the results in four independent
wells. Experiments were repeated three times and results of representative
experiments are shown.

Mining public databases. Microarray studies conducted on cancers
included in the National Cancer Institute’s list of the 10 most common solid
tumors (bladder, breast, colon and rectal, endometrial, kidney (renal cell), lung,
melanoma, pancreatic, prostate, thyroid; http://www.cancer.gov/cancertopics/
types/commoncancers) were analyzed using Oncomine (http://www.oncomine.org,
Compendia Bioscience, Ann Arbor, MI, USA). Data sets were ordered by under- or
overexpression: P-value of integrin analyzed. All known integrins with
corresponding probesets were analyzed including integrins a1-11, a2B, aL, aM,
aX, aV, aE, b1-8, and bL1. The only integrins found to be significantly under- or
overexpressed in at least five of the seven data sets were integrins a7, a8, a10,
and b4. These four integrins were further analyzed using seven previously
published microarray studies22–28 to evaluate their mRNA expression. Six studies
used Affymetrix human genome arrays with the probe set 216331_at for integrin
a7, 214265_at for integrin a8, 206766_at for integrin a10, and 204990_s for
integrin b4 with the exception of the Kaiser study, which used probe set
211905_at for integrin b4. The seventh study by Haqq et al.23 used a microarray
of 20 862 cDNA targets representing 19 740 unique genes (Research Genetics,
Huntsville, AL, USA) with the probe set H44722 for integrin a10, and R87964 for
integrin a8. The study by Dyrskjot et al.25 included nine samples of normal bladder
and five samples of normal bladder mucosa as well as 28 samples of superficial
bladder cancer (superficial transitional cell carcinoma) comprising 15 tumor
biopsies without surrounding carcinoma in situ and 13 tumor biopsies with
surrounding carcinoma in situ. The study by Haqq et al.23 included three samples
of normal skin and six samples of melanoma. The study by Hou et al.24 included
65 samples of normal lung and 27 samples of squamous cell lung carcinoma. The
study by Jones et al.26 included 23 samples of normal kidney and eight samples of
renal pelvis urothelial carcinoma (transitional cell cancers of the renal pelvis). The
study by Kaiser et al.28 included five samples of normal colon and 13 samples of
colon mucinous adenocarcinoma. The study by Landi et al.27 included 49 samples
of normal lung and 58 samples of lung adenocarcinoma. The study by Richardson
et al.22 included seven samples of normal breast and 40 samples of ductal breast
carcinoma.

Statistical methods. A data set of non-small cell lung cancer (NSCLC)
tumor and adjacent normal samples (GSE19188) was used to identify genes
differentially expressed between tumor and adjacent normal. Sample
GSM475805 was identified as a corrupt CEL file and excluded from all
analyses. Data were normalized with the RMA algorithm using the libaffy
software,38 and principle component analysis (PCA) was performed on the
remaining 155 samples, using the Evince software (UmBio AB, Umeå, Sweden),
to identify outliers. Three tumor samples (GSM475677, GSM475706,
GSM475780) clustered in the middle of the adjacent normal samples,
and one adjacent normal sample (GSM475666) fell within the tumor distribution.
These samples were discarded for all further tumor versus adjacent normal
analysis. An additional six outlier adjacent normal samples (GSM475752,
GSM475755, GSM475766, GSM475781, GSM475807, GSM475811) were
identified as falling outside the otherwise tight adjacent normal distribution,
lying between the adjacent normal and tumor clusters. Subsequent analyses
(data not shown) confirmed that these samples exhibit a more tumor-like gene
expression profile than the other adjacent normals, and were thus discarded
from further tumor versus adjacent normal analysis. The final tumor plus
adjacent normal data set, after discarding outliers, consisted of 58 adjacent
normal and 87 tumor samples. Samples were then ranked by their respective
scores from the first principle component of a partial least squares discriminate

analysis (PLS-DA) model, trained on tumor versus adjacent normal, to order
them from most normal-like to most tumor-like global gene expression.

Statistical significance of data was calculated using a two-tailed Student’s t-test in
Microsoft Excel.
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