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Abstract

Metastatic progression is the major cause of death in osteosarcoma, the most common bone
malignancy in children and young adults. However, prognostic biomarkers and efficacious targeted
treatments for metastatic disease remain lacking. Using an immunoproteomic approach, we
discovered that autoantibodies against the cell cycle kinase inhibitor p27 (KIP1, CDKN1B) were
elevated in plasma of high-risk osteosarcoma patients. Using a large cohort of serum samples from
osteosarcoma patients (n=233), we validated that a higher level of the p27 autoantibody
significantly correlated with poor overall and event-free survival (p < 0.05). Immunohistochemical
analysis also showed that p27 was mislocalized to the cytoplasm in the majority of osteosarcoma
cases and in highly metastatic osteosarcoma cell lines. We demonstrated that ectopic expression of
cytoplasmic p27 promoted migration and invasion of osteosarcoma cells, whereas sShRNA-
mediated gene silencing suppressed these effects. Additionally, mutations at the p27
phosphorylation sites S10 or T198, but not T157, abolished the migratory and invasive
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phenotypes. Furthermore, the development of pulmonary metastases increased in mice injected
with cells expressing cytoplasmic p27 compared with an empty vector control. Collectively, our
findings support further investigation of p27 as a potential prognostic biomarker and therapeutic
target in osteosarcoma cases exhibiting aberrant p27 subcellular localization.
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Introduction

Osteosarcoma (OS) is the most common malignant bone tumor in children. Approximately
400-900 new cases are diagnosed each year in the United States (1). The standard clinical
treatment consists of a combination of surgery and chemotherapy. With this regimen, the
prognosis of localized OS has improved dramatically when compared to surgery alone (2).
The pressing clinical problem, however, is that the prognosis for metastatic, refractory and
recurrent OS is still dismal (3). Approximately 20% of OS patients have clinically detectable
metastasis at the time of diagnosis (2). Even with current treatment protocols, the
progression-free survival rate for patients with metastatic OS is still less than 20%,
indicating that the existing regimens are not effective for these patients (4,5). Detection of
patients with high metastatic potential or clinical risk early may help to prevent the use of
ineffective therapy, which allows extra time for the tumor to develop chemoresistance and
metastatic spread. In addition, identification and characterization of key metastatic
determinants may lead to the development of new targeting strategies and therapeutic
options once the high-risk patients are identified.

A vast amount of literature has indicated that cancer patients often produce autoantibodies to
tumor-associated antigens (TAAS) that are overexpressed, modified, or aberrantly cleaved or
localized in tumor cells (6). Given that these autoantibodies are considered reporters of the
immune response to an early and developing tumor, they are excellent candidate biomarkers
for early cancer detection and may lead to identification of potential therapeutic targets. In
fact, autoantibodies against TAAs have been shown to be useful in both cancer diagnosis and
prognosis (6). Besides being present in peripheral blood, the persistence and stability of
autoantibodies in plasma is an added benefit over other potential markers, including TAAs
themselves, which are released by tumor cells but are rapidly cleared after circulating in the
plasma for a limited amount of time (7). Emerging evidence indicates that many TAAs
detected by autoantibodies are important cellular proteins, such as ERBB2, MYC, and TP53,
whose aberrant regulation or alteration could be linked to malignancy (8). In this study, we
adopted an immunoproteomic approach for identifying important metastatic targets in OS.

Although well-known tumor suppressor genes, such as TP53, RB1 and PTEN, have been
implicated in OS (9-11), little is known about p27. p27 or p27KiP1 (encoded by CDKN1B) is
a cyclin-dependent kinase (CDK) inhibitor that negatively regulates cell proliferation
through the inhibition of cell cycle progression (12). In a quiescent state, the p27 protein is
expressed mainly in the nucleus and binds to the cyclin/CDK complex to inhibit cell cycle
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progression. Degradation of the protein is regulated predominantly through the ubiquitin
pathway (55). Gene knockout studies have shown that mice lacking p27 develop multi-organ
hyperplasia and tumorigenesis (13,14). However, recent data indicate that p27 also has
oncogenic properties, which are distinct from the cell cycle regulatory functions (15). In this
study, we showed that p27 autoantibody is prognostically significant and the mislocalization
of the protein promotes tumor cell migration and invasion as well as metastasis formation in
Os.

Materials and Methods

Patients and samples

To identify autoantibodies associated with high-risk in OS, plasma samples from patients
who developed localized (n=26) or metastatic disease (n=13) within one year of follow-up,
and anonymized patients with noncancerous diseases or no disease (n= 21), i.e. child
checkup, flu, constipation, gastroenteritis, or febrile seizure, were analyzed by the
ProtoArray and Luminex platforms. These samples were collected at the time of diagnosis
from Texas Children’s Hospital and other collaborating institutions. Serum samples from OS
patients and their survival information were provided by the Children’s Oncology Group
(COG). Al patients gave consent to institutional review board-approved protocols. The
clinical information of patients used in this study is summarized in Supplementary Table S1.

Autoantibody profiling analysis

ProtoPlex

ProtoArray Human Protein Array v4.0 (ThermoFisher Scientific, Waltham, MA) that
contains 8,268 proteins was used to detect autoantibodies in the plasma samples according
to the manufacturer’s instruction. The detailed procedure is described in the Supplementary
Methods. The experiments were repeated thrice. Then, the background subtracted intensities
of the whole array were quantile-normalized and log-transformed. The threshold of the low
intensity values was set at 5. The intensities of the duplicate spots for each protein were
averaged and control spots were removed. p-values were calculated by using unpaired, 2-
tailed t-test. The selection criteria for high-risk autoantibodies were as follows: (1) p< 0.001
in high-risk vs. control and p < 0.05 in high-risk vs. low-risk comparisons, and (2) log fold
change >=1. The ProtoArray data (GSE78192) were deposited to the Gene Expression
Omnibus (GEO) repository.

immune response assay to measure the p27 autoantibody

The autoantibody validation assays were performed using the ProtoPlex service from
ThermoFisher Scientific. The detailed procedure is described in the Supplementary
Methods. p27 autoantibody fluorescence intensity values in the COG cohort were
background corrected for BSA level, log-transformed, and binarized by median cutoff.
Kaplan-Meier analysis was performed to test if a higher level of the p27 autoantibody
correlated with poor outcome, and significance was evaluated using a one-tailed version of
the log-rank statistic in overall and event-free survival. In event-free survival analysis, events
indicated whether death or relapse had occurred in each patient. To ensure p27 was an
independent prognostic factor, we confirmed its significance by controlling for the known

Cancer Res. Author manuscript; available in PMC 2017 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lietal.

Page 4

prognostic factor, i.e. metastasis at diagnosis, using a multivariate Cox proportional hazard
model. For all statistical tests, o < 0.05 is considered statistically significant.

Immunohistochemistry

OS cells were cultured on Lab-Tek chamber slides (Nunc, Rochester, NY). After adhesion,
cells were fixed with 2% formaldehyde (Sigma-Aldrich) and washed three times with
phosphate buffered saline (ThermoFisher Scientific). For tissue microarrays, the arrays were
incubated at 60°C for one hour, deparaffinized with xylene, and rehydrated. Antigen
retrieval was performed at 95°C for 30 minutes in Antigen Unmasking Solution (Vector
Labs, Burlingame, CA). Then, the slides were incubated with 3% hydrogen peroxide and
normal horse serum (Vector Labs) for 30 minutes. After that, slides were incubated
overnight with mouse anti-human p27 antibody (sc-56338, 1:200, Santa Cruz
Biotechnology, Santa Cruz, CA) at 4°C. A biotinylated horse anti-mouse IgG antibody
(1:200) and the streptavidin-biotin-peroxidase reaction (Vector Labs) were added
sequentially. After color reaction with 3,3-diaminobenzidine solution (Mector Labs), the
slides were dehydrated and mounted. The staining results were examined and scored by our
pathologist (J.H.) to determine if p27 was expressed in the tumor sections.

Cell Culture

Sa0S-2, LM7, Dunn, K7, DLM8 and K7M3, were generously provided by Dr. Eugenie S.
Kleinerman from the M.D. Anderson Cancer Center at the University of Texas-Houston.
Sa0S-2 is a human OS cell line with low metastatic potential (16). The metastatic LM7 cell
line was developed by repetitive cycling of SaOS-2 cells through the lungs of nude mice
seven times (17). DLM8 and K7M3 are metastatic murine OS cell lines, which were derived
from either repeated implantation or injection of Dunn and K7, respectively (18,19). Cells
were cultured in Dulbecco’s Modified Eagle Medium supplemented with 10% fetal bovine
serum (ThermoFisher Scientific) at 37°C in a humidified 5% CO, incubator. They were
tested to be mycoplasma-free. Identities of the cell lines were validated by STR DNA
fingerprinting using the AmpF_STR Identifiler kit according to the manufacturer’s
instruction (ThermoFisher Scientific).

p27 constructs and transfection

p27 constructs harboring fusions with Nuclear Export Sequence (NES) and enhanced yellow
fluorescent protein (EYFP, Clontech, Mountain View, CA) were stably expressed in lowly
metastatic SaOS-2 cells. The p27 and control constructs (p27CK-, NES-p27CK- and
PEYFP) were kindly provided by Dr. Catherine Denicourt with the University of Texas-
Houston. Specifically, NES-p27 was constructed by fusing two NES sequences of protein
kinase inhibitor (residues 35-49) in tandem to the NH5 terminus. The Cyclin~-CDK complex
binding domain of the p27 construct was mutated (CK-) to control for the cell cycle
inhibitory function of p27 (15). The three p27 phosphomutants (NES-p27CK-S10A, -
T157A, and -T198A) were generated by replacing serine 10 (S10), threonine 157 (T157),
and threonine 198 (T198) on the p27 cDNA with alanine (A) using the QuikChange
Lightning Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA). They were
subsequently confirmed by Sanger Sequencing (Supplementary Fig. S1). Transfections were
performed using FUGENE 6 Transfection Reagent (Roche Applied Sciences, Indianapolis,
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IN). Selection for stable transfectants was started 48 hours after transfection using 1.25
mg/ml Geneticin (ThermoFisher Scientific).

Knockdown of p27 expression in LM7

Two specific MISSION TRC Lentivirus ShRNAs for p27 and a shRNA non-target control
were used in the silencing experiment (Sigma-Aldrich). 25 pl of each of the p27 shRNA
viruses and 16 pg of hexadimethrine bromide (Santa Cruz Biotechnology) were added to
each well containing 2 ml of LM7 cells. 1 ug/ml of Puromycin (Sigma-Aldrich) was used
for selection at 48 hours after transduction. The sequences for the p27 shRNAs are shown in
the Supplementary Methods.

Migration and invasion assays

CytoSelect 24-well Migration and Invasion Assays (Cell Biolabs, San Diego, CA) were used
to measure the migratory and invasive capabilities of the p27 mutant and control cells. 3x10°
cells in serum-depleted medium were added to the upper chamber of a transwell. For the
invasion assay, the upper surface of a transwell was coated with dried basement membrane
matrix solution. Medium containing 10% fetal bovine serum was added to the lower well.
After 6-24 hours of incubation, the migrated and invaded cells were stained by the Cell
Stain Solution, which contains crystal violet, and counted in 3—4 fields under a microscope
and used for statistical analysis.

Experimental metastasis assay

To measure the metastatic ability of cytoplasmic p27 /n vivo, we used a tail-vein injection
mouse model. 1.5 X 106 of Sa0S-2 cells containing empty vector or NES-p27CK- as well as
metastatic LM7 cells were injected intravenously into the lateral tail vein of 4-6-week-old
NOD/SCID mice of both sexes. Five mice were injected in each group. The mice were bred
and maintained in a specific pathogen-free animal facility at the Texas Children’s Hospital.
Mice were euthanized either when they were moribund or six months after the injection of
the tumor cells. The lungs of the mice were harvested in 10% formalin, embedded in
paraffin and sectioned. The sections were then stained with hematoxylin and eosin, and
examined for the occurrence of metastases under a microscope by our pathologist (J.H.). All
animal studies were conducted according to institutional animal care and use committee
(IACUC) protocols after approval was obtained from our Institutional Review Board.

Data analysis and other methods

Unless stated otherwise, all the statistical comparisons were performed by student unpaired
t-tests with p < 0.05 were considered significant. Additional details of the methods used are
described in the Supplementary Methods.

Results

The p27 autoantibody is elevated in high-risk OS patients

To identify dysregulated proteins in high-risk patients, we first pooled the plasma samples
from OS patients, who developed metastasis and localized disease within the first year of
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follow-up into a high-risk group and a low-risk group, respectively. Then, the healthy or
non-cancerous pediatric patients were pooled into a control group. The pooled sample from
each of the three groups was hybridized with a high-density human protein microarray
(ProtoArray). The clinical characteristics of the cohort are listed in Supplementary Table S1.
Our results showed that six autoantibodies for TCP10, RPS6KB3, MAPK11, CDKN1B,
TRPT1 and TFPT showed significantly higher intensities in the high-risk group than those in
the low-risk and control groups (Supplementary Table S2). p27 was selected for further
investigation and validation, because it is a known tumor suppressor gene that inhibits cell
cycle progression (12) (Fig. 1A). Using an orthogonal Luminex xXMAP assay, we measured
the p27 autoantibody level in individual, rather than pooled, plasma samples. The results
show that the p27 autoantibody level was significantly increased in the high-risk group when
compared to the low-risk group (Fig. 1B, p=0.0134), suggesting that it carries a prognostic
value. Of note, a subset of patients had a much higher level of the p27 autoantibody within
the high-risk group.

The p27 autoantibody predicts overall survival

Since the autoantibody was elevated in the high-risk patients, we further hypothesized that a
higher level of the autoantibody predicts a worse outcome in OS patients. To test this, we
used the Luminex XMAP assay to measure the amounts of the p27 autoantibody in a large
OS cohort (n=233) obtained from COG. Using the median abundance as a cutoff, a higher
p27 autoantibody level was significantly associated with poor overall (o= 0.033, HR = 1.46)
and event-free (p = 0.0079, HR = 1.57) survival of OS patients (Fig. 2). Patients with a low
level of the p27 autoantibody had a 5-year overall survival rate of 67% (95% CI, 59% to
77%) and 5-year event-free survival of 57% (95% ClI, 48% to 67%), whereas patients with a
high level of p27 autoantibody had a 5-year overall survival rate of 52% (95% CI, 44% to
62%) and 5-year event-free survival of 40% (95% ClI, 31% to 50%). After controlling for the
known prognostic factor at diagnosis, i.e. initial metastasis or metastasis at diagnosis, we
found that the associations of the p27 autoantibody with overall and event-free survival
remained significant (p < 0.05). When stratified by initial metastasis, p27 autoantibody
levels did not significantly correlate with overall or event-free survival (Overall: p=0.27,
HR = 1.21; Event-free: p=0.18, HR = 1.29) in cases with initial metastasis; whereas in
patients with no detectable metastasis at diagnosis, a high p27 level significantly correlated
with poor outcome in both overall and event-free survival (Overall: p=0.04, HR = 1.63;
Event-free: p=0.013, HR = 1.73) (Fig 2). These results indicate that the p27 autoantibody
may help to identify patients who currently would be classified as “low risk” because of
their localized disease status, but actually have significantly worse survival rates.

Cytoplasmic mislocalization of p27 in OS tissues and metastatic cell lines

To examine if p27 is dysregulated in OS, we performed p27 immunohistochemistry on two
OS tissue microarrays (TMAS). One was from the Children’s Oncology Group (COG) and
the other was from a commercial source (US BioMax). Our results showed that 82% of OS
cores showed either strong (30%) or weak (52%) cytoplasmic staining of p27 in the COG
TMA. Similarly, 80% of OS cores had cytoplasmic staining of p27, in which 26 cases (52%)
showed strong expressions and 14 cases (28%) showed weak expression in the US BioMax
TMA (Fig. 3A and B). No nuclear expression of p27 was observed in both TMAs. These
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staining results suggest that p27 was expressed but mislocalized in the cytoplasm of the
majority of OS cases. Since cytoplasmic mislocalization of p27 has been implicated in
metastasis of other solid tumors (15,20), we performed p27 immunohistochemistry on three
pairs of isogenic OS metastatic cell lines. As shown in Fig. 3C, p27 expression was either
very low or restricted in nucleus in the lowly metastatic parental cell lines (SaOS-2, K7,
DUNN). However, p27 was expressed relatively stronger in the cytoplasm of all three
metastatic sublines (LM7, K7M3, DLMS8). These cell line results suggest that cytoplasmic
expression of p27 may be linked to metastatic properties of OS cells.

Cytoplasmic p27 promotes the metastatic potential of OS cells in vitro

To test if cytoplasmic mislocalization of p27 can increase the metastatic potential of OS
cells, a p27 construct harboring a fusion with a Nuclear Export Sequence (NES) and
enhanced yellow fluorescent protein (EYFP) was stably expressed in the lowly metastatic
Sa0S-2 cell line with low cytoplasmic p27 expression. The Cyclin~-CDK complex binding
domain of the p27 construct was mutated (CK-) to control for the cell cycle inhibitory
function of p27 (Fig. 4A). In the stable cell line containing the empty vector control
(PEYFP), the fluorescent protein was expressed in both nucleus and cytoplasm of the tumor
cell (Fig. 4B). In contrast, p27 was expressed in the cytoplasm of the cells harboring NES-
p27CK- (Fig. 4B). To examine the effect of cytoplasmic p27, /n vitro migration and invasion
assays were performed on the NES-p27 CK-mutant and controls. As shown in Fig. 4C,
ectopic expression of cytoplasmic p27 significantly increased the numbers of migrated and
invaded cells relative to the empty vector control (o= 2 x 10~/ for migration and p= 2 x
10~ for invasion). Similar results were observed in the repeated experiment (Supplementary
Figure S2). The results suggest that cytoplasmic mislocalization of p27 was sufficient to
promote the motility and invasiveness of OS cells. The migratory and invasive abilities of
NES-p27 cells without the CK mutation behaved similarly to the CK- mutant, suggesting
that the pro-metastatic effect of cytoplasmic p27 is not associated with its cyclin-CDK
inhibitory function (Supplementary Figure S3).

The effect of phosphorylation on the pro-migration/invasion function of cytoplasmic p27

Phosphorylation plays an important role in regulating the protein activity and subcellular
location of p27 (21-23). To test if p27 phosphorylation has any effects on the pro-migration/
invasion function of p27 when it is localized in the cytoplasm of OS, we created three stably
transfected mutants harboring an alanine mutation in each of the three major
phosphorylation sites, namely S10, T157, and T198, on the NES-p27CK- construct (Fig.
4A). Evidence that these mutated phosphoproteins were cytoplasmically localized are shown
in Fig. 4B. The transwell assay showed that both S10A and T198A mutations abolished the
promoting effect of NES-p27CK- on cell migration and invasion, while the migratory or
invasive abilities of the T157A mutant were similar to the controls (Fig. 4C). The growth
rates of NES-p27CK- and all phosphomutants were similar to the control cells, suggesting
the changes of metastatic potential in the NES-p27CK- cells and the phosphomutants were
not due to differences in growth rates (Supplementary Figure S4). These results indicate that
the S10 and T198 phosphorylations are not just important for subcellular localization of p27,
but are also critical for the pro-metastatic function of cytoplasmic p27 in OS cells.
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To investigate the pro-metastatic mechanism of cytoplasmic p27, we examined RHOA-
GTPase activity, which has been reported to be a downstream effector protein of cytoplasmic
p27 for cell motility in other tumors (22,24). As shown in Fig. 4D, the RHOA activity, as
measured by the level of GTP-bound RHOA, decreased significantly in NES-p27CK- cells
compared to that in the empty vector control. Among the three phosphomutants, we found
that the S10A mutation restored the RHOA activity, which could explain the observation that
the cell motility was lower in this mutant. As expected from the transwell assays, the RHOA
activity of the T157 mutant was similar to that in the NES-p27CK- cells. Interestingly,
despite the decrease of cell migration and invasion in the T198A mutant, it showed little
inhibitory effect on the RHOA activity (Fig. 4D).

Knockdown of p27 decreases cell migration and invasion and restores RHOA activity

Next, we tested if cytoplasmic p27 was necessary for the pro-metastatic effect. Two shRNAs
targeting p27 were stably transduced to highly metastatic LM7 cells that express
cytoplasmic p27 (Fig. 3C). The p27 mRNA levels were significantly reduced in the
shRNA-1 and shRNA-2 cells compared to the parental LM7 cells and LM7 cells with
control ShRNAs (p < 0.05, Fig. 5A). The growth rates of the two p27-silenced mutants were
significantly higher than the scramble and parental controls (p <0.05, Fig. 5B). Transwell
migration and invasion assays showed that cell motility and invasiveness of the p27-shRNA
mutants were significantly lower than those in the scramble control (p <0.05, Fig. 5C).
Similar results were observed in a repeated experiment and using a 2-D migration assay
(Supplementary Figures 5 and 6). Furthermore, the RHOA activities of the p27-silenced
mutants were higher than those in the controls (Fig. 5D). Taken together, the results of the
NES and shRNA mutants showed that cytoplasmic p27 was both sufficient and necessary for
promoting cell motility and invasiveness of OS cells /in vitro. However, the exact mechanism
of how various p27 phosphorylations affect this phenotype still needs further investigation.

p27 mislocalization increases the formation of lung metastases in an animal model

To confirm cytoplasmic p27 can promote the development of metastasis, we injected
Sa0S-2 cells containing NES-p27CK- into NOD/SCID deficient mice via lateral tail vein.
Sa0S-2 cells with empty vector and LM7 cells were used as negative and positive controls,
respectively. The result showed that only 1 out of 5 mice injected with cells containing the
empty vector developed lung metastasis, while 3 out of 5 mice and 4 out of 5 mice
developed lung metastases after injection with cells containing NES-p27CK- and highly
metastatic LM7 cells, respectively (Fig. 6A). In addition, the total number of lung
metastases in mice injected with the NES-p27CK- cells was significantly higher than the
controls (p < 0.05, Fig. 6A). The metastatic lung nodules in the mice with NES-p27CK- and
LM?7 cells were visible macroscopically (Fig. 6B) and were confirmed under the microscope
by our pathologist (Fig. 6C). Additional images of other lung metastases are shown in
Supplementary Figure S7. These results indicate that cytoplasmic p27 is sufficient to
generate a higher number of lung metastasis /7 vivo, likely by increasing the motility and
invasiveness of the tumor cells.
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Discussion

Identifying prognostic biomarkers and therapeutic targets for OS has been a difficult task
and a major obstacle in the field. The reason, in part, is due to the highly rearranged
genomes that occur in OS. Despite intensive studies from various groups, identifying
potential biomarkers and targets from the genomic space has not significantly improved the
clinical outcomes of OS patients (25-28). In this study, we showed that higher levels of p27
autoantibody significantly correlated with both poor overall and event-free survival. Most
interestingly, patients with localized disease at diagnosis but high p27 autoantibody levels
had poor overall and event-free survival. This suggests that the p27 autoantibody may be
useful in detecting a subset of either localized patients with a higher clinical risk or patients
with micrometastases too small to be detected by conventional imaging techniques at
diagnosis. These patients, together with metastatic patients, could be treated more
aggressively or with an alternative approach to improve their outcomes.

Previous studies have shown that many different human cancers exhibit reduced levels of
p27 proteins (29-35). Furthermore, cytoplasmic mislocalization of p27 has been shown in a
number of human tumors, which include esophageal carcinomas (36), colorectal carcinoma
(37), invasive and metastatic melanomas (15) and breast carcinomas (36,38,39). AKT1
activation with p27 mislocalization was observed in approximately 40% of primary breast
cancers (21,38,40). Prognostically, cytoplasmic p27 was associated with poor survival and
predicts poor prognosis in breast carcinomas (21), acute myelogenous leukemia (41),
pancreatic cancer (42) and ovarian carcinomas (43). Our TMA results show that a major
proportion of OS patients had cytoplasmic mislocalization of p27, indicating that they may
have a higher metastatic potential at diagnosis. The variation in the percentage of cases with
high and low staining of cytoplasmic p27 between the two TMAs may be due to differences
in fixation and decalcification procedures used in preparing the TMAs. Nonetheless, the
large proportion of cases with p27 mislocalization (both low and high staining) fit very well
with historic data that a large proportion of OS patients develop metastatic disease when
only surgery is used (2). One of our future goals is to examine if p27 degradation or
mislocalization in OS confers a poorer outcome in OS using clinically annotated cases.

Although p27 dysregulation has been described in osteoblast cells and OS, little is known
about its role in metastasis (44,45). The discovery of p27 as a tumor-associated antigen in
high-risk OS is a novel finding. Our result shows for the first time that cytoplasmic
mislocalization of p27 is sufficient and necessary for promoting metastatic potential in OS.
Additionally, the p27 shRNAs reduced both nuclear and cytoplasmic expressions of p27 in
LM7. We believe that the increase of cell growth in the ShRNA mutants was due to
decreased nuclear expression of p27, while the decrease of cell motility and invasiveness
was due to the decreased cytoplasmic expression of p27. We have further shown that OS
cells harboring cytoplasmic p27 increase the occurrence of pulmonary metastases in a mouse
model, suggesting that the increase of migration and invasion /n vitro confer the
development of metastasis 7/ vivo. Mechanistically, we demonstrated that the increase in cell
motility and invasiveness is related to the decrease of RHOA-GTPase activity. These results
are consistent with previous findings that p27 mislocalization can promote cell motility in
different cell types and metastasis in melanoma (15,24,46,47). Thus, cytoplasmic p27
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acquires oncogenic functions that are independent of cell cycle regulation, potentially
through effects on RHOA, in OS and other cancers.

Three phosphosites were selected for mutation analysis to understand their contributions to
the pro-metastatic phenotype of mislocalized p27. The S10 residue, which is phosphorylated
by human kinase-interacting stathmin (hKIS) and other kinases, is known to control p27
nuclear export, XPO1 binding and protein degradation (23). The T157 residue, which is
phosphorylated by SGK1 and AKT1 is known to impair nuclear import, affect cytoplasmic
localization and increase cyclin D1-CDK4-p27 complex formation (48). On the other hand,
the T198 residue can be phosphorylated by RPS6KAL and AKT1. This residue can affect
cytoplasmic localization of the protein and protein stability (22). However, the functions of
these phosphosites in relation to the cytoplasmic metastatic function of p27 are largely
unknown. Our results indicate that the SI0A or T198A mutation can decrease the cell
motility and invasiveness of the tumor cells harboring cytoplasmic p27. These results
suggest that targeting S10 or T198 phosphorylation may provide a new therapeutic approach
for metastatic OS cells harboring cytoplasmic p27. Our results also suggest that the effects
of S10A and T198A mutations on RHOA are not the same. The S10 mutation increased
RHOA-GTPase activity, while the T198A mutation had no effect on RHOA. The mutation
of T198A may affect a downstream player of the RHOA pathway or a RHOA-independent
metastatic pathway, such as Rac (49). However, the T198 mutation has been shown to affect
RHOA binding and activity in breast cancer cells (22), suggesting that these phosphorylation
sites on mislocalized p27 may have cell-type specific effects. This notion is supported by
previous studies of fibrosarcoma and trophoblast cells, where cytoplasmic p27 inhibits
migration by binding to stathmin (50,51). Further investigations of the function of
mislocalized p27 in different tumor types may shed light on this issue. In addition, since
human kinase interacting stathmin (hKIS) is known to phosphorylate the S10 residue of p27,
identifying a small molecule to inhibit hKIS may provide a new therapeutic targeting
strategy for metastatic OS. Development of such a targeting strategy for cytoplasmic p27
will likely to have a widespread application in cancer research.

Although the relationship between the p27 autoantibody levels and the p27 mislocalization
in tumor cells is still not known, our study has provided a solid foundation for future
association studies between the p27 autoantibody and the subcellular localization of the
protein in OS or other cancers. Since we did not observe any cell surface expression of p27
in our experiment, the immunoreactivity of p27 may be due to leakage into bloodstream
during tumor lysis and/or necrosis, which is then recognized by the humoral immunity to
produce an increase amount of the p27 autoantibody. Further characterization of the p27
mislocalization process will help us to understand how the body’s immune system reacts to
the protein, which may provide a new angle for immunotherapy in OS. In summary, our
results suggest that further studies of the role of p27 in OS may lead to a better
prognostication method at diagnosis, so that high-risk OS patients can be treated more
appropriately to improve their chance of survival. Our study also suggests that development
of a novel targeted therapy approach, such as inhibition of phosphorylation of the S10
residue, may provide an effective and rational treatment for patients who harbor the p27
mislocalization in the tumor.
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Figure 1.

Identification of p27 as a tumor-associated antigen in high-risk OS. A: The normalized log
fluorescent intensity of the p27 autoantibody in the pooled high-risk samples was
significantly higher than those in the pooled samples from low-risk and noncancerous
diseases (p < 0.05) using ProtoArrays. B: The Luminex xMAP assay validated that the p27
autoantibody levels in the individual samples of the high-risk group were significantly
higher those in the low-risk group (p=0.0134). The lines in the plot denote the average
intensity values of the groups.
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Figure2.
The Kaplan-Meier curves of the Luminex xMAP assay of the p27 autoantibody in 233 OS

serum samples. Using a median intensity cutoff, a higher level of the p27 autoantibody
significantly correlated with the poor overall survival (top) and event-free survival (bottom)
of the OS patients (left panel). The middle and the right panels show the Kaplan-Meier
curves when stratified by the initial metastasis status.
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Figure 3.
The p27 protein exhibits cytoplasmic localization in OS cases and metastatic cell lines. A:

10X immunohistochemistry images of p27 staining in two OS tumor tissue microarrays
(COG: Children’s Oncology Group and US BioMax). B: A table to show the number and %
of nuclear and cytoplasmic staining results in the tissue microarrays. C: 40X
immunocytochemistry images show that p27 was expressed higher in the cytoplasm of the
three OS metastatic cell lines (LM7, K7M3 and DLM8) when compared to the parental cells
(Sa0s-2, K7 and Dunn).
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Figure 4.
Functional analysis of cytoplasmic expression of p27 in OS. A: The NES constructs used in

this study. All the NES-p27 constructs contain mutations in CDK binding domain (CK-) as
indicated by the asterisks. NES and EYFP denote Nuclear Export Sequence and Enhanced
Yellow Fluorescent Protein, respectively. The mutations in S10A, T157A and T198A are
highlighted green. B: The fluorescent images (40X) indicate the subcellular localization of
the empty vector (EYFP), NES-p27CK- and phosphomutant proteins in the stable clones. C:
The results of the transwell cell migration and invasion assays indicate that the number of
migrated and invaded cells in the NES-p27CK- and T157A cells were significantly higher
than those in the empty vector control (*p < 0.05), as well as the S10A and T198A mutants.
Migrated and invaded cells were quantified by counting stained cells in 3 independent
microscopic fields at 6 h and 24 h, respectively. The staining was done with Cell Staining
Solution included in the Cell Migration and Invasion Kit. Error bars and asterisks represent
standard deviations and statistical significance (p < 0.05), respectively. D: The RHOA-
GTPase activity assay to indicate the effects of cytoplasmic p27 and phosphomutations on
the inhibition of the RHOA activity.
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Figure5.
Functional analysis of shRNA-mediated gene silencing of p27 in OS. A: p27 mRNA (top)
and protein (bottom) expressions were measured in LM7 cells alone and with stably
> transfected Ctrl-shRNA (scramble sequence), p27 shRNA-1 and p27 shRNA-2. The p27
= mMRNA expression was normalized to 18S ribosomal RNA. B: The growth curves show that
8 p27-shRNA silenced mutants grew faster than the parental and control cells. The plotis in a
=z semi-log scale where X-axis represents days of incubation. Asterisks denote statistical
% significance when comparing the number of cells in shRNA mutants with LM7 and control
5 cells at each time point (*p < 0.05). C: Transwell migration and invasion assays show that
= the numbers of migrated and invaded cells in the p27-silcenced cells were significantly
E lower than the control cells. Error bars and asterisks represent standard deviations and
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statistical significance (*p < 0.05), respectively. D: The RHOA-GTPase activity assay shows
that RHOA activation in the p27-silcenced cells was higher than in the parental or control
cells.
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Figure®6.
Cytoplasmic p27 promotes the development of metastasis in an experimental mouse model.

A: The number of pulmonary metastases in mice injected with SaOS-2 containing NES-
p27CK- was significantly increased when compared to the empty vector control (*p < 0.05,
one-tailed t-test). The lines in the plot denote the average intensity values of the groups. B:
Macroscopic examination of lungs derived from the mice injected with SaOS-2 cells with
NES-p27CK- and LMY cells. C: Histological examination of metastases developed in the
lung sections dissected from SaOS-2 cells with NES-p27CK- (left) and LM7 cells (right)
and after H&E staining. Arrows indicate the metastatic nodules.
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