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The interplay between HPIP and casein kinase 1α promotes
renal cell carcinoma growth and metastasis via activation of
mTOR pathway
H Mai1,2,7, X Xu1,7, G Mei2,7, T Hong1,7, J Huang2, T Wang3, Z Yan4, Y Li5, Y Liang1, L Li1, S Jin6, W You5, Y Ma6, L Chen2 and Q Ye1

Hematopoietic pre-B cell leukemia transcription factor (PBX)-interacting protein (HPIP) was shown to be crucial during the
development and progression of a variety of tumors. However, the role of HPIP in renal cell carcinoma (RCC) is unknown. Here we
report that HPIP is upregulated in most RCC patients, positively correlates with tumor size, high Fuhrman grade and preoperative
metastasis, and predicts poor clinical outcomes. Mechanistically, we identified casein kinase 1α (CK1α), a critical regulator of
tumorigenesis and metastasis, as a novel HPIP-interacting protein. HPIP facilitates RCC cell growth, migration, invasion and
epithelial–mesenchymal transition depending on its interaction with CK1α. Activation of mammalian target of rapamycin pathways
by HPIP is partly dependent on CK1α and is required for HPIP modulation of RCC cell proliferation and migration. HPIP knockdown
suppresses renal tumor growth and metastasis in nude mice through CK1α. Moreover, expression of CK1α is positively correlated
with HPIP in RCC samples, and also predicts poor clinical outcome-like expression of HPIP. Taken together, our data demonstrate
the critical regulatory role of the HPIP–CK1α interaction in RCC, and suggest that HPIP and CK1α may be potential targets for RCC
therapy.
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INTRODUCTION
Renal cell carcinoma (RCC) is the most common type of kidney
cancer in adults, responsible for ~ 90–95% of kidney malignancies.
Surgical operation remains the most effective treatment for RCC,
but up to 30% newly diagnosed patients develop metastasis, with
the 5-year survival rate of o10%, and 20–30% post-surgery
treatment cases eventually develop recurrence.1 As RCC is
resistant to traditional chemotherapy, hormonal therapy or
radiation therapy, further investigation of the molecular mechan-
isms underlying RCC tumorigenesis and progression is crucial for
individual treatment of RCC.
Hematopoietic pre-B-cell leukemia transcription factor (PBX)-

interacting protein (HPIP), a co-repressor for pre-B-cell leukemia
homeobox 1 (PBX1), is known to act as a promoter during
tumorigenesis. We and others have reported that HPIP is
upregulated in varieties of cancers, such as breast infiltrative
ductal carcinoma,2,3 astrocytoma,4 liver cancer,5,6 oral cell
carcinoma,7 colorectal cancer8 and so on. However, the role of
HPIP in RCC remains unknown.
In the current study, we first investigated the role of HPIP in RCC

growth and metastasis both in vitro and in vivo. More importantly,
we identified casein kinase 1α (CK1α), a critical regulator of
tumorigenesis and metastasis, as a novel HPIP-interacting protein,
thus linking the oncogenic ability of HPIP to its interaction with

CK1α. In addition, we found that HPIP expression positively
correlates with CK1α, and the expression of both proteins predicts
poorer outcome in RCC patients, demonstrating the critical clinical
significance of the HPIP–CK1α interaction in RCC.

RESULTS
Clinical significance of HPIP expression in human RCC samples
To investigate the clinical significance of HPIP in RCC, first, we
assessed HPIP expression by immunohistochemical staining of
tissues consisting of 119 pairs of human RCC tumors and their
matched non-tumor renal tissues. HPIP was distributed mainly in
the cytoplasm. On the basis of HPIP scores, HPIP expression was
significantly upregulated in RCC patients (P= 2.58 × 10�7;
Figures 1a–c). To further investigate the relevance between HPIP
and clinicopathological characteristics, we divided the RCC
samples into two groups according to their HPIP expression
levels. As expected, the high HPIP expression group showed
higher incidences of larger tumor sizes (P= 2.550 × 10�4), higher
Fuhrman grade (P= 8.759 × 10�5) and preoperative metastasis
(P= 0.005; Table 1). More importantly, Kaplan–Meier survival
analysis of HPIP expression revealed that the patients with high
HPIP scores had shorter disease-free survival and overall survival
than those with low expression of HPIP (disease-free survival:
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P= 5.19 × 10�5 overall survival: P= 1.18 × 10�5; Figures 1d and e),
indicating that HPIP predicts poorer clinical outcome of RCC. The
specificity of anti-HPIP antibody was confirmed by immunohisto-
chemical staining of RCC tissues incubated with anti-HPIP pre-
incubated with its antigen (Supplementary Figure 1A) and
immunoblotting of lysates from Caki-1 and 786-O RCC cells
infected with HPIP short hairpin RNA (shRNA; Supplementary
Figure 1B). Taken together, these data strongly suggest an
important pathological role of HPIP in RCC.

Identification of CK1α as a novel HPIP-interacting protein
To investigate the possible mechanisms of how HPIP regulates
RCC, we screened proteins that could interact with HPIP using
yeast two-hybrid system. CK1α, a key regulator of tumorigenesis
and metastasis,9 was identified as one of the HPIP-interacting
proteins. The specificity of this interaction was confirmed in a

direct two-hybrid binding assay (Figure 2a). To determine whether
CK1α specifically interacts with HPIP in vivo, 293 T cells were co-
transfected with FLAG-CK1α and Myc-HPIP, and immunoprecipi-
tated (IP) from cell lysates by anti-FLAG and analyzed for HPIP
binding by immunoblotting (IB). FLAG-CK1α could be co-
immunoprecipitated in the presence of Myc-HPIP (Figure 2b).
Endogenous CK1α was also found to be specifically interacted
with endogenous HPIP in both 786-O and Caki-1 cells by Co-IP
(Figure 2c). Immunofluorescence assay further confirmed the
colocalization of the two proteins (Figure 2d). These data strongly
suggest that CK1α specifically interacts with HPIP in vivo.
To define which regions of HPIP bind to CK1α, GST pull-down

experiments were performed. CK1α only bound HPIP (542–731),
but not other HPIP fragments tested (Figure 2e). These results
indicate that the C-terminal region of HPIP is critical for its
interaction with CK1α.

Figure 1. HPIP expression is upregulated in RCC patients and predicts poorer outcome. (a) Representative immunohistochemical staining of
HPIP protein in renal cancer tissue (middle) and matched adjacent normal renal tissue (right). The boxed areas in the left images are magnified
in the middle and right images. Scale bar, 200 μm (left), 50 μm (middle and right). (b, c) HPIP expression scores were displayed in bar chart (b)
and box-and-whisker plots (c), and compared using Mann–Whitney U-test. (d, e) Kaplan–Meier estimates of disease-free survival (d) and
overall survival (e) of RCC patients. Marks on graph lines represent censored samples.
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To delineate the domains in the CK1α that mediate the protein–
protein interaction with HPIP, Co-IP experiments were performed.
Series of mutant FLAG-CK1α fusion proteins were used in IP
experiments. As shown in Figure 2f, HPIP interacted with full-
length CK1α and CK1α (1–285) containing the kinase domain.
These results suggest that the CK1α kinase domain is critical for its
interaction with HPIP.

Interaction of HPIP and CK1α is required for HPIP modulation of
RCC proliferation
Next, the effect of HPIP overexpression or knockdown of
endogenous HPIP protein on RCC growth was investigated. All
three RCC cell lines (Caki-1, 786-O and A498) and one human
embryonic kidney cell line (293T) expressed endogenous HPIP
protein (Figure 3a). Among them, Caki-1 cell line expressed HPIP at
the highest level, 293T cell line expressed HPIP at the lowest level,
and 786-O and A498 cell line expressed HPIP at the medium level.
Therefore, we chose Caki-1 to knockdown HPIP and 786-O to
overexpress HPIP. 786-O cells with HPIP overexpression grew
much faster than those infected with empty vector. Importantly,
HPIP (1-541) that lacks CK1α-binding site abolished the ability of
HPIP to promote RCC growth (Figure 3b). In contrast, Caki-1 cells
infected with HPIP shRNA grew more slowly than those infected
with control shRNA. However, when CK1α was knocked down,
HPIP failed to regulate RCC proliferation (Figure 3c). Colony
formation and soft agar assays revealed similar trends to that of
growth curves mentioned above (Figures 3d–g). These data
collectively suggest that interaction between HPIP and CK1α is
required for HPIP promotion of RCC proliferation.

HPIP promotes CK1α-dependent RCC cell migration and invasion
with increased EMT
To test the effects of HPIP on RCC cell migration and invasion, wound-
healing and transwell invasion assays were used. Wound-healing

assay demonstrated that overexpression of HPIP in 786-O cells
increased migration ability (Figure 4a), while knockdown of HPIP in
Caki-1 cells reduced cell motility (Figure 4b). Transwell invasion assay
revealed that overexpression of HPIP in 786-O cells enhanced the
number of invaded cells (Figure 4c), whereas knockdown of HPIP in
Caki-1 cells reduced the number of invaded cells (Figure 5d).
Moreover, HPIP mutant (1-541) failed to promote RCC migration and
invasion, and knockdown of CK1α greatly impaired the effect of HPIP
on cell migration and invasion (Figures 4a–d).
Consistent with the results of HPIP modulation of RCC cell

migration and invasion, overexpression of HPIP promoted EMT,
which has been shown to have a critical role in cancer cell
migration and invasion,10 with morphologic changes from a
polarized epithelial phenotype to an elongated fibroblastoid
phenotype and with the decreased expression of the epithelial
marker E-cadherin and increased expression of N-cadherin and
Vimentin, two mesenchymal markers. HPIP mutant (1-541) failed
to regulate EMT (Figure 4e). On the other hand, knockdown of
HPIP repressed EMT, which was impaired when CK1αwas knocked
down (Figure 4f). These data indicate that CK1α is responsible for
HPIP promotion of RCC cell migration and invasion with
increased EMT.

HPIP increases RCC cell proliferation and migration partially
through CK1α-mediated activation of mTOR pathway
Mammalian Target of Rapamycin (mTOR) kinase, which reg-
ulates cell growth, survival, invasion and metastasis, is a critical
player in tumorigenesis and progression.11 As HPIP has been
shown to activate mTOR signaling in liver cancer cells,6 we
investigated whether activation of mTOR signaling is respon-
sible for HPIP modulation of RCC cell proliferation and
migration. We treated HPIP-overexpressing 786-O cells with
Rapamycin, which is mTOR inhibitor.12 As expected, HPIP
overexpression in 786-O cells promoted cell proliferation and

Table 1. Clinical correlations of HPIP expression in renal carcinoma

Variables HPIP expression in tumor tissues (T) P-value

Low expression High expression Total

N= 42 (35.3%) N= 77 (64.7%) N= 119 (100%)

Age (mean± s.d.) years 58.4± 6.92 59.2± 8.76 58.7± 7.84 0.866

Tumor size (cm)
o5 30 (51.7%) 28 (48.3%) 58 2.550 × 10− 4a

⩾ 5 12 (19.7%) 49 (80.3%) 61

Differentiation
High 23 (33.8%) 45 (66.2%) 68 0.804
Moderate 16 (39.0%) 25 (61.0%) 41
Poor 3 (30.0%) 7 (70.0%) 10

Histology
Clear-cell carcinoma 31 (32.6%) 64 (67.4%) 95 0.401
Adenocarcinoma 8 (50.0%) 8 (50.0%) 16
Other 3 (37.5%) 5 (62.5%) 8

Fuhrrman grades
I/II 25 (58.1%) 18 (41.9%) 43 8.759 × 10− 5a

III/IV 17 (22.4%) 59 (77.6%) 76

Preoperative metastasisb

Absent 36 (43.4%) 47 (56.6%) 83 0.005a

Present 6 (16.7%) 30 (83.3%) 36

P-values of age were calculated by Student’s t-test and others by Pearson’s Chi-square test. aStatistically significant. bPreoperative metastasis indicates
preoperative local lymphatic metastasis and distant metastasis.
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migration. Importantly, treatment with Rapamycin greatly
alleviated the ability of HPIP to regulate RCC cell proliferation
and migration (Figures 5a and b). These results suggest that
activation of mTOR is responsible for HPIP modulation of RCC
cell proliferation and migration.
CK1α was reported to activate mTOR signaling by degradation

of the mTOR kinase inhibitor DEPTOR.13 To further investigate the
relationship between mTOR activation by HPIP and CK1α status,
we knocked down CK1α and tested the effect of HPIP on mTOR
signaling. Quantification data of p-mTOR and p-S6K1 in western
blot analysis demonstrated that the ability of HPIP to activate
mTOR signaling was impaired when CK1α was depleted, which
indicates that HPIP activates mTOR pathway partly dependent on
CK1α (Figures 5c–e).

HPIP modulates RCC cell growth and metastasis in nude mice via
CK1α
Next, we tested the effects of HPIP and CK1α on cancer cell
proliferation in a xenograft mouse model. Consistent with the
results of the cell proliferation assays, mice inoculated with HPIP or
CK1α knockdown Caki-1 cells grew more slowly than those cells
stably infected with control shRNA and parental cells (Figure 6a).
Importantly, CK1α knockdown abrogated the ability of HPIP
knockdown to repress Caki-1 tumor growth. As expected, the Caki-
1 tumors in mice inoculated with HPIP shRNA or CK1α shRNA

showed decreased expression of HPIP/CK1α, and N-cadherin, and
increased expression of E-cadherin. In addition, CK1α knockdown
abolished the ability of HPIP to regulate the expression of the
proteins mentioned above (Figure 6b). Moreover, we used Caki-1,
a metastatic RCC cell line derived from a human metastatic clear
cell renal carcinoma, to measure the effect of HPIP knockdown on
RCC metastasis. Mice injected with HPIP shRNA Caki-1 cells
showed a significant decrease in lung and bone metastatic burden
compared with the control shRNA group (Figure 6c). These
findings strongly support the role of HPIP as a promoter of tumor
dissemination.

Expression of CK1α and the correlation between HPIP and CK1α in
human RCC samples
Until now, several reports link altered CK1α expression to cancer.14

However, the clinical significance of CK1α in RCC remains to be
investigated. We assessed CK1α expression by immunohistochem-
ical staining in 119 pairs of human renal carcinomas and their
matched adjacent non-tumor renal tissues. On the basis of
immunohistochemical staining scores, CK1α expression was
significantly upregulated in RCC patients (P= 6.39 × 10− 6)
(Figures 7a–c). Moreover, Kaplan–Meier survival analysis of CK1α
expression revealed that patients with high CK1α scores had
poorer disease-free survival (DFS) (P= 3.72 × 10− 5) and overall
survival (P= 2.82 × 10− 4) than those with low CK1α scores,

Figure 2. Identification of CK1α as a novel HPIP-interacting protein. (a) Yeast CG1945 cells were transformed with the indicated plasmids (bait and
prey for the two-hybrid assay) and grown on selective media. Positive interaction is indicative of colonies that grow on selective media and have
β-galactosidase activity. (b) 293T cells were co-transfected with expression plasmids as indicated. Immunoprecipitation (IP) was performed using
anti-FLAG monoclonal antibody, and immunoblotted (IB) with anti-myc antibody. (c) 786-O cells or Caki-1 cells were immunoprecipitated (IP) with the
indicated antibodies or preimmune control serum (IgG). Precipitates were analyzed by immunoblot using the indicated antibodies.
(d) HPIP colocalizes with CK1α. 786-O cells or Caki-1 cells were stained with anti-HPIP and anti-CK1α before visualization by confocal microscopy.
The nuclei were stained with DAPI (blue). (e) Mapping of the HPIP region responsible for interaction with CK1α. GST pull-down was performed with
various HPIP deletion mutants. (f) Mapping of the CK1α region responsible for interaction with HPIP. GST pull-down was performed as in e.
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indicating that CK1α predicts poorer clinical outcome (Figures 7d
and e). We confirmed the specificity of the anti-CK1α antibody by
pre-incubation of the antibody with its antigen before immuno-
histochemical staining and immunoblotting of lysates from 786-O
cells and Caki-1 cells transfected with CK1α shRNA

(Supplementary Figures 2A and B). In addition, expression of
CK1α was positively correlated with HPIP expression in RCC
samples (P= 2.22 × 10− 4, r= 0.23) (Figures 7f and g). Taken
together, these data strongly suggest the important pathological
roles of HPIP and CK1α in RCC.

Figure 3. Interaction of HPIP with CK1α is required for HPIP modulation of RCC proliferation. (a) Total proteins extracted from the indicated
RCC cell lines were analyzed by immunoblotting with anti-HPIP. GAPDH was used as a loading control. (b) 786-O cells infected with Flag-
tagged HPIP, Flag-tagged HPIP (1-541) or empty vector were grown in regular medium and harvested at the indicated times. Cell number was
determined by CCK-8 assay. The representative immunoblot with FLAG-HRP indicates HPIP expression levels. (c) Caki-1 cells stably infected
with HPIP shRNA and control shRNA were transfected with CK1α siRNAs and analyzed as in b. (d, e) Colony formation assays using 786-O cells
(d) and Caki-1 cells (e). Histograms show the colony number. (f, g) RCC cells were plated in soft agar and assayed for the colony number and
comparison of colony diameters. Representative images show colonies in soft agar (left panels). All values shown are the mean± s.d. of
triplicate measurements. Experiments were repeated three times with similar results. All values shown are mean± s.d. of triplicate
measurements and have been repeated three times with similar results (*Po0.05 versus empty vector or control shRNA, **Po0.01 versus
empty vector or control shRNA).
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DISCUSSION
Recently, accumulating evidence has revealed that HPIP functions
as a promoter of the development and progression of cancers,
including breast cancer,2,3 astrocytoma,4 liver cancer,5,6 oral cell
carcinoma,7 colorectal cancer8 and so on. However, the role of

HPIP in RCC remains unclear. In this study, we report for the first
time that HPIP is overexpressed in RCC patients and predicts poor
prognosis. Mechanistically, we identify CK1α as a novel HPIP-
interacting protein, thus linking the oncogenic ability of HPIP to its
interaction with CK1α. We further show that, like HPIP, CK1α is also

Figure 4. HPIP promotes CK1α-dependent RCC cell migration and invasion with increased EMT. (a) Migration of 786-O cells infected with Flag-
tagged HPIP, Flag-tagged HPIP (1-541) or empty vector. (b) Caki-1 cells stably infected with HPIP shRNA or control shRNA were transfected with
CK1α siRNAs and cell migration was determined by wound healing assay. The experiments have been repeated three times with similar trends
and the image displayed is one of the representative results. (c) Cell invasion of 786-O cells infected as in a. (d) Caki-1 cells infected and
transfected as in b were assessed by the Matrigel invasion chamber. Invasive cells were fixed and stained with crystal violet. Scale bar, 100 μm.
The number of invaded cells in (c) 786-O or (d) Caki-1 cells was counted. All values shown are mean± s.d. of triplicate measurements and have
been repeated three times with similar results. *Po0.05 versus empty vector or control shRNA. (e, f) Representative western blot analysis of
786-O cells infected as in a and Caki-1 cells infected and transfected as in b. Morphologic changes are shown in the photographs. Scale bar,
100 μm.
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upregulated in RCC patients and predicts poor clinical outcome.
This is the first time to show the clinical significance, especially the
prognostic value of CK1α in RCC although altered CK1 isoforms
expression have been reported to contribute to tumorigenesis and
metastatic behavior in varieties of tumors.15–18 Our data suggest
that HPIP and CK1α may be potential targets for RCC therapy.
Exploring the molecular mechanisms of cancer cell growth and

metastasis is of critical importance. mTOR signaling that regulates
cell growth, proliferation and survival is frequently activated in
many tumors including RCC.19–21 Our data suggest that HPIP
activates mTOR signaling in RCC cells which is consistent with our
previous findings in liver cancer.6 In our published work, we
demonstrate that HPIP controls mTOR signaling by a cooperative
mechanism involving both modulation of mTOR phosphorylation
and mTOR expression. mTOR expression has been proved to be

regulated by AKT/ERK-FOXO4-ATF5 pathway, however, the
detailed mechanism of mTOR phosphorylation regulated by HPIP
needs to be further investigated. Besides, the testified mechanism
that activation of mTOR phosphorylation by HPIP is caused by
activation of protein kinase B (AKT) and extracellular signal-
regulated kinase (ERK), in our current study, we also established
the necessity of CK1α in the process of mTOR phosphorylation
regulated by HPIP. When CK1α is depleted, the ability of HPIP to
regulate mTOR phosphorylation and its downstream factors is
greatly impaired, indicating the importance of CK1α in contribut-
ing to mTOR activation led by HPIP. It should be noted that the
activation effect of HPIP on mTOR phosphorylation is just impaired
when CK1α is depleted but not abolished, as the regulation of
mTOR abundance by HPIP still exists. Thus, we provide new details
underlying HPIP modulation of mTOR phosphorylation, at least

Figure 5. HPIP increases RCC cell proliferation and migration partly dependent on CK1α-mediated activation of mTOR pathway. (a) 786-O cells
were infected with lentivirus expressing HPIP (pCDH-HPIP) or empty vector (pCDH), and were treated for 24 h with 10 μM Rapamycin. After
24 h, the culture medium was changed with fresh drug-free medium, and the cells were grown for the indicated times. Cell number was
determined by CCK-8 assay. (b) Wound healing assays for 786-O cells infected as in a and treated with Rapamycin for 24 h. Scale bar, 100 μm.
(c) Representative western blot analysis of 786-O cells stably infected with pCDH-HPIP or pCDH empty vector and transfected with CK1α
siRNAs. All values shown are mean± s.d. of triplicate measurements and have been repeated three times with similar results (*Po0.05,
**Po0.01). (d, e) Quantification analysis of p-mTOR (d) and p-S6K1 (e) density normalized to GAPDH in western blot result displayed in (c).
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partly dependent on CK1α. As for how HPIP and CK1α control
mTOR signaling, it still needs further investigation.
Invasion and metastasis are major reasons for the poor

prognosis of RCC patients. Previous studies have indicated that
many molecular mechanisms contribute to the metastasis of RCC,
including EMT.22,23 During metastasis, EMT can reduce the
adhesion between cancer cells and enhance its ability to
metastasis. EMT describes a biologic process that allows the
epithelial cells to undergo multiple biochemical changes that
enable them to lose their cell–cell basement membrane contacts
and their structural polarity (epithelial-like phenotype) to assume
the mesenchymal-like phenotype, accompanied with migratory
capacity, invasiveness, elevated resistance to apoptosis and
greatly increased production of extracellular matrix
component.24 During EMT, downregulated E-cadherin and upre-
gulated N-cadherin, termed as ‘cadherin switch,’ is typically
observed.25 In RCC, decreased E-cadherin expression is associated
with metastasis.22 In this study, we show that HPIP overexpression
modulates the invasion and metastasis of RCC cells, along with
increased expression of N-cadherin and Vimentin and decreased
expression of E-cadherin, suggesting that HPIP regulates RCC
metastasis by activating the process of EMT. Again, CK1α is
responsible for HPIP promotion of EMT.

The functions of CK1α in tumorigenesis are manifold, making it
difficult to classify it as oncogene or tumor suppressor. In some
types of cancer, CK1α seems to exhibit oncogenic features by
promoting proliferation, genome instability and inhibition of
apoptotic processes, such as ovarian cancer,26 acute myelocytic
leukemia27 and so on, which are supported by the fact that CK1α
is often overexpressed in those tumors and correlates with poor
survival. Although in some other types of cancer, such as
colorectal carcinoma, lymphomas and breast carcinomas,28 CK1α
acts as a tumor suppressor which is evidenced by the fact that loss
of heterozygosity of CK1α gene causes a highly invasive
carcinoma and reduced CK1α expression was often observed in
those tumors.29

MATERIALS AND METHODS
Immunohistochemistry
Renal cancer samples and adjacent noncancerous tissues were obtained
from the China PLA 307 Hospital with the informed consent of patients.
Before surgical therapy, none of the patients had received neoadjuvant
chemotherapy, radiation therapy or immunotherapy. Diagnoses were
based on pathological evidence. Study protocol was approved by the
Ethics Committee of Chinese PLA 307 Hospital and all experimental

Figure 6. HPIP modulates RCC cell growth through CK1α in nude mice. (a) Caki-1 cells stably infected with lentiviruses carrying the indicated
constructs were injected into nude mice. At the indicated times, tumors were measured with Vernier calipers (mean± s.d.; n= 7). **Po0.01
versus corresponding control shRNA. (b) Immunoblot analysis of representative excised tumor from a. (c) Small-PET imaging of RCC cell
metastasis in nude mice (n= 6) at 50 days after intravenous injection of control shRNA- or HPIP shRNA-infected Caki-1 cells via the lateral tail
vein. Images and radioactivity showed that HPIP knockdown clearly repressed the number of the pulmonary and bone spread nodules. Red
circles indicate tumor foci. The two-tailed Student’s t-test was used to compare the metastatic numbers in the two groups (**Po0.01).
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Figure 7. Expression of CK1α and its correlation with HPIP in RCC patients. (a) Representative immunohistochemical staining of CK1α in
cancerous (c) renal tissues and adjacent normal (N) renal tissues. The boxed areas in the left images are magnified in the middle and right
images. Scale bars, 250 μm (left) and 50 μm (middle and right). (b, c) CK1α expression scores were (b) plotted and (c) compared by the Mann–
Whitney U-test. (d, e) Kaplan–Meier survival curves and the log-rank test were used to assess (d) disease-free survival and (e) overall survival
according to the low and high scores of CK1α in RCC patients. (f) The relationship between CK1α and HPIP expression was assessed by
Spearman rank correlation analysis of RCC samples. Symbols represent individual samples.
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methods were carried out in accordance with approved guidelines of
Academy of Military Medical Sciences. The immunohistochemistry
procedure was performed as described previously.30 Briefly, the antigens
were retrieved by microwave treatment and incubated with rabbit
anti-HPIP antibody (Proteintech, Rosemont, IL, USA) at a dilution of 1/100,
or rabbit anti-CK1α antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA)
at a dilution of 1/100. Bound primary antibodies were detected by the
addition of biotinylated goat anti-rabbit secondary antibody and streptavidin-
horseradish peroxidase (Zymed Laboratories, South San Francisco, CA, USA).
The color was developed with 3,3ʹ-diaminobenzidine. The samples were
counterstained using hematoxylin. For negative controls, normal rabbit IgG
(Santa Cruz Biotechnology) or phosphate-buffered saline was substituted for
the primary antibody. All of immunohistochemistry staining was assessed by
two pathologists blinded to the origination of the specimen. The widely
accepted German semi-quantitative scoring system in considering the
staining intensity and area extent was used:30 0, no staining; 1, weak staining;
2, moderate staining; and 3, strong staining. In addition, the percentage of
staining was given a score of 0 (o5%), 1 (5–25%), 2 (25–50%), 3 (51–75%)
and 4 (475%). Two scores mentioned above were multiplied as the final
score. For HPIP, we defined 0 score as negative and 1–12 as positive. For CK1α,
we defined 1–3 score as negative and 4–12 as positive.

Plasmids, cell lines and reagents
Caki-1, 786-O and A498 cell lines were kind gifts from Professor Xu Zhang
in the General Hospital of Chinese People’s Liberation Army and tested for
mycoplasma contamination. Stable cell lines overexpressing HPIP were
established by lentiviral transduction using pCDH plasmid (System
Biosciences). Stable HPIP or CK1α knockdown cell lines were established
by cloning HPIP or CK1α shRNA fragment into the lentiviral vector pSIH-H1
(System Biosciences, Palo Alto, CA, USA). The sequence of HPIP shRNA has
been described previously.6 The sequence of CK1α shRNA was AATCTCA-
GAAGGCCAGGCATC. Lentivirus was generated by transfection of the 293 T
producer cell line with the lentiviral vector and packing vector mix (System
Biosciences). Pooled clones were screened by immunoblot with anti-HPIP
or anti-CK1α. Similar results were obtained with individual clones. Anti-
HPIP was from Proteintech (12102-1-AP); anti-CK1α (#2655), anti-mTOR
(#2972), anti-p-mTOR (S2448) (#2971), anti-S6K1 (#9202), anti-p-S6K1
(T389) (#9205) and anti-Vimentin (#3932) were from Cell Signaling
Technology, Danvers, MA, USA; anti-E-cadherin (564186) and anti-N-
cadherin (610920) were from BD Biosciences, Franklin Lakes, NJ, USA.

Transient transfections
Cell lines were routinely cultured in recommended medium (DMEM for 293 T
and Caki-1 cells, and RPMI 1640 for 786-O and A498 cells) supplemented with
10% fetal bovine serum at 37℃ in humidified atmosphere of 5% CO2 in air.
Lipofectamine 2000 reagent and Lipofectamine RNAiMAX were used for
transfections of plasmids and siRNAs, respectively, according to the
manufacturer’s guidelines (Invitrogen). siRNAs for CK1α were chemically
synthesized (Invitrogen, Carlsbad, CA, USA).

Yeast two-hybrid, GST pull-down and co-immunoprecipitation
assays
Yeast two-hybrid assays were performed as previously described.31 For GST
pull-down assay, GST fusion proteins were expressed and purified according
to the manufacturers’ instructions (Amersham Pharmacia and Qiagen,
Buckinghamshire, CA, USA). Cell lysates were incubated with GST fusion
protein bound to GST beads for 4 h at 4 °C. After washing, the precipitated
components were analyzed by immunoblot. Co-immunoprecipitation (Co-IP)
was performed as previously described.31

Cell growth and colony formation assays
Anchorage-dependent cell growth was evaluated by the CCK-8 Kit
(Dojindo Laboratories, Kumamoto, Japan) according to the manufacturer’s
instructions. For colony formation assays, transfected cells were seeded in
six-well plates at 2000 cells per well. Two weeks later, the colonies were
fixed with 4% paraformaldehyde and stained with a crystal violet solution
for 30 min. The number of colonies containing at least 50 cells was
counted. For anchorage-independent cell growth, a bottom layer of 0.7%
low melting temperature agar and a top layer of 0.35% agar mixed with
transfected cells were plated in six-well plates. Colonies with diameters
4100 μm were counted after 3 weeks of growth.

Cell migration and invasion assays
Wound healing assays were performed to assess cell migration. Briefly,
transfected cells cultured in six-well plates as confluent monolayers were
mechanically scratched using a 1-ml pipette tip to create the wound. Cells
were washed with phosphate-buffered saline to remove the debris and were
cultured for 16 h to allow wound healing. Cell invasion was determined with
Matrigel (BD Biosciences) coated on the upper surface of the transwell
chamber (Corning, New York, NY, USA). Twenty-four hours later, cells invaded
through the Matrigel membrane were fixed with 4% paraformaldehyde and
stained with crystal violet. The number of invaded cells was counted in five
randomly selected microscopic fields and photographed.

In vivo tumor growth and metastasis
All animal experiments were undertaken in accordance with the National
Institute of Health Guide for the Care and Use of Laboratory Animals, with
the approval of the Institutional Animal Care and Use Committee at Beijing
Institute of Biotechnology. Caki-1 cells (2 × 107) were injected into the hind
limb of 6-week-old male nude mice (n= 7), which was divided into two
groups (n= 7 based on minimal 30% decrease from 1 g tumors with
250 μg s.d., α-error of 0.05 and β-error of 0.8) using random number
method with no blinding. Tumor size was measured at indicated times
using calipers. Tumor volume was calculated according to the following
formula: volume= (longest diameter × shortest diameter2)/2. For the
metastasis model, 1 × 106 Caki-1 cells stably infected with pSIH control
or pSIH-HPIP shRNA were injected intravenously via the lateral tail vein of
nude mice (n= 6). All mice were maintained for about 50 days until analysis
by the small-animal Positron emission tomography (PET) imaging system.

Small-animal PET imaging
PET of tumor-bearing mice was performed using an animal PET scanner
(Philips Corp., Amsterdam, Netherland).32 After intraperitoneally anesthe-
tized by pentobarbital (100 mg/kg), mice were injected intravenously with
3.7 MBq (100 μCi) of 18F radio-labeled fluorodeoxyglucose (18F-FDG).
Emission scans of 5-min duration were performed to obtain attenuation
correction data in the prone position 1 h after injection, and 10-min delay
scans were acquired at 2 h. For each mouse, radioactivity was calibrated
against a known aliquot of the injected tracer and presented as percentage
injected dose of tissue (% ID).

Statistical analysis
All in vitro experiments were performed in triplicate and repeated three
times. The difference of HPIP or CK1α expression between renal cancers
and normal tissues was assessed by Mann–Whitney U-test. Estimation of
disease-free survival and overall survival was performed using the Kaplan–
Meier method, and differences between survival curves were examined
with the log-rank test. Statistical significance in cell proliferation, apoptosis
and invasion assays among constructs was determined by two-tailed
Student’s t-test. The SPSS 17.0 statistical software package was used to
perform the statistical analyses. Po0.05 was considered statistically
significant.
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