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ABSTRACT
Higher epidermal growth factor receptor (EGFR) signaling can contribute to 

tumor metastasis and resistance to therapies in oral squamous cell carcinoma (OSCC). 
EGFR signaling can promote epithelial-mesenchymal transition (EMT) in OSCC. EMT is 
a process by which epithelial cells acquire invasive properties and it can contribute to 
tumor metastasis. Not only do the abnormal functions of microtubule and microtubule-
organizing centers (MTOC) such as centrosomes lead to cancers, but also the malignant 
tissues are characterized by aberrant centriolar features and amplified centrosomes. 
Microtubule inhibition therapies increase the sensitivity to EGFR targeting drugs in 
various cancers. In this study, we show that the loss of expression of a microtubule/
tubulin binding protein, centrosomal protein 4.1-associated protein (CPAP), which 
is critical for centriole biogenesis and normal functioning of the centrosome, caused 
an increase in the EGFR levels and its signaling and, enhanced the EMT features and 
invasiveness of OSCC cells. Further, depletion of CPAP enhanced the tumorigenicity 
of these cells in a xeno-transplant model. Importantly, CPAP loss-associated EMT 
features and invasiveness of multiple OSCC cells were attenuated upon depletion of 
EGFR in them. On the other hand, we found that CPAP protein levels were higher in 
EGF treated OSCC cells as well as in oral cancer tissues, suggesting that the frequently 
reported aberrant centriolar features of tumors are potentially a consequence, but 
not the cause, of tumor progression. Overall, our novel observations show that, in 
addition to its known indispensable role in centrosome biogenesis, CPAP also plays 
a vital role in suppressing tumorigenesis in OSCC by facilitating EGFR homeostasis.

INTRODUCTION

Head and neck squamous cell carcinoma (HNSCC) 
represents the sixth most common cancer with more 
than 600,000 new patients diagnosed worldwide and 
it is linked to more than 300,000 deaths every year [1]. 
Most of the head and neck cancers are squamous cell 
carcinomas (HNSCC) that arise from mucosal surfaces of 
the oral cavity (OSCC). In many cancers including OSCC, 
altered epidermal growth factor receptor (EGFR/ErbB1/
HER1) levels contribute to tumorigenesis, metastasis 
and resistance to therapies, and are linked to poor rate 
of patient survival [2–6]. The epithelial-mesenchymal 

transition (EMT), a process by which epithelial cells 
acquire a mesenchymal and invasive phenotype, 
contributes to these features [7, 8]. EGFR is significantly 
altered in OSCC and its prolonged signaling is mitogenic, 
driving uncontrolled proliferation of tumor cells [9, 10]. 
In addition, EGFR expression and its signal transduction 
pathways play an important role in determining the 
sensitivity to chemo or radiotherapy [11, 12]. Importantly, 
excessive signaling by this receptor also contributes to 
EMT in tumor cells, which makes them more invasive and 
metastatic, and resistant to chemotherapy [13–16]. Hence, 
this receptor has become one of the major targets for new 
therapies being investigated in OSCC [13, 17, 18]. Despite 
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these advances in the understanding of EGFR signaling, 
the regulatory mechanisms underlying EGFR signaling 
and their effects on cancer initiation, progression and 
metastasis are not fully understood. 

Recent studies have shown that microtubule 
inhibition causes EGFR inactivation or increases the 
sensitivity to EGFR targeting drugs in various cancers 
including OSCC [19–22]. Microtubules and microtubule-
organizing center (MTOC) have multiple roles in cellular 
functions including homeostasis of cell signaling, 
formation of cilia, cytoskeletal actin organization, 
and centrosome/centriole duplication and normal cell 
division [23]. Deregulation in the number of centrioles 
and centrosomes occurs in cancer and was shown to 
contribute to tumorigenesis [24–27]. Reports by us [28–
30] and others [31–36] have shown a pivotal role for key 
centriole proteins including the microcephaly-associated 
protein CPAP (SAS-4; encoded by CENPJ gene) in 
centriole duplication. Several studies have shown that 
CPAP, a microtubule binding protein, is indispensable 
in regulating the centriole and cilia dimensions [28–
33, 37–39]. It has also been shown that inhibition of 
CPAP-tubulin interaction prevents the proliferation of 
centrosome-amplified cancer cells [40]. Importantly, 
malignant tissues are characterized by amplified centrioles 
and other aberrant centrosomal features [25]. However, it 
is not known if abnormal centrosomal features including 
aberrantly higher expression of centriolar proteins are the 
cause or consequence of tumorigenesis. 

In this manuscript, we show that CPAP depletion 
leads to elevated cellular levels of, and signaling by, 
EGFR in them. CPAP-loss alone is sufficient to cause 
spontaneous EMT-like features in OSCC cells and increase 
their invasiveness and tumorigenicity. EGFR depletion 
suppresses the EMT-features in, as well as the invasiveness 
of, CPAP-depleted OSCC cells. Paradoxically, however, 
we show not only that EGFR signaling, which is known 
to contribute to EMT [41–43], upregulates the cellular 
levels of CPAP in OSCC cells, but also detected higher 
CPAP protein levels in OSCC tumors. This suggests that 
higher centrosome amplification and aberrant centriole 
features, which are frequently reported phenotypes in 
cancer [40, 44–46], are possibly the consequence of tumor 
progression-associated inflammation. Overall, however, 
our study shows that under normal conditions, CPAP exerts 
tumor preventive function in OSCC through promoting the 
homeostasis of EGFR and suppressing EMT. 

RESULTS 

CPAP depletion endows OSCC cells with EMT 
properties

While conducting centriole biogenesis-related 
studies using HeLa cells, we observed that depletion of 
CPAP resulted in a typical EMT-like morphological change 

(not shown). Since OSCC is a highly prevalent cancer, 
we examined EMT features of OSCC cells after CPAP 
depletion. Stable CPAP depletion was performed in 3 oral 
cancer cell-lines with: 1) an epithelial phenotype (SCC-
Cal27), 2) a mesenchymal phenotype of primary tumor 
origin (UM-SCC-74A), and 3) a mesenchymal phenotype 
of recurrent tumor origin (UM-SCC-74B). Stable CPAP-
depleted and control cell-lines were generated by lentiviral 
transduction (using pLKO.1-puro vectors encoding 
CPAP shRNA and scrambled control shRNA) followed 
by selection using puromycin. As observed in Figure 
1A, all three oral cancer cell-lines, with epithelial and 
mesenchymal phenotypes that were stably expressing 
CPAP-shRNA showed elongated morphology, a key 
feature of EMT, compared to control shRNA expressing 
cells. The spindle-like stretched appearance was more 
prominent in the CPAP-depleted OSCC cells with 
mesenchymal properties. IB analysis of these cells revealed 
the elevated expression of one or more mesenchymal 
markers (vimentin, N-cadherin, Zeb and Slug) in all three 
cell types upon CPAP depletion compared to their control 
counterparts (Figure 1B). Although SCC-Cal27 did not 
show detectable levels of vimentin, diminished levels of 
epithelial marker E-cadherin and higher expression of 
transcription factors Zeb and Slug were detected in these 
cells upon CPAP depletion. On the other hand, both UM-
SCC-74A and UM-SCC-74B cells with CPAP depletion 
showed higher levels of mesenchymal markers vimentin, 
N-cadherin, Zeb and Slug. E-cadherin and vimentin 
protein levels were also examined in control and CPAP-
shRNA expressing OSCC cells by immunofluorescence 
microscopy. As observed in Figure 1C, while CPAP-
depleted SCC-Cal27 cells expressed relatively lower 
levels of E-cadherin, CPAP-depleted UM-SCC-74A and 
UM-SCC-74B cells expressed higher levels of vimentin 
compared to respective control cells. In addition to OSCC 
cells, CPAP-depleted TERT-immortalized non-transformed 
oral keratinocytes (OKF6) showed lower E-cadherin 
expression compared to control cells (Supplementary 
Figure 1A). Conversely, CPAP overexpression diminished 
the protein levels of EMT or mesenchymal markers in 
UM-SCC-74B cells and increased the expression levels 
of E-cadherin in OKF6 cells (Supplementary Figure 1B). 
These observations suggest that CPAP has a suppressive 
effect on EMT and loss of CPAP expression renders cells 
more susceptible to undergo EMT.

Since, cells undergoing the EMT process are 
known to be more invasive, control-shRNA and CPAP-
shRNA expressing cells were subjected to cell migration 
and invasion assays using trans-well inserts. While the 
migratory properties of control and CPAP-depleted cells in 
membrane-well plates without matrigel coating were not 
different (not shown), all three OSCC cell lines with CPAP 
depletion showed significantly higher matrigel invasion 
ability compared to respective control cells (Figure 1D). 
Collectively, these observations suggest that CPAP plays 
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a tumor suppressive role by inhibiting the EMT process in 
OSCC cells. 

CPAP loss enhances OSCC cell-induced tumor 
growth in vivo

To test if the EMT-like features and enhanced 
invasiveness of CPAP-depleted OSCC cells can translate 

into rapid tumor growth in vivo, SCC-Cal27 and UM-
SCC-74B cells stably expressing control-shRNA and 
CPAP-shRNA under a doxycycline inducible promoter 
(Figure 2A) were injected s.c. into the flanks of athymic-
nude mice. These mice were given doxycycline (doxy) in 
drinking water and monitored for tumor growth at timely 
intervals. Tumor growth was relatively rapid (not shown) 
in CPAP-shRNA expressing, both SCC-Cal27 (epithelial) 

Figure 1: CPAP depleted cells show spontaneous EMT-like morphology and upregulated mesenchymal protein 
expression. (A) Representative bright-field images of indicated oral cancer cell lines transduced with control-shRNA or CPAP-shRNA 
expressing lentiviral particles and selected using puromycin for 7 days. (B) IB showing protein levels of various EMT associated markers 
along with CPAP and β-actin in indicated cell lines that are stably expressing control-shRNA and CPAP-shRNA. (C) Control-shRNA and 
CPAP-shRNA expressing OSCC cells were fixed and permeabilized, and subjected to immunofluorescence microscopy to detect E-cadherin 
or vimentin (green) and nuclear stain DAPI (blue). Representative images (left panels) and relative fluorescence intensities (RFUs) of 
multiple cells/cell areas, quantified using ImageJ application (right panels) are shown. Scale bar: 10 μm. (D) Transwell-membrane plates 
with matrigel coating were used to determine the invasive properties of OSCC cell-lines. Equal numbers of control-shRNA and CPAP-
shRNA expressing indicated cell-lines were seeded in serum free media in the upper chamber and incubated for 24 h. Cells on lower 
chamber side of the transwell membrane were stained with crystal violet, imaged and the average number (mean ± SD) of cells from at least 
five fields were plotted for each group. Representative results from one of the three independent experiments are shown. All P-values are 
by two-tailed, unpaired Mann-Whitney test. 
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and UM-SCC-74B (mesenchymal), cell recipient 
groups compared to their control-shRNA cell recipient 
counterparts. Importantly, the average tumor weights 
upon euthanasia on day 48 (SCC-Cal27 cell recipients) 
or day 24 (UM-SCC-74B cell recipients) post-injection 
were significantly higher in CPAP-shRNA expressing cell 
recipients (Figure 2B). Of note, in our hands, in spite of 
their mesenchymal phenotype, UM-SCC-74A cells failed 
to induce tumor in mice even after 50 days post-injection. 
In addition, control and CPAP-depleted OKF6 cells 
failed to induce visible tumors in nude mice. In a parallel 
experiment, a small cohort of mice received s.c. injection 
of UM-SCC-74B cells that overexpress CPAP under doxy-
inducible promoter and were monitored similarly. Tumor 
weights in mice that received CPAP overexpressing cells 
were, although not statistically significant, relatively 
lower compared to control cell recipients (Supplementary 
Figure 2). Overall, these results along with our in vitro 
findings demonstrating that CPAP knockdown enhances 
EMT properties and invasiveness (Figure 1) show that 
CPAP suppresses the tumorigenic properties of OSCC 
cells. 

CPAP loss enhances total and phospho-EGFR 
levels in OSCC cells

EGF treatment is known to promote EMT features 
in OSCC cells [41, 47]. Hence, our observations that 
CPAP depletion enhances the mesenchymal features 
of OSCC cells prompted us to examine EGFR levels 
in CPAP depleted cells. As shown in Figure 3A and 
Supplementary Figures 3A and 4A, CPAP depletion 
resulted in an increase in the cellular EGFR protein levels 
in OSCC cell-lines with both epithelial (SCC-Cal27 and 
OKF6) and mesenchymal (UM-SCC-74B and UM-SCC-
74A) phenotypes. Reciprocally, CPAP overexpression 
caused decreased cellular levels of EGFR in both OKF6 
and UM-SCC-74B cell-lines (Supplementary Figure 3B). 
Next, we treated OSCC cells with EGF and examined 
for the cellular levels of phosphorylated EGFR levels 
as an indication of the degree of active signaling by 
this receptor. Figure 3B and Supplementary Figure 
4B show that, as expected, EGF treatment resulted in 
an increase in the levels of phosphorylated EGFR in 
control OSCC cells. Interestingly, the basal (0 h EGF 
treatment) levels of phospho-EGFR were profoundly 
higher in CPAP-depleted cells compared to control cells. 
Further, the increase in phospho-EGFR levels upon 
EGF treatment appeared to be more rapid and sustained 
in CPAP-depleted cells, especially in SCC-Cal27 
and UM-SCC-74A cells, compared to control cells. 
Collectively, these observations suggest that CPAP has 
a crucial role in maintaining the homeostasis of growth 
factor receptors like EGFR and loss of CPAP results in,  
potentially, enhanced and persistent signaling through 
them. 

EGFR activation under CPAP loss further 
enhances EMT features of OSCC cells

Since phospho-EGFR levels were higher in CPAP 
depleted OSCC cells and EGF treatment of these cells 
caused a rapid increase in this phospho-protein levels, 
the EMT features of untreated and EGF treated cells were 
examined. As observed in Figure 3C, UM-SCC-74B cells 
with and without CPAP knockdown showed the classic 
spindle-like elongated EMT-associated morphology 
upon EGF treatment compared to respective control 
cells. While the untreated CPAP-depleted cells showed 
spontaneous EMT features (as mentioned in Figure 1A), 
these morphologic changes were more pronounced 
upon EGF treatment. Examination of EMT associated 
markers in these cells revealed a profound upregulation of 
N-cadherin, but not Slug and Vimentin, levels in control 
cells upon EGF treatment. However, CPAP depleted 
cells showed, in addition to higher basal levels compared 
to control cells, an increase in the levels of N-cadherin, 
Slug and Vimentin upon EGFR treatment (Figure 3D). 
Similarly, although the classic EMT associated elongated 
appearance was not observed with control SCC-Cal27 
(epithelial) cells upon EGF treatment alone (not shown), 
E-cadherin levels were diminished in these control cells 
upon EGF treatment. However, levels of Zeb, a known 
EMT modulator, although higher in untreated CPAP-
depleted cells as observed in Figure 1, were not higher in 
either control or CPAP-depleted cells upon EGF treatment 
(Figure 3E). Overall, these observations support the 
notion that enhanced EGFR signaling is, at least in part, 
responsible for the EMT-like features of CPAP-depleted 
OSCC cells. 

Depletion of EGFR eliminates CPAP-loss 
associated EMT features of OSCC cells

To assess the role of EGFR in CPAP-depletion 
associated EMT features, control and CPAP-depleted 
SCC-Cal27 and UM-SCC-74B cells were treated with 
scrambled control or EGFR specific siRNA. As shown in 
Figure 4A, EGFR depletion in control SCC-Cal27 cells 
did not affect, or caused only a modest increase in, the 
expression levels of transcription factors Slug and Zeb 
compared to control siRNA treated cells. In control UM-
SCC-74B cells, EGFR depletion caused suppression of 
protein levels of Slug, but not Zeb. Interestingly, under 
CPAP deficiency, EGFR depletion caused the suppression 
of Zeb and Slug levels in SCC-Cal27 cells and Slug in 
UM-SCC-74B cells. On the other hand, EGFR depletion 
under CPAP deficiency caused diminished expression of 
Zeb by UM-SCC-74A cells (Supplementary Figure 4C). 
We then examined if these differential changes in EMT 
marker levels upon EGFR depletion in CPAP depleted 
cells impacts their migratory and invasive properties. 
Cells were plated in trans-wells systems without and 
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with matrigel coating to determine the migratory and 
invasive properties. OSCC cell lines with both epithelial 
(SCC-Cal27) and mesenchymal (UM-SCC-74B and UM-
SCC-74A) phenotypes showed comparable migratory 
properties, based on the assay using trans-wells without 
matrigel, irrespective of CPAP and/or EGFR deficiency 
(Figure 4B and Supplementary Figure 4D). However, 
while CPAP deficiency, as observed in Figure 1D, 
enhanced the matrigel invasiveness of all three OSCC cell-
lines, CPAP-deficient OSCC cells with EGFR depletion 
showed profoundly suppressed invasiveness compared 
to their control counterparts with no EGFR depletion 
(Figure 4C and Supplementary Figure 4E). Overall, these 
observations confirm that CPAP-loss associated EMT 
phenotype, and potentially the enhanced tumorigenic 
property, of OSCC cells are EGFR-, and its enhanced 
signaling, -dependent. 

CPAP protein levels in OSCC cell-lines under 
EMT inducing conditions and steady state

To determine if there is a correlation between 
CPAP protein levels and the phenotype of OSCC cells, 
we examined the basal expression levels of CPAP and 
EMT associated markers in multiple OSCC cell-lines 
and normal human oral keratinocyte OKF6. As observed 
in Figure 5A, when protein equalized cell lysates 
were employed, UM-SCC-25, and SCC-Cal27 along 
with immortalized normal OKF6 cells showed higher 
expression of epithelial marker E-cadherin. However, 
UM-SCC-74A, UM-SCC-74B and UM-SCC-9 expressed 
higher levels of mesenchymal markers vimentin and 
N-cadherin. While UM-SCC-25 cells expressed higher 
levels of both epithelial and mesenchymal markers, UM-
SCC-11A expressed these markers at very low levels. 

Figure 2: CPAP depletion enhances the tumorigenic properties of OSCC cell lines. SCC-Cal27 and UM-SCC-74B cell 
lines were transduced with control-shRNA or CPAP-shRNA (under doxy-inducible promoter) lentiviral particles, and the cells with stable 
integration were selected using puromycin. (A) shRNA expression was induced in these cells by culturing for 72 h in the presence of doxy 
(10 μg/ml) and subjected to IB to detect CPAP and β-actin. (B) Eight-week-old nude mice were injected s.c. with these control-shRNA 
and CPAP-shRNA lentivirus transduced cells (approx: 2 × 106 cell/mouse) on the flank, after mixing with equal volume of matrigel, and 
monitored for tumor progression. These mice were euthanized after 24 days (UM-SCC-74B cell recipients) or 48 days (SCC-Cal27 cell 
recipients) to determine the tumor weight. Cumulative data from two independent experiments (total of 11 mice/group for SCC-Cal27 cells 
and 14 mice/group for UM-SCC-74B cell recipients) are shown (B; upper panels). Images of tumors harvested from one experiment (7 
mice/group) are also shown (B; lower panels). P-values are by two-tailed, unpaired Mann-Whitney test.
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Importantly, however, CPAP protein levels did not show a 
clear correlation with the EMT marker levels in these cell 
lines with different phenotypic properties. 

Next, we determined the impact of exposure to 
growth factors that are known to promote EMT and 
tumorigenesis [47–51] on cellular levels of CPAP. 
Normal OKF6 cells and OSCC cells, UM-SCC-Cal27 
and UM-SCC-74B, were treated with EGF and TGFβ1 
and assessed for the CPAP protein levels. As observed 

in Figure 5B, all three cell lines expressed higher levels 
of CPAP upon EGF and TGFβ1 treatments. Further, 
as anticipated EGF and TGFβ1 treatments not only 
decreased the levels of epithelial marker E-cadherin in 
OKF6 cells, but also caused an increase in the levels 
of mesenchymal marker N-cadherin in UM-SCC-74B 
(Figure 5C). These observations suggest that while 
CPAP protein levels could be dependent on cell-lines 
and their various other properties, EMT inducing, and 

Figure 3: CPAP depletion in OSCC cells causes an increase in cellular levels of total and phospho-EGFR proteins, 
and EGF treatment enhances EMT-like features in these cells. (A) Indicated OSCC cell lines that are stably expressing control 
shRNA or CPAP shRNA were subjected to IB to detect total EGFR and β-actin proteins. (B) These control and CPAP-depleted cell lines 
were maintained in serum-free media overnight, treated with cycloheximide for 1h and treated with EGF (30 ng/ml), and incubated at 37°C 
for indicated durations to induce signaling. Levels of phosphorylated EGFR (Tyr1068) were detected in protein equalized cell lysates by 
IB. (C) Representative bright-field microscopy images of control and CPAP depleted UM-SCC-74B cells left untreated or treated with EGF 
(30 ng/ml) for 48 h are shown. (D) IB analysis of control or CPAP-depleted UM-SCC-74B that were left untreated or treated with EGF 
for indicated durations and subjected to IB to detect the levels of EMT-associated proteins N-cadherin, vimentin and Slug. E-cadherin was 
undetectable in UM-SCC-74B cells. (E) Control and CPAP-depleted SCC-Cal27 cells were also subjected to EGF treatment for 48 h and 
subjected to IB to detect E-cadherin, Zeb and Slug. Vimentin and N-Cadherin were undetectable in these cells. 
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perhaps tumor promoting, inflammatory conditions  
may contribute to the cellular accumulation of this 
protein. 

CPAP expression levels correlate with HNSCC 
tumor grades

Since we found that pro-EMT and tumorigenic 
stimuli such as EGF and TGF can cause cellular 

accumulation of CPAP in OSCC cells, CPAP expression 
profiles of tumor and normal tissues of HNSCC patients 
were probed by examining the public data as well as 
by performing tissue microarray (TMA) analysis. The 
Cancer Genome Atlas (TCGA) query revealed that not 
only significantly higher CENPJ transcript levels are 
found in the human HNSCC samples (Figure 6A), but 
also there appears to be a strong positive correlation 
between CENPJ transcript levels and the HNSCC tumor 

Figure 4: EGFR depletion diminishes the EMT phenotype and invasive property of CPAP-depleted OSCC cells. 
Control-shRNA and CPAP-shRNA expressing indicated cells were treated with control-siRNA or EGFR-siRNA for 48 h. (A) Cells were 
subjected to IB to detect EMT associated transcription factors Slug and Zeb along with EGFR and β-actin. Equal number of each cell 
types were also subjected to migration and matrigel-invasion assay using the transwell approach and imaged. (B) Representative fields of 
migrated cells on insert membranes with no matrigel coating are shown. (C) Representative fields of invasive cells on membranes with 
matrigel coating (upper panels) and average number (mean ± SD) of cells of at least 5 fields/group (lower panels) are shown. Representative 
results from one of the three independent experiments are shown. P-values are by two-tailed, unpaired Mann-Whitney test. 
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grades (Figure 6B). We, then, examined the CPAP protein 
expression pattern in tumor (n = 71) and adjacent normal 
tissues (n = 65) of HNSCC patients by TMA analysis. 
Tumor and adjacent normal tissues were from oral cavity, 
tongue and oropharynx of HNSCC patients. As observed 
in Figure 6C, we found that CPAP protein levels were 
higher in tumor epithelium of HNSCC patients compared 
to that of normal epithelium. On the other hand, while the 
EGFR transcript levels were relatively higher in tumor 
tissues (Figure 6D and 6E), TMA analysis showed no 
statistically significant difference in the EGFR specific 
staining levels between HNSCC tumor and adjacent 
normal tissues (Figure 6F). Overall, these observations, 
along with the lack of correlation between the levels of 
CPAP and EGFR in OSCC cell lines (Figure 5), suggest 
that tumor associated inflammation drives cellular 
accumulation of CPAP which may not be functional in 
terms of impacting EGFR signaling, EMT and/or tumor 
suppression.  

DISCUSSION 

Here, using the OSCC model, we demonstrate a 
negative regulatory role for CPAP, an essential centriole 
biogenesis protein [52], in tumor prevention by keeping 

the EGFR signaling regulated and EMT at bay. CPAP is a 
microtubule and α-tubulin binding protein and the tubulin-
binding property [37, 53, 54] is important for its function 
on the centrioles, especially in restricting the centriole 
length [32, 33, 55]. In addition, CPAP is required for 
spindle orientation, which defines normal and asymmetric 
cell divisions, abnormalities in which could lead to various 
clinical conditions including tumor malignancies [52, 55–
57]. Recently, it has been shown that inhibition of CPAP-
tubulin interaction prevents proliferation of centrosome-
amplified cancer cells [40]. However, a role for CPAP 
as a tumor suppressor in regulating EGFR homeostasis 
and signaling, and EMT is not known. In this report, we 
show that although EGFR treated OSCC cells as well as 
HNSCC tissues show higher levels of CPAP protein, loss 
of CPAP in OSCC cell-lines not only increased their total 
and phosphorylated EGFR levels, but also enhanced the 
EMT and tumorigenic properties. Our results shed light on 
a novel mechanism of tumor suppression by the centriole-
associated protein CPAP.

EGFR overexpression was detected in majority of 
OSCC and many other malignancies [58, 59]. More than 
90% of OSCC overexpress EGFR [60, 61]. Associations 
have been made between the higher expression levels of 
EGFR and an aggressive phenotype, poor prognosis and 

Figure 5: CPAP and EMT marker levels in OSCC and normal cell-lines. (A) IB showing protein levels of CPAP, the EMT 
markers N-cadherin, E-cadherin and vimentin, and β-actin in protein equalized lysates of indicated cell-lines. (B) IB showing CPAP and 
β-actin protein levels in the indicated OSCC cell-lines (SCC-Cal27 and UM-SCC-74B) and transformed oral normal cell-line (OKF6) upon 
treatment with EGF (30 ng/ml) and TGFβ1 (5 ng/ml) for 48 h. (C) IB showing EMT marker E-cadherin or N-cadherin level, along with 
CPAP and β-actin levels, in OKF6 and UM-SCC-74B OSCC cells. 
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resistance to anticancer therapy of OSCC [58]. Several 
EGFR targeted therapies have been developed for the 
treatment of advanced OSCC [62, 63]. Several studies 
have demonstrated that EGF can induce EMT, a process by 

which epithelial cells adopt a mesenchymal phenotype or 
fibroblast-like properties and increase the invasiveness, in 
cancer cells, eventually leading to metastasis [41, 47, 50]. 
In general, cells undergoing EMT exhibit down-regulation 

Figure 6: CPAP and EGFR expression levels in HNSCC and normal tissues. TCGA data set was analyzed using UALCAN for 
CPAP mRNA expression and comparisons were made between head and neck normal tissues with primary tumor tissues (A) and different 
tumor grade subgroups (B). Immunohistochemistry of head and neck cancer TMA slides containing tumor tissue and adjacent normal tissue 
sections was carried out for CPAP protein expression using anti-CPAP antibody (C). Images of staining examples of normal and tumor 
tissues (left) and mean staining intensity grades of tumor and adjacent normal epithelia (right) are shown. TCGA data set was also analyzed 
for EGFR mRNA expression and comparisons were made between normal tissues with primary tumor tissues (D) and different tumor grade 
subgroups (E). TMA staining was performed using anti-EGFR antibody (F) and the images of staining examples (left) and mean staining 
intensity grades (right) are shown. All P-values are by two-tailed, unpaired Student t-test (normal vs primary tumor for panels A and D; 
normal vs specific grade for panels B and E; normal epithelium vs tumor epithelium for panels C and F). *denotes not significant.
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of the epithelial marker E-cadherin and up-regulation of 
mesenchymal markers such as N-cadherin and vimentin 
and the transcription factors Zeb, Slug, Snail. Further, 
cancer cells undergoing EMT switch from their epithelial 
morphology and characteristics such as non-motile and 
non-invasiveness to their mesenchymal elongated, motile, 
and invasive characteristics [64]. Our observations show 
that loss of CPAP in OSCC cells not only increases the 
EGFR levels and signaling, as indicated by phospho-
protein levels, but also this effect on EGFR endows the 
cells with EMT-like features, enhanced invasiveness and 
tumorigenesis. 

It has been shown that not only does EGF 
signaling promote EMT in OSCC cells [41, 47], but 
also that the cancer cells which are undergoing EMT 
express considerably lower levels of EGFR and are less 
susceptible to EGFR targeted therapies, which leads to 
their chemotherapeutic resistance [65]. Interestingly, 
while CPAP depletion associated increase in total EGFR 
appears to show similar trend in different OSCC cell 
lines, the dynamics of phosphorylated EGFR levels upon 
ligand activation appear to be different. Basal level of 
phospho-EGFR upon CPAP depletion was found to be 
profoundly higher in mesenchymal cell-line UM-SCC-
74B which was derived from a recurrent metastatic tumor 
and in an OSCC cell-line with epithelial phenotype (SCC-
Cal27). However, while EGF activation caused rapid 
downregulation of phospho-EGFR in UM-SCC-74B 
cells, ligand engagement increases phospho-EGFR levels 
in CPAP depleted SCC-Cal27. These observations suggest 
that rapid tumor inducing property of UM-SCC-74B could 
be due to low threshold activation and persistent signaling 
of EGFR in these cells, especially under CPAP deficiency. 
Nevertheless, the common features of CPAP depleted 
OSCC cells are higher and persistent EGFR function, 
enhanced invasiveness and/or tumorigenic ability. 
Importantly, results from our EGFR depletion studies 
show that these CPAP-deficiency associated effects are, 
in fact, EGFR- and, perhaps, its persistent signaling-
dependent. 

Centriole amplification and higher expression of 
centrosomal proteins are key features of many cancers [40, 
44–46]. However, whether these features are the cause 
of OSCC and other cancers, or a consequence of tumor 
progression associated events is largely unknown. Tumor 
microenvironment is inflammatory and known to express 
higher levels of growth and cell transformation factors 
such as TGFβ1 and EGF, and/or their receptors [66–70]. In 
fact, our results show that EGF and TGF treatments, which 
are known to promote the EMT and tumorigenic potential 
of cells, causes the accumulation of CPAP protein in cancer 
cells. Furthermore, detection of significantly higher levels 
of CPAP protein in HNSCC tissues compared to normal 
tissues, and lack of correlation of CPAP levels with EGFR 
expression, suggests that tumor associated inflammation 
contributes to cellular accumulation of potentially non-

functional CPAP. While functional impacts of CPAP 
accumulation under tumor progression and inflammation 
need to be investigated in the future, our observations 
that loss of CPAP in OSCC cells causes increased EGFR 
levels and signaling, and enhanced EMT and tumorigenic 
properties suggest that this microtubule/tubulin interacting 
protein negatively regulates the EMT process, perhaps by 
promoting EGFR homeostasis. Overall, our observations, 
reveal that CPAP, a tubulin interacting protein which is 
critical for centriole biogenesis, has a preventive role in 
EMT and tumorigenesis by promoting EGFR homeostasis 
and diminishing the EGFR signaling. 

Importantly, when ligands are bound, EGFR 
is phosphorylated, promoting downstream signal 
transduction, following which it is internalized, 
ubiquitinated and degraded in the lysosomes, or recycled 
back on to cell surface [71, 72]. These events involve 
microtubules and endocytic vesicular transport pathways 
[9, 73, 74]. Previous reports show that dysfunction 
of trafficking of EGFR to lysosome causes abnormal 
enlarged endosomes that prevent the timely degradation of 
EGFR, resulting in its persistent signaling and profoundly 
enhancing cell proliferation [75–80]. Therefore, 
considering the role of microtubules in the transport of 
ligand engaged EGFR, we believe that CPAP regulates this 
homeostatic mechanism of EGFR. Therefore, it is possible 
that CPAP may not be directly involved in the EGFR 
signaling pathway, but it facilitates the EGFR degradative 
pathway post-ligand engagement. This aspect needs to be 
investigated in the future. 

While it has been reported before that EGF 
stimulation endows OSCC cells with stem cell-like 
properties, increased invasiveness, and tumorigenic 
properties [41, 47], the molecular mechanisms underlying 
the regulation of EGF induced EMT and tumorigenicity 
were not known. Hence, our study does begin to shed 
light on the molecular mechanisms by which centrosome/
MTOC associated proteins are involved in preventing 
tumorigenesis. Nevertheless, additional studies are needed 
in the future to address the mechanism by which CPAP 
suppresses EGFR dependent EMT and tumorigenesis. 

MATERIALS AND METHODS

Cell culture

Oral cancer cell lines were acquired from ATCC 
or obtained from the laboratory of Dr. Thomas Carey, 
University of Michigan. Telomerase reverse transcriptase 
(TERT)-immortalized human normal oral keratinocyte 
OKF6tert1 (OKF6) cell line was obtained from Dr. Jim 
Rheinwald, Harvard Medical School. Most studies used 
SCC-Cal27 (adenosquamous carcinoma) cell line which 
possesses epithelial phenotype and UM-SCC-74A and 
UM-SCC-74B which have mesenchymal features. These 
cells were cultured in Dulbecco’s modified Eagle medium 
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that was supplemented with 10% fetal bovine serum 
and other additives such glutamine, sodium pyruvate, 
bicarbonate, minimum essential amino acids and 
antibiotics/antimycotic. Cellular CPAP levels were also 
tested in other oral cancer cell lines such as UM-SCC1A, 
UM-SCC9, UM-SCC4, UM-SCC25, UM-SCC11A, some 
of which were cultured in DMEM/F12 medium containing 
hydrocortisone and above-mentioned supplements. OKF6 
cells were cultured in keratinocyte-specific serum free 
medium (ThermoFisher) supplemented with human 
recombinant epidermal growth factor and bovine pituitary 
extract. Cells were cultured in a 37℃ incubator with 5% 
CO2.

Constructs, transfection and generation of stable 
cell lines

CPAP-depleted stable oral cancer cells were 
generated using the pLKO.1-TRC-puromycin lentiviral 
vector-based system (Sigma Mission shRNA system). 
Constitutive and doxycycline inducible vectors expressing 
scrambled control-shRNA or CPAP-specific-shRNA 
(GCTAGATTTACTAATGCCA) showing validated 80% 
CPAP knockdown were either purchased from the Sigma 
Mission shRNA library or custom cloned by GenScript. 
EGFR specific (catalog# sc-29301), and scrambled 
control siRNAs were purchased from Santa Cruz Biotech. 
Doxycycline was purchased from Fisher Scientific. 
Transfections were performed using the TransIT-X2 
reagent or TransIT-siquest (MirusBio).

Antibodies

Commercial available antibodies against CPAP/
CENPJ (Proteintech; cat# 11517-1-AP), Actin-HRP 
(Proteintech; cat# HRP-600008), Zeb (Proteintech; cat# 
21544-1-AP), Slug (Proteintech; cat# 12129-1-AP ), 
N-cadherin (Proteintech; cat# 22018-1-AP ), E-cadherin 
(Proteintech; cat#20874-1-AP ), vimentin (Cell Signaling 
Technology; cat#5741), EGFR (Santa Cruz Biotech; cat# 
sc-373746), phospho-EGFR (Cell signaling Technology; 
cat# 2234) and GFP (Proteintech; cat# 50430-2-AP) were 
used. Secondary HRP-linked anti-mouse and -rabbit 
antibodies were purchased from Biorad and Amersham 
respectively and Alexa-conjugated antibodies were from 
Invitrogen. 

Cell lysis and Western blotting

Whole cell lysates were prepared using the RIPA 
lysis buffer containing protease inhibitors, centrifuged, 
and supernatants were used for further analysis. Lysates 
were then subjected to immunoblotting (IB) after 
separation by SDS- polyacrylamide gel electrophoresis 
(PAGE) and Western blotting (WB) transfer onto PVDF 
membrane (Biorad).

Immunofluorescence

Cells were grown on coverslips and fixed with ice-
cold methanol at –20°C for 10 mins. Blocking with 1% 
BSA as well as primary and secondary antibody dilutions 
were made in permeabilization buffer and incubations 
were done at 37°C. Images were acquired using the Zeiss 
880 confocal microscope. 63X oil immersion objective 
with n.a. 1.4 was used in most imaging experiments. 

Migration and invasion assay

Oral cancer cells treated differently were 
trypsinized, counted and an equal number were seeded 
in serum free media in the upper trans-well chamber 
with or without matrigel (filter pore size 8 µm, BD). 
5% FBS-containing media was loaded in the bottom 
chamber as chemoattractant. After 24 h incubation at 
37°C, cells on the reverse side of filter were fixed with 
2% glutaraldehyde. Cells on the seeded membrane 
side were scraped off using a wet cotton swab. Filter 
membranes were then stained with 2% crystal violet, 
washed, dried, and mounted on glass slides in immersion 
oil. Multiple areas of the membranes were imaged using 
a light microscope and average number of cells, counted 
from the images of multiple fields of membranes from 3 
independent experiments, were determined.

Tumor microarray analysis (TMA) of patient 
tissues

HNSCC-TMAs containing tumor and adjacent 
normal tissues from oral cavity, tongue and oropharynx 
of HNSCC patients were obtained from the Biorepository 
& Tissue Analysis at Hollings Cancer Centre, subjected to 
IHC staining using anti-CPAP (Proteintech; cat#11517-1-
AP) and anti-EGFR (Santa Cruz Biotech; clone A-10; cat# 
sc-373746) antibodies, and staining intensities were scored 
blindly and imaged by the IHC core.

Tumor xenografts

All animal experiments were approved by the 
Medical University of South Carolina Institutional 
Animal Care and Use Committee (IACUC). Eight-week-
old male and female athymic nude mice were injected 
subcutaneously with SCC-Cal27 or UM-SCC-74B cells (2 
× 106 cells/mouse) that are stably expressing either control-
shRNA or CPAP-shRNA under a doxycycline (doxy)-
inducible promoter. The following groups were included: 
control-shRNA SCC-Cal27 (n = 11), CPAP-shRNA SCC-
Cal27 (n = 11), control-shRNA UM-SCC-74B (n = 14), 
and CPAP-shRNA UM-SCC-74B (n = 14). Cell pellets 
were suspended in 50% matrigel prior to injection. The 
mice were monitored for tumor growth for up to 24 days 
(UM-SCC-74B cell recipients) or 48 days (SCC-Cal27 
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recipients), euthanized at the end of monitoring period, and 
tumor tissues were excised and weighed. Our pilot studies 
showed that considerable number of UM-SCC-74B and 
SCC-Cal27 cell injected mice, CPAP-shRNA expressing 
cell recipients particularly, reached the experimental 
endpoint with respect to IACUC approved maximum 
tumor size of within 24 and 48 -days post-cell transfer, 
respectively. Therefore, all experiments using these mice 
were terminated at indicated time-points to assess the tumor 
mass. In some experiments, OKF6 and UM-SCC-74A that 
are stably expressing control-shRNA or CPAP-shRNA 
were injected into nude mice. However, these cells failed 
to induce visible tumors; hence the data is not shown.

Statistical analysis

Mean, SD, and statistical significance (p-value) 
were calculated using GraphPad Prism and Microsoft 
Excel. Unpaired, two-tailed t-test or P Mann-Whitney test 
was employed, unless specified in the figure legend, for 
comparing two groups. A p value of ≤ 0.05 was considered 
statistically significant. 

Data availability

The datasets generated during and/or analyzed 
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corresponding author on reasonable request. 

Author contributions

RRG, CV designed studies, performed experiments 
and wrote the manuscript. HJ provided experimental 
support. PHH, VP provided advice and edits to the 
manuscript. 

ACKNOWLEDGMENTS

We would like to thank Dr. Pierre Gonczy for 
sharing the doxycycline inducible GFP-CPAP expression 
construct. We would also like to thank the Cell & 
Molecular Imaging Shared Resource which is supported by 
the Hollings Cancer Center, Medical University of South 
Carolina (P30 CA138313) and the Shared Instrumentation 
Grant S10 OD018113. This work was supported by NIH 
grants R21DE026965 and R21DE026965-02S1 to R.G. 
and C.V. and MUSC internal funds to C.V. 

CONFLICTS OF INTEREST

Authors have no conflicts of interest to declare.

REFERENCES

 1. Vigneswaran N, Williams MD. Epidemiologic trends 
in head and neck cancer and aids in diagnosis. Oral 

Maxillofac Surg Clin North Am. 2014; 26:123–41. https://
doi.org/10.1016/j.coms.2014.01.001. [PubMed]

 2. Ogiso H, Ishitani R, Nureki O, Fukai S, Yamanaka M, 
Kim JH, Saito K, Sakamoto A, Inoue M, Shirouzu M, 
Yokoyama S. Crystal structure of the complex of human 
epidermal growth factor and receptor extracellular domains. 
Cell. 2002; 110:775–87. https://doi.org/10.1016/S0092-
8674(02)00963-7. [PubMed]

 3. Vieira AV, Lamaze C, Schmid SL. Control of EGF 
receptor signaling by clathrin-mediated endocytosis. 
Science. 1996; 274:2086–89. https://doi.org/10.1126/
science.274.5295.2086. [PubMed]

 4. Lafky JM, Wilken JA, Baron AT, Maihle NJ. Clinical 
implications of the ErbB/epidermal growth factor (EGF) 
receptor family and its ligands in ovarian cancer. Biochim 
Biophys Acta. 2008; 1785:232–65. https://doi.org/10.1016/j.
bbcan.2008.01.001. [PubMed]

 5. Roepstorff K, Grøvdal L, Grandal M, Lerdrup M, van 
Deurs B. Endocytic downregulation of ErbB receptors: 
mechanisms and relevance in cancer. Histochem Cell Biol. 
2008; 129:563–78. https://doi.org/10.1007/s00418-008-
0401-3. [PubMed]

 6. Khattri A, Zuo Z, Brägelmann J, Keck MK, El Dinali M, 
Brown CD, Stricker T, Munagala A, Cohen EE, Lingen 
MW, White KP, Vokes EE, Seiwert TY. Rare occurrence 
of EGFRvIII deletion in head and neck squamous cell 
carcinoma. Oral Oncol. 2015; 51:53–58. https://doi.
org/10.1016/j.oraloncology.2014.08.014. [PubMed]

 7. Wangmo C, Charoen N, Jantharapattana K, Dechaphunkul 
A, Thongsuksai P. Epithelial-Mesenchymal Transition 
Predicts Survival in Oral Squamous Cell Carcinoma. Pathol 
Oncol Res. 2020; 26:1511–1518. https://doi.org/10.1007/
s12253-019-00731-z. [PubMed]

 8. Krisanaprakornkit S, Iamaroon A. Epithelial-mesenchymal 
transition in oral squamous cell carcinoma. ISRN Oncol. 
2012; 2012:681469. https://doi.org/10.5402/2012/681469. 
[PubMed]

 9. Tomas A, Futter CE, Eden ER. EGF receptor trafficking: 
consequences for signaling and cancer. Trends Cell Biol. 
2014; 24:26–34. https://doi.org/10.1016/j.tcb.2013.11.002. 
[PubMed]

10. Perez R, Crombet T, de Leon J, Moreno E. A view on 
EGFR-targeted therapies from the oncogene-addiction 
perspective. Front Pharmacol. 2013; 4:53. https://doi.
org/10.3389/fphar.2013.00053. [PubMed]

11. Kwok TT, Sutherland RM. Differences in EGF related 
radiosensitisation of human squamous carcinoma cells with 
high and low numbers of EGF receptors. Br J Cancer. 1991; 
64:251–54. https://doi.org/10.1038/bjc.1991.286. [PubMed]

12. Shin DM, Donato NJ, Perez-Soler R, Shin HJ, Wu JY, 
Zhang P, Lawhorn K, Khuri FR, Glisson BS, Myers J, 
Clayman G, Pfister D, Falcey J, et al. Epidermal growth 
factor receptor-targeted therapy with C225 and cisplatin in 
patients with head and neck cancer. Clin Cancer Res. 2001; 
7:1204–13.  [PubMed]

https://doi.org/10.1016/j.coms.2014.01.001
https://doi.org/10.1016/j.coms.2014.01.001
https://www.ncbi.nlm.nih.gov/pubmed/24794262
https://doi.org/10.1016/S0092-8674(02)00963-7
https://doi.org/10.1016/S0092-8674(02)00963-7
https://www.ncbi.nlm.nih.gov/pubmed/12297050
https://doi.org/10.1126/science.274.5295.2086
https://doi.org/10.1126/science.274.5295.2086
https://www.ncbi.nlm.nih.gov/pubmed/8953040
https://doi.org/10.1016/j.bbcan.2008.01.001
https://doi.org/10.1016/j.bbcan.2008.01.001
https://www.ncbi.nlm.nih.gov/pubmed/18291115
https://doi.org/10.1007/s00418-008-0401-3
https://doi.org/10.1007/s00418-008-0401-3
https://www.ncbi.nlm.nih.gov/pubmed/18288481
https://doi.org/10.1016/j.oraloncology.2014.08.014
https://doi.org/10.1016/j.oraloncology.2014.08.014
https://www.ncbi.nlm.nih.gov/pubmed/25255959
https://doi.org/10.1007/s12253-019-00731-z
https://doi.org/10.1007/s12253-019-00731-z
https://www.ncbi.nlm.nih.gov/pubmed/31471883
https://doi.org/10.5402/2012/681469
https://www.ncbi.nlm.nih.gov/pubmed/22548191
https://doi.org/10.1016/j.tcb.2013.11.002
https://www.ncbi.nlm.nih.gov/pubmed/24295852
https://doi.org/10.3389/fphar.2013.00053
https://doi.org/10.3389/fphar.2013.00053
https://www.ncbi.nlm.nih.gov/pubmed/23637683
https://doi.org/10.1038/bjc.1991.286
https://www.ncbi.nlm.nih.gov/pubmed/1892752
https://www.ncbi.nlm.nih.gov/pubmed/11350885


Oncotarget819www.oncotarget.com

13. Mizumoto A, Yamamoto K, Nakayama Y, Takara K, 
Nakagawa T, Hirano T, Hirai M. Induction of epithelial-
mesenchymal transition via activation of epidermal growth 
factor receptor contributes to sunitinib resistance in human 
renal cell carcinoma cell lines. J Pharmacol Exp Ther. 
2015; 355:152–8. https://doi.org/10.1124/jpet.115.226639. 
[PubMed]

14. Misra A, Pandey C, Sze SK, Thanabalu T. Hypoxia activated 
EGFR signaling induces epithelial to mesenchymal 
transition (EMT). PLoS One. 2012; 7:e49766. https://doi.
org/10.1371/journal.pone.0049766. [PubMed]

15. Holz C, Niehr F, Boyko M, Hristozova T, Distel L, Budach 
V, Tinhofer I. Epithelial-mesenchymal-transition induced 
by EGFR activation interferes with cell migration and 
response to irradiation and cetuximab in head and neck 
cancer cells. Radiother Oncol. 2011; 101:158–64. https://
doi.org/10.1016/j.radonc.2011.05.042. [PubMed]

16. Talasila KM, Soentgerath A, Euskirchen P, Rosland GV, 
Wang J, Huszthy PC, Prestegarden L, Skaftnesmo KO, 
Sakariassen PO, Eskilsson E, Stieber D, Keunen O, Brekka 
N, et al. EGFR wild-type amplification and activation 
promote invasion and development of glioblastoma 
independent of angiogenesis. Acta Neuropathol. 2013; 
125:683–98. https://doi.org/10.1007/s00401-013-1101-1. 
[PubMed]

17. Ito F, Takeuchi K. Novel aspects of epidermal growth factor 
receptor in relation to tumor development. FEBS J. 2010; 
277:300. https://doi.org/10.1111/j.1742-4658.2009.07447.x. 
[PubMed]

18. Lo HW, Hsu SC, Xia W, Cao X, Shih JY, Wei Y, Abbruzzese 
JL, Hortobagyi GN, Hung MC. Epidermal growth factor 
receptor cooperates with signal transducer and activator 
of transcription 3 to induce epithelial-mesenchymal 
transition in cancer cells via up-regulation of TWIST gene 
expression. Cancer Res. 2007; 67:9066–76. https://doi.
org/10.1158/0008-5472.CAN-07-0575. [PubMed]

19. Failly M, Korur S, Egler V, Boulay JL, Lino MM, Imber 
R, Merlo A. Combination of sublethal concentrations of 
epidermal growth factor receptor inhibitor and microtubule 
stabilizer induces apoptosis of glioblastoma cells. Mol 
Cancer Ther. 2007; 6:773–81. https://doi.org/10.1158/1535-
7163.MCT-06-0566. [PubMed]

20. Wu X, Sooman L, Lennartsson J, Bergström S, Bergqvist 
M, Gullbo J, Ekman S. Microtubule inhibition causes 
epidermal growth factor receptor inactivation in 
oesophageal cancer cells. Int J Oncol. 2013; 42:297–304. 
https://doi.org/10.3892/ijo.2012.1710. [PubMed]

21. Kitahara H, Hirai M, Kato K, Bou-Gharios G, Nakamura 
H, Kawashiri S. Eribulin sensitizes oral squamous 
cell carcinoma cells to cetuximab via induction of 
mesenchymal-to-epithelial transition. Oncol Rep. 2016; 
36:3139–44. https://doi.org/10.3892/or.2016.5189. 
[PubMed]

22. Chin TM, Boopathy GT, Man EP, Clohessy JG, Csizmadia 
E, Quinlan MP, Putti T, Wan SC, Xie C, Ali A, Wai FC, Ong 

YS, Goh BC, et al. Targeting microtubules sensitizes drug 
resistant lung cancer cells to lysosomal pathway inhibitors. 
Theranostics. 2020; 10:2727–43. https://doi.org/10.7150/
thno.38729. [PubMed]

23. Paz J, Lüders J. Microtubule-Organizing Centers: Towards 
a Minimal Parts List. Trends Cell Biol. 2018; 28:176–87. 
https://doi.org/10.1016/j.tcb.2017.10.005. [PubMed]

24. Ansari D, Del Pino Bellido C, Bauden M, Andersson R. 
Centrosomal Abnormalities in Pancreatic Cancer: Molecular 
Mechanisms and Clinical Implications. Anticancer 
Res. 2018; 38:1241–45. https://doi.org/10.21873/
anticanres.12345. [PubMed]

25. Marteil G, Guerrero A, Vieira AF, de Almeida BP, Machado 
P, Mendonça S, Mesquita M, Villarreal B, Fonseca I, Francia 
ME, Dores K, Martins NP, Jana SC, et al. Over-elongation 
of centrioles in cancer promotes centriole amplification and 
chromosome missegregation. Nat Commun. 2018; 9:1258. 
https://doi.org/10.1038/s41467-018-03641-x. [PubMed]

26. Lopes CA, Mesquita M, Cunha AI, Cardoso J, Carapeta S, 
Laranjeira C, Pinto AE, Pereira-Leal JB, Dias-Pereira A, 
Bettencourt-Dias M, Chaves P. Centrosome amplification 
arises before neoplasia and increases upon p53 loss in 
tumorigenesis. J Cell Biol. 2018; 217:2353–63. https://doi.
org/10.1083/jcb.201711191. [PubMed]

27. Faccion RS, Bernardo PS, de Lopes GP, Bastos LS, Teixeira 
CL, de Oliveira JA, Fernandes PV, Dubois LG, Chimelli 
L, Maia RC. p53 expression and subcellular survivin 
localization improve the diagnosis and prognosis of patients 
with diffuse astrocytic tumors. Cell Oncol (Dordr). 2018; 
41:141–57. https://doi.org/10.1007/s13402-017-0361-5. 
[PubMed]

28. Gudi R, Haycraft CJ, Bell PD, Li Z, Vasu C. Centrobin-
mediated regulation of the centrosomal protein 
4.1-associated protein (CPAP) level limits centriole length 
during elongation stage. J Biol Chem. 2015; 290:6890–902. 
https://doi.org/10.1074/jbc.M114.603423. [PubMed]

29. Gudi R, Zou C, Dhar J, Gao Q, Vasu C. Centrobin-
centrosomal protein 4.1-associated protein (CPAP) 
interaction promotes CPAP localization to the centrioles 
during centriole duplication. J Biol Chem. 2014; 
289:15166–78. https://doi.org/10.1074/jbc.M113.531152. 
[PubMed]

30. Gudi R, Zou C, Li J, Gao Q. Centrobin-tubulin interaction 
is required for centriole elongation and stability. J Cell Biol. 
2011; 193:711–25. https://doi.org/10.1083/jcb.201006135. 
[PubMed]

31. Lee M, Rhee K. Determination of Mother Centriole 
Maturation in CPAP-Depleted Cells Using the Ninein 
Antibody. Endocrinol Metab (Seoul). 2015; 30:53–57. 
https://doi.org/10.3803/EnM.2015.30.1.53. [PubMed]

32. Schmidt TI, Kleylein-Sohn J, Westendorf J, Le Clech M, 
Lavoie SB, Stierhof YD, Nigg EA. Control of centriole 
length by CPAP and CP110. Curr Biol. 2009; 19:1005–11. 
https://doi.org/10.1016/j.cub.2009.05.016. [PubMed]

https://doi.org/10.1124/jpet.115.226639
https://www.ncbi.nlm.nih.gov/pubmed/26306766
https://doi.org/10.1371/journal.pone.0049766
https://doi.org/10.1371/journal.pone.0049766
https://www.ncbi.nlm.nih.gov/pubmed/23185433
https://doi.org/10.1016/j.radonc.2011.05.042
https://doi.org/10.1016/j.radonc.2011.05.042
https://www.ncbi.nlm.nih.gov/pubmed/21665310
https://doi.org/10.1007/s00401-013-1101-1
https://www.ncbi.nlm.nih.gov/pubmed/23429996
https://doi.org/10.1111/j.1742-4658.2009.07447.x
https://www.ncbi.nlm.nih.gov/pubmed/19922470
https://doi.org/10.1158/0008-5472.CAN-07-0575
https://doi.org/10.1158/0008-5472.CAN-07-0575
https://www.ncbi.nlm.nih.gov/pubmed/17909010
https://doi.org/10.1158/1535-7163.MCT-06-0566
https://doi.org/10.1158/1535-7163.MCT-06-0566
https://www.ncbi.nlm.nih.gov/pubmed/17308073
https://doi.org/10.3892/ijo.2012.1710
https://www.ncbi.nlm.nih.gov/pubmed/23174948
https://doi.org/10.3892/or.2016.5189
https://www.ncbi.nlm.nih.gov/pubmed/27779690
https://doi.org/10.7150/thno.38729
https://doi.org/10.7150/thno.38729
https://www.ncbi.nlm.nih.gov/pubmed/32194831
https://doi.org/10.1016/j.tcb.2017.10.005
https://www.ncbi.nlm.nih.gov/pubmed/29173799
https://doi.org/10.21873/anticanres.12345
https://doi.org/10.21873/anticanres.12345
https://www.ncbi.nlm.nih.gov/pubmed/29491046
https://doi.org/10.1038/s41467-018-03641-x
https://www.ncbi.nlm.nih.gov/pubmed/29593297
https://doi.org/10.1083/jcb.201711191
https://doi.org/10.1083/jcb.201711191
https://www.ncbi.nlm.nih.gov/pubmed/29739803
https://doi.org/10.1007/s13402-017-0361-5
https://www.ncbi.nlm.nih.gov/pubmed/29374392
https://doi.org/10.1074/jbc.M114.603423
https://www.ncbi.nlm.nih.gov/pubmed/25616662
https://doi.org/10.1074/jbc.M113.531152
https://www.ncbi.nlm.nih.gov/pubmed/24700465
https://doi.org/10.1083/jcb.201006135
https://www.ncbi.nlm.nih.gov/pubmed/21576394
https://doi.org/10.3803/EnM.2015.30.1.53
https://www.ncbi.nlm.nih.gov/pubmed/25827458
https://doi.org/10.1016/j.cub.2009.05.016
https://www.ncbi.nlm.nih.gov/pubmed/19481458


Oncotarget820www.oncotarget.com

33. Tang CJ, Fu RH, Wu KS, Hsu WB, Tang TK. CPAP is a 
cell-cycle regulated protein that controls centriole length. 
Nat Cell Biol. 2009; 11:825–31. https://doi.org/10.1038/
ncb1889. [PubMed]

34. Januschke J, Reina J, Llamazares S, Bertran T, Rossi F, 
Roig J, Gonzalez C. Centrobin controls mother-daughter 
centriole asymmetry in Drosophila neuroblasts. Nat Cell 
Biol. 2013; 15:241–48. https://doi.org/10.1038/ncb2671. 
[PubMed]

35. Song L, Dai T, Xiong H, Lin C, Lin H, Shi T, Li J. Inhibition 
of centriole duplication by centrobin depletion leads to 
p38-p53 mediated cell-cycle arrest. Cell Signal. 2010; 
22:857–64. https://doi.org/10.1016/j.cellsig.2010.01.009. 
[PubMed]

36. Zou C, Li J, Bai Y, Gunning WT, Wazer DE, Band V, Gao 
Q. Centrobin: a novel daughter centriole-associated protein 
that is required for centriole duplication. J Cell Biol. 2005; 
171:437–45. https://doi.org/10.1083/jcb.200506185. 
[PubMed]

37. Zheng X, Ramani A, Soni K, Gottardo M, Zheng S, Ming 
Gooi L, Li W, Feng S, Mariappan A, Wason A, Widlund 
P, Pozniakovsky A, Poser I, et al. Molecular basis for 
CPAP-tubulin interaction in controlling centriolar and 
ciliary length. Nat Commun. 2016; 7:11874. https://doi.
org/10.1038/ncomms11874. [PubMed]

38. Gabriel E, Wason A, Ramani A, Gooi LM, Keller P, 
Pozniakovsky A, Poser I, Noack F, Telugu NS, Calegari 
F, Šarić T, Hescheler J, Hyman AA, et al. CPAP promotes 
timely cilium disassembly to maintain neural progenitor 
pool. EMBO J. 2016; 35:803–19. https://doi.org/10.15252/
embj.201593679. [PubMed]

39. Hehnly H, Chen CT, Powers CM, Liu HL, Doxsey S. The 
centrosome regulates the Rab11- dependent recycling 
endosome pathway at appendages of the mother centriole. 
Curr Biol. 2012; 22:1944–50. https://doi.org/10.1016/j.
cub.2012.08.022. [PubMed]

40. Mariappan A, Soni K, Schorpp K, Zhao F, Minakar A, 
Zheng X, Mandad S, Macheleidt I, Ramani A, Kubelka T, 
Dawidowski M, Golfmann K, Wason A, et al. Inhibition of 
CPAP-tubulin interaction prevents proliferation of centrosome-
amplified cancer cells. EMBO J. 2019; 38:e99876. https://doi.
org/10.15252/embj.201899876. [PubMed]

41. Xu Q, Zhang Q, Ishida Y, Hajjar S, Tang X, Shi H, Dang 
CV, Le AD. EGF induces epithelial-mesenchymal transition 
and cancer stem-like cell properties in human oral cancer 
cells via promoting Warburg effect. Oncotarget. 2017; 
8:9557–71. https://doi.org/10.18632/oncotarget.13771. 
[PubMed]

42. Sato F, Kubota Y, Natsuizaka M, Maehara O, Hatanaka Y, 
Marukawa K, Terashita K, Suda G, Ohnishi S, Shimizu Y, 
Komatsu Y, Ohashi S, Kagawa S, et al. EGFR inhibitors 
prevent induction of cancer stem-like cells in esophageal 
squamous cell carcinoma by suppressing epithelial-
mesenchymal transition. Cancer Biol Ther. 2015; 16:933–40. 
https://doi.org/10.1080/15384047.2015.1040959. [PubMed]

43. Clapéron A, Mergey M, Nguyen Ho-Bouldoires TH, 
Vignjevic D, Wendum D, Chrétien Y, Merabtene F, Frazao 
A, Paradis V, Housset C, Guedj N, Fouassier L. EGF/EGFR 
axis contributes to the progression of cholangiocarcinoma 
through the induction of an epithelial-mesenchymal 
transition. J Hepatol. 2014; 61:325–32. https://doi.
org/10.1016/j.jhep.2014.03.033. [PubMed]

44. Sabat-Pośpiech D, Fabian-Kolpanowicz K, Prior IA, Coulson 
JM, Fielding AB. Targeting centrosome amplification, an 
Achilles’ heel of cancer. Biochem Soc Trans. 2019; 47:1209–
22. https://doi.org/10.1042/BST20190034. [PubMed]

45. Pihan GA. Centrosome dysfunction contributes to 
chromosome instability, chromoanagenesis, and genome 
reprograming in cancer. Front Oncol. 2013; 3:277. https://
doi.org/10.3389/fonc.2013.00277. [PubMed]

46. Fan G, Sun L, Shan P, Zhang X, Huan J, Zhang X, Li D, 
Wang T, Wei T, Zhang X, Gu X, Yao L, Xuan Y, et al. 
Loss of KLF14 triggers centrosome amplification and 
tumorigenesis. Nat Commun. 2015; 6:8450. https://doi.
org/10.1038/ncomms9450. [PubMed]

47. Zhang Z, Dong Z, Lauxen IS, Filho MS, Nör JE. Endothelial 
cell-secreted EGF induces epithelial to mesenchymal 
transition and endows head and neck cancer cells with stem-
like phenotype. Cancer Res. 2014; 74:2869–81. https://doi.
org/10.1158/0008-5472.CAN-13-2032. [PubMed]

48. Thiery JP. Epithelial-mesenchymal transitions in tumour 
progression. Nat Rev Cancer. 2002; 2:442–54. https://doi.
org/10.1038/nrc822. [PubMed]

49. Kang Y, Massagué J. Epithelial-mesenchymal transitions: 
twist in development and metastasis. Cell. 2004; 118:277–
79. https://doi.org/10.1016/j.cell.2004.07.011. [PubMed]

50. Muthusami S, Prabakaran DS, Yu JR, Park WY. EGF-
induced expression of Fused Toes Homolog (FTS) 
facilitates epithelial-mesenchymal transition and promotes 
cell migration in ME180 cervical cancer cells. Cancer 
Lett. 2014; 351:252–59. https://doi.org/10.1016/j.
canlet.2014.06.007. [PubMed]

51. Miettinen PJ, Ebner R, Lopez AR, Derynck R. TGF-beta 
induced transdifferentiation of mammary epithelial cells 
to mesenchymal cells: involvement of type I receptors. J 
Cell Biol. 1994; 127:2021–36. https://doi.org/10.1083/
jcb.127.6.2021. [PubMed]

52. Cho JH, Chang CJ, Chen CY, Tang TK. Depletion of 
CPAP by RNAi disrupts centrosome integrity and induces 
multipolar spindles. Biochem Biophys Res Commun. 2006; 
339:742–47. https://doi.org/10.1016/j.bbrc.2005.11.074. 
[PubMed]

53. Hung LY, Tang CJ, Tang TK. Protein 4.1 R-135 interacts 
with a novel centrosomal protein (CPAP) which is 
associated with the gamma-tubulin complex. Mol 
Cell Biol. 2000; 20:7813–25. https://doi.org/10.1128/
MCB.20.20.7813-7825.2000. [PubMed]

54. Hung LY, Chen HL, Chang CW, Li BR, Tang TK. 
Identification of a novel microtubule-destabilizing motif 

https://doi.org/10.1038/ncb1889
https://doi.org/10.1038/ncb1889
https://www.ncbi.nlm.nih.gov/pubmed/19503075
https://doi.org/10.1038/ncb2671
https://www.ncbi.nlm.nih.gov/pubmed/23354166
https://doi.org/10.1016/j.cellsig.2010.01.009
https://www.ncbi.nlm.nih.gov/pubmed/20085806
https://doi.org/10.1083/jcb.200506185
https://www.ncbi.nlm.nih.gov/pubmed/16275750
https://doi.org/10.1038/ncomms11874
https://doi.org/10.1038/ncomms11874
https://www.ncbi.nlm.nih.gov/pubmed/27306797
https://doi.org/10.15252/embj.201593679
https://doi.org/10.15252/embj.201593679
https://www.ncbi.nlm.nih.gov/pubmed/26929011
https://doi.org/10.1016/j.cub.2012.08.022
https://doi.org/10.1016/j.cub.2012.08.022
https://www.ncbi.nlm.nih.gov/pubmed/22981775
https://doi.org/10.15252/embj.201899876
https://doi.org/10.15252/embj.201899876
https://www.ncbi.nlm.nih.gov/pubmed/30530478
https://doi.org/10.18632/oncotarget.13771
https://www.ncbi.nlm.nih.gov/pubmed/27926487
https://doi.org/10.1080/15384047.2015.1040959
https://www.ncbi.nlm.nih.gov/pubmed/25897987
https://doi.org/10.1016/j.jhep.2014.03.033
https://doi.org/10.1016/j.jhep.2014.03.033
https://www.ncbi.nlm.nih.gov/pubmed/24704591
https://doi.org/10.1042/BST20190034
https://www.ncbi.nlm.nih.gov/pubmed/31506331
https://doi.org/10.3389/fonc.2013.00277
https://doi.org/10.3389/fonc.2013.00277
https://www.ncbi.nlm.nih.gov/pubmed/24282781
https://doi.org/10.1038/ncomms9450
https://doi.org/10.1038/ncomms9450
https://www.ncbi.nlm.nih.gov/pubmed/26439168
https://doi.org/10.1158/0008-5472.CAN-13-2032
https://doi.org/10.1158/0008-5472.CAN-13-2032
https://www.ncbi.nlm.nih.gov/pubmed/24686166
https://doi.org/10.1038/nrc822
https://doi.org/10.1038/nrc822
https://www.ncbi.nlm.nih.gov/pubmed/12189386
https://doi.org/10.1016/j.cell.2004.07.011
https://www.ncbi.nlm.nih.gov/pubmed/15294153
https://doi.org/10.1016/j.canlet.2014.06.007
https://doi.org/10.1016/j.canlet.2014.06.007
https://www.ncbi.nlm.nih.gov/pubmed/24971934
https://doi.org/10.1083/jcb.127.6.2021
https://doi.org/10.1083/jcb.127.6.2021
https://www.ncbi.nlm.nih.gov/pubmed/7806579
https://doi.org/10.1016/j.bbrc.2005.11.074
https://www.ncbi.nlm.nih.gov/pubmed/16316625
https://doi.org/10.1128/MCB.20.20.7813-7825.2000
https://doi.org/10.1128/MCB.20.20.7813-7825.2000
https://www.ncbi.nlm.nih.gov/pubmed/11003675


Oncotarget821www.oncotarget.com

in CPAP that binds to tubulin heterodimers and inhibits 
microtubule assembly. Mol Biol Cell. 2004; 15:2697–706. 
https://doi.org/10.1091/mbc.e04-02-0121. [PubMed]

55. Kohlmaier G, Loncarek J, Meng X, McEwen BF, Mogensen 
MM, Spektor A, Dynlacht BD, Khodjakov A, Gönczy P. 
Overly long centrioles and defective cell division upon 
excess of the SAS-4-related protein CPAP. Curr Biol. 2009; 
19:1012–18. https://doi.org/10.1016/j.cub.2009.05.018. 
[PubMed]

56. Kitagawa D, Kohlmaier G, Keller D, Strnad P, Balestra 
FR, Flückiger I, Gönczy P. Spindle positioning in human 
cells relies on proper centriole formation and on the 
microcephaly proteins CPAP and STIL. J Cell Sci. 2011; 
124:3884–93. https://doi.org/10.1242/jcs.089888. [PubMed]

57. Lee M, Chang J, Chang S, Lee KS, Rhee K. Asymmetric 
spindle pole formation in CPAP-depleted mitotic cells. 
Biochem Biophys Res Commun. 2014; 444:644–50. https://
doi.org/10.1016/j.bbrc.2014.01.129. [PubMed]

58. Ang KK, Berkey BA, Tu X, Zhang HZ, Katz R, Hammond 
EH, Fu KK, Milas L. Impact of epidermal growth factor 
receptor expression on survival and pattern of relapse in 
patients with advanced head and neck carcinoma. Cancer 
Res. 2002; 62:7350–56. [PubMed]

59. Oliveira S, van Bergen en Henegouwen PM, Storm 
G, Schiffelers RM. Molecular biology of epidermal 
growth factor receptor inhibition for cancer therapy. 
Expert Opin Biol Ther. 2006; 6:605–17. https://doi.
org/10.1517/14712598.6.6.605. [PubMed]

60. Thariat J, Etienne-Grimaldi MC, Grall D, Bensadoun 
RJ, Cayre A, Penault-Llorca F, Veracini L, Francoual M, 
Formento JL, Dassonville O, De Raucourt D, Geoffrois L, 
Giraud P, et al. Epidermal growth factor receptor protein 
detection in head and neck cancer patients: a many-faceted 
picture. Clin Cancer Res. 2012; 18:1313–22. https://doi.
org/10.1158/1078-0432.CCR-11-2339. [PubMed]

61. Egloff AM, Grandis JR. Targeting epidermal growth factor 
receptor and SRC pathways in head and neck cancer. 
Semin Oncol. 2008; 35:286–97. https://doi.org/10.1053/j.
seminoncol.2008.03.008. [PubMed]

62. Mahipal A, Kothari N, Gupta S. Epidermal growth factor 
receptor inhibitors: coming of age. Cancer Contr. 2014; 
21:74–79. https://doi.org/10.1177/107327481402100111. 
[PubMed]

63. Loeffler-Ragg J, Schwentner I, Sprinzl GM, Zwierzina H. 
EGFR inhibition as a therapy for head and neck squamous 
cell carcinoma. Expert Opin Investig Drugs. 2008; 17:1517–
31. https://doi.org/10.1517/13543784.17.10.1517. [PubMed]

64. Birchmeier W, Birchmeier C. Epithelial-mesenchymal 
transitions in development and tumor progression. EXS. 
1995; 74:1–15. https://doi.org/10.1007/978-3-0348-9070-
0_1. [PubMed]

65. Kimura I, Kitahara H, Ooi K, Kato K, Noguchi N, 
Yoshizawa K, Nakamura H, Kawashiri S. Loss of epidermal 
growth factor receptor expression in oral squamous cell 

carcinoma is associated with invasiveness and epithelial-
mesenchymal transition. Oncol Lett. 2016; 11:201–07. 
https://doi.org/10.3892/ol.2015.3833. [PubMed]

66. Costa V, Kowalski LP, Coutinho-Camillo CM, Begnami 
MD, Calsavara VF, Neves JI, Kaminagakura E. EGFR 
amplification and expression in oral squamous cell carcinoma 
in young adults. Int J Oral Maxillofac Surg. 2018; 47:817–23. 
https://doi.org/10.1016/j.ijom.2018.01.002. [PubMed]

67. Taoudi Benchekroun M, Saintigny P, Thomas SM, El-
Naggar AK, Papadimitrakopoulou V, Ren H, Lang W, Fan 
YH, Huang J, Feng L, Lee JJ, Kim ES, Hong WK, et al. 
Epidermal growth factor receptor expression and gene copy 
number in the risk of oral cancer. Cancer Prev Res (Phila). 
2010; 3:800–09. https://doi.org/10.1158/1940-6207.CAPR-
09-0163. [PubMed]

68. Guo M, Mu Y, Yu D, Li J, Chen F, Wei B, Bi S, Yu J, Liang 
F. Comparison of the expression of TGF-β1, E-cadherin, 
N-cadherin, TP53, RB1CC1 and HIF-1α in oral squamous 
cell carcinoma and lymph node metastases of humans 
and mice. Oncol Lett. 2018; 15:1639–45. https://doi.
org/10.3892/ol.2017.7456. [PubMed]

69. Chen MF, Wang WH, Lin PY, Lee KD, Chen WC. 
Significance of the TGF-β1/IL-6 axis in oral cancer. Clin 
Sci (Lond). 2012; 122:459–72. https://doi.org/10.1042/
CS20110434. [PubMed]

70. Peltanova B, Raudenska M, Masarik M. Effect of tumor 
microenvironment on pathogenesis of the head and neck 
squamous cell carcinoma: a systematic review. Mol Cancer. 
2019; 18:63. https://doi.org/10.1186/s12943-019-0983-5. 
[PubMed]

71. Hampton KK, Craven RJ. Pathways driving the endocytosis 
of mutant and wild-type EGFR in cancer. Oncoscience. 
2014; 1:504–12. https://doi.org/10.18632/oncoscience.67. 
[PubMed]

72. Ceresa BP, Peterson JL. Cell and molecular biology of 
epidermal growth factor receptor. Int Rev Cell Mol Biol. 
2014; 313:145–78. https://doi.org/10.1016/B978-0-12-
800177-6.00005-0. [PubMed]

73. Hoepfner S, Severin F, Cabezas A, Habermann B, Runge A, 
Gillooly D, Stenmark H, Zerial M. Modulation of receptor 
recycling and degradation by the endosomal kinesin 
KIF16B. Cell. 2005; 121:437–50. https://doi.org/10.1016/j.
cell.2005.02.017. [PubMed]

74. Gao YS, Hubbert CC, Yao TP. The microtubule-associated 
histone deacetylase 6 (HDAC6) regulates epidermal 
growth factor receptor (EGFR) endocytic trafficking and 
degradation. J Biol Chem. 2010; 285:11219–26. https://doi.
org/10.1074/jbc.M109.042754. [PubMed]

75. Legent K, Liu HH, Treisman JE. Drosophila Vps4 promotes 
Epidermal growth factor receptor signaling independently 
of its role in receptor degradation. Development. 2015; 
142:1480–91. https://doi.org/10.1242/dev.117960. [PubMed]

76. Lin HH, Li X, Chen JL, Sun X, Cooper FN, Chen YR, 
Zhang W, Chung Y, Li A, Cheng CT, Yang L, Deng X, 

https://doi.org/10.1091/mbc.e04-02-0121
https://www.ncbi.nlm.nih.gov/pubmed/15047868
https://doi.org/10.1016/j.cub.2009.05.018
https://www.ncbi.nlm.nih.gov/pubmed/19481460
https://doi.org/10.1242/jcs.089888
https://www.ncbi.nlm.nih.gov/pubmed/22100914
https://doi.org/10.1016/j.bbrc.2014.01.129
https://doi.org/10.1016/j.bbrc.2014.01.129
https://www.ncbi.nlm.nih.gov/pubmed/24491538
https://www.ncbi.nlm.nih.gov/pubmed/12499279
https://doi.org/10.1517/14712598.6.6.605
https://doi.org/10.1517/14712598.6.6.605
https://www.ncbi.nlm.nih.gov/pubmed/16706607
https://doi.org/10.1158/1078-0432.CCR-11-2339
https://doi.org/10.1158/1078-0432.CCR-11-2339
https://www.ncbi.nlm.nih.gov/pubmed/22228639
https://doi.org/10.1053/j.seminoncol.2008.03.008
https://doi.org/10.1053/j.seminoncol.2008.03.008
https://www.ncbi.nlm.nih.gov/pubmed/18544443
https://doi.org/10.1177/107327481402100111
https://www.ncbi.nlm.nih.gov/pubmed/24357745
https://doi.org/10.1517/13543784.17.10.1517
https://www.ncbi.nlm.nih.gov/pubmed/18808311
https://doi.org/10.1007/978-3-0348-9070-0_1
https://doi.org/10.1007/978-3-0348-9070-0_1
https://www.ncbi.nlm.nih.gov/pubmed/8527890
https://doi.org/10.3892/ol.2015.3833
https://www.ncbi.nlm.nih.gov/pubmed/26870189
https://doi.org/10.1016/j.ijom.2018.01.002
https://www.ncbi.nlm.nih.gov/pubmed/29395668
https://doi.org/10.1158/1940-6207.CAPR-09-0163
https://doi.org/10.1158/1940-6207.CAPR-09-0163
https://www.ncbi.nlm.nih.gov/pubmed/20570883
https://doi.org/10.3892/ol.2017.7456
https://doi.org/10.3892/ol.2017.7456
https://www.ncbi.nlm.nih.gov/pubmed/29399192
https://doi.org/10.1042/CS20110434
https://doi.org/10.1042/CS20110434
https://www.ncbi.nlm.nih.gov/pubmed/22103462
https://doi.org/10.1186/s12943-019-0983-5
https://www.ncbi.nlm.nih.gov/pubmed/30927923
https://doi.org/10.18632/oncoscience.67
https://www.ncbi.nlm.nih.gov/pubmed/25594057
https://doi.org/10.1016/B978-0-12-800177-6.00005-0
https://doi.org/10.1016/B978-0-12-800177-6.00005-0
https://www.ncbi.nlm.nih.gov/pubmed/25376492
https://doi.org/10.1016/j.cell.2005.02.017
https://doi.org/10.1016/j.cell.2005.02.017
https://www.ncbi.nlm.nih.gov/pubmed/15882625
https://doi.org/10.1074/jbc.M109.042754
https://doi.org/10.1074/jbc.M109.042754
https://www.ncbi.nlm.nih.gov/pubmed/20133936
https://doi.org/10.1242/dev.117960
https://www.ncbi.nlm.nih.gov/pubmed/25790850


Oncotarget822www.oncotarget.com

Liu X, et al. Identification of an AAA ATPase VPS4B-
dependent pathway that modulates epidermal growth 
factor receptor abundance and signaling during hypoxia. 
Mol Cell Biol. 2012; 32:1124–38. https://doi.org/10.1128/
MCB.06053-11. [PubMed]

77. Rodahl LM, Haglund K, Sem-Jacobsen C, Wendler F, 
Vincent JP, Lindmo K, Rusten TE, Stenmark H. Disruption 
of Vps4 and JNK function in Drosophila causes tumour 
growth. PLoS One. 2009; 4:e4354. https://doi.org/10.1371/
journal.pone.0004354. [PubMed]

78. Oksvold MP, Skarpen E, Wierød L, Paulsen RE, Huitfeldt 
HS. Re-localization of activated EGF receptor and its signal 
transducers to multivesicular compartments downstream 
of early endosomes in response to EGF. Eur J Cell Biol. 
2001; 80:285–94. https://doi.org/10.1078/0171-9335-00160. 
[PubMed]

79. Fujita H, Yamanaka M, Imamura K, Tanaka Y, Nara A, 
Yoshimori T, Yokota S, Himeno M. A dominant negative 
form of the AAA ATPase SKD1/VPS4 impairs membrane 
trafficking out of endosomal/lysosomal compartments: 
class E vps phenotype in mammalian cells. J Cell Sci. 2003; 
116:401–14. https://doi.org/10.1242/jcs.00213. [PubMed]

80. Mizuno E, Iura T, Mukai A, Yoshimori T, Kitamura N, 
Komada M. Regulation of epidermal growth factor receptor 
down-regulation by UBPY-mediated deubiquitination at 
endosomes. Mol Biol Cell. 2005; 16:5163–74. https://doi.
org/10.1091/mbc.e05-06-0560. [PubMed]

https://doi.org/10.1128/MCB.06053-11
https://doi.org/10.1128/MCB.06053-11
https://www.ncbi.nlm.nih.gov/pubmed/22252323
https://doi.org/10.1371/journal.pone.0004354
https://doi.org/10.1371/journal.pone.0004354
https://www.ncbi.nlm.nih.gov/pubmed/19194501
https://doi.org/10.1078/0171-9335-00160
https://www.ncbi.nlm.nih.gov/pubmed/11370743
https://doi.org/10.1242/jcs.00213
https://www.ncbi.nlm.nih.gov/pubmed/12482925
https://doi.org/10.1091/mbc.e05-06-0560
https://doi.org/10.1091/mbc.e05-06-0560
https://www.ncbi.nlm.nih.gov/pubmed/16120644

