














induced upon cell detachment (Supplementary Fig. S6C).
These data suggest that RelA promotes anoikis resistance,
mainly, by regulating PLK1/b-catenin expression. Interest-
ingly, we also found that PLK1 promoter activity and
expression were diminished upon PDTC treatment of
attached cells (Supplementary Fig. S6B and D), indicating
that RelA is also able to regulate PLK1 transcription in
attached cells, but this process requires additional factors.

Overexpression of RelA due to gene amplification is
positively correlated with PLK1 dysregulation in
ESCC tissues

To extend our findings in vivo, we determined whether
there is a correlation between the expression of RelA and
PLK1 in resected human esophageal cancer specimens. In
histologically normal tissues, RelA was undetectable in
most epithelial cells. In contrast, esophageal tumor cells
exhibited moderate (30.4%; 38 of 125) to intense (35.2%;
44 of 125) staining with an anti-RelA antibody (Fig. 6A).
More importantly, RelA overexpression correlated with
high levels of PLK1 expression. In 43 tumor samples
without RelA expression, 74.4% (32 of 43) also showed
PLK1 negative expression, and only 2.3% (1 of 43)
expressed high levels of PLK1. However, in 44 tumor tissues
with RelA overexpression, 54.5% (24 of 44) exhibited
moderate to intense expression of PLK1 (Fig. 6C; Supple-
mentary Table S1).

RelA is located on chromosome 11q in region 11q13,
and gene amplification in this region has frequently
been observed in human tumors, including those of the
esophagus. To determine whether overexpression of RelA
is associated with gene amplification, we used quantita-
tive genomic real-time PCR to analyze RelA gene copy
numbers. Amplification of RelA gene was observed in
35.8% (19 of 53) of ESCC patients, and the copy numbers
of RelA gene were relatively high in tumors that overex-
pressed RelA protein, suggesting that gene amplification
was responsible for RelA overexpression in some part of
ESCC patients (Fig. 6B; Supplementary Table S2).

Discussion

Recent studies have indicated that detachment of epithe-
lial cells triggers not only pro-apoptotic but also anti-
apoptotic signals, and the equilibrium between these sig-
nals regulates anoikis (22–24). In suspended carcinoma
cells, survival signals typically prevail, and anoikis induc-
tion is blocked, ultimately leading to tumor invasion and
metastasis. Several anti-anoikis signals in cancer cells have
been identified. For example, we and other researchers
found that the activation of oncoproteins, including CTTN
(14), calreticulin (15), Ras (25, 26), and b-catenin (17),
suppressed anoikis of various types of cancer cells. In the
present study, we found that detachment of ESCC cells
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Figure 6. RelA amplification and
overexpression is correlated with
PLK1 upregulation in human
ESCC tissues. A, sample case
indicating that RelA is
overexpressed in ESCC tissues by
immunohistochemical staining on
the tissuemicroarray. Top, original
magnification, � 100; bottom,
� 400 magnification of tissues in
black frames. B, real-time PCR
detection of genomic copy
number of RelA in 53 ESCC
specimens. Thick, horizontal line
represents the cutoff value for
gene amplification when
normalized by the reference gene.
C, correlation between RelA and
PLK1 expression in ESCC tissues.
Top, a representative specimen
with both negative RelA/PLK1
staining (left) and another with
both strong positive RelA/PLK1
staining. Original magnification,
� 100; bottom, � 400
magnification of tissues in black
frames.
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triggered the upregulation of PLK1, a critical anti-apoptotic
protein. Overexpression of PLK1 blocked anoikis in
detached cells, and inhibition or depletion of PLK1
restored the sensitivity of ESCC cells to anoikis. Further-
more, it was noticed that PLK1 depletion did not affect the
expression level of CTTN and calreticulin (Supplementary
Fig. S7), indicating that these proteins still can inhibit
anoikis in PLK1-depleted cells. This is consistent with
our results that a subset of PLK1-depleted cells still survived
after 24 hours of being cultured in suspension. Based on
our previous findings that PLK1 overexpression inhibits the
mitochondrial apoptotic pathway in ESCC cells, upregula-
tion of PLK1 induced by cell detachment probably shifts
the balance between the life and death signals toward
survival and suppression of anoikis. However, the apop-
tosis-related molecules responsible for this process are
unknown as yet and require further investigation.
Results from the GST pull-down and Co-IP assays suggest

that b-catenin interacts with PLK1 in ESCC cells. The
observation that PLK1 modulated b-catenin protein levels
in attached and detached cells led to the hypothesis that
b-catenin could be involved in the PLK1-dependent reg-
ulation of anoikis resistance. Ectopic expression of b-cate-
nin rescued ESCC cells from detachment-induced
apoptosis due to PLK1 knockdown, indicating that b-cate-
nin is an integral component and downstream signaling
molecule in the PLK1-dependent anoikis-resistance path-
way. The fact that PLK1 depletion did not affect b-catenin at
the mRNA level but downregulated b-catenin at the protein
level led us to speculate that posttranslational stabilization
of b-catenin was regulated by PLK1. Indeed, the interac-
tions between b-catenin andGSK-3b/b-Trcpwere enhanced
upon PLK1 knockdown, which promoted the ubiquitina-
tion and degradation of b-catenin. The importance of
regulating b-catenin stability in cancer cells is supported
by findings that GSK-3b-phosphorylation sites in b-catenin
are commonly mutated in human colorectal cancers and
other malignancies (27, 28). Furthermore, b-catenin is
abnormally highly expressed in ESCC cells that overexpress
end-binding protein 1 (EB1) and frequently rearranged in
advanced T-cell lymphomas-1 (FRAT1), indicating that
other events contribute to the dysregulation of b-catenin
expression (29, 30). Thus, the interaction between PLK1
and b-catenin and the regulation of b-catenin by PLK1
identified in our study represents another mechanism by
which b-catenin degradation is controlled in ESCC.
Arai and colleagues previously found that Ser-718 of

b-catenin was specifically phosphorylated in M-phase by
PLK1 (31). However, the study did not show that b-catenin
protein degradation was regulated by PLK1, suggesting that
this regulation is limited to certain types of tumor cells. We
transfected PLK1 into ESCC cells and found that PLK1 was
necessary, but not sufficient, for maintaining high protein
levels of b-catenin. One possibility is that, in ESCC cells,
PLK1 is already overexpressed (9) and it blocks proteaso-
mal degradation of b-catenin; therefore, ectopic expression
of PLK1 is somewhat redundant for this process and is not
able to make the b-catenin protein more stable. Intrigu-

ingly, ectopic expression of a kinase-dead PLK1 mutant led
to b-catenin downregulation, indicating that PLK1 kinase
activity is required for b-catenin stabilization. Additional
studies are required to clarify whether the regulation of
b-catenin protein degradation is mediated by direct phos-
phorylation by PLK1 or through cooperation with other
unidentified cellular signals.

The NF-kB family of transcription factors regulates a
broad spectrum of biological responses, but its pro- and
anti-apoptotic effects appear to be cell-type and context
dependent (32–34). RelA has been shown to induce p53-
dependent apoptosis, but it also efficiently counteracts
TNF-a-induced apoptosis (35), suggesting that RelA pro-
motes the expression of both anti- and proapoptotic mole-
cules. In the present study, we showed the role of RelA in
anoikis resistance of ESCC cells, which is consistent with
previous reports that NF-kB delays anoikis of intestinal
epithelial cells (24). Our results from EMSA, ChIP, and
reporter assays suggest that PLK1 is a transcriptional target
of RelA and that upregulation of PLK1 induced by cell
detachment is RelA dependent. Using 2 different highly
selective inhibitors of the NF-kB pathway, we showed that
RelA protected ESCC cells from anoikis by modulating
PLK1 and b-catenin expression. It is worth noticing that
PDTC or CAPE treatment suppressed PLK1 promoter activ-
ity more strongly than deletion of PLK1-NE, suggesting that
NF-kB has other binding sites in PLK1 promoter region or
effectors downstream of the NF-kB pathway regulate PLK1
transcriptional activity. Other regulators of the NF-kB path-
way, such as lipopolysaccharide (LPS), TNF-a, or interleu-
kin (IL)-1b, had no effect on PLK1 promoter activity
(data not shown). Thus, the regulation of PLK1 by RelA,
identified in our study, is a novel mechanism of the
complex NF-kB signaling network. Interestingly, recent
studies have suggested that, through regulating NEMO
and IkB kinase b, PLK1 inhibits NF-kB transcriptional
activation induced by TNF-a or IL-1b, but not by RelA
(36, 37). Altogether, these results suggest that there is no
negative feedback loop between RelA and PLK1 regulation.

In the present study, we found that elevated protein
levels of RelA were present in 65.6% of tumor samples,
indicating that alterations in RelA expression are frequent
events in ESCC. Analyses of both genomic copy number
and protein expression of RelA in the same cases showed
that gene amplification was one of the mechanisms under-
lying RelA overexpression. Our recent findings that only
37% of specimens with PLK1 protein upregulation exhib-
ited gene amplification (9) suggest that transcriptional
activation could be another mechanism of PLK1 overex-
pression in some esophageal carcinomas. Notably, a sig-
nificant correlation between RelA and PLK1 overexpression
was observed in ESCC specimens. In view of our finding
that RelA is also required for PLK1 expression in attached
cells, these data indicate that RelA is an important tran-
scriptional regulator of PLK1 and is responsible for PLK1
overexpression in ESCC tissues.

In summary, we showed that upregulation of PLK1
triggered by cell detachment is regulated by RelA at the
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transcriptional level. Induction of PLK1 protects esopha-
geal carcinoma cells from anoikis through modulation
of b-catenin protein levels by inhibiting their degrad-
ation. Altogether, our study reveals novel mechanisms
that underlie PLK1 overexpression in ESCC and the role
of PLK1 in anoikis resistance.
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