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a b s t r a c t

It has been implied that deregulation of cyclin D1 turnover under stresses can facilitate genomic
instability and trigger tumorigenesis. Much focus has been placed on identifying the E3 ligases
responsible for mediating cyclin D1 degradation. However, the findings were quite controversial and cell
type-dependent. Little is known about how cyclin D1 is regulated in precancerous cells upon DNA
damage and which E3 ligases mediate the effects. Here we found cyclin D1 reduction is an early response
to DNA damage in immortalized esophageal epithelial cells, with expression dropping to a low level
within 1 h after g-irradiation. Comparison of temporal expression of cyclin D1 upon DNA damage be-
tween immortalized NE083-hTERT and NE083-E6E7, the latter being p53/p21-defective, showed that
DNA damage-induced rapid cyclin D1 reduction was p53-independent and occurred before p21 accu-
mulation. Overexpression of cyclin D1 in NE083-E6E7 cells could attenuate G0/G1 cell cycle arrest at 1 h
after irradiation. Furthermore, rapid reduction of cyclin D1 upon DNA damage was attributed to pro-
teasomal degradation, as evidenced by data showing that proteasomal inhibition by MG132 blocked
cyclin D1 reduction while cycloheximide facilitated it. Inhibition of ATM activation and knockdown of E3
ligase adaptor FBX4 reversed cyclin D1 turnover in immortalized NE083-hTERT cells. Further study
showed that knockdown of FBX4 facilitated DNA breaks, as indicated by an increase in g-H2AX foci in
esophageal cancer cells. Taken together, the results substantiated a pivotal role of ATM and FBX4 in cyclin
D1 proteolysis upon DNA damage in precancerous esophageal epithelial cells, implying that deregulation
of the process may contribute to carcinogenesis of esophageal squamous cell carcinoma.
© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The esophagus is exposed directly to a variety of substances that
can cause injuries and irritations, and trigger inflammatory re-
sponses, resulting in release of reactive oxygen species/reactive
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nitrogen species (ROS/RNS). Overexpression of ROS/RNS can cause
DNA damage. Cyclin D1, belonging to the family of D-type cyclins,
regulates cell cycle progression and tumorigenesis [1e4]. Degra-
dation of cyclin D1 at the early stage of DNA damage response
(DDR) is crucial for maintaining genomic stability, as interference of
cyclin D1 degradation compromises the intra-S-phase checkpoint
and increases the frequency of chromatid breaks following DNA
damage [5,6]. In the early stage of carcinogenesis, failure to degrade
cyclin D1 upon DNA damage may allow DNA damages to accumu-
late and facilitate cancer development [7,8]. Studying events and
mechanisms involved in regulation of cyclin D1 upon DNA damage
in precancerous cells may provide a better understanding of the
carcinogenesis process of esophageal squamous cell carcinoma
(ESCC).

Immortality has been deemed as a prerequisite condition for
malignant transformation of cells [9]. Immortalized cells may be
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considered as precancerous cells and are good models for studying
the early events of the cancer development. Little is known about
how cyclin D1 is regulated in precancerous cells upon DNA damage
and which E3 ligases mediate the effects. A variety of E3 ligases
such as anaphase-promoting complex (APC)/cdc27 [10], SCFFBXO31

[11], SCFFBX4/alphaB-crystallin [12] and SCFFBX8 [13], have been reported
to mediate cyclin D1 degradation in different cell types. Among
these E3 ligases, SCFFBX4/alphaB-crystallin may have an important role
in cyclin D1 degradation in ESCC since mutations of FBX4 were
found in 14% primary esophageal carcinoma [14]. Another F-box
protein, FBXO31, was reported to specifically respond to DNA
damage [11]. In this paper, we showed that rapid and p53-p21-
independent cyclin D1 degradation occurs within 1 h upon DNA
damage in immortalized esophageal epithelial cells, and that the E3
ligase adaptor FBX4 is involved in mediating this process.
2. Methods and materials

2.1. Cell lines and drugs

Three immortalized human esophageal epithelial cell lines were
used: NE2-hTERT, established previously in our laboratory [15], and
NE083-hTERT, kindly provided by Professor YL Kwong (Department
of Medicine, The University of Hong Kong) [16], were immortalized
by overexpression of human telomerase reverse transcriptase
(hTERT); NE083-E6E7, also provided by Professor Kwong, was
immortalized by expression of human papillomavirus (HPV) E6 and
E7 [16]. The immortalized cells were cultured in a 1:1 mixture of
defined keratinocyte serum-free medium (GIBCO, Carlsbad, CA,
USA) and EpiLife (Cascade Biologics, Portland, Oregon, USA) with
the supplements provided. Esophageal squamous cell carcinoma
cell lines KYSE30 and KYSE150 [17], obtained from DSMZ
(Braunschweig, Germany), were cultured in RPMI 1640 (Sigma, St.
Louis, MO, USA) containing 10% fetal bovine serum (Invitrogen,
Gaithersburg, MD, USA). KU55933 (an ATM inhibitor) and cyclo-
heximide (CHX) were purchased from Sigma-Aldrich. MG132 was
obtained from Merck Bioscience, Darmstadt, Germany.
2.2. Generation of NE083-E6E7-pBabe and NE083-E6E7-cyclin D1
stable cell lines

The retroviral vectors pBabe-puro and the cyclin D1-expressing
pBabe-puro-cyclin D1-HA (kindly provided by Dr. William Hahn,
Department of Medical Oncology, Dana-Farber Cancer Institute,
Harvard Medical School, USA), and the VSV-G plasmid (kindly
provided by Dr. H. L. Chen, Department of Microbiology, The Uni-
versity of Hong Kong), were transfected into the Phoenix 293
packaging cells (also from Dr. H. L. Chen). The NE083-E6E7 cells
were infected at PD (population doubling) 80 with viral superna-
tant for 8 h. The pBabe and cyclin D1 transfectants were selected
with 1 mg/ml puromycin for two weeks.
2.3. Ionizing radiation (IR)

Cells were cultured in 35 mm dish for 24 h then subjected to g-
irradiation from a 137Cs source using a Gammacell 3000 Elan
machine (MDS Nordion, Ottawa, ON, Canada).
2.4. Pulse-chase analysis with cycloheximide

NE083-hTERT cells with or without exposure to 10 Gy g-irra-
diation were treated with 50 mg/ml CHX for different durations up
to 60min. Cell lysates were prepared and subjected to western blot.
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2.5. SiRNA interference

Selective small interfering RNAs (siRNAs) for the FBX4 (ID:
s25343) and negative control siRNA were purchased from Thermo
Fisher Scientific, Wilmington, Delaware, USA. Transfections with
Lipofectamine RNAiMAX (Invitrogen) were performed according to
the manufacturer’s protocol. For the knockdown of FBX4,
3 � 104 cells were plated in 35 mm dishes, to which siRNA-Lip-
ofectamine complexes were added, resulting in a final RNA con-
centration of 20 nmol/L. After 48 h, cells were collected for analysis.
Details of FBXO31-knockdown and the two shRNA sequences were
reported previously [18].
2.6. Immunoblotting and antibodies

Preparation of whole-cell lysates and immunoblotting were
performed as described previously [18,19]. Since H2AX protein
tightly binds with DNA, the following method was used to prepare
samples for g-H2AX detection. After washing with cold PBS twice
to remove residual medium, adherent cells in 35 mm dish were
scraped into 100 ml PBS and centrifuged at 700 rpm for 5 min at
4 �C. The supernatant was discarded and the cell pellet was then
suspended in 25 ml 2X Protein Sample Buffer and sonicated briefly.
The samples were denatured by boiling at 95 �C for 10 min.

Cyclin D1 antibody was purchased from BD Biosciences (San
Diego, CA, USA). Anti-FBX4 antibody was purchased from Rockland
(Gilbertsville, PA, USA). Antibodies against ATM, p-ATM, g-H2AX, p-
p53, p-Chk2 were obtained from Cell signaling Technology (Bev-
erly, MA, USA). p53 and p21 antibodies were purchased from Dako
(Glostrup, Denmark). Actin, cyclin E and CDK4 antibodies were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). b-
tubulin antibody was purchased from Sigma.
2.7. Flow cytometry

About 1e2 x 106 single cells were harvested and washed in cold
PBS twice, then fixed in 70% ethanol overnight. Cells were washed
on the next day in cold PBS once and then incubated in propidium
iodide (PI) buffer (PBS containing 40 mg/ml PI and 100 mg/ml
RNAase) at 37 �C for 30 min prior to analysis by flow cytometry (BD
FACSCanto II Analyzer, BD Biosciences). Cell cycle was analyzed
with FlowJo using Dean-Jett-Fox methods.
2.8. Immunofluorescence

Cells were fixed in 4% paraformaldehyde for 15 min at room
temperature, and then permeabilized with 0.25% Triton X-100 for
5 min. The cells were incubated with 1:500 anti-g-H2AX (Cell
Signaling) for 1 h, followed by three washes in PBS and then
incubated with 1:2000 secondary antibody (Alexa Fluor 488
donkey anti-rabbit IgG Invitrogen) for 1 h. Cells were then coun-
terstained with 40,6-diamidino-2-phenylindole (DAPI). Immuno-
staining of cells was visualized using confocal microscopy (Carl
Zeiss LSM 700, NY, USA) with a 63X objective.
2.9. Statistical analysis

The results were analyzed using SPSS (Aspire Software Inter-
national, Leesburg, VA). The data from each experiment (expressed
as the mean ± SE) were compared by ANOVA. All statistical tests
were two-sided, and P values < 0.05 were deemed statistically
significant.
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3. Results and discussion

3.1. Cyclin D1 was downregulated in immortalized esophageal
epithelial cells upon DNA damage

To study the regulation of cyclin D1 under genotoxic stress in
precancerous esophageal cells, the changes in cyclin D1 expression
upon DNA damage were first investigated using NE2-hTERT and
NE083-hTERT cell lines. Since DNA damage was reported to induce
G1 arrest [20], the expression of cyclin D1 and other cell cycle
molecules related to G1 phase, such as cyclin E and CDK4 were
compared. Western blot results showed that cyclin D1 expression
was reduced 1 h after 10 Gy of geirradiation, while CDK4
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Fig. 1. Cyclin D1 reduction is an early response that occurs before p21 accumulation in im
esophageal epithelial cells responded to DNA damage with cyclin D1 reduction. Cell lysates
and then analyzed by western blot for cyclin D1, cyclin E, CDK4, ATM and g-H2AX expression
protein expression pattern of immortalized cells was analyzed at the indicated time interv
attenuated G0/G1 cell cycle arrest induced by g eirradiation at 1 h. Stable cell lines NE083-E
were harvested 1 h later and stained with PI, then analyzed by FACS. Representative cell cycl
at G0/G1, S, G2/M phase from three independent experiments are shown in the right pane
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expression was unchanged and cyclin E slightly upregulated. g-
H2AX and p-ATM, serving as DNA damage indicators, were
increased as expected (Fig. 1A). Moreover, NE083-hTERT and NE2-
hTERT responded to irradiation-induced DNA damage in a dose-
dependent manner, with increased activation of DNA damage
response proteins, p-ATM, p-Chk2, p-p53, g-H2AX and corre-
sponding cyclin D1 reduction (Supplementary Fig. S1).

Cyclin D1 and cyclin E are two important cyclins that bind and
activate CDK4/CDK6 and CDK2, respectively, to facilitate G1-S
transition. Cyclin D1, but not cyclin E, was found to undergo rapid
degradation upon DNA damage in immortalized esophageal
epithelial cells. Degradation of cyclin D1 upon DNA damage may be
associated with the requirement of cells to elicit a rapid G1 arrest to
NE083-hTERT

NE083-E6E7
  0     0.5      1       2      4       6

mortalized esophageal epithelial cells responding to DNA damage. (A) Immortalized
from NE2-hTERT and NE083-hTERT were harvested at 1 h after 10 Gy of g eirradiation
s. (B) DNA damage-induced cyclin D1 reduction occurred before p21 accumulation. The
als (h) after 10 Gy g-irradiation. (C) Overexpression of cyclin D1 in NE083-E6E7 cells
6E7-pBabe and NE083-E6E7-cyclin D1 were subjected to 10 Gy of g eirradiation; cells
e analysis results are shown in the left panel. The mean percentages of cell populations
l. *, P < 0.05.
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Fig. 2. Cyclin D1 reduction in response to DNA damage is due to proteasome-mediated
degradation. (A) Cell lysates from indicated immortalized cells treated with 10 mM
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prevent further accumulation of DNA damage [10,21]. Its prefer-
ential degradation over cyclin E1 may be attributed to its novel
functions beside cell cycle regulation, such as epigenetic regulation
of gene transcription through protein arginine methyltransferase 5
(PRMT5) [22], and regulation of DNA repair [23].

3.2. DNA damage-induced rapid cyclin D1 reduction was p53-
independent

Since DNA damage led to rapid downregulation of cyclin D1,
further investigation was carried out to determine the temporal
correlations of cyclin D1 reduction and p21 induction, both of
which are important for eliciting G1 cell cycle arrest upon DNA
damage. Cellular responses in two immortalized cell lines NE083-
hTERT and NE083-E6E7, established from esophageal epithelial
cells of the same individual, were assessed after 10 Gy g-irradiation
(Fig. 1B). In NE083-hTERT cells, DNA damage elicited a rapid cyclin
D1 reduction, which was evident at 0.5 h, before p53 stabilization
and p21 upregulation which occurred at around 1 h and 4 h
respectively. In the NE083-E6E7 cell line, which was immortalized
by overexpression of HPV E6/E7 genes, and therefore defective in
p53 activation and p21 induction [16], cyclin D1 was also rapidly
downregulated, indicating that this effect is p53-independent.
Next, we studied the effects of cyclin D1 overexpression in NE083-
E6E7 immortalized cells. The results showed that there was G0/G1
arrest 1 h after irradiation in the NE083-E6E7-pBabe control cells,
but this effect was attenuated in NE083-E6E7-cyclin D1 cells which
had a lower cell populations at G0/G1 phase compared with control
cells (Fig. 1C). Therefore, these results suggest that cyclin D1
degradation may play a pivotal role in eliciting cell cycle arrest
before p21 induction, which may be especially important for p53-
deficient cells.

3.3. Reduction in cyclin D1 in response to DNA damage was due to
proteasome-mediated degradation

The rapid cyclin D1 reduction upon DNA damage suggests that a
post-translational modification may be involved in this process.
Whether the reduction of cyclin D1 in immortalized esophageal
epithelial cells was mediated by proteasomal degradation was
investigated. The results showed that treatment with proteasome
inhibitor MG132 could abolish the g-irradiation-induced cyclin D1
reduction in both NE2-hTERTand NE083-hTERTcells (Fig. 2A). Then
pulse-chase analysis with CHX was used to compare the degrada-
tion profile of cyclin D1 with and without g-irradiation. The results
showed that g-irradiation facilitated the turnover of cyclin D1
(Fig. 2B). Therefore, the results supported that cyclin D1 reduction
in response to DNA damage is due to proteasome-mediated
degradation.

3.4. ATM and FBX4 mediated cyclin D1 degradation in
immortalized esophageal epithelial cells responding to IR

Since cyclin D1 reduction under DNA stress was due to protea-
somal degradation (Fig. 2), the expression levels of E3 ligase
adaptors FBX4 and FBXO31, which are reported to be involved in
cyclin D1 degradation in 3T3 fibroblasts [12] and SK-MEL-28 mel-
anoma cells [11] respectively, were investigated. Western blot re-
sults studying the temporal changes of cellular response in NE083-
hTERT cells showed marked reduction in cyclin D1 at the very early
stage of DNA damage response, and gradual recovery at late stage
(Fig. 3A), which was consistent with the results in Fig. 1. There was
also gradual accumulation of FBXO31 (Fig. 3A and Supplementary
Fig. S2). Yet, knockdown of FBXO31 failed to reverse IR or UV-
induced cyclin D1 degradation in ESCC cells [18], indicating that
79
FBXO31 may not be a major mediator of cyclin D1 degradation in
cells of esophageal epithelial origin.

Although the expression level of FBX4 remained unchanged
(Fig. 3A), its possible involvement in mediating cyclin D1 degra-
dation cannot be ruled out. Barbash et al. found that GSK3b can
mediate FBX4 phosphorylation on Ser12, thereby regulates FBX4
dimerization, and stimulating FBX4-driven E3 ligase activity [14]. It
is possible that this mechanism may induce cyclin D1 degradation
without apparent change in FBX4 protein expression. Therefore, we
examined the effects of knockdown of FBX4 on cyclin D1 degra-
dation and found that FBX4-knockdown could reverse g-irradia-
tion-induced cyclin D1 degradation (Fig. 3B), indicating that FBX4
mediates cyclin D1 turnover upon DNA damage in immortalized
esophageal epithelial cells.

Interestingly, the expression level of p-ATM showed opposite
trends to cyclin D1, with increased p-ATM occurring from 0.5 to 2 h
when cyclin D1 expression decreased (Fig. 3A). NE083-hTERT and
two ESCC cell lines, namely KYSE30 and KYSE150, were treated
with KU55933, an ATM inhibitor, to study the effect of ATM inhi-
bition on cyclin D1 degradation. The results showed that KU55933
prevented IR-induced p-ATM expression, and also blocked cyclin
D1 degradation in immortalized epithelial cells (Fig. 3C) as well as
ESCC cells (Supplementary Fig. S3), indicating rapid proteolytic
degradation of cyclin D1 upon IR is ATM-dependent.
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DNA damage-induced proteolysis of cyclin D1 requires phos-
phorylation of cyclin D1 at Thr-286. The kinases reported to directly
phosphorylate cyclin D1 at T286 include GSK3b [24], ERK1/2 [13]
and p38 SAPK2 [25]. Although how DNA damage signals trigger
kinases to phosphorylate cyclin D1 is unknown, the use of in-
hibitors and knockout experiment in previous studies proved that
ATM is required for cyclin D1 phosphorylation and degradation
following DNA damage [5,11]. Here, ATM inhibition was found to
abolish cyclin D1 rapid degradation upon DNA damage in precan-
cerous cells (Fig. 3C), indicating cyclin D1 is a downstream effector
of ATM pathway. Further studies are needed to identify unique DDR
proteins downstream of ATM that directly mediate kinases to
phosphorylate and degrade cyclin D1.
3.5. Knockdown of FBX4 facilitated DNA damage-induced double
strand breaks

As mutations of FBX4 were found in 14% primary esophageal
carcinoma [26], but whether impaired FBX4 facilitates cancer
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development upon DNA damage is not well addressed, we pro-
ceeded to study the effects of FBX4-knockdown on genomic sta-
bility in ESCC cells. The results showed that knockdown of FBX4
facilitated DNA damage as indicated by an increase in g-H2AX foci
in KYSE150 compared with the siRNA control cells (Fig. 4).

FBX4 and its coactivator aB crystalline, which are components of
Skp1-Cul1-F box (SCF) E3 ligase, specifically recognize Thr286-
phosphorylated cyclin D1 and mediate cyclin D1 poly-
ubiquitination and proteasomal degradation [12]. Disruption of
cyclin D1 phosphorylation, nuclear export or deregulation of cyclin
D1 E3 ligase adaptor FBX4-aB crystalline can contribute to cancer
development. Overexpression of a cyclin D1 mutant with impaired
Thr286 phosphorylation, which could not be effectively exported
from the nucleus for degradation in the cytoplasm, was found to
transform cells and trigger mantle cell lymphoma in a mouse
model. Disruption of phosphorylation of cyclin D1 at Thr286 and
genomic mutations at FBX4 were both found in esophageal cancers
[26]. Here we found that FBX4 mediates cyclin D1 proteolysis in
immortalized esophageal epithelial cells and knockdown of FBX4
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could facilitate DNA damage, suggesting a key role of FBX4-cyclin
D1 in ESCC development.

In summary, cyclin D1 degradation is an early DNA damage
response, and ATM and FBX4 are involved in rapid proteolysis of
cyclin D1 in immortalized cells. This process is crucial for the
initiation of G1 arrest before p53-induced p21accumulation;
disturbance of this process may contribute to cell cycle checkpoint
defects and imperfect repair of DNA lesions, thereby leading to
genomic instability and carcinogenesis.
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