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Cyclin D1 is frequently overexpressed in esophageal squamous cell carcinoma (ESCC) and is considered a key driver
of this disease. Mutations in FBXO4, F-box specificity factor that directs SCF-mediated ubiquitylation of cyclin D1, occur
in ESCC with concurrent overexpression of cyclin D1 suggesting a potential tumor suppressor role for FBXO4. To
evaluate the contribution of FBXO4-dependent regulation cyclin D1 in esophageal squamous cell homeostasis, we
exposed FBXO4 knockout mice to N-nitrosomethylbenzylamine (NMBA), an esophageal carcinogen. Our results
revealed that loss of FBXO4 function facilitates NMBA induced papillomas in FBXO4 het (C/¡) and null (¡/¡) mice both
by numbers and sizes 11 months after single dose NMBA treatment at 2mg/kg by gavage when compared to that in wt
(C/C) mice (P < 0.01). No significant difference was noted between heterozygous or nullizygous mice consistent with
previous work. To assess cyclin D1/CDK4 dependence, mice were treated with the CDK4/6 specific inhibitor,
PD0332991, for 4 weeks. PD0332991 treatment (150mg/kg daily), reduced tumor size and tumor number. Collectively,
our data support a role for FBXO4 as a suppressor of esophageal tumorigenesis.

Introduction

Cyclin D1 functions as a rate limiting allosteric regulator of
cyclin dependent kinase 4. The cyclin D1/CDK4 kinase initiates
the inactivation of the retinoblastoma protein through direct
phosphorylation in response to growth factor stimulation.1 The
growth factor dependence of cyclin D1/CDK4 activity uniquely
positions this kinase as an integrator of growth factor signaling
and cell division. Not surprisingly, cyclin D1/CDK4 activity is
frequently dysregulated in human cancer. Overexpression of
nuclear cyclin D1 is a transforming event that contributes
directly to neoplastic manifestation.1 The oncogenic functions of
cyclin D1 emphasize the importance of the regulation of cyclin
D1 accumulation in normal cells.

While cyclin D1 overexpression can result from gene amplifica-
tion, its overexpression and consequent nuclear accumulation is per-
haps more frequently associated with decreased protein degradation.
Cyclin D1 protein degradation is regulated by the SCF-FBXO4/aB-

crystallin E3 ligase.2 FBXO4mutations have been identified in human
cancers including carcinomas of the esophagus and breast as well as

metastatic melanoma3,4 and such mutations result in dysregulation
of cyclin D1 and cyclin D1/CDK4 activity. Likewise targeted
knockout of FBXO4 in mice results in spontaneous tumors in multi-
ple tissues including haematopoietic and mammary epithelium that
are associated with cyclin D1 overexpression.5,6 Additional work has
revealed that FBXO4 is a haplo-insufficient tumor suppressor such
that loss of a single FBXO4 allele results in tumorigenesis with no
selection for loss of heterozygocity.

N-nitrosomethylbenzylamine (NMBA) is a carcinogen of n-
nitrosamine compounds that induces squamous cancer in rat
esophagus and fore stomach proliferation/dysplasia in mice.7-9

Importantly, NMBA contamination is thought to be one of the
factors in human esophageal squamous carcinoma. NMBA is not
carcinogenic per se. It requires in vivo transformation and pro-
duction of intermediate reactive products to form stable adducts
such as alkylated purine and pyrimidines. Human and rat esoph-
agi can fully convert NMBA into metabolites that alkylate DNA
at the N7 and O6 position of guanine. The persistence and accu-
mulation of these adducts lead to DNA mutations and carciogen-
esis in rats.10-14 Ethanol can enhance the mutagenic activation of
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NMBA by cytochrome P450 2A in rats.15 Differential expression
of 4807 genes in preneoplastic esophagus (PE) and 17 846 genes
in esophageal papillomas in rat was reported by Wang et al.16

Given the occurrence of inactivating mutations in human
esophageal squamous carcinoma (ESCC), we wished to directly
assess whether FBXO4 loss would contribute to upper GI malig-
nancy in a model system. In this paper, we report that the loss of
FBXO4 facilitates NMBA induced carcinogenesis; administra-
tion of PD0332991, a highly specific small molecule inhibitor of
the CDK4/6 kinase17 reduced tumor burden consistent with
cyclin D1 as a key downstream target of FBXO4.

Results

FBXO4 loss sensitizes mice to NMBA induced papilloma
formation

NMBA treatment can trigger dysplastic growth in epithelium
of the upper GI of rats and mice.7-9 NMBA treatment of cyclin
D1 transgenic mice triggered increased epithelial proliferation
and more severe dysplasia relative to non-transgenic controls con-
sitent with the oncogenic potential of cyclin D1.8 To ascertain
the affect of FBXO4-dependent tumor suppression in the upper
gastrointestinal tract (GI), we exposed wild type, FBXO4

heterozygous (C/¡) and nullizygous (¡/¡) mice to a single oral
dose of NMBA, 2mg/kg body weight or vehicle control. Mice
were then monitored for up to 11 months for overt signs of
malignancy. Mice were sacrificed at 8 and 11 months and upper
gastrointestinal tissue including both the esophagus and fore
stomach were assessed for neoplastic manifestations.

In total, 21 FBXO4 wild type (wt), 32 FBXO4 hetrozygote (het)
and 22 FBXO4 homozygote (null) mice were treated with single
dose NMBA. Eleven months post NMBA exposure papilloma for-
mation was observed in all 3 genotypes (Fig. 1; Table 1). While
papillomas were observed in all genotypes, there were significant
increases in papilloma number when comparing wt/het and wt/null
groups (Fig. 1; Table 1; P < 0.01). We also noted a significant
increases in papilloma size in both het and null groups with respect
to the wild type group (Fig. 1; Table 1; P < 0.01). No significant
difference was observed between het/null groups (P> 0.05) consis-
tent FBXO4 haploinsufficiency. Cyclin D1 overexpression was
noted in papillomas independent of genotype consistent with cyclin
D1/CDK4 regulating proliferation in this tissue (Fig. 1C).

CDK4 inhibition reduces tumor number and size
FBXO4 comprises the specificity component of an SCF E3

ligase that regulates cyclin D1 accumulation. To address whether

Figure 1. The gross and pathological findings of NMBA treated mice. (A) Representative papillomas recovered from fore stomach. Enlarged lymph nodes,
not pictured, were also observed. (B) H&E staining of normal fore stomach and papillomas. (C) Immunofluoresent staining of normal fore stomach or
papilloma from NMBA treated FBXO4C/¡ mice. (D) Quantified tumor numbers from NMBA treated mice of the indicated genotypes. P < 0.01 between
wt/het and wt/null groups, respectively. The P > 0.05 between het/null groups. (E) Quantified tumor size in NMBA treated groups. P < 0.01 between wt/
het and wt/null groups, respectively. The P > 0.05 between het/null groups.
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the susceptibility of FBXO4C/¡ and ¡/¡ reflected a depen-
dence on cyclin D1/CDK4 catalytic function, 10 FBXO4 (C/¡)
mice were divided into 2 groups of 5 each 11 months post
NMBA treatment. One group was treated with PD0332991
daily (150 mg/kg) for 4 weeks and the second group was pro-
vided with vehicle only. PD0332991 treatment significantly
reduced tumor number (P < 0.01) and size (P < 0.05) as shown
in (Fig. 2; Table 2).

PD0332991 treatment is associated with reduced Rb
phosphorylation and
reduced proliferation in
vivo

PD0332991 treatment is
expected to inhibit CDK4/
6 catalytic activity resulting
in reduced phosphorylation
of Rb at sights targeted by
the cyclin D1/CDK4 kinase
and consequently with
reduced cell proliferation.
To address this, mice were
injected with BrdU 6 hours
prior to euthanasia. BrdU
incorporation was assessed
by indirect immunofluores-
cent staining using a BrdU
specific antibody in parallel
with antiserum specific for
p-Ser780-Rb phosphoryla-
tion in PD0332991 treated
versus vehicle treated papil-
lomas. In the normal fore
stomach tissue, PD0332991
treatment caused no signifi-
cant changes in Phospho-
Rbs780 or BrdU staining
when compared to DMSO
control group (data not
shown). In contrast,

reduced BrdU incorporation and reduced p-Ser-780 was noted
in hyperplastic papillomas harvested from mice treated with
PD0332991 (Fig. 3A). As independent confirmation, we also
stained papillomas from PD0332991 vs. vehicle treated mice
with Ki67. Consistently, we noted a significant reduction in
Ki67 reactive cells in PD0332991 treated mice.

Human ESCC cell lines are sensitive to PD0332991
Our results suggest that the upper gastrointestinal proliferative

disease wherein cyclin D1/CDK4 function as key driver mole-
cules, such as esophageal carcinomas,18 might be responsive to
PD0332991. We therefore evaluated the response of 3 indepen-
dently derived esophageal cancer cell lines, TE7, TE8, TE10 for
their response to PD0332991 treatment. These three lines were
chosen based upon the status of cyclin D1 regulation with TE7
harboring a nuclear, stabilized cyclin D1 allele, P287A; TE10 is
hemizygous at the FBXO4 locus, FBXO4-S8R, which results in
increase nuclear cyclin D1/CDK4 activity; TE8 exhibits high lev-
els of Akt activity.3 We initially evaluated the ability of
PD0332991 to inhibit CDK4-dependent Rb phosphorylation.
Cells were treated with vehicle control or PD0332991 for 4 days
following which cells were washed and refed with complete
media lacking PD0332991. Treatment efficiently reduce phos-
phorylation of Ser-780 (Fig. 4A). Two days post washout, cells
had restored Rb phosphorylation suggesting cell cycle reentry.
To confirm this interpretation, we assessed the cell cycle status of

Table 1. NMBA treated mice; gross finding and pathology.

Fbxo4
genotype

Mice Papilloma
(% of mice with papilloma)

Wt 21 6 (28.6)
Het 32 27 (84.1)
Null 20 22 (90.9)

Fbxo4
genotype

Total # of
papillomas Average size (mm) Average no./mouse

Wt 10 0.38C/¡0.59 0.48C/¡1.1
Het 103 0.86C/¡0.78* 3.22C/¡2.1*
Null 76 1.08C/¡0.84*@ 3.45C/¡1.8*@

*Compared with wt P value<0.01; @compared with Het, P>0.05.

Figure 2. The gross pathological findings from PD0332991 and vehicle treated mice. (A-B) Papillomas from
PD0332991 treated mice were smaller and fewer in number relative to control mice. (C-D) Quantified tumor number
and size following treatment of NMBA induced mice with PD0332991 for 4 weeks (PD0332991 treatment started at
11 months post NMBA); C, (P< 0.05) and D, (P < 0.01), respectively.
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cells following PD0332991 for 4 days followed by a period of
washout for 2 or 4 days. PD0332991 effectively triggered an
accumulation of cells with a 2N DNA content at 4 days post
treatment consistent with G1 cell cycle arrest (Fig. 4B). By two
and 4 days post-treatment, cells were exhibited increased DNA
content consistent with S-phase entry. These data demonstrate
that PD0332991 can trigger G1 arrest or quiescence in esoph-
ageal tumor cells harboring mutations that directly increase
cyclin D1/CDK4 activity and in tumor derived cells harboring
wild type cyclin D1-signaling.

Discussion

Primarily squamous cell cancer accounts for approximately 90–
95% of all esophageal cancer worldwide, arising from the cells that
line the upper part of the esophagus.19-21 The incidence of esoph-
ageal carcinoma is approximately 3–6 cases per 100,000 persons.
Small and localized tumors are treated surgically with curative
intent. Larger tumors tend not to be operable and hence are treated
with palliative care, but with poor prognosis. New therapeutic inter-
ventions and a mouse model mimic of human esophageal SCC are

much needed for this malignancy to improve the current situation.
Mutation and/or overexpression of key oncogenes and tumor sup-
pressors such as H-ras,22 p53,23 c-myc,24 TNF-a/EGFR25 and
cyclin D126,27 are associated with human ESCC and have been
reported in rat SCC induced by NMBA.

In this study, we established a mouse model based on FBXO4
loss of function and NMBA induced papillomas in the fore stom-
ach. Previous work demonstrated that FBXO4 loss triggers cyclin
D1 overexpression and predisposes mice to spontaneous tumors
in multiple tissue types as well as BRAF-driven melanoma.2,5

Importantly, tumorigenesis is dependent upon increased cyclin
D1 dosage, triggered by FBXO4 loss.2,4 Because FBXO4C/¡
and -/¡ mice do not develop upper GI tumors at a measurable
frequency, we utilized NMBA exposure as a relevant carcinogenic
challenge. NMBA is a potent carcinogen, which induces esoph-
ageal SCC in rat and fore stomach proliferation and dysplasia in
mouse. NMBA contamination in food was reported and listed as
one of the risk factors in human esophageal SCC. Both FBXO4
heterozygous and nullizygous mice exhibited increased papilloma
burden in the fore stomach relative to wild type mice exposed to
the same carcinogenic regime. During the time course of observa-
tion, we did not find evidence of progression to overt carcinoma
suggesting the need for the acquisition of additional genetic
events for its manifestation.

PD0332991 is a specific inhibitor of CDK4/6 kinases, which
phosphorylates Rb to promote cell cycle progression.
PD0332991 has low toxicity and high tolerance in humans as
well as in animals and is in phase II/III clinical trials. Because loss
of FBXO4 function results in cyclin D1 dysregulation, we used
this model system to test the utility of PD0332991 as a potential

therapeutic entity and to
assess the contribution of
cyclin D1/CDK4 in disease
progression. Four weeks of
PD0332991 treatment sig-
nificantly reduced tumor
number and size.
PD0332991 treatment was
associated with reduced Rb
phosphorylation and
decreased mitogenic indices
consistent with on target
effects.

To determine whether
CDK4 inhibition might be
of utility in the treatment
of human ESCC, we tested
its impact on proliferation
of ESCC-derived cell lines.
Consistent with ESCC
exhibiting dependence
upon cyclin D1-dependent
CDK4 activation,
PD0332991 treatment trig-
gered G1 cell cycle arrest.
There was no evidence of

Table 2. Papilloma number in PD0332991 treated mice.

Total no. of papilloma Average size (mm) Average no./mouse

PD0332991
7 0.44C/¡0.28** 1.75C/¡2.05*
DMSO
24 1.02C/¡0.84 4.8C/¡1.32

*P value<0.05; **P value<0.01

Figure 3. Immunufluorescence staining of fore stomach in PD0332991 versus vehicle control treated mice. (A) Phos-
pho-Rb, ser-780 (pRBs780) and BrdU staining of fore stomach containing papilloma. (B) Total Rb and Ki-67 staining
of papillomas from vehicle or PD0332991 treated mice. (C) Cyclin D1 staining of papillomas from vehicle or
PD0332991 treated mice.
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senescence following treatments (data not shown). Rather, arrest
was reversible suggesting that treatment induced a state of quies-
cence. As such, this would imply extended treatment would be
required to manage ESCC using CDK4/6 inhibitors. Because
PD0332991 exhibits a low toxicity profile, extended treatment
could be achieved and based upon these results may represent an
avenue for continued evaluation as a therapeutic modality of
human ESCC.

Materials and Methods

Experimental animals and genotyping all animal experiments
were carried out at BRB-II/III facility of the University of Penn-
sylvania in accordance with IACUC protocols and University
Laboratory Animal Research (ULAR) guidelines. FBXO4 mice
and genotyping protocols were maintained and used as described
previously.4,5 FBXO4 wild type (wt), heterozygote (het) and
homozygote (null) mice of 3 months old were treated with single
dose NMBA (N-Benzyl-N-methylnitrosamine (Ash Stevens
Inc.., Detroit, MI, USA) at 2mg/kg body weight in 20%DMSO
by gavage in experiment groups.8,28 Control mice were given
20%DMSO. Eleven months after NMBA or DMSO, fore stom-
ach, esophagus and other tissues were collected and processed as
previously described.4,5 Hematoxylin and eosin (H&E) staining
was performed for pathology analyses. For treatment with
PD0332991 (Palbociclib, ChemieTek, Prod. No. CT-PD2991,

Indianapolis, IN, USA), 10 FBXO4 het mice 11 months after
NMBA treatment were divided into 2 groups of 5 each. The
treatment group was given PD0332991 at 150 mg/kg body
weight in 20%DMSO by gavage daily for 28 days. The control
group was given 20%DMSO only. Before harvest, each mouse
was given BrdU (Sigma) at 50mg/kg body weight in PBS by IP
for 6 hours.

Immunohistochemistry
Briefly, paraffin-embedded tissues went through serial xylene

and ethanol process. Antigens were retrieved with Antigen
Retrieval Citra Plus (HK-080-9K, BioGenex, Fremont CA,
USA) by boiling for 10 min, cooling down RT for 30 min;
washed in PBS, incubated with primary antibodies, washed with
PBS, incubated with fluorescence labeled second antibodies,
washed with PBS again. The slides were sealed with Vectashield
mounting medium (H-1200, Vector Laboratories) and cover
glass for microscopy (Olympus IX81).

Cell lines, western blot and cell cycle analysis
Human esophageal squamous cancer derived cell lines TE7

(cyclin D1 T287A mutation), TE10 (FBXO4 S8R mutation),
TE 15 (FBXO4 and cyclin D1 wild types) and TE8 (high AKT
expression, FBXO4 and cyclin D1 wild types) were maintained
in Dulbecco’s modified Eagle’s medium (DMEM) containing
glutamine, penicillin-streptomycin, and 10% fetal bovine serum
(FBS) (Gemini). For PD0332991 treatment, cells were incubated

Figure 4. The biological effects of PD0332991 on human esophageal SCC derived cell lines. (A) Cell lysates were prepared from the indicated ESCC cell
lines that were treated with vehicle (control) or PD0332991 for 4 days followed by release into complete medium lacking drug for 2 days. Lysates were
probed with antibodies specific for total Rb, pRBs780 and actin. (B) Flow cytometry analysis of cells treated with vehicle or PD0332991 for 4 days fol-
lowed by release into complete medium lacking PD0332991 for 2 or 4 d.
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with DMEM medium containing 1 mm PD 0332991 and the
medium was changed every 2 days to keep PD0332991 activity.
Cells were harvested, processed, SDS-paged and immunoblotted
as previously described. For cell cycle analyses, cells were trypsi-
nized, wash 2 times with PBS and fixed in 70% ethanol at
¡20�C till use. Then, fixed cell were washed 3 times with PBS,
stained with PI 50mg/ml in PBS containing 100ug RNAse A/ml
for 30 min at RT and analyzed using BD Caliber.

Other reagents
Cyclin D1 mouse monoclonal antibody D1-72-13G;

cyclinD1 mouse anti-human antibody AB3 (Calbiochem); phos-
pho-Rb (sc-12901-R,) total Rb (sc-74562); Ki-67 antibody (VP-
K451; Vector Laboratories); Goat-anti-rabbit Alexa-Fluor 488
(A11008) and Goat-anti-mouse Alexa-fluor 546(A11003).

Statistical analyses
Statistical analyses utilized a 2-tailed Student t test, with P val-

ues of <0.05 indicating statistical significance. Error bars repre-
sent the means § the standard deviations.
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