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Notch activity regulates tumor biology in a context-dependent and complex manner. Notch may
act as an oncogene or a tumor suppressor gene even within the same tumor type. Recently, Notch
signaling has been implicated in cellular senescence. Yet, it remains unclear as to how cellular
senescence checkpoint functions may interact with Notch-mediated oncogenic and tumor
suppressor activities. Herein, we used genetically engineered human esophageal keratinocytes and
esophageal squamous cell carcinoma cells to delineate the functional consequences of Notch
activation and inhibition along with pharmacological intervention and RNA interference (RNAI)
experiments. When expressed in a tetracycline-inducible manner, the ectopically expressed
activated form of Notch1 (ICN1) displayed oncogene-like characteristics inducing cellular
senescence corroborated by the induction of GO/G1 cell-cycle arrest, Rb dephosphorylation, flat
and enlarged cell morphology and senescence-associated p-galactosidase activity. Notch-induced
senescence involves canonical CSL/RBPJ-dependent transcriptional activity and the p16!NK4A-Rp
pathway. Loss of p16!NK4A or the presence of human papilloma virus (HPV) E6/E7 oncogene
products not only prevented ICN1 from inducing senescence, but permitted ICN1 to facilitate
anchorage-independent colony formation and xenograft tumor growth with increased cell
proliferation and reduced squamous-cell differentiation. Moreover, Notchl appears to mediate
replicative senescence as well as TGF-B-induced cellular senescence in non-transformed cells and
that HPV E6/E7 targets Notch1 for inactivation to prevent senescence, revealing a tumor
suppressor attribute of endogenous Notchl. In aggregate, cellular senescence checkpoint functions
may influence dichotomous Notch activities in the neoplastic context.

Keywords
Notch; Rb; p16; HPV; E7; senescence; squamous cell carcinoma

Introduction

Esophageal squamous cell carcinoma (ESCC) is among the deadliest cancers known 1 and is
a paradigm for the investigation of all types of squamous cell carcinomas (SCCs). Common
genetic lesions associated with ESCC include p53 mutations, p16'NK4A Joss, cyclin D1
overexpression, EGFR overexpression and telomerase activation 2. Ectopically expressed
telomerase (hnTERT) or human papilloma virus (HPV) E6/E7 gene products immortalize
human esophageal epithelial cells (keratinocytes) overcoming replicative senescence 3 4,
Oncogenes induce senescence in immortalized esophageal keratinocytes °~/. Senescence
serves as a failsafe mechanism to prevent oncogene-induced aberrant proliferation. In fact,
malignant transformation of esophageal keratinocytes requires concurrent inactivation of the
senescence checkpoint functions regulated by the p53 and Rb pathways to negate oncogene-
induced senescence > /9,

The Notch pathway regulates cell fate and differentiation through cell-cell communication.
The mammalian Notch family comprises four transmembrane receptor proteins (Notchl to
Notch4). Ligands (JAG1/2, DLL1, 3 and 4) bind Notch receptors through cell-cell contact to
trigger y-secretase-mediated proteolytic cleavage of Notch receptor proteins, resulting in
nuclear translocation of the intracellular domain of Notch (ICN), the activated form of
Notch. ICN of all Notch receptor paralogs forms a transcriptional activation complex
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containing a common transcription factor CSL (a.k.a. RBPJx) and the coactivator
Mastermind-like (MAML)10. Notch1 target genes include the HES/HEY family of
transcription factors, Notch3 and VL, a marker of squamous-cell differentiation. Squamous-
cell differentiation is impaired by Notchl loss, CSL loss or ectopic expression of dominant
negative MAML1 (DNMAML1) in the skin and the esophagus in mice 1113,

The highly context-dependent nature of Notch functions adds complexity to its roles in
cancers. While Notch acts as an oncogene in T cell acute lymphoblastic leukemia, both
oncogenic and tumor suppressor roles have been found in solid tumors even within identical
tumor types 14. Notch1 may be activated in SCCs®: 16, The active form of Notch (i.e.
ICN1) transforms keratinocytes in concert with HPV E6/E717: 18, although Notch1 may be
downregulated to sustain E6/E7 expression at the late steps of malignant transformation 1°.
Multiple lines of evidence indicate a tumor suppressor role of Notch in SCCs. They include
loss-of-function mutations identified in primary SCCs including ESCC 20-23 and tumor-
prone phenotypes in genetically engineered mouse models targeting the Notch

pathway 24-30, By maintaining epidermal integrity and barrier functions, Notch may prevent
the tumor-promoting inflammatory microenvironment in the skin 30, It is unclear in what
specific context Notch may act as an oncogene or a tumor suppressor in SCCs.

Notch1 is activated in vascular endothelial cells undergoing replicative senescence 3% 32,
Although Notchl has been implicated in cell-cycle arrest associated with squamous-cell
differentiation 12: 33 it is unclear whether Notch1 induces or mediates senescence in cells of
epithelial origin and how senescence may be linked to the either oncogenic or tumor
suppressor attributes of Notchl1. Herein we investigated the functional consequences of
Notch1 activation and inhibition in esophageal keratinocytes and ESCC cells, revealing
unique interactions between Notch1 and cellular senescence checkpoint functions via
transforming growth factor (TGF)-f signaling which may influence dichotomous Notchl
functions in SCCs and other cancers.

Notchl is activated in human esophageal keratinocytes undergoing replicative

senescence

The role of Notch1 in senescing epithelial cells remains unknown. We examined Notch1 in
well-characterized primary human esophageal keratinocytes EPC2, which undergo
replicative senescence by 40-44 population doublings (PDs)34 with an increased doubling
time (Figure 1a and b). The activated form of Notch1 (ICN1Va1744) was upregulated at 43
PDs in cells with senescent characteristics corroborated by Rb dephosphorylation,
upregulation of p53, p16'NK4A and p21 (CDKN1A), flat and enlarged cell morphology and
the increased senescenceassociated -galactosidase (SABG) activity (Figure 1, c—e).
Pharmacological Notch inhibition by a y-secretase inhibitor (GSI) suppressed ICN1Vall744
and antagonized the above changes (Figure 1), suggesting that Notchl may regulate
replicative senescence in keratinocytes.
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ICN1 induces senescence via canonical CSL-dependent transcription

To delineate the functional consequences of Notchl activation, we used the tetracycline-
inducible system to express ICN1 ectopically. Doxycycline (DOX) induced ICN1 within 24
h to activate its downstream molecules including HES5 and Notch3 in a dose-dependent
manner in EPC2-hTERT, a telomerase-immortalized EPC2 derivative (Figure 2a and b;
Supplementary Figure S1a). ICN1 induced p16'NK4A p21 and Rb dephosphorylation as a
function of time to inhibit cell proliferation, leading to GO/G1 cell-cycle arrest (Figure 1b —
d). Senescence was suggested by flat and enlarged cell morphology and DOX dose-
dependent SABG induction (Figure 1e and f). ICN1 also induced its target genes and
senescence in human esophageal keratinocytes EPC1 and its derivative EPC1-hTERT;
however, p16'NK4A was not detectable in the latter (Supplementary Figures S1b and S2),
suggesting p16'NK4A Joss in EPC1 during telomerase-induced immortalization 3°. Of note,
DOX alone did not induce senescence in parental cell lines nor in those carrying a control
vector (data not shown), indicating that DOX per se did not induce senescence.

We next conducted RNA interference (RNAI) experiments to determine the role of
canonical CSL. CSL knockdown prevented ICN1 from activating CSL-dependent
transcription, allowing continued cell proliferation with antagonized Rb dephosphorylation
and decreased SABG activation in EPC2-hTERT and EPC1-hTERT cells (Figure 3 and
Supplementary Figures S3), suggesting that CSL-dependent transcription may mediate
ICN1-induced senescence since.

ICN1-induced senescence may be impaired in transformed human esophageal cells

Malignant transformation may involve inactivation of the cellular senescence check point
functions, serving as a fail-safe mechanism against oncogene activation. We asked if
ectopically expressed ICN1 induces senescence in transformed human esophageal cells
EPC2-T, EN60 and TE11. EPC2-T is a derivative of EPC2-hTERT carrying EGFR, cyclin
D1 and p53R175H transgenes and that has been further modified to express either
DNMAML1, a genetic pan-Notch inhibitor, or GFP as a control 36. The p14ARF-p53 and
p16'NK4A_Rp pathways are compromised in EN60 cells carrying HPV E6 and E74, which
target p53 and Rb for degradation or sequestration, respectively. TE11 cells show biallelic
p53 inactivation3” and INK4A deletion3®.

ICN1 activated CSL-dependent transcription in EPC2-T that is inhibited by DNMAML1
(Supplementary Figures S1c and S4b). Likewise, CSL knockdown prevented ICN1 from
activating CSL-dependent transcription and SABG induction in EPC2-T cells (data not
shown). In the absence of DNMAML1, ICN1 induced p16'NK4A and Rb dephosphorylation
to inhibit cell proliferation (Supplementary Figure S4b — e). Interestingly, the extent of
ICN1-mediated SABG induction was limited in EPC2-T cells (40-50%) without
DNMAML1 (Supplementary Figure S4d and e) as compared to parental EPC2-hTERT cells
(60-80%)(Figure 2).

When tested in EN60 and TE11, ICN1 activated CSL-dependent transcription and induced
Notch target genes; however, ICN1 affected little, if any, Rb phosphorylation, cell
proliferation or SABG activity (Supplementary Figures S5), suggesting that oncogenic
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genetic alterations that limit cellular senescence check point functions may suppress ICN1-
induced senescence without affecting CSL-dependent transcriptional activity.

The p16'NK4A_Rb pathway may have a regulatory role in ICN1-induced senescence

We next asked how the p14ARF-p53 and p16!'NK4A-Rb pathways may influence ICN1-
induced senescence. Notch can either activate or inhibit p53 in a contextdependent

manner 39. p53 and p14ARF proteins, the latter a p53 stabilizing tumor suppressor, were
unaffected or rather downregulated in EPC2-hTERT, EPC1 and EPC1-hTERT with
ectopically expressed ICN1 (Figure 2b; Supplementary Figure S2a). We also examined p21
and BAX, two genes induced by oncogenic Ras®12V in EPC2-hTERT in a p53-dependent
manner®. ICN1 induced p21, but not BAX, mRNA in EPC1-hTERT and EPC2-hTERT cells
(Supplementary Figure S6a and b). Since ICN1 induces p21 in a CSL-dependent manner 12,
the failure of BAX induction may suggest the lack of p53 activation in response to ICN1.
Moreover, ICN1 induced neither p21 nor BAX mRNA in EPC2-T cells expressing p53R175H
(Supplementary Figure S6c). Finally, p53R175H did not prevent ICN1-induced senescence in
EPC2-hTERT and EPC2-T (Supplementary Figures S7 and S4). Thus, p53 inactivation may
be insufficient to negate ICN1-induced senescence; however, the above findings do not
exclude the requirement of p14ARF at the onset of ICN1-induced senescence. p14ARF may
also inhibit cell proliferation in a p53-independent manner 40, prompting us to perform
RNAI experiments to explore cell-cycle regulators including p14ARF,

Amongst the cyclin-dependent kinase inhibitors (CDKIs), ICN1 induced p15/NK4B angd
p16'/NK4A CSI_-dependently in EPC2-T as antagonized by DNMAML1 (Supplementary
Figures S4a and S6c). We screened their involvement in ICN1-induced senescence with
siRNA sequences directed against p15/NK4B and the exon 3 of INK4A (Figure 4a), the latter
shared by both p14ARF and p16'NK4A RNAI directed against both p14ARF and p16/NK4A, but
not p15'NK4B  significantly inhibited ICN1-mediated SABG activation in EPC2-T
(Supplementary Figure S8), implicating the INK4A locus in ICN1-induced senescence.

To dissect the roles of p14ARF and p16'NK4A in |CN1-induced senescence more specifically,
we designed siRNA targeting non-overlapped sequences in p16'NK4A (exon 1a) and p14ARF
(exon 1B)(Figure 4a). When tested in EPC2-hTERT, EPC2-T and EPC1 cells that express
both p14ARF and p16!NK4A RNAI directed against p16!NK4A but not p14ARF, prevented
ICN1 from inducing senescence as corroborated by decreased Rb dephosphorylation,
continuous cell proliferation and reduced SABG activity in all cell lines (Figure 4, b—e for
EPC2-T; Supplementary Figures S9 and S10 for EPC2-hTERT and EPC1, respectively),
suggesting that p16'NK4A may have a predominant role in ICN1-induced senescence.
Nevertheless, RNAI directed against p14ARF or p16/NK4A revealed context-dependent
functional interplays between p14ARF and p16'NK4A influencing basal cell proliferation and
expression of other cell-cycle regulators as summarized in Supplementary Table S1.

Since DNMAML1 prevented ICN1 from inducing p16'NK4A mRNA (Supplementary Figure
S6c), we asked whether ICN1 may transcriptionally activate p16/NK4A In transfection assays
using a pGL3-p16 reporter construct, ICN1 did not activate the 2.3-kb 5’-regulatory region
of p16!NK4A jn EPC2-hTERT and EPC2-T (data not shown). Of note, the ECR browser did

Oncogene. Author manuscript; available in PMC 2015 October 30.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kagawa et al.

Page 6

not detect conserved CSL-binding cis-elements within this region in silico 41 .Thus, ICN1
may not regulate p16'NK4A transcriptionally through its proximal 5°-regulatory region.

HPV E6/E7 may repress TGF-B signaling to prevent Notchl-mediated senescence in
transformed human esophageal keratinocytes

The HPV E6 and E7 proteins inactivate p53 and Rb, respectively. To determine if E6 and E7
may influence endogenous Notch activity, we performed RNAI experiments in EN60 cells
carrying both E6 and E7 as a single fusion gene. siRNA sequences directed against either E6
or E7 suppressed both E6 and E7 transcripts (Figure 5a; and data not shown), resulting in
induction of ICN1Val1744 and CDKIs with p53 stabilization, Rb dephosphorylation, reduced
cell proliferation, GO/G1 cell-cycle arrest and SABG expression (Figure 5b—f;
Supplementary Figures S11). Importantly, SABG activity was antagonized by concurrent
knockdown of either Notch1 or p16'NK4A (Figure 5e and f; Supplementary Figures S11),
suggesting that endogenous Notch1 and p16'NK4A may cooperate to mediate senescence
when p16!NK4A hecomes accessible to Rb as a consequence of E7 knockdown.

E7 suppresses TGF-B signaling by blocking Smad3 binding to target sequences on DNA%2,
Since TGF-B induces the Notch ligand JAG1 in keratinocytes*3, we suspected that RNAI
directed against HPV gene products may reactivate TGF-f signaling to allow Notch
activation via JAGL. In agreement, TGF-p target genes PAI1 and JAG1 were found to be
elevated in the presence of E7 siRNA (Figure 5b and g). Moreover, E7 knockdown resulted
in the activation of both TGF-$ and Notch reporter constructs in transfection assays (Figure
5h). Finally, E7 knockdown led to upregulation of Notchl mRNA (Figure 5g). These data
agree with Notch1 suppression in HPV-transformed cells1®. Therefore, HPV E6/E7 may
suppress TGF-f signaling to inhibit the Notchl-mediated senescence program.

Endogenous Notchl mediates senescence in non-transformed keratinocytes in response
to TGF-p stimulation

Next, we asked whether and how TGF-B may induce senescence via Notchl in cells without
HPV oncogene products. Since the majority of transformed human esophageal cells resist
senescence in response to TGF-p stimulation’, we used non-transformed EPC2-hTERT
cells. TGF-B induced JAG1 to enhance endogenous ICN1V2l1744 expression and activate
CSL-dependent transcription, leading to Rb dephosphorylation, inhibition of cell
proliferation, GO/G1 cell-cycle arrest and induction of flat and enlarged cell morphology as
well as SABG activity (Figure 6, a—f; Supplementary Figure S12a). Importantly, GSI
inhibited the ability of TGF-p to trigger Notchl activation, growth inhibition and SABG
induction (Figure 6b, c—f; Supplementary Figure S12a), indicating that Notch activation
mediates TGF-p-induced senescence. Moreover, RNAI directed against Notchl decreased
significantly TGF-p-induced Notchl and SABG activation (Figure 6g and Supplementary
Figure S12b and c). Nevertheless, GSI or Notchl knockdown reversed GO/G1 cell-cycle
arrest to a partial extent (Figure 6e; and data not shown) as corroborated by the limited
antagonistic effect upon Rb dephosphorylation and cell proliferation in the presence of TGF-
B (Figure 6b and d; Supplementary Figure S12b). TGF-B induced p16'NK4A and p21 prior to
full induction of ICN1Val1744 (Figure 6a) although Notch1 knockdown delayed Rb
dephosphorylation (Supplementary Figure S12b). Thus, TGF-$ may not necessarily depend
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upon Notch to induce cell-cycle arrest, but instead may depend largely upon Notchl for
SABG activation in this context. These data suggest that endogenous Notchl may mediate
TGF-B-induced senescence.

Ectopically expressed ICNL1 facilitates anchorage-independent cell growth and tumor
formation in transformed human esophageal keratinocytes

We explored finally how ICN1 may affect tumorigenicity of transformed cells that are able
to negate ICN1-induced senescence. To this end, we first conducted soft agar colony
formation assays using EN60 and TE11 cells with tetracycline-inducible ICN1. ICN1
enhanced colony formation in both cell lines and stimulated colony growth in TE11, but not
ENG60O (Figure 7a). Next, we performed xenograft transplantation experiments. In nude mice,
ICN1 greatly enhanced tumor growth by EN60 and TE11 cells (Figure 7b). Interestingly,
histopathological analysis of xenograft tumors revealed a significantly increased number of
less differentiated, smaller and proliferative ESCC cells upon ICN1 expression (Figure 7¢
and Supplementary Fig. S13). These results suggest that in response to Notchl activation
ESCC cells not only negate ICN1-induced senescence, but also gain more malignant
characteristics, revealing an oncogene-like attribute of ICN1.

Discussion

Notch1 has been implicated in replicative senescence in endothelial cells31: 32; however, this
is the first study demonstrating in epithelial cells that Notch1 activates cellular senescence
defined by cell-cycle arrest, morphological changes, SABG induction and molecular
changes including Rb dephosphorylation. Importantly, our study sheds light on the role of
cellular senescence checkpoint functions in influencing dichotomous Notch activities in the
neoplastic context. Our data indicate that activated Notch1 may induce senescence in
concert with intact cell-cycle checkpoint functions (Figures 1-4). When they are fully
impaired, cells may negate senescence (Supplementary Figure S5), but gain more malignant
characteristics in response to Notch1 activation (Figure 7). In this context, Notch1 exhibits
features of an oncogene (Figure 8a). However, endogenous Notchl mediates senescence as a
downstream effector for TGF- signaling (Figure 6). Such a function of Notchl may be
targeted for inactivation by the HPV oncogenes E6 and E7 (Figure 5), implying a feature of
Notchl as a tumor suppressor gene (Figure 8b). Like TGF- acting as a tumor suppressor in
the early stage of skin carcinogenesis while promoting tumor progression in later states**,
Notchl may have differential roles during cancer development and progression.

Notch activity can be influenced by the intensity or duration of ligand stimulation,
differential Notch receptor paralogs, ligands and co-existing factors. Hypoxia and TGF-f3 are
essential components in the tumor microenvironment to facilitate invasive growth of
ESCC*47, ICN1 interacts with transcription factors such as SMAD3 and HIF-1a43: 48,
Notch1 activates Notch3 to induce squamous-cell differentiation markers including 1VVL and
KRT1313, Since KRT13 expression peaked at a lower DOX concentration (supplementary
Fig. S1a), a higher Notch activation may be required for senescence. Unlike squamous-cell
differentiation, our data suggest that Notchl may induce senescence independent of Notch3
(Supplementary Figures S14). We also confirm a recent report#° that ectopically expressed
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ICN3 induces senescence by suppressing Notchl (Supplementary Figures S15), revealing a
redundant role of Notchl and Notch3 in senescence in epithelial cells.

How does Notch regulate senescence? Cell-cycle arrest can be mediated by p16/NK4A and
p21. We do not exclude p21, as postulated in Notch3-mediated senescence??, although ICN3
did not induce p21 in EPC1-hTERT (Supplementary Figure S15). Our data suggest that the
p16'NK4A_Rp pathway may have a predominant role in ICN1-induced senescence in normal
esophageal keratinocytes expressing p16'NK4A (Figure 4, Supplementary Figures S9 and
S10); however, complex interplays may exist between multiple cell-cycle regulators (Figure
4, Supplementary Figures S9 and S10; Supplementary Table S1). Given limited RNAI
efficiency especially in EPC2-T, p14ARF may not be unequivocally dismissed; however,
ICN1 suppressed p14ARF during senescence (Figure 2b) as observed in oncogenic Ras®12V-
induced senescence in EPC2-hTERT?. The inability of p53R175H to prevent ICN1-induced
senescence in EPC2-hTERT (Supplementary Figures S7) also diminished the role of p53.
Nevertheless, p53 was upregulated in EPC2 undergoing replicative senescence with
concurrent Notch1 activation (Figure 1c). HPV E6 may suppress Notchl by degrading

p53 3950, Finally, ICN1 induced senescence in EPC1-hTERT without detectable p16/NK4A
expression (Supplementary Figure S2). Thus, redundant pathways may allow Notch-induced
senescence in cell and contextdependent manners.

We show for the first time that endogenous Notchl mediates TGF-B-induced senescence
(Figure 6), corroborating a tumor suppressor function of Notchl activated in response to
TGF-B stimulation. TGF-B signaling is implicated in replicative senescence®! as well as Ras-
induced senescence®2: 33, Concurrent expression of oncogenic Ras and DNMAML1 in
human primary keratinocytes resulted in aggressive SCC 24, suggesting that DNMAML1
may inhibit Notch-mediated senescence activated by Ras during malignant transformation.
Besides loss-of-function Notch1 mutations29-22, tumor suppressor activities of Notch have
been suggested by Notch downregulation via p53 dysfunction?* 50 and EGFR
overexpression®, Since senescence can be triggered by either oncogene activation or loss of
tumor suppressor functions®®, Notch suppression may allow these genetic lesions to promote
carcinogenesis.

TGF-B also facilitates tumor progression. TGF-f induces JAGL1 to activate Notchl during
epithelial-mesenchymal transition (EMT)*3. Thus, Notch activation may contribute to tumor
progression stimulated by TGF-p. Besides cancer cell invasion, metastasis and cancer stem
cell regulation®®, EMT may circumvent oncogene-induced senescence®’. In this context,
TGF-B and Notch seem to cooperate to activate EMT, but not senescence. What is a
molecular mechanism facilitating the conversion of TGF-f3 and Notch from tumor
suppressors to promoters? Transformed human esophageal keratinocytes undergo EMT in
response to TGF-f stimulation, negating senescence through transcriptional repression of
p16/NK4A by ZEB1/2, EMT regulators’. Thus, a pre-existing dysfunctional p16!'NK4A/Rb-
mediated cell-cycle regulatory machinery may nullify Notch-mediated senescence in
transformed cells. Although our data show an accelerated growth and altered differentiation
in tumors expressing ICN1 (Figure 7), ICN1 suppressed tumor growth by oral SCC cell lines
carrying loss-of-function Notch1 mutations 8 where ICN1 induced SABG, but not
morphological features of senescent cells in vitro. ICN3 inhibited tumor growth in cancer
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cell lines 49. By contrast, ICN3 induced aggressive inflammatory breast cancer cells when
expressed in the mammary stem/progenitor cells in mice 9. Thus, it is possible that ICN1
may have differential roles in different subsets of intratumoral cells and/or premalignant
cells. It also remains unclear how Notch promotes EMT in tumors. Such investigation is
currently underway.

Materials and methods

Cell lines and treatment

EPC1 and EPC2, normal human esophageal keratinocytes and their derivatives (EPC1-
hTERT, EPC2-hTERT, EPC2-T, EPC2-T-GFP and EPC2-T-DNMAML1) as well as EN60
and TE11 cells were described previously* 7 36.47_ Cells were counted with Countess™
Automated Cell Counter (Invitrogen) with 0.2% Trypan Blue dye to exclude dead cells.
Population doubling time was determined as described 34. Cells were treated with 1 pM
Compound E, a GSI or 5 ng/ml TGF-p1 as described 7- 13. Phase contrast images were
acquired using a Nikon Eclipse E600 microscope.

Generation of pTRIPZ-ICN1 and pTRIPZ-ICN3

Platinum® Pfx DNA polymerase (Invitrogen) was used to amplify cDNAs by PCR for ICN1
(Arg-1761 to Lys-2555 of full-length human Notchl1) with primers Agel-ICN1 (5’-
AGCAGCACCGGTGCCACCATGCGGCGGCAGCATGGCCAGCT-3") and Mlul-ICN1
(5’-AGCAGCACGCGTTTACTTGAAGGCCTCCGGAATGCGGG-3’); using MigRI-
ICNX 60 as a template, ICN3 (Met-1663 to Ala-2331 of full length human Notch3) with
primers Agel-ICN3 (5’-AGCAGCACCGGTGCCACCATGGTGGCCCGGCGCAA-3’) and
MIul-ICN3 (5’-AGCAGCACGCGTTCAGGCCAACACTTGCCTCTTG-3’); using
pcDNA3.1-ICN3 (gift of Dr. Tao Wang) as a template. Following initial incubation at 94°C
for 5 min, PCR was carried out for 35 cycles at 94°C for 15 sec for denaturing, 56°C for 30
sec for annealing, 68°C for 3 min for extension, with extended incubation at 68°C for 5 min
after the final extension. The ICN1 and ICN3 PCR products were ligated into the pTRIPZ
(Open Biosystems) at Agel and Mlul sites, replacing the parental sequence flanked by these
restriction sites with either cDNA under the tetracyclineinducible promoter, resulting in
creation of pTRIPZ-ICN1 and pTRIPZ-ICN3. All constructs were verified by DNA
sequencing.

Retrovirus and lentivirus-mediated gene transfer

MigRI-ICNX and MigRI (control vector) were used as described!3. The lentiviral pTRIPZ-
ICN1, pTRIPZ-ICN3 and pGIPZ expressing short hairpin RNA (shRNA) directed against
human CSL designated CSL-1 and CSL-2 (clone ID # V2LHS_ 114863 and
V2LHS_263385) or a nonsilencing scramble sequence(RHS4346)(Open Biosystems) were
transfected into HEK-293T cells with Lipofectamine LTX reagent (Invitrogen) to produce
replication-incompetent viruses. Stable cell lines were established by drug selection for 7
days with 1 pg/ml of Puromycin (Invitrogen) for pTRIPZ and selected by FACS for pGIPZ-
transduced GFP expressing cells by FACSVantage SE (Becton Dickinson).
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Transient transfection for RNAi and dual-luciferase assays

Small interfering RNA (siRNA) directed against Notchl (N1-A, HSS181550 and N1-B,
HSS107249), HPV16 E7 (E7-A, s445412 and E7-B, s445413), p14/p16 (p14/pl6-A, s216
and p14/p16-B, s218), p14 (5’-GATGCTACTGAGGAGCCAGCG-3’) and p16 (5’-
AACGCACCGAAT AGTTACGGT-3’)(Figure 4a), p15 (p15-A,s2843 and p15-B, s2844) or
a non-targeting scramble control sequence (4390843, Invitrogen) was transfected using the
Lipofectamine RNAIMAX reagent (Invitrogen), following the manufacturer’s instructions.

Transient transfection of reporter plasmids and luciferase assays were performed as
described previously 7+ 13, Briefly, 400 ng of 8XCBF1-luc (designated as 8xCS_-luc)®?, a
Notchinducible reporter, or p3TP-Lux 82, a TGF-B-inducible reporter or pGL3-p16 63
containing a 2.3-kilobase p16'NK4A promoter was transfected. Cells were incubated in the
presence or absence of 1 ug/ml DOX to induce ICN1 in cells expressing ICN1T€O" for 48
hours before cell lysis. Alternatively, 5 ng/ml TGF-B1 was added at 24 hours after
transfection and incubated for an additional 48 hours before cell lysis. The mean of firefly
luciferase activity was normalized with the co-transfected Renilla luciferase activity.
Transfection was carried out at least three times, and variation between experiments was not
greater than 15%.

WST-1 cell proliferation assays

The WST-1 reagent (Roche) was used for colorimetric cell proliferation assays following
the manufacturer’s instructions. All experiments were performed in sextuplicate.

Senescence-Associated p-galactosidase (SABG) assays

The Senescence [3-Galactosidase Staining Kit (Cell Signaling, Danvers, MA) was used to
stain senescent cells, which were scored by counting at least 100 cells high-power field
(n=3-6) under light microscopy.

Cell-cycle analysis

Cellular DNA content was determined by flow cytometry. In brief, cells were fixed with
70% ethanol at —20 °C, washed twice with PBS and incubated with 50ug/ml propidium
iodide and 200 pg/ml RNase A for 30 min at room temperature. At least 10,000 events were
recorded and analyzed by FACSCalibur (BD Biosciences) with FlowJo software (Tree Star,
Ashland, OR).

RNA isolation, cDNA synthesis and real-time RT-PCR

RNA extraction and cDNA synthesis were done as described 13: 36, Real-time RT-PCR was
done with SYBR® Green and TagMan® Gene Expression Assays (Applied Biosystems) for
NOTCH1 (Hs01062014_m1), NOTCH3 (Hs00166432_m1), IVL (Hs00846307_s1), CK13
(Hs00999762_m1), CSL (Hs01068138_m1), JAG1 (Hs00164982_m1), HES5
(Hs01387463_g1), HES1(Hs00172878_m1), HEY1 (Hs00232618_m1), HEY2
(Hs00232622_m1), CDKN2A/p16/NK4a (Hs99999189 m1), CDKN2B/p15/NK4b
(Hs00394703_m1), CDKN1A/p21 (Hs00355782_m1), CDKN1B/p27 (Hs00153277_m1),
CDKN1C/p57 (Hs00175938_m1), PAI-1 (Hs01126606_m1) using the StepOnePlus™ Real-
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Time PCR System (Applied Biosystems). SYBR green reagent (Applied Biosystems) was
used to quantitate MRNA for p14ARF, p16/NK4A and B-actin as described 13 36. 64 The
relative level of each mRNA was normalized to -actin as an internal control. The following
primer sequences were used for RT-PCR to determine HPV E6 (E6 forward; 5°-
TCAGGACCCACAGGAGCGACC-3’; E6 reverse; 5’-TCGACCGGTCCACCGACCC-3%)
and E7 (E7 forward; 5’-ATGCATGGAGATACACCTACATTGC -3’; E7 reverse; 5’-
CATTAACAGGTCTTCCAAAGTACGAATG-3?).

Western blot analysis

Whole cell lysates were prepared as described 13: 36, 20 g of denatured protein was
fractionated on a NUPAGE Bis-Tris 4-12% gel (Invitrogen). Following electrotransfer,
Immobilon-P membranes (Millipore) were incubated with primary antibodies for Notchl
(1:1000 rat monoclonal 5B5; Cell Signaling, Danvers, MA), ICN1Val1744 (1:1000 rabbit
monoclonal anticleaved NOTCH1 Val1744 D3B8; Cell Signaling), ICN3 (1:1000 rat
monoclonal anti-NOTCH3 8G5; Cell Signaling), JAG1 (1:1000 rabbit monoclonal anti-
Jagged1 28H8; Cell Signaling), pRb (1:1000 rabbit polyclonal anti-Phospho-Rb Ser’€0; Cell
Signaling), p16 (1:1000 mouse monoclonal anti-Human p16 G175-1239; BD Biosciences),
p15 (1:200 mouse monoclonal anti-p15 15P06; Santa Cruz), p21 (1:1000 mouse monoclonal
anti-Human Cip1; BD Biosciences), p53 (1:1000 Rabbit polyclonal anti-p53; Cell Signaling)
IVL (1:21000 mouse monoclonal anti-Involucrin clone SY5; Sigma-Aldrich, St Louis, MO),
f3-actin (1:30,000 mouse monoclonal anti-p-actin AC-74; Sigma Aldrich), Cat# A5316, and
then with the appropriate HRP-conjugated secondary antibody (GE Healthcare, Piscataway,
NJ). p-actin served as a loading control.

Soft agar colony formation assays

Soft agar colony formation assays were done as described 3. In brief, 1x103 cells were
suspended in 0.67% agarose containing media and overlaid on top of a 1% agarose per well
(24 well plate). 200 pl of medium with or without 1pg/ml DOX was added twice a week in
each well and grown for 3 weeks. The colonies over 100 um were counted following
Giemsa staining.

Xenograft transplantation experiments and histopathological analysis

Xenograft transplantation experiments were done as described 36. In brief, 5 x 10° cells were
suspended in 50% Matrigel and implanted subcutaneously into the dorsal skin of athymic
nu/nu mice (4-6 weeks old)(Charles River Breeding Laboratories). Tumor growth was
monitored and histopathological analysis was done as described’3. Immunohistochemistry
was done using primary antibodies for Notchl (polyclonal anti-NOTCH1 ab27526; 1:500 at
4°C overnight with sections microwaved at pH3.0)(Abcam, Cambridge, MA), Ki67 (Rabbit
monoclonal anti-Ki67 ab16667; 1:200 at 4°C overnight with sections microwaved at pH6.0
Abcam), Caspase3 (Rabbit monoclonal anti Cleaved Caspase-3 Asp175 5A1E 9664; 1:800
at 4°C overnight with sections microwaved at pH6.0 Cell Signaling). Signals were
developed using the diaminobenzidine (DAB) substrate kit (\Vector Laboratories,
Burlingame, CA) following incubation with secondary anti-mouse 1gG (Vector)(1:100 at
37°C for 30 min) or anti-rabbit 19G (Vector)(1:200 at 37°C for 30 min), and counterstained
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with Hematoxylin (Fisher Scientific CS401-1D). Stained objects were examined with a
Nikon Microphot microscope and imaged with a digital camera. The immunohistochemical
staining was assessed independently (SN and AKS) and the intensity was expressed as
negative (-), weakly positive (+) or moderately positive (++). All experiments were done
under approved protocols from the University of Pennsylvania.

Statistical Analysis

Data are presented as mean + SE or mean + SD and were analyzed by two-tailed Student’s t
test. P <0.05 was considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FACS fluorescence activated cell sorting

FBS fetal bovine serum

GSl y-Secretase inhibitor

GFP green fluorescent protein

HPV human papilloma virus

ICN intracellular domain of Notch

RNAI RNA interference

RT-PCR reverse-transcription polymerase chain reaction
SABG senescence-associated -galactosidase activity
SCC squamous cell carcinomas

ShRNA short hairpin RNA
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Figure 1. Notchl isactivated in EPC2 cells undergoing r eplicative senescence
A frozen vial of primary culture of EPC2 cells (27.5 PD) was thawed and grown in the

presence or absence of GSI for a period indicated in (a). Cells were harvested at indicated
time points to determine population doubling (a) as well as doubling time (b), and subjected
to Western blotting (c) and SABG assays (d and €). In (c), B-actin served as a loading
control; ICN1Vall744 the activated form of Notch1; p-Rb, phospho-RbS780, In densitometry,
the signal intensity for molecule of interest was calibrated by that of B-actin at each time
point. In (d), representative bright-field and phase contrast images demonstrate SABG-
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positive cells and the corresponding cells with flat and enlarged cell morphology (arrows) as
scored in (€); *, P <0.05 vs. Day 23 and GSI (-); #, P <0.05 vs. Day 42 and GSI (-); (n=6).
Note a reduced cell density at day 42 (43 PD) without GSI. Note that GSI suppressed
ICN1Vall74 (c), preventing the extension of doubling time (b) as well as the induction of
SABG positive cells in (d) and ().
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Figure 2. ICN1induces Notch target genes and senescencein EPC2-hTERT cells
EPC2-hTERT carrying ICN1Te-On was treated with indicated concentrations of doxycycline

(DOX); or 0 ug/ml [DOX (-)] or 1 pg/ml [DOX (+)] of DOX to induce ICNL1. In (a), (d) and
(e)—(f), cells were exposed to DOX for 7 days. In (b) and (c), cells were exposed to DOX for
indicated time period. Following DOX treatment, cells were analyzed by Western blotting
for ICN1, phospho-RbS780 (p-Rb), p53 and cell-cycle regulators at indicated time points
with densitometry in (a) and (b); WST1 assays for cell proliferation in (c); flow cytometry
for cell-cycle in (d); and SABG assays in (e) and (f). In (a) and (b), B-actin served as a
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loading control. * denotes transmembrane/intracellular region of endogenous Notch1 which
was suppressed by RNAI directed against Notch1 (data not shown). Bracket indicates
lentivirally expressed ICN1 induced by DOX. A doublet appears consistently and may
represent a posttranslational modification. Or note, anit-Notchl (5B5) antibody was used to
detect lentivirally expressed ICN1 which lacks the epitope recognized by anti-ICN1Vall744
antibody. In (c), *, P <0.05 vs. DOX (-) at day 7 (n=6). In (d), representative histogram
plots are shown. Proportions of cells in GO/G1, S and G2/M cell-cycle phases were
determined. *, P < 0.05 vs. DOX (-)(n=3). In (f), representative bright-field and phase
contrast images of SABG-positive cells with flat and enlarged cell morphology (arrows) as
scored in (€); *, P <0.05 vs. 0 ug/ml DOX (n=6).
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Figure 3. CSL knockdown inhibits |CN1-mediated senescencein EPC2-hTERT cells
EPC2-hTERT carrying ICN1Te-On was stably transduced with lentivirus expressing two

independent shRNA sequences directed against CSL (CSL-1 and CSL-2) or a non-silencing
control scramble shRNA (Scr.) sequence. In (b), cells were transiently transfected with
8XCSL-luc 24 h before DOX treatment. Cellswere treated with DOX at a concentration of 0
ug/ml [DOX ()] or 1 pug/ml [DOX (+)] to induce ICNL1 for 48 h in (b) and 7 d in (c)—(f).
Cells were harvested at indicated time points in (d). Following DOX treatment, cells were
subjected to quantitative RT-PCR for CSL mRNA in (a); luciferase assays for 8xCS_-luc
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reporter activity in (b); Western blotting for ICN1, phospho-RbS780 (p-Rb), p53 and cell-
cycle regulators in (c); WST1 assays for cell proliferation in (d); and SABG assays in (€)
and (f). In (&), B-actin served as an internal control. *, P < 0.05 vs. Scr. (n=3). In (b), *, P<
0.05 vs. Scr. and DOX (-); #, P < 0.05 vs. Scr. and DOX (+); (n=3). In (c), B-actin served as
a loading control. * denotes transmembrane/intracellular region of endogenous Notchl.
Bracket indicates lentivirally expressed ICN1 induced by DOX. In (d), *, P < 0.05 vs. Scr.
and DOX (=) at day 7; #, P < 0.05 vs. Scr. and DOX (+) at day 7; (n=6). In (&),
representative bright-field and phase contrast images of SABG-positive cells with flat and
enlarged cell morphology (arrows) as scored in (€); *, P < 0.05 vs. Scr. and DOX (-); #, P <
0.05 vs. Scr. and DOX (+); (n=6).

Oncogene. Author manuscript; available in PMC 2015 October 30.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Kagawa et al. Page 23

a p14ARF
m Exon 1a H Exon 2 |—| Exon 3 I—
- - \/ \/ =
p14 siRNA p16 siRNA p16INK4A p14/p16 siRNA
siRNA Scr. p14 p16 c Cell proliferation

-J--Scr.; DOX (-)

DOX () (+) () (+) () (+E --/:=-p14; DOX (-)
ICN1 _ ~0-"p16; DOX (-)
p-Rb —#—Scr.; DOX (+)
053 —&—p14; DOX (+)
p14 —®—p16; DOX (+)

16 Day 1 3 5 7
P e SABG* cells
100

p21 e e o — — ns
75
B-aCtin  —— 2 * *
S so 0J DOX (-)
; 25 y | WDOX(¥)
=i |

0
siRNA Scr. p14 p16

d sirnA Scr. p14 p16

Bright-
Field

Phase-
Contrast

~ - L - T = 4 = . i - 7 ”. ~

DOX () (+) () (+) () (+)

Figure4. p16/NK4A may contribute to | CN1-induced senescencein EPC2-T cells

In (@), siRNA was designed to target p14~RF (p14 siRNA) and p16'NK4A (p16 siRNA) on the

INK4A locus. p14/p16 siRNA was used to knockdown p14ARF and p16/NK4A concurrently as

shown in Supplementary Figure S8. In (b)—(e), EPC2-T carrying ICN1T€-On was treated

with 0 pg/ml [DOX ()] or 1 pg/ml [DOX (+)] of DOX to induce ICN1 following

transfection with p14 siRNA, p16 siRNA or a non-silencing control scramble short

interfering RNA (Scr.). Starting 24 h after transfection, cells were treated with DOX for 7

days in (b), (d) and (e); and indicated time points in (c); and subjected to Western blotting
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for ICN1, phospho-RbS780 (p-Rb), p53 and cell-cycle regulators in (b); WST1 assays for
cell proliferation in (c); and SABG assays in (d) and (). In (b), p-actin served as a loading
control. * denotes transmembrane/intracellular region of endogenous Notchl. Bracket
indicates lentivirally expressed ICN1 induced by DOX. In (c), *, P < 0.05 vs. Scr. and DOX
(-) atday 7; #, P < 0.05 vs. Scr. and DOX (+) at day 7; ns, not significant vs. Scr. and DOX
(+) at day 7 (n=6). In (d), representative bright-field and phase contrast images of SABG-
positive cells with flat and enlarged cell morphology (arrows) as scored in (€); *, P < 0.05
vs. Scr. and DOX (-); #, P < 0.05 vs. Scr. and DOX (+); ns, not significant vs. Scr. and
DOX (+); (n=6). Note that densitometry from (b) was summarized along with cell
proliferation and SABG data in (c)—(€) in Supplementary Table S1.
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Figure 5. HPV E6/E7 knockdown activates endogenous Notchl and TGF-f signaling to induce
senescencein EN60 cells

ENGO cells expressing HPV E6/E7 were transiently transfected with two independent sSiRNA
sequences directed against either HPV E7 (E7-A and E7-B) or a non-silencing control
scramble short interfering RNA (Scr.) along with or without siRNA directed against Notchl
(N1-A and N1-B), p16/NK4A (p16) or p14ARF (p14). In (h), cells were concurrently
transfected with indicated reporter constructs. Cells were analyzed 7 days after transfection
by RT-PCR for HPV E6 and E7 transcripts in (a); Western blotting for indicated molecules
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in (b); WST1 assays for cell proliferation in (c); flow cytometry for cell-cycle in (d); and
SABG assays in (e) and (f); quantitative RT-PCR for indicated mRNA in (g); and luciferase
assays for activation of the TGF-$ (3TP-Lux) and Notch (8XxCSL-luc) reporters in (h). In (a),
[3-actin served as an internal control. In (b), B-actin served as a loading control. In (d),
representative histogram plots are shown. Proportions of cells in GO/G1, S and G2/M cell-
cycle phases were determined. *, P < 0.05 vs. Scr.; (n=3). In (e) and (f), SABG-positive
cells were scored (see Supplementary Figure S11 for representative photomicrographs). *, P
< 0.05 vs. Scr. only; #, P < 0.05 vs. Scr. + either E7-A or E7-B; ns, not significant vs. Scr. +
either E7-A or E7-B; (n=6) in (e) and (f). In (g), p-actin served as an internal control. *, P <
0.05 vs. Scr.; (n=3). In (h), *, P < 0.05 vs. Scr.; (n=4).
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Figure 6. TGF-B stimulates endogenous Notch1 to mediate senescence in EPC2-hTERT cells
EPC2-hTERT cells were stimulated with 5 ng/ml TGF-B1 alone, or along with either GSI

(1uM compound E) or DMSO (vehicle) in (a)—(f). Cells were transiently transfected with a
8xCSL-luc Notch reporter construct 24 h prior to TGF-p stimulation in (c) and sSiRNA
directed against Notchl (N1-A and N1-B) 24 h prior to TGF- stimulation in (g). Cells were
analyzed at indicated time points in (a) and (d); and 7 d after TGF-B stimulation in (b), (c),
(e)—(g). Western blotting determined indicated molecules with -actin serving as a loading
control in (a) and (b). In (c), luciferase assays determined activation of the 8xCSL-luc Notch
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reporter construct. In (d), cell number was counted to determine cell proliferation. In (€),
flow cytometry was done to determine cell-cycle. In (f) and (g), SABG assays were carried
out and scored (see Supplementary Figure S12a and c for representative photomicrographs).
In (c), *, P <0.05 vs. TGF-B1 (<) and GSI (-); #, P <0.05 vs. TGF-B1 (+) and GSI (-);
(n=3). In (d), *, P <0.05 vs. TGF-1 (=) and GSI (-); #, P <0.05 vs. TGF-B1 (+) and GSI
(-); (n=3). In (e), representative histogram plots are shown. Histograms show proportions of
cells in GO/G1, S and G2/M cell-cycle phases. *, P < 0.05 vs. TGF-$ (=) and GSI (-); nsnot
significant vs. TGF-B (=) and GSI (-); #, P < 0.05 vs. TGF-B (+) and GSI (-); (n=3). In (f),
*, P <0.05 vs. TGF-B1 (=) and GSI (-); #, P <0.05 vs. TGF-1 (+) and GSI (-); (n=6). In
(9), *, P <0.05 vs. TGF-B1 (=) and Scr. (-); #, P <0.05 vs. TGF-B1 (+) and Scr.; (n=6).
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Figure 7. ICN1 increases malignant potentialsin esophageal cells negating |CN1-mediated
senescence

TE11 and EN6O cells carrying ICN1Te-ON were subjected to soft agar colony formation
assays in (a) and xenograft transplantation experiments in (b) and (c). In (a), cells were
grown for 2 weeks in soft agar in the presence [DOX (+)] or absence [DOX ()] of 1 pg/ml
DOX and photomicrographed. Colony number and size were determined per low-power
field under light microscopy. *, P< 0.01 vs. DOX (-); n=6. In (b) and (c), immunodeficient
mice underwent xenograft transplantation and fed with DOX-containing pellets (20 mg/kg)
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to induce ICN1. Tumor growth was monitored for indicated time periods in (b).
Representative images for H&E and immunohistochemistry for Notchl in resulting
xenograft tumors are shown in (c). Note tumors in mice treated with DOX display less-
differentiated SCC featuring smaller ESCC cells. Tumors grown in DOX-untreated control
mice display well-differentiated SCC with keratin pearl formation. Scale bar, 100 um.
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Figure 8. Model: Notchl displays both oncogene and tumor suppressor attributesin a context-
dependent manner.

a. Like classic oncogenes (e.g. Ras and Raf), ICN1 induces senescence via intact cell-cycle
checkpoint functions. In normal human esophageal keratinocytes, the p16'NK4A-Rp pathway
may have a predominant role in ICN1-induced senescence; however, the p14ARF p53 and
others may constitute alternative pathways to mediate senescence when the p16/NK4A.Rp
pathway is impaired. When cell-cycle checkpoint functions are fully impaired (e.g.
concurrent Rb and p53 inactivation), cells fail to undergo senescence in response to ICN1,
resulting in malignant transformation.

SABG | W
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b. Endogenous Notchl may serve as a tumor suppressor by mediating TGF-p-induced
senescence. TGF-f has been implicated in replicative senescence®! as well as oncogene-
induced senescence®? 3. TGF-B requires p53 to transactivate p215°. Notch1 may be
targeted for inactivation by HPV oncogenes E6 and E7 during malignant transformation. E6
may suppress Notch1 by degrading p53 %0. E7 also targets Rb for degradation or
sequestration. We find that HPV E6 and E7 inhibit TGF-f signaling to prevent the activation
of endogenous Notch1 and induction of p16'NK4A and p21. While TGF-B may induce
CDKIs independent of Notchl, Notchl may regulate the SABG activity independent of cell-
cycle regulation. Since oncogeneinduced senescence may involve autophagy and lysosomal
functions®, Notch signaling may regulate the activity of SABG, a lysosomal enzyme 67. 68,
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