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Figure 3.  CSL knockdown inhibits ICN1-mediated senescence in EPC2-hTERT cells. EPC2-hTERT carrying ICN1™"°" was stably transduced with
lentivirus expressing two independent short hairpin RNA (shRNA) sequences directed against CSL (CSL-1 and CSL-2) or a non-silencing control
scramble shRNA (Scr)) sequence. In panel (b), cells were transiently transfected with 8xCSL-luc 24 h before DOX treatment. Cells were treated
with DOX at a concentration of 0 pg/mi [DOX (—)] or 1 pg/ml [DOX (+)] to induce ICN1 for 48 h in panel (b) and 7 days in panels {¢c-f). Cells
were harvested at the indicated time points in panel (d). Following DOX treatment, cells were subjected to quantitative RT-PCR for CSL mRNA
in panel (a); luciferase assays for 8xCSL-luc reporter activity in pane! (b); western blotting for ICN1, phospho-Rb%7%? (p-Rb), p53 and cell-cycle
regulators in panel (c); WST1 assays for cell proliferation in panel (d); and SABG assays in panels (e) and (f). In panel (a), -actin served as an
internal control. *P < 0.05 vs Scr. (n=3). In panel (b), *P < 0.05 vs Scr. and DOX (-); #P < 0.05 vs Scr. and DOX (+); n=3. In panel (c), f-actin
served as a loading control. *Denotes transmembrane/intracellular region of endogenous Notch1. Bracket indicates lentivirally expressed ICN1
induced by DOX. In panel (d), *P < 0.05 vs Scr. and DOX (—) at day 7; #P < 0.05 vs Scr. and DOX (+) at day 7; n==6. In panel (e), representative
bright-field and phase-contrast images of SABG-positive cells with flat and enlarged cell morphology (arrows) as scored in panel (e); *P < 0.05
vs Scr. and DOX (—); #P < 0.05 vs Scr. and DOX (+); n=6.

p16™%** (Figures 5e and f; Supplementary Figure S11), suggesting  upregulation of Notch1 mRNA (Figure 5g). These data agree with

that endogenous Notch1 and p16™** may cooperate to mediate  Notch1 suppression in HPV-transformed cells.'® Therefore, HPV
senescence when p16™** becomes accessible to Rb as a  E6/E7 may suppress TGF-B signaling to inhibit the Notchl-

consequence of E7 knockdown. mediated senescence program.
E7 suppresses TGF-f3 signaling by blocking Smad3 binding to

target sequences on DNA*' As TGF-B induces the Notch ligand g ) )
JAG1 in keratinocytes,** we suspected that RNAi directed against En Ogenous NotchT mediates senescence In non-transformed
HPV gene products may reactivate TGF-B signaling to allow Notch  Keratinocytes in response to TGF-§ stimulation

activation via JAGT. In agreement, TGF-B target genes PAIT and ~ Next, we asked whether and how TGF-B may induce senescence
JAGT were found to be elevated in the presence of E7 siRNA  via Notchl in cells without HPV oncogene products. As the
(Figures 5b and g). Moreover, E7 knockdown resulted in the majority of transformed human esophageal cells resist senescence
activation of both TGF-8 and Notch reporter constructs in in response to TGF-B stimulation,” we used non-transformed
transfection assays (Figure 5h). Finally, E7 knockdown led to EPC2-hTERT cells. TGF-8 induced JAG1 to enhance endogenous
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Figure 4. may contribute to ICN1-induced senescence in EPC2-T cells. In panel (a), siRNA was designed to target p14*%* (p14 siRNA)
and p16™“ (p16 SiRNA) on the INK4A locus. p14/p16 siRNA was used to knockdown p74*% and p76™“% concurrently as shown in
Supplementary Figure $8. In panels (b-e), EPC2-T carrying ICN177°" 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 panels (b), (d) and (e) and at the indicated time points in panel (c) and subjected to
western blotting for ICN1, phospho-Rb*”2% (p-Rb), p53 and cell-cycle regulators in panel (b); WST1 assays for cell proliferation in panel (c); and
SABG assays in panels (d) and (e). In panel (b), p-actin served as a loading control. *Denotes transmembrane/intracellular region of
endogenous Notch1. Bracket indicates lentivirally expressed ICN1 induced by DOX. In panel {c), ¥P < 0.05 vs Scr. and DOX (-) at day 7;
#P < 0.05 vs Scr. and DOX (+) at day 7; NS, not significant vs Scr. and DOX (+) at day 7 (n=6). In panel (d), representative bright-field and phase-
contrast images of SABG-positive cells with flat and enlarged cell morphology (arrows) as scored in panel (e); *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 panel (b) was summarized along with
cell proliferation and SABG data in panels (c-e) in Supplementary Table S1.

16!NK4A

ICN1Y3"744 axpression 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 (Figures 6a-f; Supplementary
Figure S$12a). Importantly, GSI inhibited the ability of TGF- to
trigger Notch1 activation, growth inhibition and SABG induction
(Figures 6b, c-f; Supplementary Figure S12a), indicating that
Notch activation mediates TGF-B-induced senescence. Moreover,
RNAi directed against Notchl decreased significantly TGF-3-
induced Notchl and SABG activation (Figure 6g and
Supplementary Figures 512b and c). Nevertheless, GSI or Notch1
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 prolifera-
tion in the presence of TGF-§ (Figures 6b and d; Supplementary
Figure $12b). TGF-f induced p16™*A and p21 before full

Oncogene (2014), 1-13

213

induction of ICN1YaIT744 (Figure 6a) although Notch1 knockdown
delayed Rb dephosphorylation (Supplementary Figure S12b).
Thus TGF-B may not necessarily depend upon Notch to induce
cell-cycle arrest but instead may depend largely upon Notch1 for
SABG activation in this context. These data suggest that
endogenous Notch1 may mediate TGF-B3-induced senescence.

Ectopically expressed ICN1 facilitates anchorage-independent cell
growth and tumor formation in transformed human esophageal

keratinocytes

We explored finally how ICN1T may affect tumorigenicity of
transformed cells that are able to negate ICN1-induced senes-
cence. 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

© 2014 Macmillan Publishers Limited
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Figure 5. HPV E6/E7 knockdown activates endogenous Notch1 and TGF-B signaling to induce senescence in EN60 cells. EN60 cells expressing
HPV E6/E7 were transiently transfected with two independent siRNA 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 Notch1 (N1-A and N1-B), |:)16""K"A (p16) or
p14°7F (p14). In panel (h), cells were concurrently transfected with the indicated reporter constructs. Cells were analyzed 7 days after
transfection by RT-PCR for HPV E6 and E7 transcripts in panel (a); western blotting for the indicated molecules in panel (b); WST1 assays for
cell proliferation in panel (c); flow cytometry for cell cycle in panel (d); and SABG assays in panels (e) and (f); quantitative RT-PCR for the
indicated mRNA in panel (g); and luciferase assays for activation of the TGF-f (3TP-Lux) and Notch (8xCSL-luc) reporters in panel (h). In
panel (a), B-actin served as an internal control. In panel (b), p-actin served as a loading control. In panel (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 panel (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 panels (e) and (f). In panel (g), f-actin served as an internal control. *P < 0.05 vs Scr;
n=3. In panel (h), *P < 0.05 vs Scr; n=4.

colony growth in TE11 but not in EN60 (Figure 7a). Next, we DISCUSSION

performed xenograft transplantation experiments. In nude mice, Notchl has been implicated in replicative senescence in
ICN1 greatly enhanced tumor growth by EN60 and TE11 cells  endothelial cells;*"2 however, this is the first study demonstrating
(Figure 7b). Interestingly, histopathological analysis of xenograft  in epithelial cells that Notch1 activates cellular senescence defined
tumors revealed a significantly increased number of less by cell-cycle arrest, morphological changes, SABG induction and
differentiated, smaller and proliferative ESCC cells upon ICN1 molecular changes, including Rb dephosphorylation. Importantly,

expression (Figure 7c and Supplementary Figure S13). These our study sheds light on the role of cellular senescence checkpoint
results suggest that in response to Notch1 activation ESCC cells functions in influencing dichotomous Notch activities in the
not only negate ICN1-induced senescence but also gain more neoplastic context. Our data indicate that activated Notch1 may

malignant characteristics, revealing an oncogene-like attribute induce senescence in concert with intact cell-cycle checkpoint
of ICNT. functions (Figures 1-4). When they are fully impaired, cells may
© 2014 Macmillan Publishers Limited Oncogene (2014), 1-13

214

~



Senescence checkpoint function and Notch1 activities
S Kagawa et al

L)
JO

a TGF-B1 b
Day 0 1 3 5 7 TGFB1 () (0 () )
JAGH GSl () (O (*) ™)
ICN1Vait7as | ——
ICN1VaI17AA
-Rb
p-Rb P
p16 B-actin
p21 c 6 BxCSL L
B-actin .5
£ 4]
-
«
T 2
~4—TGF-$1 (-); GSI () u?

~m-TGF-1 (+); GSI {+) 0 -
TGF-p1() () () (0
Gsl () () () (B

~p=-TGF-B1 (-}; GSI (+)

%= TGF-B1 (+); GSI (#)

DNA content f SABG* cells

GO/G1 1200 GO[G1 . GO/G1 s+ GO/G1 X
o G2IM
- § %MM 7w v G2M 75
= — H 4 1000 =i
3“1 |Is s s s 50
o 820 408 -
M 0 200 25
o o o LR 0
200 40n o 200 402 ) 409 Pl TGF‘B1 (") (+) (") (+)
+ ()

[t}

% of cells

TeF-p1 ()" )
1 (- Gsl () () ) ()
GSl () ) ) (+)
g SABG* cells
190 Cell cycle 100
ns_# *
o 7 OTGF-B1 (-); GSI () w 75
= 61 (+): GSI (- i}
g OTGF-B1 (+); GSI (-) 8 50
T g ) o
; 25 BTGF-B1 {-); GSI (+) < 25 # #

MTGF-B1 (+); GSI (+) 0 T
siRNA Scr. N1-A N1-B
O TGF-p1(-) BTGF-B1(+)

[
GO/G1 S

G2/M

Figure 6, TGF-p stimulates endogenous Notch1 to mediate senescence in EPC2-hTERT cells. EPC2-hTERT cells were stimulated with 5ng/ml
TGF-B1 alone or along with either GSI (1 um compound E) or DMSO (vehicle) in panels (a~f). Cells were transiently transfected with a 8xCSL-luc
Notch reporter construct 24 h before TGF-f stimulation in panel (¢) and siRNA directed against Notch1 (N1-A and N1-B) 24 h before TGF-f
stimulation in panel (g). Cells were analyzed at the indicated time points in panels (a) and (d); and 7 days after TGF-p stimulation in panels (b),
(c), (e-g). Western blotting determined the indicated molecules with B-actin serving as a loading control in panels (a) and (b). In panel (c),
luciferase assays determined activation of the 8xCSL-luc Notch reporter construct. In panel (d), the cell number was counted to determine cell
proliferation. In panel (e), flow cytometry was done to determine cell cycle. In panels (f) and (g), SABG assays were carried out and scored (see
Supplementary Figures S12a and ¢ for representative photomicrographs). In panel (c), *P < 0.05 vs TGF-p1 (—) and GSI (~); #P < 0.05 vs TGF-p1
(+) and GSI (=); n=3. In panel (d), *P < 0.05 vs TGF-$1 (—) and GSI (-); #P < 0.05 vs TGF-f1 {+) and GSI (-); n=3. In panel (e), representative
histogram plots are shown. Histograms show proportions of cells in G0/G1, S and G2/M cell-cycle phases. *P < 0.05 vs TGF-B (—) and GSI (~);
NS, not significant vs TGF-f (~) and GSI (—); #P < 0.05 vs TGF- (+) and GSI {-); n=3. In panel (f), *P < 0.05 vs TGF-$1 (=) and GSI (~);
#P < 0.05 vs TGF-B1 (+) and GSI (-); n=6. In panel (g), *P < 0.05 vs TGF-p1 (~) and Scr. (-); #P < 0.05 vs TGF-1 (+) and Scr; n=6.

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-$ are essential
components in the tumor microenvironment to facilitate invasive
growth of ESCC.**™*° ICN1 interacts with transcription factors such
as SMAD3 and HIF-1a***” Notch1 activates Notch3 to induce
squamous-cell differentiation markers, including IVL and KRT13,'3
As KRT13 expression peaked at a lower DOX concentration
(Supplementary Figure S1a), a higher Notch activation may be
required for senescence. Unlike squamous-cell differentiation, our

negate senescence (Supplementary Figure S5) but gain more
malignant characteristics in response to Notchl activation
(Figure 7). In this context, Notch1 exhibits features of an oncogene
(Figure 8a). However, endogenous Notch1 mediates senescence
as a downstream effector for TGF-$ signaling (Figure 6). Such a
function of Notch1 may be targeted for inactivation by the HPV
oncogenes E6 and E7 (Figure 5), implying a feature of Notch1 as a
tumor-suppressor gene (Figure 8b). Like TGF-B acting as a tumor
suppressor in the early stage of skin carcinogenesis while
promoting tumor progression in later states,** Notch1 may have

differential roles during cancer development and progression.
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215

data suggest that Notch1 may induce senescence independent of

© 2014 Macmillan Publishers Limited



Senescence checkpoint function and Notch1 activities
S Kagawa et al

a Colony formation Colony growth Colony formation Colony growth
40 600 300 400
* % ns
30 I =
. —_— E 300 4
5 E 400 5 200 =
€ 20/ Y £ © 200
:Es N ] aN’
Z ) 200 2 1004 fT)
10+ 100 4
0- 0- 0- 0-
DOX () (+) DOX () ) DOX () () DOX () *
TEM TE1 EN60 EN60
b 600 Tumor growth Tumor growth
0 DOX(-) *
- B DOX(+) 500 [1DOX(-)
";‘EE 400 T 400 -| B DOX(3) *
s £ 300+
E P
S 200 § 2004
°
> 100
0
PP 7 s 21 2 @ 4 Day 0 7 14 21 28

TEM
C HaE

Notch1

DOX ()

DOX (+)

TEMN

DOX (-) DOX (+)

EN60

Figure 7. ICN1 increases malignant potentials in esophageal cells negating ICN1-mediated senescence. TE11 and EN6Q cells carrying ICN170"
were subjected to soft agar colony-formation assays in panel (a) and xenograft transplantation experiments in panels (b) and (c). In panel (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 panels (b) and {c),
immunodeficient mice underwent xenograft transplantation and fed with DOX-containing pellets (20 mg/kg) to induce ICN1. Tumor growth
was monitored for the indicated time periods in panel (b). Representative images for H&E and immunohistochemistry for Notch1 in resulting
xenograft tumors are shown in panel (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 pm.

Notch3 (Supplementary Figure S14). We also confirm a recent
report™® that ectopically expressed ICN3 induces senescence by
suppressing Notch1 (Supplementary Figure S15), revealing a
redundant role of Notch1 and Notch3 in senescence in
epithelial cells.

© 2014 Macmillan Publishers Limited
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How does Notch regulate senescence? Cell-cycle arrest can be
mediated by p16™“* and p21. We do not exclude p21, as
postulated in Notch3-mediated senescence,*® although ICN3 did
not induce p21 in EPCI-hTERT (Supplementary Figure S15).
Our data suggest that the p16™“A-Rb pathway may have a
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Figure 8. Model: Notcht displays both oncogene and tumor-

suppressor attributes in a context-dependent manner. (a) Like
classic oncogenes (for example, Ras and Raf), ICN1 induces
senescence via intact cell-cycle checkpomt functions. In normal
human esophageal keratinocytes, the p16™**.Rb pathway rnay
have a predominant role in ICN1-induced senescence; however, the
p14*FF p53 and others may constitute alternative pathways to
mediate senescence when the p16™“A-Rb pathway is impaired.
When cell-cycle checkpoint functions are fully impaired (for
example, concurrent Rb and p53 inactivation), cells fail to undergo
senescence in response to ICNT1, resulting in malignant transforma-
tion. (b) Endogenous Notch1 may serve as a tumor suppressor by
mediating TGF-B-induced senescence. TGF-$ has been implicated
in rephcatlve senescence™ as well as oncogene-induced
senescence.”""*? TGF- f requires p53 to transactivate p21. 5% Notch
may be targeted for inactivation by HPV oncogenes E6 and E7
during mahgnant transformation. E6 may suppress Notchl by
degrading p53.*° E7 also targets Rb for degradation or sequestra-
tion. We find that HPV E6 and E7 inhibit TGF-f signaling to revent
the activation of endogenous Notch1 and induction of p16™“* and
p21. Although TGF-$ may induce cyclin-dependent kinase inhibitors
independent of Notch1, Notch1 may regulate the SABG activity
independent of cell-cycle regulation. As oncogene-induced
senescence may involve autophagy and lysosomal functions®®
Notch s:%nalmg may regulate the activity of SABG, a lysosomal
enzyme.

predominant role in ICN1-induced senescence in normal esopha-
geal keratinocytes expressing p16™K** (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, p14** may not be unequivocally
dismissed; however, ICN1 suppressed p14** during senescence
(Figure 2b) as observed in oncogenic Ras®'?Y-induced senescence
in EPC2-hTERT.® The inability of p53%'7*H to prevent ICN1-induced
senescence in EPC2-hTERT (Supplementary Figure 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 Notch1 by
degrading p53.2%* Finally, ICN1 induced senescence in EPC1-
hTERT without detectable p16™“* expression (Supplementary
Figure S2). Thus, redundant pathways may allow Notch-induced
senescence in cell- and context-dependent manners.
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We show for the first time that endogenous Notch1 mediates
TGF-B-induced senescence (Figure 6), corroborating a tumor-
suppressor function of Notchl activated in response to TGF-§
stimulation.  TGF- signaling is implicated in replicative
senescence® as well as Ras-induced senescence.’*? Concurrent
expression of oncogenic Ras and DNMAMLT m human primary
keratinocytes resulted in aggressive SCC** suggesting that
DNMAML1 may inhibit Notch-mediated senescence activated by
Ras during malignant transformation. Besides loss-of-function
Notch1 mutations,**? tumor-suppressor activities of Notch have
been suggested by Notch downregulation via p53 dysfunction®*4°
and EGFR overexpression.” As 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-f3 induces JAG1 to
activate Notch1 during epithelial-mesenchymal transition (EMT).*?
Thus, Notch activation may contribute to tumor progression
stimulated by TGF-B. 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- and
Notch from tumor suppressors to promoters? Transformed human
esophageal keratinocytes undergo EMT in response to TGF-§
stimulation, negating senescence through transcnptlonal repres-
sion of p16/™ by ZEB1/2, EMT regulators.” Thus a preexisting
dysfunctional p16' K4A/Rb—m<-3dia’ted cell-cycle regulatory machin-
ery may nullify Notch-mediated senescence in transformed cells.
Although our data show an accelerated growth and altered
differentiation in tumors expressing [CNT (Figure 7), [CN1
suppressed tumor growth b)]/ oral SCC cell lines carrying loss-of-
function Notch1 mutations,”” where ICN1 induced SABG but not
morphological features of senescent cells in vitro. ICN3 inhibited
tumor growth in cancer cell lines.*® By contrast, ICN3 induced
aggressive inflammatory breast cancer cells when expressed in
the mammary stem/progenitor cells in mice.®® 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-
DNMAML1T) as well as EN60 and TE11 cells were described
previously.*”*3#¢ Cells were counted with Countess Automated Cell
Counter {Invitrogen, Carlsbad, CA, USA) with 0.2% Trypan Blue dye to
exclude dead cells. Population doubling time was determined as
described?® Cells were treated with 1 um Compound E, a GSI, or 5 ng/ml
TGF-B1 as described.”*® Phase-contrast images were acquired using a
Nikon Eclipse E600 microscope (Nikon, Tokyo, Japan).

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 Notch1) with
primers Agel-ICN1 (5-AGCAGCACCGGTGCCACCATGCGGCGGCAGCATGGC
CAGCT-3") and MIul-ICN1 (5'-AGCAGCACGCGTTTACTTGAAGGCCTCCGGA
ATGCGGG-3"); using MigRI-HICNX®® as a template, ICN3 (Met-1663 to
Ala-2331 of full length human Notch3) with primers Agel-ICN3 (5-AGC
AGCACCGGTGCCACCATGGTGGCCCGGCGCAA-3') and MIul-ICN3 (5-AGCAG
CACGCGTTCAGGCCAACACTTGCCTCTTG-3"); using pcDNA3.1-ICN3 (a 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 s for denaturing, 56 °C for
30 s 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, GE Healthcare, Little
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Chalfont, UK) at Agel and Mlul sites, replacing the parental sequence
flanked by these restriction sites with either cDNA under the tetracycline-
inducible promoter, resulting in creation of pTRIPZ-ICN1 and pTRIPZ-ICN3.
All constructs were verified by DNA sequencing.

Retrovirus and lentivirus-mediated gene transfer

MigRICNX and MigRl (control vector) were used as described.”® The
lentiviral pTRIPZ-ICN1, pTRIPZ-ICN3 and pGIPZ expressing short hairpin
RNA directed against human CSL designated CSL-1 and CSL-2 (clone ID
nos. V2LHS_114863 and V2LHS_263385) or a non-silencing 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 fluorescence-activated cell sorter for pGIPZ-transduced GFP expressing
cells by FACSVantage SE (Becton Dickinson, Franklin Lakes, NJ, USA).

Transient transfection for RNAi and dual-luciferase assays

siRNA directed against Notch1 (N1-A, HSS181550 and N1-B, HSS5107249),
HPV16 E7 (E7-A, 5445412 and E7-B, s445413), p14/p16 (p14/p16-A, s216
and p14/p16-B, s218), p14 (5'-GATGCTACTGAGGAGCCAGCG-3') and p16
(5’-AACGCACCGAATAGTTACGGT-3') (Figure 4a), p15 (p15-A;52843 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.”'® Briefly, 400ng of 8xCBF1-luc
(designated as 8xCSL-uc),®® a Notch-inducible reporter, or p3TP-Lux,®' a
TGF-B-inducible reporter, or pGL3-p16%2 containing a 2.3-kilobase p16™
promoter was transfected. Cells were incubated in the presence or absence
of 1 ug/ml DOX to induce ICN1 in cells expressing ICN1T" for 48 h before
cell lysis. Alternatively, 5 ng/ml TGF-B1 was added at 24 h after transfection
and incubated for an additional 48 h 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 > 15%.

WST-1 cell proliferation assays

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

SABG assays

The Senescence B-Galactosidase Staining Kit (Cell Signaling, Danvers, MA,
USA) 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, celis
were fixed with 70% ethanol at —20 °C, washed twice with phosphate-
buffered saline and incubated with 50 pg/ml propidium iodide and
200 pg/ml RNase A for 30 min at room temperature. At [east 10 000 events
were recorded and analyzed by FACSCalibur (BD Biosciences, San Jose, CA,
USA) with the FlowlJo software (Tree Star, Ashland, OR, USA).

RNA isolation, cDNA synthesis and real-time reverse
transcriptase—PCR (RT-PCR)

RNA extraction and cDNA synthesis were done as described.'*** Real-time
RT-PCR was done with SYBR Green and TagMan Gene Expression
Assays (Applied Biosystems, Foster City, CA, USA) 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™“? (Hs99999189_m1), CDKN2B/
p15™%4 (H500394703_m1), CDKN1A/p21 (Hs00355782_m1), CDKN1B/p27
(Hs00153277_m1),  CDKN1C/p57 (Hs00175938_m1) and PAI-1
(Hs01126606_m1) using the StepOnePlus Real-Time PCR System (Applied
Biosystems). SYBR green reagent (Applied Biosystems) was used to
quantitate mRNA for p14*%, p16™K** and B-actin as described.’®*%%% The
relative level of each mRNA was normalized to B-actin as an internal
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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-ATG
CATGGAGATACACCTACATTGC-3'; E7 reverse; 5'-CATTAACAGGTCTTCCAA
AGTACGAATG-3’).

Western blotting analysis

Whole-cell lysates were prepared as described.'®3® Twenty micrograms of
denatured protein was fractionated on a NuPAGE Bis-Tris 4-12% gel
(Invitrogen). Following electrotransfer, Immobilon-P membranes (Millipore,
Billerica, MA, USA) were incubated with primary antibodies for Notch1
(1:1000 rat monoclonal 5B5; Cell Signaling), ICN1Y2M744 (11000 rabbit
monoclonal anti-cleaved 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’®’; Cell Signaling), p16 (1:1000 mouse
monoclonal anti-Human p16 G175-1239; BD Biosciences), p15 (1:200
mouse monoclonal anti-p15 15P06; Santa Cruz Biotechnology, Santa Cruz,
CA, USA), p21 (1:1000 mouse monoclonal anti-Human Cipl; BD
Biosciences), p53 (1:1000 Rabbit polyclonal anti-p53; Cell Signaling) IVL
(1:1000 mouse monoclonal anti-involucrin clone SY5; Sigma-Aldrich, St
Louis, MO, USA), B-actin (1:30 000 mouse monoclonal anti-B-actin AC-74;
Sigma-Aldrich), Cat. no. A5316, and then with the appropriate horseradish
peroxidase-conjugated secondary antibody (GE Healthcare, Piscataway, NJ,
USA). B-Actin served as a loading control.

Soft agar colony-formation assays

Soft agar colony-formation assays were done as described3® In brief,
1x10° cells were suspended in 0.67% agarose containing media and
overlaid on top of a 1% agarose per well (24-well plate). Two hundred
microliters of medium with or without 1 ug/mi DOX was added twice a
week in each well and grown for 3 weeks. Colonies > 100 um were
counted following Giemsa staining.

Xenograft transplantation experiments and histopathological
analysis

Xenograft transplantation experiments were done as described®® In brief,
5% 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
Laboratories, Wilmington, MA, USA). Tumor growth was monitored, and
histopathological analysis was done as described.” Immunohistochemistry
was done using primary antibodies for Notch1l (polyclonal anti-NOTCH1
ab27526; 1:500 at 4°C overnight with sections microwaved at pH3.0)
(Abcam, Cambridge, MA, USA), 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 substrate kit (Vector
Laboratories, Burlingame, CA, USA) following incubation with secondary
anti-mouse immunoglobulin G (Vector; 1:100 at 37 °C for 30 min) or anti-
rabbit immunoglobulin G (Vector; 1:200 at 37 °C for 30 min) and counter-
stained with hematoxylin (Thermo Fisher Scientific, Hampton, NH, USA,
CS401-1D). Stained objects were captured with a Nikon Microphot
microscope (Nikon) and imaged with a digital camera. Immunohistochem-
ical 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 meanzs.e. or mean=ts.d. and were analyzed by
two-tailed Student's t-test. P < 0.05 was considered significant.
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Aim: Telaprevir-based therapy for chronic hepatitis C
patients is effective; however, the high prevalence of derma-
tological reactions is an outstanding issue. The mechanism
and characteristics of such adverse reactions are unclear;
moreover, predictive factors remain unknown. Granulysin was
recently reported to be upregulated in the blisters of patients
with Stevens—Johnson syndrome (SJS). Therefore, we investi-
gated the risk factors for severe telaprevir-induced dermato-
logical reactions as well as the association between serum
granulysin levels and the severity of such reactions.

Methods: A total of 89 patients who received telaprevir-
based therapy and had complete clinical information were
analyzed. We analyzed the associations between dermato-
logical reactions and clinical factors. Next, we investigated
the time-dependent changes in serum granulysin levels in five
and 14 patients with grade 3 and non-grade 3 dermatological
reactions, respectively.

Results: Of the 89 patients, 57 patients had dermatological
reactions, including nine patients with grade 3. Univariate

analysis revealed that grade 3 dermatological reactions were
significantly associated with male sex. Moreover, serum
granulysin levels were significantly associated with the sever-
ity of dermatological reactions. Three patients with grade 3
dermatological reaction had severe systemic manifestations
including SJS, drug-induced hypersensitivity syndrome, and
systemic lymphoid swelling and high-grade fever; all were
hospitalized. Importantly, among the three patients, two
patients’ serum granulysin levels exceeded 8 ng/mL at onset
and symptoms deteriorated within 6 days.

Conclusion: Male patients are at high risk for severe
telaprevir-induced dermatological reactions. Moreover,
serum granulysin levels are significantly associated with the
severity of dermatological reactions and may be a predictive
factor in patients treated with telaprevir-based therapy.
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granulysin, hepatitis C virus, telaprevir, toxic epidermal
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INTRODUCTION

EPATITIS C IS a major pathogen causing liver cir-

thosis and hepatocellular carcinoma worldwide.
Until recently, standard therapies for chronic hepatitis C
virus (HCV) genotype 1 infection were based on the
combination of pegylated interferon (PEG IFN) and
ribavirin (RBV); these combination therapies yield a sus-
tained virological response (SVR) rate of approximately
50%.' Several classes of novel direct-acting antivirals
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(DAA) were recently developed and tested in clinical
trials. Two first-generation HCV NS3/4A protease
inhibitors, boceprevir*® and telaprevir,*® have been
approved for the treatment of genotype 1 HCV infec-
tion. The inclusion of these agents in HCV treatment
regimens has led to large improvements in treatment
success rates.

Telaprevir, the first DAA, is administrated in combina-
tion with PEGIFN and RBV for 24 weeks, resultingin SVR
rates up to 70-80%.%¢-% Although the telaprevir combi-
nation regimen is highly effective, the high frequency and
severity of adverse events are outstanding issues limiting
its use. Dermatological reactions are particularly preva-
lent, developing in 56-84.6% of patients treated with
telaprevir, PEG IFN and RBV combination therapy.”'?
Moreover, the prevalence of severe dermatological reac-
tions including Stevens-Johnson syndrome/toxic epi-
dermal necrolysis (SJS/TEN) and drug-induced hyper-
sensitivity syndrome (DIHS) are substantially higher in
patients treated with telaprevir-based therapy than PEG
IFN and RBV combination therapy.®'® McHutchison
et al. reported that 7% of patients treated with telaprevir,
PEG IEN and RBV combination therapy discontinue
therapy because of rash or pruritus in contrast to only 1%
of patients treated with PEG IFN and RBV.® In some
patients, serious skin reactions persist even after stopping
all drugs.’® However, the pathogenesis and clinical pre-
dictors of these adverse reactions are poorly understood.

Granulysin is a 15-kDa cationic cytolytic protein
released by cytotoxic T lymphocytes and natural killer
cells that induces apoptosis in target cells and has anti-
microbial activities."! Serum levels of granulysin are
elevated in primary virus infections including Epstein—
Barr virus and parvovirus B19.'? It was recently reported
that serum granulysin levels are significantly elevated in
patients with several types of severe dermatological
lesions including SJS/TEN, which is the charac-
teristic serious adverse event in telaprevir-containing
regimens.'**

Accordingly, the present study determined the risk
factors for severe dermatological reactions in patients
receiving telaprevir, PEG IFN and RBV combination
therapy as well as the association between serum levels
of granulysin and severe dermatological reactions.

METHODS

Patients and methods

N THIS RETROSPECTIVE case—control study, at Hok-
kaido University Hospital and associated hospitals in
the NORTE Study Group, between December 2011 and
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November 2013, a total of 123 patients positive for
HCV genotype 1 with high serum HCV RNA titer (>5 log
IU/mL) received PEG IEN, RBV and telaprevir combina-
tion therapy. Patients were excluded if they required
hemodialysis or had a positive test result for serum
hepatitis B surface antigen, co-infection with other HCV
genotypes or HIV, evidence of autoimmune hepatitis or
alcoholic hepatitis, or malignancy. Serum granulysin
levels were analyzed in five healthy volunteers with no
HCV, HIV or hepatitis B virus infection or any inflam-
matory diseases.

Written informed consent according to the process
approved by the hospital’s ethics committee was
obtained from each patient. The study protocol con-
formed to the ethical guidelines of the Declaration of
Helsinki and was approved by the ethics committee of
each participating hospital.

Study design and treatment regimen

Telaprevir 500 or 750 mg was typically administrated
every 8 h after meals for 12 weeks. PEG IFN-0-2b (Peg-
Intron; MSD, Tokyo, Japan) 1.5 IU/kg was adminis-
trated s.c. once per week for 24 weeks. RBV (Rebetol;
MSD) was administrated for 24 weeks in two divided
daily doses according to bodyweight: 600, 800 and
1000 mg for patients with bodyweights of less than 60,
60-80 and more than 80 kg, respectively. The doses of
PEG IFN-0-2b, RBV and telaprevir were reduced at the
attending physician’s discretion on the basis of hemo-
globin levels, decreased white blood cell or platelet
counts, or adverse events.

During treatment, patients were assessed as outpa-
tients at weeks 1, 2, 4, 6 and 8, and then every 4 weeks
thereafter for the duration of treatment. Physical exami-
nations and blood tests were performed at all time
points.

Outcomes

The primary end-point was SVR, which was defined as
undetectable serum HCV RNA at 24 weeks after the end
of treatment. The secondary end-points were end-of-
treatment virological responses (HCV RNA undetectable
in serum) and rapid virological response (RVR), which
was defined as undetectable serum HCV RNA at 4 weeks
after the start of treatment. Dermatological reactions
were classified according to severity in the same manner
as in phase III trials in Japan.'

Serum granulysin measurement

To evaluate serum granulysin levels in chronic hepatitis
C, we first measured serum granulysin levels in five
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healthy volunteers and compared them with those of 20
chronic hepatitis C patients before treatment. Serum
granulysin levels were measured at the onset of derma-
tological reactions (within 3 days of onset); if the symp-
toms worsened, the time when worsening occurred was
adopted. Meanwhile, in patients with no dermatological
reactions, the highest serum granulysin level during
treatment was adopted.

Serum granulysin levels were measured by a sandwich
enzyme-linked immunosorbent assay as described pre-
viously."*'*'* Briefly, plates coated with 5 mg/mL mouse
antibody against human granulysin, RB1 antibody, were
washed with phosphate-buffered saline containing
0.1% Tween-20. Next, they were blocked with 10% fetal
bovine serum in washing buffer at room temperature for
2 h. The samples and standards (Recombinant Granu-
lysin; R&D Systems, Minneapolis, MN, USA) were incu-
bated for 2 h at room temperature. Next, they were
reacted with 0.1 mg/mL biotinylated mouse antibody
against human granulysin, RC8 antibody. The plates
were subsequently treated with horseradish peroxidase-
conjugated streptavidin (Roche Diagnostics, Basel,
Switzerland). The plates were then incubated with
tetramethyl-benzidine substrate (Sigma, St Louis, MO,
USA), and 1 M sulfuric acid was then added. The optical
density was measured at 450 nm using a microplate
reader.

Diagnosis of dermatological reactions

Dermatological reactions were investigated throughout
the 24-week administration period in the telaprevir-
based combination therapy. Dermatological reactions
were classified according to severity as follows. Grade 1
was defined as involvement of less than 50% of the
body surface and no evidence of systemic symptoms.
Grade 2 was defined as involvement of less than 50% of
the body surface but with multiple or diffuse lesions or
rashes with characteristic mild systemic symptoms or
mucous membrane involvement with no ulceration/
erosion. Grade 3 was defined as a generalized rash
involving 50% or more of the body surface or a rash
with any new significant systemic symptoms and con-
sidered to be related to the onset and/or progression of
the rash. Life-threatening reactions included SJS, TEN,
drug rash with eosinophilia and systemic symptoms
(DRESS)/DIHS, erythema multiforme and other life-
threatening symptoms, or patients presenting with fea-
tures of serious disease.

When adverse skin reactions were detected, the attend-
ing physician classified the degree of severity and referred
the patients to a dermatologist as needed. In principal,
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when grade 3 dermatological reactions occurred, the
attending physician referred the patient to a dermatolo-
gist and discontinued telaprevir. When severe dermato-
logical reactions including SJS/TEN and DRESS/DIHS
were suspected, all drugs were discontinued immedi-
ately. SJS/TEN and DIHS were diagnosed by skin biopsy
and according to disease criteria, respectively.

Statistical analysis

Categorical and continuous variables were analyzed by
the x’-test and the unpaired Mann-Whitney U-test,
respectively. All P-values were two-tailed, and the level
of significance was set at P < 0.05. Multivariate logistic
regression analysis with stepwise forward selection
included variables showing P<0.05 in univariate
analyses.

The association between dermatological reactions and
serum granulysin levels were evaluated by one-way
ANova followed by Tukey’s honestly significant differ-
ence test. All statistical analyses were performed using
SPSS version 21.0 (IBM Japan, Tokyo, Japan).

RESULTS

Patients

E INCLUDED 123 chronic hepatitis C patients

who received telaprevir-based triple therapy. Of
these, 89 patients who had proper information of der-
matological adverse events were included. The baseline
characteristics of patients are shown in Table 1.

Of these 89 patients, time-dependent changes of
serum granulysin concentrations were measured in 20
who had had conserved serum, at least, at the pretreat-
ment point, 1 and 2 weeks after commencement of
therapy, 1 and 2 months after commencement of
therapy, the onset point of dermatological adverse reac-
tion and the worsening point if symptoms became
worse.

Among the 89 patients, 64% (57/89) developed der-
matological reactions, including nine with grade 3 reac-
tions (Table 2). The characteristics of dermatological
reactions by grade are shown in Table 2. Non-grade
3 dermatological reactions tended to occur early
during treatment compared to grade 3 dermatological
reactions.

Association between dermatological
reactions and treatment outcomes

First, we determined whether dermatological reac-
tions were associated with final treatment outcomes.

© 2014 The Japan Society of Hepatology
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Table 1 Baseline characteristics of the participating patients

Total number 89

HCV genotype 1b (1b/others) 89/0

Age (years)t 60.0 (19-73)

Sex (male/female) 48/41

Bodyweight (kg)t 63.0 (32-97)
Baseline white blood cell count (fuL)t 4800 (1500-9800)
Baseline hemoglobin level (g/dL)t 13.5 (9.9-16.7)
Baseline platelet count (x10%)t 15.9 (6.6-86)
Baseline ALT level (IU/L)t 40 (15-300)

Baseline HCV RNA level (log' IU/mL)t 6.5 (3.2-7.6)
Initial telaprevir dose (1500/2250 mg)  20/89
Initial PEG IFN dose (1.5/<1.5 ug/kg) 775/14

Initial RBV dose (mg/kg)t 9.8 (2.2-15.5)
1L28B gene (1s8099917) (TT/non- 51/22/16
TT/ ND)
HCV 70 core mutation (wild/ 43/24/22
mutant/ND)

Previous treatment (naive/relapse/NVR) 40/38/11

1Data are shown as median (range) values.

ALT, alanine transaminase; HCV, hepatitis C virus; [L28B,
interleukin 28B; ND, not done; PEG IEN, pegylated interferon;
RBV, ribavirin.

Univariate analyses identified baseline white blood cell
and platelet counts, RVR, and non-grade 3 dermatologi-
cal reactions significantly associated with SVR (Table 3).
Among the nine patients with grade 3 dermatological
reactions, three discontinued all treatment and six dis-
continued telaprevir administration; SVR was achieved
in zero of the three (0%) and two of the six (33%),
respectively.

Multivariate analysis showed that RVR and non-grade
3 dermatological reactions were significantly associated
with SVR (Table 3).

Analysis of risk factors for telaprevir-
induced dermatological reactions

Next, we analyzed the association between severe (i.e.
grade 3) dermatological reactions and clinical param-
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Figure 1 Serum granulysin levels of healthy volunteers and
chronic hepatitis C patients. Serum granulysin levels were
compared between five healthy volunteers and untreated 20
chronic hepatitis C patients. P < 0.05, Mann-Whitney U-test.

eters (Table 4). Univariate analysis showed that only sex
was significantly associated with the grade 3 dermato-
logical reactions (P =0.03).

Serum granulysin levels in healthy subjects
and chronic hepatitis C patients

As shown in Figure 1, serum granulysin levels did not
differ significantly between healthy volunteers and
chronic hepatitis C patients. Next, we evaluated the
association between the severity of dermatological reac-
tions and serum peak granulysin levels in 20 patients
including five, four, five and six with grades 1, 2 and 3,
and no dermatological events, respectively. One-way
ANOVA showed that serum granulysin level was signifi-
cantly associated with the severity of dermatological
reactions (P=0.036); in addition, Tukey's honestly
significant difference test revealed that the serum

Table 2 Characteristics of the patients with each dermatological adverse event grade

n Aget Sex (male/female) Initial telaprevir Onset of
dose (2250/1500) DAR (days)
No DAR 32 61 (28-72) 15/17 26/6
Grade 1 32 58 (19-73) 15/17 24/8 7 (3-50)
Grade 2 16 61 (44-73) 10/6 12/4 3.5 (1-56)
Grade 3 9 61 (48-65) 8/1 8/1 22 (1-60)

tData are shown as median range) values.
DAR, dermatological adverse reaction

© 2014 The Japan Society of Hepatology
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Table 3 Comparison of the clinical and laboratory characteristics of the patients with HCV infection based on therapeutic response

All patients SVR Non-SVR Univariate Multivariate analysis
analysis
n=_89 n=068 n=21 P OR 95% CI P
Age (years)t 60 (19-73) 62 (28-73) 0.402
Sex (male/female) 37/31 11/10 0.870
Bodyweight (kg)t 62 (39-97) 64 (32-87) 0.761
Baseline white blood cells (/uL)t 5135 (1500-9800) 4200 (2490-7200)  0.048 0.492 (0.121-1.993) 0.320
Baseline hemoglobin level (g/dL)t 13.5 (10.5-16.7) 12.1 (9.9~15.4) 0.862
Baseline platelet count (x10°)t 16.7 (6.6-31.5) 12.8 (7.2-86) 0.025 0.388 (0.093-1.614) 0.193
Baseline ALT level (IU/L)T 37 (15-300) 53 (23-159) 0.070
Baseline HCV RNA level (log" 6.7 (3.2-7.6) 6.4 (5.7-7.3) 0.812
IU/mL)t
Baseline Cr level (mg/dL) 0.7 (0.5-1.3) 0.7 (0.5-0.9) 0.433
Initial telaprevir dose (1500/2250 mg) 52/16 17/4 0.460
Initial PEG IFN dose (1.5/<1.5 ig/kg)  58/10 17/4 0.430
Initial RBV dose (mg/kg)t 9.9 (2.2-15.5) 9.5 (4.4-12.5) 0.546
IL28B gene (rs8099917) 43/15/10 8/7/6 0.107
(TT/non-TT/ND)
Core 70 a.a. mutation 36/16/16 7/8/6 0.108
(wild/mutant/ND)
Previous treatment 34/28/6 6/10/5 0.095
(naive/relapse/NVR)
Rapid virological response (+/-) 60/8 10/11 <0.001 10.89 (2.838-41.83) 0.001
Grade 3 DAR (~/+) 66/2 14/7 <0.001 27.44 (3.718-202.5) 0.001

tData are shown as median (range) values.

a.a., amino acid; ALT, alanine transaminase; CI, confidence interval; Cr, creatinine; DAR, dermatological adverse reaction; HCV,
hepatitis C virus; IL28B, interleukin 28B; ND, not done; NVR, non-virological response; OR, odds ratio; PEG IFN, pegylated interferon;

SVR, sustained virological response; RBV, ribavirin.

granulysin levels of patients with grade 3 dermatological
reactions were significantly higher than those of patients
with grade 1 or no dermatological reactions (both
P <0.05, Fig. 2).

Time-dependent changes in serum
granulysin levels

We investigated the time-dependent changes in serum
granulysin levels in five and 15 patients with grade 3
and non-grade 3 dermatological reactions, respectively
(Fig. 3). Serum granulysin levels of patients with non-
grade 3 dermatological reactions never exceeded 10 ng/
ml. Of the five patients with grade 3 reactions, three had
severe systemic manifestations that necessitated hospital
admission: one each had SJS, DIHS, and systemic lym-
phoid swelling and high fever (>39°C). All patients with
grade 3 dermatological reactions with systemic manifes-
tations had peak serum granulysin levels exceeding
10 ng/mL; importantly, the serum granulysin levels of
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two patients already exceeding 8 ng/mL at the onset of
the reactions worsened within 6 days.

DISCUSSION

HE PRESENT STUDY demonstrates a significant

association between telaprevir-induced dermato-
logical reactions and elevated serum granulysin levels
for the first time. Moreover, serum granulysin levels
were significantly associated with the severity of derma-
tological reactions. Thus, the results indicate that serum
granulysin level seems to be a useful predictor of
telaprevir-induced dermatological reactions. Because
the emergence of grade 3 dermatological reactions
was significantly associated with non-SVR (Table 3),
probably associated with high rate of treatment discon-
tinuation, it is important to predict dermatological
events in the early stage to achieve good treatment
outcomes.

© 2014 The Japan Society of Hepatology
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Table 4 Comparison of the clinical and laboratory characteristics of the patients based on the presence or absence of at least a grade

3 dermatological adverse event

Al] patients Non-grade 3 Grade >3 Univariate analysis
n=_89 n=80 n=9 P
Age (years)t 60 (19-73) 61 (48-65) 0.453
Sex (male/female) 40/40 8/1 0.027
Bodyweight (kg)t 62 (32-97) 64 (51-87) 0.593
Baseline white blood cell count (/uL)t 4900 (1500-9800) 4700 (3000~7000) 0.876
Baseline hemoglobin level (g/dL)t 13.5 (9.9-16.7) 14.4 (12.1-15.4) 0.196
Baseline platelet count (x10%)1 16.0 (6.6-86.0) 13.5 (10.4-22.5) 0.605
Baseline ALT level (IU/L)t 40(15-300) 37 (23-87) 0.765
Baseline Cr level (mg/dL) 0.7 (0.5-1.3) 0.8 (0.6-0.9) 0.123
Baseline HCV RNA level (log!® TU/mL)t 6.6 (3.2-7.6) 6.4 (5.7-7.1) 0.465
Initial telaprevir dose (1500/2250 mg) 62/18 7/2 0.675
Initial telaprevir/bodyweight (mg/kg) 33.7 (20-71.4) 30.0 (23.6-44.1) 0.563
Initial PEG IFN dose (1.5/<1.5 pg/kg) 66/14 9/0 0.198
Initial RBV dose (mg/kg)t 9.7 (2.2-15.5) 10.7 (7.7-12.9) 0.161
IL28B gene (rs8099917) (TT/non-TT/ND) 47/19/14 4/3/2 0.353
Core 70 a.a. mutation (wild/mutant/ND) 38/22/20 5/2/2 0.511
Previous treatment (naive/relapse/NVR) 35/36/9 5/2/2 0.972
Onset of dermatological AE (days) 5 (1-75) 22 (1-60) 0.352

tData are shown as median (range) values.

a.a., amino acid; AE, adverse event; ALT, alanine transaminase; Cr, creatinine; HCV, hepatitis C virus; IL28B, interleukin 28B; NVR,
non-virological response; PEG IFN, pegylated interferon; RBV, ribavirin.
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Figure 2 Association between dermatological adverse reaction
severity and serum granulysin level. Serum granulysin levels
were measured at the onset of dermatological reactions (i.e.
within 3 days of onset); if the symptoms worsened, the time of
worsening was adopted. In patients with no dermatological
events, the highest serum granulysin level during treatment
was adopted. P < 0.05, one-way ANOVA.
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Recent genome-wide association studies have identi-
fied that genetic polymorphisms around the IL28B gene
locus significantly associated with the outcome of PEG
IFN and RBV combination therapy in HCV patients.
Thus, PEG IFN and RBV combination therapy is ineffec-
tive in a subset of HCV-infected patients who have
IL28B TG or GG genotypes, limiting the use of this
therapy.'® Therefore, novel drugs with different antiviral
mechanisms were required. Accordingly, DAA were
developed; they are mainly classified as NS3/4A prote-
ase inhibitors, or NS5B or NS5A inhibitors.!” The
NS3/4A serine protease inhibitor telaprevir, in combi-
nation with PEG IFN and RBV, has demonstrated the
most promising results.*® However, adverse events,
especially severe dermatological reactions, develop
more frequently in patients treated with telaprevir than
those treated with only PEG IFN and RBV.

Little is known about the mechanisms of telaprevir-
induced dermatological reactions. Reactions develop in
patients treated with PEG IFN and RBV combination
therapy'®”® as well as telaprevir monotherapy.?*?! It
should be noted that the dermatological reactions in
telaprevir monotherapy or PEG IFN and RBV therapy
alone are generally mild.”®* However, dermatological
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Figure 3 Association between time-dependent changes in
serum granulysin levels and severe telaprevir-induced derma-
tological adverse reactions. (a) Time-dependent changes in
serum granulysin levels patients with non-grade 3 dermato-
logical reactions (three, five and six with grade 2, grade 1 and
no reactions, respectively). The dashed line, gray line and black
line indicate grade 2, grade 1 and no reaction, respectively. (b)
Time-dependent changes in serum granulysin levels of five
patients with grade 3 dermatological events. The dashed line
indicates patients with severe systemic manifestations. Arrow-
heads indicate the onset of dermatological events and asterisks
indicate the onset of grade 3 dermatological events.

reactions in telaprevir and PEG IFN/RBV combination
therapy may be severe, indicating a synergistic effect.
Severe dermatological events including SJS/TEN and
DIHS have been reported in telaprevir-based triple
therapy; these are life-threatening, and fatal cases have
been reported.

The onset of grade 3 dermatological reactions tended
to be later than non-grade 3 reactions, the same as in the
study of Torii et al.’® Taken together with the finding that
male sex is a clinical risk factor, the results indicate that
late-onset dermatological reactions in male patients
treated with telaprevir-based triple therapy require more
attention.

Roujeau et al. analyzed the risk factors for telaprevir-
induced eczematous dermatitis and report that the inci-
dence of telaprevir-related dermatitis was significantly
higher age of more than 45 years, body mass index of less
than 30 (kg/m?), Caucasian ethnicity and treatment-
naive status.” While they analyzed the risk factors for
telaprevir-induced eczematous dermatitis, the present

227

Granulysin as predictor of TPV-induced skin AE 7

study focused on the risk factors for severe telaprevir-
induced dermatological reactions, because such reac-
tions can affect treatment outcome (Table 2) and can be
fatal. As mentioned above, male sex was significantly
associated with grade 3 dermatological reactions. Sex
is reported to be associated with the prevalence of
some kinds of severe drug-induced dermatological
events, although the underlying mechanism remains
unknown.*

Fujita et al. report that serum granulysin levels are
significantly elevated in SJS/TEN patients and thus may
be a good predictive factor.' Therefore, we hypoth-
esized that in telaprevir-based triple therapy for chronic
hepatitis C patients, serum granulysin levels are associ-
ated with the severity of dermatological reactions and
may thus be a predictive biomarker. However, Ogawa
et al. report that serum granulysin levels also increase as
a result of primary virus infections such as Epstein~Barr
virus or parvovirus B19." Thus, it remains unclear
whether and how chronic viral infections, especially
HCV, affect serum granulysin levels. In the present
study, we compared serum granulysin levels between
healthy volunteers and chronic hepatitis C patients; the
results show that chronic HCV infection was not asso-
ciated with serum granulysin levels (Fig. 1).

Chung et al. have reported that granulysin is the most
highly expressed cytotoxic molecule in blisters of SJS/
TEN and that massive keratinocyte death was induced by
granulysin."' Fujita et al. reported that serum granulysin
levels increased in the early stage of SJS/TEN caused by
drugs including carbamazepine, imatinib and phe-
nytoin.' Taken together with our results, we speculate
that granulysin may be involved in the pathoge-
nesis of early stage telaprevir-mediated dermatological
adverse reactions possibly through induction of kera-
tinocyte death.

Of five patients with grade 3 reactions, two patients
without severe systemic manifestations did not have
elevated serum granulysin of more than 10 ng/mL or
did not have elevated levels before symptoms worsened.
On the contrary, three patients with severe systemic
manifestations had peak serum granulysin levels exceed-
ing 10 ng/mL, and the symptoms of two patients with
serum granulysin levels already exceeding 8 ng/mL at
onset and within 6 days worsened. Therefore, serum
granulysin tests may predict grade 3 dermatological
adverse reaction with systemic manifestations. Further-
more, if serum granulysin levels elevate more than 8 ng/
mL, more attention should be paid.

In Western countries, the prevalence of dermatological
reactions in patients treated with telaprevir-based and
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PEG IFN/RBV therapy are reported to be approximately
55% and 33%, respectively;”** meanwhile, in Japanese
patients, the respective rates are 74.9% and 58.7%. More-
over, approximately 4% and 9% of patients in Western
and Japanese patients develop grade 3 reactions, respec-
tively;'? this is almost the same as that in the present study
(10%). The difference may be due to genetic or ethnic
variation. Therefore, genome-wide association studies
may have identified a gene locus associated with
telaprevir-induced severe dermatological reactions.

A limitation of this study is that the number of patients
with grade 3 dermatological reactions is relatively small.
However, the serum granulysin levels of patients with
grade 3 dermatological reactions were significantly
higher than those of other patients. Also, in two of the
three patients with severe dermatological reactions, the
serum granulysin level elevated before symptoms wors-
ened, which are novel findings. Further study is required.

Triple therapy with the second-generation protease
inhibitor simeprevir is reported to result in a similar
prevalence of adverse reactions as PEG IFN and RBV
combination therapy.?*?* However, simeprevir is not
approved worldwide. Although simeprevir-based triple
therapy is effective, only 36-53% of prior non-
responders achieve SVR.** Shimada etal. recently
reported that by extending PEG IFN and RBV therapy
from 24 to 48 weeks, telaprevir-based triple therapy
improves the SVR to up to 68% in prior null responders.?
Thus, telaprevir is a therapeutic option for prior null
responders.

In conclusion, the present study suggests that male sex
is a significant risk factor for severe telaprevir-induced
dermatological reactions. In addition, serum granulysin
levels are significantly associated with the severity of
dermatological reactions and thus may be a good pre-
dictor of severe dermatological reactions with systemic
manifestations in patients treated with telaprevir-based
triple therapy.
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