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Figure 5 | iPSC clones 253G1 or 454E2 (107 10° and 10* cells) were subcutaneously transplanted to NOG mice (three per group) without or with a
253G1-derived RPE sheet or a 454E2-derived RPE sheet, respectively. The sheets consisted of (approximately) 2.5 X 10° RPE cells. The Y-axis shows the
week when the tumors were first detected in each case. The number of iPSC cells and iPSC-derived RPE are shown on the X-axis. The numbers of

mice without tumor formation are shown as symbols below the X-axis.

rPEDF stimulation in iPSC (Fig. 4F). Therefore, it is conceivable that
p38 MAPK-dependent cleavage of multiple caspases could lead to
apoptosis in iPSC after PEDF stimulation. Recently, it was reported
that PEDF activated ERK1/2 and maintained growth of hRESC*. They
used 100 ng/mL rPEDF to show activation of ERK1/2 in serum-
starved hESC, and ERK1/2 inhibitor PD98059 inhibited growth of
hESC. Based on these experiments, they concluded that PEDF main-
tained cell growth of hESC via ERK1/2 activation. ERK1/2, key signal
molecules, activate multiple signals leading to various biological res-
ponses. Blocking ERK1/2 activities will inevitably suppress multiple
critical cellular responses and not necessarily address a PEDF spe-
cific-signal event. In our experiments, we did not observe a biological
process resulting from rPEDF stimulation below 50 pg/mL
(Supplementary Fig. 3B). Thus, we believe 100 ng/mL rPEDF might
be enough to initiate ERK1/2 signaling, but not enough to initiate
cellular events in hiPSC or hESC.

In summary, we showed a novel effect of PEDF on the survival of
remaining iPSCs in iPSC-derived RPE and suggest further applica-
tion of PEDF in pluripotent stem cell-based cell therapy in the future.

Methods

All the experiments using human samples and animal studies were approved by the
IRB of the Foundation for Biomedical Research and Innovation (FBRI) and Riken
Center for Developmental Biology (Riken CDB), and the committee for animal
experiments of the FBRL

Cell culture. Human primary retinal pigment epithelium (RPE, Lonza) was
maintained in Retinal Pigment Epithelial Cell Basal Medium (Lonza Biologics, Basel,
Switzerland) containing supplements (L-glutamine, GA-1000, and bFGF; Lonza).
Human iPS cell (iPSC) lines 253G1° [Riken Bio Resource Center (Tsukuba, Japan)]
and 454E2° were maintained on feeder cell SNL” in human ES cell culture medium
and 5 ng/mL bFGEF (Peprotech). iPSCs were cultured in ReproFF2 (ReproCELL)
supplemented with 5 ng/mL bFGF medium. iPSC-derived RPE** was maintained in
RPE maintenance medium [DMEM:F12 (7 : 3) (Sigma-Aldrich) containing B-27
supplement (Invitrogen), 2 mM L-glutamine (Invitrogen), 0.5 mM SB431542
(Sigma-Aldrich) and 10 ng/mL bFGF (Wako)] . HUVECs (BD™') were maintained

in M-200 supplemented with LSGS and neuroblastoma cells (SK-N-BE (2), ATCC)
were cultured in DMEM containing 10% FBS.

Cell growth of iPSCs, HUVECs and neuroblastoma cells in the absence or presence
of recombinant PEDF or anti-PEDF antibody. 253G1 cells were seeded in Matrigel
(BD Bioscience)-coated 12-well Transwell cell culture inserts with an 8 ym pore size
(BD). They were co-cultured with primary RPE or 253G1 derived-RPE seeded on the
bottom of dishes in ReproFF2 medium supplemented with bEGF in the absence or
presence of one to 50 pg/mL rPEDF (Millipore, cat # GF134 lot: DAM 1821182) or
5 pg/mL polyclonal anti-PEDF blocking antibody (cat # AB-PEDFI, BioProducts
MD)»***1%2 or 5 yg/mL non-functional control rabbit IgG (Santa Cruz). Cell growth
of 253G1, HUVEC, neuroblastoma and primary RPE in the absence and presence of
50 pg/mL rPEDF was evaluated after four to 6 days of culture (without co-culture).

Chip analysis. Total RNA from 253G1 or 253G1-derived RPE was isolated with a
RNeasy Plus Mini Kit (Qiagen) in accordance with the manufacturer’s instruction
and hybridized with Gene Chip Human Genome U133 Plus ver. 2.0 (Affymetrix).
Hybridized microarray data were scanned with a GeneChip Scanner 3000 7 G.
Analyzed data can be retrieved from the GEO http://www.ncbinlm.nih.gov/gds/. Our
GEO data set number is GSE43257.

ELISA. Levels of PEDF, VEGF or BMP4 in primary RPE or iPSC (253G1)-derived
RPE culture medium (conditioned medium) collected after 24 h of culture were
determined with human ELISA kits (PEDF, BioVendor; VEGE, eBioscience; BMP4,
RayBiotech) in accordance with the manufacturers’ instructions.

gRT-PCR. Total RNA was isolated with the RNeasy plus Mini Kit (Qiagen) in
accordance with the manufacturer’s instructions. Contaminating genomic DNA was
removed using a gDNA Eliminator spin column. cDNA was generated from one pig of
total RNA using PrimeScript RT Master Mix (Takara Bio) and PrimeSTAR MAX
DNA Polymerase (TaKaRa Bio). Real-time PCR was then performed with an ABI
7000 Sequence Detection System (Applied-Biosystems) and SYBR-green in
accordance with the manufacturer’s instruction. The primers designed for real-time
PCR were as follows: for LIN28A, ferward primer; 5- CTGTCCAAATGCAA
GTGAGG-3’, reverse primer, 5-GCAGGTTGTAGGGTGATTCC-3’; for POUSF],
forward primer, 5'- GAAGGTATTCAGCCAAACGAC-3’, reverse primer, 5'- GTT
ACAGAACCACACTCGGA-3’; for NANOG, forward primer, 5'- CTCAGCTACA
AACAGGTGAAGAC-3', reverse primer, 5'- TCCCTGGTGGTAGGAAGAG
TAAA-3'; for RPE6S5, forward primer, 5'- ATGGACTTGGCTTGAATCACTT-3,
reverse primer, 5'-GAACAGTCCATGAAAGGTGACA-3'; for BESTI, forward
primer, 5'-ATCAGAGGCCAGGCTACTACAG-3', reverse primer, 5'-TCCACAG
TTTTCCTCCTCACTT-3'; for RLPBI, forward primer, 5'-GACTGGGG
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TTAAATCTCACAGC-3, reverse primer, 5'-TGACATGTTGCCTATGGAAGAC-
3'; for GAPDH, forward primer, 5'- CGATGCTGGCGCTGAGTAC-3/, reverse
primer, 5'-CCACCACTGACACGTTGGC3'. Respective gene expression levels were
normalized to that of GAPDH.

TUNEL staining and Immunohistochemistry. Apoptotic cells were detected with
the In situ Cell Death detection kit (fluorescein, Roche Diagnostics) in accordance
with the manufacturer’s instructions. The percentage of TUNEL-positive cells was
calculated by scoring TUNEL-positive cells divided by total DAPI-positive cells in
three non-overlapping areas (two mm? per well).

For immunochemical staining, cells were fixed with 4% paraformaldehyde fol-
lowed by staining with antibodies against Oct3/4 (POUSF1) (1 : 100 dilution; sc-5279;
Santa Cruz), or ZO-1 (1:200 dilution; Invitrogen). Antibodies were visualized with
Alexa Fluor 488 goat anti-mouse (1 : 1,000; Invitrogen) or Alexa Flour 488 goat anti-
rabbit (1:1,000; Invitrogen). Fluorescent microscopic images were captured with a
fluorescent microscope (Olympus BX51, IX71; Tokyo, Japan).

Western blotting. Cell culture supernatants (conditioned media) or recombinant
protein samples were loaded onto a 5 - 20% gradient SDS-polyacrylamide gel,
subjected to electrophoresis under reducing conditions and blotted onto a PVDF
membrane (BioRad). Blots were blocked with a solution of 3% nonfat dry milk/PBS/
0.1% Tween-20 at room temperature, rinsed twice with PBS/0.1% Tween-20 and
incubated with 1:200 diluted polyclonal anti-PEDF antibody (BioProducts MD),
followed by 1:5000 diluted anti-rabbit IgG-HRP (Amersham). Detection of actin by
anti-actin antibody (Santa Cruz I-19) was used as aloading control. Membranes were
rinsed three times in PBS/0.1% Tween-20. Signals were detected with horseradish
peroxidase using an ECL kit (Promega). Cell lysates were made from iPSCs that were
serum-starved for six h (—) or five min or 15 min after addition of PEDF in the
absence or presence of p38 MAPK inhibitor SB203580 (Cell Signaling). Lysates were
blotted onto PVDF membranes, and anti-phospho-p38 antibody (Cell Signaling),
anti-p38 antibody (Cell Signaling) or anti-caspase 3 antibody (Cell Signaling) was
used to detect the respective molecules.
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In Vitro Tumorigenicity Tests for Process Control of Health Cai‘e Products Derived
from Human Induced Pluripotent Stem Cells
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The goal of pharmaceutical sciences is to deliver effective and safe medicinal products to patients. To achieve this
goal, we need to ensure the efficacy, safety and quality of the products. Currently, many attempts are made to utilize hu-
man induced pluripotent stem cells (hiPSCs) in regenerative medicine/cell therapy. There are significant obstacles,
however, preventing the clinical use of hiPSC-derived products. One of the most obvious safety issues is the presence of
residual undifferentiated cells that have tumorigenic potential. Therefore, the assessment and control of the tumorigenic-
ity of hiPSC-derived products is essential in order to prevent tumor development by residual pluripotent stem cells after
implantation. We recently examined three in vifro assay methods to detect undifferentiated cells: soft agar colony forma-
tion assay, flow cytometry assay and quantitative real-time polymerase chain reaction assay (QRT-PCR). Although the
soft agar colony formation assay was unable to detect hiPSCs, the flow cytometry assay using anti-TRA-1-60 antibody
detected 0.1% undifferentiated hiPSCs that were spiked in primary retinal pigment epithelial (RPE) cells. Moreover,
qRT-PCR with a specific probe and primers was found to detect a trace amount of LIN28 mRNA, which is equivalent to
that present in a mixture of a single hiPSC and 5.0 X 10* RPE cells. Our findings provide highly sensitive and quantitative
in vitro assays essential for facilitating safety profiling of hiPSC-derived RPE cells for their clinical use.

Key words- induced pluripotent stem cell; regenerative medicine; tumorigenicity; safety; quality control
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iPS #ifa/N > 7 D REEE O F D WHO TRS
878 IZ B B EA O BB EOFE® DT & i3E
AUTHDIENS, FORMEGEIIDONWTS,
WHO TRS 878 D HEZHERAT LT EMAETH S
EEZOLNS,

5-2. BLETRE (PHERG) BEBEOLOHOEES
1 ER b~ ES/iPS HlIE b e #8 M o b fe 5
& e AL, BRI W U2 ORISR
B3I In Z 77 2 Re R BRI K OV 0 i 0 FH B9/ A
MEFNTVWDUEEEN S S, R OEREE
MR BT S LEERE S, BETEFEOK
DOFEELTOERAEWNH S, BETREHIC
B2 EBEEEEEORESTHIZIZ, TEDI5N
b b ES/iPSHIIEAEGEL TWah WD & &
[BRA I & U Tl vk i s sn i g 2v 8 £ 4
TWBM] WD 2ENH 5.

PRI F ORI TEOL 5k  BES/IPS #ilfly At
BAELTWEN] WS &I U T, ES/iPS
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MEOT—h—BEFROWLY——F N0 E%
PR U HEICE DT 2 &WTEETH D, F
B& L TIEERT 2EHE RT-PCR 27 0—4HA |
ARy —izENETFonsd. IS0 HEEDEMIC
DWTIRB TS,

FEE ORI THRAAMM S U CGElEE R E
EHAIESEENTNDED] ENWD 2 EETMT 3
=@k E LT, B A TS AE s v O R
(R LMD ML) RWERI D Z—FRAR
(BIBIERFE MM OfE, #®i) BNETFon
%, N TR PR M I O B HC in vivo JEREE
MHBMZREZERTHIEbEZIONSD, BREL
Uz L) oficEdEndbhd nakiEs
IR ZRE T 2 0ENH 720, WHO TRS 878
DHELD B THITENRHBR 2 HA T D 0E
N5, RERAOENEESRELTIE, T,
B #IE KO8 NK #ilE 2 K 22 L 7= NOD/SCID/yCnull
(NOG) 72, X—RIDALDBEEIDETL
FBEREAET T ARRKERNTEIENEAS
N5 E0 R LR ET I 2 HWERENY
20 FHE D 7o ik, MR - SRR R O S R
PEDESIETTEORKE &, T O ETH 5.

5-3. RREFORSUFTFMOI-HOEBE MR
B b~ BS/iPS HllHe i S Al 0 0D s L P
OMREN, d7abb HEE5ME) 123, Bk
WinA, EAT SRS S e R R A B O
Z OO B E EN TS AETHEENH 5.
F/z, BB ORI BT 2 TSR
I2i, b R TOEBF TONBERREEZERT S
MEITHD ZENMEREINDS. Tihabhb, BRI
BT 5 EMEEEEOMEFHEICE, TEols
Wik k ES/IPSHIAETEL Tnah &SI &
& THIARINE & U CEREEVE T i & %
NTWBNn) EWdZEITmA, MBS, 4+
ETAHWNESETHEBEEBKRTIM End e
Hyoid, mEEFORI TEo<s5hke M ES/
iPS MRS E L Tnad 2y, THWAMEE L TE
B EERAENE TN TSN DI &
WWBIL T, ES/iPS il < — 71— {5+ i
R—H—% N7 E O, MBSO,
RER O 0 = — iR 7 & TR T & 2 nl ks
5.

—7, HgHHNS, £FTHHNRETHEE 2

BT B EVHWBAIZDWTH, in vivo 1S
BRIV EERRD. FORBITEETNEHE
LT, ORBROMUIBR, ORkoMmialk O
B EnETonsd. BRI W TR
75 e M TORGERRICA Y T B ERA 28I~
ETHD. HLd, PEHENEEEZETHREOH
HHIT K 0 MEEERAT I3 2 I SR R A S H 5
BEWIE, AR THIUIHR G EEET LD TIE
<, P&t b & OO Y H AL ORI AR
=)V U TR EHERERAETS. Tab
B, EFTHBUNEE SRS S OMEIERICEK
HIEEHROTRE 2ERT D L2 EETD. *©
BRI, RIE, B E, BHRARSBREICIBITS
M OB BT T IV BT D in vivo TOFEE
T hd, BETHENHEELSTHS.

6. FEIEEMBDE in vitro BB—H b ILOKE
@l{%%__ll)

MM OGBS, H 2 WITHHRER oS
B EZRHT B R EL TWHLDHMD in vitro i
BRMBHDHN, TNTNCEHEE@TNDS. 20
FIZDWThhbnasHat L 2R % in vivo 3l
EEHE T Table 1 IZE & B8, BRSO
EOROEREEZBRETZ I 2N ETIHBRIC
DNTHE, ERICHI SN TWSH00, B5h
TG MR O NG TE & O RBAMEAER N 2 &A%
<, BMEFOBEEEEITITAEND LD D,
JERTEL O S U BLE R I BV B B ORIV E
TEUEEFMTHENIEHWTHEBEINEZINESD &
EZ%.

R 0= - aRBE, BAMEOL N2
IR AT HEAE S B DI X U CRERS TR IE H L
EBBFELRWET R = (F/A4F2) &
RBITENWIWEZENLUZREBRT, Mz
UTCHRERICEH AL, BBIRERTE RO B & A
HI 2 BThs ZORBSRTI, filors >
TIRAFPE K T ORI X B B ST Ao s s
2B <7D B —HE~OHBNEETH D, —
#, BN ESHISE iPS#fE N S
BENEBEAHCE>TTRN— A RRITIHR
BUBEEEODZEMANSNTWS, FIT, b
iPS MM ASERIE K B M b THISHS B0 &S MIZ D
Thithil i Lizd 25, B -Muicaoml -
b b iPS SR IR R P TR L e 2 &
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Table I. Comparison of the Tumorigenicity-associated Assays

Soft agar colony

In vivo tumorigenicity

Not applicable to hiPSCs Detecting only the cells that
express the known maker

molecules
Gating techniques strongly

Detecting only the cells that
express the known marker
genes

influence the result

Assay formation assay Flow cytometry 9RT-PCR assay using SCID mice!?
Measurement Colony formation Expression of marker pro- Expression of marker gene Tumor formation
standard tein for pluripotency for pluripotency
Purpose Detection of anchorage Detection of undifferentiat- Detection of undifferentiat- Detection of tumorigenic or
independent growth ed pluripotent cells ed pluripotent cells undifferentiated pluripotent
cells
Time 30d 1d 6h 12-16 w
Advantage Inexpensive Rapid Rapid and simple Direct
Analyzing individual cells  Quantitative Analyzing tumor formation
in a specific microenviron-
ment
Highly sensitive
Disadvantage Indirect Indirect Indirect Costly

Time-consuming

0.1% of hiPSC
(TRA-1-60)

LLOD 1% of PA-1

245 undifferentiated hESCs
with 10¢ feeder fibroblasts
0.025%)

=<0.002% of hiPSC*
(Lin28)

* Not based on the calculation found in Ref. 13) because the background signal from the negative controls (primary RPE cells) was not detectable. .

MEAS M EFn- 7. b b ES/iPS #lla D 43 Bk
TR—=Z2#MEHT B EEHN TS ROCK
ERNY-27632 FHETTRHLEBED, KRIERE
W T OBIIRD SNEho /. TS ORBEN

5, REXanZ—EREBRIIR b/ E b iPS
HRIDBAZBRET2HMCEEI LN END T &
MR I N7k,

KT, BRERARHERE L TWARWIEE 2 TET S
=%, KRCEEMEFAOEEBEIREMBORA
BT HMHRER 2 RETT 572012, EREHIF
TOE METS MAILY /—TRIBPA-1OOD
SR EFEMLEEZA, BEL MiEns <
DI TR E N~ PA-LlEO a0 = — 0¥
HELImo T, —4, Bta>ho—)L&LT
FLEE R MIRMA3E L& (retinal pigment epithe-
lium; RPE) #lfa% My, W obdH=0 1X104{ED
MimzwELEZECA, 0 HMOEETH IO
——ED s N RIZSEHOBERXR OO
SRR RIC BT D PA-1 FAE O S E 2 5
il EEMEOEFIT—A &L THRESR
RPE fifaz vy, HBAOMHIER #Rkd 2 HM
T, AU 1%, 0.5%, 0.25% DE|E T PA-1 {ifa
BEIRNT DAV RBEERLE. TORE, 1

% DEETPA L fifuERMT B &k, 20
HOMIZan0Z—ERAHED 5N, 0.5%7HR0n
L 0.25% OEE T PA-L fIlAZEHRMLUZBEE, 2
OZ—FHRPBREINDETIC30AEELE. *
H5a7abo—)b (F{LH2%E RPE Mg )
b UTRIE L 2458, ER IO — R
REAWTIERME ®)1AH53%E RPE #il3) FITR
AT % PA-1 fiffaz2H 4 5IC1d, BAEN RPE
MREOB D 1B U LSBETHZ I ENHLMERS
7.

BEDT—H—% 2N EEEECRMMEE b
iPSHIZMIHT ARELT, 7O0—H 1 b A
=5, EEMEOEF IV —X &L THRE
#ERPEfMaZHEWThhbh i LiE AT
i, Rofbflla<t—H— &3N3 Octd/4, Sox2 &
O TRA-1-60 1T T 2 ERFIAICE > T, Kok
iPS HifE & LA S DS T & B Z ENFER S N
7. ¥z, TRA-1-60 13k 4r10 iPS HilEZ W T
<, MAEA A (embryonal carcinoma) T %
BHLTWAEINTHED, WE - Mo LT
AREEZSNS. LS RPE Mgl iPS fl
BANA 7T HERICED, EMIE (W%
RPE #if) CRAT 5 RMMEANE O HEE R &%



1386

Vol. 133 (2013)

SUAEER 01%LEORABRTHIUTEERR
W7 FINEENDZENHEEN T,
L RT-PCR I, BEDOT—I—BIaTHE
EHEEICRSMLE M iPSHEZRET 2 ERER
RIFEEHBARDLEDICEALNDD, EOT—H—n
BRETHDN, TUTHRHEEIEDOISWh, &
WO Z LRI A EMIIEN R EIFEEALER
W, FIThivbhiud, RO BRI IR
T 5 EINBBETFE LT OCT3/4, KLF4, C-MYC,
SOX2, NANOG, LIN28, REX1 %3818, Zih oD
TEDBELETFRBEVPRSMMEAMIEOEAITEE L TR
M, BOEISEE T EEH L e ORA RS
faoBHERAIZEDLS SnuhE, BRELEZ. EWEMR
HDEF Iy —AE LTI, REXKIDZ— B
BROT7O—81 hA M —O&&ERFRIZIMREE
# RPE flifiz= MW/, BETO#E, #{L8%E RPE
HITH-> ThH, C-MYC, KLF4 R REXI 1, &
KN iPS i TORE % 100% & L7=58E, #%-25
%DLNIVTEBELTWAIENHe M7,
RS LT OMBAEYS - T EmFOHRAIC
AT, COEEORABOETD BROHILE
REFEB] EEX5nbLNABN. LMALRNS,
BEHZOO 1 [MOBELED 104-10° [HE SN S
iPS B SRS HE AT O R IC DO IR 9 % iPS
MIAOBRIHEITHIT1E, T OREOBRIETIE£<
A+45TH5DH. —F, OCT3/4, SOX2, NANOG,
LIN28 DL 3% RPE I3 T A M ETFRBE R,
% iPS MR LEL T 1/1000 k3§ Tdh > 7=, RPE izl
iPSHIMLZ R /S1 7 L TR LZ#E, OCT3/4,
SOX2, NANOG #¥5#Z1z L /= iPS #illa o HiBR R
IZERNFR, 001%,006%,007% Td > 7i-.
LIN281ZDWTIE, #IfRE54% RPE OB A4 <
MHE b, (RATF+ 732 bo—-)L®
T FIVEOEEE -+ RERZED 365 SWHEE
DOFIEC LD FHMRIBER kDD Z LigTERM

Sf. LZLARAS, X8 7 EBRRUE kPSS

Hifa sk RPE a2 Hhwi=fMEth s, 0.002% 2%
@ iPS I ASTR A L /=B LIN28 D4 E /5561
ST FINMBHENASZENEON LTINS,
Tiabb, LIN2S #IEE T, %5 51 RPE
FZ L EOFE TR AT 5 K51k iPS i & 1
TEDIEWTRD, ZOHEE, HRlbhomos
B0, srfciifaf oL b iPS il O

BELTIE, #WHLELTARIN TS HED
FTRBEENE S, FR225E8 ANSHGEN
T BHFE OMALEFIERT & SemERE > & —Fk
DB iPS §f4 f 3k RPE #if % W 7= i R gE 2
BOPFTHFEAEERRE L THRHINZICEST
WwWa, Birbhbhid, To—72@EkEORG
SHERUPIEFFEOKBIZLD, ER2EED LA
EAHBTNBEZATHD, Fkmyicid, iPSHife
B3k RPE flfa/Z0r Tria <, ZONAEOEWNIPS
R B SR R O BT VRIS SR T 5 T L SR
N5,

2B, ARWACHIIE % in vitro THHETBH%ELT
1Z, BB ULEAEOEL, FiE0EEM 2R
A TR Z SR, T OS2 T 2580
HD. N6 EHAAEDETRSMEMERUOARELL
IO EE 2B ETENL, BREROGEEEMED
WIS VBN R INSD, BERBRICHED Z
EDFEME, BEMNE, e, UAI TR
AT T, BB in vivo 1 R M R
F—FET o THREICHIT SN NELEEX
55,

7. &HYIKC

b~ ES/iPS flf B sk BRI O K 5 7ol - #E
BomT s (BEERER) g UEERt:
BB RSA DV IRWEEIEELRW, Lisdio
T, WL TIE, MH - AR TR0 THEIC
EIEEEICE L TBRSOmNELTIZDNT, & T
BT e 74 T ORBHHBERRERL, REHIK
HETR&ETHBEEEALND, 2B, EHBOEG
TARTNEEAVFEMEET, EMRECEGEDOR
P HRIER - UAIIRDAC T IR ERR
L THBFBICHHEINEHDTHS. B2
(BflAEDERE) HEE - FMcONWTS, ERT
DFRBZRESIRILT A HOTIERL, &lBRiko
HEEBARZEMUZDAT, VAT - Y AY
RARPAVINIERROA T4 —ALR -2tk
DEBEEITIENBEETHDLEEZE5NS.
HONHLNNAFEL 2 E itk RT-PCR O HIEICS
WTIPSHIIBDRADEE S U THWSNS LIN2S
W, BHiEOHCEREDHEFICES L TS EE
DNTHBY, ZEHRFOURHIRE L O N —TF &
b iPS i OBINI THhESENE L T 1 R
A2 KREFEOC =LK A ELOT IV —
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Thske MEMIE, 5 PSR & AE T pBIC AL
FHHMEEFO 1 DE L THELRBREFTHS. £
7o, FRRMRER U3 AMEIE 7 & L THS
N5 7 0RNA D&, let-707 O 7%
BHETSEBELNTNS. W & NMEEEE T
13 LIN28 1B RIFEE L TWA EDREYHH B 2
Ems, LIN28 ik b iPS HIA D kbt D < —
F1—& U TG T EFENIEER O BEHED < —
H—ELTHHERTHAH I EMNRBEINS. Db
NOFE e &M% RT-PCR 2 AW cfFic i n
i, LIN28 13k N iPSHIBICBWTIERKL T
WSbHDOO, EFEEMIN DL < OE MEREICB W
TEBNALLEDLNTHARYL, Tabb, b
RIZBNTIE MEEICEERR) BHRREITThN T
WA EWITRD, Lorliahs, ZOEREANT
AL E<WHLSMTIEZWYL., ZNSEEHSMNITD
T EiE, Mok b, £4uRE, b OHIEE
HE &S B igE O K E I EII N U TEE R >
Ty hERBIENBSFEING. bhibno
in vitro FlEORFEEWBIL [#3%¥ L TOIPS
M BRI O B E - ERUMREDO LD TH -
7o, D LA 5 ORI (EREN
%@ EEETBAH LT, L, ERREREOHD
FOBEZTEL B, TROBERELORNSD
EHMEORRKELTHEEEELELISNDIET
(LIN28) #[ET AT LN TER, [H%¥) OFYE
3L TEHEYRELEREFRBICEEOD LITET S
HRERDZETHD, Lizm> TEERDERE
D 7= DML EZEZ I DETH - T,

EFICEETHD. Lrl, TOLEEADOARLS
T, BOoNRBEOEYZINEEEDTEEA,

FNEEONTICHAINDIEBAFTICE T,
LnED I —T0ENSFORREVWIFH LT O
CF A TIWEETAIENTESNDb LA NE,
IWMBEBFOIED, #%) 2TV a1T5

EEs AR TN LRI B W TRIAZ X
BAHIIRE, THEERBOD LU m)IE e
(AASY), JNEM M4 (SeinE iR ED,
B LseE BEPFCDB), Fh2<OTHI%ETE
& F U/ EVEERDRMEEFATOBRICEAT
EHOEEERLET.
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__ ORIGINAL ARTICLE

BNIP3 Plays Crucial Roles in the Differentiation and
Maintenance of Epidermal Keratinocytes

Mariko Moriyama'2*, Hiroyuki Moriyama'"*, Junki Uda', Akifumi Matsuyama®, Masatake Osawa® and
Takao Hayakawa'

Transcriptome analysis of the epidermis of Hes7 ™'~ mouse revealed the direct relationship between Hes1 (hairy
and enhancer of split-1) and BNIP3 (BCL2 and adenovirus E1B 19-kDa-interacting protein 3), a potent inducer of
autophagy. Keratinocyte differentiation is going along with activation of lysosomal enzymes and organelle
clearance, expecting the contribution of autophagy in this process. We found that BNIP3 was expressed in the
suprabasal layer of the epidermis, where autophagosome formation is normally observed. Forced expression of
BNIP3 in human primary epidermal keratinocytes (HPEKs) resulted in autophagy induction and keratinocyte
differentiation, whereas knockdown of BNIP3 had the opposite effect. Intriguingly, addition of an autophagy
inhibitor significantly suppressed the BNIP3-stimulated differentiation of keratinocytes, suggesting that BNIP3
plays a crucial role in keratinocyte differentiation by inducing autophagy. Furthermore, the number of dead cells
increased in the human epidermal equivalent of BNIP3 knockdown keratinocytes, which suggests that BNIP3 is
important for maintenance of skin epidermis. Interestingly, although UVB irradiation stimulated BNIP3 expression
and cleavage of caspase3, suppression of UVB-induced BNIP3 expression led to further increase in cleaved
caspase3 levels. This suggests that BNIP3 has a protective effect against UVB-induced apoptosis in keratinocytes.
Overall, our data provide valuable insights into the role of BNIP3 in the differentiation and maintenance of

epidermal keratinocytes.

Journal of Investigative Dermatology advance online publication, 6 February 2014; doi:10.1038/jid.2014.11

INTRODUCTION

The skin epidermis is a stratified epithelium. Stratification is a
key process of epidermal development. During epidermal
development, the single layer of basal cells undergoes asym-
metric cell division to stratify, and produce committed
suprabasal cells on the basal layer. These suprabasal cells
are still immature and sustain several rounds of cell divisions
to form fully stratified epithelia. Recent studies have identified
numerous molecules involved in epidermal development,
although how these molecules coordinate to induce proper
stratification of the epidermis remains to be elucidated.
Previously, by integrating both loss- and gain-of-function
studies of Notch receptors and their downstream target Hes1
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(hairy and enhancer of split-1), we demonstrated the multiple
roles of Notch signaling in the regulation of suprabasal cells
(Moriyama et al, 2008). Notch signaling induces
differentiation of suprabasal cells in a Hesl-independent
manner, whereas Hes1 is required for maintenance of the
immature status of suprabasal cells by preventing premature
differentiation. In light of the critical role of Hesl in the
maintenance of spinous cells, exploration of the molecular
targets of Hes1 in spinous layer cells may lead to the discovery
of the molecules required for differentiation of spinous layer
cells to granular layer cells. Because Hes1 is thought to be a
transcriptional repressor (Ohtsuka et al., 1999), loss of Hes1 is
expected to cause aberrant upregulation of genes that are
normally repressed in spinous layer cells. To identify these
genes, we previously conducted comparative global transcript
analysis using microarrays and found several candidates that
may play a crucial role in regulating epidermal development
(Moriyama et al., 2008). One of the genes that was highly
expressed was BNIP3 (BCL2 and adenovirus E1B 19-kDa-
interacting protein 3), an atypical pro-apoptotic BH3-only
protein that induces cell death and autophagy (Zhang and
Ney, 2009).

The molecular mechanism through which BNIP3 induces
cell death is not well understood;, however, it has
been reported that BNIP3 protein is induced by hypoxia in
some tumor cells and that the kinetics of this induction
correlate with cell death (Sowter et al., 2001). In contrast,
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BNIP3-induced autophagy has been shown to protect HL-1
myocytes from cell death in an ischemia-reperfusion model
(Hamacher-Brady et al., 2007). Induction of autophagy by
BNIP3 has a protective effect in some conditions, whereas in

- others it is associated with autophagic cell death. Recent
evidence also suggests that BNIP3, through autophagy, is also
required for the differentiation of chondrocytes under hypoxic
conditions (Zhao et al., 2012).

Autophagy was initially described based on its ultra-
structural features of the double-membraned structures that
surrounded the cytoplasm and -organelles in cells, known
as autophagosomes (Mizushima et al., 2010). To date, only
microtubule-associated protein light chain 3 (LC3), a
mammalian homolog of yeast Atg8, is known to be
expressed in autophagosomes and, therefore, it serves as a
widely used marker for autophagosomes (Kabeya et al., 2000;
Mizushima et al, 2004). Autophagy is an evolutionarily
conserved catabolic program that is activated in response to
starvation or changing nutrient conditions. Recently,
autophagy was shown to be involved in differentiation of

multiple cell types, including erythrocytes, lymphocytes,

adipocyte, neuron, and chondrocyte (Srinivas et al., 2009;
Mizushima and Levine, 2010).

Epidermal cornification, the process of terminal keratino-
cyte differentiation, requires programmed cell death in a
similar but different pathway from apoptosis (Lippens et al.,
2005). Cornification is also accompanied by activation of
lysosomal enzymes and organelle clearance. Moreover, some
researchers have reported that autophagy may play a role in
epidermal differentiation (Haruna et al., 2008; Aymard et al.,
2011; Chatterjea et al., 2011). Therefore, it is likely that BNIP3
is involved in cornification through cell death or autophagy.

In this study, transcriptome analysis of Hes1™/~ mouse
epidermis revealed that Hes1 could directly suppress BNIP3
expression in epidermal keratinocytes. We also found that
BNIP3 was expressed in the suprabasal layer of the human
skin epidermis, where autophagosome formation was
observed. BNIP3 was also sufficient to promote cornification
through induction of autophagy. Finally, we found that BNIP3
had a protective effect against UVB-induced apoptosis in
keratinocytes in vitro. Our data thus indicate that BNIP3, an
inducer of autophagy, is involved in the terminal differentia-
tion and maintenance of epidermal keratinocytes.

RESULTS

Hes1 directly represses BNIP3 expression in epidermal cells and
keratinocytes ;

We previously performed a microarray analysis with epider-
mal RNAs isolated from wild-type and Hes7 ™'~ mice
(Moriyama et al, 2008) and found that BNIP3 was
preferentially overexpressed in Hes1 ™/~ epidermis. The
upregulation of Bnip3 in the Hesl™’~ epidermis was
confirmed by quantitative PCR (Q-PCR) and immuno-
fluorescent staining (Figure 1a and b). As Hes1 is thought to
be a transcriptional repressor (Ishibashi et al,, 1994), it might
play a repressive role in the regulation of BNIP3 expression.
In accordance with this hypothesis, BNIP3 expression in
Hes1~’~ epidermis at embryonic day 15.5 was observed in
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the suprabasal layers (Figure 1b), where Hes1 has been
reported to be expressed in wild-type epidermis at the same
age (Blanpain et al., 2006; Moriyama et al., 2008). To confirm
whether Hes1 suppresses BNIP3 expression, an adenoviral

-vector expressing Hes1 was used to infect human primary

epidermal keratinocytes (HPEKs) and, subsequently, the
expression level of BNIP3 was quantified by Q-PCR and

‘western blot analysis. The BNIP3 protein was detected as

multiple bands between 22 and 30kD as previously reported
(Venge“ur and LaPres, 2004; Walls et al., 2009; Mellor et al.,
2010; Sassone et al., 2010). We found that Hes1 induced a
substantial reduction of BNIP3 expression in HPEKs at the
mRNA and protein levels (Figure 1c and d), demonstrating that
Hes1 is involved in the repression of BNIP3. To determine
whether Hes1 directly regulates BNIP3 expression, we per-
formed : chromatin immunoprecipitation (ChiP) assays. We
identified “at least 5 Hes! consensus binding sites 1kb
upstream of the transcription initiation site of the human
BNIP3 gene, and subsequent Q-PCR analysis revealed that a
DNA fragment located at —247 to — 87 was slightly ampli-
fied from crosslinked chromatin isolated by Hes1 immuno-
precipitation (Figure 1e). We also found an additional site
between —212 and +22 that was strongly amplified. These
data clearly show that Hes1 specifically binds to the promoter
region of BNIP3 and directly suppresses its expression.

BNIP3 is expressed in the granular layer of the epidermis, where

_ autophagosome formation is observed

To determine the BNIP3 expression profile in the epidermis,
we performed immunofluorescent staining in human skin
epidermal equivalent. BNIP3 was expressed in the granular
layer of epidermal equivalent 18 days (Figure 2a and b) or 24
days (Figure 2c and d) after exposure at the air-liquid inter-
face. BNIP3 expression in the granular layer was also observed
in the normal human skin epidermis (Figure 2g and h). Recent
reports show that BNIP3 is expressed in mitochondria and that
it induces autophagy (Quinsay et al., 2010). In addition, some
researchers have reported that autophagy may play a role in
epidermal differentiation (Haruna et al., 2008; Aymard et al.,
2011; Chatterjea et al, 2011). We therefore investigated
whether autophagy occurred in the epidermis, especially in
the granular layers. To quantitate the level of autophagy,
cytosol to membrane translocation of the autophagy marker
EGFP-LC3 (Kabeya et al., 2000) was monitored in a human
skin - equivalent model (Mizushima et al, 2004). When
autophagy is active, autophagosomes containing EGFP-LC3
are visible as fluorescent puncta (Kabeya et al., 2000)." As
expected, EGFP-LC3 puncta were observed in the granular
layers of the epidermal equivalent (Figure 2e). Moreover,
endogenous LC3 dots were observed in the granular layers
of normal human skin epidermis (Figure 2f). These data
suggested that BNIP3 might be involved in the induction of
autophagy in the granular layer of the epidermis.

BNIP3 is required for terminal differentiation of keratinocyte by
induction of autophagy in vitro

To investigate the involvement of BNIP3 in the induction of
autophagy, we transduced HPEKSs stably expressing EGFP-LC3
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Figure 1. BNIP3 (BCL2 and adenovirus E1B 19-kDa-interacting protein 3) is directly suppressed by HES1 (hairy and enhancer of split-1). (a) Quantitative
PCR (Q-PCR) analysis of Bnip3 expression in dorsal skin epidermis from either wild-type (WT) or Hes1 knockout (KO) embryo (embryonic day 14.5 (E14.5)).
(b) Immunofluorescent analysis of Bnip3 expression in dorsal skin epidermis from either WT or Hes7 KO embryo (E15.5). Keratin 14 staining is shown in
green and Bnip3 staining is shown in red. The blue signals indicate nuclear staining. Scale bars=20pum. (c) Q-PCR and (d) western blot analysis of BNIP3
expression in human primary epidermal keratinocyte (HPEK) cells infected with adenoviruses expressing enhanced green fluorescent protein (EGFP) or Hes1.
(c) Each expression value was calculated with the AACt method using UBE2D2 as an internal control. (d) Numbers below blots indicate relative band intensities
as determined by Image) software. (e) Specific binding of Hes1 to the BNIP3 promoter. HPEK cells were infected with adenoviral constructs expressing
hemagglutinin (HA)-tagged Hes1, and processed for chromatin immunoprecipitation (ChiP) with an anti-HA antibody and normal rabbit immunoglobulin G
(Cont rab-1gG) as a nonimmune control. Q-PCR amplification of the region of the BNIP3 gene described in the indicated map (upper panel; nuclectides — 360 to
—244 (1); nucleotides — 247 to —87 (2); —212 to +22 (3)) was also performed. The amount of precipitated DNA was calculated relative to the total input
chromatin. All the data represent the average of three independent experiments + SD. **P<0.01.

with a BNIP3 adenoviral vector. BNIP3 expression was found
to be sufficient to trigger the formation of EGFP-LC3 puncta
that was significantly reduced by addition of 3-methyladenine
(3-MA), an inhibitor of autophagy (Figure 3a and b). On the
other hand, BNIP3 knockdown markedly decreased the
punctuate distribution of EGFP-LC3 in differentiated HPEKs
(Figure 3c and d). Furthermore, flow cytometry analysis using
a green fluorescent probe used to specifically detect auto-
phagy (Cyto-ID autophagy detection dye) (Chan et al., 2012)
also showed that BNIP3 was required for the autophagy
induction (Figure 3c and f). These data indicate that BNIP3
is involved in the induction of autophagy in HPEKs. Intrigu-
ingly, these data also confirm the previous finding that
autophagosome induction is accompanied by keratinocyte
differentiation (Haruna et al.,, 2008). We observed that the
number of mitochondria was decreased in the granular layers,
where BNIP3 expression and autophagosome formation was
observed (Figure 4a). In addition, mitochondria were signi-
ficantly decreased in the differentiated HPEKs “in vitro
(Figure 4b). Colocalizations of mitochondria and EGFP-LC3
dot were observed only in the differentiating keratinocytes
(Figure 4c), suggesting the contribution of autophagy in the
decrease of mitochondria. BNIP3 expression was also corre-
lated with decreased mitochondria in HPEKs, whereas addi-
tion of 3-MA restored mitochondrial numbers (Figure 4d).
Furthermore, we also observed colocalization of mitochondria

and EGFP-LC3 dot in BNIP3-overexpressing HPEKs
(Figure 4e). These data indicated that mitochondria were
removed by BNIP3-induced autophagy. Next, we investigated
the involvement of BNIP3 in the differentiation of epidermal
keratinocytes. Western blot analysis and immunofluorescent
staining revealed that BNIP3 expression increased during
differentiation (Figure 5a and b). Knockdown of BNIP3
significantly suppressed keratinocyte differentiation when the
cells were treated with differentiation medium (Figure 5¢ and
d), indicating that BNIP3 is required for terminal differentiation
of keratinocyte. On the other hand, forced expression of
BNIP3 in HPEKs markedly stimulated loricrin expression
(Figure 5e and f). To determine whether BNIP3-dependent
keratinocyte differentiation was induced by autophagy, 3-MA
was added to the cells transduced with BNIP3. As shown in
Figure 5e and f, 3-MA notably abolished the keratinocyte
differentiation induced by BNIP3, suggesting that BNIP3 is
required for terminal differentiation of keratinocyte by induc-
tion of autophagy.

BNIP3 maintains epidermal keratinocytes

To further determine the roles of BNIP3 in epidermal differ-
entiation, the human skin epidermal equivalent was recon-
stituted from HPEKs stably expressing a BNIP3 RNA
interference (RNAI). Unfortunately, we did not observe drastic
differentiation defects; however, we unexpectedly discovered
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Human skin equivalent

Normal human skin

Figure 2. BN 3CL2: ad ovirus E1B 19-kDa-interacting protein 3) is
expressed in the granular layer of the human epidermis. (a“e) Human skin
epidermal equ its ere conistitu d from (a-d) normal human primary
epidermal keratinocytes (‘HPEK's) or (e) HPEKs transfected with EGFP-LC3 by
lentiviral vector. Cells were grown for (a, b) 18 days and (c-e) 24 days after
exposure at the air-liquid interface. (f-i) Normal human skin epidermis.

(@, c, f) Expression pattern of loricrin (LOR). (b, e, h) Expression pattern of
BNIP3. (i) Control staining without BNIP3 antibody is shown. (d)
Autophagosome formation determined by EGFP-LC3 puncta. (g) Endogenous
expression pattern of LC3. The blue signals indicate nuclear staining. The
dotted lines indicate (a—e) the boundary between the epidermis and the
membrane or (i) the boundary between the epidermis and the dermis.
Scale bars=20pum. BL, basal layer; GL, granular layer; SC, stratum corneum
(cornified layer); SP, spinous layer.

that “’sunburn-like cells’” existed in BNIP3 knockdown epi-
dermal equivalent (Figure 6a and b). We therefore hypothe-
sized that BNIP3 might play a key role in the survival of
epidermal keratinocytes. To evaluate this hypothesis, HPEKs
were irradiated with 20mjecm~2 UVB. UVB irradiation
triggered the formation of autophagosome that was signifi-
cantly reduced by BNIP3 knockdown (Figure 6¢c—e). As shown
in Figure 6f, UVB irradiation induced cleavage of caspase3
and BNIP3 expression. Intriguingly, knockdown of UVB-
induced BNIP3 by RNAI further increased the amount of
cleaved caspase3, suggesting that BNIP3 is required for the
protection of keratinocytes from UVB-induced apoptosis
(Figure 6f).
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Figure 3. BNIP3 (BCL2 and adenovirus E1B 19-kDa-interacting protein 3)
stimulates autophagy. (a, b) EGFP-LC3-expressing human primary epidermal
keratinocytes (HPEKs) were transduced with DsRed (Cont) or BNIP3. As an
inhibitor of autophagy, 3-methyladenine 3-MA (5 mm) was added. Cells were
then stained with anti-EGFP at 24 hours after transduction. (a) EGFP-LC3
staining is shown in green. Scale bars =20 pm. (b) The percentage of EGFP-
LC3-positive cells with more than five puncta were quantified and are
presented as the mean of three independent experiments * SD. (c) HPEKs were
transduced with DsRed (Cont) or BNIP3. As an inhibitor of autophagy, 3-MA
(5 mm) was added. Autophagy induction was determined by Cyto-ID staining
and quantified by flow cytometry. (d, ) EGFP-LC3-expressing HPEKs were
transduced with miR neg, miR BNIP3_1, or miR BNIP3_2 and induced to
differentiate. Cells were then stained with anti-EGFP at 8 hours after
differentiation induction. (d) EGFP-LC3 staining is shown in green. Scale
bars=20um. (e) The percentage of EGFP-LC3-positive cells with more

than five puncta were guantified and are presented as the mean of three
independent experiments + SD. (f) HPEKs were transduced with miR neg, miR
BNIP3_1, or miR BNIP3_2 and induced to differentiate. Autophagy induction
was determined by Cyto-ID staining and quantified by flow cytometry.

All the data represent the average of three independent experiments + SD.
**P<0.01; *0.01<P<0.05.
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Figure 4. Autophagy stimulates mitochondrial degradation. (a) Distribution pattern of mitochondria. The blue signals indicate nuclear staining. The

dotted lines indicate the boundary between the epidermis and the membrane. Scale bars =20 pum. BL, basal layer; GL, granular layer; SC, stratum corneum
(cornified layer); SP, spinous layer. (b) Nondifferentiated control (Cont) or differentiated human primary epidermal keratinocytes (HPEKs; Dif) were subjected to
immunofluorescent staining 2 days after induction of differentiation. Mitochondrial staining is shown in red. The blue signals indicate nuclear staining. Scale
bar=20pm. The graph indicates the percent of median brightness calculated by BZ Analyzer Software (Keyence) as the mean of three independent
experiments £ SD. (c) EGFP-LC3-expressing HPEKs were differentiated. Cont or Dif were stained with anti-mitochondria (red) and anti-EGFP (green) 8 hours after
induction of differentiation. Graph indicates the linescan analysis of the red and green fluorescent channels. Initial point of linescan is indicated as 0, and terminal
point is indicated as 1. The arrows mark the colocalization of the two proteins. (d) HPEKs were transduced with enhanced green fluorescent protein (EGFP;
Cont) or BNIP3 (BCL2 and adenovirus E1B 19-kDa-interacting protein 3). As an inhibitor of autophagy, 3-methyladenine 3-MA (5 mm) was added. Cells were then
fixed and stained with anti-mitochondria 48 hours after transduction. Scale bar =20 pm. The graph indicates the percent of median brightness calculated

by BZ Analyzer Software (Keyence) as the mean of three independent experiments. **P<0.01; *0.01 < P<0.05. (e) EGFP-LC3-expressing HPEKs were
transduced with mock (Cont} or BNIP3. Cells were then fixed and stained with anti-mitochondria (red) and anti-EGFP (green) 24 hours after transduction. Graph
indicates the linescan analysis of the red and green fluorescent channels. Initial point of linescan is indicated as 0, and terminal point is indicated as 1. The
arrows mark the colocalization of the two proteins.

DISCUSSION

In this study, we demonstrated that BNIP3, a potent inducer of
autophagy, plays a role in the terminal differentiation and
maintenance of epidermal keratinocytes. It has been suggested
that autophagy plays a role in the skin epidermis, but few

attempts have been made to clarify the involvement of
autophagy in skin epidermis.

We found that the HES1 transcriptional repressor directly
suppressed BNIP3 expression in mouse epidermis and HPEKs
((Figure 1). Moreover, our results revealed that BNIP3 was
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Figure 5. BNIP3 (BCL2 and adenovirus E1B 19-kDa-interacting protein 3) is
required for the differentiation of keratinocytes in vitro. (a, b) Human primary
~ epidermal keratinocytes (HPEKs) were differentiated and BNIP3 expression was
observed. (a) Nondifferentiated control (Cont) or differentiated HPEKs (Dif)
were subjected to immunofluorescent staining. BNIP3 staining is shown in
green. Mitochondrial staining is shown in red. The blue signals indicate
nuclear staining. Scale bar =20um. (b) Western blot (WB) analysis. Proteins
extracted from Cont or Dif were probed with anti-BNIP3 or anti-actin.

(c, d) HPEKs were infected with adenoviral vectors expressing miR neg, miR
BNIP3_1, or miR BNIP3_2 followed by induction of differentiation. Cells were
then immunostained with a loricrin antibody 9 days after transduction.

(e, f) HPEKs were infected with adenoviral vectors expressing enhanced green
fluorescent protein (EGFP; Cont) or BNIP3 and subjected to immunofiuorescent
staining against loricrin (LOR) 6 days after transduction. As an inhibitor of
autophagy, 3-methyladenine 3-MA (5 mm) was added. Phase contrast images
(Ph) and LOR staining are shown. Scale bars =200 pm. (d, f} Percentages of
LOR-positive differentiated cells were calculated by computerized image
analysis. The data represent the average of three independent

experiments = SD. **P<0.01.

expressed in the granular layers of mouse epidermis, its
human skin epidermal equivalent, and its normal human skin
epidermis (Figures 1 and 2). These data are consistent with our

journal of Investigative Dermatology

previous report showing that Hes1 is expressed in the spinous
layers, where it represses the regulatory genes for differentia-
tion to maintain the spinous cell fate (Moriyama et al., 2008).
Hence, it can be inferred that Bnip3 expression is suppressed
in the spinous layers by Hes1, whereas it is upregulated in the
granular layers where Hes1 expression is absent. In addition,
our finding that BNIP3 is required for keratinocyte differen-
tiation fits our idea that Hesl represses certain regulatory
genes to prevent the premature differentiation of spinous
cells. Our in vitro data suggest that BNIP3 is involved in
keratinocyte differentiation through autophagy (Figures 3-5).
The mechanisms underlying the involvement of autophagy in
keratinocyte differentiation remain elusive; however, consid-
ering that keratinocyte differentiation induced mitochondrial
clearance and BNIP3 expression (Figure 4 and 5), BNIP3-
induced autophagy may be responsible for the removal of
mitochondria that may be required for the terminal differentia-
tion of epidermal keratinocytes. During reticulocyte differen-
tiation, programmed clearance of mitochondria induced by
BNIP3L/Nix, a molecule closely related to BNIP3, has been
reported “to be a critical step (Schweers et al., 2007).
Therefore,  keratinocytes likely possess the same differen-
tiation mechanism that reticulocytes have, although further
investigation will be required for elucidation.

In contrast to the results from differentiation in two-dimen-
sional culture, we did not observe drastic differentiation
defects in the BNIP3 knockdown human epidermal equivalent
except for the existence of “sunburn-like cells”” (Figure 6). This
might be because of the incomplete suppression of BNIP3 in
the BNIP3 knockdown keratinocytes, and/or might be because
of the redundancy between BNIP3 and BNIP3L/Nix, a homo-
log of BNIP3, as we found in our preliminary study that Bnip31
is also expressed in the epidermis (data not shown). Although
the phenotypes of BNIP3-null mice were published in 2007,
these researchers found that BNIP3-null mice had no increase
in mortality or apparent physical abnormalities (Diwan et al.,
2007). Generally, impairment of epidermal differentiation
or skin barrier formation results in an obvious defect. Thus,
BNIP3-null epidermis seems to exhibit subtle, if any, abnor-
malities. On the basis of these findings, the involvement
of BNIP3 in epidermal differentiation must be investigated in
the future. In-depth analysis of the BNIP3-null epidermis
phenotype could help elucidate the role of BNIP3 in mouse
epidermal differentiation.

Despite the lack of obvious differentiation defects in the
human epidermal equivalent, our data showing that BNIP3
knockdown caused the appearance of ““sunburn-like cells’” is
regarded as an example of apoptosis (Young, 1987), revealing
a new role of BNIP3 in keratinocyte maintenance.
Furthermore, requirement of BNIP3 for protection from
UV-induced apoptosis was confirmed in two-dimensional
keratinocyte cultures (Figure 6e). The underlying mechanism
of this prosurvival function of BNIP3 in keratinocytes remains
unclear; however, previous reports have demonstrated that
hypoxia-induced autophagy through BNIP3 is critical for the
prosurvival process (Bellot et al., 2009). Recently, it has been
reported that UVA induces autophagy to remove oxidized
phospholipids and protein aggregates in epidermal keratino-
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Figure 6. BNIP3 (BCL2 and adenovirus E1B 19-kDa-interacting protein 3) promotes cell survival in the reconstituted epidermis and keratinocytes.

(a) Morphology of the human skin epidermal equivalents from human primary epidermal keratinocytes (HPEKs) infected with lentivirus expressing miR neg,
miR BNIP3_1, or miR BNIP3_2. Arrowheads indicate sunburn-like cells. (b} The number of sunburn-like cells per mm was counted and plotted as the means
of 10 sections £ SD. (c~e) HPEKs were infected with adenovirus expressing miR neg, miR BNIP3_1, or miR BNIP3_2, and irradiated with UVB. (c) Cells were
stained with anti-EGFP at 8 hours after UVB irradiation. (d) The percentage of EGFP-LC3-positive cells with more than five puncta were quantified and are
presented as the mean of three independent experiments = SD. (e) Autophagy induction was determined by Cyto-ID staining and quantified by flow cytometry.
The data represent the average of three independent experiments £ SD. (f) Cells were subjected to western blot analysis at 8 hours after irradiation. The blot
shown is representative image of three independent experiments. Graphs indicate relative band intensities as determined by Image) software and plotted

as the means of three independent experiments. Scale bars=20um. **P<0.01.

cytes (Zhao et al., 2013). Because our data indicate that
UVB-induced autophagy is mediated by BNIP3 (Figure 6¢ and
d), itis possible that autophagy induced by BNIP3 also plays a
role in the maintenance of keratinocytes. Further analysis is
required to confirm these results.

UV-induced apoptotic cells appear within 12 hours and
are predominately located in the suprabasal differentiated
keratinocyte compartment of human skin (Gilchrest et al,
1981). Moreover, differentiated keratinocytes appear to be
most sensitive to the UV light that induces p53-dependent
apoptosis (Tron et al., 1998). Tron et al. (1998) demonstrated
that differentiated keratinocytes in p53-null mice exhibited
only a small increase in apoptosis after UVB irradiation
compared with the increase observed in normal control
animals (Tron et al., 1998). Interestingly, because p53 has
been reported to directly suppress BNIP3 expression (Feng
et al, 2011), BNIP3 might be abundantly upregulated in
suprabasal cells in p53-null animals, resulting in the resistance
to UVB-induced apoptosis. Indeed, our preliminary study

showed that p53 knockdown enhanced UV-induced BNIP3
expression in HPEKs (data not shown). Therefore, BNIP3
expression in suprabasal cells appears to be important for
the protection of differentiated keratinocytes from normal
environmental stress such as weak UV exposure in vivo.

A recent report on a role for autophagy in epidermal barrier
formation and function was identified in atg7-deficient mice
(Rossiter et al., 2013). The authors showed that autophagy was
constitutively active in the suprabasal epidermal layers as we
report in this study (Figure 2). However, in contradiction to
our results, the authors concluded that autophagy was not
essential for the barrier function of the skin. This may
be because of the presence of an alternative Atg5/Atg7-
independent autophagic pathway (Nishida et al, 2009) in
the epidermis. This Atg5/Atg7-independent pathway is also
independent of LC3, but forms Rab9-positive double-
membrane vesicles. Moreover, protein degradation via this
pathway is inhibited by 3-MA and is dependent on Beclin 1.
Our data demonstrate that: (1) BNIP3 induced the formation of
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