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BRCA1 Ubiquitinates RPB8 in Response to DNA Damage
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Abstract

The breast and ovarian tumor suppressor BRCAL catalyzes
untraditional polyubiquitin chains that could be a signal for
processes other than pruteolyitl. However, despite intense
investigations, the mechani regulated by the 3
u‘tMty remain only partially understood. Here, we report
that BRCAI-BARD1 mediates polyubiquitination of RPBS, a
common subunit of RNA polymerases, in response to DNA
damage. A proteomics screen identified RPBS as a protein
modified after epirubicin treatment in BRCAl-dependent
manner. RPBS interacted with BRCAI-BARD1 and was
polyubiquitinated by BRCA1-BARDI in vivoe and in vitro.
BRCAI-BARDI did not destabilize RPBB in vivo bul rather
caused an increase In the amount of soluble RPBS. Impor-
tantly, RIPBE was polyubiquitinated immediately after UV
irradiation in a ive to BRCAI knockdown hy
RNA interference. Substitution of five lysine residues of RPBS
with arginine residues abolished its ability to be ubiquitinated
while preserving its polymerase activity. HeLa cell lines stably
expressing this ubiquitin-resistant form of RPBS exhibited UV
hypersensitivity accompanied by up-regulated caspase activ-
ity. Our findings suggest that wbiquitination of a common
subunit of RNA polymerases is a mechanism underlying
BRCAl-dependent cell survival after DNA damage. |Cancer
Res 2007:67(3):951-8]

Introduction

Germ line mutation of the cancer susceptibility gene BRCAI
causes familial breast and ovarlan cancer. BRCAL acts as a hub
protein that coordinates many cellular pathways to prevent tumor
progression. Accardingly, down-regulation of this key protein by
mechanisms other than BRCAI gene mutation causes sporadic
breast cancer (1). All cells defective in BRCAL show penomic

bility as evidenced by hyper tivity to DNA damage, the
presence of chromosomal abnormalities, and the loss of heterozy-
gosity at multiple loci. These results are likely to stem from the
failure of BRCAI to function in DNA damage repair. transcriptional
regulation, apoptlosis induction, intra-§ or Gy-M checkpoint
function, and regulation of centrosome duplication (2-4),

Involvement of BRCAI in multiple cellular processes is logical
given Its enzymatic function as a ubiquitin ligase (E3). In this
capacity, it has the potential to interact with numerous protein
substrates and subsequently influence the biological response of a

Note: Supplementary data for this article are available ot Cancer Research Onling
il!!lyr’ ’nlh.crremr}nurnulwm"}.
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cell at many points. BRCAI contains an NH,-terminal RING finger
domain, a common motif found in ubiquitin ligases. It acquires
significant ubiguitin ligase activity when bound to another
conformationally similar RING finger protein, BARDI, as a RING
heterodimer (5-8). The most common polyubiquitin chain is linked
through Lys** of ubiquitin and serves as a signal for rapid degra-
dation of substrates by the proteasome-dependent protealysis
pathway (9). However, HRCAI BARDI has the umque capacity to
catalyze Lys"linked pol tin chains, and the ubiquitination
mediated by BRCAI- BARDI could signal a process other than
degradation (10-13). Deleterious missense mutations in the RING
finger domain of BRCA1 found in familial breast cancer abolish
the E3 ligase activity of BRCAI-BARDI (6, 7, 14), indicating that
the E3 ligase activity is important for role of BRCAI as a tumor
SUPPressor.

One of the most significant functional features of BRCAT is that
it is a component of the RNA polymerase 1l holoenzyme (15, 16).
BRCA] specifically interacts with a large fraction of hyper-
phosphorylated, processive polymerase 11 (110}, in preference to
the hypophosphorylated polymerase 11 (I1A) found at promoters
{17). It has been proposed that BRCAI binds polymerase 110
complexes as part of a genome scanning function for DNA damage
(18). However, how BRCAI affects the poly n pl
after DNA damage remains partially understood. In this study, we
identify RPBS (also called hRPB17 or POLR2H), 1 common subunit
of all three types of RNA polymerases, as a substrate of BRCAI E3
ligase and show that BRCA1 ubiquitinates RPB8 immediately after
DNA damage. Hela cell lines stably expressing a ubiquitin-resistant
form of RPBE exhibited UV hypersensitivity, a known phenotype
of BRCAI deficiency. These results indicate a significant role of
ubiquitin ligase activity of BRCAI for cell survival after DNA
damage and provide a new aspect of a common subunit of RNA
polymerases in DNA damage responses.

Materials and Methods

Two-dimensional difference gel electrophorests. Methods for fluo-
rescence two-dimensional diITun-ncc gel electrophoresis (DIGE) and mass
Sphect ic lysis are d in the Supph y Data

Plasmids. m\n for full- Imgih human APB8 was amplified by PCR from
a MCF Im cell ¢f I'INA lihrary using Pix polymerase (Stratagene, La Jolla. CA)
M I plasmids for BRCAL, BARDI, uhiquitin, and their
mutants were previously described (7. 11). The point mutations to
substitute the Lys residue(s) of RPBS with Arg were produced by site-
directed mutagenesis (Stratagene). All plasmids used were verified by DNA
sequencing,

Cell cul and fections. T4TD, HCCI937 hreast carcinoma cells,
Hela cervical earcinoma cells, and 2937 transformed human kidney cells
wore cultured in DMEM supplemented with 10% FCS and 1% antibiotic:
antimycatic agent (Life Technologles, Inc., Grand Island, NY) in 5% COy
37°C. MCFI0A normal human breast epithelial cells were grown in DMEM/
Ham’s F12 (1:1) medium supplemented with 25% FCS, 100 ng/mL cholera
toxin, 20 ng/ml. epidermal growth factor, 500 ng/ml. hydroconisone,
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Fi 3 by epiut
oz;mammanwmmrmﬂmmm—a«mﬁmm Pm[wmmmuwumm*mw

mmmummcmm mmmmmwumm L
and ly YMMMMMMMMMM bic

mnnmuﬂuﬂarmmamnm

Immm slower-migrating
cham. B, TA7D cells or HCC1837 calls ware reated as in A and lysed with 7 mollL urea/2 mollL thiourea—cortaining

two-dimansional subjecied to immunoblol with anti-APB antibody. Arrow, RPBB. C, TATD calls were transtected eithar with
conirol siRNA (lop) or with siIRNA for BRCA1 (botfom), traated with or without apirubicin, and subjected 1o anti-RPBS

gel (pH range 3-10). A part of the gel was

10 pg/ml insulin, and 1% un!.ihbﬂr.-mllmymﬂ: agent. For epirubicin
treatment. cells were incubated in 0.2 pg/mlL epirut

[Pfizer, New York, NY). To examine the half-life o[pmtnlmin vive, cells were
incubated with 10 pg/mL cycloheximide (Wako. Osaka, Japan), a protein
synthesis inhibitor, for the Imtlr.n.tad time periods. 2937 cells were
transfected using the dard hosphate precipitation method,
Tnmﬂuﬂﬂnumnnlhlyupmeddlhtrwﬂd type (W) or mutant
FMGRPB&MA&H:WMMW;F&GENE&{MEMW
apalis, IN) with pcDNAS3 plasmid: each p and selected with

on a twor wuﬂtungn:i—m faft to right),
Red armows.

protein was identified as APBS and the faster one was myasin light
buffer, Lysates (500 jig) were resolved on a

immuynoblotting as in B.

RNA interference. SMART pool BRCAL small mmfeﬂn; RNA (isNA]
mix and control sIRNA mix were p d from D h, Inc.
(Lafayette, COL RNA dupl [ finad 50 nmol/L) were
transfected into the cells with Oligofectamine (Invitrogen, Cardsbad, CA)

ding to the fucturer’s instructions. Retrovirus expressing short
hairpin RNA (shRNA) that targets RRCA] mRNA sequence 5-CUAGAAAL-
CUGUUGCUAUG-3 was created by cotransfecting 293T cells with pGP
vector, piamphn vector, and pSINsi-hU6 retroviral vector that has

mls.rarwm.ummu.mw;c hed with PBS, irmadiated
with UV light (254 nm: UVE Inc., Upland, CA) at the indicated doses, and
grown in fresh medium for various times.

Mmbodlu. Moule mnnudand antibodies to hemagglutinin  (HA:

Resh I M e

been subcloned with the oligonucleotide 5 GATCCGCTA-
cmmm&cmrmcumcmmammmmam
TATS g to the facturer’s protocol (TaKaRa, Otsu. Japan).
Oligonucleotide 5-GATCCGTAAGGCTATGAAGAGATACTTCAAGAGAG-
TATCTCTTCATAGCCTTACTTTTTTAT-3 was used for the retrovirus

sing control shRNA. For Infection. Hela cells were incubated with

y), Myc (BabCo, Richmond
CALMG[SI@&SLMMULMMMMM United
Kingdom), conjugated ubiquitin (Affinith; ref. 10), o- and Ptubulin
{Neomarkers, Fremunt, CA), and actin (Santa Cruz Biotechnolugy, Santa
Cm:.ta\)umilunbbilpdydnndmﬂhndutnsmltmtm

Biotechnology). RPB1 (Ci and cleaved 3 (Cell Signali
Technology, Danvers, MA) were purdmed commercially. .anu-FLAG eross.
linked agarvse beads (Sigma) were used for preciy o

virus super and fresh cult g B pw/'ml. Polyk
(Sigma). Cells were analyzed 48 h after i otinlmm
g precipitation and & blotting. | dpes
and | bl g L‘m,‘ Iy descril IIHFo‘rlbe
R Ry lysis after two-d jonal gel electroph cells

mbndﬂh?mdﬂwmmmmw"hshﬂru

detect in wivo ubiquitinaled substrates. Rabbit polyclonal antibodies
to BARD! and RPCI55 were generous gifts from Dr. Richard Baer
(Columbia University, New York, NY) and Dr. Nouria Herandez (Cold
Spring Harbor Laboratory, Cold Spring Harbor. NY). respectively. Rabbit
polyelonal antibody to RPRE was generated against full-length |

described above. Soluble fractions were prepared with 05% NPA0-bosed
buffer as previously described (11}, Denatured whole-cell lysates were
prepared by boiling in Laemmli SDS-loading buffer with 0.1 mol/L DTT.

In vitro ubiquitin ligation assay. Full-length His-FLAG-RPBS was
obtained from BLZ1/DE3 E cells with isopropyl-L-thio-j-n-galacto-

glutathione S-transferase (GST)}-RPBS and purified by protein G agarose
chromatography.

side ind by two-step purification using nickel agarose beads
rnllmndhy:nl:i -FLAG cross-linked beads (Sup y Fig 53).

Complexes of WT or 126A mutant of FLAG-BRCAI"™™ with BARD] were
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purified from transfected 2937 cells by anti-FLAG affinity :hmm-lugr.ph)
and FLAG peptide elution. Both WT and 126A
an - 1:1 matio of BRCA] and BARDI proteins ISu'ppIemmun Fig, 53).
Rabbit El (BIOMOL Plymouth Meeting. PA) and mammalian ubiguitin
(Boston Biochem, Cambridge, MA) were purchased commercially. The
in vitro reaction was done as previously descmbed (11) with a reaction
mixture (30 pL) that contained 05 pg His-FLAG-RPBS, 40 ng El, 0.3 pg
UbcH5e, and 03 pg cach of FLAG-BRCAL' 7 and BARDL.

Runoff transcription assay. The runofl transcription assay used
was described elsewhere (17). Briefly, the runofl template was created
by annealing 50 pmol each of a &5mer oligonucleotide 5-ATTGGGT-
AAAGGAGAGTATTTGAGCGGAGGACAGTACTCCGGGTCCCCCCCCC-
COCCCCCTUCCCC-2and o complementary 45mer oligonucleotide
5-GACCCGGAGTACT GTCCTCWRCTCTCCWRC(‘CMT 3 in
a 200 pL ling c g 20 mmol/L Tes (pH 7.4),
1 mmol/L. EDTA, and 02 mol/L. NaCl. Runofl transcripuon reactions
(20 ul) contained 825 mmal/L. MgCl, 5 pg of bovine serum albumin,
250 nmol/L nucleotide triphosphates, 5 units of RNuse inhibitor, 50 ng of
poly{deoxyinosinic-demyeytidylic avid), 0.05% NP40, )| pmol of annealed
oligonucleatides, and 0.5 uCi of [a-“P)CTP, Equilibmted FLAG-RPBE
immunocomplexes bound to M2 beads (10 pl) were added to the reactions
(20 pL) and incubated for 40 min at 30°C and stopped with 50 pL of PK
buffer (300 mmol/L sodium acetate, 0.2% SDS, 10 mmol/L. EDTA, 100 ng
IRNA, and 10 pg proteinase K). Reactions were then incubated at 55°C for
20 min, extracted with phenol/chloroform, and precipitated with ethanol.
Single-stranded RNA transcripts were resolved under denaturing conditions
on 12% polyacrylamide/ures gels and scanned with the Typhoon 5400
image analyzer (Amersham, Piscataway, NJ).

Results

ldentification of RPBS as a protein modified in BRCAIL-
positive cells after epirubicin treatment. To search for
candidate substrates for the BRCAI-BARD] E3 ligase in response
to DNA damage., we used lwo-di | DIGE tech

1
gY.

Figure 2. RPBE and EARD1 intaraction,
and APBS ubiquitination by BRCA1- A
BARD1. A, endogenous RPBS Interacts
with BARD1. Lysates prepared from Hela
{lanes 1-3) or MCF10A (lanes 5-7) cells -4
were immunoprecipitated (IP) with 8.
anti-APBE or preimmune serum (Pre) and
analyzed by immunablotting (18) using the
indicated antibodies. A portion of the cell
lysates cotresponding lo 3% of the input for
immunoprecipitation as well as lysate from 12 3
293T cells ranslected with BARD1 (lane 4)
were also loaded. B, 293T cells ranstected
with the indicated plasmids were boiled in
1% SDS lysis buffer, diluted to 0.1% SDS, B
nnd mmmmnmtd with ant-FLAG
linked beads. F
FLABRPBB*&SrMndhinE% + &
SDS-PAGE loliowed by immunoblotting i
with anti-HA antibody. *, 1gG. G, v - )
polyubliquitination of RPBB was datected as - 4 + + 4
in A, excepl that HA-ubiquitin (HA-Ub) with PO TN 1
& single lysine residue was transfectod as
indicated (lanes 1-3), !pnmondthewll
lysate was subjected to i
Mm anti-HA antibody to detect total
HA-ubi ins in colls — T
as a control 1or pro'lndn axpru:kan -
{lanes 4-6). *, IgG. D, bacterially purtied -
HIi-FLAG-HF‘EB was incubated in the -
presence of ATP with ublquitin, E1, E2/
UbcHSe, merTal?ﬁAmmmui
FLAG-BRCA1"7“/BARD1 complex as
indicated and i with
anti-AFB8 antibody. °, nonspecific
products copurified with His-FLAG-RPES.

A ———

Fidd
Wy 2 3 4 35

Myc-BRCA1
BARD1
FLAG-RPB8
HA-Ub

| (HA-UB)n - 4
FLAG.RPBS

Breast cancer-derived, BRCAl-positive T47D cells and BRCAI-
defective HCC1937 cells were incubated for 3 h with epirubicin,
Il inhibitor that ind DNA double strand
brwuks Cells were lysed with 7 mol/L urea/2 mol/L thiourea-
containing buffer. and the proteomes were compared with
untreated cells using two-dimensional DIGE. Interestingly, whereas
the expression levels of only a few proteins were affected by the
epirubicin treatment in T47D cells, that of — 100 proteins were
altered in HCC1937 cells (Fig 14). Conversely and even more
Interesting. two proteins whose expression levels were dramatically
reduced in T47D cells were not changed in HCC1937 cells (Fig. 14,
red arrows). Therefore, we speculated that the reduction could
depend on the presence of BRCAL The protein spols were in-gel
digested and subjected to nanoscale capillary liquid chromatog-
raphy-tandem mass spectrometry (LC/MS/MS) analysis. LC/MS/
MS analysis revenled that the samples were RPBS, a common
subunit of three types of RNA p and myosin light chain,
RPB8 is a very acidic, small protein with a caloulated molecular
mass of 17.1 kDa and an isoelectric point of 434 (19). One of the
most significant functional features of BRCAI is that it is a
component of the BNA polymerase Il holoenzyme (15, 16)
Therefore, we focused on RPBS for further analyses.

To confirm our mass spectrometry data, we generated a rabbit
polyclonal antibody to GST-RPBS for immunoblot analysis. Cells
were treated as in Fig. 14, and immunoblot analysis of the proteins
resolved by two-dimensional gels verified that the protein spot was
indeed RPBS. It was again severely reduced by epirubicin treatment
only in T47D cells (Fig. 18). The difference in RPB8 expression in
response to epirubicin treatment could be due to the different
genetic backgrounds of these two cell lines, not just the absence or
presence of BRCAL Therefore, we next compared RPBE expression
between isogenic cells with and without knockdown of BRCAI

a |..u. i
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Figure 3. ancm.mnmmmmﬁmummmmmkmmadmhmmm&mrmmmmm

encoding FLAG- FIFBI(WI-& 0.3 ug) and increasing amounts of Myc-BRCA1' ™77

and HA-BARD (lanes 2 and &, 2 ug; lanes 3 and 7, 4 pg; lanes 4 and

8,7.35 pg each). Total plasmid DNA was adjusted to 15 g per plate by adding the parental peDNAS vector. The staady-state level of each protein in the soluble fraction
1m:4amaurm-uulmmtms-mmm by immunoblot using anti-Myc, anti-HA, anti-FLAG. or anti-lubulin antibodies. B, 263T cells were

,HAGWmm!mmmm

d with p
lanos 5-8). Miﬁhﬁl’ilﬂl cells wore loheximide (10 ymol/L) and chased for the indicated

vecior (2 pg, lanes 1—4) or Myc-BRCA1"7™ and HA-BARD1 (1 g each,
of time, Soluble fractions of the

uutymummmum-dmwnmurmsmm 3 sleady-slate levels ol RPBE8 were analyzod as in A, except that FLAG-RPBB was not

nwmmmnmmmmmm
(lanas 5-6). Cells were incubated with cy
d with the o

expression, TA7D cells were transfected with either control siRNA
or BRCA1 siRNA and then treated as in Fig 14, The siRNA-
transfected cells were successfully silenced for BRCAL expression
(Supplementary Fig. S1). Immunoblot analysis of the proteins
resolved hy two-dimensional gels showed that RPBS was reduced
by epirubicin treatment only in control cells, not in cells with
BRCA! knockdown. supporting the idea that this modification
depends on BRCAI expression (Fig. 1C). The reduction of RPBS at

endogencus RPBS. 0, T47D cells ware transfacted elther with siANA for BRCA1 (lanes 1-4) or control siRNA
ioheximide (10 umoliL) and chased fof the indicated lengths of fime. The soluble fraction of the cell lysates was then

available for conjugation were used for 1 vivo uhlquiﬁnuinn
assays. As expected, BRCA1-BARD 1 ~dependent RPBS p iti-
nation was predominantly detected when HA- ubtquitm with ordy
Lys" available, but not Lys*™ or Lys*, was coexpressed (Fig. 2C).
However, it has been suggested that ubiquitin mutants could fold
incorrectly and may cause artifacts (20). Recent quantitative
analysis of in vitro ubiquitination revealed that even for cyclin Bl
uhlquhmaﬂnn cat.l]yud by the anaphase- pmmoﬂng mmpli.'x.

its normal migrating position could be due to - protein degrad
or to covalent modification,

BRCAI-BARDI interacts with and ubiquitinates RPBS. The
poly 11 holoenzyme interacts with BRCAI and BARDI
(15. 16). Consistent with the previous reports, a significant amount
of endogenous BARDI coimmunoprecipitated with RPB8 isolated
from Hela cells or MCF10A cells compared with controls (Fig 24),
The same results were observed with MCF7, T47D, and 2937 cells
{data not shown). Exogenously expressed RPBS also interacted with
BRCAI and BARDI (Supplementary Fig. 52). Then, we tested
whether RPBS is ubiquitinated by BRCAI-BARD1 in vivo, FLAG-
RPB8 was coexpressed in 293T cells with HA-ubiquitin. Myc-
BRCA1"™, and BARDI. Cells were collected 36 h after transfection
nnd botled n 1% SDS-containing buffer, and FLAG-RPBS was

{1 blotting of the RPRS precipitates
resolved by SDS-PAGE using anti-HA antibody showed a ladder
characteristic of polyubiquitinated RPBS (Fig, 28). Omission
of FLAG-RPBS. HA-ubiquitin, Myc-BRCA1'™, or BARDI all
abolished the RPBR Iadders, supporting the idea of BRCAI-
BARD] -dependent RPBS ubiguitination.

BRCAI-BARD! is the only known E3 ligase to catalyze Lys"-
linked polyubiquitin chains (10, 11, 13). To show that the in vivo
RPBS ubiquitin ladders were directly due to BRCA1-BARDI ligase
activity, we verified that RPBS was modified by ubiguitin through
Lys" linkages. HA-tagged ubiquitins that have a single lysine residue

1 g n chains, includi L}U Lysll and L}* !
or monoubdquinn amched to muhrplr lysine residues on the
substrate. Further, some types of linkages are dependent on the
combination of E2 and E3 enzymes (21). Thus, it is possible that
ubiquitination mediated by BRCA1-BARD] also resulted in
multiple polyubiquitin chains. including Lys®. The preference for
Lys" ubiquitination observed in the i vivo experiment was not
enough evidence to support the direct role of BRCAI-BARDI for
HPBS ubiquitination. Therefore, we further tested whether BRCAL-
BARDI directly catalyzes RPBS polyubiquitination by in vitro
ubiquitination using recombinant RPB8 protein (Supplementary
Fig. 53). His-FLAG-RPBS incubated with ubiquitin. E1. E2/His-
UbcH5e, and FLAG-BRCA)'"7/BARD1 complex (Supplementary
Fig 53) resulted in @ ladder and smear detected by anti-RPBS
immunoblot (Fig. 20), Omission of substrate RPBS, ubiquitin/E1/
E2, or FLAG-BRCA1' 7*/BARDI complex, as well as substitution of
BRCAI"™ with the E2-nonbinding mutant 126A, all abolished
RPB8 ubiquitination, Hence, the results suggest that the RPBS
polyubiguitination is directly catalyzed by BRCA1-BARDIL.
BRCAL-BARD1 does not destabilize RPBS in wvive. Our
previous results suggested that BRCAI-BARDI catalyzed untradi-
tional polyubiquitin chains that served as a signal for a process
other than degradation (7, 11, 12). However, the reduced expression
of RPBS after cpimhlﬂn tml detected by two-dimensional

DIGE or two-d blot (Fig. 1) suggested the
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possibility of BRCAL-mediated RPBE degradation. Therefore, we
tested if BRCAI-BARD] destabilized RPBS in vivo under several
different conditions, including BRCAI-BARD1 overexpression and
BRCA1 knockdown by siRNA. FLAG-RPBS was coexpressed in 2937
cells with Myc-BRCA1"™™ and HA-BARD1 (Fig 34). The steady-
state level of FLAG-RPBS increased upon coexpression of BRCAI-
BARDI in a dose-dependent manner in the soluble fraction (lanes
1—4) but not in whole-cell lysates (lanes 5-8). We then examined
protein hall-life of FLAG-RPBS in the soluble fraction using
cycloheximide, a protein synthesis inhibitor. The FLAG-RPBS
protein half-life was prolonged by BRCAI-BARD1 overexpression
(Fig. 3B). We also tested the effect of BRCAI-BARDI on
endogenous RPBS (Fig. 3C and D). The steady-state level of RPBS
only slightly inc d upon coexpression of BRCA1-BARDI in the
soluble fraction (Fig. 3C, lane 4) and no effect was observed when
whole-cell lysates were evaluated (lanes 5-8). However, RPRS
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Figure 4. BRCA1-dep RPBS p P o Uv

irradiation. A, parenial Hela cells lhm I'] and HeLﬂ culls stably expressing
FLAG-RPBS (lane 2) were lysed with SDS-sample butfer and immuncbiotted
with anti-RPBE antibody. NS. nonspecific products. 8, HelLa cells stably
mnnmufms RPBumuvmn:as.w:’)andrmmmnme
i i times after Ubiguitinated APBE was d as

described in Fig. 28, except that anti-ubiquitin antibody (FK2) was usod for

lotting (top). The was bed with ant-RPEE antibody
(bottom). C, Hela cells expressing FLAG-RPBE were oither transfeciad
with c.onhul siANA [lme 1), transfected with sIANA for BRCA1 (lane 2),
inf d with g control shRNA (lane 3), or infected with
retravirus expressing ahHNA for BHCA‘I (lane 4). Cells ware then UV irradiated
(35 Jim?) and harvested 10 min after irradiation. Cells were boiled in 1% SDS
bulfer and subjected aither to i bilatting with anti-BACA1 (fep) and
antitubulin (upper middle) or 1o detection of RPB8 ubiguitingtion as in 8
(lower middie and bottom). *, IgG. Note that the different pattem of IgG detection
between 8 and C is due to differen! lots of anti-FLAG cross-linked agarose
beads,

protein half-life was detectably shortened by BRCAI knockdown
(Fig. 3D). This observation was not detected when whole-cell
lysates were analyzed (data not shown). Together, analyses of
steady-state levels and protein half-lives indicated that only soluble
RPB8 wus stabilized. whereas that in whole-cell lysate was
unchanged (Fig. 3). Alternatively, it was also possible that
BRCAI-BARD| shifted RPB8 from the insoluble fraction. such as
the chromatin fraction, to the soluble fraction. However, we could
not detect such a shift by fractionation analyses (data not shown).
In either case, these findings at least suggest that BRCA1-BARDI-
mediated RPB8 ubiquitination is not a signal for its degradation.

BRCA1-dependent RPES ubiquitination after UV irradiation.
BRCAl-mediated RPBS ubiquitination prompted us to investigate
the biological implications of this activity. We examined il RPBS is
ubiquitinated in response to DNA damage. Rather than exposing
cells continuously to epirubicin, and because RPBI s ubiquitinated
after UV irradiation. we used UV irradiation to accurately
determine the timing of RPB8 ubiquitination aftler DNA damage
(22-25). We established Hela cell lines thut stably express FLAG-
RPBS al a low level (approximately one third of endogenous RPBS;
Fig. 44) to avoid artifacts caused by overexpression and analyzed
ubiquitination of anti-FLAG immunoprecipitates with anti-
ubiquitin (FK2) antibody. Because it has been reported that
RPB1 ubiquitination occurs 1 to 2 h after UV irradiation (22-25),
we first analyzed these time points. However, we did not detect any
ubiquitination of FLAG-RPBS (Fig. 48 and data not shown).
Instead, ubiquitinated FLAG-RPB8 readily, and only transiently,
appeared 10 min after UV irradiation (Fig. 48, top). Reprobing the
membrane with anti-RPBS antibody verified that the detected
ladder was ubiquitinated RPBS (bottom).

To verify that UV jrradiation-induced RPBS ubiquitination
requires endogenous BRCAL, RNA interference was used to knock
down BRCAI expression. Hela cells stably expressing FLAG-RPB8
were transfected with BRCAl-specilic siRNA. As a second
alternative, we constructed a retrovirus engineered to express
shRNA for BRCAL Forty-eight hours after transfection or infection,
cells were Irradiated with UV (35 J/m®) and then harvested 10 min
later. Both the siRNA-transfected and the shRNA retrovirus-
infected cells were successfully silenced for BRCAI expression
(>90% and >75% reduction, respectively) compared with their
controls (Fig. 4C. top). As expected, RPBS ublquitination after UV
irradiation was dramatically reduced by BRCA1 knockdown in both
cases (lower middle). Reprobing the membrane with anti-RPBS
antibody again verified the ubiquitinated RPBS that became
completely undetectable upon BRCA1 knockdown (bottom ). These
results support the idea that RPB8 is polyubiquitinated by BRCAIL-
BARDI in an early phase alter UV irradiation.

A ubiquitin-resistant form of RPBS retains its polymeruse
activity. For the purpose of studying the physiologic consequences
induced by the BRCAl-mediated RPBS ubiquitination after UV
irradiation, we generated a mutant of RPBS that is incapable of
being ubiquitinated by BRCAL-BARD1. RPB8 possesses eight Lys
residues in the whole protein (Fig. 54). We first mutated single Lys
residues of RPBS and tested its capacity to be ubiquitinated.
However, RPB8 ubiquitination was not dramatically reduced by
each single mutation (Fig. 58, lanes 2 and 7; data not shown),
Instead. the ubiquitination of RPBR was reduced as the number of
Lys to Arg substitutions increased. This result recapitulates what
we observed during studies of BRCA1 auto-ubiquitination and of
BRCAl-mediated NPM1/B23 ubiguitination. When five of the eight
Lys residues were substituted with Arg (5KR), RPBS ubiquitination
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became undetectable (Fig 58, lane 5), although its binding capacity
to BRCA1-BARD1 was not reduced (data not shown).

To confirm that the many mutations required to make RPBS
resistant to ubiquitination did not impair its fundamental function
us & subunit of RNA polymerases, we verified that the 5KR mutant
Is capable of binding to RPB1 or RPC155 (the largest subunit of
polymerase I11) in vivo. WT FLAG-RPBS or 5KR was transfected
lnlu 2931‘ celh. and anti-FLAG immunocomplexes were isolated.

were resolved by SDS-PAGE and lyzed by

of the 5KR (5KR-1 and 5KR-2) cell lines were obtained (Fig. 64).
Polyubiquitination of FLAG-RPBS after UV irradiation was
detected in WT cells, but not in mutant cells (Fig. 68). Using
these cells. we examined if the expression of the mutant RPBS
affected cell survival after UV frradiation. The cell viabilities of the
5KR clones 48 h after 20 or 35 J/m? of UV (rradiation were — 38%
and 23% of untreated cells at 0 h, respectively, whereas WT clones
were —72% and 53%, respectively (Fig. 6C). Parental Hela cells

mmunoblnuing using anti-RPB1 or anti-RPC155 antibodies. Both
RPB1 and RPC155 were detected in the FLAG-5KR immunocom-
plexes as well as the WT immunocomplexes (Fig. 5C). We measured
catalytic activity of the anti-FLAG lmmumpnciplmu nslng a
runoff transcription assay. The 5KR
contained the ability to generate i vitro transcripts equal to that of
WT immunocomplexes (Fig, 5D). Thus, the 5KR mutation of RPBS
constitutes a viable RNA complex in vivo that sustains
its polymerase activity. This indicates that ans ublquitination by
BRCAI-BARDI is not required for RNA p activity.
Ubiquitin-resistant mutant of ms :-nsu UV hypersensi-

tivity. BRCA] deficiency cauxes hypersensitivity to DNA damage
(14, 26, 27). Becanse RPBS is ubiquitinated by BRCA1 after UV
irradiation (Fig. 4). it was possible that failure to perform this
function could cause the same phenotype. To test this possihility,
we established Hela cell lines that stably express the SKR mutant
of FLAG-RPBS. Two clones each of the WT (WT-1 and WT-2) and
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Figure 5. Construction of it RPBS mutant and assay of its
ANA polymarase activity. A, the mutant constructs of RPBB, Lys (K) residues of
RPEA were subsiituted with Arg (R) as indicated. B, Myc-BRCA1" ™, BARD1,
wwmmmmmrmmmm«nm
FLAG-RPBS as indicated.

Fig. 28, C, 2947 calls were
WT. or the SKR mutant of FLAG-RPBS as indicated. Total cell lysates

Immunoprecipiiates

. 0 o RNA
Radiolabeled RNA products were resolved by o 12% polyacrylamide/urea gel
and scanned with a Typhoon 8400 image analyzer. *, IgG.

hibited viabilities similar o that of WT clones (Fig. 6C).
Representative data for cells observed by phase contrast micros-
copy 48 h after UV irradiation (35 J/m®) and for culture plates
stained with Lillie's crystal violet stain are shown (Supplementary
Fig. 54). Thus, expression of a ubiguitin-resistant RPBS form in cells
causes UV hypersensitivity.

Because UV-induced cell death is largely ascribable to caspase-
induced apoptosis, we next tested whether activation of the
caspase pathway by UV irradiation was enb ! in 5KR cells.
Hela cell lines expressing WT or 5KR mutant of FLAG-RPBS
were UV irradiated. and caspase activity was measured by
immunoblotting with an antibody to cleaved caspase-3. As shown
in Fig. 6D, 5KR cells expressed larger amount of cleaved caspase-
3 than WT cells did at each time point after UV iradiation. This
result suggests that failure to ubiquitinate RPBS after UV
irradiation activates the caspase pathway, resulting in apoptotic
cell death.

Discussion

BRCAI exists in several different supercomplexes to execute
diverse cellular processes. In most of these complexes, BRCAL
exists as a RING heterodimer with BARDI1 (28), the form that
acquires significant ubiquitin ligase activity (6-8). Revealing the
substrates specific for each BRCA1 protein complex is crucial to

derstand the h underlying its tumor-suppressor
functions.

BRCAI-BARDI complexes bind to BRCA2 and Rad5l and
localize to discrete nuclear foci during S phase. After DNA damage,
BRCAL1 is phosphorylated by ATM/ATR family kinases (29, 30), and
the BRCAI foci disperse within 30 min (31). The BRCA2-Rad51-
containing complex, as well as the BRCAl complex with Mrell-
Rad50-Nbsl, gradually reassemble into different foci (sites of DNA
damage) and play important roles in homologous recombination
repair, The BRCAI-contuining foci begin to appear — | h after DNA
damage has occurred, reach their peak after 6 to 8 h, and remain
until 12 h after damage (31, 32). BRCA1-BARD1 also associates with
the RNA poly 11 haol (15, 16). In contrast to the cases
of other complexes described above, BRCAD dissociates from
hyperphosphorylated, processive polymeruse 11 | h after DNA
dumage (17). However, how BRCA1 affects the polymerase 11
complexes, if at all, during the early stages after DNA damage and
before the translocation of BRCA1 to the repair machinery remains
to be elucidated. Our results suggest that BRCAI palyubiquitinates
a comyj of the paoly II complex, RPBE, at this early
stage after DNA damage.

Recently, ubiquitination of phosphorylated RPBI by BRCAI-
BARDI has been reported (23, 25). Because double knockdown of
BRCAI and BARD] restored the expression level of the phos-
phorylated polymerase I1 that had been repressed by UV irradiation,
it was proposed that BRCAI-BARD! could initiate the degradation
of stalled RPB1 (23). However, the BRCAI-BARD1 double knock-
down did not detectably affect RPB! ubiquitination after UV
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It is well known that cells with impaired BRCA] function
display hypersensitivity to a range of DNA-damaging agents,
including IR and UV irradiation (3. 26). However, the mechanism
underlying this phenomenon is not fully understood. Although the
failure of checkpoint function is a possible mechanism responsible
for the hypersensitivity, it has been reported that neither selective
abrogation of the S-phase checkpoint nor the G, checkpoint itself
results in decreased cell survival after DNA damage (36, 37)
Therefore. it has been proposed that some function of BRCAI
ather than S-phase or G; cell cycle control may affect cell survi-
val after DNA damage (37). The UV hypersensitivity of the cells
stably expressi istant mutant of RPBS shown in
this report provides a possible new role for BRCAI that may
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Figure 6. Ubiguitin-resistant RPBA causes UV hypersensitivity. A, cell lysales
obtained from two clones each of Hela cell ines stably expressing either WT
{WT-1 and WT-2) or the 5KR mutant (5KR-1 and 5KA-2) of FLAG-RPBE and
parental Hela cells were immunoprecipitated with anti-APBA antibody lollowed
unoblotting with anti-APBS antibody. B, HeLa cefl lines slably expressing
WT (WT-2, lanes 1-3) or the 5KR mutant (5KA-2, lanes 4-6) of FLAG-RPB3
were UV iradiated (35 J/m”) and harvested al the indicated times atter
irraciation. Ublquitinated RPB8 was detected as described in Fig. 28, except that
antipolyubiquitin antibody (FK1) was used lor iImmunobilotting. C, Hela cell lines
described in A were UV imadialed at the indicated doses. Forty-aight hours after
irradiiation, hedwnhmmwwwenmm

comp for this theoretical defect. Because hyperphosphory-
lated stalled polymerase 11 ot damaged sites is an extremely
cytotoxic ramification of DNA damage (38), the observed UV
hype:mti\nr\f could be canud by tmppcd polymerase 11 or

prolonged poly Ik phorylation, In this process.
the ubiquitination of RPB8 wuld be an important step either for
polymerase 11 di bly, poly Il dissociation from DNA,
or pol 11 dephosphorylation by FCPL. It is interesting that

L4 t L4

there is con.sldmbrle expression of endogenous WT RPB8 in the
ubiquitin-resistant RPB8 mutant cells (Fig. 44). This indicates that
only partial interference of the RNA polymerase recovery is

enough to induce cell death, probably by silencing a gene critical
for cell survival. Alternatively, polymerase 1l complexes ctmr.lining
mutarit RPB8 could stall at the damaged sites, sul

The call number &t 0 h ( d as 0 J/m°) is 100%. Poinis,
mean ol measurements carred out in triplicate; bars, SD. The exp were
repeated at least twice with similar results. 0, WT-2 cells (lanes 1, 3, 5, and 7)

and 5KR-2 cells (lanes 2, 4, 6, and 8) were UV imadiated (35 Jm®) and
harvested at the times after Whole-cell lysates ware
with ant—casp 3 antibody or antitubulin antibody.

irradiation. In addition, BRCAI-BARD1-mediated polyubiquitina-
tion of other substrates, including NPM1/B23 and phosphorylated
CUP, is not a signal for degradation (12, 33). Thereflore, the restored
expression level of the phosphorylated polymerase 11 by BRCAI-
BARD1 double knockdown could be due to an indirect effect (23),
for example, through the failure to ubiquitinate RPB8. Nonetheless,
the clearly shown in vitro ubiquitination of phosphorylated RPB1 by
BRCAI-BARDI (23) strongly supports its direct role. The key to
solving this discrepancy may be to analyze the timing of RPBI
ubiquitination in vive. RPB1 ubiquitination shown in the previous
report occurred 2 h after UV irradiation, when BRCA1 should
already be dissociated from pol I1 and relocalized to the
Rad50 or Rad51 DNA repair machineries. It is possible that early
after DNA damage, RPB1 and RPBS are transiently ubiquitinated by
BHCAI at the same time, and it may result in dissociation of the
polymerase Il holoenzyme from the damaged DNA site. RPBI
ubiguitination and degradation occurring in late phases could be
mediated by other E3 ligases, such as the CSA-DDB1-CULAA-ROC!
complex (34, 35).
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Regulatory Roles of NKT Cells in the Induction and
Maintenance of Cyclophosphamide-Induced Tolerance'

Toshiro Iwai,* Yukihiro Tomita,”* Shinji Okano,” Ichiro Shimizu,* Yohichi Yasunami,’
Takashi Kajiwara,* Yasunobu Yoshikai,* Masaru Taniguchi,' Kikuo Nomoto,"
and Hisataka Yasui*

We have previously reported the sequential mechanisms of cyclophosphamide (CP)-induced tolerance, Permanent accep-
tance of donor skin graft is readily induced in the MHC-matched and minor Ag-mismatched recipients after treatment with
daonor spleen cells and CP. In the present study, we have elucidated the roles of NKT cells in CP-induced skin allograft
tolerance. BALB/c AnNCrj (H-2%, Lyt-1.2, and Mis-1") wild-type (WT) mice or Val4 NKT knockout (KO) (BALB/c) mice
were used as recipients, and DBA/2 NCrj (H-2", Lyt-1.1, and Mis-1*) mice were used as donors. Recipient mice were primed with 1 x
10* donor SC Ly, on day 0, followed by 200 mg/kg CP ip. on day 2. Donor mixed chimerism and permanent acceptance of donor skin
allografts were observed in the WT recipients. However, donor skin allografts were rejected in NKT KO recipient mice. In addition, the
donor reactive VB6™ T cells were observed in the thymus of a NKT KO recipient. Reconstruction of NKT cells from WT mice restored
the acceptance of donor skin allografis. In addition, donor grafts were partially accepted in the thymectomized NKT KO recipient mice.
Furthermore, the tolerogen-specific suppressor cell was observed in thymectomized NKT KO recipient mice, suggesting the generation
of regulatory T cells in the absence of NTK cells, Our results suggest that NKT cells are essential for CP-induced tolerance and may have
a role in the establishment of mixed chimerism, resulting in clonal deletion of donor-reactive T cells in the recipient thymus. The

Journal of Immunology, 2006, 177: 84008409,

atural killer T cells, which are characterized by coex-
pression of NK cell receptors and a single invariant T
cell Ag recepior encoded by Va /4 and Ja28] gene seg-
ments, have been identified as a novel lymphoid lineage distinet
from conventional T cells or NK cells. Although the physiological
roles of NKT cells remain obscure, Vield NKT cells have been
demonstrated to play imponant roles in wmor immunity (1), au-
toimmune disease (2), and infectious immunity (3, 4) via the dom-
inant production of Thl cytokine ¥-IFN and Th2 cytokine IL-4.
Regarding transplantation immunity. two reports have suggesied a
regulatory role of NKT cells in both allogeneic and xenogeneic
tolerance systems induced by mAbs (5, 6).
Since 1982, we have investigated cyclophosphamide (CP)'-
induced tolerance that consists of an i.v. injection of 1 % 10 alloge-
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neic spleen cells (SC) (day 0} followed by i.p. administration of 200
mg/kg CP on day 2 (7-18). By using this method, we were able 10
readily induce long-lusting skin allografi tolerance in most H-2-
maiched combmations (10-12), but not in fully H-2-mismatched
combinations (7, 13). Our previous studies have elucidated the three
major mechanisms involved using H-2-compatible, Mis-1"-disparate
combinations and Mls-1* Ag-reactive VA6 ™ T cells (11-14). The first
is the destruction of Ag-stimulated and then proliferating T cells in the
periphery by CP treatment. CD4 " VB6 " T cells proliferated and then
disappeared in the periphery of the recipients tolerized to H-2-com-
patible. Mis- | *disparate Ags. The second, al 46 wk after the treat-
ments, is the establishment of intrathymic chimenism ai both the thy-
mocyle and dendntic cell levels, followed by the clonal deletion of
VP6* T cells that begins in the thymus. The third mechanism is the
generation of regulatory cells in the late stage of wlernce.

The aim of the present study was to investigate the regulatory
role of NKT cells in our CP-induced tolerance system by using
Vald4 NKT knockout (KO) mice. Although an essential role for
NKT cells in the induction of transplantation tolerance has been
suggested in two previous reports (5, 6), the detailed mechanisms
have not been clarified. Here, we evaluated the role of NKT cells
in our three important mechanisms, i.e.. clonal destruction, intra-
thymic clonal deletion, and generation of regulatory cells. The re-
sults clearly showed that NKT cells were essential for CP-induced
tolerance through the establishment of intrathymic clonal deletion
Without NKT cell-mediated immunoregulation. however. our re-
sults demonsirated that the generation of regulatory cells for the
maintenance of tolerance in the late stage of wlerance can occur,
in addition 1o clonal destruction a1 the early stage.

Materials and Methods

Animarls

Inbred mice of the BALB/c AnNCr (H-2%, Lyt-1.2, and Mis-1") and
DBARZ NCh (H-2', Lyt-1.0, and Mis-1*) strains were obtained from
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Charles River Laborataries. Inbred mice of the B10.D2 SnSlc (H-2") strain
were obtzined from Japan SLC. Jo281 KO (Va4 NKT KO) mice with a
BALB/c hackground were also used as recipients (1). Thureclpemswue
used ol Il—lﬁwkufm All Is reccived b care in

with the Guidelines for Animal Exp of Kyushu Umwmry and
Law no. 105 and Notification nu.oofmelupmm government.

Cell preparation
Mice were sacrificed by decapitation, The spl were collected and kept
on ice in RPMI 1640 medium (Invi Life Technologies) supple-

mented with antibiotics (100 ug/ml penicillin and 100 ug/ml streplomy-
cin), Spleens were disrupted in the medium by p g spleen i

between two glass slides. Cell suspensions were filtered Ihou;h cofton
gauvze and washed three times with the RPMI 1640 medium. Viable nu-
cleated cells were counted and usually adjusted to 20 > 107/ml.

Conditioning of CP-induced tolerance

A 0.5-mi aliquot containing 1 % 10* SC from DBA/2 mice was injecied
into the tail vein of recipient BALB/: mice. Twa days later, CP (Endoxan;
Shionogi) dissolved in PBS at a concentration of 10 mg/ml was injected i.p.
ot a dose of 200 mg/kg. The day of the injection of DBAR SC is referred
10 as day 0 throughout this report

Reconstimtion of NKT cells in NKT KO mice

We set up two methods 10 reconstituie NKT cells in NKT KO mice. Firse,
a 0.5-ml aliquot contaming 1 X 10* SC from WT mice (containing ~1%
NKT cells) was injected inio the il vein of recipient NKT KO mice on
day =7, Second, recipient NKT KO mice were irradiaed with three gray
(Gy) on day —28 and then reconstitued with 1 % 107 5C and 5 % 10°
untreated bone marrow cells (BMC) (containing ~-0.1-0.4% NKT cells)
from WT mice on the same day. The preparation of BMC was performed
according to a previous method (19). Briefly, the bone marmow in the fem-
oral and tibial bones was flushed out using a S-ml syringe with o 26-gauge
needle (Terumo).

Skin grafting

Skin grafing wus performed using our previously d dure (20),
Briefly, a square, full-thickness skin grafi (1 em” lwup‘mmdmthnght
lateral thorucic wall of the recipient mouse, The graft was fixed o the graft
bed with eight interrupted sutures of 5-0 silk thread and covered with
protective tape. The first inspection was conducted on the Tth day. followed
by daily inspection for 3 wk. Grafts were considered as rejecied at the time
of complete sloughing or when they formed o dry scar. Survival was
expressed as the median survival time and the mean survival time
{MST) = SD.

Thymectomy

barbital (N

Recipients were hetized with ph Iy mt 50 mg/kg
sdministered i.p. Afier a partial mmnwmy‘ the thymeciomy was per-
formed by en bloc excision using two pairs of forceps (21). The ahsence of
thymic tissue wae always confirmed when the animals
were sacrificed, and animals showing the presence of residual thymic fissue
were excluded from the analysi

Flow cytometry

Phenotyping was performed t vanous nimes. beginning 2 wk after the
injection of SC. Recipiems were 12il bled and white blood cells (WBC)
were prepared by hypotonic shock (21), In some experiments, SC and
thymocyles were used for chimenc assays. Staining with both donor-spe-
cific and T cell-specific mAbs was performed on each recipient and control
miouse, Cells were incubated with a PEconjugated anti-Lyt-1 (Lyt-1.1 and
Lyi-1.2) (BD Pharmingen) mAb and a FITC-conjugated Lyt-1.1 (BD
Pharmingen) mAb for 30 min at 4°C and then washed twice. To block
ific FcyR binding of labeled Abs, 10 jl of an undiluled culture
wpemm: of 24G2 (rat anti-mouse FeyR mAb) was used. All data were
analyzed with 2 FACScan (BD Biosciences). Dead cells were excluded by
gating ow low forward scaner. high propidium iodide-retaining cells.
For the analysis of TCR expression on T cells of SC or WBC, two-color
analysis was performed (21), WBC or SC were labeled with FITC-conju-
gated anti-VE6 of VES.1/R.2 mAb (BD Phamingen). and PE-conjugated
anti-CD4 (BD PY mAb. To d in¢ Ihe percentage of CD4" T
cells tha were Vi36° or VEE.1/827, 10,000-20,000 gated CD4" cells
were collected. For the analysis of TCR expression on thymocytes. three-
color analysis was performed (21) T!lmym were labeled with FTI'C
conjugated anti-V A6 or VEB.1/B.2 mAb (BD Pharmingen), PE«
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FIGURE 1.  Skin allografi survival in the recipient BALB/c mice

treated with DBA/2 SC. Recipient mice were grafied with skin from donor
DBA/2 (DBA) (a) or third party BI0.D2 (b) mice 4 wk after treatment. a.
The groups and median skin grafl survival times were as follows: @, Un-
treated WT mice (n = & 135 days), A, unmeated NKT KO mice (1 = 5
13 days); &, WT mice treated with DBAJ2 SC und CP (1 = 6; > 100 days),
and B NKT KO mice treated with DBA/2 SC and CP (1 = 6; 38 days),
b. B10.D2 skin grafis were rejected within 14 days afier grafting in the

following groups: #, WT mice meated with DBAZ2 5C and CP (1 ~ 3),
NKT KO mice treated with DBAS2 SC and CP (n = 3).
anti-CD4 (BD Pharmingen) mAb, and allophy i i 1 anti-

CD8 (BD Pharmingen) mAb for 30 min al 4°C. To determine the percent-
age of CD4 single-positive cells that were V6™ or VS8.17/8.2°, 5,000 1o
10,000 gated CD4™ and CDE™ cells were collecied. We investigated the
effect of SC/CP on the rutio of CD4"VE6™ T cell or CD4*VEE™ T cell
subsets 1o the total CD4" T cell number in the spleen or WBC and on
the ratio of CD4*CDE"VE6" T cell or CD4*CDE"VEE™ T cell sub-
sets to the total CD4"CDA™ T cell number in the thymus. We also
investigated the effect of SC/CP on the absolule number of CD4 "V 56"
T cells or CD4*VER™ T cells in the spleen and thymus.

For the staining of NKT cells, SC or liver mononuclear cells (LMNC)
were stained with PE-conjugated o-galactosyl ceramide (aGalCerVCD1d

s and FITC-conjugated anti-CD3 mAb (BD Pharmingen). PE-con-

jugated aGalCer/CDId tetramers were prepaned as previously described
(22), The liver was disrupred in RPMI 1640 mediom (Invitrogen Life Tech-
nologies) supplemented with 105 KfS by plegﬂn; lwer fngment: be-
tween two glass shides and then wash 1 in o 0% i
Muﬂmhmlnmmsmmlwm&ﬂndmlhlﬂjim
tonic Percoll solunon. Centnfuganon for 30 min m 3 000 rpm &t room
iemperamure isolated the LMNC a1 the imerface. Cells were washed o
times with HBSS containing 2% FCS and resuspended in the same
solution,

Adaptive transfer experiment

To elucidate the exisience of regulatory cells in the tolerant recipients.
adoptive Iments were J as described previously
(14). Briefly, | 3 10" or 4 X 107 SC from the recipient mice accepting
DBAS skin allografts for over 100 days were mansferred imo WT mice
that had been iradiated with 3 Gy on the same doy. The SC were harvested
from WT or NKT mice that had been thymectomized and treated with
DBA/2 SC and CP. Skin grafting was performed | day following the adop-
tive transfer. In one expeniment. CD4"CD8 “Thyl.2° T cell deplerion was
performed using anti-CDH4 mAb (LYT4), ann-CDB mAb (Ly2.2) (Cedar-
lane Laborstories), anti-Thy-1.2 mAb (Meijp), u\i complement (Low-
Tox-M rabbit compl Cedarlane Laborators
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Table 1. Chimerism and clonal destruction in WBC of recipients treated with DBA2 SC and CP*

Chimenc Analysis (percent
powitive cells = SD)

Analysis of TCR Expression
(percent positive cells = SD)

Treaomenr* Lyt-b 1 * iyt 1* (%) CDATVELTICDA™ (%) CRA*VBL* ICDA* (%)
5C cr No. of
Gmup Recipient (day 01 (day 2) Mice I wk B wk Iwi b wk Iwk 9wk
1 BALB/c WT =} {=) 6 0 107212 166 % 1.6
2 BALB/c NKT KO =) (=) 6 0 ni£i4 122%17
) DBASR - (=) 6 963 =24 0 130.% 1.1
4 BALB/c WT DBAR ot i 6 26208 3810 16205 11204 17)%219 I(66=20
5 BALB/c NKT KO DBAR 200" ] 1.5 0.1 0o %02 13203 08202 129x]2 26=17

“The recipient mice were primed | with | % 10" viable DBAZ 5C on day 0 sad then given 200 mefkg CP on day 1

" Milligrams per Kilogram (mg/kg).
* =< 001 compared with group S

Statistics

The stanstical significance of the data was determined by a Mann-Whimey
U/ test when the data were nonpurametnic of a Stodent’s 1 test when the data
were parametnic. A value of p < 0.05 was consi 1 1o be statistically
significant.

Results

Skin allograft prolongation in H-2-matched DBAZ (H-2') —
BALB/e WT (H-2*) or BALB/c background Viel4d NKT KO
{H-24) combination mice by using 1 X 10" DBA22 §C
followed by 200 mg/kg CP

When BALB/c WT (H-2") or BALB/c background NKT KO mice
were grafted with H-2-matched DBA/2 skin allografts (H-2%), the
DBA/2 grafts were rejected within 14 days following grafting (Fig.
la). Similarly, DBA/2 skin grafts were rejected within 14 days in
BALB/c WT or NKT KO mice treated with DBA/2 SC alone or
200 mg/kg CP alone (data not shown). All of the DBA/2 skin
allografts survived for > 100 days in the recipient BALB/c WT
mice treated with DBAJ/2 8C followed by CP (n = 6: MST. =100

days). When syngeneic (BALB/c) WT SC or PBS (0.5 ml) was
used instead of DBA/Z SC or CP, respectively. the survival times
of DBAJ2 skin grafis were not prolonged (data not shown). In
contrast, all DBA/2 skin grafis were rejected within 48 days in the
recipient NKT KO mice treated with DBA/2 SC followed by CP
(n = 6; MST, 38 days), although the survival of the grafts was
moderately prolonged. The skin allograft prolongation in both
BALB/c WT mice and NKT KO mice, which were treated with
DBAJ/2 SC followed by CP, was tolerogen-specific. because the
third party skin grafis of the B10.D2 strain (H-2") were rejected in
a normal fashion (Fig. 1b).

Chimerism and reduction of Mis-1"-reactive CD4" V6" T cells
of WBC in the recipient mice treated with DBA2 SC plus CP

As we previously reported (14), a minimal degree of mixed chi-
merism was detected in the BALB/c WT (Lyt-1.2) mice made
tolerant of DBA/2 (Lyt-1.1) skin allografts. The mixed chimeric
state induced with DBA/2 SC and CP was examined using

a Lwew LA S 1@NKY o
3 Gy W S, B THA SO
FIGURE 2. Skin allograft survival in recipient i) ~ IDINKT RO o
BALB/c NKT KO mice reconstituted with NKT cells (o T R RGN O M B
and treated with DBA/2Z SC and CP. Recipient mice T om (WA DA 5.1
were grafied with skin from donor DBA/Z (DBA) (@)or = I_—I o S
third party B10.D2 (b) mice 4 wk after oeatment a The & il 1R R
groups and median skin grall survival times were as & Ll,‘ s R TP
follows: @, NKT KO mice irmdiated with 3 Gy fol- E o | e srrase e
lowed by reconstitution with WT SC and BMC and pus s
treatment with DBAS2 SC and CP (n = 6, =100 days): ® {BINET KO
O, NKT KO mice irradiated with 3 Gy followed by D= [ ] e
reconstitution with NKT KO SC and BMC and treatment T (AT
with DBA2 SC and CP (n = 6; 32.5 days), . NKT KO "u o - " = Im"""""““""’“"
mice reconstituted with WT SC and treated with DBAZ )
SC and CP (n = 7; =100 days): O, NKT KO mice re- Days After Grafting
constituted with NKT KO SC and treated with DBA/2 SC
and CP (n = 6, 32 days): B NKT KO mice imadinted with D Third Raty BIOLR Skire
3 Gy followed by reconstiution with WT SC and BMC W
(n = 6 15 days), CL NKT KO mice irradiated with 3 Gy
followed by reconstitution with NKT KO SC md BMC = &
(n = 6: 165 days); A NKT KO mice reconstituted with 2 _ o ]
WT SC (n = 6 13 days): &, NKT KO mice reconstinied 2
with NKT KO S8C (n = & 12 days); +, NKT KO mice % -0 —- TS EESS .|
treated with DBA/2 SC alone (n = 6; 14 days); and X, x5
untreated NKT KO mice (n = 6; 115 days). b, BIOBR & 20 —— ———
skin grafis were rejected within |4 days afier graftng in all
of the groups described above in a (n = 3 in each group). Y T e & W i

Days Aller Grafting
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PE-conjugated anti-Lyt-1 (Lyt-1.1 and Lyt-1.2) mAb and FITC-
conjugated Lyi-1.1 mAb. WBC were obtained from the recipient
mice at 2 and 8 wk after tolerance induction (Table 1).

In the T (Lyt-17) cells of BALB/c WT mice treated with DBAJ2
SC and CP (Table I; group 4), 2-4% of Lyt-1.1 cells were clearly
detected in the recipient WBC after tolerance induction. In con-
trast. a lower degree of chimerism was clearly detected at 2 wk
{mean = SD, 1.5 = 0.1; p < 0.01 compared with group 4) and
became <1% at 8 wk in the T (Ly1-17) cells of NKT KO mice
trealed with DBA/2 SC followed by CP (Table 1; group 5). A
higher degree of chimensm was always observed in recipient
BALB/c WT mice treated with DBA/2 SC and CP. These results
were reproducible in five independent experiments (data not
shown).

We examined the expression of the Mls-1%reactive TCR V6 in
BALB/c WT or NKT KO (Mls-1") mice treated with DBA/2 (Mis-
1) 8C and CP. The WBC from the recipients were stained with
FITC-conjugated anti-VB6 mAb and PE-conjugated anti-CD4
mAb (Table 1),

In the WBC of umreated BALB/e WT or NKT KO mice.
CD4"VB6™ T cells were detected (Table I; group | or 2, respec-
tively), whereas they were hardly detected in the WBC of un-
treated DBA/2 mice (Table I: group 3). In all of the BALB/c WT
mice treated with DBA2 SC and CP (Table I group 4).
CD4"VB6" T cells were significantly reduced by 3 wk. The same
results were obtained in the WBC of NKT KO mice treaied with
DBAJ2 SC and CP (Table I; group 5). There was no statisnically
significant difference in the results between groups 4 and 5. The
disappearance of T cells from the WBC was specific for VB6™ T
cells, because the percentage of VB8.1/8.27 T cells was not sig-
nificantly altered.

Induction of DBA/2 skin graft prolongation in NKT KQ mice
recanstindted with NKT cells from BALB/c WT mice

To clarify whether NKT cells were involved in the limitation of
skin graft tolerance in CP-induced tolerance, NKT cells were re-
constituted in NKT KO mice (Fig. 2). When SC and LMNC were
stained with PE-conjugated aGalCer/CDId tetramers and FITC-
conjugated anti-CD3 mAb, aGalCer/CD1d tetramer” CD3” cells
accounted for ~1.0 = 0.3 and 19.5 = 54% of SC and LMNC in
untreated BALB/c WT mice (n = 3), respectively, and 0.3 = 0.1
and 1.2 * 0.2% of SC and LMNC in untreated NKT KO mice
(n = 3), respectively. A small percentage of aGalCer/CDId
tetramer  CD3" cells were detected in NKT KO mice, because the
NKT KO mice used in this study were generated by disruption of
the Ja281 gene (1), In contrast, aGalCer/CD1d tetramer  CD3’
cells accounted for ~0.4 = 0.1 and 4.3 % 0,5% in SC and LMNC
of NKT KO mice (n = 3) injected with BALB/c WT SC 7 days
earlier, respectively. Therefore, we planned an additional experi-
mient 1o further reconstitute NKT cells in NKT KO mice. For this
purpose, recipient NKT KO mice were irradiated with 3 Gy on day
—28 and then injected with | X 107 SC and 5 X 10" unireated
BMC from WT mice on the same day. In NKT KO mice (n = 5)
irradiated and injected with BALB/c WT SC and BMC 28 days
carlier, aGalCer/CDId tetramer CD3 " cells sccounted for
0.7 = 0.1 and 9.5 = 2.6% of SC and LMNC, respectively. When
NKT KO mice were injected with 1 X 10* SC from BALB/c WT
mice on day =7 and treated with SC on day 0 and CP on day 2.
the survival of DBA/2 skin grafts was significantly prolonged (n =
7, MST, =100 days), and four of seven recipients accepted donor
DBA/2 skin grafis for =100 days (Fig. 2a). DBA/2 skin grafis
were accepled for > 100 days in all of the NKT KO mice irradiated
with 3 Gy on day —28, reconstituted with | > 107 SC and 5 X 10°
BMC from BALB/c WT mice on day =28, and then treated with
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FIGURE 3. Clonal destruction in the periphery of recipient mice. The
kinetics of CD4*VE6" (a) or CD4 " VEB.1/B27 (b) T cells in spleen cells
harvested from the recipient mice are shown, SC were labeled with FITC-
conjugated anti-VE6 or VES.1/R2 mAb and PE-conjugated anti-CD4
mAb. To delermine the percentage of CD4™ T cells that were VB6™ or
VES.1/82°, 1000020000 gated CD4* cells were collected, SC cells
were obtained from WT (H-2*, Mis-1*) mice mesied with DBAS2 (DBA)
(H-2"; Mis-1%) SC and CP (W n = 4), NKT KO mice treated with DBAZ2
SC and CP (L n = 4), WT mice treated with DBAJZ SC alone (A n =
4), and NKT KO mice meated with DBA72 SC alone (4: n = 4). Vertical
bars represent the SD. The staustical significance of the differences among
groups was analyzed and the results are given in a.

DBA/2 SC on day 0 and CP on day 2 (Fig. 2a). Survival of donor
skin grafts was not significantly prolonged in NKT KO mice re-
constituted with SC and/or BMC from NKT KO mice and treated
with DBA/2 SC and CP as compared with that for NKT KO mice
treated with DBA/2 SC and CP. In contrast, no skin graft prolon-
gation was observed in NKT KO mice reconstituted with BALB/c
WT SC or BMC, irradiated NKT KO mice reconstituted with
BALB/c WT SC and BMC, NKT KO mice reconstituted with
NKT KO SC or BMC. or irradiated NKT KO mice reconstituted
with NKT SC and BMC if the recipient mice were not treated with
donor SC and CP (Fig. 2a). This skin allograft prolongation was
tolerogen-specific, because the third panty skin of the B10.D2
strain (H-2) was rejected in a normal fashion (Fig. 2b).

Analvsis of splenic clonal destruction and intrathymic clonal
deletion and mixed chimerism in BALB/c WT ar NKT KO mice
rreated with DBA/2 SC and CP

As reported previously (12, 13). the induction mechanism of CP-
induced tolerance is the clonal destruction of Ag-stimulated and
proliferating T cells by the antimitotic drug CP. To further analyze
the role of NKT cells in the tolerance induction, we examined the
kinetics of Mils-1%reactive CD4 V6™ T cells in the CD4™ T
cells of SC in recipient BALB/e WT or NKT KO mice. When
DBA/2 SC were injected into untreated BALB/c WT mice on day
0. CD4"VB6™ T cells significantly increased to ~35% on day 2
and then eventually declined to the normal range by days 15-21
(Fig. 3u), The same result was observed in NKT KO mice. In
BALB/c WT mice treated with DBA/2 SC on day 0 and CP on day
2.CD4"VB6" T cells significantly increased 1o ~35% on day 2.
rapidly decreased 1o the normal range on day 5. and then gradually
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FIGURE 4. Absolute number of cells in the spleen of recipients treated
with DBA/Z SC and CP. The kinetics of CD4™ V6™ (a) and CD4”
VESAB.2" (I T cells in spleen cells harvesied from the recipient BALB/c
mice are shown. a, The numbers of CD4™ VE6~ cells in the spleens from
WT mice eated with DBAR2 (DBA) SC and CP (#: n = 4). NKT KO
mice treated with DBAJ2 SC and CP (A; n = 4), WT mice treated with
CP (@ n = 4), NKT KO mice treated with CP (B » = 4), WT mice
treated with DBAS2 SC (O: 0 = 4), and NKT KO mice treated with
DBAR SC (L n = 4), b, The numbers of CD4°VEE" cells in the
spleens from WT mice treated with DBA/2 SC and CP (#; n = 4). NKT
KO mice treated with DBA/2 SC and CP (A: n = 4), WT mice treated
with CP (@: n = 4), NKT KO mice treated with CP (B n = 41, WT
mice weated with DBAS2 S5C (O: n = 4), and NKT KO mice treated
with DBA/2 SC ([ n = 4),

(i}

decreased to ~3%. The percentage of CD4"VB6™ T cells was
significantly reduced in BALB/c WT mice treated with DBAJ2 SC
and CP as compared with that for BALB/c WT mice treated with
DBAJ/Z SC alone. The disappearance of T cells in WBC was spe-
cific for VB6™ T cells, because the percentage of VBS.1/B.2° T
cells was not significantly aliered (Fig. 3b), Furthermore, the ab-
solute number of CD4"VB6™ T cells in the spleen was analyzed,
and similar results were obtained (Fig. 4). We have already re-
ported this phenomenon, which we termed clonal destruction (12,
13), and similar results were obtained in NKT KO mice treated
with DBA/2 SC on day 0 and CP on day 2 (Fig. 4), In contrast,
when BALB/c WT or NKT KO mice were wreated with CP alone
on day 2, a transient reduction of both the CDA™ V6™ and
CD4"VB8" T cell subsets was observed.

To further investigate the cellular events in the thymuses of
BALB/c mice made tolerant of DBA/2 mice, the association of the
clonal deletion with the mixed chimerism was examined (Fig. ).
Whole thymocytes were stained with FITC-conjugated anti-V 6
mAb. PE-conjugaled anti-CD4 mAb. and allophycocyanin-conju-
gated anti-CD8 mAb. We previously reported that intrathymic
clonal deletion occurs by 6 wk after SC and CP treatment (12, 13),
but we did not investigate whether intrathymic CD4 single-posi-
tive T cells are depleted by clonal destruction or when intrathymic
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FIGURE 5. Tntrathymic clonal deletion in the recipient mice. a and b,
The kinetics of CD4"CDE"VES™ (a) or CD4CDE™ VESIB2" (I T
cells in thymocytes harvested from the recipient BALB/c mice are shown
Thymocytes were labeled with FITC-conjugmed anti-V 36 or VEE.1/8.2
mAb. PE-conjugated anti-CD4 mAb, und allophycoc yanin-conjugated anti-
CDB mAb. To determine the percentage of CD4" T cells that were V36"
or VER.I/B2". 10.000-20000 gated CDA*CDE cells were collected
Thymioc yies were obtained from WT mice treated with DBA/2 (DBA) SC
and CP (B n = 4). NKT KO mice treated with DBA/2 SC and CP ([ n =
4). WT mice remted with DBA/2 SC alone (A: n = 4). and NKT KO mice
treated with DBAJ2 SC alone (42 n = 4), Vertical bars represent 5D, The
statistical significance of the differences among groups was analyzed and
the results are given in a. ¢, Intrathymic chimensm in the recipient mice
Thymaocytes were labeled with FITC-conjugated anti-Lyt 1.ImAb and PE-
conjugated anti-Lyt 1011 + 1.2) mAb. To determine the perceninges of T
cell chimerism that were Lyr 117, 10.000-20.000 gated Lyt 1 * cells were
collected. Thymocytes were obtdined from WT (Lyt-1.2) mice treated with
DBA/Z (Ly1-1.1) SC and CP (I » = 4) and NKT KO mice treated with
DBA/2 SC and CP (L} # = 4), Chimerism was undetectable in WT or
NKT KO mice treated with DBA/2Z SC alone (dats not shown). Vertical
bars represem SD,

clonal deletion begins. The present analysis was performed by gal-
ing CD4"CDR™ single-positive thymocytes.

Among the CD4°CD8" thymocytes of the BALB/e WT or
NKT KO mice, CD4" V6" T cells represemed ~9% (Fig. 5a),
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FIGURE 6. Absolute number of cells in the thymuses of recipienis
reated with DBAS2 (DBA) SC and CP. The kinetics of CD4"CD8 " VB6™
{a) and CDA™CDR ™~ VEK.1/B.27 (b) T cells in thymocytes harvested from
the recipient mice are shown., @, The numbers of CD4°CDE ™ V6" cells in
the thymuses from WT mice treated with DBA/2 5C and CP (A; n = 4),
NKT KO mice treated with DBA/2 SC and CP (4 n = 4), WT mice meated
with CP (@ n = 4), NKT KO mice treated with and CP (B, n = 4), WT
mice treated with SC (O n = 4), and NKT KO mice treated with SC ([
n = 4), b, The numbers of CD4"CD8 V8™ cells in the thymuses from
WT mice reated with DBA/2 SC and CP (A n = 4). NKT KO mice treated
with DBA/2 SC and CP (#, n = 4), WT mice treated with CP (@, n =
4), NKT KO mice treated with CP (B n = 4), WT mice treated with SC
(O n = 4), and NKT KO mice treated with SC (T n = 4,

and the injection of DBA/2 SC did not significantly alter the per-
centage of CD4"VA6™ T cells during our observation. In the thy-
muses of BALB/c WT mice treated with DBA/2 SC and CP, the
percentage of CD4"VB6™ T cells was not significantly changed
by day 8 but then declined 10 ~3% by day 21 and reached <2%
on day 35. The reduction in CD4"VB6" T cells was strongly
associated with the intrathymic mixed chimerism (Fig. 5¢). After
28 days, mixed chimerism was detected in the thymuses of
BALB/c WT mice treated with DBA/2 SC and CP. In contrast, in
the thymuses of NKT KO mice treated with DBA/2 SC and CP, the
percentage of CD4°VA6™ T cells was not significantly changed
by day 8, then declined 1o —5% on day 21, and returned to the
normal range by day 70 (Fig. 5a). Mixed chimerism was not de-
tected in the thymuses of BALB/c NKT KO mice treated with
DBA/2 SC and CP during our observation (Fig. S¢). The intrathy-
mic clonal deletion in the tolerant BALB/c mice was specific for
Mis-1"-reactive T cells expressing TCR V 36, because VB8.1/8.27
thymocyles were not deleted (Fig. 5b). Furthermore, the absolute
number of CD4"CDB V6™ thymocytes was analyzed and sim-
ilar results were obtsined (Fig. 6). When BALB/e WT or NKT KO
mice were treated with CP alone on day 2. a transient reduction of
both CD4"VB6" and CD4 VAR™ T cell subsets in the thymus
was observed.
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FIGURE 7. Permanent DBAZZ (DBA) skin graft acceptance in the
thymectomized BALB/c NKT KO mice weated with DBA/2 SC and CP,
Recipient mice were grafted with skin from donor DBAS2 («) or third party
B10.D2 (b) mice 4 wk after reatment. a, The groups and median skin grafi
survival times were as follows: @, thymeciomized WT mice (n = 6; 10
days), &, thymectomized NKT KO mice (n = 6: 10 days); ®. thymec-
tomized WT mice tremed with DBA/2 SC and CP (n = 6: =100 days);
B, ithymectomized NKT KO mice treated with DBAS2 SC and CP (0 =
11: =100 days). b, B10.D2 skin grafis were rejected within 14 days
afier grafiing n the following groups: #. ihymectomized WT mice
treated with DBA/2 SC and CP (n = 3); and B, thymectomized NKT
KO mice treated with DBA/2 SC and CP (n = 3).

Induction of skin allograft prolongation in thymectomized NKT
KO mice

The previous results indicated that the effector T cells (CD4™CD8™
VB6" ) in the thymuses of WT mice were not depleted untl intrathy-
mic clonal deletion occurred and that intrathymic clonal deletion was
associated with the establishment of mixed chimerism. Thus, we sup-
posed that the eff T cells ge d in the thymus at the early
phase of tolerance induction were regulated by NKT cells. To confinn
this hypothesis, recipients were thymectomized on day —14. As
shown in Fig. 7a, DBA/Z skin graft survival was permanently pro-
fonged in 9 of 11 recipient NKT KO mice thymectomized on day
— 14 and treated with SC on day 0 and CP on day 2 (MST, > 100
days). Similar resulis were obtained in thymectomized WT mice (n =
6; MST, >100 days). This skin graft prolongation was tolerogen-
specific, because third panty B10.D2 (H-2") allografis were rejected in
a nomal fashion (Fig. 7b).

Generation of tolerogen-specific regulatory T cells in both WT
and NKT KO recipients at the late stage of tolerance

Previous studies have demonsirated that the third mechanism of
cyclophosphamide-induced tolerance is a regulatory mechanism at
the late stage of tolerance (11, 14). To examine whether NKT cells
were involved in the generation of regulatory T cells, adoptive
transfer experiments were conducted (Fig. 8). BALB/c WT mice
were irmadiated with 3 Gy and then received an i.v. transfer of | X
10* SC from thymectomized WT or NKT KO recipients that had
accepted DBA/2 skin grafts for > 100 days. With respect to the T
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FIGURE 8. Generation of regulatory cells in the recipient mice accept-
ing donor DBAJ2 (DBA) skins, BALB/c WT mice were irradiated with 3
Gy and injected iy, with 1 % 10° or 4 % 107 SC from the thymeciomized
WT or NKT KO recipients accepting DBA/2 skin grafis =100 days. Re-
cipient mice were grafied with skin from donor DBAS2 (a) or third party
B10.D2 (k) mice | day following the transfer of tolerant SC. The groups
and median skin graft survival imes were as follows: . iradiated WT
mice treated with | X 10* WT SC (n = 9: 58 days): B irradiated WT
mice treated with | X 10" NKT KO SC (n = 9: 50 days); ©, irradiated
WT mice treated with 4 > 107 WT SC (n = 6; 38.5 days); [, irradiated
WT mice treated with 4 % 107 NKT KO SC (n = 6: 35 days); and A,
irradiated WT mice (n = 6; 24 days), b, BI0O.BR kin grafis were re-
Jected within 24 days after grafting in all groups.

cell percentage of the SC, no significant difference was observed
between thymectomized NKT KO mice and BALB/c WT donors
(20-25%). Skin grafting was performed | day following the trans-
fer of the SC. DBA/2 skin grafis were rejected within 30 days after
grafting in the BALB/c WT mice treated with irradiation alone
(Fig. Ba; n = 6; MST = SD = 233 * 6.8 days: median = 24
days). The survival of the DBA/2 skin grafis was further prolonged
in the irradiated BALB/c WT mice by transferring the SC from
thymectomized WT mice that had accepted DBA/2 skin grafts
(n = 9; MST x SD = 593 = 9.1 days; median = 358 days).
Similarly, in the irradiated BALB/c WT mice which received the
SC transferred from thymectomized NKT KO mice that had ac-
cepted DBA/2 skin grafis, the survival of DBAZ2 skin grafts was
moderately prolonged (n = 9, MST = SD = 46.7 = 14.6 days;
median = 50 days). There was a statistically significant difference
between the graft survivals in irmadiated BALB/c WT mice receiv-
ing SC transfers from thymectomized WT and NKT KO mice that
had accepred DBA/2 skin grafis ( p < 0.05). In addition, we in-
vestigated whether a lower dose of tolerant SC (4 X 107) could
induce prolongation of graft survival. Skin graft survival was
mildly prolonged in the irradiated BALB/c WT mice by transfer-
ring 4 X 107 SC from thymectomized NKT KO mice that had
accepted DBA/2 skin grafis (n = 6; MST = SD = 353 + 5|
days; median = 35 days). The survival time of the DBA/2 skin
grafis was also prolonged in the irradiated BALB/c WT mice by
transferring 4 X 107 SC from thymectomized WT mice that had
accepted DBA/2 skin grafts (n = 6; MST = 8D = 390 = 67
days: median = 38.5 days). In the case of the transfer experiment
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FIGURE 9. Generation of regulatory cells in the recipient mice accept-
ing donor DBA/2 skins, BALB/c WT mice were imdiated with 3 Gy and
injected iv. with 1 % 10" SC from the thymectomized WT or NKT KO
recipients accepting DBAJ2 skin grafis over 100 days. Recipient mice were
grafted with skin from donor DBA/2 mice | day following the transfer of
twlermt SC. Skin grafiing was performed on the same day in all groups. a.
The groups and median skin graft survival imes afier treamment with 1ol-
erant SC from WT mice were as follows: ¢ . irradiated WT mice treated
with SC from WT recipients (n = 6, 63 days); A, imadialed WT mice
treated with CD4™ T cell-depleted SC from WT recipients (n = 6, 56
days); W, irradiated WT mice treated with CD8 " T cell-depleted SC from
WT recipients (n = 6: 29 days): @, imadiated WT mice treated with
Thyl 2" T cell-depleted SC from WT recipients (n = 6; 32,5 days); and x,
irradisted WT mice (n = 6: 24 days). b, The groups and median skin graft
survival imes after treatment with tolerant SC from NKT KO mice were
as follows: ©, imadiated WT mice treated with SC from NKT KO recip-
ienis (n = 6; 42 days) £, imadisted WT mice meated with CD4™ T cell-
depleted SC from NKT KO recipients (n = 6: 35 days), [, immadiated WT
mice treated with CDE ™ T cell-depleted SC from NKT KO recipients (n =
6; 26 days); O, irradiated WT mice trented with Thy 12" T cell-depleted
SC from NKT KO recipients (n = 6; 22 days). . irradiated WT mice (n =
6: 24 days).

using low-dose SC. there was no statistically significam difference
in survival between the groups treated with 4 X 107 SC from
DBA/2 skin graft-accepting thymectomized WT mice and those
treated with an equivalent number of SC from DBAJ2 skin grafi-
accepting thymectomized NKT KO mice. The grafi survival times
in the irmadiated BALB/c WT mice treated with a low dose (4 %
107) of SC from DBA/2 skin grafi-accepting thymectomized
BALB/c WT or NKT KO mice were shorter than those in the
irradiaied BALB/c WT mice treated with a high dose (1 % 10%) of
SC. These skin allograft prolongations were tolerogen-specific, be-
cause third party skin B10.D2 (H-2") allografis were rejected
within 24 days after grafting (Fig. 85).

Funthermaore, we investigated which T cell subset was dominant
in the regulatory function. SC from wlerant BALB/c WT mice
were treated with anti-CD4, -CD8, or -Thy-1.2 mAb and comple-
ment ex vivo, and 1 X 10* mAb-treated SC were transferred 1o the
irradiated WT mice. Recipient mice were grafied 1 day following
the transler of wlerant SC (Fig. 9a). The graft survival time of the
recipient treated with CD4" T cell-depleted SC from tolerant
BALB/c WT mice was moderaiely prolonged (n = 6; MST =
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SD = 522 = 11.9 days; median = 56 days). There was no sia-
tistically significant difference compared with the graft survival of
the recipient treated with non-T cell-depleted tolerant SC (n = 6;
MST * SD = 55.2 = 97 days; median = 56 days). In contrast,
the grafi survival of the recipients treated with CD8" or Thy 1.2"
T cell-depleted woleramt SC was significantly shorter than that of
the recipients treated with non-T cell-depleted tolerant SC (n = 6;
MST = SD = 29.7 = 6.0 days: median = 29 days; and n = 6:
MST = SD = 30.0 % 5.6 days; median = 31 days: respectively).
These data indicated that the regulatory cells induced in CP-in-
duced tolerance are mainly CD8” T cells rather than CD4™ T
cells. When SC from tolerant NKT KO mice were used, similar
results were obtained (Fig, 9b).

Discussion

By using the H-2-matched murine combination of DBA/2 into
BALB/c WT and mAbs against T cell markers (Lyt-1.1 and Lyt-
1.2) and TCR V36, we have demonstraied the scquential mecha-
nisms of CP-induced tolerance (11, 14). These mechanisms are as
follows: 1) clonal destruction of Ag-stimulated and then prolifer-
ating T cells by CP al the early siage: 2) intrathymic clonal dele-
tion at the intermediate stage: and 3) regulatory mechanisms at the
late stage of tolerance. These three conditions are achieved by SC
and 200 mg/kg CP alone without any other supportive treatment in
most H-2-matched mouse combinations. In the present study, we
have elucidated the roles of NKT cells in the induction of skin
allograft tolerance in CP-induced tolerance.

The lirst mechanism essential to CP-induced tolerance is the
selective destruction of Ag-stimulated and then proliferating T
cells by CP treatment. This mechanism is considered 1o be resp
sible for destroying mature T cells but not immature T cells. As
shown in Fig. 3, the CD4"VB6™ T cells that are responsible for
the MLR against Mls-1"-encoded Ag (14) and probably the effec-
tor T cells that are responsible for the rejection of DBA/2Z skin
selectively proliferated on day 2 and were depleted by day 5 in the
periphery of the WT mice given DBA/2 SC and CP, leaving most
of the nonproliferative CD4 VEE™ T cells. The same resulis were
observed in NKT KO mice given DBA/2 5C and CP, suggesting
that NKT-mediated immunoregulation was not required for the
induction of clonal destruction in the periphery.

The second mechanism is the intrathymic clonal deletion, which
is essential for maintaining the central tolerance in CP-induced
tolerance and other chimerism-based tolerance systems (12, 13),
By days 28-35 after the treatments with DBA/2 SC and CP, in-
trathymic chimerism was established due to regeneration of the
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stem cells of donor origin contained in the tolerogenic SC. and
then clonal deletion of V6™ T cells began in the thymuses of WT
recipients (Fig. 4). In fact, intrathymic clonal deletion was well
correlated with intrathymic mixed chimerism. Notably. in the thy-
muses of NKT KO recipients given DBA/2 SC and CP, the per-
centage of CD4" VB6™ T cells decreased only transiently from day
21 through day 35 and retumed 1o the normal level by day 70.
Consistently, intrathymic chimerism was not established in NKT
KO recipients given DBA/2 SC and CP. Because donor Ag-reac-
tive effector T cells can break mixed chimerism in the periphery.
it can be speculated that the effector T cells generated in the thy-
muses of recipient WT mice by DBA/2 SC administration must be
suppressed or regulated by an unsolved mechanism 1o establish the
intrathymic mixed chimerism, which is essential for clonal dele-
tion of donor Ag-specific T cells in the thymus. We hypothesized
that this unsolved mechanism could be mediated by the NKT cells.
To confirm this hypothesis, we performed a thymectomy and then
conditioned the mice with DBA/2 SC and CP (Fig. 7). The results
showed that skin grafi tolerance was induced in 9 of 11 of the
thymectomized NKT KO mice given DBA/2 SC and CP (Fig. 7).
Tt is important to consider why chimerism or clonal deletion was
poorly observed in NKT recipiemts (group 5: Table 1 and Fig. 5a).
Regarding the reduced level of chimerism, we conjectured that
himerism was established by the clonal destruction but was grad-
ually rejected by efiector T cells from the thymus. In fact, the level
of chimerism was reduced from 2 to 8 wk (group S; Table 1). In
BALB/c WT mice, as described above, effector T cells from the
thymus were suggesied as being regulated by NKT cells, chimer-
ism was stably maintained. and donor skins were permanently ac-
cepted. By performing thymectomies in NKT KO mice, a higher
level of chimerism could be induced compared with that in non-
thymectomized NKT KO mice (group 6 vs 7; Table [1). As a result,
skin allografi tolerance could be induced in thymectomized NKT
KO mice weated with DBA/2 SC and CP. However. the level of
chimerism in thymectomized NKT KO mice treated with DBA/2
SC and CP tended to be lower than that in thymectomized BALB/c
WT mice reated with DBA/2 SC and CP (group 6 vs group 4;
Table 11). although this difference did not reach the level of sta-
tistical significance. These results may be explained in the follow-
ing ways. First, we detected T cell chimerism, which may not
comelate with bone marmow chimerism. Second, NKT-mediated
immunity may contribute 1o the homeostatic proliferation or self-
renewal of T cells. Regarding the poor level of delenon of
CD4°CD8 VB6" thymocytes in NKT mice (Fig. 5a), we can
hypothesize that NKT cells may regulate negative selection in the

Table 1. Chimerism and clonal destruction in recipients rreated with thymeciomy, DBA/2 SC and CP*
Chimeric Analysi {peroent Analysis of TCR Expression
pesitive cells = SD) (percent positive cells = SD)
Treatment” Lyt L1 *yn-1* 1560 CO4 VB ICDd® (%) CDA*VERTIOTM® (%)
Thymeciony sC cP No. of
Group Recipient oy =14)  idey O tday 71 Mice 2wk Bwk 3wk 9wk Iwk 9wk
| BALB/c WT (+) =) {=) 6 0 1.7 209 187 £ 21
2  BALBk NKT KO i+ =) =) 6 1] 01 =12 189 + |5
i DBAR (+) = =) 6 980=2 0 132220
1 BALB/c WT (+) DBA2 20" O Nz 35% 1Y L1202 09+07 18707 169%33
5 BALB/c WT Sham DBARZ 200" ] 24209 32x12 17204 1305 192215 11411
6 BALBK NKT KO (+) DBAZ 200" 6 26205 202077 13203 13202 16208 147 =24
7 BALB/c NKT KO Sham DBAZ2Z 20" L 14403 08201 15405 10204 159210 167213

“ The recipient mice were primed Ly, with | % 107 viable DBA/2 SCon day 0 and then ghven 200 mg/g TP on day 2 Thymectomies were perfiormed on some prougs on day =14

* Milligrams per Kilogrmm (mp/hg)
“ No statistical significance as compared with group 6
“p < 001 compared with gmoup 7
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thymus. We intend to elucidate these unsolved mechanisms in a
future siudy.

The third mechanism is the generation of regulatory cells in the
late stage of tolerance (11, 14). Any significani contribution of
suppressor factors, such as enhancing Abs or anti-idiotypic Abs,
wis excluded from the transfer experiments by using the serum
from long-term tolerant mice (11). Recemt repons have clarified
that the regulatory mechanism is mediated by both CD25°CD4 "
and CD25 CD4™ T cells via CTLA-4 molecules and Th2 cyto-
kines in mAb-induced tolerance systems (23-25). Furthermore,
another study has reported that CP depleted CD25 CD4” T cells
(26). We have reported thar CD8™ T cells are generally involved
in the suppressor activity in CP-induced tolerance, whereas CD4°
T eells are not (11, 14). The present study confirmed that CD8" T
cells exhibin the main suppressor activity, indicating that
CDI57CD4™ T cells are not involved in the regulatory mecha-
nisms, One of the aims in the present study was to examine the role
of NKT cells in the generation of regulatory cells, The nesults
showed that regulatory cells could be generated without the con-
tribution of NKT cells. However. regarding the suppressor activity,
NKT may have some effects on the suppression of the alloreac-
tivity in the recipients, because the survival of DBA/2 skin grafis
was significantly longer in itradiated recipienis receiving a high
dose (1 X 10%) of SC from tolerant WT mice than in those receiv-
ing the same amount of SC from 1olerant NKT KO mice.

Two reports have described the entical role of NKT cells in
inducing transplantation tolerance (5, 6). However, the precise
mechanisms at the cellular and molecular levels have remained
unclear. It has been well documented that NKT cells produce large
amounts of both 1L-4 and TFN-y upon activation (27-29). Given
that 1L~ and IFN-y have opposite effects on the development of
Thl and Th2 cells. extensive analyses have been performed with
vanous experimental systems, and conflicting resulis have been
reported (30-32). By wsing 1L-4 KO and IFN-y KO mice. iwo
groups analyzed the mechamisms of the NKT-mediated role in
transplantation tolerance induction and produced conflicting re-
sults (5, 6). Ikehara et al. (6) suggested that there was little involve-
ment of these two cytokines in C5TBL/6 mice injected with anti-CDd4
mAb and grafted with rat islets, In contrast, Scino et al. (5) suggested
that TFN-y partially contributes to tolerance induction in C57BL/G
mice injected with anti-LFA-1 and ICAM-1 mAbs and grafied with
heant grafis from BALB/c (H-2") mice. However, these results did not
seem 1o be definitive, because they could not show clearly whether the
TFN-y produced by NKT cells was involved in one or more of the
steps that induce and maintain transplantation tolerance, ie.. activa-
tion of effector T cells, apoptosis of effector T cells, reprogramming of
effector T cells (anergy induction). and the generation of regulitory T
cells. In the present study, we can strongly suggest two roles for NKT
cells in CP-induced tolerance. One is to regulate the effecior T cells
generated in the thymuses of recipient WT mice by DBA/2 SC ad-
ministration through the establishment of intrathymic clonal deletion.
The other is to allow generation of regulatory cells without NKT
cell-mediated immunoregulaton.

As for the NKT reconstitution assay (Fig. 2), unfortunately we
could not show how many NKT cells are needed 10 completely
reconstitute NKT-mediated immunoregulation. In our laboratory,
the Val4 transgenic mice (RAG-1 KO background) needed for
reconstituting NKT cells in NKT (Vi 14) KO mice are unavailable.
However, even in the experiments using the Val4 transgenic
mice. a previous atiempt to perform adoptive transfer of Vald”
cells from Vald transgenic mice in an allogeneic tolerance system
was not successful, probably because the dose of Varl4 " cells was
not sufficiem 1o restore these cells to the normal level (Y. Yasu-
nami, unpublished observation). We initially transferred | > 107

ROLES OF NKT CELLS IN CYCLOPHOSPHAMIDE-INDUCED TOLERANCE

SC from WT mice to NKT KO mice but could not induce perma-
nent acceptance donor skin grafts in three of seven recipients. NKT
{aGalCer/CDId tetramer* CD3" ) cells were restored to 0.4 and
4.3% in SC and LMNC of these mice. respectively. suggesting that
the level of NKT reconstitution was not enough. In contrast. Seino
et al. had reconstituted WT BMC (including NKT cells and pro-
genitors) in irradiated NKT KO mice (5). To further reconstitute
NKT cells, recipient NKT KO mice were irradiated with 3 Gy and
reconstituted with SC and BMC from WT mice. Although NKT
cells were not fully restored (0.7 and 9.5% in SC gnd LMNC,
respectively), permanent skin graft acceptance was induced in all
of the iradiated and reconstituied NKT KO muice.
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Synoviolin, also called HRD1, is an E3 ubiquitin ligase and
is implicated in endoplasmic reticulum -associated degra-
dation. In mammals, Synoviolin plays crucial roles in
various physiological and pathological processes, includ-
ing embryogenesis and the pathogenesis of arthropathy.
However, little is known about the molecular mechanisms
of Synoviolin in these actions. To clarify these issues, we
analyzed the profile of protein expression in synoviolin-
null cells. Here, we report that Synoviolin targets tumor
suppressor gene p53 for ubiquitination. Synoviolin
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ated and bolized p53 in the cytoplasm and
negali\reiy regulated its cellular level and biological func-
tions, including transcription, cell cycle regulation and
apoptosis. Furthermore, these p53 regulatory functions of
Synoviolin were irrelevant to other E3 ubiquitin ligases
for p53, such as MDM2, Pirh2 and Copl, which form
autoregulatory feedback loops. Our resulis provide novel
insights into p53 signaling mediated by Synoviolin.
The EMBO Journal (2007) 26, 113-122. doi:10.1038/
sj.embaoj.7601490; Published online 14 December 2006
Subject Categories: proteins
Keywords: apoptosis; cell growth; E3 ubiquitin ligase;
endoplasmic reticulum-associated degradation; rheumatoid
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Introduction

The ubiquitin-proteasome system (UPS) consists of a small
polypeptide ubiquitin, a framework of enzymes that mediates
the covalent attachment of ubiquitin to proteolytic substrates
and the 265 proteasome that digests the modified proteins
into peptides. The formation of ubiquitin conjugates requires
the successive action of three classes of enzymes. This
process is first activated by an E1 (activating enzyme) in an
ATP-dependent manner, forming a high-energy thioester
bond between ubiquitin and an El, and the activated ubigqui-
tin is then transferred to an E2 (conjugating enzyme], form-
ing a similar thioester linkage between ubiquitin and E2, and
then E3 ubiquitin ligase transfers ubiquitin to the targel
proteins. Through repeated reactions of this cycle, a poly-
ubiquitin chain is formed on the target proteins, which is
recognized by the 265 proteasome for ultimate degradation
(Hershko and Ciechanover, 1998; Pickart, 2001). In the UPS
pathway, the E3 ubiquitin Hgases play critical roles in the
selection of target proteins for degradation, because each
distinct E3 ubiquitin ligase usually binds a protein substrate
with a degree of selectivity lor ubiquitination In a temporally
and spatially regulated fashion.

Synoviolin, a representative of endoplasmic reticulum
(ER)-resident E3 ubiquitin ligases, is a mammalian homolog
of Hrd1p/Der3p that “'substrates™ misfolded carboxypeptide
yscY (CPY*) (Bordallo er al, 1998) and 3-hydroxy-3-methyl-
glutaryl-coenzyme A reductase (HMGR), a key enzyme of the
mevalonate pathway in yeast (Shearer and Hampton, 2004,
2005), We cloned Synoviolin from rheumatoid synovial cells
(RSCs) and described that Synoviolin is highly expressed in
synoviocytes of patients with rheumatoid arthritis (RA)
(Amano et al, 2003). In that report, we demonstrated that
overexpression of Synoviolin in transgenic mice leads to
advanced arthropathy caused by reduced apoptosis of syno-
viocytes. On the other hand, synoviolin®/~ mice showed
resistance 1o the development of arthritis owing to enhanced
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