8¢eY

CCY032
CCY033

CCYo34

CCY035
CCY036

CCYo37
CCY038

CCY039

CCY040
CCYo41

CCY042
CCYo43
CCY044

CCY045

CCY046

CCY047
CCYo48

a his3-A1 leu2-A1 wura3-A0 met15-A1 RAX2-GFP-kanMX6::RAX2
a his3-A1 leu2-A1 wura3-A0 lys-AO RAX2-GFPkanMX6::RAX2
a/a  his3-A1/his3-A1 leu2-A1/leu2-A1 ura3-A0/ura3-A0 metl15-A1/lys-A0
RAX2-GFP-kanMX6::RAX2/RAX2-GFP-kanMX6::RAX2
a his3-A1 leu2-A1 ura3-A0 metl5-A1 RAX2-GFP-kanMX6::RAX2 bud32 A ::kanMX6
a/a his3-A1/his3-A1 leu2-A1/leu2-A1 ura3-A0/ura3-A0 metl5-A1/metl5-A1l
RAX2-GFP-kanMX6::RAX2/RAX2-GFP-kanMX6::RAX2bud32 A ::kanMX6/bud32 A ::kanMX6
a his3-A1 leu2-A1 wura3-A0 metl5-A1 RAX2-GFP-kanMX6::RAX2 cgil121 A ::kanMX6
a/a his3-A1/his3-A1 leu2-A1/leu2-A1 ura3-A0/ura3-A0 metl5-A1/metl5-A1l
RAX2-GFP-kanMX6::RAX2/RAX2-GFP-kanMX6::RAX2 cgi121 A ::kanMX6/cgi121 A ::kanMX6
a/a his3-A1/his3-A1 leu2-A1/leu2-A1 ura3-A0/ura3-A0 metl15-A1/lys-AO
RAX2-GFP-kanMX6::RAX2/RAX2-GFP-kanMX6::RAX2  gon7 A ::hisMX6/GON7
a his3-A1 leu2-A1 ura3-A0 metl5-A1 RAX2-GFP-kanMX6::RAX2 gon7 A ::hisMX6
a/a his3-A1/his3-A1 leu2-A1/leu2-A1 ura3-A0/ura3-A0 met15-A1/metl
RAX2-GFP-kanMX6::RAX2/ RAX2-GFP-kanMX6::RAX2  gon7 A ::hisMX6/gon7 A ::hisMX6
a his3-A1 leu2-A1 ura3-A0 metl5-A1 rax2A:kanMX6
« his3-A1 leu2-A1 ura3-A0 lys-AO0 rax2A::kanMX6
a/a his3-A1l/his3-A1 leu2-A1/leu2-A1 ura3-A0/ura3-A0 metl15-A1/lys-A0Q
rax2 A ::kanMX6/rax2 A ::kanMX6
a his3-A1 leu2-A1 ura3-A0 lys-A0 rax2A:kanMX6 bud32 A ::tkanMX6
a/o  his3-A1/his3-A1 leu2-A1/leu2-A1 ura3-A0/ura3-A0 lys-AO/lys-A0
rax2 A ::kanMX6/rax2 A ::kanMX6  bud32 A ::kanMX6/bud32 A ::kanMX6
@ his3-A1 leu2-A1 wura3-A0 lys-AO0 rax2A:kanMX6 cgil21A ::kanMX6
a/a his3-A1/his3-A1 leu2-Al/teu2-A1 ura3-A0/ura3-A0 lys-AO/lys-AO
rax2 A ::kanMX6/rax2 A ::kanMX6  cgi121 A ::kanMX6/cgi121 A ::kanMX6

9 i Y. Kato et al.

see text

see text

mating of CCY032 and CCY033
segregant from CCY002xCCY032

a/ o conversion from CCY035

segregant from CCY005xCCY032

a/ a conversion from CCY037

see text

segregant from CCY039
a/ a conversion from CCY040
EUROSCARF

Open Biosystems, Inc.

mating of CCY042 and CCY043
segregant from CCY002xCCY042

a/ o conversion from CCY045

segregant from CCY005xCCY042

a/ « conversion from CCY047
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CCYo49

CCY050
CCY051

CCY052
CCY053

CCY054
CCY055
CCY056

CCY057

CCY058

CCY059
CCY060

CCY062
CCY063

CCY064
CCY065
CCY066

a/o  his3-A1/his3-A1
a his3-A1 leu2-A1
afa his3-A1/his3-A1
a his3-A1 leu2-A1
a/a  his3-A1/his3-A1
a his3-A1 leu2-A1
a his3-A1 Jeu2-A1
a/a his3-A1/his3-A1
a his3-A1 leu2-A1
a/a his3-A1/his3-A1
a his3-A1 leu2-A1
a/a his3-A1/his3-A1
a his3-A1 Jleu2-A1l
a/a his3-A1/his3-A1
a his3-A1 leu2-A1
a his3-A1 leu2-A1
a/a his3-A1/his3-A1

105l

leu2-A1/leu2-A1 ura3-A0/ura3-A0 metl5-A1/metl5-A1
rax2 A ::kanMX6/rax2 A ::kanMX6  gon7 A ::hisMX6/GON7
ura3-A0 metl5-A1 rax2 A:kanMX6 gon7 A ::hisMX6
leu2-A1/leu2-A1 wura3-A0/ura3-A0 metl5-A1/metl5-A1
rax2 A :kanMX6/rax2 A ::kanMX6 gon7 A ::hisMX6/gon7 A ::hisMX6
ura3-A0 metl5-A1 BUD32-GFP::BUD32

leu2-A1/leu2-A1 wura3-A0/ura3-A0
met15- A 1/met15-A1 BUD32-GFP::BUD32/BUD32-GFP::BUD32
ura3-A0 metl5-A1 BUD32{(K52A)-GFP::BUD32

ura3-A0 lyssA0 BUD32(K52A)-GFP::BUD32
leu2-A1/leu2-A1 ura3-A0/ura3-A0 met15-A1/lys-A0
BUD32(K52A)-GFP::BUD32/BUD32(K52A)-GFP::BUD32
ura3-A0 metl5-A1 BUD32(K52A)-GFP::BUD32 bud8 A ::kanMX6

leu2-A1/leu2-A1 ura3-A0/ura3-A0 metl5-A1/metl15-A1
BUD32(K52A)-GFP::BUD32/ BUD32(K52A)-GFP::BUD32 bud8 A ::kanMX6/ bud8 A ::kanMX6
ura3-A0 metl5-A1 BUD32(K52A)-GFP::BUD32 bud9 A ::kanMX6

leu2-A1/leu2-A1 wura3-A0/ura3-A0 metl5-A1/metl5-A1
BUD32(K52A)-GFP::BUD32/ BUD32(K52A)-GFP::BUD32  bud9 A ::kanMX6/ bud9 A ::kanMX6
ura3-A0 metl5-A1 BUD32-13myc:BUD32

leu2-A1/leu2-A1 ura3-A0/ura3-A0 metl5-A1/metl5-A1
BUD32-13myc:BUD32/ BUD32-13myc:BUD32
ura3-A0 metl5-A1 BUD32(K52A):BUD32
ura3-A0 metl5-A1 BUD32(K52A)-13myc:BUD32(K52A)

leu2-A1/leu2-A1 wura3-A0/ura3-A0 met15-A1/metl15-A1

BUD32(K52A)-13myc:BUD32(K52A)/ BUD32(K52A)-13myc:BUD32(K52A)

Y. Kato et al.

see text

segregant from CCY049

a/ a conversion from CCY050

see text

a/a conversion from CCY052
see text

see text

mating of CCY054 and CCY055
segregant from CCY10xCCY055

a/ « conversion from CCY057

segregant from CCY12xCCY055

a/ a conversion from CCY059

see text
a/ o conversion from CCY062
see text

see text

a/a conversion from CCY065
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CCYo67 a his3— A1l leu2-A1 wura3-A0 metl5-A1BUD32 (S258A)-GFP::BUD32

CCY068 a/a  his3-A1/his3-A1 leu2-A1/leu2-A1 ura3-A0/ura3-A0 metl5-A1/metl5-A1l
BUD32(S258A)-GFP:BUD32/BUD32(S258A)-GFP::BUD32

CCY069 a his3-A1 leu2-A1 wura3-A0 metl15-A1sch9 A ::kanMX6

CCY070 a/a his3-A1/his3-A1 leu2-A1/leu2-A1 wura3-A0/ura3-A0 metl5-A1/metl5-Al
sch9 A ::kanMX6/sch9 A ::kanMX6

CCyo71 a his3-A1 leu2-A1 wura3-A0 metl5-A1 CDC11-GFP-kanMX6::CDC11

CCY072 a his3-A1 leu2-A1 wura3-A0 lys-AO CDC11-GFP-kanMX6::CDC11

CCY073 a/a his3-A1/his3-A1 leu2-A1/leu2-A1 ura3-A0/ura3-A0 metl5-A1/lys-AO

CDC11-GFP-kanMX6::CDC11/CDC11-GFP-kanMX6::CDC11
CCYo74 a his3-A1 leu2-A1 ura3-A0 metl5-A1 CDC11-GFP-kanMX6::CDC11 cgil21 A ::kanMX6/cgi121 A ::kanMX
CCY075 a/a  his3-A1/his3-A1 leu2-A1/leu2-A1 ura3-A0/ura3-A0 metl5-A1/metl5-A1l

CDC11-GFP-kanMX6::CDC11/CDC11-GFP-kanMX6::CDC11 cgi121 A ::kanMX6/cgi121 A ::kanMX6

see text

a/ o conversion from CCY067

Open Biosystems, Inc.
a/ o conversion from CCY069
see text

see text

mating of CCYO71 and CCY072
segregant of CCYO71xCCY005

a/ o conversion from CCY074

a All strains are congenic to BY4743.

b The strain was generated by a precise replacement of the GON7 open reading frame by URA3.

118l Y. Kato et al.
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Table S2

Plasmids used in this study

Plasmid

Description

Source

pBluescript (SK-)
pFA6a-kanMX

pFA6a-GFP
pFA6a-13Myc-kanMX

PRS306
pRS425
pRS426
pTM55
pYCOo1
pYCO2
pYCO3
pYCO4
pYCO5
pYCO6
pYCO7
pYCO8
pYCo9
pYC10
pYC11
pYC12
pYC13
pYC14
pYC15
pYC16
pYC17
pYC18
pYC19
pYC20

12l

S65T

Ampicillin (cloning)

Kanamycin (integrative)

Kanamycin (integrative)

Kanamycin (integrative)

URAS3 (integrative)

LEU2 (high copy)

URA3 (high copy)

Xhol/Sall fragment containing triple FLAG tag

3138 bps Xhol/Spel fragment containing BUDS gene in pRS425

3245 bps Xhol/Spel fragment containing BUD9Y gene in pRS426

Miul restriction site at just downstream of start codon on BUDS in pYCO1
Miul restriction site at just downstream of start codon on BUD9 in pYC02
Mlul fragments containing GFP sequence in pBluescript (SK-)
GFP-BUDY in pRS426

1460 bps fragment containing GON7 gene in pBluescript (SK-)

1089 bps fragment without GON7 gene in pBluescript (SK-)

GON?7:: URA3 in pBluescript (SK-)

FLAGgBUD9 in pRS426

2094 bps Spel/Xhol fragment containing BUD32 in pBluescript (SK-)
Miul restriction site at just upstream of stop codon on BUD32 in pYC11
BUD32 (K52A) in pBluescript (SK-)

GFP-BUD8 in pRS425

BUD32 (5258A} in pBluescript (SK-)

BUD32 (K52A) in pRS306

BUD32-GFP in pBluescript (SK-)

BUD32 (K52A)-GFP in pBluescript (SK-)

BUD32 (5258A)-GFP in pBluescript (SK-)

BUD32-GFP in pRS306

Y. Kato et al.

Stratagene

Longtine et al. (1998)
Longtine et al. (1998)
Longtine et al. (1998)
Sikorski and Hieter (1989)
Christianson et al. {1992)
Christianson et al. (1992)
our stock

see text

see text

see text

see text

see text

Kato et al. (2009)

see text

see text

see text

see text

see text

see text

see text

Kato et al. {2009)

see text

see text

see text

see text

see text

see text
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pYC21 BUD32 (K52A)-GEP in pRS306
pCY22 BUD32 (5258A)-GFP in pRS306

see text

see text

*The GFP sequences encode GFP with the S65T substitution.

13 si

Y. Kato et al.
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Table S3 Primers used in this study

Primer sequences
T7 promoter TAATACGACTCACTATAGGG
M13 reverse CAGGAAACAGCTATGAC

BUD8a
BUD8b
BUDS8c
BUD8d
BUD9%a
BUDYb
BUDSc
BUD9d
BUD32a
BUD32b
BUD32c
BUD32d
BUD32e
BUD32f
BUD32g
BUD32h
BUD32i
BUD32j
GFPa
GFPb
GFPc
GFPd
GON7a
GON7b
GON7c
GON7d

25l

AAAAAACTCGAGACTTCAACCACCTTCA
AAAAAAACTAGTAGAAGTACGGTTACAAGACT

ACGCGTATACAATCAGACGAAG

CATACTTCATGTAGAATCG

AAAAAACTCGAGCACAAGAACATTTCTG

AAAAAAACTAGTCTCTATCGTACTCCTC

ACGCGTACGAAAATAACCAGAG

CATTTCATAGGATGAAGAATG

AAAAAAACTAGTAAACGTCGATTTTACCAG

AAAAAACTCGAGGATAGTCATTCTTTCC
AAGAGAAGTATGCTAGGAACGCGTTAATATAAATGCTAGCG
GAGAAGTATGCTAGGAACGCGTTATAAATGCTAGCGTA
GCATATAGGCCACCAAAGCGTTATAG

GATAATATACTTTTGATGAGAATCCTTTGC

GCTATGCTAGGATAATATAAATGCTAGCG

TCTCTTACGACCACGCAACCTG
AAAAGATTCGAAGAGGTCAGGTTGCGTGGTCGTAAGAAGTATGCTAGGAGCAGGTCGA
TGTGCAGCGATATACAGGCAGTACGCTAGCATTTATATTAGAATTCGAGCTCGTTTAAAC
AAAAAAACGCGTGGGTTAATTAACAGTAAA

AACGCGTTTTGTATAGTTCATCCATGCC

AGATATCGGGTTAATTAACAGTAAAGGAG

AGATATCTTTGTATAGTTCATCCATGCCATG
AAAACTAGTAAATAGCGATTCTTCATCGTGAATG
AAACTCGAGTAACGGTCATTTGTTTTAACACAG
GCAACGATATGTAGCGCTAGAG
ACGCGTTGAGATATTAGGATAAGGTTC

Y. Kato et al.
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GON7e
GON7f
URA3a
URA3b
RAX2a
RAX2b
CDCl1a
CDC11b

TATACAGCCGATAGTGCACTGGAACCTTATCCTAATATCTCACGGATCCCCGGTTAATT
GACTCTTTTCTGTTTGTATATACACTCTCTAGCGCTACATATCGT
AAAAACGCGTAAGCTTTGGCACATCAATG

AAAAACGCGTACCGTTGTTATCAGAAATTC
AGAATGAAATGCTTGATACCGTCCCACCCGAAAAACTTATGAAGTTTGTCCGGATCCCCGGGTTAATTAA
AGTGTTCATTATTTTAAGTAGTTATATATTATATAATACAACCCCGATTAGAATTCGAGCTCGTTTAAAC
ATTGAAGCCAGGTTGGAAAAAGAGGCGAAAATCAAACAGGAAGAACGGATCCCCGGGTTAATTAA
ATATAGAGAAAGAAGAAATAAGTGAGGAAGCCAAAAGCGGACGAATTCGAGCTCGTTTAAAC

The bold italics indicate restriction sites.

3l

Y. Kato et al.



THYROID-TRH-TSH

Fragments of Genomic DNA Released by Injured Cells
Activate Innate Immunity and Suppress Endocrine
Function in the Thyroid

Akira Kawashima, Kazunari Tanigawa, Takeshi Akama, Huhehasi Wu,

Mariko Sue, Aya Yoshihara, Yuko Ishido, Kouji Kobiyama, Fumihiko Takeshita,
Ken J. Ishii, Hisashi Hirano, Hiroaki Kimura, Takafumi Sakai, Norihisa Ishii,
and Koichi Suzuki

Laboratory of Molecular Diagnostics (A K., K.T., T.A, HW., M.S., AY., Y.I, KS)), Department of
Mycobacteriology, Leprosy Research Center, National Institute of Infectious Diseases, Tokyo 189-0002,
Japan; Department of Molecular Biodefense Research (K.K., F.T.), Yokohama City University Graduate
School of Medicine, Yokohama 236-0004, Japan; Laboratory of Adjuvant Innovation (K.K., K.J.1),
Department of Fundamental Research, National Institute of Biomedical Innovation, Osaka 567-0085,
Japan; International Graduate School of Arts and Sciences (H.H.), Yokohama City University, Yokohama
230-0045, Japan; Area of Regulatory Biology (A.K., T.S.), Division of Life Science, Graduate School of
Science and Engineering, Saitama University, Saitama 338-8570, Japan; Division of Bioimaging Sciences
(H.K), Center for Molecular Medicine, Jichi Medical University, Shimotsuke 329-0498, Japan; and
Leprosy Research Center (N.1.), National Institute of Infectious Diseases, Tokyo 189-0002, Japan

Activation of innate and acquired immune responses, which can be induced by infection, inflam-
mation, or tissue injury, may impact the development of autoimmunity. Although stimulation of cells
by double-stranded DNA (dsDNA) has been shown to activate immune responses, the role of self-
genomic DNA fragments released in the context of sterile cellular injury is not well understood. Using
cultured thyroid cells, we show that cell injury prompts the release of genomic DNA into the cytosol,
which is associated with the production of type | interferons, inflammatory cytokines, and chemokines.
Molecules necessary for antigen processing and presentation to lymphocytes are also induced in thy-
roid cells by injury. dsDNA strongly suppressed the expression of sodium/iodide symporter and radio-
iodine uptake. To identify molecules responsible for sensing cytosolic dsDNA, we directly identified the
cellular proteins that bound a dsDNA Sepharose column by mass spectrometry. Our analysis identified
histone H2B, which was previously demonstrated to be an essential factor that mediates the activation
of innate immunity induced by dsDNA. Knockdown of histone H2B using specific small interfering RNA
abolished cell injury-induced innate immune activation and increased sodium/iodide symporter ex-
pression. These results indicate that genomic DNA fragments released by cell injury are recognized by
extrachromosomal histone H2B, which results in the activation of genes involved in both innate and
acquired immune responses in thyroid cells and suppression of thyroid function. These results suggest
thatsterile thyroid injury, in the absence of infection, may be sufficient to trigger autoimmune reaction
and to induce thyroid dysfunction. (Endocrinology 152: 1702-1712, 2011)

he thyroid gland is one of the major organs targeted for
Tautoimmune attack, resulting in the development of
Graves’ disease or Hashimoto’s thyroiditis. It is assumed
that autoimmune thyroid disease develops due to a com-
bination of genetic susceptibility and environmental fac-
tors (1). However, the precise etiology and factors that
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trigger autoimmunity remain largely unknown. It has re-
cently been well established that strong antigen-specific
immune activation, such as that seen in autoimmune dis-
eases, requires the prior activation of innate immunity (2).

Abbreviations: DNase, Deoxyribonuclease; DPBS, Dulbecco’s phosphate buffered saline;
dsDNA, double-stranded DNA; ES|, electrospray ionization; HRP, horseradish peroxidase;
IFN, interferon; IRF, interferon regulatory factor; MHC, major histocompatibility complex;
MS/MS, tandem mass spectrometry; NIS, sodium/iodide symporter; RIG-I, retinoic acid
inducible gene I; RP, reversed-phase chromatography; SCX, strong cation exchange chro-
matography; siRNA, smallinterfering RNA; ssDNA, single-stranded DNA; Tg, thyroglobulin;
ZBP1, Z-DNA binding protein 1.

Endocrinology, April 2011, 152(4):1702-1712
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Infection and/or cell injury trigger local innate immune
activation, and the role of bacterial or viral infection on
thyroid autoimmunity has been discussed previously. Mo-
lecular mimicry, antigen expression/spillage, and modifi-
cation of self-components have been thought to provide
the antigen-specific signals necessary for the induction of
autoimmunity rather than tolerance (2), as shown by the
possible role of Yersinia enterocolitica to induce Graves’
disease via molecular mimicry (3). Other reports have sug-
gested that viral infection triggers the expression of cyto-
kines and chemokines and major histocompatibility com-
plex (MHC) class I within locally infected tissues, which
may result in the presentation of self-antigens and the de-
velopment of autoimmunity in the absence of molecular
mimicry (4). However, it remains to be determined
whether infection is actually responsible for triggering thy-
roid autoimmunity or whether it is just an innocent by-
stander (5). It has been shown that immune reactions were
also induced in thyroid cells in cases of excessive iodine
intake, painless thyroiditis, or subacute thyroiditis (6-8).
Apoptosis or necrosis is also reported to relate to the de-
velopment of autoimmune thyroid diseases (9). All of
these situations may result in the release of autoantigens
and activation of immune responses, which in turn may
stimulate an autoimmune reaction.

It has been shown that intracellular molecules released
from dying or dead cells trigger sterile inflammation and
activate immune responses (10, 11). Among endogenous
molecules released from necrotic cells, genomic DNA was
shown to induce the maturation of dendritic cells and to
function as an adjuvant both iz vivo and in vitro (12).
Moreover, undigested genomic DNA in deoxyribonu-
clease (DNase) II knockout mice induced interferon
(IFN)-B and TNF-« and caused chronic polyarthritis (13).
In a previous study using thyroid cells, we demonstrated
that cell injury-induced MHC class II expression corre-
lated with the release of genomic DNA (14). This evidence
strongly suggests that genomic DNA released from injured
or dying cells facilitates the induction of innate and ac-
quired immune responses.

Recently, several proteins have been reported to play
roles in the recognition of double-stranded DNA (dsDNA)
that mediate innate immune activation. Those include Z-
DNA binding protein 1 [ZBP1, also known as DNA-de-
pendent activator of IFN-regulatory factors (DAI)] (15),
retinoic acid inducible gene I (RIG-I) (16, 17), absent in
melanoma 2 (AIM2) (18), and extrachromosomal histone
H2B (19). These reports have revealed that there are mul-
tiple recognition systems for sensing cytosolic dsSDNA and
that such systems may be different among species and cell
types. For example, ZBP1 physically interacts with ds-
DNA and activates downstream signaling molecules
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TANK binding kinase-1 (TBK1) and interferon regulatory
factor (IRF)-3. However, such effects were observed in
mouse L929 cells (15) but not reproduced in mouse em-
bryonic fibroblasts (20). RIG-I was reported to bind di-
rectly to dsDNA (16), whereas other investigators have
reported that the action is through an RNA intermediate
generated by RNA polymerase III transcription to induce
IFN-B (17, 21).

In this report, we show that thyroid cell injury results in
the release of genomic DNA fragments into the cytosol,
which activates genes involved in both innate and acquired
immune responses and suppresses thyroid endocrine func-
tion. We additionally show that extrachromosomal his-
tone H2B is the factor responsible in the thyroid for sens-
ing cytosolic DNA and mediating its action.

Materials and Methods

Cell culture and reagents

FRTL-5 rat thyroid cells were grown in Coon’s modified
Ham’s F-12 medium containing 5% heat-treated, mycoplasma-
free bovine serum (Invitrogen, Carlsbad, CA) and a mixture of
six hormones (6H) containing bovine TSH (1 mU/ml), insulin
(10 pg/ml), hydrocortisone (0.36 ng/ml), transferrin (5 pg/ml),
glycyl-L-histidyl-L-lysine acetate (2 ng/ml), and somatostatin (10
ng/ml) as described (14). These reagents were purchased from
Sigma-Aldrich (St. Louis, MO).

Cell injury

FRTL-5 cells suspended in Dulbecco’s phosphate buffered
saline (DPBS) were pulsed with a Gene Pulser (Bio-Rad Labo-
ratories, Hercules, CA) set at 0.5 kV and at capacitance 0f 0, 250,
500, 750, and 1000 uF or pulsed twice with a capacitance of
1000 uF. Cells were washed with the medium and then cultured
in a 10-cm? dish. Alternatively, cell damage was induced by
removing culture medium and incubating at 37 C in a humidified
5% CO, incubator for 30 min. Cells were then cultured in cul-
ture medium up to 48 h.

Isolation of cytosol DNA fractionations by sucrose
density-gradient centrifugation

Cytosolic DNA was prepared by modifying a method to pre-
pare nuclear proteins (14, 22). Cells were centrifuged for 1 min
in a microcentrifuge, then suspended in 500 ul of 0.3 M sucrose,
2% Tween-40, 10 mm HEPES KOH (pH 7.9), 10 mm KCl, 1.5
mM MgCl,, and 0.1 mMm EDTA and homogenized with pipetting
50 times with a yellow tip. The homogenate was overlaid on 500
wl of 1.5 M sucrose, 10 mm HEPES KOH (pH 7.9), 10 mm KCl,
1.5 mM MgCl,, and 0.1 mm EDTA and centrifuged at 13,200
rpm for 10 min. The upper layer (~400 ul) was transferred to
another tube, and cytosolic DNA was purified by phenol/chlo-
roform extraction and ethanol precipitation. RNA was removed
by incubating in 300 pl of 300 mM NaCl, 10 mm Tris-HCI (pH
7.4), 5 mm EDTA (pH 7.5), 40 pg/ml RNaseA (TAKARA BIO,
Otsu, Japan) at 37 C for 30 min. Solution was again purified with
phenol/chloroform extraction and ethanol precipitation, and the
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TABLE 1. PCR primer sequences

Gene name Forward primer (5'-3') Reverse primer (5'-3’) Length (bp)
IFN-8 ACATTGCGTTCCTGCTGTGC GCTCTTCAAGCCTAAAGTAGTCGTG 404
TNF-« TCTCATCAGTTCCATGGCC TGACTTTCTCCTGGTATGAAATGG 302
-6 TTCCAGCCAGTTGCCTTCTTGG GGCATAGCACACTAGGTTTGCC 623
RFX5 TCTTGAAGCGGTCCTTCAGT AGCTCGGGCTTCTAGCTCTT 245
CIITA AGTTTCCATCCGTGGAAGTG GTGGCAGCTCCTTGTCTTTC 159
MHC class | GATGTATGGCTGTGACGTGG ACACGGCATGTGTAATTCTGC 492
MHC class Il AGCAAGCCAGTCACAGAAGG GATTCGACTTGGAAGATGCC 546
CDh40 TGTTGCACAGGAGGATGGTA CAGCACAAGCCACAAGTCAT 375
CD54 AGCCTCAGGCCTAAGAGGAC AGGGGTCCCAGAGAGGTCTA 496
CD80 TTACAGTTGCCAGCTGATGC ATGTTGGGGGTAGGGAAGTC 450
CD86 GTTCCTGTGAAGAGGCAAGC AGGTTTCGGETATCCTTGCT 429
cc2 TAGCATCCACGTGCTGTCTC TGAGGTGGTTGTGGAAAAGA 358
cCl4 CTCTCTCCTCCTGCTTGTGCG CACAGATTTGCCTGCCTTTT 200
ccLs CCTCACCGTCATCCTCGTTG TTCTTGAACCCACTTCTTCTCTGG 229
(@ (@A) CTCATGGGCATCATCTTCCT TCAGCTTCTTCACCCTTGCT 232
CcXcLio TCCGCATGTTGAGATCATTGCC TTTGCCATCTCACCTGGACTGC 541
CXCL11 CCCTGGCTATGATCATCTGG CCAGGCACCTTTGTCCTTTA 201
B-Actin AGCCATGTACGTAGCCATCC TGTGGTGGTGAAGCTGTAGC 220
VEGF promoter AATGCTAGCCAGGCTATGGACCCTGGTAA AATCTCGAGCAAGCCTCTGCGCTTCTC 186

DNA concentration was quantified using a NanoVue spectrom-
eter (GE Healthcare, Little Chalfont, UK).

Transfection of double-stranded or single-stranded

nucleic acids

One microgram of each synthetic DNA or RNA was mixed
with 3 pl of Fugeneé6 transfection reagent (Roche Diagnostics,
Basel, Switzerland) and 100 ul of serum-free medium and then
incubated for 45 min at room temperature. FRTL-5 cells
grown in six-well plastic plates (Greiner Bio One, Kremsmiin-
ster, Austria) to about 50% confluency were washed, and 100
ug of premade transfection mixture was added with 1 ml of
serum-free medium. Cells were incubated for 6hat 37 Cina
CO, incubator before medium was replaced with normal cul-
ture medium containing serum. Cells were further incubated
until mRNA or protein was extracted. Synthetic polynucle-
otides, poly(deoxyadenosine), poly(deoxyadenosine-de-
oxythymidined), poly(adenosine), and poly(inosine-cytosine)
were purchased from GE Healthcare.

Total RNA isolation, RT-PCR, and quantitative real-

time PCR

Total RNA was isolated from FRTL-5 cells using RNeasy
Mini kits (QIAGEN, Hilden, Germany) with minor modifica-
tions of the manufacturer’s protocol as described (23). To re-
move genomic DNA, RNA samples were incubated with DNase
I (TAKARA BIO) at 37 C for 30 min. RNA was then purified by
phenol/chloroform extraction and ethanol precipitation. One
microgram of total RNA was reverse transcribed into cDNA
using a High-Capacity cDNA Reverse Transcription Kit (Ap-
plied Biosystems, Foster City, CA). Touchdown PCR was per-
formed using TaKaRa Ex Tag Hot Start version (TAKARA BIO)
under the following conditions: 5§ min at 94 C; 20 cycles of 30 sec
at 94 C, 30 secat 65-55 C (decreased in steps of 0.5 Clcycle until
a temperature of 55 C was reached), 30 sec at 72 C; and then an
additional 10-20 cycles (depending on the primer) of 30 sec at
94 C,30secat 55C,30secat 72 C,and 7 min at 72 C. The PCR
were separated by agarose gel electrophoresis, and the DNA

bands were visualized under UV light. The PCR primers are listed
in Table 1.

Quantitative real-time PCR was performed using TagMan
Gene Expression Master Mix (Applied Biosystems) on the ABI
7000 Real-Time PCR System (Applied Biosystems). The primers
for sodium/iodide symporter (NIS) (Rn00583900_m1), thyro-
globulin (Tg) (Rn00578496_m1), and B-actin (435293 1E) were
from Applied Biosystems. PCR conditions were follows: 2 min at
50 C, 10 min at 95 C, and 40 cycles of 15 sec at 95 C and 1 min
at 60 C. B-Actin was used as an endogenous reference to calculate
the relative expression levels of target genes according to Applied
Biosystems’ instructions.

Plasmid construction, transient transfection of
plasmid, and reporter gene assay

pGL3 rat IFN-B was constructed using the rat [FN-$ promoter
region ~173 to —31 (relative to the translation initiation site),
which was PCR amplified from rat genomic DNA using the fol-
lowing primers, 5'-AATACGCGTAATGACAGAGGAAAACT-
GAAAGG-3' (forward) and 5'-AATAGATCTTGCACGAT-
GAGGCAAAGG-3' (reverse). The PCR product was introduced
into the Mlul-Bglll site of the pGL3 basic luciferase reporter plas-
mid (Promega, Madison, WI). Plasmid DNA was purified with the
EndoFree Plasmid Maxi Kit (QIAGEN). The DNA sequence was
analyzed using an ABIPRISM 310 Genetic Analyzer and GeneScan
Collection software (Applied Biosystems).

FRTL-5 cells (1 X 10*) plated on poly-p-lysine-coated 24-
well plates (Greiner Bio One) were transfected with 0.3 ug of
pGL3 rIFN-B using Fugene6 (Roche Diagnostics). Cells were
then stimulated with 0.3 pg/500 ul per well of dsDNA or
dsRNA, and the IFN-B promoter assay was performed with
Bright-Glo Luciferase assay systems (Promega) 12 h after
transfection. Luciferase activity was measured by FLUOstar
galaxy (BMG LABTECH JAPAN, Saitama, Japan), and the
data were normalized to corresponding protein concentra-
tions, which was determined using a Bio-Rad DC Protein As-
say Kit (Bio-Rad).
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lodide uptake

Iodide uptake was measured as described previously (24).
Briefly, the culture medium was aspirated from FRTL-5 cells
grown in 24-well plates and washed with Hanks’ balanced salt
solution [137 mm NaCl, 5.4 mm KCl, 1.3 mm CaCl,, 0.4 mm
MgSO,, 0.5 mM MgCl,, 0.4 my Na,HPO,, 0.44 mm KH,PO,,
and 5.55 mm glucose with 10 mm HEPES buffer (pH7.3)]. Cells
were incubated with 0.1 wCi carrier-free '**Iat 37 C for 40 min
and then washed with ice-cold DPBS and lysed with ice-cold
ethanol by placing them at —20 C for 20 min, at which point the
radioactivity of the iodide taken up by the cell was measured.

Isolation of dsDNA-binding molecules and
electrospray ionization (ESI)-tandem mass
spectrometry (MS/MS) analysis

Cytosolic proteins from FRTL-5 cells were prepared as pre-
viously described (14). Briefly, 5 X 10° cells were washed with
DPBS and then lysed in 50 mm HEPES, 150 mm NaCl, 5 mm
EDTA, 0.1% Nonidet P-40, and 20% glycerol in the presence of
protease inhibitor cocktail (Complete Mini; Roche Diagnostics).
After dialysis against 20 mm Tris-HCI (pH 8.0), 50 mm NaCl, 1
mM EDTA, and 1 mM B-mercaptoethanol, 4 ml of protein sam-
ples was mixed with 1.5 ml of single-stranded DNA (ssDNA)
Sepharose, which was prewashed and equilibrated with equili-
bration buffer [20 mm Tris-HCI (pH 8.0), 50 mM NaCl, 1 mm
EDTA, 1 mM B-mercaptoethanol, 10% glycerol, and 100 ug/ml
BSA] at 4 C for 8 h. Samples were then applied to a column and
washed with 3 ml of equilibration buffer, and flow-through frac-
tions were collected as ssDNA-unbound samples. The samples
were then mixed with dsDNA Sepharose, which was pretreated
as ssDNA Sepharose, at 4 C for 24 h and applied on a column,
washed with 5 ml of equilibration buffer four times, eluted with
elution buffer [20 mm Tris-HCI (pH 8.0), 1 MNaCl, 1 mMEDTA,
and 1 mMm B-mercaptoethanol], and then concentrated by Cen-
tricon columns (Millipore, Billerica, MA).

The sample was reduced in 20 mM ammonium bicarbonate
buffer (pH 8.0) containing 5 mm dithiothreitol at 80 C for 20 min
and alkylated using 10 mum iodoacetamide at 37 C for 30 min in
the same buffer, and then 1:50 (wt/wt) trypsin was added and
incubated at 37 C for 3 h. After incubation, the same amount of
trypsin was added and further incubated at 37 C for 12 h. The
digestion was stopped by adding formic acid to a final concen-
tration of 0.1%. Digested peptides were fractionated by strong
cation exchange chromatography (SCX) followed by reversed-
phase chromatography (RP). An online nano liquid chromatog-
raphy system (Dina System; KYA Technologies, Tokyo, Japan)
was used for high-efficiency two-dimensional liquid chromatog-
raphy experiments, with a 35 X 0.32 mm inner diameter SCX
column (containing polysulfoethy! aspartamide-bonded silica
particles), a 1.0 X 0.5 mm inner diameter RP trap column (con-
taining C18 silica particles), and a 50 X 0.15 mm inner diameter
RP separation column (containing C18 silica particles). The pep-
tides were loaded onto the SCX column and washed with solvent
A (0.1% vol/vol formic acid). The peptides were separated into
four fractions: an unbound fraction and three eluted fractions
with 50, 100, and 500 mM ammonium acetate. The peptides in
each fraction were trapped on the online-connected RP trap col-
umn. Desalted peptides on the trap column were eluted from the
trap column and fractionated by the RP separation column.

The peptides eluted from the RP column were analyzed by a
quadrupole-time-of-flight mass spectrometer (Q-Tof Ultima;
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Waters-Micromass, Manchester, UK) with a heated capillary
temperature of 150 C and an ESI voltage of 2.0 kV. An online
nanospray emitter (New Objective, Woburn, MA) was con-
nected to the outlet of the RP separation column for ESL The
operation protocols were followed according to the manufac-
turer’s specifications. The Mascot program (Matrix Science,
Boston, MA) was used for peptide and protein identification by
searching against the Swiss-Prot database. The peptide tolerance
and MS/MS tolerance were set to 2.0 and 0.8 Da, respectively.

RNA interference

RNA interference of histone H2B mRNA was performed as
described (19). dsRNA was chemically synthesized by Invitrogen
(stealth RNAi). Sequences of each RNA were as follows: histone
H2BI116 sense, 5'-CGGUGUACGUGUACAAGGUGCUGAA-3';
histone H2BI169 sense, 5'-UCCAAGGCCAUGGGCAUCA-
UGAACU-3’; and histone H2BI340 sense, 5'-GGCAC-
CAAGGCAGUCACCAAGUACA-3'. The cells (1 x 10°)
were transfected with 50 nMm of each dsRNA using Lipo-
fectamine RNAIMAX transfection reagent (Invitrogen) ac-
cording to the manufacturer’s protocol.

Western blotting analysis

Samples were prepared and blotting was performed as pre-
viously described (24), with minor modifications. To analyze
cytosolic histone H2B, the cytosol fraction was isolated as de-
scribed (25). Briefly, cells were lysed in 0.1% Nonidet P-40 lysis
buffer and incubated at 4 C for 10 min. Nuclei were pelleted by
centrifugation at 1000 rpm for 5 min; the cytosolic fraction was
further clarified by centrifugation at 14,000 rpm for 10 min.
Samples were mixed with 4X lithium dodecyl sulfate sample
buffer and 10X reducing agent (Invitrogen) and incubated for 10
min at 70 C before electrophoresis. Proteins were separated on
NuPAGE 4-12% Bis Tris Gel and transferred using an i-Blot Gel
Transfer Device (Invitrogen). Membranes were washed with PBS
with 0.1% Tween 20, incubated overnight in blocking buffer
(3% bovine serum in PBS with 0.1% Tween 20), and then in-
cubated with goat polyclonal anti B-actin (Santa Cruz Biotech-
nology, Santa Cruz, CA) or mouse monoclonal anti-histone H2B
antibody (BioVision, Mountain View, CA) (dilution 1:1000) for
1 h at room temperature. Membranes were incubated with
horseradish peroxidase (HRP)-linked antigoat IgG (GE Health-
care) or HRP-linked antimouse IgG (Millipore) (dilution
1:10000) for 1 h at room temperature. Membranes were incu-
bated with streptavidin-peroxidase (dilution 1:10,000) for 1 hat
room temperature. HRP was revealed using the Amersham ECL
Plus Western Blotting Detection System (GE Healthcare).

Results

Fragments of genomic DNA are present in the
cytosol of thyroid cells after cell injury

It was previously demonstrated using PCR analysis that
cell injury resulted in the release of genomic DNA frag-
ments (14). However, subcellular localization and the
amount of such genomic DNA were not clear. To further
evaluate the release of genomic DNA fragments into the
cytosol after cell injury, FRTL-S thyroid cells were ex-
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FIG. 1. Thyroid cell injury induced by electric pulse results in the
release of genomic DNA into the cytosol. FRTL-5 cells were pulsed
once with a Gene Pulser (Bio-Rad) at 0.5 kV and a capacitance of 0,
250, 500, 750, or 1000 uF or pulsed twice with a capacitance of 1000
WF. The cytosolic DNA fraction was isolated by sucrose density-gradient
centrifugation as described in Materials and Methods. A, Agarose gel
(0.8%) electrophoresis of the purified cytosolic DNA fraction of injured
cells. Purified genomic DNA (gDNA) from intact FRTL-5 cells served as a
positive control. B, Cytosolic DNA purified from each sample (1 X 107
cells) was suspended in 30 pl, and the concentration (conc) was
measured using a NanoVue spectrophotometer (GE Healthcare).
Typical results from at least four different experiments using different
batches of cells are shown. Genomic DNA from intact FRTL-5 cells
served as a positive control. DNA samples were analyzed by
electrophoresis on 2% agarose gels. Genomic DNA was purified using
QlAamp DNA Mini Kits (QIAGEN). DNA marker is a ABstP! digest (A)
(TAKARA BIO).

posed to progressively higher levels of electric pulsing.
The cytosolic fraction was isolated using sucrose den-
sity-gradient centrifugation, and DNA fragments were
purified by a phenol/chloroform extraction and ethanol
precipitation followed by ribonuclease treatment. Aga-
rose gel electrophoresis clearly demonstrated the ap-
pearance of DNA fragmentsin the cytosol in correlation
with the degree of cell injury, which was observed as a
smear pattern in the gel (Fig. 1A). The DNA concen-
tration in the cytosolic preparation, as measured by an
absorption spectrometer, increased significantly by cell
injury (Fig. 1B), and a PCR analysis of the promoter
sequence of vascular endothelial growth factor (VEGF)
confirmed the appearance of genomic DNA in the cy-
tosol after cell injury (Supplemental Fig. 1, published on
The Endocrine Society’s Journals Online web site at
http://endo.endojournals.org).

Cell injury activates genes involved in both innate
and acquired immune responses in thyroid cells

It has been demonstrated that stimulating cells with
synthetic dsDNA or dsRNA polynucleotides activates in-
nate and acquired immune responses in various cell types,
including thyrocytes (14, 26). To further elucidate
whether the sterile cell injury, i.e. no exogenous DNA or
RNA exists, activates an innate immune response in the
thyroid, we performed RT-PCR analysis of various
chemokines, inflammatory cytokines, and type I IFNs af-
ter electric pulsing of FRTL-S cells. Stimulation of cells
with synthetic dsDNA or dsRNA served as controls. Cell
injury clearly activated gene expression of IFN-g, TNF-q,
and IL-6 as well as CC chemokine (CCL2, CCL4, and
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FIG. 2. Cell injury activates innate and acquired immune responses in
thyroid cells. FRTL-5 cells were electrically pulsed once with 0.5 kV at a
capacitance of 500 pF. Total RNA was isolated at the indicated time
after stimulation, and RT-PCR was performed. FRTL-5 cells transfected
with dsDNA or dsRNA in six-well plates served as controls. Typical
results from at least four different experiments on different batches of
cells are shown. A, RT-PCR analysis of genes related to innate
immunity after cell injury. B, FRTL-5 cells were first transfected with a
rat IFN-B promoter luciferase reporter gene and incubated for 24 h.
Transfected cells were then electrically pulsed once with 0.5 kV at
capacitances of 0, 250, 500, 750, and 1000 uF and incubated for
another 24 h. Luciferase activity was expressed as means + sp of
relative light units (RLU) from four samples. *, P< 1 X 1072 **, p <
1 X 1073 *** P =1 X 10~® compared with the control. C, RT-PCR
analysis of genes related to acquired immunity after cell injury.

CCLS5) and CXC chemokine (CXCL9, CXCL10, and
CXCL11) families in the thyroid cells in the absence of
either pathogens or immune cells (Fig. 2A). Because IFN-
is one of the most typical factors that determine innate
immune activation, we examined activation of its pro-
moter after cell injury induced by electric pulsing. Rat
IFN-B promoter activity, as measured by a luciferase re-
porter gene assay, significantly increased in correlation
with an increasing degree of cell injury induced by electric
pulsing (Fig. 2B). Similar inductions of genes associated
with innate immune responses were detected when cell
injury was induced by removing cell culture medium for 30
min, although the induction was weaker than with electric
pulsing (Supplemental Fig. 2). This evidence indicates that
the observed activation of genes associated with innate
immunity was general to cell injury but not specific to
electric pulsing. In addition to the innate immune activa-
tion of thyroid cells, molecules necessary for antigen pro-
cessing and presentation were also induced after cell in-
jury, including MHC class I and class IT and costimulatory
molecules CD80 (B7.1) and CD86 (B7.2), cell adhesion
molecules CD40 and CD54 [intercellular adhesion mole-
cule-1 (ICAM-I)] that binds to CD154 (CD40 ligand) and
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CD11/CD18 (B2-integlins), and essential transcriptional
activators for MHC genes, e.g. regulatory factor X, 5
(RFXS5), and class II transactivator (CIITA) (Fig. 2C).

Cell injury-induced gene expression related to innate
and acquired immune responses was similar to that in-
duced by transfecting synthetic polynucleotides, such as
dsDNA and dsRNA; however, induction of IFN-B,
TNF-a, CXC chemokines, and CD40 was weaker in cell
injury than that observed with dsDNA/dsRNA transfec-
tion (Fig. 2, A and C). In addition, there were some notable
features specific to cell injury. For example, cell injury
induced MHC class II expression in 6 h, which was faster
than exogenous dsDNA/dsRNA transfection, and the in-
duction of CD80 by cell injury was much stronger than
that of dsDNA/dsRNA (Fig. 2C). These differences sug-
gest that cell injury may preferentially activate the MHC
class II pathway to present antigen compared with the
activation introduced by exogenous nucleic acids, e.g. in
the event of viral infection.

dsDNA suppresses iodide uptake and RNA
expression of NIS and Tg

It has been previously shown that thyroid hormone syn-
thesis and gene expression are suppressed when immune
activation was induced in the thyroid (26, 27). To inves-
tigate whether dsDNA or dsRNA affects thyroid endo-
crine function, we analyzed '*°I uptake in FRTL-S cells
after transfection of single-stranded or double-stranded
nucleic acids. Both dsDNA and dsRNA significantly sup-
pressed '2°I uptake of FRTL-5 cells, whereas ssDNA or
ssRNA did not (Fig. 3A). mRNA levels of NIS, which is
responsible for iodide uptake, were significantly sup-
pressed by cell injury or by transfection of dsDNA or
dsRNA (Fig. 3B). In addition to NIS mRNA, Tg mRNA
levels were also significantly decreased by cell injury (Sup-
plemental Fig. 3). However, expression of other thyroid-
specific genes and transcription factors was not signifi-
cantly affected by dsDNA (Supplemental Fig. 4). These
results suggest that when thyroid cell injury occurs and
fragments of genomic DNA are released, iodide uptake
and its organification to Tg will be suppressed, by which
the synthesis of thyroid hormone will also be reduced.

Extrachromosomal histone H2B mediates innate
immune response gene expression induced by cell
injury

To determine the specific molecules responsible for
genomic DNA-mediated actions in FRTL-S thyroid cells,
we attempted to identify cytosolic proteins that directly
bind to dsDNA. To do this, all FRTL-5 cytosolic proteins
that passed through a ssDNA Sepharose column and ab-
sorbed to dsDNA Sepharose columns were purified and
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FIG. 3. Cell injury suppresses iodide uptake and NIS expression. A,
FRTL-5 cells were transfected with ssDNA [poly(deoxyadenosine)],
dsDNA [poly(deoxyadenosine-deoxythymidine)], ssRNA
[poly(adenosine)], or dsRNA [poly(inosine-cytosine)], and radiciodine
uptake was evaluated 72 h later as described in Materials and
Methods. Data represent mean = sb of four samples. B, Quantitative
real-time PCR analysis of NIS transcripts in FRTL-5 cells 12 h after cell
injury (0.5 kV, 500 wF). FRTL-5 cells transfected with dsDNA or dsRNA
in six-well plates served as controls. Results are displayed relative to the
original levels. Data represent mean = sp of six samples. *, P <
1X107% ** P =1 X 107° compared with the control.

subjected to ESI-MS/MS analysis. As a result, three kinds
of histones, i.e. histone H1d, histone H2B, and similar to
CG31613-PA (histone H3c), were identified to have sig-
nificantly high Mascot (probability) scores (Table 2). We
previously identified extrachromosomal histone H2B, but
not H1 or H3, as a factor that senses intracellular dsDNA
and mediates innate antiviral immune responses using an
expression cloning strategy in HEK293T human kidney
cells (19). Thus, results obtained from these two indepen-
dent approaches imply that histone H2B physically asso-
ciates with dsDNA in rat thyroid cells and functionally
activates the IFN-B promoter in human kidney cells after
dsDNA stimulation.

We next investigated whether histone H2B mediates
dsDNA-induced IFN-B expression in FRTL-5 cells. To do
this, small interfering RNA (siRNA) for histone H2B was
used to knock down endogenous histone H2B in FRTL-5
cells. Transfection of H2B siRNA significantly suppressed
the level of endogenous histone H2B protein in the cytosol
(Fig. 4A). We then examined the effect of H2B knockdown
on rat IFN-B promoter activation induced by dsDNA in
FRTL-S cells. As expected, transfection with histone H2B
siRNA significantly suppressed IFN-B promoter activa-
tion induced by dsDNA, but not by dsRNA transfection
(Fig. 4B), indicating that the function of histone H2B is
specific to DNA. We then introduced cell injury after
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TABLE 2. Time-of-flight mass spectrometry analysis of proteins bound to dsDNA but not to ssDNA

Mascot score Accession no.

Name

Similar to arginine-rich, mutated in early stage tumors; EST D17914 (R. norvegicus)
Heterogeneous nuclear ribonucleoprotein A1 isoform a; nuclear ribonucleoprotein

Similar to 25-kDa FK506-binding protein (R. norvegicus)
Similar to RIKEN cDNA 1110018B13 (R. norvegicus)

Succinate-CoA ligase, GDP-forming, « subunit (R. norvegicus)
High-mobility group box 1; high mobility group protein 1 (M. musculus)

Similar to high mobility group protein 1 (HMG-1) (Amphoterin) (heparin-binding
Similar to cell division cycle associated 3; gene rich cluster, C8 gene; trigger
ATPase inhibitor; ATPase inhibitor (rat mitochondrial IF1 protein) (R. norvegicus)
Similar to L-lactate dehydrogenase A chain (LDH-A) (LDH muscle subunit) (LDH-M)
Similar to high mobility group 1 protein (R. norvegicus)

Nucleic acid binding factor pRM10 (R. norvegicus)
Telomeric and tetraplex DNA binding protein qTBP42 V, rat (fragment)

419 gi 92378 Histone H1d - rat
401 gi 34876364 Similar to CG31613-PA (Rattus norvegicus)
369 gi 223096 Histone H2B
91 gi 34865887
85 gi 4504445
particle A1 protein
83 gi 6677775 Ribosomal protein L22 (Mus musculus)
82 gi 2143784 Histone H2A.1, rat
78 gi 27664664
73 gi 27686041 Similar to histone H1 (R. norvegicus)
71 gi 27687007
68 gi 6681095 Cytochrome ¢, somatic (M. musculus)
68 gi 16758586
67 gi 6754208
67 gi 67548 Trypsin (EC 3.4.21.4) Il precursor, rat
64 gi 34857241
protein p30) (R. norvegicus)
63 gi 34875750
of mitotic entry 1
62 gi 6978563
58 gi 12025520 Testis-specific histone 2a (R. norvegicus)
57 gi 34865253
(R. norvegicus)
56 gi 34852512 Similar to macroH2A2 (R. norvegicus)
54 gi 34878086
53 gi 4378711
53 gi 7446334
53 gi 34875658 Similar to ALY (R. norvegicus)

transfection of control or H2B siRNA. Histone H2B
knockdown significantly suppressed cell injury-induced
IFN-B promoter activation (Fig. 4C). Similarly, the IFN-3
and IL-6 mRNA levels that were induced by cell injury
were reduced by H2B siRNA (Fig. 4D). In addition, the
NIS mRNA levels that were reduced by cell injury were
ameliorated by H2B siRNA (Fig. 4E), although radioio-
dine uptake was difficult to measure after cell injury (data
not shown). These results suggest that histone H2B actu-
ally mediates innate immune activation, which was trig-
gered by genomic DNA released by cell injury in FRTL-§
thyroid cells.

Discussion

It was previously demonstrated that thyroid cells are ca-
pable of activating innate and acquired immune responses
without interacting with immune competent cells such as
macrophages and lymphocytes (14, 28, 29). In such cases,
various pathogen-associated molecular patterns, such as
lipopolysaccharide, dsSDNA, and dsRNA, were thought to
function as exogenous adjuvants to activate immune re-
sponse (14, 26, 30). However, clinical observations have
suggested that immune responses were similarly activated
without evidence of infection (31-34). Potential endogenous

adjuvants in the thyroid, which may be released in the con-
text of tissue damage that can activate innate immune re-
sponses, are not well understood. In this study, we have
shown that thyroid cell injury induced under sterile condi-
tions activates genes involved in both innate and acquired
immune responses and suppresses thyroid function. We then
determined that fragments of genomic DNA released into the
cytosol of injured cells, which is recognized by extrachromo-
somal histone H2B, are the factors responsible for these effects.

Genomic DNA is normally sequestered in the nucleus
but can be released when cells undergo necrosis or apo-
ptosis. It has been shown that dsDNA derived from host
cells or pathogens or those chemically synthesized can sim-
ilarly activate both immune cells (macrophages or den-
dritic cells) and nonimmune cells (fibroblasts, myocytes,
or thyroid cells) when introduced into the cytosol (12, 14,
35). The action is not dependent on DNA sequence but
does require a double-stranded helical structure (14), es-
pecially right-handed B-form DNA (35). dsDNA activates
a set of genes, including those encoding MHC, costimu-
latory molecules, transporter associated with antigen pro-
cessing (TAP1), and immunoproteasome subunits large
multifunctional protease 2, as well as the signal transducer
and activator of transcription 1 (STAT1), IRFs, and pro-
tein kinase R (PKR) (12, 14).
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FIG. 4. Histone H2B mediates cell injury-induced IFN-B expression in
rat thyroid FRTL-5 cells. A, Effect of siRNA targeting histone H2B to
reduce cytoplasmic H2B protein levels was evaluated by immuno-
blotting analysis using anti-H2B or antiactin antibodies 48 h after
transfection. B, Effect of histone H2B siRNA was examined for rat IFN-
B promoter activity in cells stimulated with dsDNA or dsRNA. Data
represent mean = sb of four samples. C, Effect of histone H2B siRNA
on rat IFN-B promoter activity in cells injured by electric pulsing with
0.5 kV, 500 wF. Luciferase assay was performed 12 h after cell injury.
Data represent mean * sp of four samples. D, RT-PCR analysis for IFN-
B and IL-6 expression induced by cell injury for 12 h with or without
histone H2B siRNA treatment. E, Quantitative real-time PCR analysis of
NIS transcripts in FRTL-5 cells 48 h after cell injury (0.5 kV, 500 uF)
with or without histone H2B siRNA treatment. Data represent mean %=
sp of six samples. *, P =< 1 X 1072 compared with the control.

Our data indicate that genomic DNA fragments released
from injured or apoptotic cells act as a danger signal to alert
the host immune system. This phenomenon is corroborated
by an observation of liver macrophages in DNase II-deficient
mice that underwent lethal anemia in embryos (36). A large
amount of IFN-B was produced by these macrophages, as-
sociated with an accumulation of undigested DNA derived
from phagocytosed nuclei of erythroblasts. Conditional
DNase II-deficient mice that have survived lethal embryonic
anemia develop rheumatoid arthritis-like symptoms and ex-
hibited hyperproduction of proinflammatory cytokines,
such as TNF-a, IL-1, IL-6, and IL-10 as well as type I IFNs
(13). In addition, DNase I-deficient mice showed classical
symptoms of systemic lupus erythematosus, including pro-
duction of antinuclear antibodies against genomic DNA and
nucleosomes (37). DNase IlI-deficient mice developed in-
flammatory myocarditis (38). The fact that fragments of ds-
DNA have an adjuvant effect iz vivo and induce MHC ex-
pression in various cell types (12, 14) may support the
development of these phenotypes in the mice where genomic
DNA cannot be properly digested and remained excessively
within cytosol.

Recently, several proteins have been reported as can-
didates that recognize cytosolic dsDNA and induce IFN-8
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expression, such as ZBP1 (15), RIG-I (16, 17), and extra-
chromosomal histone H2B (19). Although these mole-
cules seem to be involved in the recognition of cytosolic
dsDNA, it is plausible to suppose that the functions are
different among species and cell types. In this study, we
have comprehensively determined the cytosolic molecules
that physically bind to dsDNA using mass spectrometry.
We have successfully identified histone H2B, which has
also been reported to be a mediator of dsDNA action by
interacting with IFN-B promoter stimulator-1, an essen-
tial adaptor molecule, in human cells (19), as a responsible
molecule that physically binds to dsDNA and functionally
mediates the activation of inflammatory genes in thyroid
cells.

It is well known that histone H2B is usually assembled
in the nucleosome with genomic DNA as a core histone.
However, it is also known that histone exchange and de-
position often take place in living cells and that histones
have functions other than nucleosome assembly. Thus, an
exchange of histone H2A/H2B and nucleosome sliding
mediated by nucleosome assembly protein 1 increases
chromatin fluidity (39). It was demonstrated that histone
H2A.X is phosphorylated by responding to dsDNA
breaks (40). Also, histone H1.2 was shown to be a cyto-
chrome c-releasing factor that appears in the cytoplasm
after exposure to x-ray irradiation (41). This evidence sup-
ports the idea that histone H2B can be released from the
nucleosome and recognizes extrachromosomal genomic
DNA fragments in the cytosol, which activates signal
transduction pathways (19). Further investigation of the
function of extrachromosomal histone H2B will help in
understanding the biological relevance of DNA-sensing
mechanisms in the cytosol.

Aberrant MHC class IT expression has been reported in
various autoimmune target tissues, including thyroid fol-
licular cells in Graves’ disease patients (42). Our results
suggest that cell injury activates the intrinsic MHC class IT
pathway in the thyroid cells, which in turn may contribute
to the presentation of thyroid autoantigens that may trig-
ger autoimmune responses. In an animal model for
Graves’ disease, it was demonstrated that the TSH recep-
tor-stimulating antibody that causes Graves’ disease was
produced only when MHC class I and TSH receptor were
coexpressed in the same cell (43). It was also shown that
double-transgenic mice expressing costimulatory B7 and
TNF-« in the pancreatic islet cells developed autoimmune
diabetes (44). Furthermore, MHC class II-producing
hepatocytes with costimulatory B7 molecules on their sur-
face could present antigen and activate CD4 T cells (45).
We have demonstrated that genomic DNA fragments re-
leased by cell injury are the factors responsible for the
activation of intrinsic immune function of the thyroid.
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Etiology of autoimmune diseases largely remains a
mystery. Infections and injuries often precede autoim-
mune attack, but how those events make the immune sys-
tem attack its own tissue is still unclear. Increasing evi-
dence supports the ability of infection or cell damage to
activate intracellular signaling cascades and to increase
MHC gene expression in nonimmune cells (2, 10, 46). Our
previous and present findings uncover a novel mechanism
of misplaced DNA in double-stranded form (dsDNA) in
the cytosol to lead cells to present self-antigen and to rally
the immune system (12, 14, 35). Our results support the
hypothesis that factors released by dying host cells facil-
itates the induction of immunity against foreign and/or
self-antigens (10).

Based on the present and previous observations (12, 14,
19, 35), we propose the following consequences. Thyroid
cell damage prompts the release of genomic DNA frag-
ments that will leak into or be endocytosed by neighboring
cells. Extrachromosomal histone H2B binds to exposed
dsDNA in the cytosol through COOH-terminal importin
9-related adaptor organizing histone H2B and IFN-g pro-
moter stimulator-1 (CIAO) (19) and then signals such as
IRF and nuclear factor-«B are activated (47). These result
in the production of type I IFNs, proinflammatory cyto-
kines, and chemokines, which not only recruit and activate
immune cells but also stimulate thyroid follicular cells in
an autocrine and/or paracrine manner to induce MHC
expression. We have previously shown that dsDNA acti-
vates all the essential genes necessary for antigen process-
ing and presentation and induces cell surface MHC ex-
pression (12, 14, 35). When these events take place in
addition to the autoimmune-prone genetic factors such as
MHC haplotype and other environmental factors (1), a
vicious circle of autoimmune reaction may be initiated.
Ligation of Fas and Fas ligand results in apoptotic suicide
or fratricide of thyrocytes (9).

It is noteworthy that cell injury induced MHC class I
expression faster than exogenous dsDNA/dsRNA stimu-
lation and induced much stronger expression of costimu-
latory molecules. Although proximaland distal promoters
are required to activate MHC class IT expression (48), such
a fast induction may suggest the existence of other mech-
anisms that are responsible for the MHC class II tran-
scription, such as epigenetic activation (49). Whether or
not histone H2B plays a role in this regard is under inves-
tigation in our laboratory.

Cell injury selectively suppressed the mRNA expres-
sion of NIS and Tg among thyroid-specific genes respon-
sible for proper endocrine function. This effect may be
explained by the secreted cytokines as reported (8, 26, 28,
29), although other possible mechanisms other than that
involving genomic DNA may also be involved. Decreases

Endocrinology, April 2011, 152(4):1702-1712

in iodide uptake induced by thyroid cell injury will result
in a decrease of hormone synthesis and eventually thyroid
dysfunction. Thus, this mechanism may contribute to the
development of hypothyroidism seen in cases of thyroid
inflammation. Further studies to evaluate the effect of cell
injury in thyroid tissues i vivo, e.g. using laser irradiation
(50) or in vivo electroporation (51), will be needed to
confirm our iz vitro results. Also, similar studies using
other cells will also be important because cell injury could
prompt the release of genomic DNA fragments in any cell
types.

In summary, we have demonstrated that thyroid cell
injury results in the release of genomic DNA fragments
into the cytosol. Such dsDNA is recognized by extrachro-
mosomal histone H2B to activate genes involved in both
innate and acquired immune responses. The endocrine
function of the thyroid is suppressed at least in part by the
same mechanism. These findings may be associated with
the development of autoimmune thyroid disorders and
also thyroid dysfunctions that may occur after thyroid cell
injury due to ischemic, traumatic, or other destructive
changes in the absence of possible infection.
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Growth hormone 1 (GH1), a pituitary hormone, plays a key role in the regulation of growth.
Both excess GH1 treatment and overexpression of a GH1 transgene promote growth of
salmon, but these animals exhibit physiological abnormalities in viability, fertility and
metabolism, which might be related to pituitary function. However, the molecular dynamics
induced in the pituitary by excess GH1 remain unknown. In this study, we performed iTRAQ

Keywords: proteome analysis of the amago salmon pituitary, with and without excess GH1 treatment,
GH and found that the expression levels of proteins related to endocrine systems, metabolism,
Endocrine cell growth and proliferation were altered in the GH1-treated pituitary. Specifically, pituitary
Pituitary hormone prolactin (2.29 fold), and somatolactin o (0.14 fold) changed significantly. This result
Salmon was confirmed by proteome and transcriptome analyses of pituitary from the GH1-transgenic
Proteome (GH1-Tg) amago salmon. The dynamics of protein and gene expression in the pituitary of GH1-
Tgamago salmon were similar to those of pituitary treated with excess GH1. Our findings sug-
gest that not only excess GH1 hormone, but also the quantitative changes in other pituitary
hormones, might be essential for the abnormal growth of amago salmon. These data will be

useful in future attempts to increase the productivity of fish farming.
© 2011 Elsevier B.V. All rights reserved.
1. Introduction Each pituitary hormone is released into the bloodstream

and each acts on different target organs in order to strictly

Pituitary, an endocrine organ, synthesizes and secretes vari-
ous peptide hormones including growth hormone (GH), pro-
lactin (PRL), somatolactin (SL), thyroid-stimulating hormone
(TSH), luteinizing hormone (LH) and follicle-stimulating hor-
mone (FSH) [1]. The pituitary also produces adrenocorticotro-
pic hormone (ACTH), melanocyte-stimulating hormone
(MSH) and g-endorphin, all of which are generated by proteo-
lytic cleavage of a common pro-hormone, proopiomelanocor-
tin (POMC) [1].

* Corresponding author. Tel.: +81 45 508 7439; fax: +81 45 508 7667.

** Corresponding author. Tel./fax: +81 466 84 3682.

regulate a variety of biological functions [2] such as the stress
response [3], appetite [4,5] sexual maturation [2,6], thereby
helping to maintain physiological homeostasis, growth and
reproduction. Simultaneously, the synthesis and secretion of
these hormones are controlled by hormonal feedback regula-
tion systems [7].

Among the pituitary hormones, GH is classified into two di-
vergent paralogs in fish, GH1 and GH2 [8]. GH1 has been well stud-
ied [7,10-12), though the function of GH2 is not well understood
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[9]. In target tissues, GH1 binds to the GH receptor (GHR), and also
acts indirectly through locally GH1-induced IGF-I production
[7,10-13], in order to promote proliferation and differentiation of
muscle, bone and cartilage cells. Manipulation of GH1 levels
would therefore be an important potential means of increasing
the productivity of fish farming [14,15].

GH1-treated/GH1 transgenic fish frequently exhibit physio-
logical abnormalities, such as reductions of viability [16], fertility
[17], and alteration of metabolism [18,19]. However, the details of
the molecular dynamics in GH1-treated fish remain unknown.

In this study, we investigated the effects of excess GH1 on
amago salmon pituitary. In order to identify pituitary proteins
induced by excess GH1 treatment, we performed comprehen-
sive and quantitative iTRAQ proteome analysis of the pituitary
under cultured condition with and without excess GH1. In
these experiments, we identified both up-regulated and down-
regulated pituitary proteins involved in regulation of endocrine
systems, metabolism, cell growth and proliferation. We used
bioinformatic analysis to predict the phenotypes that would
be affected by alterations in levels of these proteins. Further-
more, in order to confirm the relationship between excess GH1
and the regulation of proteins, we generated GH1-transgenic
(GH1-Tg) amago salmon, characterized GH1-Tg phenotypes,
and performed comparative quantitative proteome and
transcriptome analyses of pituitary from GH1-Tg and non-
transgenic (non-Tg) amago salmon. We observed that the
dynamics of protein and gene expression in the pituitary of
GH1-Tg amago salmon were similar to those observed in pi-
tuitary treated with excess GH1.

Based on these results, we hypothesized that not only excess
GH1 hormone, but also quantitative changes in levels of the
other pituitary hormones, might be important determinants of
the abnormal growth of amago salmon. These findings will be
important in efforts to increase the productivity of fish farming,

2, Materials and methods
2.1.  Pituitary culture for proteome analysis

Amago salmon (Oncorhynchus masou ishikawae) were grown in
circular tanks at 15 °C under a natural light cycle at the Fisher-
ies Research Agency of the National Research Institute of
Aquaculture in Japan. For proteome analysis, pituitaries
were removed from 20 ice-anesthetized sexually immature
amago salmon and immersed in ice-cold RPMI medium con-
taining 20 mM Hepes, 9 mM sodium bicarbonate, 100 U/ml
penicillin, 100 U/ml streptomycin, and 0.25 mg/ml fungizone.
Next, pituitaries were incubated separately for 4days at
12 °C in medium for organ culture [RPMI medium supplemen-
ted with 10% fetal calf serum, 100 U/ml penicillin, 100 U/ml
streptomycin, and 0.25 mg/ml fungizone] with or without ex-
cess purified bovine GH1 (12.5 pg/ml, >95% pure) in order to
examine the effect of excess GH1 on pituitary proteins dy-
namics. The method was followed by the previous report for
organ culture condition of pituitary [20]. It is well known
that mammalian GH1, including bovine, can bind to the fish
GH1 receptor, and stimulate the growth of salmon. After cul-
ture, each pituitary was washed twice with cold PBS and ho-
mogenized in 1ml lysis buffer [7 M urea, 2M thiourea, 4%
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(w/v) CHAPS, 2% (w/v) DTT, 0.05% (w/v) SDS, and protease in-
hibitor cocktail] using a Polytron homogenizer (Kinematica,
Bohemia, NY, USA) on ice, followed by centrifugation at
18,850 g for 30 min at 4 °C. The cleared supernatant was re-
centrifuged at 69,600 g for 60 min at 4 °C. The final superna-
tant was stored at —80 °C until further use.

2.2.  Proteome analysis using iTRAQ reagents

For iTRAQ labeling, the protein sample buffer was ex-
changed with 10 mM triethylammonium bicarbonate buffer,
pH 8.5 (Sigma-Aldrich, St. Louis, MO, USA) using Microsep™
3k Centrifugal Devices (Pall, Port Washington, NY, USA). The
protein concentration of samples was determined with a PRO-
TEIN ASSAY kit (Bio-Rad Laboratories, Rockville, MD, USA),
using bovine serum albumin as a protein standard. After cyste-
ine blocking with methyl methanethiol sulfonate (MMTS), 32 pg
of each protein sample was digested with trypsin. The resultant
peptides were labeled with iTRAQregents (AB-Sciex, Foster City,
CA, USA) (Supplementary Fig. 1). After iTRAQ labeling, the sam-
ples were combined in a 1:1 ratio (v/v). Half of the combined
mixtures of iTRAQ-labeled peptides were subsequently frac-
tionated by a 2D-liquid chromatography system equipped
with a strong cation exchange (SCX) column [HiQ Sil SCX,
0.5 mm inside diameter (id)x 35 mm, KYA Tech, Tokyo, Japan]
in the first-dimension separation, and a reverse-phase (RP)
trap column (HiQ Sil C18-3, 0.8 mm idx3 mm, KYA Tech) in
the second-dimension separation. The details of fractionation
are provided in Supplementary Fig. 1. The fractionated peptides
were automatically mixed with the MALDI matrix solution
{4 mg/ml a-cyano-4-hydroxycinnamic acid dissolved in 80 pg/ml
dibasic ammonium citrate containing 0.1% TFA and 70% ace-
tonitrile), and directly spotted onto four ABI 4800 MALDI plates
using a MALDI plate spotter (DiNa Direct Nano-flow LC system;
KYA Tech). MS and MS/MS analyses of iTRAQ-labeled peptides
were carried out on a MALDI-TOF/TOF mass spectrometer
(4800 Proteomics Analyzer; AB-Sciex) in positive ion reflection
mode using the 4000 Series Explorer Software (Ver. 3.5; AB-
Sciex). The instrument laser power was set to 2800 for MS and
3600 for MS/MS acquisition. Typically, 1000 laser shots were ac-
cumulated per well, and MS spectra were acquired from 800 to
4000 Da with a minimum S/N filter of 50 for precursor ion selec-
tion. MS/MS analyses were performed for the 10 most abundant
precursor ions per well, with an accumulation of 2000 shots for
each spectrum. In order to look for less abundant proteins, re-
interrogation of the target plates was carried out to acquire
the 10 next-most intense peaks (if any were above the S/N
threshold of 25). The series of total MS and MS/MS spectrum
measurements was performed in duplicate, and these results
were combined for data analysis.

MS and MS/MS data were analyzed using the ProteinPilot soft-
ware ver 3.0 (AB-Sciex), which employs the Paragon algorithm for
protein identification and relative quantitation [21]. The database
(147,591 entries) consisted of amino acid sequences of fish pro-
teins, retrieved from a subset of the NCBI non-redundant (nr) pro-
tein database (accessed April 14 2009) used for this search. The
search parameters included iTRAQ labeling at N-terminus and ly-
sine, cysteine modification by MMTS, methionine oxidation, and
biological modifications predefined in the software. Other




