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Channelrhodopsins (ChRs, including ChR1 and ChR2) function as light gated cation channels. In recent
years, ChR2 mediated optogenetic stimulation is widely applied to fire neuronal spiking. However, ChR2
preferred to short wavelength light (470 nm) with rapid desensitization in the photocurrent To modify the
properties of ChRs and identify the molecular structures which affect the photocurrent properties, we exchanged
G segment (containing the seventh helix) of ChR1 with the counterpart of ChR2 and examined the effect of
exchanging segment between ChR1 and ChR2 on the photocurrent properties using whole cell recording, This G
to g substitution between ChRs resulted in a shift in the wavelength sensitivity. The mutations of 11e291Leu and
Asp292Glu in the seventh helix caused marked red shift in the wavelength sensitivity respectively. These new
findings indicated that the residues close to the retinal binding position in the G™(g"), especially Asp and Ile/Leu,
play important role in the determination of the wavelength sensitivity of ChRs. More red shifted 1291LD292E

may be applied to activate neurons in the deep brain,
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Channelrhodopsins (ChRs, including ChR1 and ChR2) function as light gated cation channels. In recent years,
ChR2 mediated optogenetic stimulation is widely applied to fire neuronal spiking. However, ChR2 preferred to short
wavelength light (470 nm) with rapid desensitization in the photocurrent To fnodify the properties of ChRs and
identify the molecular structures which affect the photocurrent properties, we exchanged G segment (containing the
seventh helix) of ChR1 with the counterpart of ChR2 and examined the effect of exchanging segment between ChR1
and ChR2 on the photocurrent properties using whole cell recording. This G to g substitution between ChRs resulted
in a shift in the wavelength sensitivity. The mutations of 1le291Leu and Asp292Glu in the seventh helix caused
marked red shift in the wavelength sensitivity respectively. These new findings indicated that the residues close to the
retinal binding position in the GN(gY), especially Asp and Ile/Leu, play important role in the determination of the
wavelength sensitivity of ChRs. More red shifted 291 LD292E may be used to excite neurons in the deep brain.

Key words: channelrhodopsin; optogenetics; mutation; wavelength sensitivity

e
Channelrhodopsins are seven transmembrane helix opsins, are involved in the photomovement of Chlamydomonas
Reinhardmi. 1t is reported that ChR1 and ChR2 function as light gated cation channels (Nagel G et al, 2003). Light
illumination on ChR expressing mammalian cells evoked inward photocurrents, In recent years, with precise temporal
and neuronal population control, ChRs, especially, ChR2 mediated optogenetic stimulation is becoming an effective
and popular tool to fire specific neuronal spiking (Bamann C, et al, 2010; Hegemann P and Mdglich A, 2011).
Although sharing high similarities in the residue sequence, the ChR2 photocurrent was maximally activated at
about 470 nm with rapidly desensitization while ChR1 was maximally activated at 505 nm with negligible
desensitization. To modify the properties of ChRs and identify the molecular structures which differentiate the
photocurrent properties, we examined the effect of exchanging the G (g) segment containing the seventh
transmembrane helix between ChR1 and ChR2 on the photocurrent properties using whole cell recording, and found
that the substitution of seventh helix from ChR1 to ChR2 resulted in a significant shift in the wavelength sensitivity.
This new findings indicated that that the residues close to the retinal binding position in the G (g) segment, especially
Asp and Ile/Leu, play important role in the determination of the wavelength sensitivity of ChRs.

HRERTE

ChR variants were created by PCR and KOD plus mutagenesis Kit (Toyobo). These ChR variants were transfected
into HEK293 cells using Effectene transfection reagent (Qiagen, Tokyo, Japan). The photocurrent of each ChR
variant was measured under whole cell voltage clamp. All the data in the text are analyzed with Clampfit software
(Axon Instrument) and presented as means + S.E. (number). Statistical analysis was performed using Mann-Whitney
U test.
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1. Effect of the substitution of G segment of ChR1 with g segment of ChR2 on the wavelength sensitivity
Previously, the N terminal regions of ChRI (residues [-345) and ChR2 (residues 1-315) were divided into seven
segments (namely, A, B, C, D, E, F, G in ChRI and a, b, ¢, d, e, f, g in ChR2) containing the corresponding
transmembrane helix as much as possible(Wang H et al, 2009). We replaced the G segment of ChR1 with the
counterpart of ChR2, and obtained ChR-ABCDEFg. Compared with ChRI1, the maximal sensitivity of
ChR-ABCDEFg photocurrent was 20 nm blue-shifted (Fig.1 A). However, the F to f segment replaced chimera,
ChR-ABCDESG didn’t show any wavelength shift (Fig.1 B), almost being identical to that of ChR1. Chimera
ChR-ABCDEfg showed similar wavelength sensitivity to that of ChR-ABCDEFg (Wang H et al, 2009). These results
revealed the importance of G (g) in the determination of wavelength sensitivity.

2. Effect of exchanging the differential residue from g" to G" on the wavelength sensitivity

G segment was divided into two parts: G" subsegment and G© subsegment (Fig.2A.). Correspondingly, g segment
of ChR2 was subdivided into g™ and g (Fig.2A.). ChR-ABCDEfG g and ChR-ABCDEfg G were generated. The
maximal sensitivity of ChR-ABCDEfG"g" was almost equal to that of ChR-ABCDEfG whereas the maximum of
ChR-ABCDEfg"G® was clearly 20 nm blue shifted (Fig.2B and C). These results reflected that the G~ (")
subsegment determined the wavelength sensitivity. Our previous results indicated that compared with wild ChRs,
ChR-ABCDEfg photocurrent was large in the amplitude with enhanced membrane expression. In order to investigate
the effect of differential residues between G" and g, We used ChR-ABCDEfg as a backbone to generate
residue-exchanged mutants, We substituted each differential residue in g with the counterpart of G™ and found that
only the wavelength sensitivity of ChRABCDEfg-12911. was partially red-shifted and its G/B ratio was significantly
enhanced (Fig.3). The reverse mutant, ChR(ABCDERG)-L.2911 showed a blue shift in wavelength sensitivity (Fig.3C).

Taken together, these results indicated that Ile™'

in the gNact as an more important role in the wavelength shift.

3. Effect of the mutation of Asp to Glu in helix G" (g") on the wavelength sensitivity.

Asp™ in g" of ChR-ABCDEfg is a unique negative charged residue in the vicinity region of retinal chromophore (Fig
44). Considering the narrow space around chromophore, this charged residue might affect on the wavelength
sensitivity through exerting an influence on to the microenvironment around Schiff base. To test this possibility, the
Asp”™” was substituted with Glu. ChR-ABCDEfg, D292E caused the maximal sensitivity shifted fiom 480 nm to 500
nm (Fig4B). Double mutation, ChRABCDETg-12911/D292E was generated. As shown in, this double mutation
induced a more 20 nm red shift (Fig.4C). These results demonstrated the importance of [1e291 and Asp292 in the

_ determination of the wavelength sensitivity.

In this study, we identified that the g™ to G™ replacement caused a noticeable red-shift and the exchange of 1291 to
Leu in ¢ induced a pronounced red-shift. It is noted that the retinal chromophore binds to Lys in G (g) segment.
Probably the minor structural change from Ile to Leu affected the microenvironment in the neighboring region of
retinal Schiff base and changed the wavelength sensitivity. It is reported that Asp212 to Asn in bR resulted in a red
shift of light adapted spectrum (Needleman R, et al. 1991). Consistently, the equal site in ChR1, mutation of Asp292
to Glu produced a similar red-shift. The double mutation, 12911/D292E, unexpectedly led to a more red-shift in the
wavelength sensitivity,. Up to now, there is no other report about the effect of residue replacement around
chromophore binding region in g/G segment (helix) on the wavelength sensitivity or other properties. Probably the
tiny change in the structure and properties of Ile 291 exerted a strong impact onto the neighbor, Asp292, and further
disrupted the surrounding environment of rP;tina] Schiff base. More red shifted 12911LD292E may be used to excite
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neurons in the deep brain.
In conclusion, the present study demonstrates that the residues close to the retinal binding position in the G™(g"),

especially Asp and Ile/Leu, play important role in the determination of the wavelength sensitivity of ChRs.
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Figure .1. The effect of exchanging F and G segment of ChR1 with fand g of ChR2 on the wavelength sensitivity.
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Figure .2. The effect of exchanging G™ and G© with g" and g° on the wavelength sensitivity.
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Figure.3. The effect of the mutation ChR-ABCDEfg-1291L (black) and ChR-ABCDEfG-1.2911 (black)on the

wavelength sensitivity.

A
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"Base excision repair by uracil DNA glycosylase counteracts interferon—induced hypermutation on
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Background:

In HBV story, lamivudine strongly suppresses HBV replication, so that prognosis of chronic hepatitis due to HBV is much
improved. However, long-term cohort studies revealed surprisingly rapid emergence of lamivudine resistant HBVs in the
chronic HBV infected patients. Point mutation in drug target gene is responsible for such drug resistance. It is proposed
that such point mutations are generated by error of DNA polymerases during virus replication.

On the other hand, numerous cytokines are involved in immune responses, as well as antiviral activity, viral clearance,
apoptosis, and fibrogenesis. In HBV study, it has been known that IFN and TGF-f1 can inhibite HBV replication in vitro
experiment. In clinic treatment, Moreover, IFNs are quite classical approach to cure the HBV infected patient. It is also
known that both IFNs and TGF-f31 can induce some APOBECs expression. Since APOBECs can mutate HBV genomic DNA4, it
is plausible that APOBECs upregulated by cytokine stimulation during hepatitis generate a drug resistant clone. To
evaluate the possibility, first of all, expression profiling has been performed to decide which APOBECs can be a generater of
drug resistant virus.

Results:

Figl, IFN-a-induced expression of APOBEC genes in HepG2 cells. Expression of APOBEC cytidine deaminases and
adenosine deaminase acting on RNA (ADAR ). cDNA pools were synthesizes from human hepatoma cells(HepG2 cells),
which had been cultivated for 9 hours with and without IFN-a, and were analysed by Reverse Transcription-PCR for the
expression of AOPBEC3s and ADAR1. 3-actin cDNA was amplified as a loading control. The PCR products were analysed on
2% agrose gel and then stained with SYBR Green

1 U A 1 % M
A3R — — .
A3C & —

ASF =
=

A3G
A3H .
AID
ADAR] e — E
B-actin . — =

IFN-at + + + - - -
1000u/ml

Fig2, IFN y-induced expression of APOBEC genes in HepG2 cells. Expression of APOBEC cytidine deaminases and
adenosine deaminase acting on RNA (ADAR ). cDNA pools were synthesizes from human hepatoma cells(HepG2 cells),
which had been cultivated for 48 hours with and without IFN-y, and were analysed by Reverse Transcription-PCR for the
expression of AOPBEC3s and ADAR1. (3-actin cDNA was amplified as a loading control. The PCR products were analysed on
2% agrose gel and then stained with SYBR Green
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Fig3, TGF-B1-induced expression of APOBEC genes in HepG2 cells. . HepG2 cells total RNA was isolated before(0 hr),
12hr and 15hr after stimulation with human TGF-81(10ng/ml).APOBEC gene expression were assessed by RT-PCR. The
PCR products were analysed on 2% agrose gel and then stained with Ethidium bromide.
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- . —
N
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A3DE A3F
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APOBEC1 APOBEC2
Time(h) 0 12 15 0 12 15

A3H GAPDH
Fig4, TGF-B1-induced expression of APOBEC genes in Huh7 cells. Fig.4. HuHh7 cells total RNA was isolated before and
48hr after stimulation with human TGF-f1(10ng/ml). APOBEC genes expression were assessed by RT-PCR. The PCR
products were analysed on 2% agrose gel and then stained with Ethidium bromide.
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Fig5, AID expression by CIT stimulation 2 days in Huh7 cells. Induction of AID mRNA expression in Huh7 cells. cells were
either unstimulated or stimulated for 2 days with anti-CD40(10ug/ml), IL-4(150ng/ml), TGF-$1(10ng/ml) and
antiCD40+IL-4+TGF-B1. AID gene expression was assessed by RT-PCR. The PCR products were analysed on 2% agrose gel
and then stained with SYBR Green . Here, BL2 serves as postive control.

RT

Conclusion:
In our semi-quantitative PCR experiment, we find that a: IFN-a not only could robustly induce APOBEC3G expression but

also modest induce APOBEC3F and APOBEC3H expression in HepG2 cell line, however, no significant induction in
APOBEC3A. 3B, 3C. ADARL. b: IFN-y has the twin feature in APOBEC family genes expression in HepG2 cell line. c: TGF-
B could remarkably up-regulate APOBEC3A expression in both HepG2 and Huh7 cell line. d: in Huh7 cells, we found not
TGF-B1 but also CIT(antiCD40+IL-4+TGF-B1) or IT(IL-4+TGF-B1) could induce AID transcript expression. But anti-CD40 or
IL-4 alone did not exhibit any apparent induction. This synergic effect is first time proposed by us in hepatoma cell.

Summary:
Hepatocellular carcinoma (HCC) is one of the most prevalent of human malignancies, and individuals who are chronic



Hepatitis B virus(HBV) carries have a greater than 100 fold increased relative risk of developing HCC. Lamivudine
treatment has been very useful in reducing HBV DNA leveles in patient sera and shows very limited side effects(8).It was
reported that drug resistant HBV appears in high frequency(2), with the incidence of resistance after 1 year of treatment
ranging from 17% to 32%(3,9). Moreover, 65% of patients who have been treated with lamivudine for 5 years appear drug
resistant (1). Most of HBV researchers accept that cytokines, like IFNs, IL-4 and TGF-B1, are participated in HBV infection
process. During HBV infection period, our immune system releases these factors to defend ourself. Cytidine deaminase is a
member of a much larger family of tissuse-restricted deaminases that exhibit RNA editing and/or DNA mutating activity. In
human, APOBEC family which includes activation-induced deaminase(AID), APOBEC1, APOBEC2, APOBEC3A~H and
APOBEC4 is a dominant cytidine deaminase. Many study already shown that some of APOBECs could inhibit viral
replication, like HIV, HBV as well HPV, in vitro and vivo.

In our detection system, Semi-quantitative RT-PCR confirmed induction of APOBEC3G and F expression with both IFN«
and IFNg stimulations in our cell lines. Consistent with previous studies from other research groups, APOBEC3G is the
major responder of interferon stimulation among APOBEC3 families in our cell lines(4-7). Besides, we further proposed
that another APOBEC predominant member, namely AID, was induced by CIT(antiCD40+IL-4+TGF-B1) in Huh7 cells. We
also observed that TGF-B1 had robust suppression effect in HBV replication in vitro experiment (data not shown). These
results might reflect that potential mediator between cytokines and viral is deaminase. Finally we assume that point
mutation in HBV drug resistant might be resulted from deaminase reaction by APOBECs, especially G(Guanine) to
A(Adenine) and C(Cytosine) to T(Thymine), during HBV replication process.
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Materials and methods

[FNa(recombinant IFNa-2b) and IFNy(recombinant IFNg-la) were purchased from Schering-Plough and Shionogi,
respectively. Huamn TGF-B1, (R&B. Systems, Minneapolis, MN). SYBR Green was purchased from Invitrigene.

Cell culture

Human hepatoma HuH-7 and HepG2 cells were cultivated at 37°C in Dulbecco’s modified Eagle medium containing 10%
fetal calf serum(Wako, Osaka, Japan).

Semi quantitative RT-PCR

RNA was prepared from cultivated human liver cells using TRIsure according to the manufacturer’s instruction. Five
micrograms total RNA from hepatoma cells was reverse transcribed using a commercially available cDNA synthesis
kit(SuperScript® III Reverse Transcriptase, invitrogen, CA) and oligo-dT primer. Conventional polymerase chain reaction
(PCR) amplification of target cDNAs was performed.
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1), Tg4LIB & ALTR LA LN FRTL-5 #8840 S RNA 24580, DNA =4 2 07 LA 12k Y Tg IR
=B ETFOEBERN L1,

2), Tg MIMEIIEB LA £ U TSH ZLE, MAPK/ERK JHEE#1 (PDOB050) ALIE FRTL-5 fHKSEEMD
MAPK/ERK $23%1= B B BIETFOEBES T AF Y TO v T 4 L5 CHEL, Brdl 12 & Y KIFLsS
WHEE SRR L T,

3). Tg MEL TSH ME FRTL-5 I OMIEARIZE b 2ESETO tRMA &4 2o OTH#
RT-PCR £ T A% L TOwTF 4 w51 & YFHEL .

WE .

1) FRTL-5 #l@T TSH, 4 LR Y 2, MEFFFET Te FEIZH CBET

DNA A 07 LA DERHFICE Y, FRIL-5 MR TIETSH, >R Y >, MLEEEE Te DAOH

BT 1095 DBEEFRENBES K, 862 DBEFREAHL %R L. MEKI, Fos, ERK 72 & MAPK

BREEECFORENEZICENT A3 EFHL ML, (H1)

2) Tgl=& YiEMEAE L 7= MAPK/ERK #E85

YIRALTAYT 4TIk YY) UERE c-Raf, MEK1/2 & ERK1/2 #i & MAPK/ERK £28Xp5:8E &

YIRUDEBERBLIZECS, TERBELLGEOWHICHA Te MBH CIRRENSAHESH, £

DI AS MAPK/ERK B (PDOBOSO) 12 &k Y I &tz Tg ALER & TSH ALEBREQD BrdU 7 v 2 4

OB T, PDI805Y (Zk YIS B Te OMBRIETEEMEA TSH RBH TERH o hizh o1,
(E2)

3) MAPK/ERK O F D MALIERETA¢ Tg < & Y EREE Shte

RI-PR &9 T R4 Y TA T4 2 FI2& Y MAPK/ERK B D T D:EET O mRNA & 5 234 35

MEFMLI-EZ B, c-mye, c-fos & c—jun G EDEERFH Te fRIC L VEEIZEBNEHh,

TSH TikgmasdZ ohiaho7=, Ff-, HREAHIZAT 4EEF cyelin D1, cyclin D2, CDK2

& CDK4 # Tg FlEIC & Y EERMICIAM, Ro 0V VY BHEAFE S hT-, (B3)
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ABIETIE, 4 FRIL- S MR TIE, Te ASMAPK/ ERK B8 £ E ML S 52 &12 & Y CDKs 4
iR E R E R FOMNAGRKERb DY VB b ERET HEERB L. Te ISk UFES
hoHipagmEld TSH S B4 > TWAPK/ ERKBREF#FAL TSI LER LT,

MAPK/ERK #2813, #IRIGTEICRAS ¢ A BEBLERTH>T. EITMEK, Raf & ERK M LR &
hTW5, ABIRTIE, Tg AR UBEE c-Raf. MEK1/2 and FRK1/2 ORBIENEHE, = OHM
48 /EFAS MAPK/ERK TEHEEX] (PDIB059) 1=k UM A hi-C EEY TR AV TAYF 4T &
BrdU 7wt 4 THEELR. —A. TSH 2k USET 4IRS PDIB0SY MBICEEEREA
Motz ERKASY UERET 5 & c-my. c—fos & c—jun L EDETRFAERLE S, HERRAIC
Bt Z@fETF oyelin D1, cyclin D2, CDK2, CDK4 & Rb ) LEE{bAEEE & h, $EREAS G
Mo SEICHEBMRENZEET 5. ey, c-fos & c-jun L EDTRNA L2 oA Tg &k
YiEtE e & oyelin DI. cyclin D2, CDK2, CDK4 oi&m& Rb ) LEEEMEFE Shi-ht,
TSH CIHBELG T ERIGM o ERE Te (X TSH £ R4x o 7= MAPK/ ERK £215% 91 L THIRRH
BEFEL TSI EERLE,

TSH ARSI T 5 TSH L 75 — 468 PI3K- Akt BHZ B¢, MISHEEH
BLTWAEMESNTL S, ®ili. Rafp21 43 TSHERMIZ S RIS L. £ DOFAL Raf- ERK
BRE*#FHALGVCEAREL TS,

—F. TR, FRIL-5 R CIE, TSH, 1 R 1) > & MEEEFETHERED Tz A% PI3K/ Akt
BREZALTHREEZFET S LLERED Te AHERIBEEZMHN TS L 2HEL. Te 1L
THS & Ak PI3K/Akt FEE A L - MIRAMBE L FETH LG L,

ChoDIEMn, Te ik > THERSh MBI TSH & A PISK/Akt BEBENT 58
B8 & PIBK/AKt %4 S 7Ly MAPK/ ERK BEBEOZOBBEMA L TWLWEIEEREL .

2]

& FIG. 1. DNA microarray analysis of genes expressed on
Nelufalz: Runxf . ERK3” . . ) )
B%%ﬁf““dMaﬁ\deynf’ e FRTL-5 thyroid cells after stimulation of Tg without TSH,

Fosf1: fos T e
4 fike antigen “'-'r'-' ok Tg . . _ g .
JO-CMm3\\<1{_“E' . étwams insulin, and serum. FRTL-5 cells were initially grown in
® \":‘. 4 o the medium containing TSH for 2 days, then changed to the
10t \?L’ : " TSHR medium without TSH, insulin, and serum for 7 days. Cells
e TPO
AT were exposed to 5 mg/ml of Tg for 6 hr, and total RNA was
’;wsﬂFf gg}mz ?l::‘hfbflof
107~ -3 o s extracted. Scattered plot of the gene expression levels
10 10 10 10
Tg(-}

with Tg treatment are shown
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pogsose - - + FIG. 2. Tg increases phosphorylated ¢c—Raf,
012 3 4 6 12hr Tg - + 4+
Phospho-c-Raf TTTTmmmR PhosphoMEK2 = phogphorylated MEK, and phosphorylated
Phospho-MEK1/2 S .- — MEK:1 - - . :
Phospho-ERK1/2 i 4=l Phospho-ERK1/2  —- ERK in MAPK/ERK pathway‘ which was
[1-2CLiN - pan ERK ——

[ractin —e= = syppressed by PD98059. (A) FRTL-5 cells
were initially grown in the medium

containing TSH for 2 days, then changed to

Absorbance

the medium without TSH, insulin and serum

for 7 days. Cells were treated with 5 mg/ml
Ta  TSH of Tge for 0, 1, 2, 3, 4, 6 and 12 hr.

Total proteins were extracted and analyzed by Western blot as described in Materials and
Methods. (B} FRTL-5 cells were initially grown in the medium containing TSH for 2 days,
then changed to the medium without TSH, insulin, and serum for 7 days. Cells were treated
in the medium containing PD98059 with the final concentration of 50 uM 30 min prior to
the Tg stimulation. Total proteins were extracted after 24 hr of Tg treatment, and analyzed
by Western blot as described in Materials and Methods. (G) PD98059 inhibits the Tg induced
BrdU incorporation. FRTL-5 cells wére initially grown in the medium containing TSH for
2 days, then changed to the medium without TSH, insulin, and serum for 7 days. Cells were
treated in the medium containing PD98059 with the final concentration of 50 uM, 30 min
prior to the Tg stimulation. Proliferation analysis was performed by Brdl incorporation
as described in Materials and Methods. Results are the mean + SD of triplicate assays

from three different experiments. = P < 0. 001,

Zz FIG 3.Tg increases mRNA" and protein levels of
0 1 2 4 6 12 24mic
Fos BRSNS  Lranscriptional genes. {(A) FRTL-5 ce!lls were initially
Acth [ ———————— grown in the medium containing TSH far 2 days, then changed
,‘IE to the medium without TSH, insulin, and serum for 7 days.
c-myc IR vy

y Cells were challenged by Tg for_O, 1, 2, 4, 6,12, 24 hr.

f-actin ew-em-esesewewes-as 10tal RNA was extracted and anaiyzed by RT-PCR. The PCR

¢ 0 3 & o 1z 18 24n Rroducts were analyzedon a 2 % agarose gel electrophoresis.
CDK4 . —
Cyclin D1 —— am 4 AR (B) FRTL-5 cells were initially grown in the medium

Cyclin D3 e o o cw o i
CDKZ =~ = — == - -ma» containing TSH for 2 .days, then changed to the medium
pRb —_—— e — -

" -actin — = == wsew ywithout TSH, insulin, and serum for 7 days. Cells were

challenged by Tg for 0, 1, 2, 4, 6 12, 24 hr. Total proteins were extracted and analyzed
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by Western blot as described in Materials and Methods. {C) FRTL-5 cells were initially

grown in the medium containing TSH for 2 days, then changed to the medium without TSH,

insulin, and serum for 7 days. Cells were challenged by Tg for 0, 3, 6, 9 12, 18 and 24

hr

. Total proteins were extracted and analyzed by Western blot as described in Materials

and. Methods
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Our results suggest that SCN9A mutations by themselves do not cause Dravet syndrome,
on the other hand, some of their mutations role as possible genetic modifiers causing Dravet

syndrome when combined with SCN1A mutation.
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Background: Dravet syndrome is an intractable epileptic disorder occurring in the first year of life,
mutations in SCN1A encoding the sodium channel Navl.1 are a major cause of it. Recently, concurrent
SCN9A and SCN1A mutations in Dravet syndrome have been reported which provide models for
potential genetic modifier effects. This was significant as SCN9A is known to cause inherited pain
syndromes, and no previous reports have linked it to epilepsy. To clarify their role and association with
SCNIA in Dravet syndrome, screening for genetic SCN9A abnormalities was performed using direct
sequencing methods.

Materials and methods: We analyzed 492 chromosomes from Dravet syndrome patients and 572 from
healthy volunteers. Dravet syndrome patients were divided into two groups; one without, and one with
SCN1A mutations (consisted of 256 and 236 chromosomes, respectively). We next analyzed 58
chromosomes from patients with milder forms of SCN1A related epilepsies to evaluate whether SCN9A
influences on seizure phenotype.

Resulis: A sequencing of SCN9A yielded eight missense variants including four novel ones: M787V,
S802G, V86IE, and Y1175C. All novel variants had relatively high phyloP scores and three of them,
M787V, VB6IE, and Y1175C were predicted to be deleterious. Nevertheless, M787V and V86 1E were
also found in the control group. S802G and Y 1175C were found in the SCN1A mutation (+) Dravet
syndrome group, but not in milder forms of SCN1A related epilepsies, nor in the controls.

Conclusions: Our results suggest that SCN9A mutations by themselves do not cause Dravet syndrome,
on the other hand, some of their mutations role as possible genetic modifiers causing Dravet syndrome
when combined with SCN1A.

<Key Words>

Dravet syndrome, SCN1A, SCN9A, mutation, genetics
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Dravet syndrome, also known as Severe Myoclonic Epilepsy of Infancy (SMEL; OMIM 607208), is an
intractable epileptic disorder occurring in the first year of life in infants who previously had shown
normal development. Initial seizures are hemiclonic or generalized tonic-clonic, usually begin with fever,
and often lead to status epilepticus. Later episodes begin to occur without fever, and patients manifest
other seizure types, including myoclonic, complex-partial, and atypical absences. Prognosis is poor, with
psychomotor impairment and intractable seizures. Mutations in SCN1A encoding the sodium channel
Navl.1 are a majer cause of Dravet syndrome. To date, nearly 700 mutations of the SCN1A have been
found in Dravet syndrome patients, accounting for 50-80% of them. SCN1A mutations show various
penetrance and expressivity even within the same family, and have extreme heterogeneity. Thus the
disease’s pathogenesis is not completely understood by SCN1A alone, and many reports have suggested
that it is genetically heterogeneous. Recently, concurrent SCN9A and SCN1A mutations in Dravet
syndrome have been reported providing models for potential genetic modifier effects. It was significant
because SCNYA is known to cause inherited pain syndromes, and no previous reports suggested it as a
contributor to epilepsy. To clarify their role and association with SCN1A mutations in Dravet syndrome,
we performed genetic analyses of SCN9A.

st L FHk
1. Subjects

We analyzed 492 chromosomes from Dravet syndrome patients and 572 from healthy volunteers. Dravet
syndrome patients were divided into two groups; one without, and one with SCN1A mutations (consisted
of 256 and 236 chromosomes, respectively). We next analyzed 58 chromosomes from patients with
milder forms of SCN1A related epilepsies to evaluate whether SCN9A influences on seizure phenotype.
Most samples were from Japan although a few were from India. The diagnoses were made at departments
of child neurology in various regional tertiary hospitals and detailed clinical reports and questionnaires
were completed for each patient. SCN1A mutation analyses for patients and controls were previously
examined in our lab.

2. Genetic analysis

Screening for genetic SCN9A abnormalities was performed using direct sequencing methods. Each of the
participants or their parent/ guardian signed an informed consent form approved by the Ethics Review
Committee of Fukuoka University or similar committees of participating institutions. Genomic DNAs
were prepared from ethylenediamineteraacetic acid (EDTA)-treated whole blood samples using a
QlAamp DNA Blood kit (Qiagen, Hilden, Germany). Sequencing was carried out in both directions using
28 specific primer pairs amplifying SCN9A’s 27 exons. Screening for genetic abnormalities was
performed by direct sequencing methods using dye terminator chemistry (Big-Dye, Applied Biosystems,
Foster City, CA). Details of PCR conditions and the primers are available upon request. Reference
sequences of messenger RNA (mRNA) were based on information available from RefSeq (accession
numbers): Human SCN1A, NM 006920; Human SCN9A, NM 002977,

WA

All patients had a clinical history consistent with Dravet syndrome, and patients with SCN1A mutations
carried SCN1A missense or splice site mutations. No SCN1A mutations were found in the controls. A
sequencing of SCNOA yielded eight missense variants including four novel ones: M787V, S802G, V861E,
and Y1175C. As shown in Table 1, all novel variants had relatively high phyioP scores and three of them
(with low SIFT score), M787V, V861E, and Y 1175C were predicted to be deleterious. Nevertheless,
M787V and V861E were also found in the control group. S802G and Y 1175C were found in the

-100-




SCN1A(+) Dravet syndrome group, -but not in 38 chromosomes with less severe forms of SCN1A related
epilepsies, nor in the controls (Table 2). For these two mutations, Fisher’s exact two-tailed test yielded
p=0.02 (3/236 SCN1A(+) Dravet syndrome group and 0/572 controls), while other six variants including
M787V and V861E showed no statistical differences between each groups. Our results suggest that
SCN9YA mutations by themselves do not cause Dravet syndrome, on the other hand, some of their
mutations role as possible genetic modifiers causing Dravet syndrome when combined with SCN1A.

EE

Our results suggest that SCNSA mutations by themselves do not cause Dravet syndrome, on the other
hand, some of their mutations role as possible genetic modifiers causing Dravet syndrome when
combined with SCN1A.

BB -
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Table 1. Overview of all identified SCN9A missense variants.
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Prediction

10.01

Table 2. Allelic frequencies of all identified SCN9A missense variants.
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TEE, A PRAILDINEORDAH=ANE LT AMPK 5L X&, nTOR TROBELE Y LK
TOMEREZ LN, TEHERRICSIT SHERINH « MEFTAMRSERL DA MR I o OERE
AVEHFIND,

Key Words FHfE. A b+ 3 ¥, AMPK, NOG ¥ 7 A, VEGF
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FEBEIL, FEOFECHET 2 TEHHRAEOREEECH D, EREROLMED 5 L 20%0F & T
E£95, ZhoOEEIARIMOZEOFERHO—FOEL L2V | KB TO—EMTOTERE® 33%% 5
BH (1, 2), —FHA MKRALIE #4711 BRFEOCEFRICIWTAELELDILTWAIERITHE, A ML
T VITERRBE BT A HERENHRIPIRSHRE Shiz 2 &b, BIREERICBY THERZEDT
WA, ARAMIRIZBIT AT, A PRI L AMPE (AMP-activated protein kinase) # U EMEL
nTOR (mammalian target of rapamycin) REEZINHI L. FOTHICH D S6 BAED Y B LA LinlaKyg
B - F R BAMREHITAZ EPRRENTWS, ZHEY A PRI L, oA REIEE DR %
M 2R E L BN D (3, 4, TEGETT VMO ELTS iR, TEETT/V7 v b Eker rat
TOMEREFATO nT0R 3 7 FAOBEBEERHE SN TNDE 2 Edb, A ML I Vi L 2 FEE I
HIZWRP SIS,

FEBEMEIEERVWRKERRED 1 2, BWAERNTTA L AT AORMTHLE, HxldmERe
¥ U AZFMI ORI LA EEAZR 2 BE L FMEFEHEEF L 2% L (NOD/SCID/ v c—null : NOG)
(5)o In vitro TOREHIMEZ TZOEFAEER LT, A MR I BSRFEHEYFICE XIFT in vivo
CORBERIT Lz, FEHIEIC VEGF ARHRE L TR, TEMREOREIZKITS VEGF OREH3E %
Lhvad (6), EMEFEMOIEFRT Th 3 HIF-1 OH#H%E A LT VEGF i ul0R D FHich b, A ks
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U3 AT 5B oTOR 37 VA & > VEGE 38EARZ SR & i T 3,

pop Ry 37>
1) FEHEMIERETEIC T3 2 MAA S Uic L 5HIE0EO in vitro TORET
- FEHIEMER CH 5 ELT-3 k2. UtLM #fa % 25z v,
*MIS 7 wiAa ZFAvvCHIIRBIRE 2 e L,
* TR b=V ADRE % cleaved PARP MFEHL, 35 LT TUNEL (TdT-mediated dUTP nick end labeling)3fe
B 2T Py e
*mTIOR 7 FIARERRE TRO & 7 B0 ) VB %2R L7 Western blotting 25 L7,
2) FEHBEMIRETICET 2 A ML A X BHHZIERD in vive TOMET
- b NFEBES X Fv U ACBHE L FEHEET A~ 7 A 2/ER L,
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B2 LERLE, TUNEL B TR A PRI ALY 7R b2 DNAWTHAE) = B 2 EBRENE (Fig
4),

Fig. 3
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10) CHUIRBMEINIZ S Z LARENTND N, SEORMIL, FEBEMMTA ML I OFIEEE in
vitro * in vivo TR LIt HMAIOHETH B,

A NI4T B A IR REREI R R FV T, AMPK/mTOR SREG T, it & & 237 BARR (11) o fiiky
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Heterotopic cardiac transplantation was performed from F344/EGFPTg and F344/HLA-B27Tg rats

to F344 rats. The F344 recipients accepted the F344/EGFPTg transplants, whereas they rejected

the cardiac tissue [rom the F344/HLA-B27Tg rats by 39.4=+6.5 days, due to high production

of anti-HLA-B27 TgM- and TgG—specific antibodies. the F344 recipients rejected cardiac

grafts from double transgenic F344/HLA-B27&EGFPTg rats within 9.0=%3.2 days, and this was

associated with a significant increase in the infiltration of lymphocytes by day 7,

suggesting a role for cellular immune re jection. Hence, our data indicate that HLA-B27 and/or

GFP transgenic proteins are useful for establishing a unique animal transplantation model

to clarify the mechanism underlying the allogeneic cellular and humoral immune response,

in which the transplant antigens are specifically presented.
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Abstract

The development of an animal model bearing definite antigens is important to facilitate the
evaluation and modulation of specific alloantigen responses after transplantation. In the
present study, heterotopic cardiac transplantation was performed from F344/EGFPTg and
F344/HLA-B27Tg rats to F344 rats. The F344 recipients accepted the F344/EGFPTg
transplants, whereas they rejected the cardiac tissue from the F344/HLA-B27Tg rats by
39.4+6.5 days, due to high production of anti-HLA-B27 IgM- and IgG-specific antibodies. In
addition, immunization of F344 rats with skin grafts from F344/HLA-B27Tg rats resulted in
robust production of anti-HLA-B27 IgM and IgG antibodies, and accelerated the rejection of
a secondary cardiac allograft (7.4+1.9 days). Of interest, the F344 recipients rejected cardiac
grafts from double transgenic F344/HLA-B27&EGFPTg rats within 9.0+3.2 days, and this
was associated with a significant increase in the infiltration of lymphocytes by day 7,
suggesting a role for cellular immune rejection. Hence, our data indicate that HLA-B27
and/or GFP transgenic proteins are useful for establishing a unique animal transplantation model to
clarify the mechanism underlying the allogeneic cellular and humoral immune response, in which the

transplant antigens are specifically presented.

Key words: Allograft, GFP, HLA-B27, regulatory T-cell, tolerance, transgenic rat

Introduction

The development of an animal model bearing definite antigens is important to facilitate the
evaluation and modulation of the specific alloantigen response after transplantation. In the
present study, we first used HLA-B27Tg rats in a transplantation study, and found that
F344 recipients rejected cardiac grafts from the F344/HLA-B27Tg rats via a process of
chronic rejection, resulting from high production of anti-HLA IgM- and IgG-specific
antibodies. In contrast, the F344 recipients rejected cardiac grafts from double transgenic
F344 /HLA-B27&EGFPTg rats through acute rejection, associated with a significant
increase in the infiltration of lymphocytes, which indicated that the HLA-B27 and/or GFP
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transgenic proteins are useful for establishing a unique animal transplantation model to

clarify the mechanism(s) underlying the allogeneic cellular and humoral immune responses.

Materials & Methods

Rats

F344 (Fisher) rats were purchased from Shizuoka Laboratory Animal Center (Shizuoka,
Japan), F344/HLA-B27Tg rats were purchased from Taconic Farms, Inc. (Hudson, NY), and
F344/EGFPTg rats were produced by injecting the purified pCAG-EGFP plasmid DNA into
F344 rat fertilized eggs[1]. Double F344/HLA-B27&EGFPTg rats were the offspring of
mating F344/HLA-B27 and F344 /EGFPTg rats, and were identified by PCR. All rats were
maintained under standard conditions and fed rodent food and water, in accordance with the
guidelines of the Animal Use and Care Committee of the National Research Institute for

Child Health and Development, Tokyo, Japan.

Heterotopic cardiac transplantation

Heterotopic cardiac transplantation was performed from sex-matched F344 /HLA-B27,
F344/EGFP and F344/HLA-B27&EGFPTg donors into F344 recipients by the cuff
techniques. The cervical heterotopic rat cardiac transplantation was performed as
previously described [2, 3]. In brief, after thoracotomy under inhalation anesthesia, the
donor heart was harvested. The heart graft was rapidly cooled and flushed with 5 ml
physiological saline (4°C) containing 200 U/ml heparin, which was infused via the aorta and
pulmonary artery. The heart graft was preserved in physiological saline at 4°C. Cardiac
graft survival was determined by daily palpation from the skin above the cervical grafted
heart. Rejection was considered complete at the time of cessation of a palpable heart beat,

and confirmed visually by laparotomy.

Lymphocyte proliferation assays

The mixed lymphocyte reaction (MLR) was performed with F344 rat nylon-wool column
(Wako) enriched T cells (1x105/well) as responders, and 20-Gy irradiated F344, F344/EGFP,
F344/HLA-B27 and F344/HLA-B27&EGFPTg rat splenocytes (1x105/well) as stimulators,
incubated in a flat-bottom 96-well white plate (Costar; Corning, NY) at a final volume of 200
pl/well of the GIT medium containing 50uM 2-mercaptoethanol (Wako) in a humidified
atmosphere at 37°C for five days. The proliferation of T cells was measured with

cell-proliferation ELISA kits (Roche Diagnostics Gmbh, Penzberg, Germany).

Measurement of serum anti-HLA-B27 IgM and IgG antibodies
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The titers of anti-HLA-B27 IgG or IgM in rat sera were determined by flow cytometry. Sera
(1:10 diluted) were incubated with F344 thymocytes for lhr. Cells were washed and
incubated with goat anti-rat IgM or IgM antibodies (SouthernBiotech, Birmingham, AL),
then stained cells were analyzed with a BD FACSCalibur flow cytometer and analyzed using

the CellQuest software program (BD Biosciences, San Jose, CA).

Histological analysis
Cardiac graft specimens were fixed in 10% buffered formalin and embedded in paraffin. The
sections were cut (Ipm-thick) and stained with hematoxylin and eosin. A light microscopic

analysis was performed to assess the overall cellularity and myocardial damage.

Statistical analysis

Student’s t-tests were used to compare the paired and unpaired analyses. A statistical
evaluation of mouse survival was performed using the Kaplan-Meier test. P values <0.05
were considered statistically significant. All in vitro experimental data were representative
of three independent experiments and represented the mean ratio of triplicate results for

each experiment.

Results

F344 recipients rejected cardiac allografts from F344/HLA-B27 and F344
/HLA-B27&FEGFPTg donors

Heterotopic cardiac transplantation was performed first from F344/EGFP, F344 /HLA-B27
and F344/HLA-B27&EGFPTg donor rats into the F344 recipient rats. We found that F344
recipients accepted cardiac grafts from F344/EGFPTg donors (n=8, MST>100days), whereas
they rejected cardiac grafts from F344/HLA-B27Tg donors at 39.4+6.54 days (n=5). Of
interest, we found that F344 recipients rejected cardiac grafts from double transgenic

F344/HLA-B27&EGFPTg donors via acute rejection (n=8, MST: 9.0+3.16 days, p<.001; Figl)

100 T
o 1 B EGFPTg
B 80 @ HLA-B27Tg
® A HLA-B27/EGFPTg
g 60 =*5<0.001
7 40 -
5
S 20

0 20 40 60 80 100
Days after HTx

Figure 1. F344 recipients rejected cardiac allografts from F344/HLA-B27Tg and
F344/HLA-B27&EGFPTg donors. Heterotopic cardiac transplantation was performed.
in which F344 rats were recipients and sex-matched F344/EGFPTg. F344/HLA-B27Tg
or F344/HLA-B27&EGFPTg rats were donors. MST= median survival time. The results
are shown as the MST * SD. *#*p = .001 for the difference between two groups.

Then, a MLR assay was performed to assess the effects of the HLA-B27 and/or EGFP
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transgenes on the alloantigen response in vitro. We found that the splenic T cells obtained
from naive F344 rats showed the same proliferative response to irradiated F344 naive and
F344/EGFPTg spleen cells, in the case of irradiated spleen cells obtained from
F344/HLA-B27 and F344/HLA-B27&EGFPTg rats, however, the proliferative response was
significantly enhanced (p=.014 and .012; Fig. 2).

10 ¢
g “p=012
s sl
;; =014
=
= 4
.
2+ T
0
F344 F344EGFPTg F344HLAB2TTg  F344/HLA-

B27&EGFP Tg

Figure 2. The alloantigen response was significantly enhanced by HLA-B27 and
HLA-B27&EGFP butnot by the EGFP transgene LMLR was performed with F344
rat nylon-wool column enriched T cells as responders. and irradiated F344EGFP.
F344/HLA-B27 or F344 HLA-B27&EGFPTg rat splenocytes as stimulators. The
results are shown as the means £ SD. *p=014, **p=012, the difference between
F344 and F344EGFP. F344/HLA-B27. and F344HLA-B27T&EGFPTg. respectively.

Vigorous production of anti-HLA-B27 IgG and IgM antibodies following allogenic
sensitization

Because allo-antibodies, whose main targets are MHC molecules, can also contribute to
acute and chronic graft rejection, we analyzed the serum concentration of anti-HLA-B27 IgG
and IgM antibodies by flow cytometry at different time points after cardiac transplantation.
As shown in Fig. 3A, the total IgG titers steadily increased on postoperative day (POD) 7
and 14, and peaked at POD21 in F344 recipients that received cardiac grafts from
F344/HLA-B27 and F344/HLA-B27&EGFPTg donors. In contrast, the total IgM titers
showed the reverse tendency, with a gradual decrease post-transplantation in F344
recipients with cardiac grafts from F344/HLA-B27 and F344 /HLA-B27&EGFPTg donors. In
comparison, the IgG and IgM titers showed no difference between F344 recipients who were
transplanted with cardiac grafts from isograft F344 or F344/EGFPTg donors at different
time points post-transplantation (Fig. 3B).

A B

100 100
—e—isograft

—\—cGFP Tg ——CGTR T
80 | —e—HLA-BZ7Tg
—8—HLA-B27/EGFP Tg

—t—|sograft

80 | ——HLA-B2Z7 TE

—8— HLA-B27/EGFP Tg

Adjusted value of IgG (%)
Adjusted value of IgM (%)

i . . - QS

D7 D14 D21 D28 D7 D14 D21

ozs

Figure 3. There is vigorous production of specific anti-HLA-B27IgG and IghM antibodies following allogenic
sensitization. FACS measurement of serum IgG (A) and IgM (B) at different time points post cardiac transplantation, showing
that the total serum IgG increased steadily while the [gM decreased gradually in F344 recipients transplanted with cardiac grafts
from F344/HLA-B27 or F344HLA-B27&EGFPTg donors. In comparison. the IgG and IgMtiters showed no difference
between F344 recipients who were transplanted with cardiac grafts from isograft F344 or F344/'EGFPTg donors at different time
points post cardiac transplantation

Histopathological features
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We then compared the histopathological features of the allograft between these four groups.
The F344/EGFPTg cardiac grafts were free of myocardial injury and had markedly reduced
inflammatory cells infiltration even on POD100, while the histopathological features of
F344/HLA-B27Tg cardiac grafts on POD40 showed the features of chronic rejection,
including mild interstitial infiltration of inflammatory cells, hemorrhage, and fibrosis. In
contrast, classic signs of acute rejection could be seen in the F344/HLA-B27&EGFPTg
cardiac grafts and F344/HLA-B27Tg cardiac grafts from skin graft-primed rats on PODS5,
including strong interstitial infiltration of inflammatory cells, severe hemorrhage, edema,

and necrosis (Fig. 4).

¥ AT

Figure 4. Histopathological features of cardiac allografis between F344/EGFP, F344/HLA B27. and
F344/HLA-B27&EGFPTe rats and skinprimed F 34 4HLA-B27Te rats. The F344 EGFPTg cavdiac
grafts were free of myocardial injury and had markedly reduced inflammatory cell infiltration even
on POD100 (A, B), while the histopathological features of F344/HLA-B2TTz cavdiac grafis on POD40D
(C, D} showed chronic rejection, including mild interstitial infiltration of inflammatory cells,
hemorrhage, and fibrosis. In contrast, classic signs of acute rejection could be seen in the F344 HLA-
B27&EGFPTz (E, F) cardiac crafts and cardiac grafts implanted into skin-primed rats (G, H) on POD3
including strong interstitial infiltration of inflammatory cells, severe hemorrhage, edema, and
necrosis. Scale bars represent 100, 200mm.

Discussion

We herein described a unique and useful animal transplantation model in which grafts from
F344/HLA-B27Tg rats mainly provoke a humoral immune response and grafts from
F344/HLA-B27&EGFPTg rats represent a typical cellular immune response. T cells are
essential for allograft rejection, but allo-antibodies, whose main targets are MHC molecules,
can also contribute to acute and chronic graft rejection [4]. Clinical studies have shown a
correlation between the presence of anti-HLA antibodies, complement C4d deposition, and
graft failure [4, 5]. The removal of alloantibodies by IVIg or plasmapheresis, or by the
depletion of B cells, can improve the longevity of transplants [6]. We found that F344
recipients rejected cardiac grafts from F344/HLA-B27Tg donors via the process of chronic
rejection (Fig. 1), due to high production of anti-HLA-B27 IgM- and IgG-specific antibodies
(Fig. 3). These data showed that F344 rats reject F344/HLA-B27Tg cardiac allografts via
cellular immunity.

Green fluorescent protein (GFP) is an intracellular reporter molecule widely used to assess
gene transfer and expression [7, 8]. Enhanced green fluorescent protein (EGFP) is a
red-shifted GFP variant which fluoresces about 35 times more intensely than wild-type GFP

[9, 10], and can be readily detected by using fluorescence microscopy, flow cytometry, or
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macroscopic imaging. The double transgenic F344/HLA-B27&EGFPTg rats we used were

the offspring of mating F344/HLA-B27Tg and F344/EGFPTg rats. We found that F344

recipients rejected cardiac grafts from double transgenic F344/HLA-B27&EGFPTg rats via
acute rejection (Fig. 1), associated with a significant increase in the infiltration lymphocytes

(Fig. 4), thus suggesting a role for cellular immune rejection. All of these data revealed that

F344/HLA-B27Tg and F344HLA-B27&EGFPTg rats represent a unique and very useful

animal transplantation model in which the transplant antigens are specifically presented.
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Interleukin-11 (IL-11) is a stromal cell-derived cytokine. IL-11 has many biological activities and
has roles in hematopoiesis, immune responses, the nervous system and bone metabolism. Bone
sialoprotein (BSP) is a mineralized tissue-specific protein expressed in differentiated osteoblasts that
appears to function in the initial mineralization of bone. IL-11 (20 ng/ml) increased BSP mRNA levels
at 12 h in osteoblast-like ROS 17/2.8 cells. In a transient transfection assay, IL-11 (20 ng/ml) increased
luciferase activity of the construct (-116 to +60) in ROS 17/2.8 cells and rat bone marrow stromal cells.
Introduction of 2 bp mutations to the luciferase constructs showed that the effects of IL-11 were
mediated by a CRE, a FRE and a HOX. Luciferase activities induced by IL-11 were blocked by protein
kinase A inhibitor, tyrosine kinase inhibitor and ERK1/2 inhibitor. Gel shift analyses showed that IL-11
(20 ng/ml) increased nuclear protein binding to CRE, FRE and HOX. CREB1, phospho-CREBL, c-Jun,
JunD and Fra2 antibodies disrupted the formation of CRE-protein complexes. DIX5, Msx2, Runx2 and
Smadl antibodies disrupted FRE- and HOX-protein complex formations. These studies demonstrate
that IL-11 stimulates BSP transcription by targeting CRE, FRE and HOX sites in the proximal
promoter of the rat BSP gene. Moreover, CREB1, c-Jun, JunD, Fra2, DIx5, Msx2, Runx2 and Smadl
transcription factors appear to be key regulators of IL-11 effects on BSP transcription.
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Interleukin-11 (IL-11) is a stromal cell-derived cytokine that belongs to the interleukin-6 family of
cytokines (1, 2). IL-11 has many biologic activities and has roles in hematopoiesis, immune responses,
the nervous system and bone metabolism (2-6). IL-11 increased alkaline phosphatase (ALP) activities,
which are a marker of osteoblasts (7); therefore, it is possible that IL-11 may have an important role in
osteogenesis. however, little is known about the role of IL-11 in osteogenesis, osteoblast differentiation
and bone formation.

Bone sialoprotein (BSP) is a highly sulfated, phosphorylated, and glycosylated protein that is
expressed almost exclusively in mineralizing tissues (8, 9). Regulation of the BSP gene appears to be
important in the differentiation of osteoblasts, in bone matrix mineralization and in tumor metastasis.

To elucidate the molecular mechanism of IL-11 regulation of the BSP gene, we analyzed the
effects of IL-11 on the expression of the BSP gene in osteoblast-like cells.
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*51%. Rat osteoblast-like ROS 17/2.8 cells and rat stromal bone marrow cells (RBMC)
J7{%1%. Northern Hybridization, Transient Transfection Assays and Gel Mobility Shift Assays.

1. Effects of IL-11 on BSP mRNA

To study the regulation of BSP transcription by IL-11, we performed Northern hybridization
analysis of total RNA extracted from osteoblastic ROS 17/2.8 cells. First, In dose-response IL-11
increased BSP mRNA levels at 1, 5, 20 and 100 ng/ml and had a maximal effect at 20 ng/ml (Fig. 1A).
Thus, 20 ng/ml IL-11 was used to determine the time courses of BSP mRNA expression. IL-11 (20
ng/ml) induced BSP mRNA levels at 3 h and reached maximal at 12 h (Fig. 1B).
2. Transient transcription analyses of rat BSP promoter constructs

To determine the site of IL-11-regulated transcription in the 5’-flanking region of the BSP gene,
we did transient transcription analyses. The transcriptional activity of pLUC3, pLUC4, pLUC5 and
pLUCG6 was increased after 12 h treatment with 20 ng/ml IL-11 in ROS 17/2.8 and RBMC cells (Fig.
2A, B). Since protein kinases mediate IL-11 signaling activities, we investigated the effects of the PKC
inhibitor H7, the PKA inhibitors H89 and KT5720, the tyrosine kinase inhibitor HA and the ERK1/2
inhibitor inhibitor U0126 on IL-11-mediated transcription. Whereas IL-11-induced pLUC3 promoter
activation was inhibited by U0126, HA, KT5720 and H89, no effect was observed for H7 (Fig. 3).
After introducing 2 bp mutations into the putative response elements within pLUC3 and pLUC4,
transcriptional induction by IL-11 (20 ng/ml) was partially inhibited in the M-CRE (pLUC3), M-FRE
and M-HOX (pLUC3 and pLUC4) constructs (Fig. 4).
3. Gel mobility shift assays

To identify nuclear proteins that bind to the CCAAT, CRE, FRE, Pit-1 and HOX elements and
mediate 1L-11 effects on transcription, we did gel mobility shift assays. Inverted CCAAT and
Pit-1-protein complexes did not change after stimulation by IL-11 (Fig. 5, lanes 1-4, 13-16). After
stimulation by 20 ng/ml IL-11 (3-12 h), CRE- and FRE-protein complexes were increased at 12 h (Fig.
5, lanes 5-8, 9-12), and HOX-protein complexes were increased at 3 h and reached maximal at 12 h
(Fig. 5, lanes 17-20). To further characterize the proteins in the complexes formed with CRE, FRE and
HOX, we used antibodies to several transcription factors. The addition of phospho-CREB1 antibody
induced supershift (Fig. 6A, lane 5), and CREB1, c-Jun, JunD and Fra2 antibodies partially disrupted
CRE-protein complex formation (Fig. 6A, lanes 4, 7-9). DIx5, Msx2, Runx2 and Smadl antibodies
partially disrupted FRE- and HOX-protein complex formation (Fig. 6B and C, lanes 4-7).

BER

These studies show that IL-11 increases BSP transcription in osteoblast-like cells by targeting
CRE, FRE and HOX elements in the proximal promoter of the BSP gene. IL-11 (20 ng/ml) induced
BSP mRNA expression in ROS17/2.8 cells (Fig. 1). When we used rat stromal bone marrow cells
(RBMC), IL-11 also increased BSP transcription (Fig. 2B); therefore, IL-11 increases BSP
transcription not only in transformed ROS 17/2.8 cells but also in normal osteoprogenitors (RBMC).
Transcriptional regulation by IL-11 was abrogated by M-CRE, M-FRE and M-HOX in pLUC3 or
pLUCA4 (Fig. 4). The involvement of CRE, FRE and HOX elements is further supported by gel shift
assays in which nuclear proteins that formed complexes with CRE, FRE and HOX elements were
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increased by IL-11 (20 ng/ml) in ROS 17/2.8 cells (Fig. 5). Results of gel shift assays using antibodies
(Fig. 6) suggest that IL-11 induced BSP transcription through CREB1, phospho-CREBL1, c¢-Jun, JunD
and Fra2 targeting CRE, and through DIx5, Msx2, Runx2 and Smad1 targeting FRE and HOX in the rat
BSP gene promoter. The ERKZ1/2 inhibitor U0126, the tyrosine kinase inhibitor HA and the PKA
inhibitors H89 and KT5720 inhibited the effects of IL-11 on BSP transcription, suggesting that ERK1/2,
tyrosine phosphorylation and PKA signaling pathways are crucial for IL-11 effects on BSP
transcription.

In conclusion, we have characterized a region of the rat BSP gene promoter that is required for
IL-11 mediated transcription. This region contains CRE, FRE, and HOX, which are required for the
IL-11 response. Further, IL-11-induced transcription was inhibited by tyrosine kinase inhibitor HA and
protein kinase A inhibitor. Moreover, CREB1, C-Jun, JunD, Fra2, DIx5, Msx2, Runx2 and Smadl
transcription factors appear to be key regulators of IL-11 effects on BSP transcription and bone
formation.
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{Abstract>
Spilp of Schizosaccharomyces pombe is a structural homolog of the mammalian GTPase Ran,
and sp/7 is an essential gene. In a screen designed to identify fission yeast genes
required for living in high temperature(36°C), we identified a strain that carries
a point mutation in the SpRan GTPase. Ran is an abundant Ras-|ike smal | GTPase, which
is mainly localized in the nucleus', like other GTPases, switches between a GTP-bound
and a GDP-bound form. The Ran family of GTPases, have been implicated in variety of
nuclear processes including cell cycle progression, nucleocytoplasmic transport of
protein and RNA, initiation of DNA replication, RNA metabol ism, nucleolar and chromatin
structure, and transcriptional regulation?®* Ran and its structural and functional
homologs interact with proteins that modulate its nuc!eotide-bound state: Guanine
nucleotide exchange factors (GEFs) that stimulate the exchange of GOP for GTP and
GTPase-activating proteins (GAPs) that catalyze the intrinsic GTPase activity,
hydrolyzing-the bound GTP to GDP. In fissién yeast, the functioning of the spilp GTPase
systemrequirea;wecisebalancebetweentheGDP—andGTP—boundformsofRanGTPasespi1n
that the nucleotide-bound state of the GTPase correlates with its intracel lular
localization. Pimlp has been found in S. pombe the spilp GEF and rhalp, has been shown
to have GAP activity. Here, we describe the isolation and characterization of sp/7-93
amutant allele of the sp/ 7 gene. The Ran guanine nucleotide GEF Piml mutant (poimi-46)°
cells and spi7-93cells exhibited similar phenotypes. Overexpression of wild-type spi7l"
and piml suppressed the ts phenotype of spi1-93 and pimi-46 mutant cells and
overexpression of SPAC6GY. 14(pufT), pumilio-Tamily RNA binding protein coding gene,
only partially suppressed the TS phenotype of these two mutant cells. We also found
another spi7 mutant cells(spi7-25)% with different mutation site in spi7 gene showed
different phenotypes with sp/7-93 and pf'mi—tlé', and the obtained two mu!ticopy suppressor
genes piml" and pufl-didn’ t suppress TBZ sensitivity of sp/7-25. Further studies are
needed to reveal the mechanism underlying the regulation of suppressants and more
multicopy suppressor genes are needed to be identified in future.

<Key words>

Ran GTPase, Schizosaccharomyces pombe, GEF, GAP, temperature sensitive (TS)
{Introduction> .

Spilp of Schizosaccharomyces pombe is a structural homolog of the mamma!ian GTPase Ran,
and sp/ 1" is an essential gene. Ran is an abundant Ras—1ike sma!l GTPase, which is mainly
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localized in the nucleus, like other GTPases, switches between a GTP-bound and a
GDP-bound form. The distribution between the GTP- and GDP-bound forms of the protein
is regulated by evolutionarily conserved gene products, Rnalp and Pimtp, functioning
as GOTPase-activating protein (GAP) and guanine nucleotide exchange factor (GEF),
respectively. Cells are sensitive to the balance between the two forms
(spiip-GDP/spilp-GTP) of the GTPase. The Ran family of GTPases, have been implicated in
variety of nuclear processes including cell cycle progression, nucleocytoplasmic
transport of protein and RNA, initiation of DNA replication, RNA metabolism, nucleclar
and chromatin structure, and transcriptional regulation. However, the primary role(s)
of this system has yet to be determined, and many other questions relating to the
functioning and regulation of the Ran system remain unanswered. Here, we describe the
isolation of temperature mutant sp/7-93 an allele of the sp//+ gene encoding a homolog
of Ran GTPase and in addition, we also provided the results that the function of Spil
was regulated by suppressants Guanine nucleotide exchange factors(GEF) Piml and
pumilio—family RNA binding protein Puf1.

{Materials and methods>

Strains, media, and genetic and molecular biology methods— Schizosaccharomyces pombe
strains used in this study are listed in Table 1. The complete medium YPD and the minimal
medium EMM have been described previously’. Standard genetic and recombinant-DNA
methods® were used except where noted.

Isolation of the spil-93 mutant— The sp/7-93 mutant (KP3272) was isolated in a

screen of cells that had been mutagenized wi'j:h nitrosoguanidine as described previous!y’.

To clone the mutated gene, the sp//-93 mutant was grown at 27° C and transformed with
a fission yeast genomic DNA library as described previously®. The Leu+ transformants
were replica—plated onto YPD plates at 36° C, and the plasmid DNA was recovered from
transformants that showed plasmid-dependent rescue.

These plasmids complemented the temperature sensitivity of sp/7-93 mutant. By DNA
sequencing, the suppressing plasmids were identified to contain the sp/I" gene
(SPBG1289. 03c). The fragment of sp/7" gene from genome of KP3272 was amplified by PCR
and was sequenced. We found the 69" glutamic acid (E) of Spilp in KP3272 was mutated
to lysine(K).

Isolation of the multicopy suppressor genes— To screen for other suppressors of the
spi7-93 mutation, the mutant was transformed with a fission yeast genomic DNA library,
and the Leut+ transformants were replica-piated onto both YPD plates at 34° G, 35° G
and 36° C. The plasmids that complemented the ts phenotype were recovered from the cel Is
and the nucleotide sequences of the regions flanking the inserts were determined. By
Southern blot analysis, the suppressing plasmids fell into two classes, with one class
containing the Guanine nucleotide exchange factors(GEF) Piml encoding gene piml
(SPBC557. 03c), and the other class containing the pumilio-famiiy RNA binding protein
Puf1 encoding gene pufi (SPAC6GI. 14).

{Results>
1. lIsolation of new sp/7-93 mutant cells.
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On YPD plate at 27° C, KP3272 grew equally well as compared with that of the wild-type
cells (Fig. 1A); however, at 33.° C and-36° C, the cells showed temperature sensitivity
(TS) phenotype. The suppressing plasmids was obtained by complementation of the ts growth
defect of KP3272, and nucleotide sequencing revealed the plasmids contained the sp/ 7
gene (SPBC1289.03¢c). The fragment of sp/7* gene from genome of KP3272 was amplified by
PCR and was sequenced. We found the 69" glutamic acid (E) of Spilp in KP3272 was mutated
to lysine {Fig. 1B, C).

Fig. 1

A

KP3272-conrol
wtﬁ“-__c__ontrc?& KP3272-5pi1*

27°C 33C 36C

B BOE(GAA) > K(AAA)
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GSP2  sc EIKFDVWDTAGQEKFGGLRDGYYI
Ran hs PIKFNVWDTAGQHEKFGGLRDGYY!

&

C .
69E(GAA)
\d
IF ! Ras domaln [ ]
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2. pim (SPBC557.03¢) and puf7* (SPAC6GY.14) are multicopy suppressor genes of
spi1-93.

Overexpression of wild-type sp/7* and Ran GEF encoding gene p/mi* completely suppressed

the ts phenotype of sp//-93mutant cells and overexpression of pumilio—family RNA binding

protein coding gene, SPAC6GY. 14 (pufT), only partially suppressed the ts phenotype of

spi7-93 mutant cells(Fig. 2).

Fig. 2 spil1-93: spi ¥ the 69th glutamic acid (E) of Spilp was mutated to lysine(K).

21°C 33C 34°C 36C

wt +vector

5pi1-23 tvectol
spif-93espi* B
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3. pimi-46 exhibited similar phenotypes with spif1-93.

Overexpression of wild-type sp/ 7 and p/m#* also compl etely suppressed the ts phenotype
of spif-93 mutant cells and overexpression of SPAC6GY. 14 (puf 1) also partially
suppressed the ts phenotype of sp/7-93 mutant cells(Fig. 3).

Fig. 3 piml-46: pim"*, the 113rd leucine (L) of Pimlp was mutated to serine(S).

wt tvector

pim1.46 +yector |
pim 25 splt*
plitri -6 +pim1*
piart 46 bpultt” |

4. spi1-25 including different mutation site in spil' gene exhibited different
phenotypes with spi7-93 and pimi-46 .

spi1-25 exhibited thiabendazol (TBZ) sensitivity but not ts phonotype which is different

with those of spi7-93 and pimi-46. And we also found that overexpression of wild-type

pimf* and SPAG6GY. 14 (pufT) didn’ t suppress the TBZ sensitivity of sp/f-Z5mutant cells

{Fig. 4.

Fig. 4 spil-25 spil”¥, the 44th valine (V) of Spilp was mutated to isoleucine ().

21C I4C 36°C 10ug/ml TBZ

wtvector EElE R

spit-93 tvector
spif-93 ¥spit*
5pi1-93 #plmT* i
spif-93 +puft*
wtivector ga=
spit-25 tvector I
spi-25 ¥spit*
spi1-25 +pim?*
spi-25+puift*”
wt +uector @4
pintl- 44 syector '
pim{-46 tspif* '
pim1-45 +pimt*
w1 46 vputts ¥
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<Discussion>

In our present study, we have _identified a temperature—sensitive mutant spf/-93 that
is allelic to the sp/T gene encoding Ran GTPase, an abundant Ras-like small GTPase,
which ismainly localized in the nucleus. We showed here that overexpression of wi ld-type
spi 1 and Ran GEF encoding gene pimft completely suppressed the ts phenotype of spii-93
mutant cells and overexpression of pumilio—family RNA binding protein coding gene,
SPACGGY. 14 (puf#), only partially suppressed the ts phenotype of spii-93 mutant cells.
And we also found that sp/71-93 exhibited similar phenotype with pimi-46 but different
with spii-25. In future , we will continue to look for other multicopy suppressors of
spii-93 mutant cells by screening to clearify the relationships between the identified
multicopy suppressors and Ran GTPase Spil. We will also investigate the interactions
of Ran GTPase or mutated Ran GTPase with RanGEF or mutated RanGEF using the method of
immunob | ot.

Tablei. Strains used in this study.

Strain Genotype j
Kp3272 b leul-32 spi1-93 (spi®*)

KP3842 A leul-32 pimi—46 (pimi’%)

KP4113 b leul-32 spil-25(spi ")
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