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1. Dax19 7%

Daxl (Dosage sensitive sex—reversal(DSS), adrenal

hypoplasia congenita(AHC) critical region on the X chromosome,

oX

gene 1, @Mz X AAAA ] Eo|xow EAS= NROBI (Nuclear

Receptor Superfamily 0, Subtype B, Member 1) 73R 353}

Fo] W3t} (7). Daxl<e nuclear receptor superfamily® &5
Hojgl Ak, AWHFAQl nuclear receptorel] Hl& ledt FRE w3

At d#A ¢l orphan receptor® w#H¥ETl Daxl Wz
nuclear receptore] ZEAs+= BE=-4d 99 (Ligand binding
domain)¢]t} DNA-4A% 49 (DNA-binding domain), Hinge
domain¥} Modulator domain®] ZAol¥ol glow,  &HA7kA] Daxl

gy Agke @37l Hii=Ee B vk fivk(). WA

ekt 24 5SS Zhe Daxl @A LXXLL motif—like A Qo]
¥3E N—terminal 993, AF—2 transactivation domaing X33

C—terminal 4o AT A =74 szl Aol 984, Daxl<
N—terminal domain®] LXXLL motif A¥4S& &3 t& whlz a9
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o ol — ] A (Blood—Brain Barrier, BBB)ol| 23t Jdko] E 94 35}o]

Az e Zgety, AFHo2 AW FEES FAAAE A oA
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Table 1. Antibodies used in Immunofluorescence

Antibody | Host Reference
a-OTP Guinea Pig | Homemade
a-CRFR1 | Goat LSBio

a-cFos Rabbit Abcam

a-Dax1 | Rabbit Homemade
a-Jun Rabbit Cell signaling
a-Ucp1 | Mouse Alpha Diagnostic
o-TH Chicken Abcam

4, AT FFTLTEH

2583 (In situ hybridization, ISH)S ¢ A3 AlAshE:
cDNA°|A A AgRP, SST, Daxl, Kissl, POMC cDNAE
pBluescript #E o] 23 ZetAv|=E ARt AR
digoxigenin—labeled riboprobe (Roche Diagnostics)E AR5}

hybridizationsS 7% 3%, NBT/BCIP substrateE o|g3d] M

352K (Fluorescence In situ hybridization, FISH)-&
Fluorescein RNA Labeling Mix (Roche Diagnostics) ¥} digoxigenin—
labeled riboprobe (Roche Diagnostics)S AFE3l9] hybridizationS
A%l %, Anti—Fluorescein—POD (Roche)/TSA Plus Fluorescein
system (Akyoya Bioscience) 2} Anti—Digoxigenin—
POD (Roche)/TSA Plus Cyanine 5 system(Akoya Bioscience) &
o g3l FFAM= WA

11 .__:Ix_s _'-I:-'_'|'li



5.RNA & 9 AAIF SFELA4%-S (qRT-PCR)
AAANN FE2H AWEZA-S Trizol(Invitrogen) £de 371 F
RNAEZ 239t %% RNAE 1000ng/ul® %% Super Script
III First—Strang Synthesis System(Invitrogen)& ©]&3% AZALE
ol  cDNAE st @A cDNA=  SYBR
Green(Enzynomics) = ©]&€3d qRT-PCRS X33 on, d&
A= CyclophilinA CtztS ©o]£€3] NormalizationS 383 X

2383 th. qRT—PCRo AF4%¥ primeri= Table 2. o A & St}

r-{m
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Table 2. Primers used in qRT—PCR

Gene Nucleotide Sequence Species
CyclophilinA  Sense GTTCCTTCGAGCTGTTTGC Mouse
Antisense  GATGCCAGGACCTGTATGCT
CytC Sense AAATCTCCACGGTCTGTTCGG Mouse
Antisense  GGGTATCCTCTCCCCAGGTG
Dax1 Sense CAGTGGAGAACCCAGCAGAT Mouse
Antisense CTTTGCACAGAGCATCTCCA
Dio2 Sense AATTATGCCTCGGAGAAGACCG Mouse
Antisense  GGCAGTTGCCTAGTGAAAGGT
Hsp70 Sense TGGTGCTGACGAAGATGAAG Mouse
Antisense  AGGTCGAAGATGAGCACGTT
Prdm16 Sense GCGGTCTGTTAGCTTTGGAG Mouse
Antisense  GAGGAGTGTCTTCGGAAAGGG
Ucp1 Sense CACCTTCCCGCTGGACACT Mouse
Antisense CCCTAGGACACCTTTATACCTAATGG
Ucp2 Sense ACCATTGCACGAGAGGAAGG Mouse
Antisense  TCTTGACCACATCAACGGGG
Ucp3 Sense CCTACGACATCATCAAGGAGAAGTT Mouse

Antisense

TCCAAAGGCAGAGACAAAGTGA

13



6. Hematoxylin & Eosin &4

=

HEAe At 4
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o AY S AAAEE A
HxAS AFAS] 10% Normal Buffered Formaline] X3 & st
5 FHE &l H A3kl Dt sl E52
A S A@E7] (microtome) & ©]&3to] 5 M FAEZ Husio] &efol=
Zekne]  Faeiqlch. du" 22 EtOHY  Xylenes o] &3

Deparaffinizations 233t & Hematoxylin¥} Eosine ©|&d 9A4S

7. A4 &4
2% Daxl—-cKO Aol #2942 Student’s T-TestE
23 &<lstg o p—value® XEA|SCE (#P<0.05, #*P< 0.01, #xxP<

0.001, #***P< 0.0001). 3t 1% Wl B 222 Yed At
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III. 9+23

1. Nkx2.1—cre-s+& X}l &gt Ao 2 Daxl
vk o] A

AgEHE TS BEEE Daxl9 71E5g 937 9lEl,

AAE Aasrl S8l FFAAEA ZA d¥ES FE Sonic
hedgehog(Shh) AlZdgAle] Holdoz  Fofste= HAARRIAR]
Nkx2.1(25)°] cre 7} Aol Mg ® AH e DaxlFx4e]
exon2°]| loxP—site7}  FAHg  FHo Floxed¥ AAS

WA ok (Figure 1A).
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71 dATelA Daxlo]l APsHF—MatrAl A -4
FA 3 A7) Ao Tt TS vk Ho] gt (26).
Dax1¢] Folx ® AHAE A =il 2k Daxloe] =ofx =
A5 A7 A¥E oprlste AAsEo] Asjdvks Aol welth
kAl Daxlo]l APdsHfolAl Aeaow wgo] zhisiAl 4 A9,
A7) e st A eEel Azl vEheA glskr] 9l
Dax1—-cKOAHA g dixa A wrz A3 "ol A3 ot
FRAAGI AEe H&S AR AFAY, FAAEY AJE o
ol wld wlEy 2 zolrt YEhA e AE gRlaglon,

N
Dax19] o] ARl Zaselx 44%d

AL

n] X A ¢k=th= A4S gl (Figure 1.D).
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Dax1/toved/Floxed
= = *oow
4 Dax1 f/y ; nkx2.1-cre ¢ Dax1 f/f
d Dax1 f/y & Dax1 f/y ; nkx2.1-cre
Q Dax1 f/f Q Dax1 f/f ; nkx2.1-cre
Control cKO
B Control cKO

Dax1

C Control cKO
9
3
CyclophilinA %T
f=4
° | Male | Female |
# of
Littermates B 86
Dax1 f/f 48 44
Dax1 f/f;
nkx2.1-cre o e

Figure 1. Schematic representation of producing Brain—specific
Dax1 knock—out mice and its effect on Reproductive capability.

(A) Schematic representation of Dax1 conditional knock—out mouse
model with nkx2.1—cre. (B) Fluorescence ISH analysis of Daxl
expression in Daxl WT and cKO mic hypothalamic ARC. (C RT—
PCR result of Dax1 expression in Dax1 WT and cKO hypothalamus

cDNA. (D) Sex ration of Littermates in consecutive cages.
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2. Dax1—cKO A#H A AgRP>®STT ANAAEZ o}

TG Ha

AAZ Daxlol Agatre]l 348 Wold cKOHH, 48 1

Ae BAT 4 AU Figure 24). AU FAY fA0 22
3}

AgRP AAANZ7E AgRPSST 3 AgRPO™3* - 271x  35}g)
3 (Subtype) 07 ®3t¥tt= 34 5 AgRPSTT 231317 o Daxl19]
= 7o MAF 2Ee #ojsittu dEA (2. AARE Dax19]
ABHE BAd e A o] AsE g, AgRP Al M) w357 of
e F&Fe vA=A FAeAT. = F Daxl—-cKO 79
AAFEREe] AgRPS ARl OTP(29) ¢ SST AAAEE &7
#2st A¥, Daxl-cKO AFH  AFsHE gAddea  AgRP™'
AAAME sFe FEE Hdo] HAaHeE As dEETH(Figure 2B).
e ARE nfge® Daxlo]l AgRP AlAFAMEe ®3pae FaF

qS e e wElom, 53] AgRPYT AAME 9 {39
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Figure 2. Deletion of Dax1 in Hypothalamus shows repressed SST—

PSST+

expressing neurons and AgR neuronal subtype.

(A) ISH analysis of AgRP, SST, POMC, Kissl neurons in
Control (n=3) and Dax1 cKO(n=5) hypothalamus ARC. (B) IF(OTP)
and FISH(SST) analysis of control and Daxl c¢cKO mice
hypothalamus. *P<0.05, **P< 0.01, ***P< 0.001, ***P< 0.0001

20 ._:I_‘_E _.,;_':_ .I.li
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%Y
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Figure 3. No significant difference between Control and Dax1 cKO
mice in Body weight, Food intake and Tissue Weight upon High—fat

Diet.

(A), (B). Body weight and Food intake measured upon HFD.

Control(n=8), Daxl1-cKO(n=6). (C),(D). Glucose Tolerance
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Test(GTT) and Insulin Tolerance Test(ITT) result between
Control and Dax1l cKO mice. (E). Liver, iWAT, BAT tissue weight.

*P<0.05, **P< 0.01, #**xP< 0.001, #*xP< 0.0001
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4. Dax1—cKO AF A AL A%

Dax1—cKO®] oyq#] An|gEe] zpo]7h Al 2HE olod

ARG Z(BAT) 7 1A F9ol A4S 9t IPTT ID
TransponderE A¢JA1Z1 & Non—contact ReaderE o] &3] t}hoksth

FHolA Aes SYSAt SHE A AfRe BHNA F A

AFAC B8 = 2 gAsow, 53 AF7F M SE A v
F7] %ok Daxl-cKO A#H9 Aol ©S Holxt: HE&
< Atk (Figure 4A). ©l= X&) AASEoA Dax19 wuHalo)

=ol5d, AAAH]D oludA AuFol FksHAl Ho] x2 Aol

oj#gt A=l zol7k AF oA MRS zolm QI

o dehdd Ael ek wAsE U ARME AE
gtttk (Figure 4B). 283l 215 AF7F ARFZ A diak Ao
veEbd w tAl Dax1-cKO9 &2 Alko] IEHe e
gkl skl o (Figure 40).

F2 YA AvjEFe] 9Jst Dax1-cKO AF 2] H2 A20] A&

AT FAEH A WAdE 7]dskes A @Rlstaral, 4
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Figure 4. Dax1—cKO mice shows elevated body temperature.

(A),(B),(C) Temperature measured at Room temperature at Ad

Libitum, Fasted. And Refed state, respectively. (D) Temperature

measured at 4°C. *P<0.05, =xP< 0.01, ***P< 0.001, ***P< 0.0001

26 2 M E g

e



5. Dax1-cKO A AWAXE nEZ=go}l 84 7}

Y A AWAE, 53] AWM (Brown Adipose
Tissue, BAT)® ZAst &7 (beiging effect)o] YERE A
w2 kA 3 (inguinal White Adipose Tissue, iWAT) o] n|EZ =g o}
gAdel o8l =HET(30, 3D. Daxl-cKO AHAL #& A

AAl 2 mEZEL oL el o dAdde syl ffE vt

A AAMXAEE o] €3 Hematoxylin & FEosin 9GS
H&st Ay, Daxl1—-cKO AFe ZAMAWAE7 dxzad AFH Y
AAAFA LY o =2 A d5E 73 vk A4S g9

At (Figure 5A) =& AX WEE S dAZQ ARG Lo
nEZEgol Aol o Eue e gleiv. AHAE
nEZEgol 7]Aur g g ek R Uncoupled Protein subtype
1(UcpD) 714" 9o Hel sgufel s 435ty
WS @EdH(32-39). T3 AAAWAEZe]l A Y 2 4

e

R¥9)

A AL AgRP AANYEEZEH A" wiAAZA 84
tyrosine hydroxylase(TH) Ao 93] ZAx+= Aoz dHA

:

a7

ATH35). AAR DDA LA LdAHE= Uepl?d TH AHE

i

gQlstz]  flsl  Uepl® THE W39 (immunofluorescence
staining) 5t ¥Zsklth. WA, Dax1-cKOS| AAA A o A
Ucpl® TH E5F iz AFHS ZAMAGAEe vl& & FFO=
HEE . deS Festd v (Figure 5A). AW A EA o S
gt FAxe nEFZE=gol @S wdstes FAAES] AolE
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Faap, A GA L} A WA A EA Y FEH cDNAE
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o] g3 gRT-PCRE A&k, 7 A3} Daxl-cKO AFH 9
A A (Figure 5B) 9F A8l 5 W A w3 (Figure 5C) o4 Ucp
2w ko] FomskAl FUekE A FRlskg o, nlEE = glot

4 T3 Fov|stAl Frkete Ae glekgitt.
Al WA EA Sl &S AT
%]

71" A 2] Uncoupled Protein<]

]_
W Gko] Trkekes As Feledvh. o8k #e ®igtE s dAAQ]
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Figure 5. Thermogenesis and Mitochondrial activity marker gene is
elevated in Dax1 cKO mouse Brown (BAT)and inguinal White

Adipose Tissue G(WAT)

(A). Hematoxylin & Eosin, IF(Ucpl, TH) image analysis of Control
and Daxl cKO mice BAT. (B),(C) Quantitative RT—PCR result of
Thermogenesis marker gnee (Ucpl, Ucp2, Dio2) and Mitochondrial
activity marker gene (Hsp70, Cytc) in BAT and iWAT cDNA,
respectively. Control(n=4), Daxl cKO(n=4). *P<0.05, **P< 0.01,

*#xP< (0,001, ***P< 0.0001
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6. Dax19 cKOdl 3] AgRP™R™*Y NAMXZ Z7}

AgRPTT WA ME o3 o7 AgRP AAME E3 3140

wojets AARRIAE 5, Daxld ¢ w2 FEorR HHEs

r
r|

CRFR1 (Corticotropin—releasing factor Receptor 1)< AJA3H5-
23 (Paraventricular nucleus,PVN) o] A RS

CRH(Corticotropin—releasing  hormone)°l 2ola @A3} HE=

r|

F8&A o1t AgRP A A AMZ S CRFR1 48 @43, AgRP &4

o

TFAaAA, AR A GAHE Zole= QAE wd A Jrh(22 36). oA
A= EUZR, AFSHHE gAY Daxle #Hoj7F AgRP
NAANZ T AAY A4S A= CRFR1 AIAAMEZ wkd o

ojw gt W3S of7lst=Al Fls R A} skl

T3 AEEHEe]l OTP 2 el vt Apol7h yetuA] b+

rl

Z& gRlssitt (Figure 6A, B). 3tA¥F CRFR1¥} §7 942¥ OTP
HE o] Daxl—-cKO AF st gddelA Fou|atAl F7tehs
A& ARt (Figure 6A, C).

AHRA oz AgRP AAAME dellA Daxl¥ CRFR1> ZAAA <]
e d"He Hol: S F9lsglow, Dax19 Zol: CRFR19
s oprjsittE HEs SIS ol AF S AgRP
AZBME GAdo] stob Z1& QhAlet, ol& <l HA A1 WA A

TE0] ®obA AR dee oPIdHs He itk

il
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Figure 6. Deletion of Dax1 in Hypothalamus ARC shows elevated

hypothalamic expression of AgRP“®™®!*

(A).IF analysis of CRFR1 and Otp in Control and Daxl cKO mice

hypothalamus. (B), (C). Cell counting result of Otp and Otp“*®!'*
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percentage in Otp cell population, respectively. Control(n=4), Dax1

cKO(n=4). *P<0.05, **P< 0.01, #*+xP< 0.001, *+*P< 0.0001
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Figure 7. Leptin—induced AgRP neuron activation is repressed in

Dax1 cKO mice hypothalamus

(A). Schematic representation of Leptin administration plan. (B),
(C). Immunofluorescence staining (cFos, OTP) analysis of
(B)Leptin(3mg/kg) injected Control and Daxl cKO mice
hypothalamus, and (C)Vehicle injected Control mice hypothalamus.
respectively. (D), (E). Cell counting result of OTP and Otps*
percentage in Otp cell population, respectively. Control(n=3), Dax1

cKO(n=3). *P<0.05, *xP< 0.01, #*xP< 0.001, **+P< 0.0001
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Figure 8. Working model of the role of Dax1 in mice hypothalamus

Ablation of Daxl in mice hypothalamus decreases AgRPSST*
neuronal subtype population. Changes in Leptin—induced AgRP
stimulation in Daxl—cKO mice result in elevated thermogenesis

level.
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H3E Ao R 33t A Glucose Tolerance Test® Insulin

Tolerance TestE &3}t GTT A3 A3}, Daxl—-cKO AF 9

A3}, Daxl—-cKO AF < Ao
2 AR AFEE W o EA debds A gelsisivh shARk
S5 AFH ATEAS o, NS JElE A2 2po) 7t el
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ST, AAARAER ojojA= waAAdA AT o Eol

AgRP®™  AANE Bt elr] Daxlz A dAF ZHo|
PoJst= CRFR1 PVNelx #l® CRFE g
FA 39 tH(36). B4 ¥ CRFR1S AgRP AAA¥E2 A4S 7HarA,
PVNe g2 HAd¥= AgRP AlAAEe &g A3AGEds 20 (22).
I A, ugAZA B4 U A bl Srbstta & A
APA,  AFsHRelAl Daxle  Aol=  CRFR1Y S
ST S F98% o (Figure 6). ©]5 %3 Daxle CRFR19]
F4E a7l Y 298 e A5 glsksith. CRFR19) =4
T AgRP AAAES e WHIE oprjsttt: A¥ AFE
Fo® AgRP 2lAAX &4& zHste W T2ES dx27d
Dax1—cKO AF el T8kl AAAxS] &8 Azttt (Figure 7).
Al 2R ok AgRP AlAGAMES] Aol Daxl9 WISy}

&l Daxl—cKO Aol Hashs AS SRlsgity. wahA
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Uebdith (47) 3714 o2, AgRP AAA ¥ 23 S24&5 A3
W3k= AgRP/NPY AdAGEZo] PVNE MC4R FE&A HF4
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Abstract

Role of Hypothalamic
Dax1/NROB1 in Regulating
Mice Thermogenesis

Jooseon Cha
Department of Pharmacy

The Graduate School

Seoul National University

The hypothalamus 1is an important organ in maintaining
organism’s homeostasis by regulating appetite, body temperature,
reproduction and hormone sensitivity. Dosage sensitive sex—
reversal (DSS) Adrenal hypoplasia congenita (AHC) critical region
on chromosome X gene 1(Daxl), an orphan nuclear receptor,
encoded by nuclear receptor superfamily O group B member
1(NROB1) gene is known to play a role in determining sexual
differentiation through hypothalamus—pituitary —adrenal—gonadal
axis in mammal. However, the molecular mechanism of Daxl
expressed in hypothalamic neurons regulating body homeostasis
has not been studied well. This study shows that Dax1 deletion

specifically in hypothalamic arcuate nucleus (ARC) mice resulted in
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elevated body temperature in both room temperature and cold
temperature. We also found that Brown Adipose Tissue from Daxl1
conditional knockout(cKO) mice exhibited fewer lipids and
increased expression on canonical thermogenic genes, rendering
these mice more resistant to cold exposure. On the other hand,
lipogenesis in liver and adipose tissue is down-—regulated. In
summary, this study shows that Dax1l modulates thermogenesis and
overall energy expenditure by possibly controlling neuronal

innervation of adipose tissue depots through its action in the brain.
Keywords : Daxl, Thermogenesis, Hypothalamus, AgRP,

Sympathetic Nervous System
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