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Fig 1. ASK3 (a) and PDK (b) bidirectionally respond to osmotic stress (NaCl concentration).
The kinase activity of ASK3 can be monitored by autophosphorylation. ASK3 is activated and inactivated by hypo- and hyper-osmotic
stress, respectively. PDK phosphorylates PDH as a substrate. PDK is inactivated and activated by hypo- and hyper-osmotic stress,
respectively. These two kinases gradually and bidirectionally change their kinase activity in response to extracellular NaCl

concentration.
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This study aims to elucidate the molecular mechanisms how ASK and PDK change their kinase activity by Na* conditions and their

functions (gene expression) in macrophage cells.
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Fig 3. ASK3 condensates show dose-dependency in response to hyperosmotic stress.
a, Subcellular localization of Venus-ASK3 5 min after osmotic stress shown in above (150 — 700 mOsm).

White bar: 20 mm and red bar: 2.5 mm.

b, Boxplots of condensate number (Count) and size (Mean size) in each cell.
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a, ASK3 condensates were formed by 600 mOsm condition by adding either mannitol or NaCl. Then, condensates were photobleached
and the fluorescence recovery was monitored by a confocal microscopy. White bar: 10 mm and red bar: 2.5 mm.
b, Boxplots of condensate number (Count) and size (Mean size) in each cell. b, A representative time course of ASK3 condensates” FRAP

under mannitol (blue) and NaCl (red) condition.

¢, The boxplot of recovery ratio (%) at 180 sec under mannitol (blue) and NaCl (red) condition.
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Fig 5. Mitochondrial respiration bidirectionally changes in response to Na* environments.
High Na* decreases and low Na* increases mitochondrial oxygen consumption rate (OCR), respectively.
The response is acute (within minutes) and reversible. Data was obtained each 8 min by an extracellular flux analyzer (Seahorse)
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Fig 6. RNA-Seq analysis of peritoneal macrophages exposed to various Na* conditions.
a, Peritoneal macrophages were isolated from WT and ASK3 KO mice. The macrophages were cultured for 24 hr in hypo-, iso- and
hyper-osmotic conditions (low-, normal- and high-Na+ conditions, respectively). Inset shows the confirmation of ASK3 mRNA

deficiency in the samples of ASK3 KO mice.

b, Macrophage genes that are altered by osmotic stress in WT (211 genes). Data is shown as log2 fold change normalized by WT iso in

the RNA-Seq. TPM: Transcripts per kilobase million.

4. EE=
AWFZEIZ L > T ASK3 & PDK &V )iEh%F (Na Bihs)
WXL Tl 5 IS T 5% —ERED XH 7

53 TR C Na BREE 2 AN L QOB A0 L7 B 50 AL
Z4377, ASK3 |22\ CIE, Na' BB icd~>T ASK3 i
MFFESNDHIE, MIEANO Na23EH: ASK3 iy
PEA LS T L ENEMEEICE G T5EE 20D
(Fig. 3, 4), PDK [Z2WCiX, Na'BREECIN=a L RUT
eI I AL T D2 &N B 5T D RTREE N E 2 HD,
AAFIECRLNIZ A R E AN TELIF R D HZ LT

FORNHIIED Na BREEEH DA = A AZIHNDHEE
D,
4.1 ASK3 &#EDZEEREKRFMEICDONT
ABFFETIE, ASK3 DR ZBERTEIZOWT, JiR%E
JERFELIRAUTIRDIZEB N E R, /NSRBI R
1372 (Fig. 3) , 1235 LR EE DS 9712 L ASK3 1ML i1k
OFRELIEINL LR RGPS D805 (Fig. 1),
ZOWETFED YT AR DEALN T A AT 752 —EBThHD
PP6 (2L b2z R bl TWDHEZ X BILD,
ASK3 & PP6 73 Ei=ids EBREE Tl )7 EH ki & AL C



ZTNOERRME LT D% B E T 5L, ASK3 i
DY AXDIE T EEOHENNL, PP6 i & F i D2 Hi
FEA 0T 2B, R B2 L08R Y
VLA TERRL TODEWOIGINE 2 HiLD, ZO%E,
ASK3 DR75 58 AR AT B i I B b3 5% ) —
BIGHEL, IO A R EEENIPPEIZ Lo TR RHK AT
PEAEFERRKL TWD ISR, SN EREE Db L )T U
JVIRIEHRIZ T T, BREEZA LD BrIE A AH 53 BEROR
DYEDIENTIE BANARZET DL BLERR ) 74§
A RIBLTHEEZLND,
4. 2 Na*l2&kd ASK3 &ED RENMEREMIBICDINT

ABFFE T Na DS LU S L7 PARUOL[FIERIZ ASK3 iR
T OFEMEIEEA AL T ASK3 iV Bk (RIEMEAR) 1
B HZ DG/, PAR IZBILTIE, ASK3 @
N RESFEIICIFEIETD PAR #EGHELAIIVFF BAYIC PAR
RAFHIZRIRENE DR HE I B 5T 5 LA BN LT
09 Nat DA 1T ASK3 XU X7 DREEDENL
Natt AT 5LV FLITIZE STV, ASK3 i
IZ in vitro C Na"Z N EINERHIN 35382177
BRI, ROVICKZAELTZEZA, NatEFRIL L9112 ASK3
W O FENEZ NS a5, Z0ZEnD,
Na"° KD XH7R MR A AN T, W R
FEGEVIED, AN LD R 2RI K> TR
WM A AL S, BRI N O 4y 1 A BAE
AAEZESE TRBIVEICEEL 52 TOWDHAREMENRE
Z b,
4.3 BRBEETETTS OCR QETEIFAVRYT

SREDZEAEIZDNT

AWFFETIL, RGP LB TR L (&
Na) IO BAL D Z A LA — LTI ha R T TEHED
W LS FBAAR TS Z D2 LGN e T, ARFSE
PIRNZIX, @iREEIC L0 LANT PDH OV LD
k5L OCR DI FOBIESNDZ L% R L Tenah,
AHFFENT KO HNIE A% FD BANL LD FEF I OB T RE
BALERHEALDAEL TODIED DD T, BIREA Tl
FEREZ AL LA AL DA FIEBRB AN Z D720,
FEREZEA L LR A LIC R R BT DD, EHOLNER
LIRS TVDDITDONTORERITHFLIL TR, 54,
PDH VLD EA72 81230 &R FE RO
MBI 7B IR B RN E D 72 B E G952 & TR

WO RUTIREIC G- 2 D BA T L=\, F72,
HIEADWGHE RS, iR % E R CULE L 723 h=a R
U7 BEN A T BRI DUV T RIS koo B
HERETT I IEELEZ DD,

AHFFE Cnid ERIC BNV CIha s R 7 I REDZE
(L EBEEN OIR TS AL CREZ A Z ED AL 2~ T
25, ZAUSTHATRIR T IZHED ASK3 X° PP6 DL TR
ERBRIC RN A L —ATHH0, B, ficx 45
BB ERE SRR A kI o> Gl E DR £ %
[ B S 5728, MR OINa R TH & RS
JEBRBEICSDINIEREE LN FHEIND LB 2 HND, i
FICHEE ThRo7mbO?, PDK2 NERBERE T
FERLIRICEERE T A RO %2 B E 5L PDK
DIEHEEICHINa U RUTIRER L& 9 D0 BB
BN T HATREMEL & D,

4. 4 7077 —IREITN T S Na TRIEDFEIZ DN T

AW LT, ~ VRO HBRE~ a7 7 — 0%
Na B B3I L Cli i O @ i+ 3R B (LA R T2k
HBNZRY, ZDHHDWKD0ME ASK3 ITIRTFT 5
ZenRiEEz (Fig. 6), U WO TRREITRRY, Na'ti
BAEIZED MIM2 Y72y M b ~DREITH ED A
BRI, FHIZ ASK3 3B 52 Na BREZ(KAFH)
TRHERE AL & LT MR G chemotxis (ZBEE 4 215
FEAEBEDNTZ, ZDOZEND, ASK3 1D ARG
ERIED BRI TSNS NaBEEICB W, /a7y
— HSRE A AR I DOL L THITIL , Sais i osh
BIZBGT5ZENE 2605,

5. SERDORE
5.1 ASK3 iBLEAEMBDERIZDLNT

AMFFETIL Na'hy ASK3 Wi OB A RtEL TIEE
A F 5T HZENHAL -T2, F7-, ASK3 & PP6
DWE R LB SNV THHZEIRIBES T
Wb, — 5T, IR IRENMED RO EZh SRR R L X
DD, WS A E DXL EREFFODNITHONT
IS TETWRY, ZOFREIZOWTIE, A5
TERHEL CWe NI TE2RD o7z, ASK3 R DI fh
5y AT AR AT E A T AL (TurbolD) 1% C ] &
TDIRHTCONH ZhES 2 DD, ZORMIZIRNTAEFG
SIV-HINIPN Na'lod?d ASK3 &M ELY - 22 H72 5]
EFHREL MR DL TIORAZER N ATREIC 2D



LEZHND, IHIZ, ASK3 L PP6 T split-TurboIDPODFH
)T ANT I NEATIILC, W DT b LT & DA JE
PO R ERE AT S TRERL, B&SHTET
[FETHZET, RIS ET D0 T OFEHRb AL
HEMRRENLD,

LA, RBITEIC RS TIREESC pH 72 L kR 2 72y B LA
BRET LS A N AR Y BE LS J IS LD SO 03D
BHZENBA), ZNEDBENZIB W TSRO A X
IR E DRI CE BRI D 2 S TN D E
V)RR L BLR R VRS b D, SHIT Na'Bis
BALLIAN TS DRI AS, ARFZEC R L=E9 12
fEN Na D FEEZ T AN FREL B XD
5o FHIMIN~D Na i AN ZOTEENEN A5 A S
DAL I\ T, ARG 65 Natod
B G RRT 5 LITERENEE 2 HND,

5.2 SFaAVRYTREEEERBOBEICDLNT

AHFFETIL, BB E (B Na®) HIC B\ CRE R A
BRI L DI R T T RE A LA 2 b D &R D
BRI EFoTMm, ZHDRERERAHOLNZTHZEn
ST ChD, BETHiELZIO1Z PDH OV FE{LFR
FNC LD RBZAC D R B AT T 52850, AWFFETIT
Fhi T TR Na Sz I REE L L BN A
bDIFEATIZE T, RIRBIRE & 6O 7= L0 aiEHy7c Bl
WL LIRS ND,

ABFZEC, M50 Na iy, MmO h=ay
RUT % BRI A S A ERALN I 2o T2, BIRIBIE
B KO E S [R5 NI BT 5B B
HZEMD, RO RYT LS DB LD HHIFINA VI
ATHIREE D FEINLEE ZDND, SRITIRa R
UT RS TR 2 724V R T ITB T DIEREE Lo U
PEORSBEZALE WO BT Na' BREBEHI 59~ D
TR HDTEMEBIRDEEbND,

VAR, HIRPIAR D BESTE T IS SN R L QWD —
T, ANVHARTWNERIZIIT DR BEBL G 0% OREREIC D
T OEMTIIHE A TR, BEAFOBIRG B E Bl
FAWZE L THEREDBLEN LI IUTIEFR IS Ty
JISFRREE S 2 B3, AWFFET PDK2 23 @i g ClE
BRI T D708 ROINT- 2SI OFEEA~OHFIED
AMREMA RL CDEB X HLD, PDK2 ° PDHAL O JRTE
AT DNWTAENT 3~5 LW DR COBlEATT-

=

B

o )

1273, ASK3 DR DO %G, v Na' Hili 15~30 45314

FEDWE LD J5 DN D TERUTBAME 2%, ZDZEND, &

B O CITHRRF R 2 B XL CTIha s RUT D Z ]

VB D R EZR YD TG DM ER D HEEZ B,

5. 3 Na'IRIRCTHEEINSY/OT7—V DELRFHRE

ZEIZDT
AW CIEIE~ 707 77—V HIaA MK & Na'BrEgI 25t

LG5 OB FHI A~ ZENHLINI T,

ZAUZ, ASK3 R° PDK DiEHEZ2E Na BBl il F1akic

B 0 T B S TR A LA > TOD T EaR

BLCWD, Bififk~rn7r—I Rl fichkd 5~

a7 7— Y CRRRDISE S RHNDINTA % O

THDHN, AHFZET chemotaxis (ZBHE D& 5175 NaBg

BECIDZALUIm R, RRBIEERD Na'BRETEJOIE - 0)%

BEREA 71T % B CIEFIZHURIR , ZH D% 7A

LU, FERANICIIRRE D Na' Bz & At A Ol

KIZED NAHNZEAELTZD, ASK3 KO ~ 7 ARHE %

IS HTo~ D AZRI AL T, RO Na 8RBl £ 12 B

T 50 T DB RO W THEARAVED, TR AR

PRIBD IR IS OGS IBRIE IR DI IR TR

SHTNETZN,

6. X

1. Oh YS, Appel LJ, Galis ZS, Hafler DA, He J,
Hernandez AL, et al. National Heart, Lung, and Blood
Institute Working Group Report on Salt in Human
Health and Sickness: Building on the Current Scientific
Evidence. Hypertension. 2016;68(2):281-8.

2. Kleinewietfeld M, Manzel A, Titze J, Kvakan H, Yosef
N, Linker RA, et al. Sodium chloride drives
autoimmune disease by the induction of pathogenic TH
17 cells. Nature. 2013;496(7446):518-22.

3. Jantsch J, Schatz V, Friedrich D, Schroder A, Kopp C,
Siegert I, et al. Cutaneous Na+ storage strengthens the
antimicrobial barrier function of the skin and boosts
macrophage-driven host defense. Cell Metab.
2015;21(3):493-501.

4. Berry MR, Mathews RJ, Ferdinand JR, Jing C, Loudon
KW, Wlodek E, et al. Renal Sodium Gradient
Orchestrates a Dynamic Antibacterial Defense Zone.

Cell. 2017;170(5):860-874.¢19.



10.

11.

12.

He W, Xu J, Mu R, Li Q, Lv D lun, Huang Z, et al.
High-salt diet inhibits tumour growth in mice via
regulating suppressor cell
differentiation. Nat Commun. 2020;11(1):1-17.

Tillé L, Cropp D, Charmoy M, Reichenbach P,
Andreatta M, Wyss T, et al. Activation of the

NFAT5 in the

myeloid-derived

transcription  factor tumor
microenvironment enforces CD8+ T cell exhaustion.
Nat Immunol. 2023;24(10).

Miiller DN, Wilck N, Haase S, Kleinewietfeld M,
Linker RA. Sodium in the microenvironment regulates
immune responses and tissue homeostasis. Vol. 19,
Nature Reviews Immunology. Nature Publishing
Group; 2019. p. 243-54.

Naguro [, Umeda T, Kobayashi Y, Maruyama J, Hattori
K, Shimizu Y, et al. ASK3 responds to osmotic stress
and regulates blood pressure by suppressing WNKI1-
SPAK/OSRI signaling in the kidney. Nat Commun.
2012;3.

Watanabe K, Umeda T, Niwa K, Naguro [, Ichijo H. A
PP6-ASK3 Module Coordinates the Bidirectional Cell
Volume Regulation under Osmotic Stress. Cell Rep.
2018 Mar 13;22(11):2809-17.

Watanabe K, Morishita K, Zhou X, Shiizaki S,
Uchiyama Y, Koike M, et al. Cells recognize osmotic
stress through liquid-liquid phase separation lubricated
with poly(ADP-ribose). Nat Commun. 2021;12(1).
Ikizawa T, Ikeda K, Arita M, Kitajima S, Soga T, Ichijo
H, et al. Mitochondria directly sense osmotic stress to
trigger rapid metabolic remodeling via regulation of
pyruvate dehydrogenase phosphorylation. J Biol Chem.
2023 Feb 1;299(2).

Morishita K, Watanabe K, Naguro I, Ichijo H. Sodium
ion influx regulates liquidity of biomolecular

condensates in hyperosmotic stress response. Cell Rep.

2023 Apr 25:42(4).

13.

14.

15.

16.

17.

18.

19.

20.

21.

Alberti S, Hyman AA. Biomolecular condensates at the
nexus of cellular stress, protein aggregation disease and
ageing. Vol. 22, Nature Reviews Molecular Cell
Biology. Nature Research; 2021. p. 196-213.

Wang C, Taki M, Sato Y, Tamura Y, Yaginuma H,
Okada Y, et al. A photostable fluorescent marker for the
superresolution live imaging of the dynamic structure
of the mitochondrial cristae. Proc Natl Acad Sci U S A.
2019 Aug 6;116(32):15817-22.

Park MD, Silvin A, Ginhoux F, Merad M.
Macrophages in  health Cell.
2022;185(23):4259-179.

and disease.

Leone RD, Powell JD. Metabolism of immune cells in
cancer. Nat Rev Cancer. 2020;20(9):516-31.

Van den Bossche J, O’Neill LA, Menon D.
Macrophage Immunometabolism: Where Are We
(Going)? Trends Immunol. 2017;38(6):395-406.
Watanabe K, Morishita K, Zhou X, Shiizaki S,
Uchiyama Y, Koike M, et al. Cells recognize osmotic
stress through liquid-liquid phase separation lubricated
with poly(ADP-ribose). Nat Commun. 2021 Dec 1;12(1).
Ryuno H, Hanafusa Y, Fujisawa T, Ogawa M, Adachi
H, Naguro I, et al. HES1 potentiates high salt stress
response as an enhancer of NFATS5-DNA binding.
Commun Biol 2024 71. 2024 Oct 9;7(1):1-15.

Cho KF, Branon TC, Udeshi ND, Myers SA, Carr SA,
Ting AY. Proximity labeling in mammalian cells with
TurboID and split-TurbolD. Nat Protoc 2020 1512.
2020 Nov 2;15(12):3971-99.

Yoo H, Triandafillou C, Drummond DA. Cellular
sensing by phase separation: Using the process, not just

the products. J Biol Chem. 2019 May 3;294(18):7151-9.



No. 202436

Elucidation of the Molecular Mechanisms by Which Cells Sence Sodium
Environment in the Body via Analyzing Kinases that Bidirectionally and
Gradually Respond to Low- and High-Sodium Environment, and their Function

in Macrophages

Isao Naguro
Graduate School of Pharmaceutical Sciences, The University of Tokyo

Summary

Sodium ions (Na') are essential for humans. On the other hand, excessive intake of salt has been linked to
various diseases. However, molecular mechanisms by which Na* affects the body are still not fully understood.
In this study, I focused on two kinases, ASK3 and PDK, that we have reported they bidirectionally alter their activity
in response to Na* environments. [ analyzed the molecular mechanisms through which these kinases change their
activity depending on Na* (osmotic) conditions. In particular, I investigated the liquid—liquid phase separation
(LLPS) of ASK3 and the morphological changes of mitochondria. ~Additionally, since these kinases are expressed
in macrophages, I conducted transcriptomic analyses to explore the relationship between Na* environment and
macrophage functions.

The ASK3 condensates formed by LLPS became smaller and more numerous as extracellular osmolarity
increased. The morphological changes increase the condensate surface area led to more efficient
dephosphorylation (inactivation) by phosphatases, suggesting that the condensate molphology serves as a
quantitative sensor of the Na* environment. Furthermore, intracellular Na* influx was also necessary for the
efficient dephosphorylation of ASK3 through the enhancement of the fluidity of ASK3 condensates.

The super-resolution microscopy analysis revealed that stimulation with high Na* led to mitochondrial
contraction within seconds and a decrease in membrane potential. At the same time, PDK2 within the mitochondria
exhibited a granule-like redistribution. This suggests that activation of PDK, which is involved in mitochondrial
metabolic changes, may be induced by the mitochondrial morphological changes.

Peritoneal macrophages from mice were cultured under low, normal, and high Na* conditions, and analyzed by
RNA-Seq. Many genes responded in opposite directions under low and high Na* conditions. Among these, some
gene expression changes were lost in ASK3 knockout macrophages. These findings suggest that macrophage are
regulated by bidirectionally responsive molecules such as ASK3 and PDK. Elucidating the molecular mechanisms
of these Na'-responsive molecules may lead to a better understanding and potential treatment of Na*-related diseases

involving macrophages.



