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Extracellular Nucleic Acids and Physiological Homeostasis

NUKA Erika and TERAO Junji

Abstract : Nucleic acids are intracellular molecules that play important roles in genetic information storage
and the expression and also that act as energy currency. In addition, nucleic acids are found in extracellular
media such as blood and urine. With the development of analysis technologies such as next-generation se-
quencing, various types of extracellular nucleic acids, their release mechanisms and the correlations with dis-
cases are found in recent years. The types, amounts and sequences of extracellular nucleic acids are being
studied as potential biomarkers as they are changed, reflecting physiological states and progression of dis-
eases. Therefore, many researchers investigate them as potential analysis targets for Liquid biopsy, non-
invasive or minimally invasive diagnostic approach. Besides, extracellular nucleic acids are implicated in
physiological homeostasis by triggering immune responses and in cell-to-cell communication by transferring
the genetic information. In this review paper, we describe endogenous and exogenous extracellular nucleic
acids focusing on the various types, the origins, the involvement in immune responses, and the effects on

physiological homeostasis.

Key Words : extracellular nucleic acids, damage-associated molecular patterns, immune responses

Wi BRI, BEBROGRERPEETRBICED 130, T AVE—4T L LTI 5 MBI
GTHAHH, MIERLIR % EOMIBI BT L ZOHFENRO LN TV D, T, KIS -7 v A
FEORNTHAT OM IR, B4 2 FEE OIS MER O AR Z ORULFRRS, Bl & o B s
ENTWV D, MR O R, BRI, ARRECREDOMETREIZ L > TEET 52 &0
5, BAHRONS Fv—h— L LTOUWEPED SN TE Y, KREEEOH - 2RESHETH L)
¥y RNAF T — DG E LTSN TS, F72, MIaSMERIE, Mo fIEnE %
AL, AREEEOMEERRE D (3, HE, MIRMERRZ LD A AR BV T, B
AATHREERERD & 8 BEBDPHE SN b2 s, MO 2=r—va YHTE LTHER
ENTWVD, KT, HOHESB X OWREOMIBIMERRICOWT, £ D%k M & AR
FEILENOED Y, B L CEFEFENDBEIZOWTERERT 5,

F—7— K HilasERE, A — VBES TN — 2, RIEIRE

fy L fEFEE O A, B 8.84 4, L1235

X UL & |2 ETHDH, BEFGOEMDIDIZ, EH
TR A LY fLAD TN T W 5B A, 2018
HAEOARIBEmES 202 TBY, Pk FOTF—FI2LkBE, BHERAD2 A1 NE—

HURE KRB AR R A A PR AR R A



90 R REMIAET %165 (202243 H)

D) BIZHBALZHENG Z LY, DA -
OB - IMIMAE R - BEPRIG 72 & o AT 1B
MR TIET 5 EE2H T Db T en
WESINTWBY, BEMEFRFCERT, 256
2, BROE R IER OB, ARREOLE
R, EFEFEEOME: - REIEETH 5,
KiRix, EERFORBSCHREECED ST,
IANF—=4F & LTS 2N Th
25, MR 7% E O/ BV TH 20
RO HNTW 5, ITEOHRMTEL L O
Mt o1 2R, Bk 4 2 IE O M/ V%R
DIFER T OSBRI G 2 5528 K
BLEOBEEEZ EPREINTEY, ERER
HrllofaEE s LCHifF s Tw 2,
KT, Mz a5 % ol koMiast
FRRIZOWT, Z DL kR THEE & A REES % A0
95 & DI, MIAMEERIC X 2 RIZILE IS
OV, TNFTOELRMAEMNT 5. %
7z, EHBIRERICE DB A F A RN
DOAFAIMEEER DS ARG 2 BB DO\ T b,
I OHAEZ B D,

I 295889 % H CHERIAIR

M2 DNA 23FFES 5 Z &3, 1948 4E 12
Mandel & Metais 12 & > TH I HwE S 1Y,
BIEE T, Y/ ADNARI IV FYT
DNA (mtDNA), RNA, X7 L4 F i &4
ORI 2 JEER T 5 2 LA HE S
TWwa (1), Mas% &I, A2
S &5 DNA (2, Cell-free DNA (cfDNA)
%> Extracellular DNA 7 & & 1", 5 A
TH) 1~50 ng/mL FF1ET %' Moss 513, 1
HAND fDNA OHERIZDOWT, HIMERAT55%
o, ARIMERETEEH LAY 30%, I3 PN Bz Al

FaAs10%, BFHIEAS 1% CTHAH 2 & s L
TV 52, ofDNA 121, JESM L H ko DNA
(circulating tumor DNA (ctDNA)) b & L %
720, WADZER FHRTFIN~—T—L2) )
HIEDHEINTE Y2 RIS % 0
S LR ER SN T, 72, M
@ cfDNA &= LR THEDPIEOMBE 2 FHOZ & A
s S, ofDNA 28&SERIE T O F il A+
W7D )BT EBRINTWDY, MEtZICH
¥4 %4 7 A DNAIZHIZ T, 2000 4F 12 1%
mtDNA & M ICFEET 5 2 LAl & ),
MBAEE TIZ mtDNA OH A AL 52 &
R EIEFRFEIC LD I mtDNA AN
HZENRHESNL L EY, i mtDNA 75,
DA DHEATIRI R B OLF W E DO H EME%
TS BN, F~— T — LR BRI R EN
TWh,

I % 75 3] 3§ % RNA (&, Cell-free RNA
(cfRNA) &I, # v & ¥ Y v —RNA
(mRNA) %V KV —2A RNA (RNA), +F >
A 7 7 — RNA (tRNA), ¥ 1 7 H RNA
(miRNA), BEJIRRNA % L8 4 2 M 2% b
%20 g NO LA RNA @ 9 5, miRNA A%
70-80% & K # 4 % 5 ©, mRNA X rRNA,
tRNA (ZZNZNH -t MEETHLZ L
DG XN TV A, RNA &, MDY K2
J LT —BIZL o THIned v, st
AN, R7F R EOEERN, BLUER
B RY X WV EIHHETE L CREICILH
VGBS 5o ATAEOMIRM B X OATHEAf O
M EI2X ), M mRNA @ X 9 %2 D W
FrAb LR WEER IZ DWW T b IFZR 05D 5T
BY, PAOHBEIZRERNY 2~ ——& LT
fFshTnzes?,

He SOFHIZL B L, v MiHH» 5 55 FiE

x1 I OMILIMZIR

TS SCHR
DNA 7/ 5 DNA, X FI2 FJ7 DNA s)
Protein coding RNA  messenger RNA 5,6,7,8,9)
. micro RNA, piwi-interacting RNA, transfer RNA, small nucleolar RNA, small nuclear )
Non-coding RNA . . A ) ] 5,10, 11
RNA, miscellaneous RNA, ribosomal RNA, small interfering RNA, circular RNA
2rLF R T, /%// gr)v o, 4/“/‘.‘/,“’7’)“/\‘.‘/, Ya—RoyTr, 2
AFMEX 7 LAV R, TeFIUEX 7 LA TR
X7 VAF I ATP, ADP, AMP, UTP, UDP, GDP, GMP, IMP 12,13, 14)




A MRSVER & AR E R 91

DA LFF FBLOX 2 LF Y R Eh
THBY), RNABHilC L > TERTLY 22— F
™~ ) ¥~ (Pseudouridine) 7% 8.54 umol/L & ¥
b4 <, kWTY 1) Y Y (Uridine ; 4.32 pmol/
L), 77/ <~ (Adenosine; 1.59 umol/L) 7%
BHENTWE, Z0IE0, 7 F IV 2T
MMEX 7 LAY R, £ - VX7 LT R
HEhTnws?,

H L RAZ R 0 i e

PRI DAL R A I A I S B R,
MIRBFE 22 SR S LB #EHE &, A & 74
Fas S SN LR H 5. Mlgstix, 7R
b= R EMHEN S G S e (2 A4
1) &, +— b7 7 VKGRI (54
7)) &, Arza—3 A LMEN B EIER M
Jagt (74 7)) O3FEEICKE L FIFsNT
V2 AR, MR EIZ B T A WE R AN HE
Fh, K2R &9 kA ARHORNE S 7z
HREFE SRS STV %Y,

Ao u—3 A, ALER - PR 7 BREEE
WEhslakRshaMigst<cahh, MK
iR - MBS EREE IS E vy, DNA R RNA 2 &0
MDA E it s b, Bl S h
TAETH B TR =T AT, ARMEB X
W BIRELC & o T H A8 — BIRAFE M
FENFE SN, 7y uxF VRERHEOMAL,

TR = AMEOTEE 2D, EEME
W SN G, TR M= ZADOESFTIE,
JalEF v A VA2 LT 7 LA T RSt &
B2 LR DNA & OE/ANMNE R i &
NaZENHwEINTNEY,

TR b= AROHH S 7zt e LT
s S L7z Pyroptosis (X, JRIEMARZ EI2 L 5%
FE BRI X o TREE S, Al 25 By 32
LY, 75 vy =) Y (ATP) R ED
MR ED 235 2 EpmENTWw 52,
$72, NETosis l¥, #1270 =Y AT AR —¥
A LR DML TH Y, RIS N
v 7" (Neutrophil extracellular traps ; NETs) O
T % £ 9 BRENW 2 HIfIE T 5 L i ST
VB, I ER DS 9 % NETs 1&, DNA %
YU & 2 /X0 B2 Eh 5 70 BIHER O &Y ©
BV, WREEEE - BRET 5 70O HEE
ELTHSLNTWE D™, Ml E B & o il
cfDNA MO ER L LT mEF N Tw
5%, M ¢fDNA = (&, NETosis D ¥ — # —
ELTHHINTEY, &KETIX, COVID-
19 & G4H D ofDNA ®=DVIEIK G H 12T 34
fs L BHZICHML TWb 2 & A5, COVID-19
JEGIE D FEAEIL & NETosis @ B H P 25 Hi 5 &
nCTwase,

FEAEIE, fEEATOMR T5ET 225, &
FHBIC X > CHRESIND 20, [HEEDHER
ENb, Lol, HEERBIMETLEZD, BBA

F2 MDY 1 7 & LRSI

yA47 F I REA R
RS 722 Ml 58 427 u—3 A (Necrosis) MR - A

7 & b —3 A (Apoptosis) MG - 152 Bleb JZRL - DNA Wik

7z 1 k—3 % (Ferroptosis) I NI YR TR OB &

841 h—3 A (Pyroptosis) HIRBRE AR - DNA Wit

I M= A (Entosis) AR 72 T R oME % &
S 7 7$—% 4 b A (Parthanatos) MIFAIE A1 - DNA Wit - X~ 3 v B 7o S
12k 2 #21a7 h—3 A (Necroptosis) MR R - MR - I ba >y B TR

I S 7St I b =3 A (Mitoptosis)

IhaYRY TR

% b —3 A (NETosis)

I & AZ e 1

VY — sMRAF RO TE
(lysosome-dependent cell death)

RS &) ) — A i

F =77 YIRS
(Autophagy-dependent cell death)

F—= b7 7TV LIE - AT A THE




92

DALZEEE R LI & o TREISHIIIEDS | & 2
TENNTEE, LZROBENRUL S, £
RICHEA B E RIS L1257,

A & 7ML A SRR AR S B RIS,
JE/NACTH DTy V) — L4 7 ANy
VD5, FRFIROBAZ, MBS Z
7 (NETs) OB % ENd b, =7 — L4
FEE30~100nm O E/NeTH Y, = F
V= AESHENCHRAT A Z L2 Lo TR T
BT RV —09%, Mk Emead 22
I o THifgAAANIIE S B — T, <A
suaxT 7, MEESHFET LI EICL o
TR L, EAE 100~1000 nm DK & & D/
JlCdhb, TV =A<, 270X 7 )|
&, DNA % mRNA, miRNA 7 & O &k O 1%
YN ERRELEEN TS, BN
RIZEEIN DB DEFK SN TS, ExoCarta
(http : //www.exocarta.org) X*> Vesiclepedia (http :

B8R
O

//www.microvesicles.org) & L XI5 7 — %
N—2A2E 5L, BUTHED RNA BAEfRS N
THBY, ZH7HE O mRNA % miRNA 7%
IERIZE TN TWBE Z E Db B2, $72,
Fernando 5 OHFZETIX, I cfDNA D 90%
L7y —AIlZEInsl e L Tw
5%, AR, TV — AIZNE E 72 mRNA
L miRNA 7%, JELAIRIZHY A F /- Ik
REMEA M 5 2 Lty S 00, Mg o
TIa=r—YavIlEREREH TR TL
ARENTV D,

MNBHVEIRIZ & 5 SRR

HARGIZIDE L, R ARG | iR ) L 2 5528
SNDAEBHEELE LTHOoNTEY, 0
FH UM ARF AR B E 51784 — > (pathogen-

associated molecular patterns ; PAMPs) % &2 ik

THZEIZLoTHIBEEN S, HIEHE LML

R REMIAET %165 (202243 H)

X, 28y — Rk AR (pattern recognition
receptors ; PRRs) |2 & - C PAMPs % ik L,
MBANY 7FIREER N LTHA ML v &
LT Do ZOFIERSIE, HMEROEER
BEMEHAZIRET 2 2 L12X - TREMARZ B2
oL LI, MBIBERIES AR DG AL
WHEELREE T RI-T 2RI TV
57,

— T, MESE RIS I X o THlig kS
PO S NN R, AR & 7l A S e
A Szl 1 b 72, fERfEs &
LT PRRs [ZRZF SN, SIEILE R HIEIGE 2
BMbdIEPHMOLNTEY, ¥ x— IS T
/X% — » (damage-associated molecular patterns ;
DAMPs) IR TWwa (£3) ™, AfkE
HUEDSHERE S NZIRRE T, SEAIIEX°> DAMPs
B, BRI S NB DY, FEAFG- R
Z SV X D EE B L 72K T, FER
X DAMPs OFREARIE L, #F H 2 I3 FHE
M7 RIRICED G S S b,

MR/ B S 772 ofDNA (&, I IS AE
35 X7 LT —+X T 5 DNase I X DNasey
(DNaselL3) |2 & o TH S5 2%, DNase
[ RARIC &0 HORERBOIEIRDP NS Z &
29 gtk 7~ b—7 A (SLE) E#&IC
BT DNase I OFEHRE AL TR DNase y D
HIZTFERENPHRE SN TE DY, fDNA 23
DAMPs & L TRk &, IZISE z Hlf L,
HORERBICED L Z EAVRENT WA,

MR AR S L7z ATP (E, MR I (A7
T 544y F v 2 VEO P2X ZHER G ¥
Yoy BT O P2Y ZEMK T S L CTREEIL
Zradlii L, Kb%®% SLE, B 7~ F*
7o Ehk A R REREICG T 5 2 LRI T
Who T7z, BMEBRORHWTH LRI, M
FEIZPE I AT S 72 0 M A
ENTBBPRHSNLZ LICLoTHELRD

3 KEERMED DAMPs & S5k

DAMPs SR S SINDYS Y
ATP P2X7receptor A e
PRI NLRP3 iy
I a2 FY 7 DNA TLR9 IRV Y—2A
DNA/RNA TLR7/TLR9 IRV Y—2A
DNA/RNA-RIEH A A Fcreceptor il
DNA/RNA-HMGB1 # &1k RAGE il




A i M

3575 PRRs D 1 2T 5 NOD KezH Az
EHEALL, RERELTI SR T I E2mon
TWAH™Y, —J  ATP O cdhH s 7 7/
DL, PLEREBER TN L CHIREE % 351
THLIEPMESNTBN™, FIEIRE DL
W L OCHEFEEEMHERICIZ26 28255
T,

VL4E, DAMPs (2 & % ¥ 7 F VAzniE % I3
L7 I=A M xR RAEICB W T,
COVID-19 J&443 O FEFEL R B\ L % kiR
wasEl s, o, BERSD w2 & AR
HEINTWBEY,

2O LX) ITHIEN OR%ERIE, DAMPs & LT
ARRENDLZLIZL > TREREICEDS Z &
MH, A RBRIERENOB S REND & &
b2, HEOENE L THIfgEINED HiTw
%o

SR DM MR

INET, HOHROMIEIMEERIZ DWW Tl
RTE72DS, AFEL LX) BB 0%
REREAE LTHEH SN IR Z L, YHH
MM AMERR D AARIZ G- 2 2 T DOV T D
WFFEA D 5N TV ™7, B IZ AR TH
BB ENL D, WHKEFZTIEZ VDS, Mg
A3 R AR B Il s 2SR I ERAI NS, 154 b Rz
fa, WafliiaZe &%, ZRERPERLER %2 HU D A A F)
T EDHMENT D HHRMEREEEO A T
IZ2oWTid, X7 L4 F MR ANTRIZL S
FLBORFMRER™, X7 LFF FIZ & 5 PiER
1t - PLRIELER % v L 72 MU B AL N 57
PREBOPURELIE R % /i L 72 B BUGER R0 7
ENHREEINT WS, HETIE, MPWHEKD
miRNA Z I L 72HWIZBWT, IS
miRNA 73 % 2 CHERBME 2 5848 9 5 1T sk
HIRENTZTH, ZD L), EmRPREA L
L TR & 3BT 2 A M2 R T idd 5 b
DO, WL E N7 ORFENE 2 O 1SR4
B, RANBIREZR L, AR EI N T 5,
LSt%, BBENOZERSEZEIIOVWT, 35
% LR LEETH 5

SMEIR & EARE 1 93

B b 12

AR TIE, A CHRMIBIMEER O
TR, FHIEINENOED D IZOW TR % &
LI, BHR EIZHRT B AR TR OB RE
PEIZBIT IR DOWZE 2 A0 L 72o BN TTEER
fpr o1 B2, MU SMEER DR R AL
FIZHE B L72WIZEIR 4R S SI2Hd 5 2 L a°
THREIN L. MIBIMEIRDY, A AEIRRE 2 3§
BINAFT—=H—E LT, FEIRTHREHRICH
MEhsb L eIz, KAWL S OWFZE
DEHIHEGL 2 2R %,

2 £ X ik

1) 1 hfEgAaAR2 (FK) EEEMERES &
B (E 45 @ 45) (https : //www.mhlw.go jp/stf/shingi2/
0000196943 .html)

2) BENAAWTEL Y —DAEHRYT —E A [HBARK
AT (& AR

3) AO#EmE (245 #%4) (https : /www.mhlw.go.
jp/toukei/list/81-1 a.html)

4) de Miranda FS, Barauna VG, Dos Santos L, Costa G,
Vassallo PF, Campos LCG. Properties and Application of
Cell-Free DNA as a Clinical Biomarker. Int J Mol Sci.
2021 Aug 24; 22(17) : 9110.

5) Szilagyi M, Pos O, Marton E, Bugly6 G, Soltész B, Ke-
serii J, Penyige A, Szemes T, Nagy B. Circulating Cell-
Free Nucleic Acids : Main Characteristics and Clinical
Application. Int J Mol Sci. 2020 Sep 17 ; 21(18) : 6827.

6) Kopreski MS, Benko FA, Kwak LW, Gocke CD. Detec-
tion of tumor messenger RNA in the serum of patients
with malignant melanoma. Clin Cancer Res. 1999 Aug; 5
(8) : 1961-5.

7) Shen J, Wei J, Guan W, Wang H, Ding Y, Qian X, Yu
L, Zou Z, Xie L, Costa C, Bivona T, Rosell R, Liu B.
Plasma mRNA expression levels of BRCA 1 and TS as
potential predictive biomarkers for chemotherapy in gastric
cancer. J Transl Med. 2014 Dec 14 ; 12: 355.

&) Larson MH, Pan W, Kim HJ, Mauntz RE, Stuart SM,
Pimentel M, Zhou Y, Knudsgaard P, Demas V, Aravanis
AM, Jamshidi A. A comprehensive characterization of the
cell-free transcriptome reveals tissue- and subtype-specific
biomarkers for cancer detection. Nat Commun. 2021 Apr
215 12(1) © 2357.

9) Salinas-Sanchez AS, Garcia-Olmo DC, Martinez-
Sanchiz C, Picazo-Martinez MG, Giménez-Bachs JM,
Flores-Bautista AB, Diaz-Piqueras A. Clinical value of pe-
rioperative levels of DNA and mRNA in plasma of pa-
tients with renal cell carcinoma. Transl Oncol. 2021 Feb ;
14(2) : 100999.



94 R KRR T

10) Umu SU, Langseth H, Bucher-Johannessen C, Fromm
B, Keller A, Meese E, Lauritzen M, Leithaug M, Lyle R,
Rounge TB. A comprehensive profile of circulating RNAs
in human serum. RNA Biol. 2018 Feb 1; 15(2) @ 242-
250.

11) Savelyeva AV, Kuligina EV, Bariakin DN, Kozlov VV,
Ryabchikova EI, Richter VA, Semenov DV. Variety of
RNAs in Peripheral Blood Cells, Plasma, and Plasma
Fractions. Biomed Res Int. 2017 ; 2017 : 7404912.

12) He L, Wei X, Ma X, Yin X, Song M, Donninger H,
Yaddanapudi K, McClain CJ, Zhang X. Simultaneous
Quantification of Nucleosides and Nucleotides from Bio-
logical Samples. J] Am Soc Mass Spectrom. 2019 Jun; 30
(6) : 987-1000.

13) Gorman MW, Feigl EO, Buffington CW. Human
plasma ATP concentration. Clin Chem. 2007 Feb ; 53
(2) :318-25.

14) Wihlborg AK, Balogh J, Wang L, Borna C, Dou Y,
Joshi BV, Lazarowski E, Jacobson KA, Arner A, Erlinge
D. Positive inotropic effects by uridine triphosphate
(UTP) and uridine diphosphate (UDP) via P2Y2 and P2
Y6 receptors on cardiomyocytes and release of UTP in
man during myocardial infarction. Circ Res. 2006 Apr 14 ;
98(7) : 970-6.

15) Bronkhorst AJ, Ungerer V, Diehl F, Anker P, Dor Y,
Fleischhacker M, Gahan PB, Hui L, Holdenrieder S,
Thierry AR. Towards systematic nomenclature for cell-free
DNA. Hum Genet. 2021 Apr; 140(4) : 565-578.

16) Schwarzenbach H, Stoehlmacher J, Pantel K, Goekkurt
E. Detection and monitoring of cell-free DNA in blood of
patients with colorectal cancer. Ann N Y Acad Sci. 2008
Aug; 1137 :190-6.

17) Thierry AR, Mouliere F, Gongora C, Ollier J, Robert B,
Ychou M, Del Rio M, Molina F. Origin and quantification
of circulating DNA in mice with human colorectal cancer
xenografts. Nucleic Acids Res. 2010 Oct ; 38(18) : 6159-
75.

18) Thierry AR, El Messaoudi S, Gahan PB, Anker P,
Stroun M. Origins, structures, and functions of circulating
DNA in oncology. Cancer Metastasis Rev. 2016 Sep ; 35
(3) : 347-76.

19) Leon SA, Shapiro B, Sklaroff DM, Yaros MJ. Free
DNA in the serum of cancer patients and the effect of
therapy. Cancer Res. 1977 Mar; 37(3) : 646-50.

20) Steinman CR. Free DNA in serum and plasma from
normal adults. J Clin Invest. 1975 Aug; 56(2) : 512-5.
21) Moss I, Magenheim J, Neiman D, Zemmour H, Loyfer
N, Korach A, Samet Y, Maoz M, Druid H, Arner P, Fu
KY, Kiss E, Spalding KL, Landesberg G, Zick A,
Grinshpun A, Shapiro AMJ, Grompe M, Wittenberg AD,
Glaser B, Shemer R, Kaplan T, Dor Y. Comprehensive
human cell-type methylation atlas reveals origins of circu-
lating cell-free DNA in health and disease. Nat Commun.

2018 Nov 29; 9(1) : 5068.

St

#1675 (202243 A)

22) Bettegowda C, Sausen M, Leary RJ, Kinde I, Wang Y,
Agrawal N, Bartlett BR, Wang H, Luber B, Alani RM,
Antonarakis ES, Azad NS, Bardelli A, Brem H, Cameron
JL, Lee CC, Fecher LA, Gallia GL, Gibbs P, Le D, Giun-
toli RL, Goggins M, Hogarty MD, Holdhoff M, Hong SM,
Jiao Y, Juhl HH, Kim JJ, Siravegna G, Laheru DA,
Lauricella C, Lim M, Lipson EJ, Marie SK, Netto GJ,
Oliner KS, Olivi A, Olsson L, Riggins GJ, Sartore-Bianchi
A, Schmidt K, Shih IM, Oba-Shinjo SM, Siena S, Theo-
dorescu D, Tie J, Harkins TT, Veronese S, Wang TL, We-
ingart JD, Wolfgang CL, Wood LD, Xing D, Hruban RH,
Wu J, Allen PJ, Schmidt CM, Choti MA, Velculescu VE,
Kinzler KW, Vogelstein B, Papadopoulos N, Diaz LA Jr.
Detection of circulating tumor DNA in early- and late-
stage human malignancies. Sci Transl Med. 2014 Feb 19 ;
6(224) 1 22412 24.

23) Luo H, Zhao Q, Wei W, Zheng L, Yi S, Li G, Wang
W, Sheng H, Pu H, Mo H, Zuo Z, Liu Z, Li C, Xie C,
Zeng Z, Li W, Hao X, Liu Y, Cao S, Liu W, Gibson S,
Zhang K, Xu G, Xu RH. Circulating tumor DNA methyla-
tion profiles enable early diagnosis, prognosis prediction,
and screening for colorectal cancer. Sci Transl Med. 2020
Jan 1; 12(524) : eaax 7533.

24) Kananen L, Hurme M, Jylhd M, Hirkéinen T, Koskinen
S, Stenholm S, Kdhonen M, Lehtiméki T, Ukkola O, Jyl-
héavd J. Circulating cell-free DNA level predicts all-cause
mortality independent of other predictors in the Health
2000 survey. Sci Rep. 2020 Aug 14; 10(1) : 13809.

25) Zhong S, Ng MC, Lo YM, Chan JC, Johnson PJ. Pres-
ence of mitochondrial tRNA (Leu (UUR)) A to G 3243
mutation in DNA extracted from serum and plasma of pa-
tients with type 2 diabetes mellitus. J Clin Pathol. 2000
Jun; 53(6) : 466-9.

26) An Q, Hu Y, Li Q, Chen X, Huang J, Pellegrini M,
Zhou XJ, Rettig M, Fan G. The size of cell-free mitochon-
drial DNA in blood is inversely correlated with tumor bur-
den in cancer patients. Precis Clin Med. 2019 Sep; 2
(3) : 131-139.

27) Budnik LT, Kloth S, Baur X, Preisser AM, Schwarzen-
bach H. Circulating mitochondrial DNA as biomarker link-
ing environmental chemical exposure to early preclinical
lesions elevation of mtDNA in human serum after expo-
sure to carcinogenic halo-alkane-based pesticides. PLoS
One. 2013 May 31; 8(5) : e64413.

28) Hunter MP, Ismail N, Zhang X, Aguda BD, Lee EJ, Yu
L, Xiao T, Schafer J, Lee ML, Schmittgen TD, Nana-
Sinkam SP, Jarjoura D, Marsh CB. Detection of mi-
croRNA expression in human peripheral blood mi-
crovesicles. PLoS One. 2008 ; 3(11) : e3694.

29) Pos O, Bird O, Szemes T, Nagy B. Circulating cell-free
nucleic acids : characteristics and applications. Eur J Hum
Genet. 2018 Jul ; 26(7) : 937-945.

30) Huang X, Yuan T, Tschannen M, Sun Z, Jacob H, Du
M, Liang M, Dittmar RL, Liu Y, Liang M, Kohli M, Thi-



A MRSVER & AR E R 95

bodeau SN, Boardman L, Wang L. Characterization of hu-
man plasma-derived exosomal RNAs by deep sequencing.
BMC Genomics. 2013 May 10; 14:319.

31) Memczak S, Papavasileiou P, Peters O, Rajewsky N.
Identification and Characterization of Circular RNAs As a
New Class of Putative Biomarkers in Human Blood. PLoS
One. 2015 Oct 20 ; 10(10) : e0141214.

32) Max KEA, Bertram K, Akat KM, Bogardus KA, Li J,
Morozov P, Ben-Dov 1Z, Li X, Weiss ZR, Azizian A,
Sopeyin A, Diacovo TG, Adamidi C, Williams Z, Tuschl
T. Human plasma and serum extracellular small RNA ref-
erence profiles and their clinical utility. Proc Natl Acad
Sci US A. 2018 Jun 5; 115(23) : ES334-E5343.

33) Vickers KC, Palmisano BT, Shoucri BM, Shamburek
RD, Remaley AT. MicroRNAs are transported in plasma
and delivered to recipient cells by high-density lipopro-
teins. Nat Cell Biol. 2011 Apr; 13(4) : 423-33.

34) Kroemer G, El-Deiry WS, Golstein P, Peter ME, Vaux
D, Vandenabeele P, Zhivotovsky B, Blagosklonny MV,
Malomi W, Knight RA, Piacentini M, Nagata S, Melino
G ; Nomenclature Committee on Cell Death. Classifica-
tion of cell death : recommendations of the Nomenclature
Committee on Cell Death. Cell Death Differ. 2005 Nov ;
12 Suppl 2 : 1463-7.

35) Green DR, Llambi F. Cell Death Signaling. Cold Spring
Harb Perspect Biol. 2015 Dec 1; 7(12) : a 006080.

36) Galluzzi L, Vitale I, Aaronson SA, Abrams JM, Adam
D, Agostinis P, Alnemri ES, Altucci L, Amelio I, An-
drews DW, Annicchiarico-Petruzzelli M, Antonov AV,
Arama E, Bachrecke EH, Barlev NA, Bazan NG, Bernas-
sola F, Bertrand MJM, Bianchi K, Blagosklonny MV,
Blomgren K, Borner C, Boya P, Brenner C, Campanella
M, Candi E, Carmona-Gutierrez D, Cecconi F, Chan FK,
Chandel NS, Cheng EH, Chipuk JE, Cidlowski JA,
Ciechanover A, Cohen GM, Conrad M, Cubillos-Ruiz JR,
Czabotar PE, D’Angiolella V, Dawson TM, Dawson VL,
De Laurenzi V, De Maria R, Debatin KM, DeBerardinis
RJ, Deshmukh M, Di Daniele N, Di Virgilio F, Dixit VM,
Dixon SJ, Duckett CS, Dynlacht BD, El-Deiry WS, Elrod
JW, Fimia GM, Fulda S, Garcia-Saez AJ, Garg AD, Gar-
rido C, Gavathiotis E, Golstein P, Gottlieb E, Green DR,
Greene LA, Gronemeyer H, Gross A, Hajnoczky G, Hard-
wick JM, Harris IS, Hengartner MO, Hetz C, Ichijo H,
Jaittela M, Joseph B, Jost PJ, Juin PP, Kaiser WJ, Karin
M, Kaufmann T, Kepp O, Kimchi A, Kitsis RN, Klionsky
DJ, Knight RA, Kumar S, Lee SW, Lemasters JJ, Levine
B, Linkermann A, Lipton SA, Lockshin RA, Lopez-Otin
C, Lowe SW, Luedde T, Lugli E, MacFarlane M, Madeo
F, Malewicz M, Malorni W, Manic G, Marine JC, Martin
SJ, Martinou JC, Medema JP, Mehlen P, Meier P, Melino
S, Miao EA, Molkentin JD, Moll UM, Muiioz-Pinedo C,
Nagata S, Nufiez G, Oberst A, Oren M, Overholtzer M,
Pagano M, Panaretakis T, Pasparakis M, Penninger JM,
Pereira DM, Pervaiz S, Peter ME, Piacentini M, Pinton P,

Prehn JHM, Puthalakath H, Rabinovich GA, Rehm M,
Rizzuto R, Rodrigues CMP, Rubinsztein DC, Rudel T,
Ryan KM, Sayan E, Scorrano L, Shao F, Shi Y, Silke J,
Simon HU, Sistigu A, Stockwell BR, Strasser A, Szabad-
kai G, Tait SWG, Tang D, Tavernarakis N, Thorburn A,
Tsujimoto Y, Turk B, Vanden Berghe T, Vandenabeele P,
Vander Heiden MG, Villunger A, Virgin HW, Vousden
KH, Vucic D, Wagner EF, Walczak H, Wallach D, Wang
Y, Wells JA, Wood W, Yuan J, Zakeri Z, Zhivotovsky B,
Zitvogel L, Melino G, Kroemer G. Molecular mechanisms
of cell death : recommendations of the Nomenclature
Committee on Cell Death 2018. Cell Death Differ. 2018
Mar; 25(3) : 486-541.

37) Tang D, Kang R, Berghe TV, Vandenabeele P, Kroemer
G. The molecular machinery of regulated cell death. Cell
Res. 2019 May ; 29(5) : 347-364.

38) Elliott MR, Chekeni FB, Trampont PC, Lazarowski ER,
Kadl A, Walk SF, Park D, Woodson RI, Ostankovich M,
Sharma P, Lysiak JJ, Harden TK, Leitinger N, Ravi-
chandran KS. Nucleotides released by apoptotic cells act
as a find-me signal to promote phagocytic clearance. Na-
ture. 2009 Sep 10; 461(7261) : 282-6.

39) Chekeni FB, Elliott MR, Sandilos JK, Walk SF,
Kinchen JM, Lazarowski ER, Armstrong AJ, Penuela S,
Laird DW, Salvesen GS, Isakson BE, Bayliss DA, Ravi-
chandran KS. Pannexin 1 channels mediate ’find-me’ sig-
nal release and membrane permeability during apoptosis.
Nature. 2010 Oct 14 ; 467(7317) : 863-7.

40) Pisetsky DS, Gauley J, Ullal AJ. Microparticles as a
source of extracellular DNA. Immunol Res. 2011 Apr; 49
(1-3) : 227-34.

41) Bergsbaken T, Fink SL, Cookson BT. Pyroptosis : host
cell death and inflammation. Nat Rev Microbiol. 2009
Feb; 7(2) :99-109.

42) Yang D, He Y, Mufioz-Planillo R, Liu Q, Nufez G.
Caspase-11 Requires the Pannexin-1 Channel and the Pu-
rinergic P2X7 Pore to Mediate Pyroptosis and Endotoxic
Shock. Immunity. 2015 Nov 17 ; 43(5) : 923-32.

43) Fuchs TA, Abed U, Goosmann C, Hurwitz R, Schulze
I, Wahn V, Weinrauch Y, Brinkmann V, Zychlinsky A.
Novel cell death program leads to neutrophil extracellular
traps. J Cell Biol. 2007 Jan 15 ; 176(2) : 231-41.

44) Brinkmann V, Reichard U, Goosmann C, Fauler B,
Uhlemann Y, Weiss DS, Weinrauch Y, Zychlinsky A.
Neutrophil extracellular traps kill bacteria. Science. 2004
Mar 5; 303(5663) : 1532-5.

45) Jackson Chornenki NL, Coke R, Kwong AC, Dwivedi
DJ, Xu MK, McDonald E, Marshall JC, Fox-Robichaud
AE, Charbonney E, Liaw PC. Comparison of the source
and prognostic utility of ¢cfDNA in trauma and sepsis. In-
tensive Care Med Exp. 2019 May 22 ; 7(1) : 29.

46) Huckriede J, Anderberg SB, Morales A, de Vries F,
Hultstrom M, Bergqvist A, Ortiz-Pérez JT, Sels JW,
Wichapong K, Lipcsey M, van de Poll M, Larsson A, Lu-



96

F R 2 KA AL 2 T

ther T, Reutelingsperger C, de Frutos PG, Frithiof R, Ni-
colaes GAF. Evolution of NETosis markers and DAMPs
have prognostic value in critically ill COVID-19 patients.
Sci Rep. 2021 Aug 3; 11(1) : 15701.

47) Cohen PR, Prieto VG, Kurzrock R. Tumor Lysis Syn-
drome : Introduction of a Cutaneous Variant and a New
Classification System. Cureus. 2021 Mar 11; 13(3) : e
13816.

48) Howard SC, Jones DP, Pui CH. The tumor lysis syn-
drome. N Engl J Med. 2011 May 12 ; 364(19) : 1844-
54.

49) Raposo G, Stoorvogel W. Extracellular vesicles :
exosomes, microvesicles, and friends. J Cell Biol. 2013
Feb 18 ; 200(4) : 373-83.

50) Keerthikumar S, Chisanga D, Ariyaratne D, Al Saffar
H, Anand S, Zhao K, Samuel M, Pathan M, Jois M,
Chilamkurti N, Gangoda L, Mathivanan S. ExoCarta : A
Web-Based Compendium of Exosomal Cargo. J Mol Biol.
2016 Feb 22 ; 428(4) : 688-692.

51) Pathan M, Fonseka P, Chitti SV, Kang T, Sanwlani R,
Van Deun J, Hendrix A, Mathivanan S. Vesiclepedia
2019 : a compendium of RNA, proteins, lipids and me-
tabolites in extracellular vesicles. Nucleic Acids Res. 2019
Jan 8 ; 47(D1) : D516-D519.

52) Soares Martins T, Margalo R, Ferreira M, Vaz M, Silva
RM, Martins Rosa I, Vogelgsang J, Wiltfang J, da Cruz E
Silva OAB, Henriques AG. Exosomal Abeta-Binding Pro-
teins Identified by “In Silico” Analysis Represent Puta-
tive Blood-Derived Biomarker Candidates for Alzheimers
Disease. Int J Mol Sci. 2021 Apr 11; 22(8) : 3933.

53) Fernando MR, Jiang C, Krzyzanowski GD, Ryan WL.
New evidence that a large proportion of human blood
plasma cell-free DNA is localized in exosomes. PLoS
One. 2017 Aug 29 ; 12(8) : e0183915.

54) Valadi H, Ekstrom K, Bossios A, Sjostrand M, Lee JJ,
Lotvall JO. Exosome-mediated transfer of mRNAs and mi-
croRNAs is a novel mechanism of genetic exchange be-
tween cells. Nat Cell Biol. 2007 Jun; 9(6) : 654-9.

55) Lotvall J, Valadi H. Cell to cell signalling via exosomes
through esRNA. Cell Adh Migr. 2007 Jul-Sep ; 1(3) :
156-8.

56) Zhang Y, Liu D, Chen X, Li J, Li L, Bian Z, Sun F, Lu
J, Yin Y, Cai X, Sun Q, Wang K, Ba Y, Wang Q, Wang
D, Yang J, Liu P, Xu T, Yan Q, Zhang J, Zen K, Zhang
CY. Secreted monocytic miR-150 enhances targeted endo-
thelial cell migration. Mol Cell. 2010 Jul 9 ; 39(1) : 133-
44,

57) Medzhitov R. Inflammation 2010 : new adventures of
an old flame. Cell. 2010 Mar 19 ; 140(6) : 771-6.

58) Takeuchi O, Akira S. Pattern recognition receptors and
inflammation. Cell. 2010 Mar 19 ; 140(6) : 805-20.

59) McCarthy CG, Goulopoulou S, Wenceslau CF, Spitler
K, Matsumoto T, Webb RC. Toll-like receptors and

damage-associated molecular patterns : novel links be-

#1675 (202243 A)

tween inflammation and hypertension. Am J Physiol Heart
Circ Physiol. 2014 Jan 15 ; 306(2) : H184-96.

60) Jounai N, Kobiyama K, Takeshita F, Ishii KJ. Recogni-
tion of damage-associated molecular patterns related to nu-
cleic acids during inflammation and vaccination. Front
Cell Infect Microbiol. 2013 Jan 8 ; 2: 168.

61) Schaefer L. Complexity of danger : the diverse nature
of damage-associated molecular patterns. J Biol Chem.
2014 Dec 19; 289(51) : 35237-45.

62) Han DSC, Ni M, Chan RWY, Chan VWH, Lui KO,
Chiu RWK, Lo YMD. The Biology of Cell-free DNA
Fragmentation and the Roles of DNASE1, DNASEIL3,
and DFFB. Am J Hum Genet. 2020 Feb 6; 106(2) : 202
-214.

63) Napirei M, Karsunky H, Zevnik B, Stephan H,
Mannherz HG, Mordy T. Features of systemic lupus
erythematosus in Dnasel-deficient mice. Nat Genet. 2000
Jun; 25(2) : 177-81.

64) Al-Mayouf SM, Sunker A, Abdwani R, Abrawi SA, Al-
murshedi F, Alhashmi N, Al Sonbul A, Sewairi W, Qari
A, Abdallah E, Al-Owain M, Al Motywee S, Al-Rayes H,
Hashem M, Khalak H, Al-Jebali L, Alkuraya FS. Loss-of-
function variant in DNASEIL3 causes a familial form of
systemic lupus erythematosus. Nat Genet. 2011 Oct 23 ;
43(12) : 1186-8.

65) Wan P, Liu X, Xiong Y, Ren Y, Chen J, Lu N, Guo Y,
Bai A. Extracellular ATP mediates inflammatory responses
in colitis via P2 7 receptor signaling. Sci Rep. 2016 Jan
7; 6:19108.

66) Portales-Cervantes L, Nifio-Moreno P, Doniz-Padilla L,
Baranda-Candido L, Garcia-Hernandez M, Salgado-
Bustamante M, Gonzalez-Amaro R, Portales-Pérez D. Ex-
pression and function of the P2X (7) purinergic receptor
in patients with systemic lupus erythematosus and rheuma-
toid arthritis. Hum Immunol. 2010 Aug; 71(8) : 818-25.

67) Martinon F, Pétrilli V, Mayor A, Tardivel A, Tschopp
J. Gout-associated uric acid crystals activate the NALP3
inflammasome. Nature. 2006 Mar 9 ; 440(7081) : 237-
41.

68) Kono H, Chen CJ, Ontiveros F, Rock KL. Uric acid
promotes an acute inflammatory response to sterile cell
death in mice. J Clin Invest. 2010 Jun; 120(6) : 1939-
49.

69) Hamidzadeh K, Mosser DM. Purinergic Signaling to
Terminate TLR Responses in Macrophages. Front Immu-
nol. 2016 Mar 2 ; 7:74.

70) Minguet S, Huber M, Rosenkranz L, Schamel WW,
Reth M, Brummer T. Adenosine and cAMP are potent in-
hibitors of the NF-kappa B pathway downstream of im-
munoreceptors. Eur J Immunol. 2005 Jan ; 35(1) : 31-41.

71) Silva-Lagos LA, Pillay J, van Meurs M, Smink A, van
der Voort PHJ, de Vos P. DAMPening COVID-19 Sever-
ity by Attenuating Danger Signals. Front Immunol. 2021
Aug 12; 12:720192.



BEEA A MRSMEER & AR EE 97

72) Ding T, Song G, Liu X, Xu M, Yong Li. Nucleotides as
optimal candidates for essential nutrients in living organ-
isms : A review. J Funct Foods. 2021 Jul; 82:104498

73) Fukatsu K. Role of nutrition in gastroenterological sur-
gery. Ann Gastroenterol Surg. 2019 Feb 25; 3(2) : 160-
168.

74) Singhal A, Kennedy K, Lanigan J, Clough H, Jenkins
W, Elias-Jones A, Stephenson T, Dudek P, Lucas A. Die-
tary nucleotides and early growth in formula-fed infants :
a randomized controlled trial. Pediatrics. 2010 Oct; 126
(4) : ¢946-53.

75) Zhu N, Liu X, Xu M, Li Y. Dietary Nucleotides Retard
Oxidative Stress-Induced Senescence of Human Umbilical
Vein Endothelial Cells. Nutrients. 2021 Sep 20; 13(9) :
3279.

76) Yasutake Y, Tomita K, Higashiyama M, Furuhashi H,

Shirakabe K, Takajo T, Maruta K, Sato H, Narimatsu K,
Yoshikawa K, Okada Y, Kurihara C, Watanabe C, Ko-
moto S, Nagao S, Matsuo H, Miura S, Hokari R. Uric
acid ameliorates indomethacin-induced enteropathy in mice
through its antioxidant activity. J Gastroenterol Hepatol.
2017 Nov ; 32(11) : 1839-1845.

77) Chen Q, Zhang F, Dong L, Wu H, Xu J, Li H, Wang J,
Zhou Z, Liu C, Wang Y, Liu Y, Lu L, Wang C, Liu M,
Chen X, Wang C, Zhang C, Li D, Zen K, Wang F, Zhang
Q, Zhang CY. SIDT1-dependent absorption in the stomach
mediates host uptake of dietary and orally administered
microRNAs. Cell Res. 2021 Mar ; 31(3) : 247-258.

78) Chen X, Liu L, Chu Q, Sun S, Wu Y, Tong Z, Fang
W, Timko MP, Fan L. Large-scale identification of extra-
cellular plant miRNAs in mammals implicates their dietary
intake. PLoS One. 2021 Sep 29 ; 16(9) : e0257878.



