M

oaHoBa H.B.
;;_3:, CO PAH

o

Ry ™



Hekpo3s

HeobpaTrmoe npekpalleHne XN3HeaesaTeNbHOCTU KNeTKM

HapylweHune uenoctHocTn membpaH, MMKHOTU3auus aapa,
HabyxaHue KNeTKN U uuTonnasmMaTndeckmux opraHensn,
BaKyonusaunsi uutonnasmbl, paspyLUeHne KrneTku

[TaccuBHbIN npouecc, npoucxoauTt 6e3 BbIpaboTKN aHEPTUH,
CONPOBOXAAeTCA rMapoSIMTUYECKMM pacLuensieHmne Denkos,
nunngos, OHK

3aBepluaeTcsa reTeponms3om Unn aytTorm3oM ¢ BOCNanuTerbHOM
peakumen
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APOPTOSIS: A BASIC BIOLOGICAL PHENOMENON WITH WIDE-
RANGING IMPLICATIONS IN TISSUE KINETICS

J. F. R, KERR®*, A, H. WYLLIE axp A. R. CURRIE?t
From the Department of Pathology, Unveersity of Aberdeen

Reowived for publication Aped 1972

Summary.—The term apoptosis is proposed for a hitherto little recognized mechan-
Ism of controlled cell deletion, which appears to play a complementary but opposite
role to mitosis in the regulation of animal cell populations. Its morphological
features suggest that it is an active, inherently programmed phenomenon, and It
has been shown that it can be initiated or inhibited by a variety of environmental
stimuli, both physioclogical and pathological.

The structural changes take place In two discrete stages. The first comprises
nuclear and cytoplasmic condensation and breaking up of the cell into 2 number of
membrane-bound, ultrastructurally well-preserved fragments. In the second
stage these apoptotic bodies are shed from epithelial-lined surfaces or are taken
up by other cells, where they undergo a series of changes resembling in vitro autolysis
within phagosomes, and are rapldly degraded by lysosomal enzymes derived from
the ingesting cells.

Apoptosis seems to be involved in cell turnover in many healthy adult tissues
and Is responsible for focal elimination of cells during normal embryonic develop-
ment. It occurs spontaneously in untreated malignant neoplasms, and participates
in at least some types of therapeutically induced tumour regression. Itis implicated
in both physiological involution and atrophy of various tissues and organs. It can
also be triggered by noxious agents, both in the embryo and adult animal.
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AnonTo3

HeobpaTrmoe npekpalleHne XN3HeaesaTeNbHOCTU KNeTKM

XapaktepusyeTcsi noTepen MUKPOBOPCUHOK U MEXKINETOYHbIX
KOHTaKTOB, KOHOEHCAUMEN XxpoMaTmHa N LUTONasmbl,
YMeHbLLUEHNEM 0ObeMa KneTkn, 6r1iebnHrom, doparmeHTaumen
KIeTKn ¢ obpa3oBaHMEM anonTo3HbIX Teneuy

[moponus 6enkos LUMUTONMNasMbl U MEXHYKNeocoMHbIN pacnag OHK

3aBepLiaeTcs rnornoweHnemMm doparMeHToB KIETKN Makpodaramm
n/vinu gpyrummn knetkamm 6e3 socnannTteribHoOM peakumm
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CTpoeHune anonTocombl
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PeuenTtop-akTMBMpPOBaHHbLIX anonTo3
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YnbeTpacTpyKkTypa HopManbHOW MUTOXOHOPUMA

BHELLHAS MeMbpaHa

BHYTPEHHSAS MeM6paHa|
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N3MeHeHWs yneTpacTpyKTypbl MUTOXOHAPUIA MPX anonTose

BE3UKYNAUMS
HOpMarbHaA ynAaum HabyxaHne
BHYTPEHHEN

MUTOXOHAOPUN

¥ ol

Be3nKynauma/HabyxaHve
pemMmogennpoBaHue MUTOXOHOPUN, NOTEPS

BHYTPEHHEN MEMOpPaHbI MemMbpaHHOro noteHumana
Frey, Sun 2008
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YnbTpacTpyKkTypa anonTUYeCcKnxX KNeTok: OT KOHAeHcaLmm
XpomaTurHa [0 obpa3oBaHUSA anonTO3HbIX T

KOHOeHCcauus o
XpomMaTuHa ‘

Fig. 5 Apoptosis of NS-1 cell: same culture illustrated in Fig. 2. Note comvolution of cell and
Fig. 2 Eurly stage of apoptosts of murine NS-1 cell occurting spontancousty in culture, Note nuilear outhnes and compact mwsieodar remmant Garrow ), The durk Besties in the cytaplosm are
convoluton of the sucicar ostiine and segregation of condensed chromatin in sharply circumncribed,
onformly fine gramular masses that he agunst the inner surface of the nuclear envelope. Rar

virus paricles. Bar | pm

| um

arioritTo3Hbie
Telna

Fg. 6 Apogtoss eccurting im murine EM TS tumor nodale 2 he alter heasing ut 44°C for 30 mis
Fig. 3 Apoptoss of thymocyte from 21-doy-old rut & br after addibos of hydrocortisone to Note condensation of cyvtoplasm with preservation of integrity of organelles and comvolution of
cultiere of concentratson of 10 uM. Har: | um ool amd nuclear outhines, Bar | wm
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brnebuHr anonTM4eckon KNeTKM U anonTo3HbIE Tena, 3axBayeHHbIe Makpodaramu

Fig. 9  Apoptosts m same Hel s cell caliure iastrared in | 2 4 The wurface protuberances ure
wraphically obvious using scanning clectron mscroncapy. Bar 2 um

Fig. 11 Recently phagocytosed apoptotic body of hepatocyte ongin w ithin macrophage in median
lobe of rat liver 3 days after ligation of the associated portal vein branch. In addition to a typcal
nuclear fragment, cytoplasmic condensation and preservation of the integrity of organelles are well
shown. Bar: 2 pm,

Fig. 10 Apoptotic body of epiihelial cell argia, phagocvtoned by intraepitheial macrophage (M)
in rat vestral peostute 2 duys ster cantration. The body sbows carly degenerative changes. but its
spoptotic mature in still cicarly evademt. Har- 2 um
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AnonTtnyeckas Krnetka Ha doHe HopMaribHbIX
(KOoHOeHcauumsa xpoMmaTuHa U LMTonasmbl)
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Bua anontnyecknx KneTok (CBeToBas MUKPOCKOMUSA)




Table 9.3 Apoptosis versus necrosis

Apoptosis Necrosis

Provoking stimuli

programmed tissue remodeling metabolic stresses
maintenance of cell pool size absence of nutrients
genomic damage changes in pH,

temperature
metabolic derangement hypoxia, anoxia
hypoxia

imbalances in signaling pathways
Morphological changes

Affected cells individual cells groups of cells

Cell volume decreased increased

Chromatin condensed fragmented

Lysosomes unaffected abnormal

Mitochondria morphologically normal initially morphologically
aberrant

Inflammatory none marked

response
Cell fate apoptotic bodies consumed by lysis
neighboring cells

Molecular changes

Gene activity required for program not needed

Chromosomal DNA cleaved at specific sites random cleavage

Intracellular calcium  increased unaffected

lon pumps continue to function lost

Adapted from R.J.B. King, Cancer Biology, 2nd ed. Harlow, UK: Pearson Education, 2000.

Table 9-3 The Biology of Cancer (© Garland Science 2007)



AyTOCbarl/lﬂ ~ MpoLECC NM30CoMarbHOIA

aerpagauum umMtonnasmaTnyeckoro matepmana

—\ & WaNepoH ON0CPeI0BAHHAA

 ayrodarus

MHEpOayTodarus

Mpwn wanepon-
ornocpedoeaHHoOU
aymodpaauu
npoucxogut
HanpaBneHHbIN
TPaHCMNOPT YaCTUYHO
AeHaTypupoBaBLUNX
6enkoB n3
LUTOMMAa3Mbl CKBO3b
MemMObpaHy nMM30CcoMbI B
ee NnosnocTb, rae OHn
nepeBapuBaloTCs

npu Mukpoaymodghazuu
MaKpPOMOIEeKynbl 1
OONMOMKM KNEeTOYHbIX
MemOpaH
3axBaTbIBalOTCH
JIN30COMOMU U
nepeBapuBalOTCS.

Makpoaymocdgbazusi
XapakrtepusyeTtcs
obGpa3oBaHuemM
aytodarocom u
ayTosiIn3ocom
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Mopgenb aytoarnn n aytodarm4yeckoro Tuna KrnetTo4yHou rméenu

Starvation or other stresses Cell survival

!

Autophagy induction

l

———
—_———

Isolation membrane

7N

Protein synthesis ATP
11

Mitochondrion

/1

Docking lnd fuslon Amino acids Fatty acids

Autophagic cell death
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CpaBHEHUE yNbTPaCTPYKTYPbl KNETOK NpU anonTto3e U aytodarm4eckom
TUME KNETOYHOU CMEPTU

Apoptosis
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YRbTpacTpyKkTypa ayTonmM3ocomM U1 aytodarocom
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AyTtodharocoma-
OLMHOYHas CTpernka

ayTonmsocoma-
ABOMHAagA CTpenka
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Benku, yyacteytouwme B opMmpoBaHmMn aytodparocom

27



Ob6pa3zoBaHne ayTonnmaocomM nNpu NHAyKUMn aytodarum XuMm4eCcKkMmMm coeanHeEHnUsIMmn
(OKpaluMBaHUE akKpUOMHOBbBIM OpaHXXeBbIM)

KOHTPOIb NnaykTop ayTodarum NuaykTop ayrodarmm
POTEHOH 2-MeToKCMacTpagmuon
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Pacnpenenernune benka LC3-GFP B knetkax HelLa

KOHTPONb

[onogaHue no [onogaHue no
[ryTamuny, aMMWHOKMCIoTamM "
[T1H0KO3€e, CbIBOPOTKE, CbIBOPOTKE

nupyBaTy HaTpuUsS
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UHayKuusa ayTodharnm

A Regulation of autophagy induction

TOR _ Vacs At

Nutrients = active

No nutﬁeqts » OR
Rapamycin inactive

Autophagy
induction
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Nutrient starvation,
Hypoxia, Chemotherapeutic Agents,
Virus Infection, Toxins

Pl

AUTOPHAGY UPR/ER stress

\/

point of no return

Type II Cell Death
SURVIVAL AUTOPHAGIC CELL DEATH

Type I Cell Death
APOPTOSIS

AyTodharnsa MoXxeT 3aKOHYNTCA anonTo30M, a anonToa - aytTodarnen

31



SAKITIOYEHUE

Hekpos xapakTepusyeTcsi HapyLueHUeM LenoCTHOCTU MeMOpaH,
NUKHOTU3aUWeEN aapa, Ha6yxaH|/|eM KNeTKU U LuuTonna3maTuyeckmx
opraHenn, Bakyonusauven UMTonnasmbl, HapyleHuem BbIpabOTKMN SHEPIUN,
Koarynaumen n rugposinTu4ecknm pacliensnieHmnem 6enkos, nunuaos 1 ,EI,HK
3aBepLuaeTcs reteposin3aomMm Unm ayTonmsom ¢ BocnasnmTenbHou peakumen

AnNonTo3 xapakTepusyeTcsa NoTepen MMKPOBOPCUHOK U MEXKITETOYHbIX
KOHTaKTOB, KOHAEHCcCaUMen xpomaTmHa 1 unmtonnasmbl, yMEHbLLUEHNEM
obbema KneTkn, 6nedbuHrom, pparmeHTauuen KneTku ¢ oobpasoBaHUeEM
anonTo3HbIX Teney, rMaponn3omMm 6enkoB UMToNnasmsl u
MEXHYKneocomHblM pacnagom [HK. 3aBepluaeTtca nornoweHnem
doparMeHTOB KNeTKn Makpodaramn u/unun apyrumm knetkamm 6e3
BOCManuTenbHON peakuun.

AyTodarusa xapakrepusyetcs obpasoBaHmeM ayTodarocom, ayTonm3ocom,
pacnagoM KneTku Ha oparMeHTbl. 3aBepLuaeTcs nornoweHuem
dbparMeHTOB KNeTKn ApYrumMu Krnetkamm 6e3 BocnanuTenbHoW peakLuum
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