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ABSTRACT 

 Ageing is a process from which there is no escape, yet an understanding of the 

molecular mechanisms which underly this physiological deterioration, although the centre 

of a large deal of research, remains relatively elusive. Cytoplasmic stress granules are 

impermanent membrane-less intracellular organelles that exist transiently to aid the cell to 

overcome a period of stress, such as oxidative attack. The role these granules may play in 

ageing and senescence is not clear, although it is published that cells lose their ability to 

form such granules due to a loss of fundamental nucleating proteins, such as G3BP1 and 

TIAR, with  age We investigate the interactions between stress granules and senescence by 

utilising a range of CRISPR-Cas9 mutant cell lines to begin to dissect their contribution to 

the senescence programme, presenting considerable evidence that loss of these nucleating 

proteins is not a universal mechanism through which granule assembly may be lost. We 

present a model of induced premature senescence using etoposide, doxorubicin, and the 

novel inducer Sin-1 and demonstrate that granule loss is complex and context-dependant. 

Our data generates new insight into granule dynamics in ageing, and describes a number of 

novel hypotheses for the loss of granules in senescence. 
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N-:-71,0D"OPP!JC"&,-"73/-"3>"6,-"b+S$)1":3=0241"21"04"-=-79249"07-0"3>"7-1-07.,"/24L-:"63"

6,-".34.-56"3>"/2V82:B/2V82:"5,01-"1-50706234a"0"573.-11"6,7389,"@,2.,"437=0//<"13/8;/-"04:"

@-//B=2?-:".3=534-461"@26,24"0",3=39-4381"13/86234"H18.,"01"6,-".<635/01="3>"6,-".-//J"

07-"0;/-"63"X:-B=2?Y"63">37=":21624.6"X:735/-61Y"-472.,-:">37"15-.2>2."13/86-1"HU<=04"-6"0/D"

OP#KJC"&,-1-"011-=;/2-1"07-"-?.--:249/<":<40=2.a"9-4-706249",29,/<".34.-46706-:".<6313/2."

.3=5076=-461" 6,06" 07-" 0;/-" 63" >37=" 04:" :2113/A-" 7-/062A-/<" 7052:/<" 04:" =3:8/06-"

;23.,-=2.0/" 573.-11-1" @26," =242=0/" 0::262340/" 7-98/06234" HU<=04" -6" 0/D" OP#KJC" $4:--:D"

@,-4"34-".3412:-71"6,-"4-.-1126<">37".-//1"63".3=5076=-460/21-"04:"7052:/<"7-0.6"63"246-740/"

37" -?6-740/" 167-11D" 5,01-" 1-50706234" 055-071" 0" A-7<" 53@-7>8/" =-.,0421=" 63" V82.L/<"

.34.-46706-" 37" 1-V8-16-7" .<6313/2." .3=534-461" H-?0=5/-1" :21.811-:" ;-/3@JC" $6" 21" ./-07"

,3@-A-7" 6,06" 18.," 0" 573.-11" 7-V827-1" 13=-" >37=" 3>" 7-98/06234" 63" 57-A-46" 84.34673//-:"

5736-24"0997-906234"/-0:249"63"6,-">37=06234"3>"A-7<"/079-":735/-61C"c-"L43@">73="387"3@4"

7-18/61"6,06"167-11"97048/-1":3"436".346248-"63"973@"24:->2426-/<"H8458;/21,-:":060J"04:"13=-"

7-98/0637<" =-.,0421=" =816" 57-A-46" 6,-27" -?.-112A-" 973@6," ,3@-A-7" 6,21" ,01" <-6" 63" ;-"

./072>2-:C""

"

E67-11"97048/-1"07-"0;/-"63"-?216"01":21.7-6-">3.0/21062341"@26,24"6,-".<635/01="A20"6,-"573.-11"

3>" :-B=2?249C" E67-11" 97048/-1D" 04:" 24:--:" '%M" 97048/-1" 24" 9-4-70/D" /079-/<" .346024" 04"

0;84:04.-"3>"5736-241"@26,"b+S$)"7-92341"@,2.,">0.2/2606-"6,21"5,01-"6704126234"HU<=04"-6"

0/CD"OP#KJ"HM4:-7134"04:"N-:-71,0D"OPP]J"HW3//2-?"-6"0/CD"OP#[J"H%366"-6"0/CD"OP#[JC"&,-"

='%M"67041.72561"0113.206-:"@26,"6,-"57-2426206234".3=5/-?-1"@-7-"436"6,389,6"63"5/0<"0"

12942>2.046" 73/-" 24" 5,01-" 1-50706234D" ,3@-A-7" 7-.-46" 7-53761" ,0A-" 1,3@4" 6,06" 6,-" '%M"

573=36-"5736-24"0997-906234"04:"5,01-"1-50706234"6,7389,"0"=8/62A0/-46"573.-11">0.2/2606-:"

;<" ;36," 6,-" b+" 04:" ''W" :3=0241C" &,21" @01" 1,3@4" ;<" HW3//2-?" -6" 0/CD" OP#[JD" @,3"



! ##"

:-=3416706-:" 6,-" 7-V827-=-46" >37",4'%TM#" 63"573=36-"5,01-" 1-50706234":-.7-01-1" 24" 0"

=2?687-"3>"'%M"04:",4'%TM#"706,-7"6,04",4'%TM#"0/34-C"&,-"086,371":-:8.-:"0"=3:-/"

@,-7-";36,"5736-24B5736-24"04:"'%MB5736-24";24:249"@37L"639-6,-7"63">37="'%M"97048/-1"

HW3//2-?"-6"0/CD"OP#[JC"

"

'01" I&T01-B0.62A06249" 5736-24" ;24:249" 5736-24" #SO" HI^_T#SOJ" 21" 0" @-//B-160;/21,-:" EI"

48./-06249" 5736-24" :-1526-" /0.L249" 6,-" 57234B/2L-" :3=024" .3==34" 63" =04<" 5736-241"

181.-562;/-"63"5,01-"1-50706234D",3@-A-7"26"162//"=02460241"'%MB;24:249":3=0241"H&38772d7-"

-6"0/CD"OPP^JC"'-.-46"168:2-1",0A-">876,-7"-160;/21,-:"261"73/-"01"-11-4620/">37"EI"011-=;/<"

2426206-:";<"5B-$QOR"37"-$QKM"24,2;26234";86"436"13"24"6,-".01-"3>",<5-731=3/0726<"37",-06"

1,3.L" HN-:-71,0" -6" 0/CD" OP#]JC" &,21" 0::1" 63" 6,-" 57-A2381" -?0=5/-" :21.811-:" 0;3A-"

:-=3416706249" :2>>-7-4.-1" 24" 6,-" .346-461" 3>" 97048/-1" :-5-4:249" 34" 6,-" 167-11>8/" 2418/6"

-=5/3<-:C""$6",01";--4"7-5376-:"6,06"I^_T".04";24:"63"6,-"KPE"72;313=-"18;8426D"-?./812A-/<"

A20" 261" 'II" =362>D" 04:" 0997-906-" @26," 36,-7" EIB48./-06249" 5736-241" 63" .30/-1.-" @26,"

1-/-.6-:"67041.72561"@,2.,".38/:":27-.6/<"0>>-.6"6,-"5,01-"1-5-706234"3>"EI1"HN-:-71,0"-6"0/CD"

OP#]JC" &,21" 168:<" 0/13" :-=3416706-:" 6,06" I^_T" ;24:249" 63" +05724B#" 573=36-:" EI"

.34:-4106234D" 04:"*ET#P" HA20" 261"QI)Q":3=024J" 24,2;26-:" 26D" 573531249".34>37=062340/"

.,049-1" 24"I^_T":8-" 63"+05724B"#S*ET#P";24:249" 01" 0"53112;/-"=-.,0421=" HQ2987-"#JC"

U3@-A-7D"6,21"168:<":2:"436".3412:-7"6,-"->>-.6H1J"3>"6,-"=04<"36,-7"5736-241"6,06"246-70.6"

@26,"I^_TS+05724B#"04:",3@"6,21"=0<"=3:2><"13/8;2/26<";86":3-1":-1.72;-"0"7-98/0637<"0?21"

@,2.,".04";-"-?5/326-:"63"168:<"6,-">84.6234"3>"167-11"97048/-1C""

"

E67-11"97048/-1"07-"7-5376-:"63"5311-11":21624.6"/0<-71".341678.6-:"3>"0"160;/-".37-"1678.687-"

1877384:-:";<"0":<40=2."1,-//"@,-7-24"5736-241"6,06">37="6,-".37-"-?.,049-"06"0"1/3@-7"706-"

6,04"6,31-"24"6,-"1,-//"07-0"HZ024"-6"0/CD"OP#]JC"&,21"=3:-/"21"43@"1855376-:";<"-A2:-4.-"3>"

>73="1-A-70/"168:2-1"HW3//2-?"-6"0/CD"OP#[JC"&,-"2=50.6"3>"6,21"379042106234"04:"24:2A2:80/"

18;1678.687-",01"<-6" 63";-" -A0/806-:" 24" 6,-" /26-70687-";86"=0<"5/0<" -11-4620/" 73/-1" 24"EI"

>84.6234C" Z024" -6" 0/C" 573531-:" 6,06" 6,-" M&TB:-5-4:046" =3:8/06234" 3>" 6,-1-" .37-1" ;<"

7-=3:-//249".3=5/-?-1"=02460241"0",29,-7"5-7.-4609-"3>"5736-241"24"6,-":<40=2."1,-//"07-0"

6,04"6,-".37-"HZ024"-6"0/CD"OP#]JC"&,-"-?0.6"=-.,0421=H1J":72A249"6,21"07-"436"L43@4",3@-A-7"

0;-77062341"24"6,-1-".38/:"1899-16"0"53112;/-"=-.,0421=">37"6,-"506,3/392.0/"0997-906234"3>"

0=</32:">2;7-1SEIB"/2L-"1678.687-1"6,06"573=36-"4-873:-9-4-7062A-":21-01-"Hb2"-6"0/CD"OP#^JC"

M4"07-0"3>"7-1-07.,"24"@,2.,"EI1"07-"@2:-/<"6,389,6"63"5/0<"0"12942>2.046"73/-C"$6"21"436"<-6"

L43@4D",3@-A-7D"6,06"2>"24"6,21"=3:-/"6,-".37-"1678.687-1"07-">37=-:">2716"@,2.,"6,-4">81-"63"



! #O"

>37="/079-7"97048/-1"37"2>"04"242620//<"12942>2.046"5,01-"1-50706234"/-0:1"63"6,-":-A-/35=-46"

3>"244-7".37-1"HQ2987-"OJC"

"

#

!"D###$%&#'1.2,-(.#(3#0,)&44#5)+.16&4#

"

&,-">84.6234H1J"3>"167-11"97048/-1"21"@2:-/<":-;06-:C"M"97-06"48=;-7"3>"168:2-1",0A-"

9-4-706-:"/079-"A3/8=-1"3>":060";86"6,-7-"21"7-/062A-/<"/266/-".341-4181"7-907:249"6,-27"-?0.6"

>84.6234"04:"=-.,0421="3>"0.6234C"(4-"@-//":-1.72;-:" 6,-37<" 21" 6,06" 167-11"97048/-1"07-"

573531-:" 07-01" 3>" '%M" X67209-Y" @,-7-" ='%M" 67041.72561" 07-" 1637-:" 04:" 1-/-.6-:" >37"

67041/06234" 37" :-970:06234C"&,21" 21" 1855376-:" ;<" -A2:-4.-" 6,06" 5736-241" 3>" 0//" 12942>2.046"

1609-1"3>"='%M"7-98/06234"H&$M'D"U8'D"I^_TJ".04";-">384:"@26,24"EI1"HN-:-71,0"-6"0/CD"

OPPOJ"H&38772d7-"-6"0/CD"OPP^J"&,-"7052:"5,01-B1-50706234"3>":735/-61".38/:"0/13"=3:8/06-"

.-//8/07" >84.6234";<" 1-V8-16-7249"L-<"5/0<-71" 24"=04<" 12940//249"506,@0<1C" $4:--:D"EI1"

,0A-";--4" 1,3@4" 63"=3:8/06-" .-//8/07" 12940//249"506,@0<1";<" 1-V8-16-7249" 246-7=-:206-"

!
!

""!

#$%!%&&%'#()*!+&!#$%!,-./!+#$%0!10+#%2.)!#$-#!2.#%0-'#!32#$!456789-102.:"!-.;!$+3!#$2)!,-/!

,+;2&/!)+<=>2<2#/?!!!

!

@#0%))!A0-.=<%)!$-B%!-<)+!>%%.!0%1+0#%;!#+!1+))%))!;2)#2.'#!<-/%0)!+&!-!)#-><%!'+0%!)#0='#=0%!

)=00+=.;%;!>/!-!;/.-,2'!)$%<<!3$%0%2.!10+#%2.)! #$-#! &+0,!#$%!'+0%!%C'$-.A%!-#!-!)<+3%0!

0-#%!#$-.!#$+)%!2.!#$%!)$%<<!-0%-!(D-2.!%#!-<?E!FG"H*?!I$2)!,+;%<!2)!)=11+0#%;!>/!+#$%0!)#=;2%)!

(J+<<2%C!%#!-<?E!FG"K*?!I$%!2,1-'#!+&!#$2)!+0A-.2)-#2+.!-.;!2.;2B2;=-<!)=>)#0='#=0%!$-)!/%#!

#+!>%!%B-<=-#%;!2.!#$%!<2#%0-#=0%!>=#!,-/!1<-/!2,1+0#-.#!0+<%)!2.!@4!&=.'#2+.?!D-2.!%#!-<!-<)+!

10+1+)%;! #$-#! LI7:;%1%.;-.#! ,+;=<-#2+.! +&! #$%)%! '+0%)! >/! 0%,+;%<<2.A! '+,1<%C%)!

,-2.#-2.)!-!$2A$%0!1%0'%.#-A%!+&!10+#%2.)!2.!#$%!;/.-,2'!)$%<<!-0%-!#$-.!#$%!'+0%!(D-2.!%#!

-<?E! FG"H*?! ! I$%! %C-'#! ,%'$-.2),()*! -0%! .+#! M.+3.! $+3%B%0! ->%00-#2+.)! 2.! #$%)%! '+=<;!

)=AA%)#! -! 1+))2><%!,%'$-.2),! &+0! 10%B%.#2.A! #$%! -AA0%A-#2+.! +&! -,/<+2;! &2>0%)8@4:! <2M%!

)#0='#=0%)! #$-#! 10+,+#%! .%=0+;%A%.%0-#2B%! ;2)%-)%! (N2! %#! -<?E! FG"5*?! O#! 2)! .+#! /%#! M.+3.E!

$+3%B%0E!2&!#$%!'+0%!)#0='#=0%!2)!&+0,%;!&20)#!3$2'$!#$%.!&=)%!#+!&+0,!<-0A%0!A0-.=<%)!+0!2&!

-.!2.2#2-<</!<-0A%!1$-)%!)%1-0-#2+.!<%-;)!#+!#$%!;%B%<+1,%.#!+&!2..%0!'+0%)!(P2A=0%!F*?!

!"#$%&' (' ' ' )*+,-./010' 2,3456,' 7,/+,' 023*00' 63-.58*0' 1-9' -+:5/3*' -' ;/<<*3*.2/-8' +43*'
0235+253*=''''I3+!,%'$-.2),)!-0%!$/1+#$%)2)%;!&+0!#$%!;%B%<+1,%.#!+&!'+0%)?!>?@!O.!#$%!&20)#E!'+0%!
)#0='#=0%)! -0%! &20)#! &+0,%;! >/! #$%! .='<%-#2+.! +&! #0-.)<-#2+.-<</! 0%10%))%;! QR7)! -.;! 2.#02.)2'-<</!
;2)+0;%0%;!10+#%2.)!3$2'$!'+.#2.=%! #+!A0+3!32#$!#$%!&=0#$%0!-''=,=<-#2+.!+&!QR7)?!P2.-<</E! #$%)%!
'+0%)!&=)%!-.;!0%'0=2#!&=0#$%0!;2)+0;%0%;!10+#%2.)!#+!&+0,!#$%!;/.-,2'!+=#%0!)$%<<?!>A@!O.!#$%!)%'+.;!
,+;%<E! -! <-0A%! )#0%))! A0-.=<%! -))%,></! +''=0)! &20)#! B2-! #$%! 1$-)%! )%1-0-#2+.! +&! #0-.)<-#2+.-<</!
0%10%))%;!QR7)!-.;! &=0#$%0!A0+3#$!B2-! #$%! -;;2#2+.!+&!,+0%!QR7)! )2,2<-0! #+! (L*?! O#! 2)! )=AA%)#%;!
#$-#!#$%!$2A$!'+.'%.#0-#2+.!+0!10+#%2.)!32#$2.!#$2)!<-0A%!-))%,></!<%-;)!#+!#$%!&+0,-#2+.!+&!'+0%)!-.;!
-!,-#=0%!>21$-)2'!A0-.=<%?!!!'

(S?70+##%0!-.;!Q?!7-0M%0E!FG"H*!



! #^"

.3=534-461"3>"12940//249"506,@0<1"24./8:249"6,31-"3>"6,-"=0==0/204"6079-6"3>"7050=<.24"

H=&('+#SOJ"HU-;-7/-"-6"0/CD"OP#KJC"$4"6,21".01-"26",01";--4"7-5376-:"6,06":87249"3?2:062A-"

167-11D"016724"57-A-461"=&('+#"0113.206234";<";24:249"63"04:"1-V8-16-7249"705637"@26,24"

167-11"97048/-1"H&,-:2-.L"-6"0/CD"OP#^JC""

"

&,-" =-.,042162." 6079-6" 3>" 7050=<.24" .3=5/-?-1" #SO" H=&('+#SOJ" 07-" ,29,/<" .341-7A-:"

=0e37" -8L07<362." 12940//249" 506,@0<1" 6,06" 246-9706-" 167-11D" 48672-46" 0A02/0;2/26<D" 04:"

573/2>-706234"HE-498560"-6"0/CD"OP#PJC"=&('"-?2161"24"6@3".3=5/-?-1a"=&('+#"@,2.,"0/13"

.3460241"6,-"7-98/0637<B0113.206-:"5736-24"3>"=&('"H'05637J"0=34916"36,-71D"04:"=&('+O"

@,2.,".3460241"6,-"'MT&('B24:-5-4:-46".3=504234"3>"=&('"H'2.637J"HE-498560"-6"0/CD"

OP#PJC" $4" 7-15341-" 63" 24.3=249" 162=8/2D" 6,-" 572=07<" 73/-" 3>" =&('+#" 21" 63" =3:8/06-"

67041/06234"A20"5,315,37</06234"3>"-26,-7"E]"L2401-B#"HE]N#J"H0.62A06249J"37"-$QKF";24:249"

5736-24"HKF_TJ"H24,2;26249J"HE0?634"04:"E0;06242D"OP#fJC"

"

=&('+#"21"0".,2->"7-98/0637"3>"08635,09<D"@,2.,"21"6<52.0//<"857-98/06-:"24"6,-"0;1-4.-"

3>"18>>2.2-46"48672-461"37"6,-"57-1-4.-"3>"167-11C"U3@-A-7D"6,-"/2;-706234"3>"0=243"0.2:1"A20"

6,-"08635,092.":-970:06234"3>"5736-241"-A-4680//<"/-0:1"63"6,-"7-0.62A06234"3>"=&('+#"04:"

6,81" 24,2;26249" 08635,09<" Hg8" -6" 0/CD" OP#PJC" &,21" ,01" ;--4" 1899-16-:" 01" 0" 536-4620/"

=-.,0421=" 6,7389," @,2.," 1-4-1.-4.-" =0<" ;-" =0246024-:D" 24" 0::26234" 63" 0;-77046"

973@6,S0=243"0.2:"1-41249"04:"=-=;704-":-53/072106234"H+0773//"-6"0/CD"OP#fJC"&,-"168:<"

;<" H+0773//" -6" 0/CD"OP#fJ":-=3416706-:" 6,06"5-71216-46"=&('+#"12940//249"@01" 1,3@4" 63"

3..87"01"0"7-18/6"3>"0;-77046"973@6,">0.637"1-41249"6,7389,"6,-":-A-/35=-46"3>"0;437=0/"

572=07<".2/20"24"1-4-1.-46".-//1C"$6"@01"573531-:"6,06"6,-1-"0;437=0/".2/20"=0<">37=":8-"63"

0;437=0/" =-=;704-" :-53/072106234" 24" 1-4-1.-46" .-//1" ,3@-A-7" 6,-" =-.,0421=" 6,7389,"

@,2.," 6,21" 3..871" 04:" 261" 7-/06234" 63" 36,-7" 1-4-1.-46B7-/06-:" .,049-1" 7-=0241" 84./-07"

H+0773//"-6"0/CD"OP#fJ"Hb-74-7"-6"0/CD"OP#^J"Hh8"-6"0/CD"OP#KJC"'-.-46"7-53761"1,3@"6,06"6,-"

:3@4167-0=" ->>-.6371" 3>" =&('+#D" E]N#" 04:" E]NOD" 07-" 7-V827-:" >37" 167-11" 97048/-"

011-=;/<"04:"5-71216-4.-":87249"167-11" HE>0L20431"-6" 0/CD"OP#!JC"+385/-:"@26," 6,-"0;3A-"

3;1-7A06234" 6,06"EI1".04"1-V8-16-7"'MT&('D" 6,21" 2=5/2-1"0"536-4620/" 7-98/0637<"73/-"34"

=&('+#"0.62A26<"H04:"A2.-BA-710JD"@,2.,"=0<"5/0<"0"73/-"24"6,-"506,35,<123/39<"3>".04.-71"

04:" 36,-7" :2137:-71" 04:" 1899-161" 6,06" 97048/-1" =0<" 5/0<" 12942>2.046" 73/-1" 24" 0" =04<"

2=5376046".-//8/07"506,@0<1D"24./8:249"1-4-1.-4.-C""

"



! #K"

+/072><249"6,-"73/-"04:"=-.,0421=1"3>"167-11"97048/-1",01";--4">7816706-:";<"6,-":2>>2.8/6<"

3>";23.,-=2.0//<"5872><249"EI1":8-"63"6,-27"670412-46"04:"84160;/-"40687-C"E3=-"18..-11",01"

;--4"58;/21,-:"81249":2>>-7-4620/".-4672>8906234"63"-?0=24-":2>>-7-4.-1"24";36,"6,-"5736-3B"

04:"67041.72563=-"3>"6,-"97048/07"04:".<635/01=2.">70.62341C""*1249"6,21"6-.,42V8-D"26",01"

;--4"7-5376-:"6,06"67041.7256234">0.6371D"5736-24"L2401-1D"04:"9-4-1"@26,".7262.0/">84.62341"24"

.-//8/07"573/2>-706234"04:"187A2A0/" H57363B34.39-4-1J"07-" 6079-6-:" 63"167-11"97048/-1"8534"

15-.2>2." 167-11>8/" 162=8/2" 24./8:249" F'D" 071-426-" H3?2:062A-JD" 04:" ,-06" 1,3.L" 167-11C" &,21"

24./8:-1" -?0=5/-1" 18.," 01" h250D" M93^D" +7-;#D" _7.0#D" 04:" '$+&('" H%0=L3349" -6" 0/CD"
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3 
RESULTS 

PART 1:  

The Role of Stress Granules in the Development of Senescence 

3.1.1 Expression of G3BP1 is not Significantly Reduced in Senescence  

It has been previously reported that upon the development of senescence, cells 

exhibit an impaired ability to form stress granules due to a critical reduction in G3BP1 

(Moujaber et al., 2017). However, analyses of sequencing data from our laboratory and 

collaborator’s groups do not support a reduction in G3BP1 as the causative mechanism. In 

an unpublished mouse ageing study from our group, there was a small decline in G3BP1 

(read counts decreased from 764.43 to 712.10 between 3 and 30 months) and USP10 levels 

(754.9 to 715.0) with age but these changes was not statistically significant, however a 

statistically significant decrease (1284.2 to 719.1; p = 0.00926) in G3BP2 and in Caprin-1 

(9856.2 to 7186.4; p = 0.000851) was observed between mice of 3 and 30 months (Fig. 4). 

Data acquired from two additional studies comparing proliferating and (oncogene-induced) 

senescent WI38 cells showed an increase in G3BP1 levels in senescence; however, they do 

not show any significant results for Caprin-1 or USP10. These analyses suggest that 

differences in the expression of G3BP1 alone do not provide a sufficient explanation for 

impaired granule formation in senescence. Additionally, the data implicates Caprin-1, an 

RNA binding protein which mediates stress granule condensation via binding to G3BP1, in 

a potential mechanism. 

In the following experiments, we investigated the role of G3BP1/2, Caprin-1, and stress 

granules in the development of senescence. Specifically, we will examine whether G3BP1 

plays a role in the acquisition of senescence or if it is the complete loss of granules, and 

therefore their entire physiological function, which contributes to the senescence 

programme. 
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3.1.2  Establishing and Characterising Etoposide Induced Senescence in U2OS and 

MRC5 Cells 

To begin to investigate the role of G3BP and stress granules in senescence, an 

appropriate ageing model and method of inducing premature senescence was required. 

U2OS are a well-established line within the stress granule community and previous work 

established that a senescent phenotype could be achieved in U2OS cells in response to 

irradiation and treatment with the DNA damaging agent doxorubicin (unpublished data). 

Coupled with fast growth and high transfection efficiency, these cells provide this model 

and are an excellent tool for genomic manipulation. However, their use in senescent studies 

is not as common as other cell types such as the WI38, IMR90, and MRC-5 fibroblast lines 

thus the extent to which established markers can be used to identify senescence in U2OS 

must be clarified. Unlike MRC-5 or WI38, U2OS cells are an immortal oncogenic line that 

does not enter replicative senescence through telomeric shortening, restricting their use to 

studies involved with induced premature senescence.  
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Figure 4   Expression of G3BP1 does not significantly change in ageing. Differential 
expression of mRNA data was analysed from ageing mice identified no statistically significant 
difference in the expression of USP10 or G3BP1, however a significant decrease in the 
expression of G3BP2 (p = 0.00926) and Caprin-1 (p = 0.000851) was observed.  



It has been reported that low doses of the chemotherapeutic agent etoposide can induce 

senescence in a p53-dependent manner (Wu et al., 2011). Etoposide is a derivative of 

podophyllotoxin, found in the American Mayapple, and first approved for cancer therapy 

in 1983, specifically in the treatment of leukaemia, lymphoma, neuroblastoma, and cancers 

of the lung, testes, and ovaries (Montecucco et al., 2015). Etoposide acts by stabilising 

topoisomerase II cleavage complexes (TopoIIcc) transiently generated during 

topoisomerase II-mediated re-ligation of double-strand breaks. Stabilisation of TopoIIcc 

subsequently inhibits re-ligation, introducing a large number of highly-toxic double-strand 

breaks (DSBs) into the genome (Wu et al., 2011). Etoposide also demonstrates a high 

affinity for chromatin and histones, suggesting additional targets of the drug that are yet to 

be elucidated (Chamani et al., 2014). It can be theorised that at high concentrations, too 

many DSBs are introduced thus driving the cell into an apoptotic state, whereas at low 

concentrations the cell can survive but loses its proliferative ability and enters senescence. 

The mechanisms by which the cell selects an apoptotic or senescence programme is not 

currently understood (Nagano et al., 2016). 

Immunofluorescence can be used to identify the presence of senescence-associated 

heterochromatin foci (SAHF) within the nuclei of cells, a relatively well-established 

marker of the senescent phenotype. First described in 2003, SAHF are dense punctate 

nuclear foci that exist exclusively in senescent cells that have permanently exited the cell 

cycle and are, critically, not associated with quiescence. Upon the acquisition of 

senescence, the promoters of E2F genes acquire heterochromatic features (specialised 

domains of facultative heterochromatin) resulting in the suppression of the proliferation- 

promoting target genes of E2F (Narita et al., 2003) (Di Micco et al., 2011). SAHF are 

reported to sequester genes that promote proliferation such as Cyclin A (an E2F target 

gene) which is required for cells to progress through S-phase. Disrupting SAHF is also 

able to promote neoplastic transformation, suggesting a pivotal role in the anti-

tumorigenesis role of senescence (Narita et al., 2006). Currently, several molecular 

markers identifying the formation of SAHF have been reviewed extensively in the 

literature (Aird and Zhang, 2013). A key component of SAHF is the presence of di/tri-

methylated lysine 9 histone H3 (H3K9Me2/3), to which many commercially produced 

antibodies are readily available, and are utilised in this work (Aird and Zhang, 2013) 
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(Adams, 2007). Senescent cells exhibit between 15-50+ SAHF per nuclei whereas non-

senescent cells typIcally have none, or very few (Aird and Zhang, 2013).  

Senescence-associated ß-Galactosidase (SA-ß-Gal) staining was also performed in the 

following experiments to confirm these cells had entered senescence (Fig. 5). The 

senescence-associated ß-galactosidase assay is the most extensively utilised method for the 

identification of senescent cells, primarily due to its relative simplicity and reported 

specificity for the senescent phenotype (Lee et al., 2006). The SA-ß-Gal assay is based on 

the observation that senescent cells express an active lysosomal ß-galactosidase hydrolase 

only at pH 6, whereas non-senescent cells only stain at pH 4. The blue staining is the result 

of the formation of a blue precipitate upon the cleavage of the chromogenic substrate 5-

bromo-4-chloro-3-indolyl-!-D-galactopyranoside (X-gal). X-gal is an analogue of lactose 

and can, therefore, be hydrolysed by the !-galactosidase enzyme, yielding galactose and 5-

bromo-4-chloro-3-hydroxyindole which immediately dimerises and is oxidised to form the 

blue precipitate 5,5’-dibromo-4,4'-dichloro-indigo (Fig. 5). Therefore, this assay allows for 

the identification of senescent cells in a highly heterogenous population via identifying 

active !-galactosidase (at pH 6) in senescent cells (Dimri et al., 1995) (Kiernan, 2007).

The importance of having two separate tests of senescence lies with the inherent 

limitations of both SAHF and SA-"-Gal assay. Although originally quiescent cells were 

shown not to stain with SA- "-Gal, it has been reported that cultured cells that have 

reached high confluence show 100 % positive staining for SA- "-Gal activity, which is 

reduced to 0 % when the cells are sub-cultured and re-enter the cell cycle. High SA-"-Gal 

activity has also been observed in response to serum starvation. Original studies on the 

characterisation of SA-"-Gal also demonstrated a lack of staining in different cell lines, 
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Figure 5  X-gal is hydrolysed and precipitates 5,5’-dibromo-4’-dichloro-indigo.  Senescent 
cells display active lysosomal ! -galactosidase activity at the above typically optimal pH of 6.0. 
The chromogenic substrate X-Gal is cleaved by this hydrolase activity and leads to the 
formation of a blue precipitate which can be observed under a light microscope. (Kiernan, 2007) 



suggesting that its expression is cell type-dependent. The exact role SA-ß-Gal plays in 

senescence is not understood but given its variability between different cell lines, it is 

unlikely to be an essential prerequisite for senescence. Thus we concluded that SA-"-Gal 

staining remains a reliable marker of senescence only in the absence of interfering factors 

which must be accounted for and controlled in the experimental design. 

MRC-5 cells were treated with 0, 10, 20, 40, and 80 "M etoposide for 48 hours, then 

cultured in complete DMEM for 5 and 7 additional days before examining for SA-ß- Gal 

activity. At 0 "M etoposide and treatment with 1 "l/ml DMSO (controls), 15.1% and 6.7% 

of cells  stained positive for SA-ß-Gal activity; likely due to the high confluence of these 

cells. At 20, 40, and 80 "M, 94.4%, 87.2%, and 95.1% of the population was senescent by 

D7; however, fewer cells survived the treatment at higher concentrations of etoposide. 

For all future experiments with MRC-5 cells, 20 "M etoposide was deemed the optimal 

concentration (Fig.6). 
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Figure 6   Etoposide-induced 
senescence in human lung 
fibroblasts identified via 
staining with SA-B-Gal 
cytochemical staining. 

Young MRC-5 cells were 
treated with a range of 
concentrations (0-80 uM) of 
etoposide for 48 hours and 
cultured for an additional 7 
days. Cells were fixed before 
treatment (D-2), after 48 
hours (D0), 5 days (D5) and 7 
days (D7). Cells were stained 
for SA-ß-Gal for 24 hours. 
E t o p o s i d e s t o c k s a r e 
generated using DMSO as a 
solvent. A DMSO control is 
used here to negate possible 
effects attributed to its use. 
Observed cell death (%) is 
measured using a FIJI macro. 
Bars represents the percentage 
of each population staining 
positive for SA-ß-Gal. The 
grey line represents cells 
death. 






































































































